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Abstract

The breakthrough of modern technology touches every aspect of daily life. It is
increasingly transforming every aspect of society, with incredible possibilities for
change that seem endless. At the heart of it all is a half-century-old law known
as Moore’s Law. It applies the simple concept of transistors to integrated circuits,
which are electrically controllable switches but miniaturized, so that the number
of transistors per silicon chip doubles every two year. The semiconductor indus-
try now produces billions of them on a small silicon chip. However, these techno-
logical advances and developments in materials science are reaching the physical
limits of size reduction, especially in termsofpower consumption, because smaller
transistors no longermean lower operating voltages, compromising the energy ef-
ficiency and performance of future chips. A change in the integrated circuit is ur-
gently needed. In this regard, the electronics industry has opened new frontiers,
such as beyond complementary metal-oxide-semiconductor (CMOS) technology,
which does not rely on traditional carrier transport and has shown early promise
as a way to further advance Moore’s Law in the future. One that deserves further
consideration is spintronic devices.

Spintronic devices exploit the spin degree of freedom of electrons in applications
such as non-volatile memory and logic devices. Spintronics relies on strong spin-
orbit coupling (SOC)materials that allow spin-charge interconversion (SCI) via the
spin Hall effect (SHE) or the Edelstein effect (EE). A recent proposal from Intel in-
troduced a new device concept known as magneto-electric spin-orbit (MESO) for
logic operations based on a device with two different nodes cascading multiple
devices. The input node is used to write a magnetic element with voltage using
magnetoelectric effects, and the output node is used to read the magnetic state of
the element using spin-to-charge conversion. One of the requirements for MESO
device is that the readout voltage should be above the coercive voltage of themag-
netoelectric material (∼ 100mV) to drive the next element in a logic operation, a
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value that could be achieved by usingmaterials with high SCI efficiencies and high
resistances.

In this regard, a promising candidate for the output node of the MESO device is
Bi2Se3, which has been reported to have both high SCI efficiency and high resistiv-
ity. Bi2Se3 is known as a topological insulator. This class of materials exhibits spin-
momentum locking in the topologically protected surface states, a property that
allows an efficient EE (denoted by the inverse Edelstein length, λIEE). Exploitation
of these surface states typically requires an epitaxial structure and low temperature
to minimize bulk conduction.

Recently, some works have reported large SCI even at room temperature in poly-
crystalline BixSe1−x (BiSe) grown by sputtering, a simple technique compatible
with industrial processes. Although the Edelstein effect is the source of SCI in ideal
topological insulators,manyworksuse the spinHall angle (θSH) toquantify the SCI
efficiency in this class ofmaterials. In this case, just as formaterials exhibiting SHE,
the spin diffusion length (λs) is an essential parameter for a proper quantification
of the SCI efficiency. Indeed, for many applications, including MESO, the relevant
figure of merit is the θSH λs product, which is equivalent to λIEE . Nevertheless, λs

for sputtered BiSe is usually taken from a few reports describing epitaxially grown
Bi2Se3, whichhasnot only adifferent crystal structurebut also adifferent composi-
tion. This dissimilarity inevitably leads to inaccuracies in the subsequent quantifi-
cationof the SCI efficiency of BiSe. In addition,most SCI quantification techniques
require the SCI material to be in direct contact with a ferromagnetic or transition
metal, but recent studies onBi2Se3 have reported interdiffusionby solid-state reac-
tion when in contact withmetals. This creates a new layer at the interface through
which the spins are injected or pumped, making it difficult to accurately quantify
the spin properties (λs and θSH) of this material.

In this thesis, we characterize sputtered BiSe by several SCI techniques. Our first
approach is one of the best known techniques, spin pumping. Chapter 4 presents
the SCI results in sputtered BiSe by the spin pumping technique using opposite
stacking orders (BiSe/Py and Py/BiSe). By studying the results on both systems,
we founda strong interdiffusion, so that the chemical composition of themagnetic
layers and the interfaces were not homogeneous, and therefore the models used
to characterize the properties of the system were no longer valid. Ignoring these
inhomogeneities in the interfaces and films would lead to an incorrect estimation
of the SCI efficiency.
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InChapter 5,weused adifferent configuration toperformSCImeasurements,with
an architecture similar to the readout node of the (MESO) device, using T-shaped
devices for local spin injection. Taking into account the knowledge gained inChap-
ter 4 (regarding interdiffusion), we fabricated local T-shaped devices and we were
able to observe SCI in sputtered BiSe devices at room temperature and proved that
all parameters related to SCI efficiency, namely resistivity, λs and θSH , are affected
by interdiffusion. In particular, the fact that a change in Se concentration by inter-
diffusionmade a 6 times difference in resistivity. We have shown here how this can
easily lead to an overestimation of the spin transport parameters.

Subsequently, in Chapter 6, we fabricated lateral spin valves (LSVs) for the spin
absorption technique, this time to reduce interdiffusion by growing the metals in
contact with the BiSe wire by e-beam evaporation, a gentler deposition technique
than sputtering. In addition, LSVs allow us to perform two separate measurement
configurations. It is then possible to independently quantify λs and θSH of BiSe.
The use of a nonlocal measurement avoids spurious effects related to local cur-
rents, suchasOerstedfields in spin-orbit torque techniques or fringe-field induced
voltages in three-terminal potentiometric techniques. This information allows us
to model our devices and perform 3D Finite Element Method (3D FEM) analysis
to extract the spin transport parameters at different temperatures. Furthermore, to
take advantage of the LSV configuration, we proposed the use of a graphene-based
LSV in Chapter 7, which also allows us to suppress the interdiffusion with the BiSe
wire. Surprisingly, in the BiSe/graphene LSV, we observe SCI components beyond
the SHE inbulkBiSewewere looking for. Thesenewcomponents are an interesting
way to explore new possibilities in the design of novel spintronic devices.

The results in this thesis highlight the importance of considering all the details of
BiSe and its interfaces to properly quantify the spin transport properties of this
material, something that is unfortunately neglected inmany studies. Although the
existing literature has reported a high SCI efficiency for BiSe and presented this
material as a promising candidate for MESO logic devices, our work shows other-
wise. A more accurate characterization, based on nonlocal devices that eliminate
spurious effects, reveals that the SCI efficiency of sputtered BiSe is in fact too low
to be used for MESO technology.
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Resumen

El rápido progreso de las tecnologías afecta a todos las áreas y aspectos de la vida
cotidiana.Esta, está transformandocadavezmás todos los aspectosde la sociedad,
con increíbles posibilidades de cambio que parecen no tener fin. En el centro de
todo ello se encuentra una ley de hace medio siglo de antigüedad conocida como
la Ley de Moore. Esta aplica el sencillo concepto de los transistores y los circuitos
integrados, que son interruptores controlables eléctricamente, pero miniaturiza-
dos, de modo que el número de transistores por chip se duplica cada dos años.
La industria de semiconductores hoy en día producemiles demillones de ellos en
un pequeño chip de silicio. Sin embargo, estos avances tecnológicos y la evolu-
ción de la ciencia de los materiales están llegando a los límites físicos de la re-
ducción de tamaño, especialmente en términos de consumo de energía. Fabricar
transistoresmás pequeños no significa voltajes de funcionamientomás bajos, esto
compromete la eficiencia energética y el rendimiento de los futuros chips, lo que
hace surgir una gran necesidad de un cambio en el diseño y fabricación de los dis-
positivos integrados. En este sentido, la industria electrónica ha abierto nuevas
fronteras más allá de la tecnología CMOS (del inglés complementary metal-oxide-
semiconductor), las cuáles no depende del transporte tradicional de portadores de
carga y que se han mostrado prometedoras como forma de seguir avanzando en
la Ley de Moore en el futuro. Los dispositivos espintrónicos son uno de ellos.

Los dispositivos espintrónicos explotan el grado de libertad de espín de los elec-
trones en aplicaciones como dispositivos de lógica y dememoria no volátil. La es-
pintrónica se basa en materiales con un fuerte acoplamiento espín-órbita (SOC,
del inglés spin-orbit coupling) que permiten la interconversión espín-carga (SCI,
del inglés spin-charge interconversion) mediante el efecto Hall de espín (SHE, del
inglés spin Hall effect ) o el efecto Edelstein (EE). Una reciente propuesta de In-
tel introdujo un nuevo concepto de dispositivo conocido como MESO (del inglés
magneto-electric spin-orbit) para operaciones lógicas basadas en un dispositivo
con dos nodos diferentes conectados en cascada amúltiples dispositivos. El nodo
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de entrada se utiliza para escribir un elemento ferromagnético con un voltaje uti-
lizando efectosmagnetoeléctricos. En cuanto al nodo de salida, se utiliza para leer
el estadomagnético del elemento ferromagnético, utilizando la conversión espín-
carga. Un importante requisito para el funcionamiento de los dispositivos MESO
es el voltaje de lectura que debe estar por encimadel voltaje coercitivo delmaterial
magnetoeléctrico (∼ 100mV) y así poder conducir el siguiente elemento en una
operación lógica. Un valor que podría conseguirse utilizandomateriales con altas
eficiencias SCI y altas resistividades.

Por lo que un candidato prometedor para el nodo de salida (lectura) del disposi-
tivo MESO es el Bi2Se3, del que se ha reportado que tiene una alta eficiencia SCI
y una alta resistividad. El Bi2Se3 se conoce como un material aislante topológico.
Esta clase de materiales exhibe bloqueo de momento de espín en los estados su-
perficiales topológicamente protegidos, una propiedad que permite un EE muy
eficiente (denotado por la longitud Edelstein inversa, λIEE). Sin embargo la ex-
plotación de estos estados superficiales suele requerir una estructura epitaxial y
bajas temperaturas para minimizar la conducción del bloque o interior del mate-
rial.

No obstante, recientemente algunos estudios han reportado altas eficiencias de
SCI incluso a temperatura ambiente en BixSe1−x (BiSe) policristalino y crecido por
sputtering, una técnica que es sencilla y compatible con los procesos industriales.
A pesar de que el EE es la fuente de SCI en aislantes topológicos ideales, muchos
trabajos utilizan el ángulo Hall de espín (θSH) para cuantificar la eficiencia de SCI
en esta clase de materiales. En este caso, al igual que para los materiales que pre-
sentan SHE, la longitud de difusión del espín (λs) es un parámetro esencial para
una cuantificación adecuada de la eficiencia de SCI. De hecho, para muchas apli-
caciones incluyendo el dispositivo MESO, la figura de mérito relevante es el pro-
ducto θSH λs, que es el equivalente a λIEE . Sin embargo, el valor λs para el BiSe
depositado por sputtering suele tomarse de unos pocos estudios que reportan el
Bi2Se3 crecido epitaxialmente, que no sólo tiene una estructura cristalina difer-
ente sino también una composición química distinta. Esta diferencia conduce in-
evitablemente a imprecisiones para la posterior cuantificación de la eficacia del
SCI del BiSe. Por otra parte, lamayoría de las técnicas de cuantificación del SCI re-
quierenqueelmaterial dondeocurre la conversióndeespín-cargaesté encontacto
directo con otro material ferromagnético o metal de transición. Aunque estudios
recientes sobre Bi2Se3 han reportado que este sufre interdifusión por reacción en
estado sólido al entrar en contacto con metales. Esto crea una nueva capa en la
interfaz a través de la cual se inyectan o bombean los espines, lo que dificulta la
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cuantificación precisa de las propiedades de transporte de espín (λs y θSH) de este
material.

En esta tesis, caracterizamos el BiSe depositado por el proceso de sputtering me-
diante diferentes técnicas de SCI. Nuestro primer acercamiento lo realizamos con
una de las técnicasmás conocidas en este campo, que es el spin pumping. El Capí-
tulo 4 presenta los resultados de SCI en BiSe depositado por sputtering mediante
la técnica de spin pumping utilizando órdenes de apilamiento opuestos (BiSe/Py
y Py/BiSe). Al estudiar los resultados en ambos sistemas encontramos una fuerte
interdifusión, donde la composición química de las capas magnéticas y las inter-
faces no eran homogéneas, por tanto los modelos utilizados para caracterizar las
propiedades del sistema dejaban de ser válidos. Ignorar estas inhomogeneidades
en las interfaces y las películas conduciría a una estimación incorrecta de la efi-
ciencia de la SCI.

En el Capítulo 5, utilizamos una configuración diferente para realizar medidas de
SCI, con una arquitectura similar al nodo de lectura del dispositivo MESO, ha-
ciendo uso de dispositivos con formas en T para la inyección local de espín. Te-
niendo en cuenta los resultados del Capítulo 4 sobre la interdifusión, fabricamos
los dispositivos locales en forma de T y pudimos observar SCI en dispositivos de
BiSe depositados por sputtering a temperatura ambiente y demostramos que to-
dos los parámetros relacionados con la eficiencia de SCI, como la resistividad, λs

y θSH , se ven afectados por la interdifusión. En particular, el hecho de cambiar la
concentración de Se por la interdifusión genera una diferencia de hasta 6 veces
en el valor de la resistividad de este material. En este capítulo hemos demostrado
cómoesto puede conducir fácilmente a una sobreestimación de los parámetros de
transporte de espín.

Posteriormente, en el Capítulo 6, fabricamos válvulas laterales de espín (LSV, del
inglés lateral spin valves) para usar la técnica de absorción de espín. Esta vez para
reducir la interdifusión entre los metales en contacto con el electrodo de BiSe, los
metales los hemos depositado por evaporación de haz de electrones, una técnica
de deposiciónmás suave que el sputtering. También, las LSV nos permiten realizar
dos configuraciones demedida separadas, posibilitando cuantificar independien-
temente λs y θSH del BiSe. Por otro lado, el uso de una medición no local evita los
efectos espurios o no deseados relacionados con las corrientes locales, como los
campos deOersted en las técnicas de spin-orbit torque o los voltajes inducidos por
las líneas de campoen las técnicas potenciométricas de tres terminales. Con los re-
sultados obtenidos en ambas configuraciones podemosmodelar nuestros dispos-
itivos en 3D y analizarlos por el método de los elementos finitos (3D FEM) para
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extraer los parámetros de transporte de espín a diferentes temperaturas. Además,
para aprovechar las ventajas de la configuración de las LSV, en el Capítulo 7 pro-
pusimos el uso de una LSV basada en grafeno como canal de difusión de espín,
que además nos permite suprimir la interdifusión con el electrodo de BiSe. Sor-
prendentemente, en la LSV de BiSe/grafeno, observamos otros componentes de
SCI más allá del SHE en el BiSe, el cual estábamos buscando. Estos nuevos com-
ponentes son una forma interesante de explorar nuevas posibilidades en el diseño
de dispositivos espintrónicos novedosos.

Con base en los resultados obtenidos en esta tesis, destacamos la importancia de
considerar todos los detalles del BiSe y sus interfaces para cuantificar adecuada-
mente las propiedades de transporte de espínde estematerial. Algoque lastimosa-
mente se descuida en muchos estudios. Aunque la literatura existente ha repor-
tado una alta eficiencia SCI para BiSe y ha presentado este material como un can-
didato prometedor para dispositivos lógicos MESO, nuestro trabajo demuestra lo
contrario. Con una caracterización más precisa, basada en dispositivos no locales
que eliminan los efectos espurios, revelamos que la eficiencia SCI del BiSe deposi-
tado por sputtering es de hecho baja para ser utilizada en la tecnología MESO.
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Spintronics for a world beyond
CMOS



1 2 | Spintronics for a world beyond CMOS

1.1 Beyond-CMOS Devices

M oore’s Law [1], which states that the number of components per inte-
grated circuit doubles every two years (Fig. 1.1), has been the guiding
principle of the semiconductor industry for decades. Its influence and

impact on society as a whole has been astounding, resulting in a steady increase
in the performance, affordability, and availability of integrated circuits.

Figure 1.1: Moore’s Law.Microprocessor trend data versus introduction dates. Tran-
sistors are nearly doubling every two years, following Moore’s Law (orange trian-
gle). However, operating frequency (green squares) and typical power (red triangle)
reached their limits around 2005. To compensate, a larger number of cores were in-
troduced (black rhombus) to have more parallel operations or logical operations per
second, with processing performance increasing slightly after this year (blue circles).
Figure taken from Ref. [2].

Increasing computing performance, improving energy efficiency, and shrinking
the size of integrated circuits have allowed more industries to develop and new
ones to emerge. Although there have been concerns about the future of Moore’s
Law since its inception, the challenges have changed over time. However, while
Moore’s Law is still supported by increasingly complex transistor designs and ad-
vances in lithography, the last decade has seen a clear breakdown of Dennard’s
scaling [3], where smaller transistors no longer mean smaller operating voltages,
compromising the energy efficiency and performance of future chips (red trian-
gles and blue circles in Fig. 1.1, respectively). To that end, the electronics industry
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continues to drive progress on many fronts, such as new devices beyond comple-
mentary metal-oxide-semiconductor (CMOS) technology that do not rely on tra-
ditional carrier transport, which have shown early promise as a way to further ad-
vance Moore’s Law in the future [4, 5]. One that deserves further consideration is
spintronic devices.

In addition to continued advances in CMOS technology [6–8], new alternatives to
iterative logic circuits beyond the CMOS transistor have emerged in recent years,
such as the ones shown in Fig.1.2. These logic devices explore new physical effects
through novel or unconventional materials using alternative state variables such
asmagnetization, polarization, and strain. Among these options, spin-based solu-
tions have shown tremendous promise and applicability through the field of spin-
tronics [9]. For example, devices with spin-transfer torque (STT) and spin-orbit
torque (SOT) effects exploit thenon-volatile natureof theirmagnetic elements [10]
andhave current-controlledmagnetic switching by spin torque (which is the effect
of spin-polarized electrons changing magnetization). Such devices brought some
improvements in write speeds and are compatible with manufacturing processes
when used as memories, but the energy required for logic operations is still too
high to make them competitive, see Fig. 1.2a. [5, 11].

Figure 1.2: CMOS and beyond CMOS. a. The energy consumption versus the delay
time (courtesy of Ian A. Young), and b. the power per unit area versus throughput (the
number of 32-bit ALU operations per unit time and unit area, in units of tera-integer
operations per second (TIOPS)) for CMOS and beyond-CMOS devices. Figure taken
from Ref. [12]. STT-DW, spin-transfer-torque domain-wall device; ASL, all-spin-logic
device; CSL, charge spin logic; NML, nanomagnetic logic; SMG, spin majority gate;
SWD, spin wave device; CMOS HP, high-performance CMOS at 0.73 V supply; CMOS
LV, low-power CMOS operating at 0.3 V supply; FEFET, ferroelectric FET; Thin TFET,
2D-material vertical tunnel FET; TMDTFET, transition-metal dichalcogenide tunnel
FET; MESO, magneto-electric spin-orbit.
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On the other hand, if the switching of themagnetic element is voltage-based using
magneto-electric (ME) effects, the energy consumption is lower (Fig. 1.2). Voltage-
based collective switching is thus one of the leading solutions for computational
advances due to the potential for ultralow switching energy and switching voltage
[12].

Compared to the leading beyondCMOS and highly advanced CMOS technologies,
these spintronic devices show significant gains in areal logic density, operating en-
ergy, and computational throughput. Figure 1.2 shows a benchmark of the energy
vs the delay diagram (Fig. 1.2a) and the power density (area per function) vs the
throughput (Fig. 1.2b) of the new technologies beyond CMOS transistor and the
advanced CMOS devices for a 32-bit arithmetic logic unit (ALU).

1.2 Spintronics from the very first application

S pintronics is a field that exploits not only the charge of the electrons, but
also their spin degree of freedom [9]. Spin is the intrinsic angular momen-
tum of electrons, a quantum property of elementary particles that has an

associatedmagnetic moment. For an electron, the component of the angular mo-
mentum along a given axis can take two values; ℏ/2 or -ℏ/2, which are known as
the "spin-up" and "spin-down" states, whereℏ is the reducedPlanck constant [13].
This intrinsic angularmomentum can be used to carry information,much like the
charge in electronics. In the late 1980s, the studyof the injection, transport,manip-
ulation, and detection of the spin degree of freedomof electrons emerged from the
reports on giant magnetoresistance (GMR) [14, 15]. Magnetoresistance is defined
as a change in theelectrical resistance in thepresenceof anexternalmagneticfield.

The GMR devices, also known as vertical spin valves, consist of a metallic mul-
tilayer system with two ferromagnetic (FM) layers separated by a non-magnetic
(NM) layer with a thickness in the order of nanometers. Due to the exchange inter-
action in a FMmaterial, a majority of the electrons have spin in a particular direc-
tion, giving rise to a netmagnetization. Themagnetization direction of the two FM
layers can be either parallel to each other (configuration in Fig. 1.3a) or antiparallel
(see Fig. 1.3b). According to the two-channel model (explained in Chapter 2), the
resistance for an electron flowing through the multilayer device depends on the
relative orientation of the electron spin and the magnetization of the FM (parallel
or antiparallel), resulting in low or high resistance states [16].
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Figure 1.3: GMR: Vertical spin valve structures and the impact of their introduc-
tion in the market. Schematic illustration of a trilayer system with two FM layers (in
the sketch in blue) on both sides separated by a NM layer (in orange). The two cur-
rents with opposite spin orientation are indicated by red and blue arrows. The spin-
dependent scattering in theFMsgives rise to twodifferent resistance states,a.a low re-
sistance state (parallel configuration) and b. a high resistance state (antiparallel con-
figuration), allowing for readoutof themagnetic configuration.c.Trendof the increase
in areal density of hard disk drives (black) and flash disks (red) over the production
year. Figure adapted from Ref. [17].

GMR was rapidly and successfully transferred to applications such as magnetic
field sensors and read heads for hard disk drives (see Fig. 1.3c) leading to the No-
bel Prize in Physics for A. Fert and P. Grünberg in 2007 [16]. The development of
spintronics started with GMR, allowing great continuous progress by increasing
the areal density (number of bits per unit area) in hard drives and pushing the re-
search for more spin-based device alternatives [18, 19].

An improved version of the spin valve is the magnetic tunnel junction (MTJ). In
these junctions, the NM layer is replaced by a nanometer-thick oxide layer, result-
ing in a FM1/oxide/FM2 heterostructure [20–22]. This device demonstrates tun-
neling magnetoresistance (TMR) in which the bias applied must reach a certain
energy for the electrons to tunnel from FM1 through the oxide and reach FM2.
The MTJ relies on the relative orientation of the magnetization direction, like the
spin valves based onGMR, but usually has amuchhighermagnetoresistance ratio,
easily reaching more than 500% [23].
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This discovery was also transferred to applications such as the magnetoresistive
randomaccessmemory (MRAM). AMRAM is composed ofMTJ arrays, where each
MTJ represents a non-volatile memory bit, with the parallel and antiparallel states
of a MTJ, i.e. the two possible resistance states, corresponding to binary values of
0 and 1. Each MTJ contains a free FM layer with switchable magnetization and
another FM layer with pinned magnetization via exchange bias with an antiferro-
magnet.

Figure 1.4: Different MRAM generations for writing magnetic states. The writing
techniques based on MTJs can be achieved by the three following methods; a. Field-
drivenwriting ofmagnetic states by inducingOerstedfields (Hy andHx)with twobias
currents (white arrows).b.STT relies ona torqueonFM2exertedby the spin-polarized
high-density current created by a bias current across FM1; c. In the SOT writing de-
vice, a spin-orbit coupling material (SOM) electrode is connected to FM2 in the MTJ.
A bias current through the SOM causes charge-to-spin conversion producing a trans-
verse pure spin current that exerts a torque on FM2 (free layer, red arrow) switching
its magnetization. In all methods, the magnetic state in FM2 can be switched by re-
versing the current direction. Figure adapted from Ref. [24].

Figure1.4 shows several generationsofMRAMbasedonMTJs. Inall cases, themag-
netic bits are read by measuring the resistance of the MTJ after a relatively small
charge current is passed through the stack. However, the remaining challenge is
how towrite themagnetic bits, i.e. how to switch themagnetizationof the free layer
in anefficientway. Thefirst approachwas touse theOerstedfield createdby charge
currents, see Fig. 1.4a. Themain drawback of this technique is the barrier to down-
scaling, given the difficulty of localizing themagnetic field generated and the need
for larger currents to switch themagnetization as the bit size is reduced [25]. STT is
an alternativemethodofwriting. This phenomenon, predictedbySlonczewski [26]
and Berger [27] in 1996 results in a torque exerted on the magnetization of a FM
element when a spin-polarized current is injected. If the torque is large enough, it
can lead to magnetization switching. In the case of the MTJ in an MRAM, when a
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charge current is applied through theMTJ, as shown in Fig. 1.4b, the first FM layer
of theMTJ acts as a spin polarizer. This spin-polarized current will tunnel through
the insulating layer, transferring the angular momentum to the second FM layer
of the MTJ and generating a torque that will switch the magnetization. It is a lo-
cal technique that offers better scalability with lower power consumption and is
already used in commercial STT-MRAMs [28]. The main drawback is that the rel-
atively large charge current in the small area of the junction is detrimental to the
MTJ, because high temperatures can be reached, leading to the loss of the antifer-
romagnetic exchange bias [24] and limiting the durability of the tunnel barrier.

There is a novel approach, known as SOT, to electrically write magnetic memory
elements by employing a material with strong spin-orbit coupling (SOM). In this
case, a charge current flows through a SOMmetal adjacent to the free layer of the
MTJ, see Fig. 1.4c. This charge current generates a transverse spin current, which
exerts a torque able to switch the magnetization of the free layer. Since, in SOT-
basedMRAM, charge currents for writing do not flow through the MTJ, the device
shows major durability. However, current densities needed for switching are still
higher than in STT-MRAM, and the search for materials that more efficiently con-
vert charge currents into spin currents is one of the major objectives in this tech-
nology [29].

1.3 Magneto-electric spin-orbit logic

L ogic operations are used to compute information in integrated circuits in
CMOS and beyond CMOS devices. As mentioned above, several proposals
have been developed to improve the efficiency and power consumption of

CMOS by using spin-based devices as shown in Fig.1.2. However, they are not effi-
cient enough because the magnetic state writing process is current-induced (STT
or SOT). In this regard, Intel has recently proposed an alternative for logic opera-
tions calledmagneto-electric spin-orbit (magneto-electric spin-orbit (MESO)) de-
vice, which integratesmemory elements and logic operations within the same cir-
cuit [12].

The MESO device has two main nodes. The input node is used to write a mag-
netic element with voltage using ME effects (Fig. 1.5a, back). The use of voltage-
based switching overcomes the problems of current-based switching devices for
logic operations, due to the potential for ultralow switching energy. TheMESO de-
vice incorporates ferroic order parameters with collective switching of ferromag-



1 8 | Spintronics for a world beyond CMOS

netismand ferroelectricity or ferroelasticity. Logic basedon collective state switch-
ing devices are a leading option for computational advances beyond the modern
CMOSeraowing to their potential for lower energyper operation, higher computa-
tional logical density and efficiency owing to the use ofmajority gates, non-volatile
memory-in-logic and logic-in-memory capability and amenability to traditional
and emerging architectures (i.e, neuromorphic and stochastic computing)[12].

The polarization/magnetization reversal in ME/FM heterostructures is very en-
ergy efficient and should therefore enable the attojoule level switching energy de-
sired for global energy saving. This will be possible for a given energy barrier set for
the technology requirements. The energy barrier is related to the device retention
time and determines the non-volatile nature of the switch, corresponding to the
energy dissipated in switching and the required stability of the logic state.

Themagnetization in FMs is an order parameter controlled by spin current or volt-
age. TheMEmaterial is the actuator for controlling thismagnetization direction of
theFMlayer,whichcanbe ferroelectricwithpolarizationas thevoltage-definedor-
der parameter or ferroelastic with strain as the strain- or voltage-controlled order
parameter [30]. A promising candidate for writing is the multiferroic BiFeO3 com-
bined with ferromagnetic CoFe [31]. In the MESO device, opposite input voltages
produce a change inpolarizationor strain in theME layer,which induces exchange
bias and coupling, and subsequently a reversal ofmagnetization in the FM [32, 33].

The second node of the MESO device is the output node or spin-orbit (SO) node
for reading the magnetic state (Fig. 1.5a, front). The magnetic state is read out by
applying a bias current through the FM so that a spin-polarized current is injected
into a SOM. The spin-charge interconversion (SCI) in the SOM layer will convert
the spin current into a transverse charge current and create a potential difference
between the two ends of the SOM layer [34]. The output current (and voltage) will
be opposite depending on whether the magnetic state is "1" or "0" as shown in
Figs. 1.5b and 1.5c.

The two possible in-plane ferromagnetic states along the easy axis of the FM can
be associatedwith these logic bits "1" and "0". SeveralMESOdevicesmust be con-
nectedbyaNMelectrode to create cascadedgateswith inverter operations. In such
a cascaded gate, the SO node is connected to the next ME node so that the output
of the SOnode is the input of theMEnode, in accordancewith theMESOproposal.
In this sense, to achieve stability, energy efficiency, and fast switching of the next
FM layer, the required SO node output signals for operating the MESO device is
100mV [12]. The operation is spin-based, but the information transport is charge-
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based, with this operation voltage, the switching energy could be as low as 1 aJ per
bit [12].

