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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 terms of power consumption, because smaller
transistors no longer mean 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 the mag-
netoelectric material (~ 100 mV) to drive the next element in a logic operation, a



value that could be achieved by using materials with high SCI efficiencies and high
resistances.

In this regard, a promising candidate for the output node of the MESO device is
Bi,Ses, which has been reported to have both high SCI efficiency and high resistiv-
ity. BioSe; 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, \;z ). 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 Bi,Se;_, (BiSe) grown by sputtering, a simple technique compatible
with industrial processes. Although the Edelstein effect is the source of SCl in ideal
topological insulators, many works use the spin Hall angle (f5) to quantify the SCI
efficiency in this class of materials. In this case, just as for materials exhibiting SHE,
the spin diffusion length () 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 655 A\, product, which is equivalent to \;z . Nevertheless, A,
for sputtered BiSe is usually taken from a few reports describing epitaxially grown
Bi,Ses, which has not only a different crystal structure but also a different composi-
tion. This dissimilarity inevitably leads to inaccuracies in the subsequent quantifi-
cation of 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 on Bi,Se; have reported interdiffusion by solid-state reac-
tion when in contact with metals. 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 (\s and 05y ) 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 found a strong interdiffusion, so that the chemical composition of the magnetic
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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In Chapter[5, we used a different configuration to perform SCI measurements, 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 in Chap-
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, \; and 65, are affected
by interdiffusion. In particular, the fact that a change in Se concentration by inter-
diffusion made 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 \; and 6sy of BiSe.
The use of a nonlocal measurement avoids spurious effects related to local cur-
rents, such as Oersted fields 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 in bulk BiSe we were looking for. These new components 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 in many 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 rdpido progreso de las tecnologias afecta a todos las dreas y aspectos de la vida
cotidiana. Esta, estd transformando cada vez més todos los aspectos dela sociedad,
con increibles posibilidades de cambio que parecen no tener fin. En el centro de
todo ello se encuentra una ley de hace medio siglo de antigiiedad 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 nimero de transistores por chip se duplica cada dos afos.
La industria de semiconductores hoy en dia produce miles de millones de ellos en
un pequefo chip de silicio. Sin embargo, estos avances tecnolégicos y la evolu-
cién de la ciencia de los materiales estdn llegando a los limites fisicos de la re-
duccién de tamario, especialmente en términos de consumo de energia. Fabricar
transistores mds pequenos no significa voltajes de funcionamiento més 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 disefio y fabricacién de los dis-
positivos integrados. En este sentido, la industria electréonica ha abierto nuevas
fronteras mas alld de la tecnologia CMOS (del inglés complementary metal-oxide-
semiconductor), las cuéles 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 espintronicos son uno de ellos.

Los dispositivos espintronicos explotan el grado de libertad de espin de los elec-
trones en aplicaciones como dispositivos de l6gica y de memoria no volétil. La es-
pintrénica se basa en materiales con un fuerte acoplamiento espin-érbita (SOC,
del inglés spin-orbit coupling) que permiten la interconversion espin-carga (SCI,
del inglés spin-charge interconversion) mediante el efecto Hall de espin (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 logicas basadas en un dispositivo
con dos nodos diferentes conectados en cascada a multiples dispositivos. El nodo



de entrada se utiliza para escribir un elemento ferromagnético con un voltaje uti-
lizando efectos magnetoeléctricos. En cuanto al nodo de salida, se utiliza para leer
el estado magnético del elemento ferromagnético, utilizando la conversién espin-
carga. Un importante requisito para el funcionamiento de los dispositivos MESO
es el voltaje de lectura que debe estar por encima del voltaje coercitivo del material
magnetoeléctrico (~ 100 mV) y asi poder conducir el siguiente elemento en una
operacion logica. Un valor que podria conseguirse utilizando materiales 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 BiySes, del que se ha reportado que tiene una alta eficiencia SCI
y una alta resistividad. El Bi»Se3 se conoce como un material aislante topolégico.
Esta clase de materiales exhibe bloqueo de momento de espin en los estados su-
perficiales topolégicamente protegidos, una propiedad que permite un EE muy
eficiente (denotado por la longitud Edelstein inversa, A\;zx). Sin embargo la ex-
plotaciéon de estos estados superficiales suele requerir una estructura epitaxial y
bajas temperaturas para minimizar la conduccién del bloque o interior del mate-
rial.

No obstante, recientemente algunos estudios han reportado altas eficiencias de
SClincluso a temperatura ambiente en Bi,Se;_, (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 topologicos ideales, muchos
trabajos utilizan el dngulo Hall de espin (fsy) 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 difusién del espin (\,) es un pardmetro esencial para
una cuantificacién adecuada de la eficiencia de SCI. De hecho, para muchas apli-
caciones incluyendo el dispositivo MESQ, la figura de mérito relevante es el pro-
ducto fsy s, que es el equivalente a A\;gzg. Sin embargo, el valor A\, para el BiSe
depositado por sputtering suele tomarse de unos pocos estudios que reportan el
Bi,Se; crecido epitaxialmente, que no sélo tiene una estructura cristalina difer-
ente sino también una composicién quimica distinta. Esta diferencia conduce in-
evitablemente a imprecisiones para la posterior cuantificacion de la eficacia del
SCI del BiSe. Por otra parte, la mayoria de las técnicas de cuantificacion del SCI re-
quieren que el material donde ocurre la conversion de espin-carga esté en contacto
directo con otro material ferromagnético o metal de transicién. Aunque estudios
recientes sobre Bi,Se; han reportado que este sufre interdifusiéon por reaccién en
estado solido 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



cuantificacion precisa de las propiedades de transporte de espin (\; y 05) 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 técnicas mdas conocidas en este campo, que es el spin pumping. El Capi-
tulo[4] presenta los resultados de SCI en BiSe depositado por sputtering mediante
la técnica de spin pumping utilizando 6rdenes de apilamiento opuestos (BiSe/Py
y Py/BiSe). Al estudiar los resultados en ambos sistemas encontramos una fuerte
interdifusion, donde la composicién quimica 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 validos. Ignorar estas inhomogeneidades
en las interfaces y las peliculas conduciria a una estimacién incorrecta de la efi-
ciencia de la SCI.

En el Capitulo 5, utilizamos una configuracion 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 inyeccion local de espin. Te-
niendo en cuenta los resultados del Capitulo [4|sobre la interdifusion, 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 pardmetros relacionados con la eficiencia de SCI, como la resistividad, A
y 05, se ven afectados por la interdifusion. En particular, el hecho de cambiar la
concentracion de Se por la interdifusion genera una diferencia de hasta 6 veces
en el valor de la resistividad de este material. En este capitulo hemos demostrado
c6mo esto puede conducir facilmente a una sobreestimacién de los parametros de
transporte de espin.

Posteriormente, en el Capitulo [6} fabricamos valvulas laterales de espin (LSV, del
inglés lateral spin valves) para usar la técnica de absorcion de espin. Esta vez para
reducir la interdifusién entre los metales en contacto con el electrodo de BiSe, los
metales los hemos depositado por evaporacion de haz de electrones, una técnica
de deposicién més suave que el sputtering. También, las LSV nos permiten realizar
dos configuraciones de medida separadas, posibilitando cuantificar independien-
temente )\, y sy del BiSe. Por otro lado, el uso de una medicién no local evita los
efectos espurios o no deseados relacionados con las corrientes locales, como los
campos de Oersted en las técnicas de spin-orbit torque o los voltajes inducidos por
laslineas de campo en las técnicas potenciométricas de tres terminales. Con los re-
sultados obtenidos en ambas configuraciones podemos modelar nuestros dispos-
itivos en 3D y analizarlos por el método de los elementos finitos (3D FEM) para
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extraer los pardmetros de transporte de espin a diferentes temperaturas. Ademas,
para aprovechar las ventajas de la configuracion de las LSV, en el Capitulo 7| pro-
pusimos el uso de una LSV basada en grafeno como canal de difusién de espin,
que ademds nos permite suprimir la interdifusién con el electrodo de BiSe. Sor-
prendentemente, en la LSV de BiSe/grafeno, observamos otros componentes de
SCI mas alla del SHE en el BiSe, el cual estibamos buscando. Estos nuevos com-
ponentes son una forma interesante de explorar nuevas posibilidades en el disefio
de dispositivos espintronicos 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 espin de este material. Algo que 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 16gicos MESO, nuestro trabajo demuestra lo
contrario. Con una caracterizacion mads 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 tecnologia MESO.
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Chapter 1

Spintronics for a world beyond
CMOS



2 | Spintronics for a world beyond CMOS

1.1 Beyond-CMOS Devices

oore’s Law [1]], which states that the number of components per inte-

grated circuit doubles every two years (Fig.[L.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.
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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. respectively). To that end, the electronics industry



Beyond-CMOS Devices | 3 _

continues to drive progress on many fronts, such as new devices beyond [comple-|
imentary 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 technology [6-8], new alternatives to
iterative logic circuits beyond the transistor have emerged in recent years,
such as the ones shown in Fig[I.2] These logic devices explore new physical effects
through novel or unconventional materials using alternative state variables such
as magnetization, 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 the non-volatile nature of their magnetic elements [10]
and have current-controlled magnetic 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.[1.2j. [5}[11].
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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 HB, 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 the magnetic element is voltage-based using
[magneto-electric (ME)|effects, the energy consumption is lower (Fig.[.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 beyond[CMOS]and highly advanced[CMOS|technologies,
these spintronic devices show significant gains in areal logic density, operating en-
ergy, and computational throughput. Figure|l.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 transistor and the
advanced [CMOS|devices for a 32-bit[arithmetic logic unit (ALU)}

1.2 Spintronics from the very first application

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
associated magnetic moment. For an electron, the component of the angular mo-
mentum along a given axis can take two values; i/2 or -h/2, which are known as
the "spin-up" and "spin-down" states, where  is the reduced Planck constant [13]].
This intrinsic angular momentum can be used to carry information, much like the
charge in electronics. In the late 1980s, the study of the injection, transport, manip-
ulation, and detection of the spin degree of freedom of electrons emerged from the
reports on [giant magnetoresistance (GMR)| [14, [15]. Magnetoresistance is defined
as achange in the electrical resistance in the presence of an external magnetic field.