In this thesis, we focus on studying a SOMwith high SCI efficiency to be placed in
the SO node. Figure 1.5d shows the projected improvement in the spin-orbit read-
out, suggesting the use ofmaterials with very low conductivity and large spin-orbit
effects, such as topological insulator (TI) materials [11, 35–38]. The spin Hall an-
gle, θSH , of TI is considered to have an exceptionally large value in agreement with
spin-orbit torque results [36, 39–42] and a long inverse Rashba-Edelstein length,
λIREE[43], and has high resistivity as bulk conduction is limited [44, 45], which
satisfies the required conditions for MESO. One promising candidate for the SO
node is Bi2Se3.

Bi2Se3 has attracted much attention due to their unique properties. In particular,
the spin-momentum locking in the topologically protected surface statesmakes it
desirable for SCI in spintronic devices [46, 47]. Although these topological prop-
erties are thought to be related to epitaxial growth to keep a single crystal struc-
ture [48], some works report large SCI in sputtered polycrystalline BixSe1−x (BiSe)
[49–53]. According to Mahendra DC et al. [49], the granular structure of the sput-
teredBiSe layers exhibits quantumconfinement and thus high efficiency, although
quantum phenomena are difficult to demonstrate at room temperature [54].

Since BiSe is a promising candidate, we worked in close collaboration with Intel
on the study and characterization of magnetic state readout using this material as
SOM for the SO node of the MESO device, during the time of this Ph.D. project.

The SCI efficiency of BiSe has been estimated using various techniques, such as
spin pumping [50, 51], DC planar Hall [49], spin-torque ferromagnetic resonance
[49], SOT current-induced magnetic switching [49, 52], and harmonic Hall mea-
surements [49, 53]. However, all of these approaches require the BiSe to be in con-
tact with a FM, and it is extremely difficult to obtain clean interfaces in a BiSe/FM
stack. When ametallic layer is grown on top/bottom of BiSe, a large intermixing at
the interface between thesematerials is a common phenomenon [55, 56]. In addi-
tion, although there are several techniques to quantify SCI, to date reported values
for sputtered BiSe have often been overestimated due to spurious effects related to
local currents combinedwith a lack of understanding of the effect of the interfaces
and the use of approximations for unknownparameters, such as the spin diffusion
length (λs). The value of λs for sputtered BiSe is usually taken from few reports
describing epitaxially grown Bi2Se3 [57–59], which not only has a different crystal
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structure, but also a different composition. This dissimilarity invariably leads to
inaccuracies in the subsequent quantification of the SCI efficiency of BiSe.

Figure 1.5: MESO logic device operation. a. Device formed with a FM element, a
magnetoelectric (ME) node and a spin-orbit (SO) node. The ME node consists of an
interconnect channel with a NM metal (orange), a ME capacitor (dark blue), and a
FM layer on top (red). The SO node consists of a spin-injection layer (yellow) for spin
injection from the FM (red) to the SOM (light blue), and contacts to the power supply
and ground (grey layers). A current and voltage applied to theMEnodewill switch the
FMmagnetization (white arrow) exploiting the coupling between theME and the FM
layers. Themagnetization can be read out by supplying a charge current (Isupply), that
will inject a spin-polarized current (Is) into the SOM layer. Anoutput charge current Ic
and a voltage potential differenceVSO is generated via the SCI. The green arrows show
the directions of the input and output currents of the device.b.Operatingmechanism
for spin-to-charge conversion using a SOM. A spin injection layer is used if needed by
the material interfaces. Spins injected from the FM in the+z direction with spin po-
larization along the −y (in-plane) direction cause a transverse charge current in the
SOM layer. Small red and blue arrows indicate up and down spins, respectively, in-
jected from the magnet. The large red arrows show the directions of the charge (Ic)
and injected spin (Is) currents. c.Operationmechanism in the SO node when revers-
ing the magnetization direction, white arrow in the FM pointing in the +y direction.
d. SOMcandidates to be placed in the SOnode.VSO andσxx are the generated voltage
and conductivity. Figure adapted from Ref. [12].
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1.4 This thesis

T he aim of this thesis is to accurately quantify the spin transport properties
of sputtered polycrystalline and highly resistive BiSe. Although there are
some reports on the high SCI efficiency of BiSe, there are also some dis-

crepancies related to spurious effects, approximations for unknown parameters,
or lack of understanding of the key role of interfaces. Our goal is to study and un-
veil the BiSe properties with themotivation of placing it in the readout node of the
MESO logic device.

This way, we present in Chapter 1 (Spintronic for a world beyond-CMOS) an over-
viewofCMOS technologyand integratedcircuits, aswell as thedevelopmentsmade
possible by advances in the field of spintronics. One of these developments is In-
tel’s proposal for logic computing using MESO technology, which requires the use
of a material exhibiting both high resistance and large spin-orbit effects.

Chapter 2 (Theory of Spin) provides the theoretical background of spin physics,
such as spin injection, accumulation, transport, and detection, as well as some
possibilities to create and control spin currents using SCI. We also present the de-
vices used in this thesis to measure and quantify SCI.

Chapter 3 (Experimental Techniques) gives details about the techniques used for
the fabrication, characterization, andanalysis of the spintronic devices used in this
thesis.

The following four chapters present different approaches to study and properly
characterize sputtered polycrystalline BiSe. Chapter 4 (Spin-to-charge conversion
by spin pumping in sputtered polycrystalline BixSe1−x) presents SCImeasurements
by spin pumping experiments, while in Chapter 5 (All-electrical spin-to-charge
conversion in sputtered BixSe1−x) a local device using a similar readout configura-
tion of theMESO device is shown. These two chapters demonstrate the challenges
caused by the interdiffusion of BiSe in contact with metallic layers.

Chapter 6 (Quantification of spin-charge interconversion in highly resistive sput-
tered BixSe1−x with nonlocal spin valves) presents the results of SCI using metallic
lateral spin valves with a cleaner interface between BiSe and the contact metal.
Chapter 7 (Charge-to-spin conversion in sputtered BixSe1−x/graphene heterostruc-
ture by nonlocal spin injection) gives an alternative approach to suppress the in-
terdiffusion using lateral spin valves with graphene as spin transport channel. In-
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terestingly, we observe an unconventional SCI component that could provide ad-
ditional flexibility to the design of the next generation of spin-based devices.

Chapter 8 (Conclusions andOutlook) summarizes thework and highlights the im-
portance of interfaces in spintronic devices. Furthermore, since one of the major
obstacles in realizing spintronic devices suchasMESO logic devices is the large sig-
nal needed for magnetization readout, we propose some materials with high SCI
efficiency such as TI materials based on Bi that could improve such readout.



2

Chapter 2

Theory of spin
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2.1 Spin transport

T he spin degree of freedom of electrons is a convenient way to transport in-
formation from and into amagnetic element [60], i.e. to write and/or read
a magnetic state which can be exploited in memories and logic devices

as mentioned in Chapter 1. For this purpose, it is necessary to understand how
we can generate, transport and detect spin currents. In this chapter, we describe
the physics of spin currents in FM andNMmaterials, including the spin relaxation
mechanisms that limit the transport of pure spin currents. Finally,wedescribehow
we can use such spin currents for applications.

2.1.1 Charge and spin currents

An electron carries both charge and spin. The flow of an electron’s charge in the
presence of an electric fieldE is what we usually call a charge current (Fig. 2.1a),
the well-known type of current used in the field of electronics. However, we can
also create a spin current, which is a net flow of spin angular momentum and can
be exploited, giving rise to the field of spintronics.

Figure 2.1: Schematic representation of currents. a. Charge current in which the
same number of electrons with spins up (red arrows) and spins down (blue arrows)
move in the same direction. b. Spin-polarized current has an imbalance of up and
down spins moving in the same direction, creating a net flow of charge and also spin
angular momentum. c. In a pure spin current, electrons with opposite spins move in
opposite directions. As a result, the charge current is canceledwhile a net spin current
remains.
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For example, FM materials have non-zero magnetization even in the absence of
a magnetic field. This is due to an intrinsic exchange interaction Eex, which en-
ergetically favors the parallel alignment of one type of spin carrier and induces a
shift in the 3d-subband energy. The 3d-subband in FMs is not completely filled, so
that the shift Eex creates an imbalance in the density of states (DOS) of the spin-
up and spin-down 3d electrons at the Fermi level [N↑(EF) ̸= N↓(EF)], creating
majority and minority spin carriers. This imbalance means that the spin-down s-
electrons have a different scattering rate (with the associated 3d-electrons) and
mobility than the spin-up s-electrons, resulting in a different conductivity for the
two types of spin carriers [61].

This concept justifies the use of the two-channel model introduced by Mott [62],
where the spin-up and spin-downelectrons are considered to flow in two indepen-
dent transport channels with no interaction between the different spin carriers.
The validity of this model was experimentally verified by Fert and Campbell when
studying the change of conductivity in FMmetals such as Fe,Ni, Co and their alloys
[63]. The electrical conductivities for spin-up and spin-down electrons as given by
the two-channel model are:

σ↑ =
N↑(EF)e

2τ↑
3me

and σ↓ =
N↓(EF)e

2τ↓
3me

. (2.1)

where e is the elementary charge,me is the electronmass, andN↑(↓)(EF) is the elec-
tron DOS at the Fermi level for each spin subband. The electronmomentum scat-
tering time for each spin type τ↑(↓) is proportional to the electron mean free path,
which is the average distance an electron travels between two scattering events,
l↑(↓) = τ↑(↓)vF, where vF is the Fermi velocity.

The two independent spin channels can be considered as two parallel resistors
with a total electrical conductivity σ = σ↑ + σ↓. Then, when applying a charge
current in the FMmaterial, it becomes spin-polarized due to the difference in con-
ductivity for the two spin electrons, defined by the spin polarization of the ferro-
magnet:

PFM =
σ↑ − σ↓
σ↑ + σ↓

, (2.2)
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such that σ↑ = σ(1 + PFM)/2 and σ↓ = σ(1 − PFM)/2. In the particular case of a
NM, PNM = 0 and σ↑/2 = σ↓/2 = σ.

The spin carrier flow per unit time and area through the two associated spin trans-
port channels, given a constantE, is given by the current density:

j↑ = σ↑E and j↓ = σ↓E. (2.3)

The total charge current density (jc) and spin current density (js) are, respectively,
given by

jc = j↑ + j↓, (2.4)

js = j↑ − j↓. (2.5)

Figure 2.1a shows that the electron transport of an equal spin-up and spin-down
population (j↑ = j↓), results in a net charge current (jc ̸= 0) and no spin current
(js = 0). This is typically the case in a NM. Figure 2.1b displays a difference be-
tween spin-up and spin-down currents (j↑ ̸= j↓) that consequently leads to both
a net charge current (jc ̸= 0) and spin current (js ̸= 0). Such spin-polarized cur-
rent is observed in FMs. Finally, it is possible to have a pure spin current, that is,
opposite flow of spin-up and spin-down currents with no overall charge current
(j↑ = −j↓), as shown in Fig. 2.1c. The pure spin current is one of the most appre-
ciated ingredients of spintronics, as it permits reduced heat dissipation.

2.1.2 Electrical spin injection, accumulation and diffusion

Figure 2.2 shows an electron flow through a simple transparent FM/NM interface
to illustrate the concepts of electrical spin injection, spin accumulation, and spin
diffusion. By applying a bias current (Ic) from the FM to the NMmetal, an unbal-
anced spin population is created at the FM/NM interface due to the mismatch in
the DOS at the Fermi level of the FM and the NM for spins up and spins down. As a
consequence, the spin population of the s-subband in the NMmaterial is shifted
near the interface. This shift is explained in terms of the electrochemical potential.

The electrochemical potential,µ, is the combinationof the chemical potential,µch,
and the electric potential energy. µch is defined as the energy required to add one
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electron to the system. If the system has an excess of electrons, with small devi-
ations from equilibrium, µch is equal to the excess electron density, n, divided by
the DOS at the Fermi energy (N(EF )). The electric potential energy is given by
eV , where e is the charge of the electron and V is the electric potential felt by the
electron. The two definitions lead to µ = n/N(EF ) − eV . As µ changes in space,
electrons tend to move to the region with the lowest value.

Figure 2.2: Schematic representation of the electrochemical potential (µ) for a
FM/NM interface under an applied bias current (Ic). a. The d-bands of the FM
represented by the spin-up (red) and spin-down (blue) subbands. b. The spin accu-
mulation (µs), in the s-subband of the NM near the FM/NM interface due to an im-
balance in the electrochemical potential for spin-up (µ↑) and spin-down (µ↓) elec-
trons induced by spin injection of the FM with Ic. c. The s-subbands in the NM have
the same amount of spin-up and spin-down electrons. The simplified Stoner model
is used in panels a-c. d. Schematic representation of the spatial distribution of the
electrochemical potential for spin-up (red line) and spin-down (blue line) electrons
near the FM/NM interface, for Ic flowing along the−x direction, generating a voltage
V = ∆µ/e.
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We can use the diffusivemodel (∇n ̸= 0,E = 0) to describe the electron transport
at the FM/NM interface. Away from the interface,µ↑ andµ↓ are the same.However,
µ↑ and µ↓ split at the FM/NM interface, causing spin accumulation (µs = µ↑−µ↓).
The average of the spin-up and spin-down electrochemical potentials in the FM
and the NM away from the interface is µFM,NM = (µ↑+µ↓)/2, which is discontin-
uous when extrapolated at the interface. The discontinuity is given by∆µ, which
is related to the spin accumulation at the interface by [64]:

∆µ =
P

2
µs. (2.6)

In the case of a transparent interface,P = PFM (see Eq. 2.2). In the case of a tunnel
barrier present between the FM and the NM, the spin polarization PTB is defined
as:

PTB =
N↑(EF )−N↓(EF )

N↑(EF ) +N↓(EF )
, (2.7)

whereN↑,↓(EF ) corresponds to the FM layer. More generally, for any interface, the
associated spin polarization PI is given by:

PI =
R↓I −R↑I
R↓I +R↑I

, (2.8)

whereR↓,↑I are the spin-dependent interface resistances.

The statistical behavior for such an unbalanced system at the FM/NM interface
can be described by the Boltzmann equation model. Valet and Fert showed that
the Boltzmann equationmodel reduces to amacroscopic one when themean free
path ismuch smaller than the spindiffusion length (le≪λs) such that thediffusion
equations will become [65]:

j↑(↓) =
σ↑(↓)
e

∂µ↑(↓)
∂x

, (2.9)



2

Spin transport and detection | 19

where the current density flow is in the x direction, perpendicular to the FM/NM
interface. If σ↑=σ↓ as in the case of a NM, then the spin current is defined as:

js =
2σ

e

∂µs

∂x
, (2.10)

showing that a spin current is generated by a gradient in spin accumulation. By
introducing the spin-flip process and particle conservation [64], one can find the
one-dimensional (1D) spin diffusion equation developed by Valet and Fert [65]:

D
∂2µs

∂2x
=

µs

τs
, (2.11)

where D is the diffusion coefficient and τs the spin relaxation time of the mate-
rial where the spins are diffusing, which are related to the spin diffusion length by
λs =

√
Dτs. The general solution of the 1D spin diffusion equation for the spin

accumulation is:

µs = Ae−x/λs +Bex/λs , (2.12)

where the integration constants A and B have to be determined in each material
by taking into account the proper boundary conditions at the FM/NM interface
(in terms of continuity of electrochemical potential and spin currents in space).

2.1.3 Spin transport and detection

A spin valve is a basic spintronic device used to study spin-dependent transport in
metals and semiconductors, as in the case of the GMR introduced in the previous
chapter. The spin-polarized currents that flow in this type of device are preferen-
tially short-ranged, and there is noway to generate pure spin currents. Lateral spin
valves (LSVs) are a second generation of spintronic devices inwhich pure spin cur-
rents can be generated, transported,manipulated, and detected. This is realized in
a nonlocal configuration,where the bias current path and the voltage path are spa-
tially separated. Since pure spin currents contain no net charge current, spurious
effects such as anisotropic magnetoresistance (AMR) are avoided in this type of
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device. A lateral spin valve (LSV) consists of two FM electrodes bridged by a per-
pendicular NM channel, see Fig. 2.3a.

Figure 2.3: Schematic representation of a lateral spin valve. a. Sketch of a LSV. A
LSV consists of two FM electrodes (FM1 and FM2) connected by a NM channel. The
magnetization of FM1 and FM2 are represented by white arrows and can have a par-
allel or antiparallel configuration. Red arrows represent the spins diffusing along the
NMchannel. The nonlocalmeasurement configuration is also shown. b. Sketch of the
spatial dependence of the electrochemical potential for spin-up (red) and spin-down
(blue) electrons in a LSV along the x line shown in panel a, assuming a transparent
FM/NM interface. Solid lines correspond to the parallel configuration, whereas dot-
ted lines correspond to the FM2 aligned antiparallel to the FM. Figure adapted from
Ref. [66]

The first FM electrode (FM1) acts as a spin injector by placing a bias current Ic be-
tween FM1 and NM, creating a pure spin current that diffuses along the NM chan-
nel. A second FMelectrode (FM2) is placed at a certain distance from the FM injec-
tor (FM1), close enough so thatµs is still large enough to bedetected and at the side
where no Ic is flowing. At the FM2/NM interface, the average µNM and µFM2 are
also discontinuous (∆µ) due to the spin imbalance present at the interface. This
∆µ generates a voltage, Vs = ∆µ/e, which could be measured with a voltmeter.
The sign of∆µ depends on the relative orientation between the two FMelectrodes
(parallel and antiparallel), as shown in Fig. 2.3b.

The solution to Eq. 2.12, with the boundary conditions of continuity of µ↑ and µ↓
at the interface and conservation of spin-up and spin-down currents (j↑, j↓) across
the interface, yields the following Vs [67], which is measured as a nonlocal voltage,
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VNL:

VNL = 2IcR
NM
s

P̂1P̂2

r1r2 − e−2L/λNM
s

e−L/λ
NM
s (2.13)

where

ri = 2QIi + 2Qi + 1, (2.14)

and

P̂i = PIiQIi + PiQi, (2.15)

with QIi =
1

1−P 2
Ii

RIi

RNM
s

and Qi =
1

1−P 2
i

Ri
s

RNM
s

, i = 1 and 2 refer to the FM1 (injector),
andFM2 (detector), respectively.L is thedistance fromFM1 to FM2 as shown inFig.
2.3a. Pi is the spin polarization of the FM at the injector (i = 1) and the detector
(i = 2), λNM

s is the spin diffusion length of the NM channel. RIi is the resistance
at the interface i.RNM

s andRi
s are the spin resistances for the NM channel and the

FMi electrode, respectively. PIi is the spin polarization at the i interface.

An important parameter that appears in Eq. 2.13 is the spin resistance, Rs. This is
related to the resistance of thematerial to allow the spin current to flow. Therefore,
the spin current will not tend to pass throughmaterials with high spin resistances.
The most general definition of spin resistance, regardless of whether the material
is a FM or a NM, isRs = ρλ2

s/V , where ρ is the electrical resistivity of the material,
λs is the spin diffusion length, and V is the volume of the material through which
the spin current diffuses.

In the case of a FM, since they usually have a very short spin diffusion length, the
spin current decays very close to the FM/NM interface, then V = wFMwNMλFM

s ,
wherewFM andwNM are thewidths of the FMandNM, respectively (see Fig. 2.3a).
In this order, the spin resistance in the FM is defined as:

Ri=1,2
s = RFM

s =
ρFMλFM

s

wFMwNM

. (2.16)

For the case of a NMmaterial used for spin transport in LSV devices, the spin dif-
fusion length is much longer than the channel dimensions (λNM

s >> wNM , tNM ,
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where tNM is the thickness of the NM). Therefore, the spin resistance in the NM is
defined as:

RNM
s =

ρNMλNM
s

wNM tNM

. (2.17)

The nonlocal resistance, RNL, is defined as the measured voltage normalized by
the injected current, Ic:

RNL =
VNL

Ic
. (2.18)

RNL is not a real resistance, since the charge current injection path is spatially sep-
arated from the voltage detection. The value of this resistance can be positive or
negative depending on the relative magnetization of the injector and the detector
electrodes.WhenbothFMelectrodesare inaparallel configuration (↑↑,↓↓), theFM
acting as a detectorwill be sensitive to the injected excess spin population, and the
measured voltage will be positive. If the FM electrodes are in the antiparallel con-
figuration (↑↓, ↓↑) the detector will be sensitive to the opposite spin orientation,
and therefore a negative voltage with the same magnitude will be measured (see
Figs. 2.3b and 2.4b). Themagnetization configuration of the FM electrodes can be
controlled by sweeping an external magnetic field (Hy), in the easy axis of the FM.
Figure 2.4b shows the characteristic shape ofRNL as a function ofHy in a LSV. The
difference in RNL between the parallel and antiparallel magnetic configuration is
called the nonlocal spin signal (∆RNL = RP

NL −RAP
NL) and is given by [68]:

∆RNL = 4RNM
s

P̂1P̂2

r1r2 − e−2L/λNM
s

e−L/λ
NM
s (2.19)

Equation 2.19 can be used to extract λNM
s , and PI or PFM by measuring different

distances between FM electrodes, L. This can be done in a series of LSVs with the
same parameters, such as the sample shown in Fig. 2.4a. Thismethodworks when
L is of the order of λNM

s , because if L is much longer the spin accumulation, and
therefore∆RNL vanishes as shown in Fig. 2.4c. Considering that the lateral resolu-
tion of the standard nanofabrication techniques is of the order of tens of nanome-
ters, this technique is useful to extract λNM

s of light NMmetals such as Al [64, 69],
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Cu [64, 70] or Ag [71], which are characterized by λNM
s of hundreds of nm. On the

other hand, materials with λNM
s of a few nanometers, such as SOM or some FM

metals, cannot be used as spin channels in standard LSVs. For these cases, there is
an alternative approach to extract the short λNM

s : the spin absorption technique.

Figure 2.4: Nonlocal measurements for spin accumulation in a LSV. a. Scanning
electron microscopy (SEM) image for LSVs with different distances (L) between in-
jector and detector electrodes. The FM and NM electrodes are false-colored in blue
and orange, respectively. The nonlocal measurement configuration is indicated by
the white lines. b. The magnetic field dependence of the nonlocal resistance RNL =

VNL/Ic of a Py/Cu LSV at 10 K. At large external magnetic fields (Hy), FM1 and FM2

are parallel to each other. By sweeping Hy, one FM electrode switches (antiparallel
configuration) and, as a consequence,RNL changes sign until the other FM switches
and both FM are parallel again. The nonlocal spin signal ∆RNL is the difference in
resistance between the parallel and antiparallel states. c.∆RNL as a function ofL for
Py/Cu LSVs at 10 K. The gray solid line is the fit of the data using Eq. 2.19.
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2.1.4 Spin absorption

The spin absorption technique is based on the LSV devices, but with an additional
wire of the material to be studied, i.e. a SOM [72–75] or a FMmetal [70], for which
the spin diffusion length is to be known. This wire is added between the two FM
electrodes (injector and detector) as shown in Fig. 2.5a. Similarly to what we ex-
plained before, when the pure spin current flows along the NM channel, part of
the spin current is absorbed by the middle wire [76], e.g. the SOM, resulting in a
smaller detected spin signal in the FM detector, as shown in the example of Fig.
2.5b. The amount of spin current absorbed depends on the spin resistance of the
middle electrode and the interface between the NM channel and the middle elec-
trode. The detected nonlocal spin signal,∆Rabs

NL is given by:

∆Rabs
NL = 4RNM

s P̂1P̂2
(r3 − 1)e−L/λ

NM
s

r1r2(r3 −QI3)− r1(1 +QI3)e−2(L−l)/λ
NM
s − r2(1 +QI3)e−2l/λ

NM
s − (r3 −QI3)e−2L/λ

NM
s + 2e−2L/λNM

s
,

(2.20)

Where i = 3 refers to themiddle wire (SOMor FMmetal). l is the distance from the
injector (FM1) to the SOM. In our case, the SOM is at the middle of both FM elec-
trodes as shown in Fig. 2.5a, then L = 2l. The remaining parameters are defined
in Eqs. 2.13-2.15. Note that this equation is valid for the most general case, which
means that the middle wire could also be a ferromagnet. Usually, the middle wire
is a SOMwith strong spin-orbit coupling (SOC) and, in this case, the spin polariza-
tion is P3 = PI3 = 0. Additionally, we note that when Eq. 2.20 considers a r3 → ∞,
there is no effect of the middle wire on the LSV and the equation tends back to Eq.
2.19.

The spin resistanceof themiddlewire,when is a SOMwith shortλs (a fewnanome-
ters), is defined by the following equation [77]:

Ri=3
s = RSOM

s =
ρSOMλSOM

s

wNMwSOM tanh tSOM

λSOM
s

, (2.21)

where ρSOM ,wSOM and tSOM are the resistivity, width and thickness of the middle
wire. Thenonlocal spin absorption signal allows to extract the spindiffusion length
of the SOM, λSOM

s , if the spin properties of the NM channel and the FM electrodes
are known. The 1D spin diffusion model employed in this section is valid as long
as wSOM is smaller than λNM

s .
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Figure 2.5: Nonlocalmeasurements for spin absorption in a LSV. a. Schematic rep-
resentationof a LSV for spin absorptionmeasurements in a top and lateral view,b.The
magnetic field dependence of the nonlocal resistance RNL for the reference and the
absorption device. The corresponding spin signals,∆RRef

NL and∆RAbs
NL are labeled. c.

SEM image for a LSV for absorption measurements. The SOM wire is false-colored in
yellow. The nonlocal measurement configuration is shown by the white lines.

2.2 Spin-charge interconversion

S pin-charge interconversion (SCI) is a crucial way to generate and detect
spin currents without the use of a FM material by exploiting the SOC of
materials. The discovery of the spin Hall effect (SHE) [78] and the Rashba-

Edelstein effect (REE)[79] led to the birth of the field of spin-orbitronics. Devices
based on spin-orbitronics are being optimized for the next generation of MRAM
andare consideredpromising formoreenergy-efficient logic circuits suchasMESO
logic, as explained in Chapter 1. In this section, we introduce SOC, SCI, and the
mechanisms behind SCI, which are essential to understand the advances made in
this thesis.
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2.2.1 Spin-orbit coupling in solids

The interaction between the spin angular momentum, S, and the orbital angular
momentum, L, of an electron in an atom is known as spin-orbit coupling (SOC).
The relativistic effect of SOC is that S interacts with an effectivemagnetic field (in-
duced by L) that the electrons feel in the absence of an external magnetic field.
This leads to a splitting of the atomic energy levels, similar to the Zeeman splitting
[80]. SOC splits degenerate spin subbands, modifying the electronic band struc-
ture, and induces novel spin-dependent transport phenomena. In a solid, the po-
tential acting on the electron is composed of a periodic component associated
with the band structure and a non-periodic component associated with impuri-
ties, boundaries, and the external applied field. Moreover, SOC can also occur in
systemswith broken inversion symmetry, such asmetallic surfaces and interfaces,
giving rise to the so-called Rashba SOC [81]. All these components give rise to a
variety of spin-dependent transport phenomena, among which SHE and the REE.

2.2.2 Spin Hall effect

In 1971, a theoreticalworkbyD’ayokonovandPerel [82, 83] realized that, due to the
SOC in NMmaterials, electrons should deflect in transverse directions according
to their spin carriers when scattering in the presence of impurities. This scattering
generates a spin imbalance with an associated spin current, as shown in Fig. 2.6a.
In 1999, Hirsch, unaware of the research of D’ayokonov and Perel, rediscovered
the effect and gave the name SHE to this phenomenon [78]. Reciprocally, a spin
current (which can be a spin-polarized current or a pure spin current) can induce
a transverse charge current, which is known as the ISHE, as shown in Fig. 2.6b.
Note that its origin is very closely related to the anomalous Hall effect (AHE) in
ferromagnets discovered in 1881 [84].

The relationship between the charge current density (jc) and the spin current den-
sity (js) for the SHE and the ISHE are:

js =

[
ℏ
e

]
θSH(jc × s) (2.22)

and

jc =
[ e
ℏ

]
θISH(js × s), (2.23)
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respectively, where s is the spin orientation, θSH is the spin Hall angle that is the
charge-to-spin conversion efficiency, and θISH the spin-to-charge conversion ef-
ficiency. θSH = θISH following the Onsager reciprocity [85].

Figure 2.6: Spin Hall effect and its inverse. a. The direct SHE occurs when applying
a charge current (jc) into a bulk SOM, inwhich electronswith opposite spins (spin-up
and spin-down are represented by red and blue arrows, respectively) deflect in op-
posite direction, inducing a transverse spin current (js). b. The inverse effect (ISHE)
occurs when js is injected into a SOM, the spins-up and spins-down deflect in the
same direction, generating a transverse jc.