The devices, also known as vertical spin valves, consist of a metallic mul-
tilayer system with two [ferromagnetic (FM)|layers separated by a jnon-magnetic|
[NM)|layer with a thickness in the order of nanometers. Due to the exchange inter-
action in a[FM|material, a majority of the electrons have spin in a particular direc-
tion, giving rise to a net magnetization. The magnetization direction of the two
layers can be either parallel to each other (configuration in Fig.[1.3p) 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 (parallel
or antiparallel), resulting in low or high resistance states [16].




Spintronics from the very first application | 5

C-1o“;
:\103 X TM\R head 25% CGR/
é % Perpendicular o 6 GB 19nm)|
8 E recording  40% CGV“ 8 GB 20 nm TLC
=10 . ¥
= " E 1st AFC med 7
= E s me |a\
S N 100% CGR .
o 10k 1st GMR head
© E " 2GB
g F 60% CGR L 168
1 st MR head 2
E 512MB
3 s 256 MB
o
1 0.1' 64 MB
%MB
gl
1990 1995 2000 2005 2010 2015 2020

Production year

| \—

Figure 1.3: 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 the[FMk gives rise to two different resistance states, a. alow re-
sistance state (parallel configuration) and b. a high resistance state (antiparallel con-
figuration), allowing for readout of the magnetic configuration. c. Trend of the increase
in areal density of hard disk drives (black) and flash disks (red) over the production
year. Figure adapted from Ref. .

was rapidly and successfully transferred to applications such as magnetic
field sensors and read heads for hard disk drives (see Fig.[1.3k) leading to the No-
bel Prize in Physics for A. Fert and P. Griinberg in 2007 [16]. The development of
spintronics started with 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[FM]l/oxide/[FMR heterostructure [20-22]. This device demonstrates
[neling magnetoresistance (TMR)|in which the bias applied must reach a certain
energy for the electrons to tunnel from [FM]l through the oxide and reach [FMP.
The[MT]|relies on the relative orientation of the magnetization direction, like the
spin valves based on|[GMR)} but usually has a much higher magnetoresistance ratio,
easily reaching more than 500% [23].
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This discovery was also transferred to applications such as the [magnetoresistive]
random access memory (MRAM)} AIMRAM]is composed of]MT]|arrays, where each
represents a non-volatile memory bit, with the parallel and antiparallel states
of a[MT]J] i.e. the two possible resistance states, corresponding to binary values of
0 and 1. Each contains a free layer with switchable magnetization and
another[FM]layer with pinned magnetization via exchange bias with an antiferro-
magnet.

a. b. C.

Field-driven Spin Transfer Torque (STT RAM) Spin-Orbit Torque (SOT RAM)
(spin-Hall, Rashba)

> || vY >y

Figure 1.4: Different generations for writing magnetic states. The writing
techniques based onMTJk can be achieved by the three following methods; a. Field-
driven writing of magnetic states by inducing Oersted fields (H, and H,) with two bias
currents (white arrows). b.[STTJrelies on a torque on[FMR exerted by the spin-polarized
high-density current created by a bias current across[FM]L; c. In the [SOT| writing de-
vice, a[spin-orbit coupling material (SOM) electrode is connected to in theMTJ}
A bias current through the[SOM]causes charge-to-spin conversion producing a trans-
verse pure spin current that exerts a torque on (free layer, red arrow) switching
its magnetization. In all methods, the magnetic state in[FMR can be switched by re-
versing the current direction. Figure adapted from Ref. [24].

Figure[l.4/shows several generations o MRAM|based on[MTJk. In all cases, the mag-
netic bits are read by measuring the resistance of the after a relatively small

charge current is passed through the stack. However, the remaining challenge is
how to write the magnetic bits, i.e. how to switch the magnetization of the free layer
in an efficient way. The first approach was to use the Oersted field created by charge
currents, see Fig.[I.4a. The main drawback of this technique is the barrier to down-
scaling, given the difficulty of localizing the magnetic field generated and the need
for larger currents to switch the magnetization as the bit size is reduced [25].[STT]is
an alternative method of writing. This phenomenon, predicted by Slonczewski [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[MT]|in an[MRAM] when a
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charge current is applied through the[MT]} as shown in Fig.[1.4p, the first[FM|layer
of the acts as a spin polarizer. This spin-polarized current will tunnel through
the insulating layer, transferring the angular momentum to the second layer
of the 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[STTHMRAME [28]. The main drawback is that the rel-
atively large charge current in the small area of the junction is detrimental to the
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 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[SOM| metal adjacent to the free layer of the
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}
based MRAM] charge currents for writing do not flow through theMTJ} the device
shows major durability. However, current densities needed for switching are still
higher than in[STTHMRAM, 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

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
or[SOT)). In this regard, Intel has recently proposed an alternative for logic opera-
tions called magneto-electric spin-orbit (magneto-electric spin-orbit (MESO))) de-
vice, which integrates memory elements and logic operations within the same cir-
cuit [12].

I ogic operations are used to compute information in integrated circuits in

The device has two main nodes. The input node is used to write a mag-
netic element with voltage using[ME effects (Fig.[1.5@, 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. The[MESO|de-
vice incorporates ferroic order parameters with collective switching of ferromag-
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netism and ferroelectricity or ferroelasticity. Logic based on collective state switch-
ing devices are a leading option for computational advances beyond the modern
[CMOS|era owing to their potential for lower energy per operation, higher computa-
tional logical density and efficiency owing to the use of majority 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 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.

The magnetization in[FMk is an order parameter controlled by spin current or volt-
age. The[ME material is the actuator for controlling this magnetization direction of
the[FM]layer, which can be ferroelectric with polarization as the voltage-defined or-
der parameter or ferroelastic with strain as the strain- or voltage-controlled order
parameter [30]. A promising candidate for writing is the multiferroic BiFeO; com-
bined with ferromagnetic CoFe [31]]. In the device, opposite input voltages
produce a change in polarization or strain in the]ME|layer, which induces exchange
bias and coupling, and subsequently a reversal of magnetization in the FM [32,33].

The second node of the device is the output node or|[spin-orbit (SO)| node
for reading the magnetic state (Fig. [1.5p, 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 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. and|[L.5c.

The two possible in-plane ferromagnetic states along the easy axis of the can
be associated with these logic bits "1" and "0". Several MESO|devices must be con-
nected by alNMlelectrode to create cascaded gates with inverter operations. In such
a cascaded gate, the node is connected to the nextnode so that the output
of the[SO|node is the input of the]ME|node, in accordance with the[MESO|proposal.
In this sense, to achieve stability, energy efficiency, and fast switching of the next
layer, the required [SO| node output signals for operating the device is
100 mV [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[SOM]with high [SCI|efficiency to be placed in
the[SOJnode. Figure[1.5/d shows the projected improvement in the spin-orbit read-
out, suggesting the use of materials with verylow conductivity and large spin-orbit
effects, such as|topological insulator (TI) materials [11}35-38]. The spin Hall an-
gle, 0sp, of[Tlis considered to have an exceptionally large value in agreement with
spin-orbit torque results [36, 39-42] and a long inverse Rashba-Edelstein length,
Mrree(43], and has high resistivity as bulk conduction is limited [44)} 145]], which
satisfies the required conditions for One promising candidate for the
node is BiySes.

Bi,Se; has attracted much attention due to their unique properties. In particular,
the spin-momentum locking in the topologically protected surface states makes 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 in sputtered polycrystalline|Bi,Se; . (BiSe)|
[49-53]. According to Mahendra DC et al. [49], the granular structure of the sput-
tered[BiSe]layers exhibits quantum confinement and thus high efficiency, although
quantum phenomena are difficult to demonstrate at room temperature [54].