The spin Hall angle is defined as the ratio between the transverse spin Hall resis-
tivity, ρxy (or transverse spin Hall conductivity σxy) and the longitudinal resistivity,
ρxx (conductivity σxx) as follows:

θSH =
σxy

σxx

= −ρxy
ρxx

, (2.24)

It is important to note that θSH can be estimated by different methods, as we will
explain in section 2.3. Each technique has different ways of measuring and ana-
lyzing, and this leads to a large dispersion of θSH values reported for the samema-
terials [86]. An important reason is the role of the interface, since the majority of
techniques require the use of FM/SOM heterostructures. Ignoring the interface in
the quantification can easily lead to an incorrect estimation of θSH .
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2.2.3 Mechanisms of the spin Hall effect

The SOC can act as an effective magnetic field that deflects the spin-up and spin-
downelectrons inopposite directions. This effect is known tohavedifferent origins
in the AHE [87] and is accepted to apply also to the SHE [72, 73, 86, 88]. In partic-
ular, the SHE can arise from an intrinsic mechanism related to the band structure
and two extrinsic contributions related to impurities [86]. The total spinHall resis-
tivity can be described as [73]:

−ρxy = ρintxy + ρssxy + ρsjxy, (2.25)

where ρintxy is the component induced by the intrinsic effect and the extrinsic com-
ponents are the skew-scattering (ρssxy) and the side-jump scattering (ρsjxy). A brief
description of each mechanism is given below:

1. The intrinsic contributionwas proposed by Karplus and Luttinger to explain
the AHE [89]. It is related to the spin-dependent electronic band structure
for a perfect crystal [90]. The intrinsicmechanism in the presence of an elec-
tric field (E) is shown in Fig. 2.7a. This contribution, as in the AHE, scales
quadratically with the resistivity of thematerial, ρintxy = σint

xy ρ
2
xx, where the in-

trinsic transverse conductivity σint
xy is a constant parameter that depends on

the Berry curvature at the Fermi level [91].

2. One of the extrinsic contributions is due to the oblique scattering mecha-
nism. This mechanismwas proposed by Smit in 1958 [92]. It is related to the
spin-dependent chiral features that appear for scattering events producing a
disorder potential in the presence of a SOC. Figure 2.7b shows the skew scat-
tering mechanism; when an electron with a given spin scatters with an im-
purity or defect, it is deflectedwith an angleαss. The contributionof the skew
scattering mechanism to the spin Hall resistivity is given by ρssxy = αssρxx,0,
where ρxx,0 is the residual resistivity [93].

3. Another extrinsic contribution is the side-jump scattering mechanism, in-
troduced by Berger [94]. In this case, during scattering, electrons with oppo-
site spins feel opposite electric fields when approaching a scattering center,
generating a lateral displacement of the electrons opposite for spin-up and
spin-down as shown in Fig. 2.7c. The contribution of the side-jumpmecha-
nism to the spinHall resistivity scales with the square of the residual resistiv-
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ity: ρsjxy = σsj
xyρ

2
xx,0, where σsj

xy is the transverse conductivity associated with
the side-jumpmechanism.

Figure 2.7: Mechanisms of the Spin Hall effect. Schematic representation of the dif-
ferentmechanisms that originate theSHE:a. Intrinsicmechanism,b. skew-scattering,
c. side-jump scattering.

Acareful study of ρxy as a function of ρxx and ρxx,0 allows one to obtain the different
contributions, as has been recently done in Pt [72] and Ta [73].

2.2.4 Rashba–Edelstein effect

Similar to the previous section for the SHE, it is possible to have SCI through the
REE in two-dimensional (2D) systems with SOC materials and asymmetry in the
crystal potential (broken space inversion symmetry) [79, 95, 96]. The breaking of
inversion symmetry splits the spin subbands which are otherwise degenerated, as
despicted in Fig. 2.8a. Such spin splitting is know as Rashba or Bychkov–Rashba ef-
fect [97]. Edelstein proposed that the combination of this momentum-dependent
spin polarization togetherwith an electric current induces spin accumulation [79].
The resulting spin accumulation has a perpendicular, in-plane polarization and
can diffuse as a spin current. From an experimental point of view, therefore a sys-
temwithREE converts a 2D charge current into a three-dimensional (3D) spin cur-
rent with in-plane spin polarization [98].

The structural inversion asymmetry at the surface or interface creates an electric
potential normal to it. The RashbaHamiltonian (ĤR) describes the interaction be-
tween the momentum (ℏk) and the spin as follows:

ĤR = αR(ẑ × k)s, (2.26)
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where ẑ is the direction normal to the 2D plane and αR is the Rashba coefficient
proportional to the strength of the SOC and electric potential. k is the wave vector
and, for each k, the energy of the band splitting for the spin-up and spin-down is
given by:

E↑(↓)(k) =
ℏ2k2

2me

± αRk. (2.27)

In the Rashba effect, the spin polarization is locked to its momentum, which gen-
erates the spin-subband splitting of the surface or interface states (Fig. 2.8a). Fig-
ure 2.8b shows the shift of the Fermi contours when a 2D current density (J2D

c )
is applied along the x-axis. In k-space, there is a shift of the Fermi contours,∆kx,
such that the spin population of spin-up and spin-down is not balanced, and the
system now presents a spin accumulation (µs), which is proportional to∆kx. The
spin accumulation can diffuse as a 3D spin current density (J3D

s ). In the REE, the
charge-to-spin conversion efficiency is given by [99, 100]:

qREE =
j3Ds
j2Dc

[m−1]. (2.28)

Reciprocally, the inverse Rashba-Edelstein effect (IREE) converts a spin accumu-
lation with an in-plane polarization injected at a 2D system into a perpendicular
charge current. The injection of an imbalanced spin density into a Rashba system
from a J3D

s along the z-axis shifts the Fermi contours in the opposite direction and
an effective∆kin

x and∆kout
x is generated, giving rise to a net j2Dc along the x-axis,

see Fig. 2.8c. The efficiency of IREE is given by the IREE length [99, 101]:

λIREE =
j2Dc
j3Ds

[m]. (2.29)

Note thatλIREE hasadimensionof length (m).A careful discussionabout the com-
parison between the SHE and IREE efficiencies is reported in Ref. [102].
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Figure 2.8: Band structure of a Rashba system and Rashba-Edelstein effect. a.
Rashba effect: spin-split energy dispersion curves of a two-dimensional electron gas
(2DEG) with inversion symmetry breaking. The lower panel presents the reference
band in grey and the shifted curves for spin-up in red and spin-down in blue. The up-
per panel is the cut at the Fermi level. b. Schematic representation of the REE where
a spin accumulation (µs) is generated when a charge current along x-direction (Jc,x)
is injected and creates a shift of the Fermi contours∆kx. c. Schematic representation
of the IREE where a charge current is created when injecting a spin current along z-
direction (Js,z). Fermi contours move in opposite direction (∆kinx and∆koutx ).

The REE/IREE, was first experimentally demonstrated at the interface between Bi
and Ag metals [98], and later reported at other all-metallic interfaces [103, 104],
metal/oxide interfaces [99, 101, 105, 106], 2DEG systems [107, 108], surface states
of topological insulators [100, 109] and van der Waals heterostructures [110–115].
The Onsager reciprocity between the direct and inverse REE has been observed
electrically using LSVs [99, 101, 103].

In high-symmetry bulk SOMs, a charge current density (jc) is transformed into a
spincurrentdensityperpendicular to jc and sby theSHEaccording toEqs. 2.22and
2.23 (where js, jc and s aremutually orthogonal). In 2D systemswithout structural
inversion symmetry (explained in this section), an in-plane jc leads to a perpen-
dicularly polarized spin accumulation by the REE. This condition of orthogonality
is imposed by the mirror symmetry present in these systems.
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Breakingmirror symmetry in the systemwill allowSCI of spinspolarized also along
non-orthogonal directions, a feature that is not achievable in highly symmetric
materials [116–119]. Additional SCI components emerge in layeredmaterials with
reduced symmetry, such as van der Waals heterostructures, where the symme-
tries that govern the permitted SCI processes via the REE depend on the align-
ment between graphene and a transitionmetal dichalcogenide flake [120, 121]. In
twisted heterostructures, besides the conventional REE, where the charge current
induces a perpendicular spin polarization, the broken mirror symmetry leads to
an unconventional REE with parallel spin polarization. Experimentally, such an
unconventional REE has been recently observed in graphene/MoTe2 [113, 114],
graphene/WTe2 [115], and graphene/NbSe2 [112] heterostructures.

2.3 Spin-charge interconversionmeasurement tech-
niques

2.3.1 Nonlocal devices for the spin Hall effect

Previously, in section 2.1.4, we demonstrated how a middle wire added to a LSV
can absorb part of the pure spin current flowing in theNMchannel if its spin resis-
tance is lowenough.Usually themiddlewire ismadeof amaterialwith strong SOC.
Thismeans that the pure spin current absorbed by the SOMwire can be converted
into a measurable charge current due to the ISHE, making the SCI experimentally
measurable in the same device.

The injection of the spin current is the same as the spin injection in the LSVs ex-
plained in section 2.1.3, in which a bias current (Ic) is applied from the FM injector
to the NM channel. To measure the ISHE, the spin detector is now the SOM wire,
in which the voltage probe is connected to, as shown in Fig. 2.9a, and the external
magnetic field is now applied in plane but in the hard axis (±x direction) of the FM
injector. Figure 2.9b illustrates theflowof spin current, charge current and spinpo-
larization.Thepure spin currentflowing in theNMchannel is partially absorbedby
the SOM (−z direction) and converted into a charge current (±IISHE) via the ISHE
in the +y or −y direction depending on the spin polarization direction, which is
reversed by changing the FMmagnetization with the external magnetic field. The
generated IISHE canbepickedupas anopen-circuit voltage,VISHE . Thedifference
in the ISHE resistance (RISHE = VISHE/Ic) for both saturated magnetizations is
twice the ISHE signal: 2∆RISHE = R→ISHE −R←ISHE .
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Figure 2.9: Nonlocal devices tomeasure the spinHall effect. a. Schematic represen-
tation of the nonlocal ISHEdevice. The black lines represent themeasurement config-
uration. b. In the ISHE, a spin current (Is) is injected (black arrow) into the SOCmate-
rial, and this deflects the spin carriers in the same direction creating a charge current
(IISHE) that reverts signaccordinglywith the spinpolarizationdirection.c.Schematic
representation of the nonlocal SHE device. d. The RISHE and RSHE as a function of
the external magnetic field (Hx). The change in the resistance from positive to nega-
tive magnetic fields gives the spin-to-charge conversion signal, 2∆R(I)SHE which is
proportional to the spin Hall angle.

The SHE can be measured by inverting the injector and detector electrical probes
as shown in Fig. 2.9c. In this case, the injection is done by applying the charge cur-
rent (Ic) directly into the SOM, where it is converted into a transverse spin current
via the SHE. This spin current will diffuse into the NM channel until it reaches the
FM,whichwill act as a detector according to the sameprocess explained in section
2.1.3, and the output will be measured as a voltage, VSHE . The spin Hall resistance
is defined asRSHE = VSHE/Ic. Figure 2.9d shows the characteristic plot forRSHE

andRISHE as a function ofHx. Both curves have the same amplitude, but the sign
is reversed due to the swapping of injector and detector. According to Onsager’s
reciprocity [85] RISHE(H) = RSHE(−H) and, therefore, the spin Hall signal has
the same amplitude and opposite sign to its inverse,∆RISHE = −∆RSHE .

The relation between the experimentally measured∆RISHE and the spin Hall re-
sistivity ρxy = ρSH is given by [77, 122]:
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ρSH = − wSOM

xSOM,NM

(
Ic
Īs

)
∆RISHE, (2.30)

where xSOM,NM is the shunting factor that accounts for the current in the SOM
being shunted through the NM channel. Depending on the sheet resistance value
of the NM channel compared to the one of the SOMwire, the charge current gen-
erated along the SOM wire partially flows back into the NM channel, effectively
lowering the output voltage. xSOM,NM is sensitive to the geometry of the device
and relevant for the proper quantification of ρSH and θSH .

The effective spin current (Īs) injected into the SOM along the−z direction is the
one that contributes to the ISHEbecause the spincurrent at theSOM/NMinterface
(z = 0) is diffused into the SOM thickness. Īs is given by the following equation [77,
122]:

Īs
Ic

=

∫ tSOM

0
Is(z)dz

tSOMIc
=

λSOM
s

(
1− e

− tSOM
λSOM
s

)2

tSOM

(
1− e

− 2tSOM
λSOM
s

) Is(z = 0)

Ic
. (2.31)

The prefactor, Is(z = 0)/Ic, is given by the following equation:

Is(z = 0)

Ic
=

2P̂1

[
r2(1−QI3)e

−l/λNM
s − (1 +QI3)e

−(2L−l)/λNM
s

]
r1r2(r3 −QI3)− r1(1 +QI3)e−2(L−l)/λ

NM
s − r2(1−QI3)e−2l/λ

NM
s − (r3 −QI3)e−2L/λ

NM
s + 2e−2L/λNM

s
,

(2.32)

Note that the spin diffusion length of the SOM, λSOM
s , is an indispensable param-

eter to determine the spin Hall angle (θSH).

Importantly, the spin absorption technique allows us to independently extract in
the same LSV device λSOM

s and θSH of the SOMwire, simply by changing themea-
surement configuration (Figs. 2.5 and 2.9).

2.3.2 Local devices for the spin Hall effect

The local spin Hall configuration is the equivalent of the readout node in the pro-
posedMESO logicdevicediscussed inChapter 1. Local devices canbeused tomea-
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sure ISHE in a SOMby locally injecting a spin-polarized current at the SOM/FM in-
terface, as shown in Fig. 2.10. Due to the direct contact between the SOM and the
FM, larger output signals are obtained in contrast to nonlocal spin Hall devices.

Figure 2.10: Local devices for SpinHall effect. a. Schematic representation of the lo-
cal spin Hall device, which consists of a T-shaped SOM electrode and a FM electrode,
with the ISHEmeasurement configuration. b. The ISHE resistance as a function of the
externalmagnetic field. c. Schematic representation of the SHEmeasurement config-
uration. d. ISHE resistance as a function of the external magnetic field. In both b and
dpanels, the trace is in blue and the retrace is in black, and the difference in resistance
between positive and negative magnetic fields is 2∆R(I)SHE .

Local spinHall devices consist of aT-shapednanostructuremadeof SOMandaFM
electrode placed in such a way that the tip of the FM overlaps the intersection of
the T-shaped nanostructure. In the same device, it is possible tomeasure the ISHE
and the SHE as shown in Figs. 2.10a and 2.10c, respectively. The external magnetic
field is applied along the easy axis of the FM.

In the case of the ISHE, a charge current Ic is applied from the FM to the SOM,
leading to a x-spin-polarized current into the SOM in the−z-direction. The SOM
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produces a transverse charge current (IISHE), which is detected as an open-circuit
voltage, VISHE , in the arms of the T-shaped electrode. Reversing the magnetiza-
tion direction of the FM causes a change in the sign of IISHE and thus a change in
VISHE . We can normalize this voltage to the applied current asRISHE = VISHE/Ic.

In Fig. 2.10b, the RISHE in the local device is shown as a function of the external
magnetic field applied inx-direction. The sharp reversal of themagnetization from
−x-direction to +x-direction gives a change in the sign of the resistance RISHE .
The same behavior is obtained by reversing the magnetization, with a hysteresis
associated with the shape anisotropy of the FM electrode. The difference between
the two resistances is the inverse spin Hall signal 2∆RISHE . Note that, since the
change in resistance is associated with the magnetic state of the FM, the way to
readout themagnetic state is as in theproposedMESOdevice introduced inChap-
ter 1.

Similar to the ISHE, but only by changing the configuration of the electrical con-
tacts (Fig. 2.10c), we could measure the SHE signal (Fig. 2.10d), in this case by ap-
plying Ic to the transverse arms of the T-shaped SOM electrode. In this way, a spin
current polarized in the x-direction and flowing along the z-direction is generated
by the SHE. The tip of the FM at the top of the T-shaped can sense the spin accu-
mulation at the interface and is measured as an output voltage, VSHE . Following
theOnsager reciprocity [85], the ISHE and SHE signals are equal, butwith opposite
sign (2∆RISHE = −2∆RSHE).

Using the 1D spin diffusion model, it is possible to analyze and quantitatively ex-
plain the output signals coming from the ISHE. Based on the two-channel model
(section 2.1.1) and Refs. [34, 123, 124], the spin Hall signal coming from the local
T-shaped device can be written as:

∆R(I)SHE =
PFMθSHλ

SOM
s(

tFM

ρFM
+ tSOM

ρSOM

)
wSOM

×
1− 1

cosh(tSOM/λSOM
s )

tanh(tSOM/λSOM
s ) + λSOM

s ρSOM

λFM
s ρ∗FM

tanh(tFM/λFM
s )

,

(2.33)

where ρ∗FM = ρFM/(1 − P 2
FM). PFM , λSOM,FM

s , and ρSOM,FM are the spin polar-
ization of the FM, the spin diffusion length and the resistivity, respectively. The
subscripts denote the materials.
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For systems with dimensionmaterials (thickness) much shorter than the spin dif-
fusion length, as thedevices in this thesiswhereλSOM

s << tSOM andλFM
s << tFM ,

a simplified expression for Eq. 2.33 is given by:

∆R(I)SHE = G× λeff , (2.34)

where

G =
1(

tFM

ρFM
+ tSOM

ρSOM

)
wSOM

(2.35)

and

λeff =
PFMθSHλ

SOM
s

1 + λSOM
s ρSOM

λFM
s ρ∗FM

. (2.36)

G is a geometric factor related to the device’s transversal resistance and can be
measured directly in the devices. λeff is an efficiency factor given by the material
properties. When the spin resistance of the SOM (λSOM

s ρSOM ) is much larger than
that of the FM (λFM

s ρ∗FM ), the spin current injected into the SOM is reduced, an ef-
fect known as "conductivity mismatch" [125], greatly reducing the effective factor
(see Eq. 2.36). The addition of a tunnel barrier between the FMand the SOMcanbe
used to overcome the conductivity mismatch by reducing the spin backflow and,
thus inject effectively more spin current into the SOM [126]. The quantification
performed on the local spin Hall devices can be directly compared to the nonlocal
spin Hall devices. Both techniques extract the spin Hall properties due to the SCI.
Whereas 2∆R(I)SHE is easier tomeasure in the local spin Hall devices because the
spin injection is local and the output voltage is higher compared to the nonlocal
spin Hall devices, the local device can contain spurious effects in the spin Hall sig-
nal, coming from the AHE or the planar Hall effect (PHE) of the FM, or from the
combination of the ordinary Hall effect (OHE) of the SOMwith the fringe fields of
the FM at saturation as discussed in Refs. [34, 127].

2.3.3 Spin pumping

Exploring the physics of SCI involves both the creation of spin currents and the de-
tection of charge currents. For instance, in the nonlocal transport schemes shown
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in section 2.3.1, this is achieved by spin diffusion into the SOM. An alternative to
generating spin currents is to exploit the spin-pumping (SP) effect in a FM/SOM
bilayer system. This phenomenon was observed experimentally in the early 2000s
[128–130].

The SP technique uses the magnetization dynamics of a FMmaterial [131, 132] in
order to study andquantify the SCI of an adjacent SOM layer. The schematic repre-
sentation of this effect is shown in Fig. 2.11a. A radio frequency (RF) current with a
fixed frequency (f ) of theorderofGHz is injected into a coplanarwaveguide (CPW)
generating an RFmagnetic field on the sample (hRF ) that produces the precession
of the magnetization (M ) in the FM layer. The direct current (DC) magnetic field
(HDC) is applied along y-direction (in-plane). At certain combinations ofHDC and
f , a ferromagnetic resonance (FMR) occurs in the FM and, by the spin-pumping
effect, this precession induces an injectionofDC spin current (Is) into the adjacent
SOM (along the −z direction). In the SOM layer, due to the ISHE (or the IREE), a
charge current, ISP , perpendicular to the spin current, leads to charge accumula-
tion and thus to a measurable voltage (VSP ) along the x-direction [98, 132, 133].
VSP can be measured by modulating the RF power injected in the CPW and using
a lock-in voltmeter that ismatched to thismodulationwhile sweeping the external
HDC . When the system reaches the resonant condition, the measured voltage ex-
hibits a characteristic Lorentzian curve symmetric around the resonancefield (Hr)
as shown in Fig. 2.11b. VSP should also be perfectly reversedwith inversion of field
direction (i.e. rotating it by 180°). Since jc ⊥ s in both ISHE and IREE, flipping the
spin polarization s of the spin current that is pumped into the SOM leads to a gen-
eration of a current in the opposite direction. The voltage produced by the ISHE
or IREE is always symmetric with Hr. An antisymmetric part is usually dominant
in FM films, as observed for example in CoFeB [134] and NiFe [107], whereas it is
negligible in themeasurements in this thesis, and we consider only the symmetric
part in the fit.

When HDC and hRF are applied in the film’s plane (and HDC × hRF = 0), the
dispersion relation ofHr with angular frequency ω = 2πf follows Kittel’s relation
[134]:

f =
γ

2π

√
(Hr +Huni)(Hr +Huni +Meff ), (2.37)

where γ = gµB/ℏ > 0 is the gyromagnetic ratio, which determines the direc-
tion and rate of precession of the magnetization around the effective field, g is
the Landé factor, which quantifies the ratio between orbital and spin angular mo-
menta and is approximately 2 for free electrons, and µB is the Bohr magneton.
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Meff is the effective magnetization andHuni is a small in-plane uniaxial magnetic
anisotropy. VSP is given by the sum of symmetric and antisymmetric Lorentzian
functions:

Figure 2.11: Spinpumpingdevices. Schematic representationof a spin-pumpingde-
vice. a. In this case, a DC field (HDC) is applied in-plane perpendicular to the sample
while a RF electric current is injected in the CPW, producing an RF magnetic field
(hRF ) that generated the precession of the magnetization, M , in the FM layer. This
creates a spin current, Is, in theout-of-planedirection (−z), and is injected in theSOM
and converted into a voltage, VSP = V + − V − due to the ISHE or IREE, b. Schematic
spectra of a typical spin-pumping voltage, VSP as function of the applied fieldH .

VSP = Voffset + Vsym
∆H2

∆H2 + (HDC −Hr)2
+ Vantisym

∆H(HDC −Hr)

∆H2 + (HDC −Hr)2
.

(2.38)

where ∆H is the width of the peak at the center of Hr. The most common de-
scription ofmagnetization dynamics including relaxation is based on the Landau-
Lifshitz-Gilbert equation [135], which includes the Gilbert damping (α), the di-
mensionless parameter that describes how fast themagnetization become aligned
with the effective magnetic field. α can be obtained by considering the linear de-
pendence of∆H on frequency as:

∆H = ∆H0 + α
2πf

γ
, (2.39)

where∆H0 is the frequency-independent inhomogeneous contribution. The spin
transparency of the interface between the FM and SOM layers is given by the real
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part of the effective spin-mixing conductance, g↑↓, which can be obtained by the
following equation:

g↑↓ =
4πMstFM

gµB

(αFM/SOM − αFM), (2.40)

whereMs is the saturationmagnetization and tFM is the thickness of the FM layer.
αFM/SOM andαFM correspond to theGilbert damping of the FM/SOMbilayer and
a reference FM layer, respectively.

The detection of the spin current flowing into the SOM can be done electrically via
the ISHE, as was demonstrated by Saitoh et al. [136]. The ISHE converts the pure
spin current into a detectable charge current (see Eq. 2.22), allowing us to infer the
spin Hall angle of the material.

For the detection of a DC voltage along the y-direction (VSP ), one has to consider
the charge current density [137]:

jSP = θSH
2e

ℏ
js,0

λSOM
s

tSOM

tanh

(
tSOM

2λSOM
s

)
, (2.41)

where js,0 is the spin current crossing the interface. To convert this charge current
density into the actual measured voltage, the details of the measurement geome-
try (tSOM is the SOM thickness) and the resistivity of the bilayer need to be taken
into account. Besides that, the spin current generated at the interface which prop-
agates into the SOM decays on a length scale connected to λSOM

s [137]. Note that,
in systems with strong SOC, this length scale can be difficult to define since it can
be as short as several atomic layers. Also, proximity effects as well as roughness at
the interface with the SOM can blur the sharpness of such an interface [86].

The spin pumping technique has several advantages thatmake it a very interesting
technique. Themost attractive is the geometry of the device, as only a FM/SOMbi-
layer is required for the detection of SCI and no complex fabrication is required. In
addition, this technique allows the generation of spin currents over large areas and
therefore large voltages can be detected. Also, since the spin injection is achieved
by the magnetization dynamics, the conductivity mismatch problem discused in
section 2.3.2 can be avoided. Another big advantage of this technique is that FM
insulators can be used to pump spin currents [51, 138, 139], with the plus that the
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detected charge current can only have its origin in the SCI of the SOM layer, since
electrical conduction along the FM insulator is prevented. On the other hand, a
major drawback is themagnetic proximity effect that could occur due to the prox-
imity of the non-magnetic SOM layer to the FM layer. This magnetic proximity
could generate additional damping to the magnetization dynamics [140, 141].

2.3.4 Other techniques to measure the SCI

Several methods have been developed over the years tomeasure the spin currents
originating from the SHE or the REE, and each one has its own complexity. Other
commonly used measurement techniques are briefly mentioned in this section.

Magneto-optical Kerr effect (MOKE): The experimental discovery of the SHE ini-
tiallywas focusedon semiconductors andwas suggested toutilize theoptical activ-
ity of these materials for detecting the SHE [142]. Murakami, Nagaosa, and Zhang
in 2003 proposed a circularly polarized electroluminescence or a spatially resolved
magneto-optical Faraday and Kerr effects. Thesemethods were indeed used in the
firstmeasurements of this phenomenon. The first experimental observation of the
SHE was in semiconducting GaAs by MOKE to scan the spin accumulation across
the channel, directly on a thin film of the SOM [143]. However, the magnetization
associated with this spin accumulation is very small, making MOKE a very chal-
lenging technique formetals [144]. Nevertheless, spin transport parameters of a Pt
thin film were recently determined by MOKE [145].

Spin-torque ferromagnetic resonance (ST-FMR): In this technique, a spin cur-
rent created commonly in a SOM is used to transfer spin angular momentum and
thus to exert a torque on the magnetization of a FM. In these experiments, an RF
current sent along the SOM/FMbilayer can produce an oscillation of themagneti-
zation of the FM via the perpendicular spin current generated by the SHE, the REE
or theOersted fields.Under certain conditions, the FMgoes into resonance (FMR),
which leads to an oscillation resistance (due to magnetoresistance effects such as
AMR, GMR or TMR) resulting in a mixing of an in-phase current (I = I0cos(ωt))
and resistance (R = R0 + δRcos(ωt)), which in turn results in detectable DC volt-
age. The ST-FMRwas introduced by Tulapurkar et al. in 2005 [146] and the first ex-
perimental report of SOT was realized in permalloy (Py: Fe20Ni80)/Pt heterostruc-
tures in 2011 [147]. Since distinguishing between SHE and REE as the origin of
the torque in these experiments is not straightforward, after some controversy the
generic name "spin-orbit torque" started to be used.



2

42 | Theory of spin

HarmonicHallmeasurements: TheharmonicHall voltagemeasurementmethod
is a useful approach for quantifying the effective fields induced by the SOT [148]
which generate adamping-like torque (TDL) andafield-like torque (TFL) [149]. For
thismethod, SOM/FMbilayers are patterned intoHall-bar structures and alternat-
ing current (AC) currents I(t) = I0 sin (ωt) are driven through the main channel.
The current-induced effective fields lead to amodulation of themagnetization ori-
entation in phasewith the driving current which can be picked up via the PHE and
the AHE. As a consequence of the frequency mixing, the resulting Hall voltage has
first (V 1ω

H ) and second (V 2ω
H ) harmonic components which can be measured by

Fourier transformation of a time series or, more commonly, by a lock-in amplifier.
The V 1ω

H contains the AHE and PHE properties of the SOM/FM heterostructure,
whereas the SOT information is included in the V 2ω

H component, because of the
frequency mixing of the in-phase modulation magnetization induced by SOT and
the AC current. This method is particularly suitable for identifying the angular de-
pendence of the SOT that acts on the FM layer with perpendicular magnetization.
Several corrections are required for an accurate analysis of the measured results
with this technique, including the measured results for the PHE, the out-of-plane
component of the externalmagnetic field, and the AHE [150]. In the harmonicHall
voltagemeasurement, V 2ω

H consists of the anomalous Hall voltage (VAHE), and the
planar Hall voltage (VPHE), that couples with the effective fields of TDL and TFL

[151]. The product of the magnetization of the FM layer and the effective field of
SOT is equivalent to the spin current converted from the charge current, thus this
technique is widely used as one of the methods for estimating SCI efficiency [39,
152, 153].
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3.1 Fabrication processes for nanodevices

I n this chapter, we describe and give a general overview of the techniques used
to fabricate and characterize our devices. As described in Chapter 2, we have
different types of devices throughout this thesis: nonlocal spin Hall devices,

local spin Hall devices, and SOM/FM bilayers for spin pumping. Although they
shareacommon fabricationprocess, thedetails for eachdevicearedifferent. There-
fore, the fabrication and characterization features for each type of device are pro-
vided in their respective chapters, and the general steps are explained here.