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

The efficiency of has been estimated using various techniques, such as
spin pumping [50, 51], DC planar Hall [49], spin-torque ferromagnetic resonance
[49], current-induced magnetic switching [49, 52|, and harmonic Hall mea-
surements [49}53]. However, all of these approaches require theBiSe|to be in con-
tact with a[FM] and it is extremely difficult to obtain clean interfaces in a[BiSe}[FM]
stack. When a metallic layer is grown on top/bottom of[BiSe} a large intermixing at
the interface between these materials is a common phenomenon [55,56]. In addi-
tion, although there are several techniques to quantify[SCI} to date reported values
for sputteredBiSe|have often been overestimated due to spurious effects related to
local currents combined with a lack of understanding of the effect of the interfaces
and the use of approximations for unknown parameters, such as the spin diffusion
length (\,). The value of \, for sputtered is usually taken from few reports
describing epitaxially grown Bi,Ses [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]
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Figure 1.5: logic device operation. a. Device formed with a element, a
magnetoelectric node and a spin-orbit node. The ME| node consists of an
interconnect channel with a metal (orange), a 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 thenode will switch the
[FM|magnetization (white arrow) exploiting the coupling between theME|and the[FM]
layers. The magnetization can be read out by supplying a charge current (Is;pply ), that
will inject a spin-polarized current (I5) into the[SOM|layer. An output charge current I,
and a voltage potential difference Vs is generated via the[SCI| The green arrows show
the directions of the input and output currents of the device. b. Operating mechanism
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
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 (I.)
and injected spin (I;) currents. c. Operation mechanism in the[SOnode when revers-
ing the magnetization direction, white arrow in the FM|pointing in the +y direction.
d.[SOM]|candidates to be placed in the[SOJnode. V5o and o, are the generated voltage
and conductivity. Figure adapted from Ref. .
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1.4 This thesis

of sputtered polycrystalline and highly resistive Although there are
some reports on the high efficiency of 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 the motivation 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-

view of CMOStechnology and integrated circuits, as well as the developments made
possible by advances in the field of spintronics. One of these developments is In-

tel’s proposal for logic computing using[MESQ|technology, which requires the use

of a material exhibiting both high resistance and large spin-orbit effects.

T he aim of this thesis is to accurately quantify the spin transport properties

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, and analysis of the spintronic devices used in this
thesis.

The following four chapters present different approaches to study and properly
characterize sputtered polycrystalline Chapter [4](Spin-to-charge conversion
by spin pumping in sputtered polycrystalline Bi, Se; ;) presents[SCmeasurements
by spin pumping experiments, while in Chapter [5| (All-electrical spin-to-charge
conversion in sputtered Bi,Se; _,) alocal device using a similar readout configura-
tion of the[MESO]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 Bi, Se, _, with nonlocal spin valves) presents the results of using metallic
lateral spin valves with a cleaner interface between and the contact metal.
Chapter|[7|( Charge-to-spin conversion in sputtered Bi, Se, _./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 component that could provide ad-
ditional flexibility to the design of the next generation of spin-based devices.

Chapter|[8|( Conclusions and Outlook) summarizes the work and highlights the im-
portance of interfaces in spintronic devices. Furthermore, since one of the major
obstacles in realizing spintronic devices such as]MESQJlogic devices is the large sig-
nal needed for magnetization readout, we propose some materials with high
efficiency such as|I'l materials based on Bi that could improve such readout.



Chapter 2

Theory of spin
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2.1 Spin transport

he spin degree of freedom of electrons is a convenient way to transport in-

formation from and into a magnetic element , 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]and[NM|materials, including the spin relaxation

mechanisms that limit the transport of pure spin currents. Finally, we describe how
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 field E is what we usually call a charge current (Fig. [2.1ja),
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.

W -

Je#0 Jje#0 Je=20
Js =0 Js # 0 Js # 0

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 aresult, the charge current is canceled while a net spin current
remains.
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For example, materials have non-zero magnetization even in the absence of
a magnetic field. This is due to an intrinsic exchange interaction E.,, 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[FM is not completely filled, so
that the shift F., creates an imbalance in the [density of states (DOS)| of the spin-
up and spin-down 3d electrons at the Fermi level [N;(Er) # N, (Er)], 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-down electrons 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[FM]metals 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:

N;(Er)ery

N, (Ep)e’T,
3m. ’

3. (2.1)

oy = and o, =

where e is the elementary charge, m, is the electron mass, and Ny () (Er) is the elec-
tron at the Fermi level for each spin subband. The electron momentum scat-
tering time for each spin type () is proportional to the electron mean free path,
which is the average distance an electron travels between two scattering events,
l1(1) = ™) vr, where v is the Fermi velocity.

The two independent spin channels can be considered as two parallel resistors
with a total electrical conductivity o = o4 + 0. Then, when applying a charge
current in the[FM|material, 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:

_a 7o

) 2.2
or+0y ( )
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such that oy = 0(1 + Ppy)/2and o) = o(1 — Ppas)/2. In the particular case of a
Pyy=0andoy/2=0,/2 =0.

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

jT :UTE and j¢:0'¢E. (2.3)

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

Je=Jr + Ji (2.4)
Js = jT - jJﬁ (25)

Figure shows that the electron transport of an equal spin-up and spin-down
population (j+ = j,), results in a net charge current (j. # 0) and no spin current
(4s = 0). This is typically the case in a[NM] Figure displays a difference be-
tween spin-up and spin-down currents (j+ # j,) that consequently leads to both
a net charge current (j. # 0) and spin current (js # 0). Such spin-polarized cur-
rent is observed in [FM. 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
(J4+ = —J), as shown in Fig. . 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[FMJ[NM]interface
to illustrate the concepts of electrical spin injection, spin accumulation, and spin
diffusion. By applying a bias current (/..) from the to the metal, an unbal-
anced spin population is created at the 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 material is shifted
near the interface. This shift is explained in terms of the electrochemical potential.

The electrochemical potential, 1, is the combination of the chemical potential, ji.,
and the electric potential energy. 1., 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, ., is equal to the excess electron density, n, divided by
the at the Fermi energy (N (Er)). 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 y = n/N(Er) — eV. As u changes in space,
electrons tend to move to the region with the lowest value.

Hnm

»

X

Figure 2.2: Schematic representation of the electrochemical potential () for a
interface under an applied bias current (/.). a. The d-bands of the
represented by the spin-up (red) and spin-down (blue) subbands. b. The spin accu-
mulation (1), in the s-subband of the [NM| near the interface due to an im-
balance in the electrochemical potential for spin-up (;+) and spin-down (1)) elec-
trons induced by spin injection of the[FMwith I.. 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 I. flowing along the —z direction, generating a voltage
V =Ap/e.
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We can use the diffusive model (Vn # 0, E = 0) to describe the electron transport
atthe interface. Away from the interface, 1 and y, are the same. However,
i+ and p) split at the / interface, causing spin accumulation (s = i+ — p1y).
The average of the spin-up and spin-down electrochemical potentials in the
and theaway from the interface is jupar v = (14 + 14y ) /2, which is discontin-
uous when extrapolated at the interface. The discontinuity is given by Ay, which
is related to the spin accumulation at the interface by [64]:

P

Ap = lts. (2.6)

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

(2.7)

where N | (Er) corresponds to the[FM]layer. More generally, for any interface, the
associated spin polarization P is given by:

R — R!
p=-1 1 (2.8)
"R R

where R}’T are the spin-dependent interface resistances.

The statistical behavior for such an unbalanced system at the interface
can be described by the Boltzmann equation model. Valet and Fert showed that
the Boltzmann equation model reduces to a macroscopic one when the mean free
path is much smaller than the spin diffusion length (/. < A,) such that the diffusion
equations will become [65]:

o) O
W= " ar (2.9)
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where the current density flow is in the x direction, perpendicular to the FMJ[NM]
interface. If o4=0 as in the case of a[NM] then the spin current is defined as:

. 20 0u,
‘787 e 83;’

(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
lone-dimensional (1D)|spin diffusion equation developed by Valet and Fert [65]:

Ous s
D = — 2.11
2 (2.11)
where D is the diffusion coefficient and 7, the spin relaxation time of the mate-
rial where the spins are diffusing, which are related to the spin diffusion length by
As = /D7, The general solution of the spin diffusion equation for the spin
accumulation is:

s = Ae™ s 4 Bet/As (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 FMJ[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 no way to generate pure spin currents. Lateral spin
valves (LSVs) are a second generation of spintronic devices in which pure spin cur-
rents can be generated, transported, manipulated, and detected. This is realized in
anonlocal 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 electrodes bridged by a per-
pendicular[NM|channel, see Fig.[2.34a.
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Figure 2.3: Schematic representation of a lateral spin valve. a. Sketch of a A
consists of two[FM] electrodes (FM} and[FM},) connected by a[NM|channel. The

magnetization of and[FM}, are represented by white arrows and can have a par-
allel or antiparallel configuration. Red arrows represent the spins diffusing along the
INM|channel. The nonlocal measurement 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 along the x line shown in panel a, assuming a transparent
interface. Solid lines correspond to the parallel configuration, whereas dot-
ted lines correspond to the aligned antiparallel to the Figure adapted from
Ref. [66]

The first[FM]electrode (FM];) acts as a spin injector by placing a bias current I.. be-
tween[FM], and[NM] creating a pure spin current that diffuses along the[NM|chan-
nel. A second-electrode (FMb) is placed at a certain distance from the[FM]injec-
tor (FM},), close enough so that /i, is still large enough to be detected and at the side
where no I is flowing. At the interface, the average pyr and gy are
also discontinuous (Ap) due to the spin imbalance present at the interface. This
Ayu generates a voltage, V, = Apu/e, which could be measured with a voltmeter.
The sign of Ay depends on the relative orientation between the two[FM|electrodes
(parallel and antiparallel), as shown in Fig.[2.3p.