In general, the nanodevices used in this thesis are basically several electrodes of
different materials (NM, FM or SOM) connected in a specific geometry for electri-
cal measurements. Each electrode structure is fabricated by a polymermask (sen-
sitive to e-beam or UV light) that defines the areas of the electrodes prior to the
deposition of the desired material.

The fabrication consists of several steps that are carefully performed to have a suc-
cessful device. Thefirst step is the cleaningof the substrate,which isusually Si/SiO2

with a SiO2 thermally oxidizedwith a thickness of 150nmor 300nm(Fig. 3.1a). This
is an important step for the following processes to work.

Next, a lithography process is performed, starting with the spin coating of a poly-
meric positive resist, single or double layer (see Fig. 3.1b), followed by e-beam ex-
posure of the desired pattern (Fig. 3.1c) and development to remove the e-beam
exposed resist (Fig. 3.1d). This is followedby an ionmilling processwithAr+ ions to
remove any residual resist and to clean the interfaces (Fig. 3.1e). Immediately after
the milling process, the material is deposited by sputtering, e-beam evaporation
or thermal evaporation (Fig. 3.1f).

Finally, the remaining resist is removed during the lift-off process (Fig. 3.1g). In
spite of using a double layer for the resist, it is possible that some material is still
stuck on thewalls. In order to remove these sidewalls, we performed an ionmilling
process with a lower angle of incidence (10◦ with respect to the sample plane) (see
Fig. 3.1h).

Figure 3.1i shows the nanostructure with the desired shape. This process is re-
peated as many times as necessary to fabricate the final nanodevices according
to the device design. In the following, each step of the fabrication process is ex-
plained in detail.
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Figure 3.1: Main steps for the fabrication process of nanostructures using a pos-
itive resist. Schematic representation for the fabrication process of nanostructures,
each sketch shows the top and side view of each step. a. The first step in the fabri-
cation of nanodevices is the cleaning of the Si/SiO2 substrates (represented in grey).
b. Spin coating of e-beam positive resists. The sketch presents the double layer spin
coating, in dark pink the resist with lowermolecular weight. c. e-beamexposure of the
desired pattern. d. Development of the exposed area. e. Ar-ion milling for removing
resist left-overs and/or cleaning interfaces. f.Material deposition (in blue). g. Lift-off.
h. Ar-ion milling with low angle of incidence for side-walls removal. i. Final nanos-
tructure with the desired shape.
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3.1.1 Cleaning of the substrates

The first step of the fabrication process is the cleaning of the substrate, see Fig.
3.1a. In this thesis, we used Si/SiO2 wafers with a SiO2 thickness of 150 nm or 300
nm with Si substrate doped with boron (p-type). The wafers were cut into small
pieces of 10mm×10mmor 5mm×5mmarea. The chipswere then sonicated for 5
minutes in acetone, followedby another 5minutes of immersion and sonication in
isopropanol. Finally,we sonicated the substrate for another 5minutes indeionized
water, dried it with N2 gas, and placed it in a hot plate at temperatures above 100◦

C to evaporate any remaining water.

3.1.2 E-beam lithography

Spin coating

The first step of the electron-beam lithography (eBL) process is spin coating. An
electron-sensitive polymeric resist is placed on top of the cleaned substrate and
is spinned with controlled acceleration and velocity [154]. In this work, we used
positive e-beam resists. With the polymeric positive resist, the chemical bonds of
the polymer are broken in the areas exposed to the e-beam. This way, the exposed
area could be more easily dissolved in the presence of a specific solvent, leaving a
hole in that area that will act as a temporary mask for our process.

We select the resist to be used in accordance with thematerial depositionmethod
and the final thickness of the deposited material. In this thesis, we used a double
layer of positive resists Polymethyl Methacrylate (PMMA), with different molecu-
lar weights. Both PMMAA4 495 and PMMAA2 950 resists were spin-coated at 4000
rpm for 60 s and baked to evaporate the anisole solvent at 180◦C for 90 s, each layer
(Fig. 3.1b). The A4 and A2 represent the molecular concentration (4% and 2%, re-
spectively) dissolved in anisole. The numbers 495 and 950 represent themolecular
weight (in k g/mol units).

In double-layer spin coating, the polymer resist with the lower molecular weight
is used at the bottom. During the e-beam exposure, more polymer chains are bro-
ken than those in the top layer (higher molecular weight). As a result, an under-
cut is created (see Fig. 3.1c), which allows us to lift off the resist more efficiently.
The higher the molecular weight, the less sensitive to the e-beam. The higher the
molecular concentration, the thicker the resist (layer thickness is ∼ 50 nm for
PMMA A4 495 and∼ 150 nm for PMMA A2 950).



3

E-beam lithography | 47

In addition, in this thesis, we used another e-sensitive polymeric resist, a copoly-
mer ofα-chloromethacrylate andα-methylstyrene (ZEP). The spin coating for ZEP
resist is performed at 4000 rpm for 60 s and baked to evaporate the anisole solvent
at 180◦C for 300 s. This resist is more sensitive andwith higher etch durability than
PMMA and, due to its thickness (∼ 2 µm), it is also useful for processes with sig-
nificant heating during material deposition.

e-beam exposure

After spin coating, the e-sensitive polymeric resist film is exposed to a highly fo-
cused e-beam to create a pattern. The eBL systems available at CIC nanoGUNE
BRTA facilities are the Raith 150two and the Raith e-line+, both used in the fabrica-
tion processes of this thesis. The design of the pattern is previously created in the
software provided by the same company. The main parameters to consider with
this technique are the acceleration voltage, which determines the energy of the
electrons reaching the stage where the sample is placed, and the aperture of the
beam, which with the acceleration voltage determines the current of the e-beam.
Thewrite field, another important parameter, is the area that is exposed just by de-
flecting the e-beam (when the stage is fixed). The smaller the write field, the better
the resolution (about 10 nm). The write field also allows us to perform alignment
procedures if the device requires multiple lithography steps. Finally, the dose de-
termines theamountof chargeperunit area that reaches the sample. Theseparam-
eters depend on the polymeric resist used and the resolution we want to achieve.

Developing

After the e-beam exposure, the sample is immersed in a special solvent to dissolve
the areas of brokenpolymerbonds in the resist exposedby the e-beam.Thepattern
now appears as a hole in the resist film, which acts as a temporary mask. We used
a mixture of methyl isobutyl ketone and isopropyl alcohol [MIBK:IPA (1:3)] as the
developer for PMMA, immersing and shaking the sample for 60 s. For ZEP resist,
the developer is N-methyl-2-pyrrolidone (NMP). The development is performed
by immersing the sample in this solvent and at the same time shaking it for 30
s, and then rinsing it with isopropanol and drying it with N2. If possible, it can be
checked under a lightmicroscope to confirm the correct pattern and development
process.



3

48 | Experimental techniques

3.1.3 Ar-ionmilling

Ar-ion milling is a physical process for surface cleaning or etching a material on a
substrate. Ions of an inert gas such as Ar are accelerated from an ion-beam source
perpendicular to the sample (Fig. 3.1e). TheAr+ ions collidewithhighenergy, etch-
ing thematerial from the sample surface. Ar-ionmilling is used in our case to clean
the surface beforematerial deposition and also, in the devices, to improve the elec-
trical contact between the electrodes by removing possible oxide layers or residues
from the polymeric resist in the lithography process. The relevant parameters are
the acceleration voltage (in this work we use 50 V), the beam current (50mA), and
the beam voltage (300 V). The Ar gas flux we used was 15 s.c.c.m. and the rotation
of the sample to ensure uniformmilling was set to 15 rpm.

It is important to previously calibrate the milling rate (process time) for the ma-
terials of interest to obtain an accurate and reproducible result between samples.
In this work, we use a 4-wave ion-beam miller with high vacuum and an in-situ
endpoint detector spectrometer from Hiden Analytical together with theMASsoft
professional software using the multiple ion detection (MID) mode of the desired
elements (individual masses). Figure 3.2 shows the mass detection of Bi and Se
from a BiSe thin film after removal of the capping layer of SiO2.

Figure 3.2: Endpoint detection spectra. Intensity as a function of milling time for Bi
(blue curve) and Se (dark cyan curve) in a BiSe/SiO2 bilayer. SiO2 acts as a capping
layer. When this layer is completely milled, the 30-nm-thick BiSe layer is detected,
until the substrate is reached.
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3.1.4 Material deposition and lift-off

In this thesis, thematerial depositionwas performed by physical vapor deposition
(PVD) techniques. PVD includes a variety of vacuum deposition methods to grow
thin films characterized by a material that goes from condensed phase to vapor
phase and then is deposited on the substrate in condensed phase as a thin film.
The PVD methods used in this work are shown in Fig. 3.3 and will be explained
below.

Figure 3.3: Physical Vapor Deposition techniques. Schematic representation of a.
magnetron sputtering, b. e-beam evaporation, and c. thermal evaporation. Figures
adapted from Refs. [155, 156].

Magnetron sputtering

This technique consists of bombardinga target (bulkmaterial tobe sputtered)with
energetic particles such as Ar+ ions [157]. To do this, the chamber, which is at ultra
high vacuum (UHV) pressure (∼ 10−8 mbar), is first saturated with Ar gas. This in-
ert Ar gas is ionizedwith a high-energy discharge, generating a plasma. Theplasma
contains inert Ar and argon ions (Ar+). The Ar+ are then accelerated to bombard
the target with an energy higher than the binding energy of the target atoms. The
sputteredatomsareextractedasa vapor sourcewithneutral particles (single atoms
or clusters of atoms) that will travel until they reach some surfaces for thin filmde-
position, such as the substrate surface. This technique is used for the deposition
of both metals and insulating materials. In this work, we used a UHV magnetron
sputtering system from AJA International containing seven targets.

The configuration of the target guns of the sputtering system used in this thesis
is similar to the sketch in Fig. 3.3a, where the targets are not unidirectional to the
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substrate. As a consequence, for narrow structures, the spin-coated polymeric re-
sist used for the lithography process creates a shadow effect. This means that the
nominal thickness we have calibrated for a thin film will be reduced as a function
of thewidth of the pattern electrode, as shown in Fig. 3.4. This is important to keep
in mind in order to achieve the desired thickness in our devices.

Figure 3.4: Thickness dependance of the width of the electrodes in sputter depo-
sition. The nominal thickness of the nanostructured electrodes decreases with the
width of the patterned electrodes due to the shadow effect of sputter deposition. a.
Transmission electron microscopy (TEM) image presenting the lateral view of nine
sputtered BiSe/SiO2 electrodes with different widths (50 − 1000 nm). The electrodes
were fabricated using a double layer PMMA resist.b.Zoomof one sputteredBiSe/SiO2

bilayer electrode showing the thickness, t, and width, w. c. Schematic representation
for the nanostructured electrodes. The black arrow represents the reduction of the
width. d. Final profile of the thickness as a function of the width of the electrodes.
The black curve represents thewider electrode that has the same thickness as the thin
film. The pink curve represents the narrowest electrode (45 nm wide) with a signifi-
cant thickness reduction. Each of the colored curves correspond to the colors shown
in c. e. Thickness of the individual layers (on the same bilayer), BiSe and SiO2, as a
function of the width.
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e-beam evaporation

Evaporation by e-beam [158] consists of a crucible filled with pellets of the desired
material, then electrons are emitted thermionically by applying a current to aWfil-
ament and accelerated into the crucible by electric andmagnetic fields under high
vacuum, see Fig. 3.3b. The e-beam that reaches the pellets of thematerial has high
energy to vaporize it and create a gaseous phase. These atoms will precipitate into
a solid phase that coats the substrate. In this thesis, we used two e-beam systems, a
HV system from the Kurt J. Lesker Company (base pressure of∼ 10−7 mbar) and a
UHV evaporation system fromCreaTec (base pressure of∼ 10−9 mbar). This tech-
nique is used for the deposition of metallic materials (including FMmaterials).

Thermal evaporation

Thermal evaporation, also known as Joule heating evaporation, consists of heating
the crucible or source of the desiredmaterial with electrical currents based on the
Joule effect (Fig. 3.3c). By applying high-density currents to the thermal crucible
in vacuum, the material on the crucible is heated by heat transfer, and the atoms
of the material are vaporized and finally deposited on the substrate [159]. In this
thesis, we used the HV system from the Kurt J. Lesker Company for Au deposition
and the UHV evaporation system from CreaTec for Cu deposition.

Lift off

The lift-off process depends on several aspects such as the e-sensitive polymeric
resist used and the material deposition. After material deposition, the chips pat-
terned with single or double layer PMMA are immersed in acetone. The sample is
removed from the acetone when all the resist has lifted off. If necessary (in case of
metal deposition), it is also possible to sonicate at low power for 30 s. In the case of
the ZEP resist, the sample is immersed in NMP for 10min and sonicated for 30 s.
Finally, for both resists, the sample is examined by optical microscopy and, if the
resist has lifted off, rinsed with isopropanol and dried with N2 gas.

3.1.5 Mechanical exfoliation of graphene

An alternative for the fabrication of LSVs is to use graphene as a spin transport
channel [114, 160–162], which we will explain in Chapter 7. For the spin transport
channel, we need a narrow and long graphene flake, which is obtained bymechan-
ical exfoliation of a highly-oriented pyrolytic graphite (HOPG).
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The graphite structure hasweak vanderWaals bondsbetween the layers of thema-
terial, compared to the covalent bonds between the carbon atoms within a layer,
which allows us to separate the layers using only a tape (Nitto SPV 224P [163]). We
peel offHOPG several times until we get the desired amount ofmaterial to transfer
the flakes onto a Si/SiO2(300 nm) substrate by pressing the tape against the sub-
strate. The substrate was previously heated to 120◦C. After transfer, we scanned
the substrate with the flakes with an optical microscope, and by optical contrast
we could select the flake with the desired thickness and shape for the LSV. This
method is also known as the Scotch tape technique [164, 165].

3.2 Characterization techniques

M aterial characterization was performed on the thin films, as well as on
the different nanostructured devices. In this section, we explain the
electrical characterization using different temperatures and applying

external magnetic fields in a specific setup. Magnetotransport measurements are
oneof themost important parts for thepurposeof this thesis, in order to extract the
spin transport properties of BiSe. In addition, we have used different microscopy
techniques and X-ray characterization to calibrate the deposition rates, extract the
dimension of the electrodes in the nanodevices, and know the structural and com-
positional quality of the nanostructures and interfaces.

3.2.1 Electrical characterization

The electrical characterization related to Chapters 5, 6 and 7 is performed at the
physical property measurement system (PPMS) by Quantum Design Inc. Electri-
cal, thermal, andmagnetic propertiesmeasurements could be performed in PPMS
systems operating at temperatures down to 1.8 K with a superconducting magnet
immersed in liquid heliumat the bottomof the system,which allows us to perform
magnetotransport measurements in the range of±9 T.

The system includes an all-metal cryostat with vacuum insulation and intermedi-
ate temperature radiation shielding in the formof cryogenicfluids suchasnitrogen
and helium. The equipment available at CIC nanoGUNE BRTA includes a helium
recovery system so that the helium gas lost from the boiling helium liquid can be
reliquefied and reused.
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We introduce the sample inside the cryostat with a stick, in a vacuum space in-
serted in the helium-cooled superconductivemagnet. In this work, we used a stick
with a rotating stage that allows us to change the angular position of the sample to
study the magnetotransport properties at different magnetic field directions. For
themeasurement, wemounted the sample in a chip carrier (puck) with eight elec-
trical contacts that fit into the rotating stick. The electrical connection between the
sample and the puck ismadebyAlwires using aWest Bond wire bonder. Thebonds
with the wire bonder can bemade on pads as small as 100 µm× 100 µm, allowing
multiple devices to be fabricated on the same substrate.

For the transportmeasurements, we used aKeithley 2182A nanovoltmeter, aKeith-
ley 6221 current source, and a switchboard. The switchboard allows us to select the
contacts or channels inwhichwewant to apply current (using theKeithley 6221) or
to probe the voltage (with theKeithley 2182A nanovoltmeter [166]).Weuse a "delta
mode" technique formeasurement (also knownas theDC reversal technique). In a
delta mode, positive and negative currents are applied alternately, and the voltage
is measured each time the polarity of the current changes. The voltage read by the
delta configuration is given by:

V =
V (+I)− V (−I)

2
, (3.1)

where V (+I) and V (−I) are the voltages for the positive and negative charge cur-
rents, respectively. This mode keeps the voltage which has a linear response with
the applied current, while removing the thermoelectric effect and baseline drift,
which reduces the noise [167]. Therefore, it is adequate for low-resistance mea-
surements. Thedeltamode is equivalent to the 1st harmonic signal of anAC lock-in
measurement.

3.2.2 Microscopy techniques

To better understand the devices in terms of dimensions, surfaces, and interfaces,
we used variousmicroscopy techniques such as optical, electron, and atomic force
microscopies. Electron microscopy allows us to obtain high-resolution images by
"illuminating" the sample, but instead of using a light beam, we used a focused
electron beam. These electrons are accelerated and have high energy that inter-
acts with the sample. The electrons could be reflected, deflected, or transmitted
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across the sample, giving us valuable information. In this thesis, we use the follow-
ing microscopes:

Optical microscopy

Optical microscopy, also known as light microscopy, is the "classical" microscopy
that uses visible light and a system of multiple lenses to produce magnified im-
ages of small objects. In this thesis, we used microscopes fromNikon Instruments
Inc. to control the process during the different fabrication steps (lithography pat-
tern, development, and lift-off) and also to scan the exfoliated HOPG on a Si/SiO2

substrate to find the desired flake for further device fabrication.

Scanning electronmicroscopy (SEM)

SEM can detect the reflected emission of low energy secondary electrons and high
energy backscattered electrons, probing the topography and composition of the
sample surface, respectively [168]. In this thesis, SEM is used to take images of
the devices with a resolution of several nanometers. These images are used for
the alignment of the nanostructured devices during the lithography process and to
measure the dimensions (width and length) of the devices. The SEM images pre-
sented in this thesis have been obtained with the eBL systems Raith 150two and
Raith e-line+.

Transmission electronmicroscopy (TEM)

TEM is a high-resolution imaging technique that can detect electrons that have
passed through a sample (i.e. electrons transmitted). TEM gives us information
about the crystal structure, possible defects, impurities, and composition when
combined with the energy-dispersive X-ray (EDX) spectroscopy. An important re-
quirement for this technique is the small size of the samples. Samples must be
∼ 100 nm thick, flat, and the preparation technique should not alter the crystal-
lographic structure or introduce any artifacts on it [169]. In this thesis, TEM was
used in scanningmode, also knownas scanning transmission electronmicroscopy
(STEM) mode.

In STEM, an electron gun produces a beam of electrons that is focused by a series
of lenses to form an image of the electron source of a sample (also called lamella).
The electron spot can be scanned across the sample in a raster pattern by exciting
scanning deflection coils, and the scattered electrons are detected and their inten-
sity plotted as a function of probe position to form an image [170]. The scanning of
the beam over the sample makes STEM suitable for analytical techniques such as
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EDX spectroscopy. These signals can be acquired simultaneously, allowing a direct
correlation of images and spectroscopic data. Unlike SEM, which typically uses a
bulk sample, STEM requires a thinned and electron-transparent sample.

The preparation of (S)TEM samples is specific to the material to be analyzed and
the type of information to be obtained from the sample. In this thesis, the prepara-
tion of the lamella is carried out through a cross-section of the tested devices by a
standard focused ion beam (FIB). A FIB combined with a TEM provides the ability
to reveal and image the internal structure of materials [171, 172]. During the pro-
cess, the lamella needs to be protected, and this is done by ion-beam-induced Pt
deposition. Then, the lamella is cut and lifted on a specific grid.

The STEM imageswere obtained by Prof. AndreyChuvilin at CICnanoGUNEBRTA
using a Titan 60-300 electron microscope (FEI Co.) equipped with EDX detector
(Ametek Inc.). The EDX spectral images were obtained using an EDAX RTEM spec-
trometer. Element distributionmaps were obtained bymultiple linear deconvolu-
tions of spectral images using simulated spectral components. This analysis plays
an important contribution to the better understanding of the interfaces in our de-
vices.

Atomic force microscopy (AFM)

Figure 3.5: Atomic force microscopy images. AFM surface images of 500 nm× 500

nm for BiSe thin films with a. 10 nm [RMS = (0.34 ± 0.05)nm], b. 30 nm [RMS =

(0.50± 0.05)nm], c. 60 nm [RMS = (1.4± 0.1)nm], and d. 120 nm [RMS = (2.2±
0.2)nm] thickness.
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AFM is a type of scanning probe microscopy that consists of a sharp tip attached
to a cantilever that deflects due to the atomic interaction between the surface of
the sample and the tip. An incident laser on the cantilever changes the reflection
accordingly and is detected by a photodetector [173]. In this thesis, we used a AFM
instrument fromAgilent Technologies to first characterize the surface quality of the
samples, such as the roughness [Root Mean Square (RMS)] and grain size of our
BiSe thin films, as shown in Fig. 3.5.

3.2.3 X-ray characterization

X-ray characterization is the use of high-energy electromagnetic radiation to study
the atomic andmolecular structure of a crystal. In these techniques, X-rays are di-
rected at a sample to extract various information such as crystallographic structure
or thin film thickness. The X-rays that penetrate the crystal interact with its peri-
odic atomic structure and reflect a portion of the radiation. Figure 3.6a. shows the
diffraction process on a crystal lattice. Constructive and destructive interference
produces a diffraction pattern that contains information about the crystal struc-
ture. The angles for coherent scattering, i.e. constructive interference, of incoming
waves from a crystal lattice are given by Bragg’s law [174]: nλx−ray = 2d sin (θ),
where n is the diffraction order, λx−ray is the wavelength of the incident wave, d is
the distance between the atomic planes, and θ is the scattering angle with respect
to the surface plane.

Figure 3.6: X-ray diffraction and reflectivity. a. Schematic representation of Bragg
law, b. XRR for 30 nm (red curve) and 10 nm (blue curve) BiSe thin films.

The X-ray instrument used in this work is a X ’Pert3 from Malvern PANalytical,
which wasmainly used in the X-ray reflectivity (XRR) [175] configuration to quan-
tify the thickness of the thinfilms,where theX-ray incident angle and thedetection
angle have the same grazing incidence value during the scan. The interference is



3

Characterization techniques | 57

generated from the reflected X-rays at the top and bottom surface of the thin film,
giving rise to the Kiessig fringes in the measured intensity, as shown in Fig. 3.6b.
The periodicity of the fringes is used to determine the thickness of the thin film.
The thinner the film, the wider the fringes.

3.3 Finite Element Method

Numerical simulationmethods are performed after Finite elementmethod
(FEM) analysis to solve partial differential equations in 2D or 3D struc-
tures. FEM simulation analysis consists in dividing a large element into

small parts, making it simpler finite elements connected by nodes. By doing the
simulation it is possible to solve the physical problems for each small element and
the solution of the large element can be obtained by introducing some parameters
or boundary conditions between the small elements.

In this thesis, several 3D FEM simulationswere performed. Following the nonlocal
devices explained in section 2.3.2, we extracted the interface resistances between
the FM electrode and the NM channel by 3D FEM, based on the electrical mea-
surements at the FM/NM junction. This simulation was performed with COMSOL
Multiphysics, a commercial software. The interface resistance is the electrical con-
tact resistance at the junction of two electrodes and is an important parameter to
extract carefully due to its influence on the spin current flows in our devices, sub-
sequently in the quantification of the spin diffusion length and the SCI efficiency
of the SOM.

Additionally, 3D FEM simulations on spin transport were performed following the
drift-diffusion model in section 2.1.3 by constructing the most similar geometry
possible (volumeandsurfaces suchas thickness andwidth) anddoing the3Dmesh
using a free software GMSH [176], then we set the known physical properties for
the physical volume and surface, such as resistivities, spin diffusion lengths, spin
polarizations of the FMs. The script that we used in this thesis to set the physical
properties was written by Dr. V.T. Pham using Python language.

Afterward, we used the corresponding solver GETDP [177–181], which allows us
to perform calculations, post-processing, and data flow control of the simulations.
This solver uses a script that defines the physical interaction in terms of spin and
charge. It first associates the previously indexed physical volume and surfaces, and
then defines the current source and spin transport properties in the function sec-
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tion. The final process describes the output result, which gives us the charge or
spin chemical potential in the post-operation area.



4Chapter 4

Spin-to-charge conversion by spin
pumping in sputtered
polycrystalline BiSe
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4.1 Introduction

T he search for systems with more SCI efficiency is crucial for different tech-
nologies, from the new generation ofMRAMs that use the direct SHE and/
or REE to switch the magnetic element [182, 183] to the spin-based logic

that uses the inverse effects (ISHE or IREE) to readout the magnetic element [34]
as in the MESO device. In this regard, BiSe is reported as a promising candidate to
be placed in the readout node ofMESO. Nevertheless, thismaterial presents prob-
lems of interdiffusion when is in contact with a FM, as discussed in section 1.3.

Such intermixing at the interface affects thematerial characterization because the
spin currents are pumped/injected through an additional layer, leading to a poor
estimation of the relevant spin transport parameters. This is the case not only for
sputtered films but alsowhen growing BiSe by techniques such asmolecular beam
epitaxy in ultra-high vacuum. For instance, in the growth of BiSe onto insulating
ferrimagnets such as yttrium iron garnet (YIG), even though an atomically ordered
BiSe layer is obtained with a thickness of a few monolayers, an amorphous layer
of about 1 nm at the interface between them has been observed by several groups
[57, 184]. This low-quality interface inYIG/BiSe leads to a lowconversionefficiency
with a λIEE of 0.1 nm, one order of magnitude smaller than for other TIs such as
α-Sn [133]. Besides, theoretical predictions suggest that, if this TI is in direct con-
tactwith ametallic ferromagnet, a hybridization is produceddestroying the helical
spin texture or spin-momentum locking [185].

In this chapter,wemade thefirst approach in this thesis to study the spin-to-charge
current conversion in sputtered polycrystalline BiSe by using spin pumping, tech-
nique introduced in section 2.3.3. We sputtered BiSe/Py bilayers and the oppo-
site stacking order (Py/BiSe). Our results show that θSH of BiSe has the same sign
as that of Pt, in contrast with a recent study by Mendes et al. [186]. However, the
charge current arising from the spin-to-charge conversion is lower thanPt bymore
than one order of magnitude. Structural characterization of the samples by TEM
performed at the interfaces of the bilayers helps us to understand why sputtered
thin films show this low spin conversion and how the interface and the different
stoichiometries of the films could contribute to a drastic overestimation of theSCI
efficiency.
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4.2 Experimental details

A ll samples were grown on Si/SiO2(300 nm) substrates by sputter deposi-
tion at room temperature, a technique explained in section 3.1.4. Targets
of Bi2Se3 (99.999%pure) andPy (99.95%pure)were used in anUHV seven-

target AJA sputtering system with a base pressure of 3 × 10−8 Torr. Bi2Se3 was RF
sputtered at a 35W power and a 3mTorr Ar pressure to yield a deposition rate of
0.09 Å/s. The Py layers were DC sputtered at 100W power and a 3mTorr Ar pres-
sure to yield a deposition rate of 0.08 Å/s. The bilayers were capped with 5 nm of
Al2O3 (200WRF at 3mTorr Ar). The bilayers, including the capping, were grown in
situ. Sample stacks are alwayswritten in this thesis from left to right corresponding
from bottom to top; i.e. BiSe/Py corresponds to the BiSe being grown on top of the
substrate and Py on top of BiSe, see Figs. 4.1a and 4.1b.

Figure 4.1: Spinpumpingdevice.Both sketches of devices:a.BiSe/Py andb.Py/BiSe,
showing the DC magnetic field (HDC) that is applied in-plane perpendicular to the
samplewhile anRF electric current is injected in the coplanarwaveguide (yellow) pro-
ducing an RF magnetic field (hRF ) that induces the precession of the magnetization
(M ) in the ferromagnetic layer of the sample (Py). This creates a spin current in the
out-of-plane direction of the sample (js) that is injected in the SOM (BiSe) and con-
verted into a voltage (VSP=V + − V −) by ISHE or IREE. c. Sketch of a device similar to
the ones used in this chapter and d. its optical image.



4

62 | Spin-to-charge conversion by spin pumping in BiSe

The device fabrication and subsequent measurements were performed at Insti-
tut Jean Lamour, Université de Lorraine CNRS in France in collaboration with Dr.
Juan Carlos Rojas Sánchez and Dr. Alberto Anadón. For that, the spin-pumping
devices were prepared using conventional UV lithography. The full stack was first
patterned and subsequently ion milled controlling the milled thickness by an ion
mass spectrometer using a 4-wave IBE14L01-FA system. After that, in a second
step, an insulating SiO2 layer with a thickness of 200 nm was grown by RF sput-
tering using a Si target and Ar+ and O2− plasma in a Kenositec KS400HR PVD. In
a third lithography step, the patterning and Au deposition for contacts and CPW
were performed using a PLASSYSMEB400S evaporator. The dimensions of the ac-
tive bar (see the blue part in Fig. 4.1c) are 10× 600 µm. Due to the small width of
the bar, we do not expect significant artifacts from rectification effects in the spin
pumping signal [98, 133, 187]. The geometry of the devices, including the thick-
ness of the insulating SiO2, the dimensions of the CPW and the lateral dimensions
of the milled samples are similar in all the devices shown in this study to reliably
compare the spin pumping signal.

The spin pumping measurements were performed using a probe station with in-
plane DCmagnetic field (HDC) up to 0.6 T provided by an electromagnet. A sketch
of the SP-FMR device is shown in Fig. 4.1c. In this system, an RF current with a
fixed frequency (f ) of the order of GHz is injected into the CPW generating an RF
magnetic field on the sample (hRF).

Certain combinations of HDC and the frequency of hRF drive the FMR in the Py
and, by the spin-pumping effect [188, 189], the precession of the magnetization
produces a transverse spin current that is injected from the Py into the SOM layer
(i.e. BiSe or Pt). This spin current is then converted in the SOM into a charge accu-
mulation by means of the ISHE or the IREE. We can measure this voltage (VSP ) by
modulating the RF power injected in the CPW and using a lock-in voltmeter that
is matched to this modulation while sweeping the external HDC . We use a power
modulation with a sine function, where the depth was 100% and the modulation
frequency was 433Hz.

When the system reaches the resonance condition, the measured voltage exhibits
a characteristic Lorentzian curve symmetric around the resonance field (Hr) (see
Fig. 4.2). VSP always shows in the real part of the lock-in. We always monitor both
the real and imaginary parts of the voltage and never change the phase of themea-
surement. Any transport effects are fast enough to appear without delay in the
measurement, while any other thermal effects that might be slower would show
in the imaginary part (see section 4.6.1 for details on the lock-in measurements).
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To obtain the effectivemagnetization (M eff) and theGilbert damping (α) of the fer-
romagnetic layer, we analyze the position of the SP-FMR resonance by observing
the peak in V SP. We analyze the center (Hr) and width (∆H) of this peak as a func-
tion of frequency using the conventional method of fitting the voltage to a sum of
a symmetric and an antisymmetric Lorentzian functions using Eq. 2.38. The an-
tisymmetric part of the signal is negligible in our measurements and we consider
only the symmetric part in the fit. Then, we consider the Kittel formula (Eq. 2.37).

The structural characterization by TEM was performed in CIC nanoGUNE BRTA
by Prof. Andrey Chuvilin. Cross-sectional samples for the (S)TEM-EDX analysis
were prepared by a standard FIB lamella preparation method: the surface of the
deposited samples was protected first by e-beam followed by ion-beam-induced
Pt deposition, the lamella was cut and lifted out onto a Mo 3-post half-grids. Mo
grids were selected to avoid an overlap of Ni K β line (Ni is one of the elements of
interest) with Cu K α line, which is a typical artifact in EDX spectra, if a sample is
held on a Cu grid. The cross-sections were studied on a Titan 60-300 TEM (FEI,
Netherlands) at 300 kV in STEM mode. EDX spectral images were acquired using
EDAX RTEM spectrometer. Element distribution maps were obtained by multiple
linear least-squares (MLLS) deconvolution of spectral images utilizing simulated
spectral components.

4.3 Results

4.3.1 Spin pumping results

We performed SPmeasurements in the BiSe/Py and Py/BiSe samples and in a ref-
erence Py/Pt sample, shown in Fig. 4.2. In thesemeasurements, thermal and other
artifacts can be relevant andneed to be accounted for [190]. In Fig. 4.2awe observe
a voltage change of 2∆Vtherm atHDC = 0, which corresponds to the contribution
from the anomalous Nernst effect and the spin Seebeck effect from the bilayer. In
the case of Py/Pt, this jump is slightly smaller than the VSP peak, while in the BiSe
stack, it is much smaller.

Considering that the precession angle in Py is typically a few degrees [191], we
can safely assume that the thermovoltages are not significant in resonance condi-
tions. Asymmetries in the placement of the CPW structure with respect to the bar
in which the sample stack is patterned could give rise to other thermal contribu-
tions to the voltage.However, sincewe observe a clear Lorentzian line shape inVSP
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and a clear sign change with the same amplitude for negative and positive applied
magnetic fields, only Nernst, anomalousNernst, or spin Seebeck induced thermo-
voltages caused by a change in the temperature gradient profile due to absorption
of the RF power by the Py could arise [190]. Any changes in the temperature profile
due to thermal transport by spin waves can be neglected due to the thin Py layer
[190].

Figure 4.2: Spin pumping voltages in Py/BiSe, BiSe/Py and Py/Pt. a. Spin pumping
voltage as a function of the applied DC magnetic field for the Py/BiSe, BiSe/Py and a
referencePy/Pt stacks at12GHzandpowerof12dBm. Inaddition to the spinpumping
voltage (VSP ) at the FMR condition, we can also see a jump aroundHDC = 0 T due to
thermovoltage (Vtherm). This thermal voltage is much smaller in the case of the BiSe
layers compared to the Py/Pt sample. b. Comparison of the VSP of the three bilayers
normalized by the sample resistance. The sign of the spin Hall angle in the Py/BiSe
system is the same as the one in Py/Pt. c.Detail of the Py/BiSe and BiSe/Py VSP from
the red box in panel b.
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Figure 4.2b shows VSP divided by the sample two-probe resistance, i.e. the cur-
rent coming from the spin-to-charge conversion in BiSe. The sign of the voltage is
in agreement with a previous study [50, 51], and opposite of another report [186].
These discrepancies in reproducibility can have an interfacial origin and, thus, a
careful structural analysis of the samples is needed. ThemagnitudeofVSP /R is one
order of magnitud smaller than that of the reference Py/Pt layer, as shown in Fig.
4.2b. In contrast, previous results reported a very highly efficient spin-to-charge
conversion, with a θSH about 200 times larger than the one of Pt [49]. Figure 4.2c
shows that the sign of the SP current changes when the stack is inverted, as ex-
pected in SPmeasurements. Remarkably, the height and width of the peak are sig-
nificantly different for both stacks, which cannot be explained if we consider the
interface and sample quality similar for both samples.More specifically, the charge
current produced under the same conditions, i.e. 12 dBm (15.85mW) and 12GHz,
is 2.228±0.003 nA for the Py/Pt stack, while only 0.040±0.001 and −0.062±0.001

nA for the Py/BiSe and BiSe/Py, respectively, as shown in table 4.1.

Table 4.1: Effective magnetization (Meff ), uniaxial in-plane magnetic anisotropy
(Huni), frequency-independent inhomogeneous contribution (∆H 0), Gilbert damp-
ing (α), effective spin-mixing conductance (g↑↓) and charge current generated by
spin-to-charge conversion (VSP /R) for Py (5 nm)/BiSe(4 nm), BiSe (4 nm)/Py (5 nm),
Py (5 nm)/Pt (5 nm), and a Py (6 nm)/Au(5 nm) reference sample. For the estimation
of g↑↓, we are considering that all damping enhancement comes from the spin pump-
ing effect, which is not accurate, as discussed in the main text.

Sample Meff Huni ∆H0 α g↑↓ VSP /R
(emu/cm3) (G) (G) (m−2 · 1019) (nA)

Py/BiSe 316(3) −60(10) 12(3) 0.0453(1) 3.88(1) 0.040(1)
BiSe/Py 514(1) −13(2) 6(1) 0.0220(3) 2.44(1) −0.062(1)
Py/Pt 701(2) −8(2) 3.8(0.1) 0.0269(2) 4.43(1) 2.228(3)
Py/Au 628(1) −8(1) 5.6(0.4) 0.0073(2) - -

In Figs. 4.3a and 4.3d, we show the frequency dependence of VSP for a fixed RF
power of 12 dBm. The equivalent measurements for the reference sample Py (5
nm)/Pt (5 nm) are shown in section 4.6.2. By fitting the frequency as a function
of the resonance fields for both stacking orders (Figs. 4.3b and 4.3e) to Eq. 2.37,
we obtain Meff and Huni values. α and ∆H0 values are extracted by fitting ∆H

as a function of the frequency to Eq. 2.39 (Figs. 4.3c and 4.3f). g↑↓ is obtained by
using Eq. 2.40. For all these fits, the Landé factor of Py (gPy) has been fixed to 2.1,
a value obtained independently from the reference sample (see section 4.6.2). All
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the extracted values are given in table 4.1. We can observe that both the magnetic
properties of the sample (Meff , α) and the interfacial spin transport ones (g↑↓) are
significantly different between the two BiSe stacks.

Figure 4.3: Evolution of the spin pumping measurements as a function of fre-
quency. a. Evolution of the spin pumping voltage with the frequency of the RF ex-
citation as a function of the DC magnetic field, and b. the extracted resonance field
and c. the extracted line width as a function of the frequency for the Py/BiSe bilayers.
d, e, f. The same results for the other stacking order, BiSe/Py samples, respectively.
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We can also observe that Meff is lower in both BiSe stacks than in the Pt stack,
which presents a value closer to the one of bulk Py [192]. The obtained values of
Huni are small in all cases, suggesting that the Py layers do not have a significant
anisotropy in the film plane. Even though this is true, we observe a larger value for
the case of the Py/BiSe sample (−60±10 G) compared to the BiSe/Py (−13±2 G).

4.3.2 Structural characterization by TEM

It has beenwidely acknowledged that the interface plays a crucial role in the injec-
tion of spin currents between differentmaterials [15, 55, 80, 132, 193–195]. In order
to further explore the origin of these differences, we study the structural properties
of our samples by comparing how the interface changes with the stacking order in
a cross-sectionof the sample observedbyTEM.We show the twoopposite stacking
orders Py/BiSe and BiSe/Py in Figs. 4.4a and 4.4b, respectively.

Figure 4.4: Interfacial structure and chemical characterization of thin film bilay-
ers. a. Py(5 nm)/BiSe(4 nm) and b. BiSe(4 nm)/Py(5 nm) by TEM. Elemental EDX
maps of c. Py/BiSe and d. BiSe/Py with the essential elements: Bi (blue), Se (dark
cyan), Fe (green), and Ni (red), with the SiO2 substrate at the bottom and the capping
layer at the top. Elemental normalized profiles of e. Py/BiSe and f. BiSe/Py, starting
from the substrate (left) to the top (right). The green (a, e) and orange (b, f) arrows
indicate the direction of the scan.
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In both cases, a uniform and continuous material deposition is observed. Addi-
tionally, the chemical distributionhas been characterizedbyEDX. Figures 4.4c and
4.4d show the different elementalmaps obtained by EDX. Figures 4.4e and 4.4f dis-
play the normalized elemental profiles for each stack.

A strong diffusion of Ni through the BiSe layer is observed in both cases, in agree-
ment with previous studies [56]. A clear shift of the Ni (red line) curve is observed
in the elemental profiles, being larger when BiSe is at the bottom of Py (Fig. 4.4f),
with Ni penetrating through all the BiSe layer and accumulating at the bottom. As
a consequence, Fe is shifted in both stacking orders (green line) creating a Fe-rich
interface with the BiSe.

The interface between BiSe and Py is completelymodified in both stacking orders,
and this also alters the spin injection efficiency for spin transport measurements.
By comparing our spin pumping and EDX-STEM results, we can observe that the
bilayer with the highest interdiffusion, BiSe/Py, also has the highest charge cur-
rent produced since we have amore complex structure with a large intermixing of
chemical elements at the interface. Quantification of the spin-charge interconver-
sion efficiency by assuming a single bilayer would thus be meaningless.

4.4 Discussion

T he migration of Ni in the Py/BiSe sample can also explain the origin of the
reduced effective magnetization as well as the change in α. The Gilbert
damping increases twofold for thePy/BiSeandfivefold in theBiSe/Py sam-

ples in comparison to Py/Pt. This could be due to a combination of the interdif-
fused interface and the different SOC in the BiSe.

The different compositions of the Py close to the interface could also have a rel-
evant impact on the spin pumping voltage since it is very sensitive to the trans-
parency of the interface. Themigration of the elements in both samples could lead
to a gradient ofmagnetic composition, since themoment per atomofNi (bulk sat-
uration magnetizationM s=485 emu/cm3) and Fe (bulkM s=1707 emu/cm3) [196]
are very different (see section 4.6.3 for magnetometry measurements).

In fact, whileα doubles for the Py/BiSe sample compared to the BiSe/Py one,∆H 0

is also two times larger, indicating that the origin of this increase is not due to an
interfacial effect but is related to a change of properties of themagnetic layer.M eff

is usually different to M s and changes in the sample anisotropy typically lead to
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a reduction in M eff, but not in M s. In the thin film limit and when the magnetic
anisotropy is negligible,M eff andM s are similar. In this sense, a gradient of com-
position in Ni and Fe could also be the origin of an out-of-plane anisotropy that
causes a reduction inM eff similar to what we observe in both stacks.

In contrast, regarding the change in composition, one could expect that a reduc-
tion of theNi percentage in the Py layerwould produce an increase inM eff. Regard-
ing the reduced charge current generated by spin pumping, it is relevant to con-
sider the role of the Ni migration and how this could induce spin currents coming
from the Ni and Fe inside the BiSe and even an opposing voltage coming from the
migrated Ni layer in the case of the BiSe/Py stack.

These deviations from the conditions considered for the determination of the pa-
rameters shown in table 4.1 directly affect the reliability of the obtained values. For
example, the model to obtain g↑↓ implies that both materials at the interface have
the same composition as the magnetic layer and we observe a mixed interface.
Additionally, the extraction ofM eff from Eq. 2.37 implies that the magnetic layer is
homogeneous or the voltage measured comes from the spin conversion in BiSe,
while in reality, we do not have a homogenous magnetic layer or a pure BiSe film.
Furthermore, given that the magnetic properties of the magnetic layer are differ-
ent for the different stacks, the spin current generated can also vary significantly
even though the hRF is similar.

4.5 Summary and conclusions

I n this chapter, we show that the charge current generated by spin pumping
in sputtered BiSe has the same sign as the one of Pt and is significantly lower
than a Py/Pt reference sample. By measuring the frequency dependence of

the spinpumping voltage,we compare thedifferentmagnetic and interfacial prop-
erties of a Py/BiSe and a BiSe/Py bilayers and observe that the effective magneti-
zation and Gilbert damping are very different between the two stacks and that a
small unidirectional anisotropy in the Py develop in both cases.

In order to understand this behavior, we study the structure and composition of
both systems by transmission electron microscopy and energy dispersive X-ray
spectroscopy, finding a strong interdiffusion characteristic of BiSe thin films. The
chemical composition of the magnetic layers and the interfaces are not homoge-
neous and, therefore, the models used to characterize the properties of the sys-
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tem are not valid anymore. These inhomogeneities in the interfaces and the films
enhance the Gilbert damping constant and reduce the effective magnetization,
which would lead to an incorrect estimation of the spin conversion parameters.
Additionally, the compositional gradient in the Py layermight induce anisotropies
that reduce the effective magnetization in both stacks.

The results presented in this chapter highlight the importance to study the inter-
facial and compositional properties of BiSe systems for spin-to-charge conversion
since they tend to produce systems with very high interdiffusion and thus the per-
formance is highly dependent on the quality of the layers and interfaces as well as
their stoichiometric composition.
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4.6 Appendices

In this section, complementary data to support our results in previous sections are
added.

4.6.1 Appendix A: Details on the lock-in measurements

Figure 4.5: Real and imaginary parts of the lock-in. Lock-in voltage of the real and
imaginary parts detected in the SP experiments for the bilayers: Py/BiSe and Py/Pt at
12 GHz and 12 dBm.

In our SP experiments, we modulated the amplitude of the RF signal rather than
the magnetic field. We always fix the phase so that no extra phase was added by
the modulation signal. Transport effects are fast enough to appear without delay
in the measurement while thermal effects that might be slower would appear in
the imaginary part of the signal. To further ensure this, we always recorded both
the real and the imaginary parts of the voltage simultaneously.
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As an example, we show in Fig. 4.5 the real and imaginary parts of the lock-in volt-
age detected in SP experiments for both Py/BiSe and Py/Pt samples. The voltage
signal always appears in the real part of the lock-in measurement. Repeated mea-
surements with nominally the same layer structure onmultiple devices lead to de-
viations in VSP below 5%.

4.6.2 AppendixB:Spinpumpingmeasurements in the reference
sample

Figure 4.6: Evolution of the spin pumping measurements as a function of fre-
quency for the reference sample a. Evolution of VSP with frequency of the RF ex-
citation as a function of the DC magnetic field. b. Frequency square as a function of
Hr. c. The extracted resonance field and d. the extracted line width as a function of
the frequency for the Py (5 nm)/Pt (5 nm) sample.

Figure 4.6a shows the evolutionofVSP with the frequency for the reference sample:
Py (5nm)/Pt (5nm). To extract the Landé factor of Py (gPy), weplot f 2 as a function
of Hr (see Fig. 4.6b), and fitted the data using Eq. 2.37. The gPy value obtained,
2.122 ± 0.004, is similar to previous reported values for Py [197], and we thus fix
it to 2.1 for the analysis of the SP results in this thesis. Figures 4.6c and 4.6d show
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the equivalent plots as in Fig. 4.3 for the reference sample. The extracted values are
given in Table 4.1.

4.6.3 Appendix C: Magnetometry

Here we add magnetometry data performed in a new set of samples grown under
the same conditions andmeasured by vibrating sample magnetometry (VSM).

Figure 4.7: Magnetic characterization of bilayers.Magnetometry measurements of
the Py/BiSe, BiSe/Py and Py/Pt bilayers for a different set of samples grown under the
same conditions as the ones described above in section 4.3.1. The hysteresis loops
were measured at room temperature with a vibrating sample magnetometer (VSM).
The magnetization by unit volume in emu/cm3 is calculated considering a Py thick-
ness of 5 nm, while themoment per unit area is calculated normalizing by the surface
of the sample measured in the VSM.

Figure 4.7 shows the in-plane hysteresis loops obtained by VSM for the new set of
samples. We observe the same trend for the saturation magnetization (Ms) as in
themeasurements of the effectivemagnetization (Meff ) reported in themain text,
but the absolute values differ, especially for the Py/BiSe sample, whoseMs here is
around 500 emu/cm3 compared to the 316 obtained forMeff in the spin pumping
measurements (table 4.1). This could be explained considering that, since there
is a significant interdiffusion, and even Ni accumulated at the other side of the
interface, the volumewe need to calculateMs is not well defined. In that sense, we
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have included in Fig. 4.7 the magnetization considering a Py layer of 5 nm (right
axis), but also themagnetic moment normalized by the surface of the sample (left
axis).
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5.1 Introduction

A sdiscussed inChapter 1, themainmotivationof this thesis is tofindamate-
rial to beplaced inside the readout nodeof theMESOdevice, inwhichBiSe
was proposed as a promising candidate. However, we showed inChapter 4

the formation of an interfacial layer between BiSe and transitionmetals by a solid-
state reaction, in agreement with other recent studies [56, 198, 199]. This observa-
tion encourages rigorous characterization of sputtered BiSe.

In this chapter,we show the influence of the intermixing at the junctionof BiSe and
transitionmetal on the characterization of the electrical and spintronic properties
of BiSe using a local spin Hall (T-shaped) device, which has a similar geometry to
theMESOdevice (see section 2.3.2). In this approach, we usedCoFe as the FMma-
terial in contact with BiSe instead of Py, which gives many problems as shown in
Chapter 4. The sputtered BiSe/CoFe and CoFe/BiSe bilayers were first character-
ized by TEM and EDX to check the interfaces previous to the fabrication of the de-
vices. Subsequently, electrical measurements and 3D FEM simulations were per-
formed for the local devices in order to quantify the SCI efficiency (θBiSe

SH ).

By studying theBiSe thickness dependenceof the SCI signal and the cross-junction
resistance, we observed a large variation in resistivity and θBiSe

SH correlatedwith the
compositional change of BiSe caused by the adjacent transition metal layer. This
result emphasizes the importance of proper material characterization, as it can
greatly affect the SCI efficiency evaluation, especially in the case of structures or
devices containing reactive materials such as BiSe and transition metals.

5.2 Experimental details

I nitially, to characterize the resistivity of BiSe, we used nanowires of BiSe with
different lengths between contact electrodes (see Fig. 5.1a). The device is fab-
ricated by two eBL steps: First, the 320-nm-wide nanowire is patterned using

a double layer of PMMA and then 30 nm of BiSe are deposited by RF sputtering
from a stoichiometric Bi2Se3 target using an RF power of 35 W at 3 mTorr. This
wire is capped in situ by sputtering 5-nm-thick SiO2 using a RF power of 200 W
at 3 mTorr.The capping layer is needed to protect BiSe by the anisole solvent of
the PMMA resist, which damages the material. When dipping the BiSe sample in
anisole (without the capping layer), the resistivity increases more than 10 times.
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The second eBL step is for the Ti(5 nm)/Au(40 nm) contact electrodes. The eBL
patterning of the electrodes was performed with a double layer of PMMA for elec-
trodes with the samewidth of the BiSe wire at the cross junction. Subsequently, we
performed ion-milling of the capping layer on top of the BiSe wire while monitor-
ing the endpoint detector mass-spectrometer to stop the process when the cap-
ping layer is completely removed. The milling rate of BiSe is extremely fast (∼ 0.4

nm/s), which is important to take it into account not to over-mill all the material.
The Ti and Au deposition is performed by e-beam and thermal deposition, respec-
tively.

On the other hand, thin filmbilayers composed of BiSe (16 nm thick), CoFe (15 nm
thick) and SiO2 capping layer (5 nm thick) were prepared to characterize the sput-
tered BiSe/CoFe and CoFe/BiSe interfaces prior to fabrication of local spin Hall
(T-shaped) devices and SCI experiments (see Fig. 5.2).

Finally, to study SCI in BiSe, we use the local spin Hall device shown in section
2.3.2,which corresponds to the architecture of the SO readingmodule of theMESO
device (section1.3). Allmaterials constituting the local spinHall devicewere grown
byDC (metal) and RF (BiSe and SiO2 capping layer) sputter deposition. The device
consists of a top T-shaped nanostructure of BiSe (2 to 40 nm)/NM (Ti, Pt or Ta; 10
nm) and a bottom 15-nm-thick CoFe electrode, all with awidth of 80nm, following
the fabrication steps described in section 3.1.2. Since sputtered BiSe has a high
noise level in electrical measurements, a NM such as Ti, Pt, and Ta is deposited on
top of BiSe to pick up the SCI output voltage through electrical shunting.

The devices are fabricated on cleaned Si/SiO2 substrates by two steps of eBL. We
use single layer PMMA, followed by the development, magnetron sputter deposi-
tion, lift-off and ion-milling (seeChapter 3 for details of each technique). TheCoFe
wire is patterned as the first layer and deposited byDCmagnetron sputtering of 30
W at 2mTorr of Ar pressure. To eliminate sidewalls on the CoFe wire, ion-milling
(Ar flowof 15 sccm, acceleration voltage of 50V, abeamcurrent of 50mA, andbeam
voltage of 300 V) is performed with an incident beam angle of 20° after the lift-off
process (see steph inFig. 3.1). The second stepof the eBL is theT-shapedwire: after
the development, BiSe is deposited by magnetron sputtering using the same con-
ditions mentioned before. Subsequently, NM is deposited in situ using DC power
(80W for Pt, 100W for Ti, 200W for Ta) at 3mTorr and lift-off is performed.
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5.3 Characterization of BiSe

5.3.1 Resistivity of BiSe

The high resistivity reported for sputtered BiSe is one of the reasons it is consid-
ered a strong candidate for the magnetic readout node of MESO logic devices [11,
12, 200]. Figure 5.1b shows the resistance area product of a 30-nm-thick and 320-
nm-wide BiSe nanowire measured at room temperature (300 K) with 4-points, for
different electrode distances using the Ti/Au contacts. The resistivity of the BiSe
nanowire (4000± 1000 µΩcm) was obtained from the linear fitting. Unlike metal-
lic conductors, BiSe has a high noise level in the electrical measurements and thus
a large dispersion from the fitting line.

Figure 5.1: Electrical characterization of BiSe. a. Top-view SEM image of the BiSe
wire used to measure the resistivity, with different lengths between metallic elec-
trodes. The BiSe wire (yellow) is in the middle, with the metallic contacts of Ti (5
nm)/Au (40 nm) (orange). b. Length dependence of the resistance area product mea-
sured for a 320-nm-wide and 30-nm-thick BiSe wire at room temperature. From the
linear fitting, a resistivity of 4000 µΩcm is determined. c. Resistivity of BiSe as a func-
tion of temperature for a 320-nm-wide wire with thickness of 10 nm (black) and 20

nm (blue). Inset: Width dependence of the resistivity of a 20-nm-thick BiSe wire.
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As shown in Fig. 5.1c, the resistivity increases as the temperature decreases, indi-
cating a semiconducting behavior, and varies with the thickness (10 and 20 nm),
and width (80 - 640 nm) of the nanostructure. The BiSe wire with 80 nmwidth and
20nm thickness has a resistivity of 18000µΩcmat room temperature, which shows
that the sputtered BiSe used in this experiment is similar to those previously re-
ported [49].

5.3.2 TEM characterization

TEMimages inFigs. 5.2aand5.2b showthe structuresof SiO2 substrate/BiSe/CoFe/
SiO2 capping layer and theopposite stackingorder, SiO2 substrate/CoFe/BiSe/SiO2

capping layer, respectively. The sputteredBiSe layer is polycrystalline inbothcases,
although it is more oriented on top of the CoFe layer than on top of the SiO2 sub-
strate (see section5.6.1 for complementaryTEMcharacterizationof the intermixed
layer).

Figure 5.2: Characterization of BiSe interfaces for local devices. TEM images and
normalized EDX element mapping results of bilayer stacks when BiSe is placed at the
bottom [BiSe/CoFe (a. and c.)] and at the top [CoFe/BiSe (b. and d.)] of the FMmate-
rial.

In both cases, an amorphous layer was found at the interface, being thicker in the
BiSe/CoFe stack, when BiSe is at the bottom. Such layer corresponds to intermix-
ing at the interface, as confirmed by normalized EDX spectroscopy, which shows
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a clear shift of the Se curve (red) in both cases as shown in Figs. 5.2c and 5.2d, be-
ing larger in the BiSe/CoFe stack in agreement with the thicker amorphous layer.
Since such an imperfection at the interface will adversely affect the spin injection
between the twomaterials and the subsequent SCI, we chose the CoFe/BiSe stack
(Figs. 5.2b and 5.2d) tominimize its influence and keep BiSe close to pristine con-
ditions.

5.4 Local spin Hall devices

T o quantify the signal arising from the ISHE, the transverse voltage (VISHE)
is measured while an external magnetic field is applied along the easy axis
of the CoFe electrode (x-axis) and a current (Ic) flows from CoFe to one

end of the BiSe/NM T-shaped nanostructure, as shown in Fig. 5.3a. The recipro-
cal measurement (arising from the SHE) is described in Fig. 5.3b. Spin-polarized
current in theCoFewireflowsvertically throughBiSe to theNMdue to the largedif-
ference in resistivity, and the ISHE occurs inside BiSe. The resulting charge current
is then measured transversely in the T-shaped structure as an open circuit volt-
age, VISHE . When the magnetization of the CoFe electrode is switched, the spin
polarization also reverses and VISHE changes sign. The ISHE resistance, defined
as RISHE = VISHE/Ic, always contains a baseline value, and therefore it is more
convenient to define the ISHE signal, 2∆RISHE , as the difference between the two
magnetic states (see Fig. 5.3c).

The converted current is mostly shunted by the CoFe electrode and, since the NM
completely covers the BiSe T-shaped nanostructure, partially by the NM greatly
reducing the magnitude of VISHE . What we finally measure is the voltage across
the Hall cross shunted by the NM, thus being dependent on the resistivity of the
NM. Nevertheless, the use of a NM layer is crucial, as it dramatically lowers the
noise level and makes the ISHE signal measurable, in contrast to the use of lateral
NM contacts in a BiSe-only T-shaped nanostructure.