The solution to Eq. [2.12} with the boundary conditions of continuity of xy and j)
at the interface and conservation of spin-up and spin-down currents (j, j; ) across
the interface, yields the following V; [67], which is measured as a nonlocal voltage,



Spin transport and detection | 21

VNLi
PP
_ NM 142 L/\NM
Vi = 20 R e (2.13)
where
ri = 2Qr +2Q; + 1, (2.14)
and
P, = PuQri + PQ;, (2.15)
with Q; = ﬁpﬁ& and Q; = ﬁRRT%w, i = 1 and 2 refer to the[FM], (injector),
Iz *"s i s

and[FM}, (detector), respectively. L is the distance from[FM} to[FM], as shown in Fig.
. P; is the spin polarization of the at the injector (¢ = 1) and the detector
(i = 2), \M is the spin diffusion length of the channel. R; is the resistance
at the interface i. RY™ and R! are the spin resistances for the channel and the
electrode, respectively. Pj; is the spin polarization at the 7 interface.

An important parameter that appears in Eq. is the spin resistance, R;. This is
related to the resistance of the material to allow the spin current to flow. Therefore,
the spin current will not tend to pass through materials with high spin resistances.
The most general definition of spin resistance, regardless of whether the material
is a[FMJor a[NM] is R, = pA2/V, where p is the electrical resistivity of the material,
As 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 interface, then V = wppywn M)\SF M
where wr ) and wy ) are the widths of the[FM|and[NM] respectively (see Fig.[2.3h).
In this order, the spin resistance in the[FM]is defined as:

o )\FM
Ri=12 _ gFM _ PFM7s (2.16)

WFMWNM

For the case of a[NM|material used for spin transport in devices, the spin dif-
fusion length is much longer than the channel dimensions (/\év M oS> wna, tvan
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where ¢y is the thickness of the[NM)). Therefore, the spin resistance in the[NM]is
defined as:

)\NM
RNM — PNMZs (2.17)
WNMENM

The nonlocal resistance, Ry, is defined as the measured voltage normalized by
the injected current, /..

y
Ryp = }VL. (2.18)

Ry isnotareal 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. When both[FM]electrodes are in a parallel configuration (11, ), the[FM]
acting as a detector will be sensitive to the injected excess spin population, and the
measured voltage will be positive. If the electrodes are in the antiparallel con-
figuration (1J, /1) the detector will be sensitive to the opposite spin orientation,
and therefore a negative voltage with the same magnitude will be measured (see
Figs. and[2.4b). The magnetization configuration of the FM|electrodes can be
controlled by sweeping an external magnetic field (H,), in the easy axis of the[FM]
Figure shows the characteristic shape of Ry as a function of /, in a The
difference in Ry, between the parallel and antiparallel magnetic configuration is
called the nonlocal spin signal (ARy; = R, — R4Y) and is given by [68]:

P1P2 efL/)‘é\”w
—2L/ANM

ARy = 4RMM (2.19)

T — €

Equation can be used to extract \Y™, and P; or Pr); by measuring different
distances between[FM]electrodes, L. This can be done in a series of with the
same parameters, such as the sample shown in Fig. 2.4p. This method works when
L is of the order of )\év M pecause if L is much longer the spin accumulation, and
therefore A Ry, vanishes as shown in Fig.[2.4fc. 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 )\év M of 1ightmetals such as Al [64,|69],
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Cu [64, 70] or Ag [71], which are characterized by A of hundreds of nm. On the 2
other hand, materials with A of a few nanometers, such as or some

metals, cannot be used as spin channels in standard[LSVk. For these cases, there is
ANM,

an alternative approach to extract the short the spin absorption technique.
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Figure 2.4: Nonlocal measurements for spin accumulation in a|LSV|. a. |Scanning|
lelectron microscopy (SEM)|image for [LSVk with different distances (L) between in-
jector and detector electrodes. The and 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 Ry, =
Vir/1. of a Py/Cu[LSV]at 10 K. At large external magnetic fields (H,), and [FM}
are parallel to each other. By sweeping H,, one electrode switches (antiparallel
configuration) and, as a consequence, Ry, changes sign until the other switches
and both are parallel again. The nonlocal spin signal ARy, is the difference in
resistance between the parallel and antiparallel states. c. AR, as a function of L for
Py/ Cu at 10 K. The gray solid line is the fit of the data using Eq.
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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[FM|metal [70], for which
the spin diffusion length is to be known. This wire is added between the two
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 channel, part of
the spin current is absorbed by the middle wire [76], e.g. the resulting in a
smaller detected spin signal in the 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[NMlchannel and the middle elec-
trode. The detected nonlocal spin signal, AR%; is given by:

(rs — 1)6’L/’\£’M
’7'1’7'2("'3 —Q3) — 1 (1 + Qi:s)ff’2(L’l)/wM - 7’2(1 + Qlts)f’ffﬂ/w"w - (7'3 - Qi;s)b’*u/’\wl + 267 2L/
(2.20)

ARY = 4RNM P Py

Where i = 3 refers to the middle wire (SOM|or[FM|metal). [ is the distance from the
injector (FM}) to the[SOM] In our case, the[SOM]is at the middle of both [FM]elec-
trodes as shown in Fig. 2.5, then L = 2!. The remaining parameters are defined
in Egs. 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[SOM|with strong|spin-orbit coupling (SOC)|and, in this case, the spin polariza-
tionis P; = Pr3 = 0. Additionally, we note that when Eq.[2.20|considers ar; — oo,
there is no effect of the middle wire on the and the equation tends back to Eq.
2.19

The spin resistance of the middle wire, when is a[SOM|with short A, (a few nanome-
ters), is defined by the following equation [77]:

SOM
PSOMA;

t )
wypwsonm tanh 55

R=3 = RIOM — (2.21)

where psonr, wson and tsoys are the resistivity, width and thickness of the middle
wire. The nonlocal spin absorption signal allows to extract the spin diffusion length
of the[SOM] A\5°  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 wsoyy is smaller than AV,
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Figure 2.5: Nonlocal measurements for spin absorption in a a. Schematic rep-
resentation of alLSV|for spin absorption measurements in a top and lateral view, b. The
magnetic field dependence of the nonlocal resistance Ry, for the reference and the
absorption device. The corresponding spin signals, ARﬁeLf and AR]‘\‘}E” are labeled. c.
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

pin-charge interconversion (SCI) is a crucial way to generate and detect

spin currents without the use of a material by exploiting the [SOC]| of

materials. The discovery of the[spin Hall effect (SHE)|[78] and the
IEdelstein 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
and are considered promising for more energy-efficient logic circuits such asMESO]
logic, as explained in Chapter 1] In this section, we introduce 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, .5, 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 effective magnetic 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]. 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
systems with broken inversion symmetry, such as metallic 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 and the

2.2.2 Spin Hall effect

In 1971, a theoretical work by D’ayokonov and Perel [82} 83] realized that, due to the
SOC|in materials, 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. 2.6p.
In 1999, Hirsch, unaware of the research of D’ayokonov and Perel, rediscovered
the effect and gave the name 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 as shown in Fig. [2.6p.
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 (j.) and the spin current den-

sity (j,) for the and the|[[SHE|are:

Js = liﬂ Osr(ge < ) (2.22)

and

(&

Je= |5 Orsu(Gs x s). (2.23)
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respectively, where s is the spin orientation, 6y is the spin Hall angle that is the
charge-to-spin conversion efficiency, and 6,55 the spin-to-charge conversion ef-
ficiency. 65y = 0,5y following the Onsager reciprocity [85].

Figure 2.6: Spin Hall effect and its inverse. a. The direct occurs when applying
a charge current (j.) into a bulk[SOM] in which electrons with 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 (j,). b. The inverse effect (ISHE)
occurs when j is injected into a[SOM, the spins-up and spins-down deflect in the
same direction, generating a transverse j..

The spin Hall angle is defined as the ratio between the transverse spin Hall resis-
tivity, p,,, (or transverse spin Hall conductivity o, ) and the longitudinal resistivity,
pz2 (conductivity o) as follows:

QSH e @ — _@’ (224)

rxr pCECC

It is important to note that 655 can be estimated by different methods, as we will
explain in section Each technique has different ways of measuring and ana-
lyzing, and this leads to a large dispersion of 65 values reported for the same ma-
terials [86]. An important reason is the role of the interface, since the majority of
techniques require the use ofFM}[SOM|heterostructures. Ignoring the interface in
the quantification can easily lead to an incorrect estimation of 6.
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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-
down electrons in opposite directions. This effect is known to have different 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 spin Hall resis-
tivity can be described as [73]:

Py = Py T Py + 03, (2.25)

where pfg;t is the component induced by the intrinsic effect and the extrinsic com-
ponents are the skew-scattering (p3°) and the side-jump scattering (p3] ). A brief

description of each mechanism is given below:

1. The intrinsic contribution was proposed by Karplus and Luttinger to explain
the [89]. It is related to the spin-dependent electronic band structure
for a perfect crystal [90]. The intrinsic mechanism in the presence of an elec-
tric field () is shown in Fig. 2.7a. This contribution, as in the scales

int o2

quadratically with the resistivity of the material, p%}f = 02/ p2 , where the in-

trinsic transverse conductivity O';Zt 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 mechanism was 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, itis deflected with an angle as;. The contribution of the skew
scattering mechanism to the spin Hall resistivity is given by p3; = asspzz0,
where p,. ¢ 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-jump mecha-
nism to the spin Hall resistivity scales with the square of the residual resistiv-
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P I sj A2 sj 3 P . .
ity: p3i, = 043Pz 00 Where o7 is the transverse conductivity associated with
the side-jump mechanism.