Figure 5.3c shows the ISHE signal of 15.1± 0.4mΩmeasured on a BiSe (3 nm)/Ti
(10 nm) device. The hysteresis loop was observed according to the switching field
of the CoFe wire, and the current dependence and the reciprocal measurement
(SHE signal shown in the inset of Fig. 5.3c) confirm that they were conducted in
the linear response regime, which rules out the presence of any heating-related
effects. The same measurement on a BiSe (3 nm)/Pt (10 nm) device is shown in
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Fig. 5.3d, with an ISHE signal of 5.4± 0.5mΩ, which is 3 times smaller than that of
a BiSe/Ti device with the same thickness.

Figure 5.3: Local spin Hall device and SCI signals. a. Sketch of the local spin Hall
device with the ISHEmeasurement configuration. b. False-colored SEM image of the
local device,with theCoFeelectrode inpink and theBiSeT-shaped structure inpurple.
The electrical configuration is presented for the SHE measurement. ISHE resistance,
RISHE , measured using the configuration in panel a. as a function of the external
magnetic field for c. BiSe(3 nm)/Ti (10 nm) and d. BiSe(3 nm)/Pt (10 nm) nanostruc-
tures. The inset inpanel c. shows the SHE resistancemeasuredusing the configuration
in panel b. as a function of the external magnetic field. The ISHE signal, 2∆RISHE , as
a function of BiSe thickness with the fitting curves obtained by 3D FEM simulations
for e. BiSe/Ti and f. BiSe/Pt. All measurements are performed at room temperature.



5

82 |Quantification of spin-charge interconversion in sputtered BiSe with
T-shaped devices

Since the ISHE can occur in the adjacent NM when BiSe is thin, we need to prove
whether the ISHE signal is generated in the BiSe. On comparison of the ISHE sig-
nals of the two devices, however, θSH of Ti is negligible (−0.00036) [201] while Pt is
known as a material which has high θSH (∼ 0.1) [72, 202] so even considering the
high resistivity of Ti, the larger ISHE signal observed cannot be properly explained.

As a further check, we also fabricated devices with Ta as the NM. The sign of θSH
in Ta is opposite to that of Pt [73], but the ISHE signal of a BiSe (2 nm)/Ta (10 nm)
device has the same sign as those of the other devices (see Fig. 5.4), clearly showing
that the ISHE appears in the thin BiSe layer, regardless of the NM used.

Figure 5.4: BiSe/Ta local device. ISHE resistance as a function of the external mag-
netic field obtained in a BiSe/Ta local spin Hall device.

Figure 5.3e shows 2∆RISHE as a function of the BiSe thickness in the BiSe (2− 16

nm)/Ti (10 nm) local spin Hall devices. 2∆RISHE is largest for 3 nm of BiSe, and
it decreases for thicker structures. The same experiment was conducted with BiSe
(3 − 5 nm)/Pt (10 nm), as shown in Fig. 5.3f, yielding a similar trend. The ISHE
signal could only be observed up to 16 nm of BiSe for Ti and up to 5 nm for Pt,
with no signal obtained at a thickness beyond that, mostly due to the increasingly
higher noise level and low ISHE signal.

We should mention that an AHE [34, 123, 127] and OHE [162] can appear as ar-
tifacts in the ISHE measurements (see section 5.6.2). The anomalous Hall angle
obtained by applying an out-of-planemagnetic field to CoFe in our own devices is
1.5%. In the local spin Hall device, the contribution of the AHE is greatly reduced,
since the magnetization points along the x-axis and only the contribution by the
current flowing in the z-axis is considered. The contribution of the AHE was cal-
culated by a 3D FEM based on the spin diffusionmodel [34, 123, 127, 203], and we
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obtained less than 6 and 2mΩAHE signals in thewhole thickness range for BiSe/Ti
and BiSe/Pt structures, respectively. Additionally, the stray field of CoFe-induced
OHE is calculated by 3D FEM simulation based on the Hall coefficient of BiSe/NM
structures obtained by applying the out-of-plane magnetic field to each structure
[162]. We obtained less than a 0.3 mΩ OHE contribution for both structures. As
shown in Figs. 5.3e and 5.3f, the calculated AHE and OHE signals decay with BiSe
thickness since current shunting is suppressed and the distance between FM and
NM increases, respectively.

Next, we analyzed the thickness dependence of the ISHE signal by a 3D FEM sim-
ulation [34] also taking into account the AHE and the OHE discussed above. The
simulation is performedby assuming that the resistivity of BiSe is 18000µΩcm (20-
nm-thick and 80-nm-wide wire in the inset of Fig. 5.1c). The resistivities of CoFe
andTiwere 42 and 40µΩcm, respectively, whichweremeasured directly on the de-
vice. The obtained λBiSe

s is 0.5 nm (see section 5.6.3 for quantification of λBiSe
s by

the local spinHall devices) and θBiSe
SH is 27.5, a very large value that is in good agree-

mentwith the previously reported value [49], and it seems to prove once again that
sputtered BiSe is one of themost promisingmaterials for SCI devices, in particular
for the MESO logic device, which also requires a high resistivity.

However, unlike the previous report, the quantum confinement [49] cannot be
confirmedhere, as a single θBiSe

SH value of 27.5 is obtainedover thewholeBiSe thick-
ness range of 3-16 nm. The hybridization of the topological surface state reduces
the SCI signal when a TI is thinner than 6 nm [204], but themaximum signal is at 3
nm, as shown in Fig. 5.3e. The activation of the topological surface state or the sup-
pression of bulk conduction at cryogenic temperature reduces the resistivity [205,
206], which is not observed in this work, as shown in Fig. 5.1c. From all these facts,
it is reasonable to consider sputtered polycrystalline BiSe as a normal conductor
rather than a TI.

On the other hand, the cross junction resistance (RCJ ) as a function of the thick-
ness of BiSe as shown in Figs. 5.5a and 5.5b disagrees with such a high resistivity
of BiSe. The sketch in Fig. 5.5a shows the measurement configuration of RCJ . In
the BiSe/Ti structures shown in Fig. 5.5a, RCJ shows a constant increase with the
BiSe thickness from 2 to 16 nm, but the overall values are unexpectedly low. Even
in BiSe/Pt devices shown in Fig. 5.5b, although the change of RCJ is higher than
that of BiSe/Ti, the values are rather similar. This measurement assumes a verti-
cal current flowing uniformly across the junction. Considering the large resistivity
difference between BiSe and metallic wires such as Pt, Ti, and CoFe, the current
stays in the CoFe until reaching the junction and flows vertically through BiSe to
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NM, so that the RCJ is expected to be more than 80 Ω for 3-nm-thick BiSe when
a resistivity of 18000 µΩcm and a junction area of 80 nm× 80 nm are considered.
However, the measured RCJ on the devices with BiSe thicknesses up to 4 nm has
negative values, which is generally considered as a transparent interface, hinting
that the resistivity of BiSe may be lower than that initially measured in nanostruc-
tures without theNM. In order to reliably extract the resistivity of BiSe, we perform
a 3D FEM simulation [195] of the RCJ measurements, where the independently
measured resistivities of the NM (Ti or Pt) and CoFe are used as inputs and the
only unknown parameter is the BiSe resistivity. The 3D FEM simulation results are
shown by red lines in Figs. 5.5a and 5.5b. The resistivities of BiSe are calculated to
be 600 µΩcm for the BiSe/Ti structure, which is 30 times smaller than the values
measured in the narrowest BiSe wire in the inset of Fig. 5.1c, and 3700 µΩcm in the
BiSe/Pt structure, about 6 times higher than that of BiSe/Ti. These results indicate
that the top NM layer changes the resistivity of BiSe. In the following paragraphs,
wewill discuss the origin of such a variation and the consequences in the quantifi-
cation of the spin Hall effect in sputtered BiSe.

To understand the relationship between BiSe resistivity and the NM used, we per-
formedTEMandEDXexperiments inSiO2 substrate/CoFe (15nm)/BiSe (30nm)/Ti
(10 nm)/Pt (10 nm) and SiO2 substrate/CoFe (15 nm)/BiSe (30 nm)/Pt (10 nm)
multilayer stacks as shown in Figs. 5.5c and 5.5d (see also section 5.6.1 for the anal-
ysis of the actual BiSe/Ti local spin Hall device). In order to obtain a quantitative
elemental analysis from the EDX, we exfoliated single-crystal Bi2Se3 flakes on top
of each stack. Since the Bi2Se3 flakes are stoichiometric, the composition of sput-
tered BiSe can be accurately determined by normalizing the Bi and Se intensity
curves to 40% and 60%, respectively. In the BiSe/Ti structure, a clear peak of the Se
curve, indicated by the blue arrow in Fig. 5.5c, appears as a result of strong inter-
mixingnearTi [55, 56, 198, 199], andBiSehas a50 : 50 composition in the rest of the
layer. No intermixing was observed between BiSe and Pt, where the composition
was 45 : 55. Eventually, we obtained two different BiSe compositions depending
on the chosen NM, even with the same growth condition. This is the reason the
resistivity of BiSe varied from 600 to 3700 µΩcm in the two structures depending
on the NM used.

Still, the composition change alone does not explain the high resistivity (18000
µΩcm) obtained in the BiSe wire measured laterally (Fig. 5.1c). Using impedance
measurements, we confirmed that there are two resistance elements, the grain and
grain boundary (see section 5.6.4). Accordingly, the absence of grain boundaries
in the vertical direction for a BiSe thickness below 16 nm drastically reduces the
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BiSe resistivity when it is measured along this direction as compared to the lat-
eralmeasurement, which includes the grain boundary contributionmaking a high
noise level. The BiSe wire has a resistivity of 18000 µΩcm as a series resistance of
grain and grain boundary without intermixing, and the resistivity of 3700 µΩcm
measured vertically in the BiSe/Pt structure is of the parallel resistance of grain
and grain boundary without intermixing. On the other hand, in the BiSe/Ti struc-
ture, the resistivity of 600 µΩcm appears as a parallel resistance of grain and grain
boundary accompanied by composition change due to intermixing. The different
conditions are summarized in Table 5.1.

Figure 5.5: BiSe resistivity in the vertical direction.Resistances at the cross-juctions
of a. BiSe/Ti and b. BiSe/Pt structures. Inset in panel a.: schematic representation of
the cross-junction devices with the electrical configuration geometry. TEM images
and EDX scans of c. CoFe/BiSe/Ti and d. CoFe/BiSe/Pt thin films compared with sin-
gle crystal Bi2Se3 flakes exfoliated on top of the thin films for proper quantification of
the composition.

Returning to the ISHE results of Figs. 5.3e and 5.3f, it is necessary to accurately es-
timate θBiSe

SH once again, because the resistivity of BiSe can affect the spin injection
efficiency and current shunting, and consequently θBiSe

SH . As a result of the 3D FEM
simulation performed using the resistivity obtained in Figs. 5.5a and 5.5b, a λBiSe

s

value of 0.5 nm and θBiSe
SH value of 0.45 are estimated for the BiSe/Ti devices. In the
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case of BiSe/Pt devices, we extract a λBiSe
s value of 0.35 nm and θBiSe

SH value of 3.2.
These results are significantly different from previously reported values [49, 207]
and our first estimation because the high BiSe resistivity reduces the ISHE signal
by strong spin backflow. In addition, the ISHE signal reduction as BiSe gets thicker
is completely explainedby the spin diffusionmodel for the entire thickness ranges,
indicating the absence of quantum confinement depending on the grain size [49].

Table 5.1: Summary of BiSe resistivities depending on measurements direction and
NM

Structure Measurement Resistance of Intermixing Resistivity
direction grain and boundary (µΩcm)

BiSe wire lateral in series no 18000
BiSe/Pt vertical in parallel no (Se 55%) 3700
BiSe/Ti vertical in parallel yes (Se 50 %) 600

By comparing our results with the reported results (shown in Table 6.1), it is possi-
ble to strictly judge the SCI efficiency of sputtered BiSe. The BiSe thickness range
used in this thesis covers all references in Table 6.1. The resistivity obtained in pa-
pers differs up to 1000 times [207, 208] because of different growth conditions and
measurement techniques. Only Ref. [208] reports a resistivity similar to that of the
BiSe/Ti structurewithalsoa similar θBiSe

SH , in agreementwithour claim.Tocompare
with the published results of spin pumping experiments [50, 51], in which λIREE

is used to quantify the SCI efficiency, the product λsθSH is considered. In fact, this
product better quantifies the SCI efficiency in a local spin Hall device [34, 72, 102].
In particular, the θBiSe

SH value of 18.62 [49] is more than 50 times higher than 0.35

which is obtained in the BiSe/Ti structure, but the λIREE values of 0.32 nm [50]
and 0.1 nm [51] are comparable to what we obtain in our local spin Hall devices
using BiSe/Ti (0.225 nm) despite differences in experimental methods and ferro-
magnetic materials. These results indicate that intermixingmust be considered in
material characterization, especially an appropriate resistivity quantification and
that θSH can be overestimated when these aspects are not properly considered.

5.5 Summary and conclusions

T o conclude this chapter, we observed all electrical spin-to-charge conver-
sion in sputtered BiSe in local spin Hall devices at room temperature (300
K) and showed that all parameters related to SCI efficiency,which are resis-
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tivity,λBiSe
s , and θBiSe

SH , were affected by the intermixingwith the adjacent nonmag-
netic metal used to electrically shunt the BiSe. In particular, the fact that a Se con-
centration change by intermixing made a difference of 6 times in resistivity shows
how easily θBiSe

SH can be overestimated by the resistivity without considering inter-
mixing. Even though the ISHE signal obtained in this study is too small to realize
a MESO logic device, it allowed us to quantify the SCI efficiency of sputtered BiSe
in functional spintronic devices (instead of the commonly usedBiSe/FMbilayers).
The potential of highly resistive sputtered BiSe as the active element in the read-
ing module can be exploited by improving different aspects, such as reducing the
electrical noise caused by the grain boundary so that the top NM layer shunting
the signal can be removed. The NM layer was applied to reduce the noise level in
electricalmeasurements, but it is not a fundamental solutiondue to its low resistiv-
ity, leading to an overall ISHE signal reduction. We suggest that the SCI efficiency
and the ISHE signal magnitude can be increased by protecting BiSe with a tunnel-
ing barrier, such as MgO, to prevent intermixing, current shunting, and spin back
flow, while enhancing the spin injection efficiency.
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5.6 Appendices

In this section, complementary data to support our results in previous sections are
added.

5.6.1 AppendixA:PolycrystallineBiSe structureand intermixed
layer

Figure 5.6a and 5.6b show the polycrystalline sputtered BiSe and the intermixed
layer depending on its stacking order (bottom and top, respectively). While the
BiSe/CoFe structure in Fig. 5.6a has a thick amorphous intermixed layer, the CoFe/
BiSe in Fig. 5.6b has a vague one. In some grains, alternating Bi2Se3 quintuple lay-
ers and Bi bilayers are found, but its frequency varies even within a grain.

Figure 5.6: Polycrystalline BiSe and intermixed layer.High-resolution TEM images
of two differente stacking order: a. BiSe/CoFe, and b. CoFe/BiSe structures, both sam-
ples cappedwith 5nmSiO2. Yellow lines are added to show the amorphous intermixed
layer in between the BiSe layer and CoFe layer.

Figure 5.7 shows the TEM image and EDX profile for each element similar to Fig.
5.5, but with 16-nm-thick BiSe. These are obtained by cutting the BiSe/Ti T-shape
wire of the local spinHall device. To know the exact composition of BiSe, we used a
Bi2Se3 flake exfoliated to normalize as shown in Fig. 5.5, but evenwithout the flake,
Se (red curve) diffusion can be clearly seen.
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Figure 5.7: BiSe/Ti and intermixed layer in the local spin Hall device. TEM im-
age and EDX profiles of BiSe/Ti structure. Se (red curve) is intermixed with Ti (green
curve), creating a new layer at the interface.

5.6.2 Appendix B: Disentangling artifacts from the ISHE signals

Artifacts that can be observedwith the ISHEmeasurement include PHE, OHE, and
AHE. In order to disentangle eachone, firstwemeasured the PHEusing a local spin
Hall device. An in-plane magnetic field (3 T) was applied, while an angle scan was
performed, as sketched in Fig. 5.8a. The result is shown in Fig. 5.8b. This measure-
ment is composed of the sum of the two contributions, the ISHE and the PHE,
which have an angular dependence following cos θ and sin 2θ, respectively.

Since the ISHE signal is measured by applying a magnetic field in the x-axis, the
amplitude of the cosine term becomes 2∆RISHE . On the other hand, in the case
of PHE, since the period is 2θ, there is no contribution as a signal in the same
measurement. Although a baseline change due to misalignment between the in-
jected current and the magnetic field (phase shift) can appear, it does not modify
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the value of 2∆RISHE extracted from saturation at positive and negativemagnetic
fields, as discussed extensively in Ref. [127].

Secondly, the OHE is mainly induced by the stray field (Hstray) in the z-axis gener-
ated at the tip of theCoFe electrode, as shown in Fig. 5.8c. SinceHstray acts strongly
up to about 20 nm from the CoFe tip, the simulation was performed considering
the misalignment of 20 nm in the 3D FEMmodel. In an actual device, a misalign-
ment is less than 20 nm, but this was considered in order to not underestimate the
contribution.Hstray can have bothx and z-axis components, and since the current
at the junction has a z-axis component, the x-axis component ofHstray must also
be taken into account. The external magnetic field is also applied in the x-axis, so
it is expected to be observed with a slope in the ISHE resistance, but the observed
signal is almost flat. Therefore,Hstray in x-axis is not considered.

To obtain the Hall coefficient, Hall bars of BiSe (16 nm)/NM (Ti or Pt 10 nm) were
prepared, and the Hall effect was observed by applying an out-of-plane magnetic
field as shown in Fig. 5.8d. Due to the large resistivity difference between BiSe and
NM, most of the current flows through the NM, and the measurement result is to-
tally dependent on NM. The same applies to the local spin Hall device, and since
the distance between NM and CoFe changes according to the thickness of BiSe,
theOHE also has a thickness dependence. The calculatedOHE contribution in the
entire thickness range of BiSe does not exceed 0.5mΩ, and the results are shown
together with AHE in Fig. 5.3.

And finally, the AHE presents as an artifact as the potential difference generated in
theCoFewire is transmitted to theNM.Considering thex-axismagnetization, AHE
can occur only by the current in z-axis at the junction as shown in Fig. 5.8e. Figure
5.8f is the AHE signal of the CoFe wire, and the anomalous Hall angle (θAH) is 1.5%
when CoFe is 15 nm thick and its resistivity is 42 µΩcm. The AHE contribution
decreases with the thickness of BiSe because BiSe acts as a barrier. The 3D FEM
simulation results based on the spin diffusionmodel [34, 123, 127, 203] are shown
in Fig. 5.3. As shown in Figs. 5.3e, and 5.3f, the calculated AHE and OHE signals
decay with BiSe thickness, since current shunting is suppressed and the distance
between FM and NM increases.

In addition, it is possible to reduce the OHE and AHE contributions by changing
the design of the device. Since the stray field is proportional to the area of the tip of
the FM, making CoFe wire as thin and narrow as possible will minimize the OHE
contribution. Extending the tip of the FMbeyond the junction area, while isolating
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it from themiddle armof the T-structure, is another possibility, butmore challeng-
ing from the nanofabrication perspective.

Figure 5.8: Hall effects contributions in a local device. Different contributions are
present in a local spin Hall device. Schematics representation and signals of a, b, pla-
nar Hall effect, c,d, ordinary Hall effect, e,f, anomalous Hall effect.

In the case of the AHE, previous work by our group [127] showed that the rela-
tive thickness of the FM and the SOM can be tuned to completely remove the AHE
contribution. The optimal thicknesses will also depend on the resistivity of each
material. Inserting a MgO barrier between CoFe and BiSe could also be an effec-
tive way to reduce both the OHE and the AHE contributions. In the OHE case, the
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MgO barrier plays the role of a spacer, so the stray field at BiSe/NM will decrease.
In the AHE case, since the anomalousHall voltage induced in CoFewill be blocked
by the barrier, it will not be transferred to the BiSe/NMwire.

5.6.3 Appendix C: Spin diffusion length of BiSe by the local spin
Hall devices

FEM simulations [34, 123, 127, 203] are performed within the framework of the
two-currentdrift-diffusionmodel,with the collinearmagnetizationof theFMelec-
trodealong the easy axis. Thegeometry constructionand3Dmeshwere elaborated
using the free softwareGMSH [176]with the associated solver GETDP [177] for cal-
culations, post-processing, and data flow control.

The fitting parameters of 3D FEM simulation in this model are the spin Hall angle
(θBiSe

SH ) and the spindiffusion length (λBiSe
s ) ofBiSewhile spinpolarization, anoma-

lous Hall angle andmagnetization of CoFe, Hall coefficient of NM and resistivities
of wires are fixed parameters. The spin current injected into BiSe will be converted
into a transverse charge current (IISHE) proportional to θBiSe

SH and the amount of
local IISHE will decay with λBiSe

s , sketched as a red line in Figs. 5.9a and 5.9b. De-
tailed local current density is shown in Figs. 5.9c and 5.9d. When λBiSe

s is much
shorter than the BiSe thickness, the IISHE is concentrated near the interface be-
tween CoFe and BiSe, so it easily flows back into the CoFe electrode, reducing the
ISHE signal which is measured along the BiSe/NMwire. On the other hand, when
λBiSe
s becomes comparable to the BiSe thickness, the distribution of IISHE over

BiSe thickness will span over the entire thickness, increasing the current shunting
to the NM layer. Therefore, the measured ISHE signal depends on BiSe thickness
and λBiSe

s as shown in Fig. 5.9e, whereas θBiSe
SH is related to the overall signal mag-

nitude.When λBiSe
s and BiSe thickness are similar, the signalmagnitude is propor-

tional to the resistivity of NM because what we measure is the voltage. Finally, we
can simultaneously obtain λBiSe

s and θBiSe
SH by performing the 3D FEM simulation.

Figure 5.9f shows the result of 3D FEM simulation for ISHE signal in BiSe/Ti local
spin Hall device using a BiSe resistivity of 18000 µΩcm. The parameters used for
themodel are the resistivity of CoFe (42µΩcm), Ti (40µΩcm), the spinpolarization
of CoFe (0.48), and the spin diffusion length of CoFe, which is calculated by ρCoFe·
λCoFe = 1.29fΩm2 (taken fromRef. [75]). Becauseof suchahigh resistivity ofBiSe,
the charge current shunting to theNM layer is highly suppressed in the simulation,
thus θBiSe

SH becomes high, 27.5, to compensate for the suppression of this shunting.
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λBiSe
s is estimated to be 0.5 nm, which is 4 times shorter than the thinnest BiSe

layer used in our experiment, so we consider that ISHE occurs only in BiSe.

Figure 5.9: Spin diffusion length of BiSe extracted by the local spin Hall devices.
Schematic illustrationof the shuntingof the convertedcharge current (IISHE) into the
CoFe andNM layers whenλBiSe

s is a. shorter than, and b. comparable to the thickness
of BiSe layer. Local current density obtained from the 3D FEM simulation in c. top
view, andd. side (transversal) view. 3DFEMsimulation results of e.λBiSe

s dependence,
and f. BiSe thickness dependence of ISHE signal observed in BiSe/Ti local spin Hall
devices.

On the other hand, the 3D FEM simulation has a limitation. The previous simula-
tion shows the results considering both AHE and OHE, but it was modeled under
one important assumption, which is the absence of the intermixed layer. Figures
5.2, 5.5, 5.6 and 5.7 show the intermixing occurring at the interfaces of CoFe/BiSe
and BiSe/NM. The intermixed layers are at the CoFe/BiSe and BiSe/Ti interfaces
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and are generatedmostly by the diffusion of Se atoms. As a result, layers composed
of CoFe-Se andTi-Se are formed, and the Se concentration of BiSe decreases by the
amount of Se escaped. The resistivity of BiSe decreases due to the change in the Se
concentration, and the resistivity of the intermixed layer is expected to increase.

The local spinHall devicehas aCoFe/BiSe/NMstructure (two interfaces), but since
there is no practical way to obtain all parameters for the 3D FEMmodel such as re-
sistivity, spin diffusion length, and spin polarization of the interfaces, these inter-
faces cannot be considered. On the other hand, in general, the higher the interface
resistance, the more evenly the current flows through layers, and the shunting of
the converted charge current is suppressed. Also, the CoFe/BiSe interface can af-
fect the spin injection efficiency. Formation of theCoFe-Se layer can lower the spin
polarizationof theFMinterfaceand increase the spin injectionefficiencyby reduc-
ing the spin backflow by increasing the interface resistance. However, considering
the high BiSe resistivity, such effects are not expected to be significant.

The presence of the intermixed layers can also affect the resistivity evaluation of
each layer. For example, the resistivity of Ti was obtained from a BiSe/Ti bilayer
wire, and since BiSe resistivity is much higher than that of Ti, most of the current
flows through Ti and the resistivity of the bilayer wire is almost the same as that
of Ti. However, this assumption is incomplete because it does not consider inter-
mixed layerswhich can effectively increase the Ti resistivity as the intermixed layer
increase. Since the information regarding their resistivity cannot be obtained ex-
perimentally, intermixed layers are not considered in the 3D FEMmodel.

5.6.4 Appendix D: Grain boundary of BiSe

Figure 5.5 shows that the resistivity of BiSe is changed by the intermixing at the
thickness of BiSe below 16 nm. On the other hand, even in the BiSe/Pt structure
with limited intermixing, the resistivity of BiSe does not reach the 18000 µΩcm ob-
tained in a longnanowire (inset in Fig. 5.1c), which is thought to be due to the grain
boundaries. Figure 5.10a and 5.10b show theRCJ of thicker BiSe in addition to the
thickness range plotted in Figs. 5.5a and 5.5b. The RCJ with BiSe thicker than 16

nm deviates significantly from the fitting line and increases more steeply, which
means that BiSe resistivity increases.

Figure 5.10c shows a top-view SEM image of the grain structure of a 32-nm-thick
BiSe film. The lateral grain size is 15-20 nm (in agreement with the AFM showed in
section 3.2.2), and it is expected to have the same dimensions in the growth direc-
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tion. Since BiSe has only one grain in the vertical direction below a thickness of 16
nm,RCJ is affected by the resistance inside the BiSe grain. However, above 16 nm,
more than one grain is present, therefore boundaries that have higher resistivity
are involved in the magnitude ofRCJ . The tunneling behavior shown in Fig. 5.10d
is sometimes observed in BiSe thickness over 16 nm, and it suggests the presence
of a thin insulating layer inside. Note that the applied current for Figs. 5.10a and
5.10b is 10 µA in linear response.

For further verification, the impedance of a 16-nm-thick BiSe wire was measured
by applying an alternating voltage of 30mV in a frequency range from 1 kHz to 10
MHz and presented as a Nyquist plot in Fig. 5.10e. In the case of a uniform con-
ductor, only one arc appears, but as shown in Fig. 5.10e, two arcs are partially over-
lapped, meaning that BiSe has two resistance components. Fitting was performed
with EC-Lab software, and the resulting two resistance values are shown in Fig.
5.10f. Considering the grain size of 15 nm and the thin grain boundary (< 2 nm),
the resistance difference of about 2 times causes a big difference in resistivity.

A schematic representation ispresented inFig. 5.10g,which showswhy the resistiv-
itiesmeasured in the BiSe wire and at the cross-junction are different. A resistance
measurement in the wire is done in the lateral direction (VL), while RCJ is mea-
sured in the vertical direction (VV ). In lateral (vertical) direction, grain and grain
boundary exist as a series (parallel) resistance when BiSe is thinner than 16 nm,
the maximum size of the grain. It explains the factor of 5, the difference between
the BiSe wire (18000 µΩcm) and the BiSe/Pt structure (3700 µΩcm).

In this sense, since the grain boundary ismuchmore resistive than the grain, most
spin current will flow through the grain and then will be spin-to-charge converted
inside, as shown in Fig. 5.10h. The induced voltage is within the grain, not at the
grain boundary, whichmeans that even though the obtained resistivity is high due
to the grain boundary, the signalmagnitude of ISHE is dependent on the resistivity
of the grain.

The BiSe resistivity increases due to the grain boundary at thicknesses above 16

nm as shown in Fig. 5.10a and 5.10b. However, since it is also affected by the in-
termixing, the resistivity varies depending on NM. In the case of the BiSe/Pt struc-
ture, the resistivity recovers to that of BiSe wire when it is calculated using theRCJ

value, thickness, and junction area. Also, since the grain boundary acts as a shunt-
ing barrier, it interferes with the observation of the ISHE signal in the local spin
Hall device.
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Figure 5.10: Grain and grain boundary of BiSe. Cross junction resistance as a func-
tion of BiSe thickness of a. BiSe/Ti, and b. BiSe/Pt structures. c. SEM image of 32-nm-
thick BiSe thin film. d. Tunneling behavior in 32-nm-thick BiSe junction. e. Nyquist
plot of impedance analysis on BiSe wire for two different widths (160 and 640 nm)
and f. two resistance terms as a fitting result. g. Schematics of grain and grain bound-
ary with measurement direction, lateral (VL) and vertical (VV ). h. Schematics of the
ISHE considering it occurs inside the grains.
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Quantification of spin-charge
interconversion in sputtered BiSe
with nonlocal spin valves
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6.1 Introduction

A s mentioned in previous chapters, some works [49–53] reported large SCI
at room temperature in polycrystalline BixSe1−x (BiSe) grown by sputter-
ing, a simple technique compatible with industrial processes. Although

the Rashba-Edelstein effect is the origin of SCI in ideal TIs, many works use the
spin Hall angle (θSH) to quantify SCI efficiency in this class of materials. Either in
this case, or when using a material with SHE, the spin diffusion length (λs) is also
needed to properly quantify the SCI efficiency. However, λs for sputtered BiSe is
usually taken from the few reports [47, 57–59] that grow Bi2Se3 epitaxially, which
shows not only a different crystallinity but also a different composition. Such dis-
similarity inevitably leads to inaccuracies in the subsequent quantification of SCI
efficiency.

In addition, most techniques for quantifying SCI require the SCI material to be in
direct contact with a FM metal or transition metal, but recent work on Bi2Se3 re-
ports interdiffusion [55, 56, 198] by solid-state reaction when in contact with met-
als, which has been confirmed in Chapters 4 and 5. This creates a new layer at the
interface through which the spins are injected or pumped, making the quantifica-
tion of the spin properties (λs and θSH) of this material problematic.

In this Chapter, we characterize sputtered BiSe using the spin absorption tech-
nique. Using lateral spin valves (LSVs), wewere able to perform two separatemea-
surement configurations [70–73], which allows us to independently quantify the
spin diffusion length (λBiSe

s ) and the spin Hall angle (θBiSe
SH ) of BiSe.

The use of a nonlocal measurement avoids spurious effects related to local cur-
rents, such as Oersted fields in SOT techniques or fringe-field-induced voltages
in three-terminal potentiometric techniques [114]. Furthermore, in order to re-
duce interdiffusion observed in Chapter 5, we grow the metals in contact with the
BiSe wire by e-beam evaporation, a gentler deposition technique than sputtering.
A much better quality of the device interface is confirmed by TEM and elemental
analysis characterization.This informationallowsus tomodel ourdevices andper-
form a 3D FEM analysis to extract the spin transport parameters at different tem-
peratures. The SCI efficiency, characterized by the θBiSe

SH λBiSe
s product and equiva-

lent to λIREE [102], is observed to be up to 0.93 nm (at 100 K), with a value of 0.63
nm at room temperature.
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6.2 Experimental details

A ll LSV devices were fabricated on Si/SiO2 (150 nm) substrates. Three eBL
steps are required for the complete fabrication of the LSVs, following the
steps described in Chapter 3. The first step is used to define the FMwires:

we spin-coated the substrates with a positive resist (ZEP), patterned it with eBL,
deposited 30 nm of Py by e-beam evaporation (base pressure of 2× 10−9 Torr, rate
of 0.6 Å/s) and lift-off. In order to remove possible sidewalls on the wires after lift-
off, the samplewasAr-ion-milledwith an angle of 10◦ (with respect to the substrate
plane) and an acceleration voltage of 50 V.

The second step defines the BiSe wires: we spin-coated a double layer of PMMA,
patterned it with eBL, deposited 10 nm of BiSe by sputtering at room temperature
using a target of stoichiometric Bi2Se3 (99.999% pure) in a UHV seven target AJA
sputtering system at a base pressure of 3× 10−8 Torr. Bi2Se3 was sputtered at 35W
RFpower and3mTorrArpressure to achieve adeposition rate of0.09Å/s. Thewires
were then capped in situ with 2 nm of Pt (80WDC power at 3mTorr Ar pressure)
and lift-off was performed.

Figure 6.1: Cu growth on BiSe. False-colored SEM image of two 100-nm-thick Cu
wires on top of a 30-nm-thick BiSe wire. The image shows clearly how Cu does not
grow as a homogeneous layer on top of BiSe but as unconnected islands.

The third step defined the spin transport channel of Cu: we used a double layer
of PMMA, patterned it with eBL, and then used Ar-ion milling to remove the Pt
cap and clean the surfaces of the Py wires. We then transferred the sample to our
UHV evaporation system to grow 2 nm of Ti by e-beam evaporation (at a rate of
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0.2 Å/s), followed by 100 nm of Cu in situ by thermal evaporation at a rate of 1.5
Å/s. The Ti layer is added to facilitate Cu growth on BiSe (see Fig. 6.1) and acts as
an interface between the Cu channel and the Py and BiSe electrodes. Lift-off was
then performed. Finally, the entire sample was capped by sputtering 5 nm of SiO2

(200WRF at 3mTorr of Ar).

Figure 6.2: Nonlocal spin valves for reference and spin absorption. Top-view false-
colored SEM image of the LSV devices with the ferromagnetic Py electrodes (blue)
and spin transport Cu channel (orange). The reference device is at the right side, and
the device for the spin absorption with the middle wire of BiSe (yellow) is at the left
side. The electrical configuration for the absorption measurements is shown in blue
(reference configuration) and green (absorption configuration).

6.3 Spin absorptionmeasurements

I n a reference LSV without the BiSe wire (right device in Fig. 6.2), a charge
current (IC) is injected from one of the ferromagnetic Py electrodes into the
non-magnetic Cu channel, creating a spin accumulation at the interface, as

explained in section 2.1.3. These spins diffuse through the Cu channel as a pure
spin current (Is) with a characteristic diffusion length (λCu

s ) and are detected by
the second Py electrode as a nonlocal voltage (VNL).
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Figure 6.3: Nonlocal spin valves signals and spin diffusion length. a. Nonlocal re-
sistance RNL as a function of the external magnetic field for the reference LSV (blue
curve) and LSV with the middle wire (green curve) at 10 K. The corresponding spin
signals are labeled. b. Spin signals as a function of temperature for the reference LSV
and the LSV with the middle wire. c. Geometry and mesh of the 3D FEM model. d.
Spin diffusion length of BiSe, λBiSe

s , extracted from the data in panel b with a 3D FEM
analysis, as a function of temperature. In the 3D FEM simulation, the resistivity of the
Ti layer between Cu and BiSe is set to be 50 µΩcm.

The nonlocal resistance,RNL, is defined as the VNL normalized to IC . An external
magnetic field is applied along the easy axis of the ferromagnet (± y-direction) to
control the reversal of the two Py magnetizations. The value of RNL changes sign
when themagnetization configuration of the two Py electrodes switches frompar-
allel (RP

NL) to antiparallel (RAP
NL). The difference between these two configurations

(∆RRef
NL =RP

NL−RAP
NL) allows us to obtain the spin signal by removing any baseline

arising from non-spin related effects.

In a similar LSV device, we place a BiSe wire in themiddle of the two Py electrodes
(Fig. 6.2), for spin absorption configuration as explained in section 2.1.4. A part of
the spin current diffusing along the Cu channel will be absorbed in the BiSe wire
and, thus, the spin signalmeasured by the Py detector,∆RAbs

NL , will be smaller than
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∆RRef
NL (see Fig. 6.3a). The Ti/Cu cross is placed on top of the BiSe wire in order to

have better electrical contact due to the high resistivity of thismaterial and to help
us to perform spin-to-charge conversion measurements in the same device (see
section 6.4).

Figure 6.3b plots the values of∆RRef
NL and∆RAbs

NL at different temperatures (T ) be-
tween 10 and 300 K. The decrease of the spin signals with increasing T is expected
because λCu

s decreases with temperature (as previously reported [209]) and less
spin current reaches the FM detector.

To extract the spin diffusion length of BiSe (λBiSe
s ) we performed a 3D FEM sim-

ulation. Although, in section 2.1.4, we introduced the 1D spin diffusion model to
extract λSOM

s from spin absorption devices, in our case the BiSe wire is completely
shunted by the Cu channel, making the 1D approximation no longer valid. For the
3D FEM simulation:

1. The experimental resistivities for all materials (see Fig. 6.8).

2. The interface spin polarization (αI) of the Py/Ti and λCu
s of the Cu channel,

obtained from reference LSVswith different electrode distances (L) by fitting
the spin signals∆RNL vs L using the 1D spin diffusion model (Eq. 2.19), as
explained in Chapter 2 and shown in section 6.8.2.

3. The contact resistance of the Py/Ti/Cu interface extracted from an interface
resistance measurement with four probe configuration (see section 6.8.3).

4. The measured spin signal after absorption (∆RAbs
NL).

Besides λBiSe
s , the only unknown parameter in the 3D FEM simulation is the resis-

tivity of the Ti layer (ρT i) between Cu and BiSe. Unfortunately, it is not possible to
extract exactly the resistivity of this layer due to the design of the electrodes, where
the Ti layer is sandwiched between the Cu channel and the BiSe wire. Thus, we
estimate this resistivity (50 µΩcm) in a separate experiment (see section 6.8.4).

We extracted λBiSe
s at different temperatures, plotted in Fig. 6.3d (see section 6.8.5

for details). The value extracted is in all cases of the order or smaller than 1 nm,
reaching 0.28 nm at room temperature. This value ismuch smaller than the values
of 1.6 to 6.2 nm reported for epitaxially-grown Bi2Se3 [57, 58].
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6.4 Spin-charge interconversion on BiSe

Figure 6.4: Spin-charge interconversion configuration. a. ISHE and b. SHE electri-
cal configuration indicated with the white lines.

I n the same device where the spin absorption measurement is performed, we
also measure the inverse spin Hall effect (ISHE) using the electrical configu-
ration shown in Fig. 6.4a (white lines), as explained in section 2.3.1. This time,

we inject a charge current (IC) from one of the Py electrodes into the Cu channel
while applying an in-plane magnetic field along the hard axis of Py (x-direction).
An x-polarized spin current is created and reaches the BiSe wire, where it is par-
tially absorbed in the z-directionandconverted intoa charge current (IISHE) along
the y-direction (Fig. 2.9). This charge current is detected as a voltage (VISHE) along
the BiSe wire (shunted by Cu) under open-circuit conditions. The ISHE resistance
(RISHE=VISHE/Ic) is measured by sweeping the external magnetic field along x-
direction. By reversing the field, the opposite RISHE is obtained, because the Py
magnetization changes direction and, thus, the spin polarization of the spin cur-
rent. The difference between the twoRISHE values at saturation is denoted as the
ISHE signal (2∆RISHE) and allows removing any background signal. Indeed, the
combination of Seebeck and Peltier effects can give rise to a baseline in the non-
local signal because they are linear with the applied current, as explained in Ref.
[210]. However, this contribution is removed by taking the difference between the
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two values at saturation. Since the material we study is not magnetic, a spurious
contribution due to the combination of Peltier effect and anomalous Nernst effect
as the one observed in the Weyl ferromagnet Co2MnGa [211] is not present in our
case.

Figure 6.5: Spin-charge interconversion. a. ISHE (RISHE) and SHE (RSHE) resis-
tances as a function of the external magnetic field at 10 K. b. ISHE signal (2∆RISHE)
as a function of temperature. c. SpinHall angle of BiSe (θBiSe

SH ) extracted from the data
inpanel banda3DFEManalysis, consideringaTi resistivity of50µΩcm.d. θBiSe

SH λBiSe
s

product as a function of temperature.

As shown in section 2.3.1, it is possible to obtain the direct SHE by swapping the
current and voltage probes, now by applying the charge current in the BiSe wire
and picking up the output voltage between the Py electrode and the Cu channel
(see Fig. 6.4b). Both SHE and ISHE resistance curves have the same amplitude but
opposite sign [RISHE(H)= RSHE(−H), see Fig. 6.5a], as expected from Onsager’s
reciprocity [103, 212]. The (I)SHE signals decrease with increasing T , as exposed
in Fig. 6.5b. To extract the spin Hall angle (θBiSe

SH ), we performed a 3D FEM simu-
lation using the same geometry (dimensions) and material parameters as before,
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plus the λBiSe
s value extracted in the very same device. Figure 6.5c shows the θBiSe

SH

values extracted as a function of T , from 0.69 at 10 K to 2.26 at 300 K (see section
6.8.6). These values aremore accurate than those previously reported in sputtered
BiSe because of the knowledge of λBiSe

s . As a control experiment, we measure the
reference device (without the BiSe) with the direct spin Hall configuration. As ex-
pected, no signal is observed (see section 6.8.7).

The product θBiSe
SH λBiSe

s , which is the figure of merit for the efficiency of a MESO
device, is shown in Fig. 6.5d as a function of T . θBiSe

SH λBiSe
s does not change signif-

icantly with T , having values between 0.63 and 0.92 nm, slightly higher than the
prototypical heavy metals [73, 123, 160, 202].

6.5 Structural characterization

A fter themagnetotransport characterization (sections 6.3 and 6.4), we char-
acterized thedevice cross-sectionsbyTEM/STEMimaging combinedwith
EDX analysis with particular emphasis on materials interfaces. Interfaces

play a key role in spintronic and spin-orbitronic devices, since they can enhance
or reduce the efficiency of the spin current injection in SCI experiments [55, 80,
132, 193–195].

Figure 6.6a shows a cross-sectional view of the LSV. The two Py electrodes (spin
injector and detector) can be observed at the right and left of the image with the
10-nm-thick BiSe wire between them. They are covered by a homogeneous 2-nm-
thick Ti layer followed by the 100-nm-thick Cu channel. The chemical distribution
has been characterized by EDX. Figure 6.6b shows the different elemental maps
for the elements of interest obtained by EDX in the region indicated by the orange
rectangle in Fig. 6.6a (see section 6.8.8 for complete EDX analysis). The elemental
maps evidence that the 2-nm-thick Ti buffer layer is oxidized along all the device.
Figure 6.6d shows a higher resolution image of the area in the blue rectangle in Fig.
6.6c: the chemical distribution of Bi and Sewithin the BiSe wire shows that the two
elements arenothomogeneouslydistributedand suggest diffusionhas takenplace
inside thewire. BiSe is a highly reactivematerial in contact with othermetallicma-
terials, creating segregation and inhomogeneity within the material that compli-
cates the quantification of spin transport parameters.

Figure 6.6e shows a high-resolution TEM image of the same wire (red rectangle in
Fig. 6.6c), where the polycrystalline and granular structure of the BiSe layer can be
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observed. In some grains, alternating Bi2Se3 quintuple layers and Bi bilayers are
visible, in agreement with the observation in section 5.6.1. The layer of Ti on top
of BiSe can be clearly distinguished and shows an amorphous morphology. Since,
after Ar-ion milling, the Ti and then the Cu spin transport channel are deposited
ex-situ by e-beam evaporation, the interface does not show a detectable interdif-
fusion, in contrast to what is reported by contacting BiSe with transitionmetals by
in-situ sputter deposition (Chapters 4 and 5) andmolecular-beam-epitaxy-grown
Bi2Se3 with metallic contacts deposited by e-beam evaporation [56].

Figure 6.6: Structural characterization by TEM. a. Cross-sectional TEM image of
the LSV device. The orange rectangle indicates the area where EDX analysis in panel b
is performed. b. EDX analysis of the cross section of the LSV, showing the elements
of interest in each subpanel: Bi (blue), Se (green), Ti (red), and O (grey). c. Cross-
sectional TEM image of the BiSe wire inside the LSV. d. Color-coded elements image
corresponding to the blue rectangle area in panel c. e.High resolutionTEM image cor-
responding to the red rectangle area in panel c.
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6.6 Oxidized Ti interface layer

I n the 3D FEM simulations described in previous section and performed for
both spin absorption and spin Hall measurements, we considered a metallic
Ti layer with ρT i = 50 µΩcm, a value obtained from our control experiment

explained in section 6.8.4. However, as pointed out in the previous section, our
EDX analysis shows that the Ti layer in the LSV becomes oxidized.

Figure 6.7: Spin diffusion length and spin Hall angle of BiSe considering an ox-
idezed Ti interface a. Spin diffusion length, λBiSe

s , b. spin Hall angle, θBiSe
SH , and c.

the θBiSe
SH λBiSe

s product extracted from the 3D FEM analysis as a function of the Ti re-
sistivity (ρT i) at different temperatures, from 10 K up to 300 K. Additionally, at 300 K,
we also use a lower resistivity of BiSe reported in Chapter 5.

Therefore, to obtain more accurate values of λBiSe
s and θBiSe

SH , we need to account
for the presence of oxygen by increasing the resistivity of Ti. Asmentioned, our de-
vice geometry does not allow extraction of the resistivity of the Ti layer in contact
with the BiSe, however since the Ti layer also covers the Py electrodes, wewere able
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to measure the interface resistance at that junction using the four-probe configu-
ration. Taking this value and calculating the resistivity for the 2-nm-thick oxidized
Ti layer, we obtained ρT i ≈ 1000 µΩcm. The samematerial will grow differently on
different materials and, therefore, we cannot directly assume that the resistivity of
Ti on Py will be the same as that of Ti on BiSe, but we can take it as an upper limit.

Repeating the 3D FEM simulation with ρT i values from 50 to 1000 µΩcm we ex-
tracted λBiSe

s as a function of ρT i, which is plotted in Fig. 6.7a. At 10 K, for example,
λBiSe
s varies between 1.1 and 2.7 nm. In order to rule out higher resistivities of the

Ti layer, we also performed a simulation using ρT i = 1500µΩcm. In this case,λBiSe
s

tends to infinity, that is, fewer spins can reach the BiSe layer, rendering the prop-
erties of this second layer irrelevant in the 3Dmodel.

We also performed a simulation considering the BiSe resistivity measured in the
vertical direction (across the thickness) at 300 K as is shown in Chapter 5 (ρBiSe =

600 µΩcm), a much lower value compared to the longitudinal measured at room
temperature (ρBiSe = 4100µΩcm, see Fig. 6.8c). Comparisonof the extractedλBiSe

s

for the simulations using longitudinal values of ρBiSe (see Fig. 6.7a, blue, black,
red and light green curves) shows λBiSe

s to be relatively small in all cases, and to
decrease with increasing temperature for any ρT i. However, comparing λBiSe

s at
roomtemperature (light greenanddark cyancurves) andρT i lower than100µΩcm,
we find that the lowBiSe resistivity value (∼ 6 times smaller) yields a spin diffusion
length more than three times larger than the one obtained using the longitudinal
higher value (ρBiSe = 4100 µΩcm).

We additionally performed a 3D FEM simulation to extract the conversion effi-
ciency (θBiSe

SH ), using now the new values of λBiSe
s for each value of ρT i from 50 to

1000 µΩcm. Our simulation results for θBiSe
SH as a function of ρTi are plotted in Fig.

6.7b. As an example, the value at 10 K varies between 0.54 and 0.88. We also per-
formed the simulation considering ρBiSe = 600µΩcmat 300K. Finally, the product
θBiSe
SH λBiSe

s as a function of ρT i is shown in Fig. 6.7c. Interestingly, this product does
not present large variations with the resistivity of the interface layer, being fairly
constant and generally lower than 1nm.This indicates the robustness of this figure
of merit in our analysis independently of the assumed resistivity of the interfacial
Ti. Table 6.1 summarizes our results, taking the minimum and maximum values
of these parameters for each temperature. Results from Chapters 5 and previous
reports on sputtered BiSe are also included for comparison.
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Table 6.1: Summary of ρBiSe, λBiSe
s , θBiSe

SH , λIREE and the method used in this thesis
(Chapter 5 and 6) and previous reports on sputtered BiSe with the temperature.

Sample tBiSe T ρBiSe λs
BiSe θSH

BiSe λIREE Method
(nm) (K) (µΩcm) (nm) (nm)

BiSe 10

10 6200
1.09- 0.54- 0.82-

LSV
2.70 0.88 1.46a

100 5900
0.45- 1.60- 0.92-
0.58 2.61 1.17a

200 5100
0.08- 1.96- 0.76-

(chapter 6)
0.39 28.90 2.31a

300 4100
0.05- 2.26- 0.63-
0.28 13.01 0.65a

300 600b
0.05- 0.43- 0.46-
1.07 11.99 0.60a

BiSe/Ti 2-16 300 600 0.5 0.45 0.225a Local device
BiSe/Pt 3-5 300 3700 0.35 3.2 1.12a (chapter 5)

BiSe/CoFeB 4-40 300 12820
-

18.62
- Harmonic

Hall [49]

BiSe/YIG 4-16 300
- - -

0.11
Spin

pumping [51]

BiSe/CoFeB 2-16 300
- - -

0.32
Spin

pumping [50]

BiSe/Py 5-10 300 1000000
-

75
- ST-FMR

[207]

BiSe/Co 3-15 300 890
-

0.35
- Harmonic

Hall [208]
aλIREE=θBiSe

SH λBiSe
s . bResistivity taken from chapter 5

6.7 Summary and conclusions

W e successfully injected apure spin current intohighly resistive sputtered
BiSe using nonlocal spin valves and performed spin absorption mea-
surements from 10Kup to room temperature. A 3DFEManalysis of the

absorption data allowed us to extract the spin diffusion length λBiSe
s in this system

for the first time. Spin-charge interconversion measurements were performed on
the same device to extract the spin Hall angle, θBiSe

SH . From these two experiments,
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we were able to reliably obtain the θBiSe
SH λBiSe

s product, a relevant figure of merit
characterizing SCI in MESO devices. Despite the uncertainty regarding the resis-
tivity of the Ti layer separating the Cu spin channel and the sputtered BiSe, the
obtained values, generally lower than 1 nm, are robust. Although existing litera-
ture has reported a high SCI efficiency for BiSe and put this material forward as a
promising candidate for MESO logic devices, our work shows otherwise. A more
accurate characterization, relying on nonlocal devices that eliminate spurious ef-
fects, allows us to unveil that the SCI efficiency of BiSe is in fact too small to be used
for MESO technology.
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6.8 Appendices

In this section, complementary data to support our results in previous sections are
added.

6.8.1 Appendix A: Electrical characterization

We extracted the resistivities of 100-nm-thick Cu and 30-nm-thick Py in the very
same device of the LSVs, and are plotted in Figs. 6.8a and 6.8b, respectively. In a
separated Hall bar nanostructure, we measured the resistivity of 10-nm-thick and
120-nm-wideBiSe (samedimensions used in the LSVs), see Fig. 6.8c, and extracted
the 3D carrier concentration (see Fig. 6.8d).

Figure 6.8: Resistivities. Resistivity as a function of temperature for a. Cu (100 nm
thick) and b. Py (30 nm thick). c. Resistivity as a function of temperature for a 10-nm-
thick and 120-nm-wideBiSewire,measuredperformed in a separateddevice (without
the Cu at the top). d. 3D carrier concentration, determined byHallmeasurements, for
BiSe (10 nm thick). Results from Ref. [49] are included for comparison.
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6.8.2 Appendix B: Dependence of the spin signal on the inter-
electrode distance

In order to extract the spin diffusion length of Cu (λCu
s ) and the interface spin po-

larization (αI) of Py/Ti/Cu, on the same Si/SiO2 chip as that containing the devices
presented previously, but in a separate device (to guarantee the same experimen-
tally conditions), we fabricated lateral spin valves (LSVs) with different Py elec-
trode distances, as shown in Fig. 6.9a.

The experimental spin signals (∆RNL) decrease as both L and T increase. The
∆RNL obtained as a function of L are fitted following the 1D spin diffusionmodel
(Eq. 2.19) for each temperature, from which αI and λCu

s is obtained.

The rest of parameters appearing in Eq. 2.19 are known (dimensions and resistiv-
ities). The spin polarization of Py (αPy) and the spin diffusion length of Py (λPy

s ),
are taken from Ref. [70]. The interface resistance (RI) is extracted as explained in
the following section.

6.8.3 Appendix C: Interface resistance

We performed 3D FEM simulations to extract the interface resistance, RI , at the
Py/Ti/Cu junction using Comsol multiphysics. We extracted RI by adjusting this
resistance in the interface area (RIAI , where AI = 5.0 × 10−14 m2) using the
FEM calculation to reproduce the experimentally measured resistance Rmeas. In
this simulation, we considered that Ti is not an extra layer but an interface and the
resistivities of Cu and Py wires presented in Figs 6.8a and 6.8b, respectively.
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Figure 6.9: Dependance of the spin signal on the inter-electrode distance. a. SEM
image of LSVs with different distances between FM electrodes (L). FM (Py) electrodes
are false-colored in blue and the NM (Cu) spin transport channel in orange. A 2-nm-
thick Ti layer is used between the Py and the Cu. The spin signal∆RNL as a function
of L at b. 10 K, c. 100 K, d. 200 K, and e. 300 K. Black circles are the experimental data
(error bars are smaller than the symbol size) and solid grey lines are the fit to Eq. 2.19.
f. Interface spin polarization (αI) and g. spin diffusion length of Cu (λCu

s ) extracted
from the fit at different temperatures.



6

114 |Quantification of spin-charge interconversion in sputtered BiSe with
nonlocal spin valves

Figure 6.10: Interface resistance Py/Ti/Cu. a. SEM image of the LSV devices pre-
sented in this chapter (Fig. 6.2) with the four-point electrical configuration to extract
the interface resistance of Py/Ti/Cu (in the injection or detection area, both consid-
ered equal). b. 3D FEM simulation model presenting the geometry and the electrical
potential driven by the applied current to extract the interface resistance (RI) at c. 10
K, d. 100 K, e. 200 K, and f. 300 K.
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6.8.4 Appendix D: Ti resistivity

To extract the resistivity of the Ti layer on top of the BiSe, we fabricated a set of
BiSe/Ti/Au stacks, varying the Ti thickness (tT i = 1, 2, 3, 4 and 5 nm, the sketch
is shown in the inset of Fig. 6.11), keeping the BiSe thickness constant (tBiSe = 10

nm), and adding Au as a capping layer (tAu = 3 nm). The stacks are patterned as
Hall bars (width w = 100 nm and length L = 800 nm) to measure the total resis-
tance (RTot), whose inverse is plotted as a function of tTi in Fig. 6.11. By applying
the parallel resistance model:

L

wRTot

=
tBiSe

ρBiSe

+
tT i

ρT i

+
tAu

ρAu

(6.1)

where ρ(T i,BiSe,Au) corresponds to the resistivity of Ti, BiSe and Au, we can extract
the resistivity of the Ti layer from the linear slope of the data in Fig. 6.11. The result
for 1-nm-thick Ti is not taken into account for the fitting, as clearly lies outside of
the straight line. This might indicate that Ti does not grow uniformly at this thick-
ness.

Figure 6.11: Ti resistivity. Inverse of the total resistance of the BiSe (10 nm)/Ti
(tT i)/Au (3 nm) stack as a function of the Ti thickness. Inset: Sketch of the stack. Mea-
surements performed at 300 K.
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6.8.5 Appendix E: 3D FEM simulation to extract the spin diffu-
sion length of sputtered BiSe

To extract the spin diffusion length of BiSe (λBiSe
s ), we simulated the spin absorp-

tion measurements (∆Rabs
NL) at 10 K, 100 K, 200 K, and 300 K by using a 3D FEM

based on the two-current drift-diffusion model.

Figure 6.12: Spin diffusion length of BiSe. a. Geometry of the simulated device and
the mesh of the finite elements and b. zoom on the 10-nm-thick BiSe wire with the
2-nm-thick Ti (purple) and 100-nm-thick Cu layers at the bottom. 3D FEM analysis
output to extract the spindiffusion lengthofBiSe (λBiSe

s ) considering aρT i of50µΩcm
at c. 10 K, d. 100 K, e. 200 K, and f. 300 K.

Figures 6.12a and b show the geometry of the simulated device (the actual device
can be seen in Fig. 6.2) and the mesh of the finite elements. The geometry con-
struction and 3D-mesh were elaborated using the free software GMSH [176] with
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the associated solver GETDP [178, 179, 181] for calculations, post-processing and
together with a Phyton code to data flow controlling. Input parameters were taken
from the resistivity characterization of eachmaterial shown in Fig. 6.8, λCu

s and αI

extracted as shown in section 6.8.2, and interface resistance of the Py/Ti/Cu junc-
tion extracted as shown in section 6.8.3. The resistivity of the 2-nm-thick Ti layer
between Cu and BiSe wires was estimated from the control experiment described
in section 6.8.4. λT i

s was calculated assuming the Elliott-Yafet mechanism for spin
relaxation (ρT iλ

T i
s = cnt.) and taking the constant from Ref. [201] (λT i

s = 13.3 nm
for ρT i = 300 µΩcm). We simulated the spin absorption experiment by adjust-
ing λBiSe

s in the FEM calculation to reproduce the experimental spin signal in the
absorption device (∆Rabs

NL, shown in Fig. 6.3a). The simulation is repeated for the
experimental ∆Rabs

NL values at each temperature (shown in Fig. 6.3b). The output
results are shown in Figs. 6.12c-f.