Figure 2.7: Mechanisms of the Spin Hall effect. Schematic representation of the dif-
ferent mechanisms that originate the a. Intrinsic mechanism, b. skew-scattering,
c. side-jump scattering.

A careful study of p,,, as afunction of p,, and p,, o 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 through the
[REE in [two-dimensional (2D)| systems with 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 together with 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-
tem with[REE converts a2D|charge current into afthree-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 Rashba Hamiltonian (H ;) describes the interaction be-
tween the momentum (k) and the spin as follows:

A~

Hi = OKR(,% X ki)S, (226)
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where Z is the direction normal to the [2D|plane and ap is the Rashba coefficient
proportional to the strength of the 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:

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. 2.8k). Fig-
ure shows the shift of the Fermi contours when a current density (J2P)
is applied along the z-axis. In k-space, there is a shift of the Fermi contours, Ak,,
such that the spin population of spin-up and spin-down is not balanced, and the
system now presents a spin accumulation (), which is proportional to Ak,. The
spin accumulation can diffuse as a spin current density (J3P). In the the
charge-to-spin conversion efficiency is given by [99, 100]:

j3D
qREE = j;_D [m™]. (2.28)

C

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 J3” along the z-axis shifts the Fermi contours in the opposite direction and
an effective Ak and Ak is generated, giving rise to a net ;2P along the x-axis,

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

j2D
AIREE = j‘i’_D [m]. (2.29)

s

Note that \;rgr has adimension oflength (m). A careful discussion about 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|
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 (1) is generated when a charge current along z-direction (J,. ;)

is injected and creates a shift of the Fermi contours Ak,. c. Schematic representation
of the IREE|where a charge current is created when injecting a spin current along z-
direction (J; .). Fermi contours move in opposite direction (Ak" and AkS*).

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 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 has been observed

electrically using[LSVk [99,[101}[103].

In high-symmetry bulk[SOME, a charge current density (j.) is transformed into a
spin current density perpendicular to j. and s by the according to Egs.[2.22Jand
(where js, j. and s are mutually orthogonal). In[2D|systems without structural
inversion symmetry (explained in this section), an in-plane j. leads to a perpen-
dicularly polarized spin accumulation by the This condition of orthogonality
is imposed by the mirror symmetry present in these systems.
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Breaking mirror symmetry in the system will allow[SCI|of spins polarized also along
non-orthogonal directions, a feature that is not achievable in highly symmetric
materials [116-119]. Additional[SC] components emerge in layered materials with
reduced symmetry, such as van der Waals heterostructures, where the symme-
tries that govern the permitted processes via the depend on the align-
ment between graphene and a transition metal 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 with parallel spin polarization. Experimentally, such an
unconventional has been recently observed in graphene/MoTe, [113}|114],
graphene/WTe, [115], and graphene/NbSe; [112] heterostructures.

2.3 Spin-charge interconversion measurement 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
can absorb part of the pure spin current flowing in the[NM|channel if its spin resis-
tance is low enough. Usually the middle wire is made of a material with strong[SOC|
This means that the pure spin current absorbed by the[SOM]wire can be converted
into a measurable charge current due to the making the[SCI experimentally
measurable in the same device.

The injection of the spin current is the same as the spin injection in the ex-
plained in section[2.1.3} in which a bias current (1..) is applied from the[FM]injector
to the channel. To measure the [SHE] the spin detector is now the[SOM]|wire,
in which the voltage probe is connected to, as shown in Fig. , and the external
magnetic field is now applied in plane but in the hard axis (+z direction) of the[FM]
injector. Figure[2.9p illustrates the flow of spin current, charge current and spin po-
larization. The pure spin current flowing in the[NM|channel is partially absorbed by
the[SOM](—z direction) and converted into a charge current (+1,5y ) via the[[SHE|
in the +y or —y direction depending on the spin polarization direction, which is
reversed by changing the magnetization with the external magnetic field. The
generated /s g can be picked up as an open-circuit voltage, V;s 5 g. The difference
in the resistance (R;spr = Visur/1.) for both saturated magnetizations is

twice the[[SHE signal: 2AR;syr = Risyr — Risup-
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Figure 2.9: Nonlocal devices to measure the spin Hall effect. a. Schematic represen-
tation of the nonlocal ISHE device. The black lines represent the measurement config-
uration. b. In the[[SHE) a spin current () is injected (black arrow) into the[SOC|mate-
rial, and this deflects the spin carriers in the same direction creating a charge current
(I1sm ) thatreverts sign accordingly with the spin polarization direction. c. Schematic
representation of the nonlocal device. d. The R;syr and Rgy g as a function of
the external magnetic field (H,). The change in the resistance from positive to nega-
tive magnetic fields gives the spin-to-charge conversion signal, 2A R gy which is
proportional to the spin Hall angle.

The 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 (1.) directly into the 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
which will act as a detector according to the same process explained in section
and the output will be measured as a voltage, Vsy . The spin Hall resistance
is defined as Rsyp = Vsur/I.. Figure shows the characteristic plot for Rsy g
and R;syg as afunction of H,. Both curves have the same amplitude, but the sign
is reversed due to the swapping of injector and detector. According to Onsager’s
reciprocity Risup(H) = Rsyp(—H) and, therefore, the spin Hall signal has
the same amplitude and opposite sign to its inverse, AR;syp = —ARgsup.

The relation between the experimentally measured A R;sy  and the spin Hall re-

sistivity p,,, = pgp is given by [77,[122]:
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WsoM (Ic
psi = ———— | =

) ARrsuEg, (2.30)
TSOM,NM

S

where zson v 1S 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 channel compared to the one of the[SOM] wire, the charge current gen-
erated along the wire partially flows back into the channel, effectively
lowering the output voltage. zson v is sensitive to the geometry of the device
and relevant for the proper quantification of psy and 05p.

The effective spin current (I,) injected into the along the —z direction is the
one that contributes to the[[SHEbecause the spin current at the[SOMJ[NM]interface
(z = 0) is diffused into the thickness. I, is given by the following equation [77,
122):

The prefactor, /;(z = 0)/1,, is given by the following equation:

I(2=0) 2P, [T2(1 = Q3)e M — (14 Qpa)eCL-H/AM
L rira(rs — Qrs) — ri(L+ Qra)e 20 —py(1 — Qps)e MM — (rg — Qpg)e 2LANY 4 2e—2L/ AN

(2.32)

Note that the spin diffusion length of the[SOM} A3 is an indispensable param-
eter to determine the spin Hall angle (0sg).

Importantly, the spin absorption technique allows us to independently extract in
the same|LSV|device A5 and gy of the wire, simply by changing the mea-
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-
posedMESQJlogic device discussed in Chapter[I} Local devices can be used to mea-
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sure[[SHE]in a[SOM]|by locally injecting a spin-polarized current at the[SOM}[FM]in-
terface, as shown in Fig. Due to the direct contact between the and the
larger output signals are obtained in contrast to nonlocal spin Hall devices.
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Figure 2.10: Local devices for Spin Hall 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 ISHE measurement configuration. b. The[[SHEresistance as a function of the
external magnetic field. c. Schematic representation of the[SHE|measurement config-
uration. d. resistance as a function of the external magnetic field. In both b and
d panels, the trace is in blue and the retrace is in black, and the difference in resistance
between positive and negative magnetic fields is 2AR s k-

Local spin Hall devices consist of a T-shaped nanostructure made of SOM]and a[FM]
electrode placed in such a way that the tip of the overlaps the intersection of
the T-shaped nanostructure. In the same device, it is possible to measure the[[SHE|
and the as shown in Figs. and[2.10c, respectively. The external magnetic
field is applied along the easy axis of the

In the case of the [SHE}, a charge current I, is applied from the to the [SOM]
leading to a z-spin-polarized current into the in the —z-direction. The
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produces a transverse charge current (/;s5 ), which is detected as an open-circuit
voltage, V;syg, in the arms of the T-shaped electrode. Reversing the magnetiza-
tion direction of the[FM|causes a change in the sign of /;55 5 and thus a change in
Visur- We can normalize this voltage to the applied currentas R;syp = Visyg/ 1.

In Fig. , the R;sy g in the local device is shown as a function of the external
magnetic field applied in z-direction. The sharp reversal of the magnetization from
—zx-direction to +x-direction gives a change in the sign of the resistance R;sy .
The same behavior is obtained by reversing the magnetization, with a hysteresis
associated with the shape anisotropy of the electrode. The difference between
the two resistances is the inverse spin Hall signal 2A R; sy . Note that, since the
change in resistance is associated with the magnetic state of the the way to
read out the magnetic state is as in the proposed[MESOJdevice introduced in Chap-
ter[Il

Similar to the but only by changing the configuration of the electrical con-
tacts (Fig.[2.10k), we could measure the signal (Fig.[2.10d), in this case by ap-
plying I 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 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, Vsyg. Following
the Onsager reciprocity [85], the[[SHE|and[SHE|signals are equal, but with opposite
sign (ZAR[SHE = _2ARSHE)

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

1

SOM I S
AR . PFMGSH)\S % 1 cosh(tsons /A3OM)
(DSHE =7 | tson ) gy tanh(tson JASOM) + 222LSOM am (¢ JINEM)
PEM PSOM SoM s MM o s

(2.33)

where piy; = pra/(1 — P2y). Prear, N3O M Jand psons pas are the spin polar-

ization of the the spin diffusion length and the resistivity, respectively. The
subscripts denote the materials.
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For systems with dimension materials (thickness) much shorter than the spin dif-
fusion length, as the devices in this thesis where A\ << tgoyand \f'M << tpyy,
a simplified expression for Eq. is given by:

AR(I)SHE =G x Aeff, (2.34)
where
1
G = ; . (2.35)
(52 + oo ) wsow
and
PraOsp Ay
Aess = 1 ASOMpson (2.36)
)‘EMP}M

G is a geometric factor related to the device’s transversal resistance and can be
measured directly in the devices. A ¢ is an efficiency factor given by the material
properties. When the spin resistance of the (ASOM psoar) is much larger than
that of the()\f M %, 1), the spin current injected into theis 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[FM|and the[SOM]|can be
used to overcome the conductivity mismatch by reducing the spin backflow and,
thus inject effectively more spin current into the [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

Whereas 2A R s £ is easier to measure 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 or the [planar Hall effect (PHE)| of the or from the
combination of the|ordinary Hall effect (OHE )| of the SOM|with the fringe fields of
the at saturation as discussed in Refs. [34,127].

2.3.3 Spin pumping

Exploring the physics of|SCllinvolves 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 An alternative to
generating spin currents is to exploit the [spin-pumping (SP)| effect in a[FM]
bilayer system. This phenomenon was observed experimentally in the early 2000s
[128-130].

The[SP|technique uses the magnetization dynamics of a[FM|material [131}[132] in
order to study and quantify the[SCI of an adjacent[SOM]layer. The schematic repre-
sentation of this effect is shown in Fig.[2.11ja. Afradio frequency (RF)|current with a
fixed frequency (/) of the order of GHz is injected into a|coplanar waveguide (CPW )|
generating an RF magnetic field on the sample (hzr) that produces the precession
of the magnetization (M) in the layer. The direct current (DC)|magnetic field
(Hpc) is applied along y-direction (in-plane). At certain combinations of H ¢ and
f, alferromagnetic resonance (FMR) occurs in the [FM|and, by the spin-pumping
effect, this precession induces an injection of[DCspin current (/;) into the adjacent
(along the —z direction). In the layer, due to the (or the[[REE), a
charge current, Isp, perpendicular to the spin current, leads to charge accumula-
tion and thus to a measurable voltage (Vsp) along the z-direction [98, [132, 133].
Vsp can be measured by modulating the RF power injected in the CPW and using
alock-in voltmeter that is matched to this modulation while sweeping the external
Hpc. When the system reaches the resonant condition, the measured voltage ex-
hibits a characteristic Lorentzian curve symmetric around the resonance field (H,)
as shown in Fig.[2.11b. Vs should also be perfectly reversed with inversion of field
direction (i.e. rotating it by 180°). Since j. | s in both|[ISHE and [[REE] 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
or[[REHis always symmetric with H,. An antisymmetric part is usually dominant
in[FM]films, as observed for example in CoFeB [134] and NiFe [107], whereas it is
negligible in the measurements in this thesis, and we consider only the symmetric
part in the fit.

When Hpc and hrp are applied in the film’s plane (and Hpc x hgr = 0), the
dispersion relation of H, with angular frequency w = 27 f follows Kittel’s relation
[134]:

f = % (H’I‘ + Hunz)(Hr + Hunz + Meff)a (237)
where v = gug/h > 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 pp is the Bohr magneton.
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M.y is the effective magnetization and H,,,; is a small in-plane uniaxial magnetic

anisotropy. Vsp is given by the sum of symmetric and antisymmetric Lorentzian
functions:

a. b.
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Figure 2.11: Spin pumping devices. Schematic representation of a spin-pumping de-
vice. a. In this case, a DC field (Hp¢) is applied in-plane perpendicular to the sample
while a RF electric current is injected in the producing an [RE magnetic field
(hrr) that generated the precession of the magnetization, M, in the layer. This
creates a spin current, I, in the out-of-plane direction (—z), and is injected in the[SOM]
and converted into a voltage, Vsp = V' — V'~ due to the[[SHE or[IREE, b. Schematic
spectra of a typical spin-pumping voltage, Vsp as function of the applied field H.

AH? v AH(Hpe — H,)
AH? + (Hpe — H,)2 "™ AH? + (Hpe — H,)?’
(2.38)

VSP = ‘/offset + ‘/:eym

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

2
AH = AHy + a%f, (2.39)

where A H is the frequency-independent inhomogeneous contribution. The spin
transparency of the interface between the and 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:

4 Mt
gt = —FM(OCFM/SOM — apm), (2.40)
guB

where ), is the saturation magnetization and ¢ -, is the thickness of the[FM]layer.
apa/som and agyr correspond to the Gilbert damping of the / bilayer and
a reference [FM]layer, respectively.

The detection of the spin current flowing into the[SOM|can be done electrically via
the as was demonstrated by Saitoh et al. [136]. The 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:

2e )\SOM tSOM
sp = O —Jso———tanh , 2.41
Jsp SH hj 0 tsont an ( \SOM ( )

where j, o 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 (tson is the 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 decays on a length scale connected to \3°* [137]. Note that,
in systems with strong[SO( 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 can blur the sharpness of such an interface [86].

The spin pumping technique has several advantages that make it a very interesting
technique. The most attractive is the geometry of the device, as only a[FM}[SOM]|bi-
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 can be avoided. Another big advantage of this technique is that
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 insulator is prevented. On the other hand, a
major drawback is the magnetic proximity effect that could occur due to the prox-
imity of the non-magnetic layer to the 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 to measure 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[SHEini-
tially was focused on semiconductors and was suggested to utilize the optical 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. These methods were indeed used in the
first measurements 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 [143]]. However, the magnetization
associated with this spin accumulation is very small, making MOKE a very chal-
lenging technique for metals [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 bilayer can produce an oscillation of the magneti-
zation of the[FM]via the perpendicular spin current generated by the[SHE, the
or the Oersted fields. Under certain conditions, thegoes into resonance (FMR)),
which leads to an oscillation resistance (due to magnetoresistance effects such as
IAMR} |IGMR| or TMR)) resulting in a mixing of an in-phase current (I = Iycos(wt))
and resistance (R = Ry + 0 Rcos(wt)), which in turn results in detectable DCvolt-
age. The ST{FMR]was introduced by Tulapurkar et al. in 2005 [146] and the first ex-
perimental report of was realized in permalloy (Py: FeyoNig)/Pt heterostruc-
tures in 2011 [147]. Since distinguishing between and 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.
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Harmonic Hall measurements: The harmonic Hall voltage measurement method
is a useful approach for quantifying the effective fields induced by the [148]
which generate a damping-like torque (7)p.. ) and a field-like torque (7r) [149]. For
this method,[SOMJ[FM]bilayers are patterned into Hall-bar structures and|[alternat-|
ling current (AC)|currents /(t) = Iy sin (wt) are driven through the main channel.
The current-induced effective fields lead to a modulation of the magnetization ori-
entation in phase with the driving current which can be picked up via the[PHEJand
the As a consequence of the frequency mixing, the resulting Hall voltage has
first (V4*) and second (V) harmonic components which can be measured by
Fourier transformation of a time series or, more commonly, by a lock-in amplifier.
The V* contains the [AHE and [PHE] properties of the heterostructure,
whereas the information is included in the Vfl“’ component, because of the
frequency mixing of the in-phase modulation magnetization induced by[SOTjand
the[AC|current. This method is particularly suitable for identifying the angular de-
pendence of the that acts on the 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 the out-of-plane
component of the external magnetic field, and the[AHE|[150]. In the harmonic Hall
voltage measurement, VE,‘” consists of the anomalous Hall voltage (V4 ), and the
planar Hall voltage (Vppy ), that couples with the effective fields of T, and T,
[151]. The product of the magnetization of the 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].




Chapter 3

Experimental techniques
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3.1 Fabrication processes for nanodevices

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 bilayers for spin pumping. Although they
share a common fabrication process, the details for each device are different. 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.

I n this chapter, we describe and give a general overview of the techniques used

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 polymer mask (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. The first step is the cleaning of the substrate, which is usually Si/SiO,
with a SiO, thermally oxidized with a thickness of 150 nm or 300 nm (Fig.[3.1ja). 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.[3.1p), followed by e-beam ex-
posure of the desired pattern (Fig.[3.1c) and development to remove the e-beam
exposed resist (Fig.[3.1ld). This is followed by an ion milling process with Ar™ ions to
remove any residual resist and to clean the interfaces (Fig.[3.1¢). Inmediately 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 the walls. In order to remove these side walls, we performed an ion milling
process with a lower angle of incidence (10° with respect to the sample plane) (see

Fig.[3.1h).