6.8.6 Appendix F: 3D FEM simulation to extract the spin Hall
angle of sputtered BiSe

Figure 6.13: SpinHall angle of sputteredBiSe. 3DFEManalysis output to extract the
spin Hall angle of BiSe (θBiSe

SH ) considering a ρT i of 50 µΩcm at a. 10 K, b. 100 K, c. 200
K, and d. 300 K.
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To extract the spin Hall angle of BiSe (θBiSe
SH ), a 3D FEM simulation is performed in

a similar manner as the one in section 6.8.5 but for the spin-to-charge conversion
measurements (∆RISHE) at10K,100K,200K, and300K. Sinceweuse the samede-
vice as for spin absorption, the geometry is the same, but the electrical contacts are
changed (see Fig. 6.4). Also, the model is designed taking into account the length
of the electrodes, to be long enough in such a way that have more than 3 times
the spin diffusion lengths in thematerials, andmuch longer than the widths of the
electrode such that the spin current vanishes at their ends, in the case of the ISHE
configuration.Moreover, themesh size in the vicinity of the interface is set smaller
in such a way that is possible to ensure that the SOM-based effects are calculated
properly, this is the area where the spin-to-charge current conversion takes place.
Then, byadjusting the effective spinHall angle, θeffSH , in the simulation to reproduce
the experimental value (∆R(I)SHE , shown in Fig. 6.5) and using the same input pa-
rameters as in section 6.8.5 and the obtained value of λBiSe

s (presented in section
6.8.5 and shown in Fig. 6.3d), we obtained θBiSe

SH for each temperature. The output
results are shown in Fig. 6.13.

6.8.7 AppendixG:Control experiment for spin-charge intercon-
versionmeasurements

Figure 6.14: Control experiment of spin-charge interconversionmeasurement. a.
Top-view SEM image of the reference LSVwith the electrical configuration for the SHE
measurement. b. SHE resistance in Ti/Cu as a function of the external magnetic field
at 10 K, measured with the configuration shown in panel a.
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We performed a control spin-charge interconversion experiment in the reference
device (i.e., without the BiSe wire at the bottom of the Ti/Cu cross). In such refer-
ence device, no spin-charge interconversion is expected. The experiment is per-
formed in the same conditions as in the devices with the BiSe wire. The control
experiment consists in injecting a charge current directly in the cross of Ti (2 nm)/
Cu (100 nm), while reading the voltage between the Py electrode and the Cu chan-
nel and applying themagnetic field in the hard axis of the Py electrode. Figure 6.14
displays the SHE resistance as a function of the magnetic field. No SHE signal is
observed above the∼ 5 µΩ noise level, meaning that the presence of SHE is negli-
gible.

6.8.8 Appendix H: Structural characterization

Figure 6.15: Structural characterization by TEM. a.Cross-section TEM image of the
LSVused in thiswork.b.EDXanalysis for each relevant element present in the sample,
performed in the area marked with an orange box in panel a.
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We performed a cross section cut to study the interfaces by TEM and EDX in the
very same device where we performed the spin absorption and the spin Hall mea-
surements. With the EDX elemental analysis, it is possible to clearly observe the Ti
layer (2nm) in between the BiSewire (10nm) and the Cu channel (100nm), as well
as the presence of oxygen in the Ti layer. The detailed results are shown in Figs. 6.15
and 6.16.

Figure 6.16: High-resolution TEM and elemental profile. a. High-resolution TEM
image of the BiSe wire region. b. Elemental profile through the BiSe wire. The red ar-
row represents the scanning direction (also labeled in panel a), from the substrate
(Si/SiO2) to the top of the sample (Ti/Cu).
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7.1 Introduction

I n the previous chapters, we focused on characterizing and understanding the
roleof interfaces for amoreaccuratequantificationof the spin transportprop-
erties of BiSe.We found that BiSe is highly reactive in contact with other tran-

sition metals, forming a new layer at the interfaces of the spintronic devices. In
Chapter 4, the strong interdiffusion on the spin pumping devices did not allow
us to quantify the spin transport parameters of BiSe. In Chapter 5, we improved
the quality of the FM/BiSe interface on the T-shaped devices for local spin injec-
tion. However, it was necessary to add a NM (Ti or Pt) layer on top of the BiSe T-
shaped electrode to improve the signal-to-noise ratio. This top layer changed the
stoichiometryofBiSeand, thus, its resistivity andSCI efficiency.Thiswasespecially
severe in the case of Ti, which also showed interdiffusion with BiSe. The resulting
interdiffusion identified in both chapters affected the output we measured in the
different configurations and thus complicated the quantification of the spin trans-
port properties.

Furthermore, in Chapter 6, we successfully reported a more accurate estimation
for the spin transport parameters of BiSe using nonlocal spin injectionwithmetal-
lic LSVs. However, a seed layer of Ti was needed for a proper Cu growth on top
of BiSe. To reduce the interdiffusion and improve the interface quality with Ti, we
changed the deposition technique to e-beam evaporation, instead of sputtering.
With this, the only unknown parameter is the resistivity of the seed layer (ρT i).

In an effort to suppress this interdiffusion between BiSe and the metal contacts,
and also avoid the use of the Ti layer to grow Cu on top of BiSe, we propose the
use of LSV, but replacing the metallic spin transport channel (Cu) with a few lay-
ers of graphene. This graphene channel not only avoids interdiffusion [213] at the
junction with the BiSe, but also has a higher resistivity (compared to the metallic
Cu channel), which is an advantage to reduce the shunting factor and increase the
output signal.

In this Chapter, we fabricate sputtered BiSe LSVs with few-layer graphene as spin
transport channel. Nonlocal charge-to-spin conversion (CSC) signals are success-
fullymeasured in the LSVs. Interestingly, whenmeasuring the spin current, we de-
tect simultaneous contributions originating from three different spin polarization
directions. This phenomenon has been previously observed in graphene-based
van der Waals heterostructures where the symmetries are reduced [112–115], sug-
gesting that sputtered polycrystallinematerial leads to the same symmetry reduc-
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tion ingraphene.Although this is anunexpected result, it couldopenupnewpossi-
bilities in the design of novel spintronic devices, whichwould benefit fromflexible
configurations to generate, detect and control spin currents.

7.2 Experimental details

T o fabricate the LSV with graphene, we first mechanically exfoliated HOPG
witha tape [163] and transferred thedesiredmaterial (flakes) to the surface
of clean Si/SiO2(300 nm) substrates, as explained in section 3.1.5. After the

transfer, we scanned the flakes with an optical microscope to find the flake with
the shape and dimensions needed for the LSV, see Fig. 7.1a.

After the flake is selected, we spin-coat the sample with double layer PMMA to
add structural references (crosses in Fig. 7.1b) by eBL, which allows us to align the
flake for further lithography steps. Next, we pattern the metallic contacts on the
graphene flake and deposit Ti(5 nm)/Au(45 nm) as shown in Fig. 7.1c.

Subsequently, we spin-coat again with double layer PMMA to continue with the
third lithography step to pattern the BiSe wire (Fig. 7.1d), grow the 30-nm-thick
BiSeby sputteringwith the sameconditions reported inprevious chapters, andcap
it with SiO2 (5 nm) in situ (same sputtering conditions as in Chapter 6), followed
by the lift-off process.

Afterwards, the metallic contacts for the BiSe are patterned by eBL. After develop-
ment, we Ar-ion mill the SiO2 capping layer with the help of the mass spectrome-
ter and immediately transfer the sample to the evaporation chamber to grow Ti (5
nm)/Au (45 nm), followed by lift-off process (see Fig. 7.1e).

The fifth and final lithography step is used to pattern the ferromagnetic electrodes.
After development, we growby e-beamdeposition 3Å of Ti, let it oxidize by air, and
then grow 35-nm-thick Co capped in situ by thermal deposition of 5-nm-thick Au
(Fig. 7.1f), followed by the lift-off process.

When the sample is ready after the five lithography steps, depositions, lift-offs,
and Ar-ion milling processes, we contact it with Al wire using a wire bonder at
low power conditions. To contact the back-gate, we carefully scratch the SiO2 in
one corner of the sample with a diamond tip and contact it with the Al wire using
higher power conditions.
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Figure 7.1: LSV fabrication with graphene as spin transport channel. a. HOPG is
exfoliated in a clean substrate and the desired flake is selected. b. The first lithography
step addsmarkers for the alignment of theflake. c. The second lithography step is used
for contacting the graphene flake with Ti (5 nm)/Au (45 nm) electrodes. d. The third
lithography step adds the sputtered BiSe (30 nm thick) wire with a capping layer of
SiO2 (5 nm). e. The fourth lithography step adds themetallic contacts to the BiSewire,
by milling the capping layer and again Ti/Au deposition. f. The fifth lithography step
is performed to pattern the FM electrodes with Ti (3 Å)/Co (35 nm)/Au (5 nm).

7.3 Spin-to-chargeconversionsignals ingrapheneLSV

F irst, it is important to clarify that the SCI signal can have different origins
when using graphene-based LSVs devices. In this case, a SOM is combined
with a graphene flake, forming a hybrid system at the interface between
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both materials which can be interpreted as a proximity effect, in which the SOM
imprints its SOC into the graphene. We can thus refer to this system as “proxim-
itized graphene”. Therefore, in addition to the SHE of the bulk SOM, the proxim-
itized graphene can show SHE and REE. In order to identify how these different
components will appear in the SCI signal, the contributions from each spin polar-
ization when sweeping the magnetic field along one direction (Hx) are analyzed
(see Fig. 7.2).

When using a SOM/graphene LSV with a spin-to-charge conversion (SCC) config-
uration, a magnetic field could be applied to control the direction of the spin po-
larization s = (sx, sy, sz). In addition, the magnetization of the FM electrode tends
to lie along its easy axis, which corresponds to the y direction due to the shape
anisotropy. Thus the FMmagnetization can be along the +y or −y direction. The
nonlocal resistance (RNL) measured when the initial state of the FM is along the
+y direction is calledR↑NL, whereas when the initial state of the FM is along the−y

direction it is calledR↓NL.

When applyingHx, the orientation of the injected spins can be influenced by the
precession or by the pulling of the FM. First, whenHx = 0, the Co magnetization
lies along the easy axis (s = ±sy). Figure 7.2a shows the schematic representation
of the direction of the magnetization along the +y-direction (s = +sy). The signal
associated with the SCI of +y-spin component is maximum at Hx = 0, which is
representedby the blue solid line (R↑NL) in Fig. 7.2b. Similarly, when the initial state
of magnetization is opposite (−y-direction), the polarization of the injected spins
is then s =−sy, this signal is illustrated in Fig. 7.2b by the red dashed line (R↓NL).

However, whenHx is finite but small, the direction of the injected spins is perpen-
dicular to the direction of the field, and thus the spins will precess in the graphene
channel in the y−z plane (see Fig. 7.2c). As precessionbegins, the resulting SCI sig-
nal from the y-spin component decreases. This is because there are fewer y-spins
reaching the SOMwire. For a given positive value ofHx (with+y-spin component)
the spins reaching the SOMwill be polarized along the+z-direction (R↑NL). On the
other hand, for an opposite negative value ofHx, the spins will be polarized along
the −z-direction. The RNL signal associated with the SCI of sz spins will also de-
pend on the precession, resulting in an antisymmetric Hanle curve. Figure 7.2d
shows the schematic representation of the signal when the initial state of themag-
netization is along the+y (blue solid line,R↑NL) or−y (red dashed line,R↓NL) direc-
tions. The two curves are antisymmetricwith themagnetic field and have opposite
signs for the same value ofHx.
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Figure 7.2: Spin components of the spin-to-charge conversion signal with the
graphene-based LSV by applying an in-plane magnetic field along the hard axis
of the Co electrode. Schematic representation of the a-b. y-component, c-d. z-
component, and e-f. x-component of the SCC signal.

For sufficiently large values of Hx, the magnetization of the FM is pulled in the
direction of the field until they align. The schematic representation when the FM
magnetization is along the+x-direction and thus thex-spins are injected is shown
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in Fig. 7.2e. TheRNL signal associatedwith the SCI of sx spins is independent of the
initial state of the magnetization because it comes from the pulling of the magne-
tization, which is why the blue (R↑NL) and red (R

↓
NL) curves in Fig. 7.2f are super-

imposed. These S-shaped curves are antisymmetric with respect to Hx and both
have the same sign.

All three contributions (Figs. 7.2b, 7.2d and 7.2f) could be present simultaneously.
To separate the different SCC contribution in the RNL vs Hx measurements, we
define RAve

SCC = (R↑NL + R↓NL)/2 and RSCC = (R↑NL − R↓NL)/2. RAve
SCC corresponds

to the SCI of the sx spins, because the signal is independent of the initial magne-
tization. RSCC contains the signals from sy and sz, because they depend on the
initial magnetization. They can be further distinguished by taking the symmetric
and antisymmetric parts, respectively [112, 162].

7.4 Charge-to-spinconversion inBiSe/grapheneLSV

In general, using LSVdevices, both spin-to-charge (SCC) and charge-to-spin (CSC)
conversion can be studied, as we did in the previous chapter, leading to recipro-
cal signals. Both configurations were successfully measured in Chapter 6 due to
the channel of Ti/Cu layer deposited at the top of the BiSe wire (see Fig. 6.4). In
this chapter, the objective is to remove this shunting channel and leave just the
BiSe wire (see Fig. 7.3a). However, the noise when measuring voltage in the BiSe
wire was too high because of its high resistivity, hiding any possible nonlocal sig-
nal by measuring in the SCC configuration. In contrast, the use of a CSC configu-
ration, where the BiSe wire is used to inject the charge current, greatly improved
the signal-to-noise ratio.

To perform suchmeasurement, we apply a constant current Ic = 20 µA to the BiSe
wire. The charge current (jc) injected is converted into a spin current (js) due to
the SHE or a spin density (µS) due to the REE, either of which diffuses away in the
graphene channel until it reaches the Co electrode, which is detected as a voltage
(VNL), as explained in Chapter 2. In our measurements, the direction of jc (along
y-direction) is fixed, whereas the orientation of s is controlled with the external
magnetic field as we discussed in the previous section.

We study theCSCby sweepingHx, and the resulting curves forRNL as a function of
Hx at 150 K are shown in Fig. 7.3b. Themeasurement was performed in four steps:
for the first two steps,RNL wasmeasured while sweepingHx from 0 to 10 kOe and
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0 to−10 kOe, with the magnetization of the Co electrode initially saturated in the
+y-direction prior to each sweep (R↑NL, blue curve). Then, similar measurements
were repeated for the magnetization of the Co electrode initially set along the−y-
direction (R↓NL, red curve). During the measurement, a gate voltage (Vg) was ap-
plied (graphene Dirac point was −17 V). The results shown here correspond to a
Vg = +10 V, as we obtained the best signal-to-noise ratio.

In order to disentangle the CSC component arising from the different spin polar-
izations, we follow the protocol discussed in section 7.3 and we calculate RSym

CSC

(Fig. 7.3c),RAnti
CSC (Fig. 7.3d) andRAve

CSC (Fig. 7.3e).

Initially, the sx component (RAve
CSC) was the only signal expected coming from the

SHE in the BiSe wire. However, we observed two other components (RSym
CSC and

RAnti
CSC), indicating other CSC contributions in our system. Let us discuss the ori-

gin of each one of these components.

The sx-induced CSC (RAve
CSC) can arise from the SHE in BiSe (with the conventional

restriction that js, jc and smust be mutually orthogonal) after is absorbed along
z-direction into BiSe. However, the REE in proximitized graphene also gives rise to
sx-spins, making the two contributions indistinguishable. We can compare these
results with the ones for SHE in themetallic LSV (Fig. 6.5a). We expect a sign rever-
sal in the s-shaped curve of Fig. 7.3e if the signal is dominated by the SHE of BiSe
[because the BiSe wire has opposite stacking order (top/bottom) with respect the
spin transport channel, while we keep the electrical configuration]. The absence
of this sign reversal between curves in Fig. 6.5a and Fig. 7.3e suggests that the CSC
signal originates mostly from the REE in proximitized graphene.

The sy-induced CSC (RSym
CSC) can only arise from an effect that allows the spin po-

larization to be parallel to the charge current, since both are along y in this case. As
discussed in detail in section 2.2.2, this contribution has been observed in transi-
tionmetal dichalcogenides (TMD)/graphene van der Waals heterostructures with
a certain twist angle, breaking the mirror symmetry in the graphene plane. This
allows for an unconventional REE (UREE) in which the spin polarization and the
charge current are parallel. Our result is thus unexpected, because it implies that
we are also breaking this symmetry, but by depositing a thin filmwhich is polycrys-
talline, unlike the single crystal TMDs.
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Figure 7.3: Spin-to-charge conversion in BiSe using LSV with graphene by apply-
ingHx. a. Top view false-colored SEM image of the LSV with graphene as spin trans-
port channel (green), BiSe wire (yellow), Ti/Au contacts (orange), and Co electrodes
(blue), with the schematic representation of the direct SHE configuration measure-
ments. b. Nonlocal resistance as a function of Hx using the configuration shown in
panel a, with initial positive (R↑NL, blue squares) and negative (R↓NL, red squares)
magnetization direction of the FM detector measured at 150 K and Vg = +10 V. An
offset of 4.84mΩ has been subtracted. c. Net symmetric and d. antisymmetric Hanle
precession signal extracted from the two curves in panel a. by takingRCSC = R↑NL −
R↓NL)/2 and then extracting the symmetric and antisymmetric component. e. Aver-
age signal extracted from the two curves in panel a. by takingRAve

CSC = R↑NL+R↓NL)/2.
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To further confirm the UREE arising from sy spins, we measureRNL while sweep-
ingHy. Due to the shape anisotropy, the easy axis of the Co electrode, and thus its
magnetization at zero field, lies along the y direction. By applying a sufficientmag-
netic field along± y-direction (Hy), themagnetizationof theCoelectrode and thus
s = (0, ± sy,0) of the injected spins can be switched (the coercive field of Co elec-
trodes is typically < 500 Oe). However,Hy does not induce spin precession during
spin transport along the graphene channel, because s andHy are parallel to each
other and consequently js has one of the two polarization directions (±sy). Very
interestingly, we observed a square hysteresis loop for RNL as a function of Hy,
shown in Fig. 7.4, with the signal switching sign at the coercive field of the Co elec-
trode (∼ 300Oe). The amplitude of the signal corresponds to the one observed for
RSym

CSC in Fig. 7.3c. We also note an opposite sign between themeasured VNL corre-
sponding to the CSC from sx (Fig. 7.3e) and sy (Figs. 7.3c and 7.4b), indicating that
the sign of the conventional and unconventional REEs are opposite.

Figure 7.4: Charge-to-spin conversion in BiSe using LSV with graphene by apply-
ingHy. a. Top view false-colored SEM image of the LSV with graphene and BiSe with
the schematic representation of the direct SHE configurationmeasurements with the
external magnetic field applied in the easy axis.b. Nonlocal resistance as a function of
Hy using the configuration shown in panel a, measured at 150 K and Vg = +10 V. An
offset of 4.7mΩ has been subtracted.

Finally, the sz-inducedCSC(RAnti
CSC) arises fromtheSHE in theproximitizedgraphene,

also following the orthogonal relation between jc (injected along y), js (diffusing
along x) and s (polarized out of plane). The presence of this component is not
surprising, since SHE in graphene has been reported with different materials de-
posited on top, such as Bi2O3 [214] or CuOx [215]. The origin of this SHE could be
either intrinsic or extrinsic, as discussed in these works [214, 215].
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7.5 Summary and conclusions

W e observed an omnidirectional CSC in BiSe/graphene LSV and disen-
tangled each CSC component arising from the different spin polariza-
tion directions. The sx-component can be compared with the one ob-

tained with the metallic LSV in the previous Chapter (Fig. 6.5a), suggesting that
the sx-component in BiSe/graphene LSV is dominated by the REE in proximitized
graphene rather than the SHE in bulk BiSe. The sz-component is also observed
and originated from the SHE in the proximitized graphene (orthogonal relation
between jc, js and s). The sy-component observed is possible when mirror sym-
metries arebroken, leading toUREE inproximitizedgraphene.TheUREEhadbeen
previously observed only in TMD/graphene van der Waals heterostructures [112,
113, 162] but now we also are capable of detecting it with a sputtered material on
graphene, which makes it simpler. Further investigation is needed to quantify the
CSC efficiency of BiSe/graphene LSVdevice, such as the SCI experiments by apply-
ing themagnetic field out-of-plane, and the spin transport characterization of the
graphene channel (Hanle curves). Although it was completely unexpected in this
study, this omnidirectional CSC provides new possibilities in the design of novel
spintronic devices, that could use the three spin directions to realize complex op-
erations, and benefit from flexible configurations to generate, detect and control
spin currents.
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This thesispresents a systematic studyof sputteredpolycrystallineandhighly
resistive BixSe1−x as a SOM for SCI experiments. This material has been
strongly suggested as a candidate to be placed in the readout SO node

of Intel’s proposed MESO device [11]. In order to quantify its SCI efficiency, it is
necessary to properly extract its spin transport parameters such as the spin diffu-
sion length and the spin Hall angle. Towards this objective, we have used different
SCI experimental techniques. Here, we summarize the main results of the thesis,
as well as future perspectives using these devices towards the implementation of
functional spin-based devices.

One of themost established approaches to perform SCI measurements is the spin
pumping technique. Chapter 4 presents our first approach to study SCI in sput-
teredBixSe1−x by spinpumping.We show the results on the frequencydependence
of the spin pumping voltage of Py/BixSe1−x and BixSe1−x/Py bilayers and observe
that the Gilbert damping of Py is very different in the two stacks. By studying the
structural composition by STEM-EDX of both systems, we find a strong interdiffu-
sion, so that the chemical composition of the magnetic layers and the interfaces
arenot homogeneous and therefore themodels used to characterize theproperties
of the system are no longer valid. Ignoring these inhomogeneities in the interfaces
and films would lead to an incorrect estimation of the SCI efficiency.

In Chapter 5, we use a different technique to perform SCI measurements, with an
architecture similar to the SO readout node of the MESO device, using a local T-
shaped device. Taking advantage of the knowledge gained in Chapter 4, we first
study the interfaces when BixSe1−x is sputtered bottom/top on bilayer samples
with the FM layer, in this case CoFe. In both stacks, an amorphous layer is found at
the interface, which is thicker when BixSe1−x is at the bottom. Such a layer corre-
sponds to interfacial mixing, as confirmed by normalized EDX. We therefore fab-
ricate local T-shaped devices with CoFe at the bottom, so that the interdiffusion is
lower. Nevertheless, to improve the signal-to-noise ratio, we have to add a NM (Ti
or Pt) layer on top of the BixSe1−x T-shaped electrode. We are able to observe SCI
in sputtered BixSe1−x in local spin Hall measurements at room temperature and
show that all parameters related to SCI efficiency, namely the resistivity, the spin
diffusion length (λs) and the spin Hall angle (θSH), are affected by the intermixing
with the topmetal contact. In particular, the fact that a change in Se concentration
by interdiffusion made a 6-fold difference in BixSe1−x resistivity shows how easily
θSH can be overestimated by a resistivity without considering interdiffusion.

In general, λs, which is an essential parameter for proper quantification of SCI ef-
ficiency, is unknown for sputtered BixSe1−x. Instead, it is usually taken from a few
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reports on epitaxially grownBi2Se3, which has not only a different crystal structure
but also a different composition. This dissimilarity inevitably leads to inaccura-
cies in the subsequent quantification of the SCI efficiency of BixSe1−x. Although
we extract a λs value in Chapter 5, there were two unknown parameters and only
one experiment. To improve the quantification, in Chapter 6 we characterize sput-
tered BixSe1−x for the first time by the spin absorption technique using lateral spin
valves. The use of a nonlocal measurement avoids spurious effects related to lo-
cal currents and allows us to independently quantify λs and θSH of BixSe1−x in the
same device, making this quantificationmore accurate than previous reports. De-
spite the uncertainty in the resistivity of the Ti layer separating theCu spin channel
and the sputtered BixSe1−x, the values obtained for the θSHλs product, generally
less than 1 nm, are robust. The quantification from the measurements was care-
fully done with a 3D model, which includes input from TEM characterization of
the same devices.Wewere able tomeasure and quantify these parameters from 10

K up to 300K, concluding that the SCI efficiency of thismaterial is not exceptional.

In an effort to suppress this interdiffusion between BixSe1−x and the metal con-
tacts, in Chapter 7 we propose the use of LSV as the characterization technique,
but instead of a metallic spin transport channel like Cu, we use a few layers of
graphene. Surprisingly,weobserveomnidirectionalCSC inBixSe1−x/grapheneLSV,
evidencing that we have CSC components beyond the SHE in bulk BixSe1−x we
were looking for. In fact, by comparing with the results in Chapter 6, we conclude
that the CSC signal from the sx-component is dominated by the REE in proxim-
itized graphene rather than the SHE in bulk BixSe1−x. The sy-component is ob-
served because the mirror symmetries of our BixSe1−x/graphene heterostructure
are broken, allowing the UREE in proximitized graphene. Interestingly, sy follows
an unusual non-orthogonal configuration. The sz-component is also observed,
which originates from the SHE in the proximitized graphene (orthogonal relation
between jc, js and s). This omnidirectional CSC opens new possibilities for the
design of novel spintronic devices that could use the three spin directions to real-
ize complex operations that could benefit fromflexible configurations to generate,
detect, and control spin currents.

The results presented in this thesis highlight the importance of studying the inter-
facial and compositional properties of BixSe1−x systems for SCI, since they tend to
produce systems with very high interdiffusion and thus the performance is highly
dependent on the quality of the layers and interfaces aswell as their stoichiometric
composition.
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However, materials with Bi-based composition are an interesting alternative for
SCI and for the development of spin-based devices asMESO logic devices, such as
Dirac semimetals, which have gapless electronic excitations protected by topology
and symmetry [216]. Their characteristic electronic properties lead to protected
surface states and novel responses to applied electric and magnetic fields. Theo-
retical studies of Dirac semimetals such as Bi and BixSb1−x alloys predicted large
SCI efficiencies maximizing at the Dirac point [217–219]. A recent experimental
study of the spin-orbit torque based on theHarmonicHall technique on a series of
BixSb1−x alloys grown by sputtering reports a large SCI efficiency arising from the
carriers near their Dirac point [220]. In addition, the absence of Se in its chemical
composition is also a clear advantage over BixSe1−x for improving the quality of
device interfaces.

These Bi-based materials have a high resistivity, a key ingredient to increase the
output signals in the readout SO node of the MESO; however, a high resistivity of
the SOMwill additionally introduce two relatedproblems, suchas the conductivity
mismatch and the shunting effects with the metallic FM, and these will dramati-
cally reduce the voltage output of the SO node. We propose that the SCI efficiency
and voltage output can be studied by introducing a tunneling barrier between the
FM and the SOM. Our group has recently investigated the advantage of a tunnel
barrier (Supp. Info. in Ref. [34]) in a T-shaped device with β-Ta and CoFe, by in-
troducing an insulating barrier of AlOx, where an increase in the generated out-
put current and voltagewas observed. Nevertheless, an optimization of the barrier
layer is required due to the lack of reproducibility. Since tunnel barriers with high
spin polarization (Pi) have been well studied in the case of MTJs [20–22, 221], the
best candidate material as a tunnel barrier in the SO node is the crystalline (100)
MgO in combination with Fe-based alloys (CoFe, CoFeB). The tunnel barrier can
prevent mixing, current shunting, and spin backflow while increasing spin injec-
tion efficiency.
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1D one-dimensional
2D two-dimensional
2DEG two-dimensional electron gas
3D three-dimensional
AC alternating current
AFM Atomic force microscopy
AHE anomalous Hall effect
ALU arithmetic logic unit
AMR anisotropic magnetoresistance
BiSe BixSe1−x
CMOS complementary metal-oxide-semiconductor
CPW coplanar waveguide
CSC charge-to-spin conversion
DC direct current
DOS density of states
eBL electron-beam lithography
EDX energy-dispersive X-ray
FEM Finite element method
FM ferromagnetic
FMR ferromagnetic resonance
GMR giant magnetoresistance
HOPG highly-oriented pyrolytic graphite
IREE inverse Rashba-Edelstein effect
ISHE inverse spin Hall effect
LSV lateral spin valve
ME magneto-electric
MESO magneto-electric spin-orbit
MRAM magnetoresistive random access memory
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MTJ magnetic tunnel junction
NM non-magnetic
OHE ordinary Hall effect
PHE planar Hall effect
PMMA Polymethyl Methacrylate
PPMS physical property measurement system
PVD physical vapor deposition
REE Rashba-Edelstein effect
RF radio frequency
SCC spin-to-charge conversion
SCI spin-charge interconversion
SEM Scanning electron microscopy
SHE spin Hall effect
SO spin-orbit
SOC spin-orbit coupling
SOM spin-orbit coupling material
SOT spin-orbit torque
SP spin-pumping
STEM scanning transmission electron microscopy
STT spin-transfer torque
TEM Transmission electron microscopy
TI topological insulator
TMD transition metal dichalcogenides
TMR tunneling magnetoresistance
UHV ultra high vacuum
UREE unconventional REE
VSM vibrating sample magnetometry
ZEP α-chloromethacrylate and α-methylstyrene
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