Figure 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/SiO5 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 lower molecular weight. c. e-beam exposure 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.
B.1k. In this thesis, we used Si/SiO, wafers with a SiO, thickness of 150 nm or 300
nm with Si substrate doped with boron (p-type). The wafers were cut into small
pieces of 10 mm x 10 mm or 5 mm x5 mm area. The chips were then sonicated for 5
minutes in acetone, followed by another 5 minutes of immersion and sonication in
isopropanol. Finally, we sonicated the substrate for another 5 minutes in deionized
water, dried it with N, 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 the material deposition method
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[PMMA|A4 495 and[PMMAJ|A2 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 the molecular
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.[3.1kc), 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).
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In addition, in this thesis, we used another e-sensitive polymeric resist, a copoly-
mer offa-chloromethacrylate and a-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°Cfor 300 s. This resist is more sensitive and with higher etch durability than
PMMA|and, due to its thickness (~ 2 pum), 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 systems available at CIC nanoGUNE
BRTA facilities are the Raith 150"“° 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.
The write 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 the amount of charge per unit area that reaches the sample. These param-
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 broken polymer bonds in the resist exposed by the e-beam. The pattern
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 immersing and shaking the sample for 60 s. For 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 Ns. If possible, it can be
checked under a light microscope to confirm the correct pattern and development
process.
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3.1.3 Ar-ion milling

Ar-ion milling is a physical process for surface cleaning or etching a material on a
substrate. lons of an inert gas such as Ar are accelerated from an ion-beam source
perpendicular to the sample (Fig.[3.1¢). The Ar* ions collide with high energy, etch-
ing the material from the sample surface. Ar-ion milling is used in our case to clean
the surface before material 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 (50 mA), 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 uniform milling 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 the MASsoft
professional software using the multiple ion detection (MID) mode of the desired
elements (individual masses). Figure shows the mass detection of Bi and Se
from a[BiSe] thin film after removal of the capping layer of SiO,.
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Figure 3.2: Endpoint detection spectra. Intensity as a function of milling time for Bi
(blue curve) and Se (dark cyan curve) in a[BiSeJ/SiO, bilayer. SiO; 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, the material deposition was performed by[physical vapor deposition|
techniques. 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 methods used in this work are shown in Fig. [3.3]and will be explained
below.
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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 bombarding a target (bulk material to be sputtered) with
energetic particles such as Ar" ions [157]. To do this, the chamber, which is at
lhigh vacuum (UHV )| pressure (~ 10~® mbar), is first saturated with Ar gas. This in-
ert Ar gas is ionized with a high-energy discharge, generating a plasma. The plasma
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
sputtered atoms are extracted as a vapor source with neutral particles (single atoms
or clusters of atoms) that will travel until they reach some surfaces for thin film de-
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 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. 3.3, 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 the width of the pattern electrode, as shown in Fig. This is important to keep
in mind in order to achieve the desired thickness in our devices.
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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)/SiO; electrodes with different widths (50 — 1000 nm). The electrodes
were fabricated using a double layerPMMA[resist. b. Zoom of one sputtered[BiSe}/ SiO
bilayer electrode showing the thickness, ¢, 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 the wider 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), and SiO,, 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 a W fil-
ament and accelerated into the crucible by electric and magnetic fields under high
vacuum, see Fig.[3.3b. The e-beam that reaches the pellets of the material 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
evaporation system from CreaTec (base pressure of ~ 10~ mbar). This tech-
nique is used for the deposition of metallic materials (including[FM| materials).

Thermal evaporation

Thermal evaporation, also known as Joule heating evaporation, consists of heating
the crucible or source of the desired material with electrical currents based on the
Joule effect (Fig. [3.3). 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 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 resist, the sample is immersed in NMP for 10 min 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 N5 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 by mechan-
ical exfoliation of a|highly-oriented pyrolytic graphite (HOPG).
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The graphite structure has weak van der Waals bonds between the layers of the ma-
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 off[ HOPGseveral times until we get the desired amount of material to transfer
the flakes onto a Si/SiO4(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 This
method is also known as the Scotch tape technique [164,|165].

3.2 Characterization techniques

aterial characterization was performed on the thin films, as well as on
M 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
one of the mostimportant parts for the purpose of this thesis, in order to extract the
spin transport properties of 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, and magnetic properties measurements could be performed in[PPMS]
systems operating at temperatures down to 1.8 K with a superconducting magnet
immersed in liquid helium at the bottom of 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 form of cryogenic fluids such as nitrogen
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 superconductive magnet. 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
the measurement, we mounted 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 is made by Al wires using a West Bond wire bonder. The bonds
with the wire bonder can be made on pads as small as 100 ym x 100 pm, allowing
multiple devices to be fabricated on the same substrate.

For the transport measurements, we used a Keithley 2182A nanovoltmeter, a Keith-
ley 6221 current source, and a switchboard. The switchboard allows us to select the
contacts or channels in which we want to apply current (using the Keithley 6221) or
to probe the voltage (with the Keithley 2182A nanovoltmeter [166]). We use a "delta
mode" technique for measurement (also known as the[D(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:

(3.1)

where V' (41) and V (—1) 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. The delta mode is equivalent to the 1st harmonic signal of an[AC]lock-in
measurement.

3.2.2 Microscopy techniques

To better understand the devices in terms of dimensions, surfaces, and interfaces,
we used various microscopy 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 from Nikon 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/SiO
substrate to find the desired flake for further device fabrication.

Scanning electron microscopy (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, 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 images pre-
sented in this thesis have been obtained with the systems Raith 150" and
Raith e-line*.

Transmission electron microscopy (TEM)

TEM]|is a high-resolution imaging technique that can detect electrons that have
passed through a sample (i.e. electrons transmitted). 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, was
used in scanning mode, also known as|scanning transmission electron microscopyj

(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 (SJTEM|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 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|images were obtained by Prof. Andrey Chuvilin at CIC nanoGUNE BRTA
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 distribution maps were obtained by multiple 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)|
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Figure 3.5: Atomic force microscopy images. surface images of 500 nm x 500
nm for[BiSe| thin films with a. 10 nm [RM S = (0.34 + 0.05)nm], b. 30 nm [RM S =
(0.50 + 0.05)nm], ¢. 60 nm [RM S = (1.4 + 0.1)nm], and d. 120 nm [RM S = (2.2 £
0.2)nm] thickness.
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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 aAFM]
instrument from Agilent 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.

3.2.3 X-ray characterization

X-ray characterization is the use of high-energy electromagnetic radiation to study
the atomic and molecular 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]: nA\,_,,, = 2dsin (),
where n is the diffraction order, A,y is the wavelength of the incident wave, d is
the distance between the atomic planes, and 6 is the scattering angle with respect
to the surface plane.
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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) thin films.

The X-ray instrument used in this work is a X’ Pert® from Malvern PANalytical,
which was mainly used in the X-ray reflectivity (XRR) [175] configuration to quan-
tify the thickness of the thin films, where the X-ray incident angle and the detection
angle have the same grazing incidence value during the scan. The interference is
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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. 3.6p.
The periodicity of the fringes is used to determine the thickness of the thin film.
The thinner the film, the wider the fringes. 3

3.3 Finite Element Method

umerical simulation methods are performed after|Finite element method|

analysis to solve partial differential equations in 2D]or 3D]struc-

tures. 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 simulations were performed. Following the nonlocal
devices explained in section[2.3.2} we extracted the interface resistances between
the electrode and the channel by based on the electrical mea-
surements at the 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 efficiency
of the

Additionally, simulations on spin transport were performed following the
drift-diffusion model in section by constructing the most similar geometry
possible (volume and surfaces such as thickness and width) and doing the[3Djmesh
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[FMk. 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.



Chapter 4

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

nologies, from the new generation ofMRAME that use the direct[SHE|and/

or [REH to switch the magnetic element [182,183] to the spin-based logic
that uses the inverse effects or [[REE)) to readout the magnetic element [34]
as in the device. In this regard, is reported as a promising candidate to
be placed in the readout node of MESO] Nevertheless, this material presents prob-
lems of interdiffusion when is in contact with a[FM] as discussed in section[1.3

T he search for systems with more SCI|efficiency is crucial for different tech-

Such intermixing at the interface affects the material 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 also when growing[BiSe|by techniques such as molecular beam
epitaxy in ultra-high vacuum. For instance, in the growth of onto insulating
ferrimagnets such as yttrium iron garnet (YIG), even though an atomically ordered
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 in YIG/BiSe|leads to alow conversion efficiency
with a Agg of 0.1 nm, one order of magnitude smaller than for other such as
a-Sn [133]. Besides, theoretical predictions suggest that, if this[T1}is in direct con-
tact with a metallic ferromagnet, a hybridization is produced destroying the helical
spin texture or spin-momentum locking [185].

In this chapter, we made the first 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 We sputtered [BiSe)/Py bilayers and the oppo-
site stacking order (Py/BiSe). Our results show that sy of 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 than Pt by more
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

tion at room temperature, a technique explained in section (3.1.4] Targets

of BisSe; (99.999% pure) and Py (99.95% pure) were used in an[UHV|seven-
target AJA sputtering system with a base pressure of 3 x 1078 Torr. BiySes was
sputtered at a 35> W power and a 3 mTorr Ar pressure to yield a deposition rate of
0.09 A/s. The Py layers Were sputtered at 100 W power and a 3 mTorr Ar pres-
sure to yield a deposition rate of 0.08 A/s. The bilayers were capped with 5 nm of
Al,O3 (200 WRFat 3 mTorr Ar). The bilayers, including the capping, were grown in
situ. Sample stacks are always written 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. and[4.1p.

g 11 samples were grown on Si/SiO2(300 nm) substrates by sputter deposi-

Figure 4.1: Spin pumping device. Both sketches of devices: a.Py andb. Py
showing the [DC| magnetic field (Hpc) that is applied in-plane perpendicular to the
sample while an RF electric current is injected in the coplanar waveguide (yellow) pro-
ducing an RF magnetic field (hrr) 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 (j;) that is injected in the[SOM] and con-
verted into a voltage (Vsp=V" — V") by or c. Sketch of a device similar to
the ones used in this chapter and d. its optical image.
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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 Sanchez and Dr. Alberto Anadon. 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 SiO, layer with a thickness of 200 nm was grown by [RF| sput-
tering using a Si target and Ar" and O?~ plasma in a Kenositec KS4OOHR In
a third lithography step, the patterning and Au deposition for contacts and
were performed using a PLASSYS MEB400S evaporator. The dimensions of the ac-
tive bar (see the blue part in Fig.[4.1kc) are 10 x 600 zm. 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 SiO,, the dimensions of the 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[DC|magnetic field (Hpc) up to 0.6 T provided by an electromagnet. A sketch
of the 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 generating an
magnetic field on the sample (/).

Certain combinations of Hp- and the frequency of hpp drive the 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
(ie. or Pt). This spin current is then converted in the[SOM]into a charge accu-
mulation by means of the[ISHE|or the[I[REE| We can measure this voltage (Vsp) by
modulating the RF| power injected in the and using a lock-in voltmeter that
is matched to this modulation while sweeping the external Hpc. We use a power
modulation with a sine function, where the depth was 100% and the modulation
frequency was 433 Hz.

When the system reaches the resonance condition, the measured voltage exhibits
a characteristic Lorentzian curve symmetric around the resonance field (#,) (see
Fig.[4.2)). Visp 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 the mea-
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 effective magnetization (M.g) and the Gilbert damping («) of the fer-
romagnetic layer, we analyze the position of the resonance by observing
the peak in Vsp. We analyze the center (H,.) and width (A 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. 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 (SJTEMHEDX] 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 Kz line (Ni is one of the elements of
interest) with Cu K, 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 (FEI
Netherlands) at 300 kV in STEM mode. 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[SP|measurements in theBiSe}/ Py and Py/BiSe|samples and in a ref-
erence Py/Pt sample, shown in Fig. In these measurements, thermal and other
artifacts can be relevant and need to be accounted for [190]. In Fig. we observe
a voltage change of 2A V..., at Hpe = 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 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, since we observe a clear Lorentzian line shape in Vgp
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and a clear sign change with the same amplitude for negative and positive applied
magnetic fields, only Nernst, anomalous Nernst, 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].

—_

T T
< V. 3
> r SP ]
s OW MW”W‘WW‘ TZAVtherm :
= :
> 4E X d
F o —— Py(5nm)/BiSe(4nm)
2 '_P_12 dBm —— BiSe(4nm)/Py(5nm)]
F f=12GHz
et ey = PY(nm)/PEm)
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
HoHpe (T)
b. C
25— . ‘ . . : 0.04
P=12 dBm Py(5nm)/BiSe(4nm)
2.0k f=12GHz —— BiSe(4nm)/Py(5nm)] | 40.02
2 — Py(5nm)/Pt(5nm)
£ 150 0.00
1
i -0.02
1.0p
P
0.5k -0.04
P=12 dBm
F e Py(5nm)/BiSe(4nm){-0.06
0.0 f=12GHz —— BiSe(4nm)/Py(5nm)
} . -0.05 0.00 0.05
Ho(Hpc-H)) (T) wo(Hpe-H,) (T)

Figure 4.2: Spin pumping voltages in Py 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
reference Py/Pt stacks at 12 GHz and power of 12 dBm. In addition to the spin pumping
voltage (Vsp) at thecondition, we can also see a jump around Hpc = 0 T due to
thermovoltage (Vijerm ). This thermal voltage is much smaller in the case of the
layers compared to the Py/Pt sample. b. Comparison of the Vgp 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 shows Vgp 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. The magnitude of Vsp/ 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 sy about 200 times larger than the one of Pt [49]. Figure
shows that the sign of the [SP| current changes when the stack is inverted, as ex-
pected in[SP|measurements. 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 (15.85 mW) and 12 GHz,
is 2.228+0.003 nA for the Py/Pt stack, while only 0.040+0.001 and —0.0624+0.001

nA for the Py/BiSe|and BiSe)/ Py, respectively, as shown in table[4.1]

Table 4.1: Effective magnetization (M.s), uniaxial in-plane magnetic anisotropy
(Hyni), frequency-independent inhomogeneous contribution (A Hj), Gilbert damp-
ing (a), effective spin-mixing conductance (¢g4;) 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 Meyy H,.; AH, Q &\ Vsp/R
(emu/cm?) (G) (G) (m~—2-10") (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. and [4.3d, we show the frequency dependence of Vsp for a fixed
power of 12 dBm. The equivalent measurements for the reference sample Py (5
nm)/Pt (5 nm) are shown in section By fitting the frequency as a function
of the resonance fields for both stacking orders (Figs. and [4.3k) to Eq.
we obtain M.;y and H,,; values. o and AH, values are extracted by fitting AH
as a function of the frequency to Eq. (Figs. and [4.3f). g, is obtained by
using Eq. For all these fits, the Landé factor of Py (gp,) 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 We can observe that both the magnetic
properties of the sample (M. s, o) and the interfacial spin transport ones (g4, ) are

significantly different between the two stacks.
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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 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, Py samples, respectively.
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We can also observe that M, is lower in both stacks than in the Pt stack,
which presents a value closer to the one of bulk Py [192]. The obtained values of
H,,; 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 theBiSe|/Py (—13+2 G).

4.3.2 Structural characterization by TEM

It has been widely acknowledged that the interface plays a crucial role in the injec-
tion of spin currents between different materials [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-section of the sample observed by[TEM| We show the two opposite stacking
orders Py/[BiSe|and BiSe)/ Py in Figs. and[4.4b, respectively.

Intensity (normalized)
Intensity (normalized)

2 4 6 8 10 o 2 4 6 8 10
Position (nm) Position (nm)

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
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 SiO, 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 distribution has been characterized by[EDX] Figures[4.4c and

show the different elemental maps obtained by[EDX| Figures[4.4f and[4.4f dis-
play the normalized elemental profiles for each stack.

A strong diffusion of Ni through the 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

The interface betweenBiSe|and Py is completely modified in both stacking orders,
and this also alters the spin injection efficiency for spin transport measurements.
By comparing our spin pumping and results, we can observe that the
bilayer with the highest interdiffusion, [BiSeJ/Py, also has the highest charge cur-
rent produced since we have a more 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

reduced effective magnetization as well as the change in «. The Gilbert

damping increases twofold for the Py/BiSeJand fivefold in the[BiSe}/ 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[BiSel

T he migration of Ni in the Py/[BiSe|sample can also explain the origin of the

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. The migration of the elements in both samples could lead
to a gradient of magnetic composition, since the moment per atom of Ni (bulk sat-
uration magnetization M =485 emu/cm?) and Fe (bulk M,=1707 emu/cm?) [196]
are very different (see section for magnetometry measurements).

In fact, while « doubles for the Py/BiSe|sample compared to the[BiSe|/Py one, AH|,
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 the magnetic layer. M g
is usually different to M and changes in the sample anisotropy typically lead to
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a reduction in Mg, but not in M. In the thin film limit and when the magnetic
anisotropy is negligible, Mg and M, 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 in Mg similar to what we observe in both stacks.

In contrast, regarding the change in composition, one could expect that a reduc-
tion of the Ni percentage in the Py layer would produce an increase in M .. 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 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 ¢, implies that both materials at the interface have
the same composition as the magnetic layer and we observe a mixed interface.
Additionally, the extraction of M4 from Eq. 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 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 hgg is similar.

4.5 Summary and conclusions

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 spin pumping voltage, we compare the different magnetic 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 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-




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

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 layer might 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
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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 on multiple devices lead to de-
viations in Vsp below 5%.

4.6.2 Appendix B: Spin pumping measurements in the reference
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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 magnetic field. b. Frequency square as a function of
H,. 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[4.6fa shows the evolution of Vs p with the frequency for the reference sample:
Py (5nm)/ Pt (5 nm). To extract the Landé factor of Py (¢p, ), we plot f? as a function
of H, (see Fig.[4.6p), and fitted the data using Eq. The gp, value obtained,
2.122 4 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 and show
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the equivalent plots as in Fig.[4.3|for the reference sample. The extracted values are
given in Table
4.6.3 Appendix C: Magnetometry

Here we add magnetometry data performed in a new set of samples grown under
the same conditions and measured by|vibrating sample magnetometry (VSM).
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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/cm? is calculated considering a Py thick-
ness of 5 nm, while the moment per unit area is calculated normalizing by the surface
of the sample measured in the

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 (M,) as in
the measurements of the effective magnetization (. ;) reported in the main text,
but the absolute values differ, especially for the Py sample, whose M, here is
around 500 emu/cm® compared to the 316 obtained for M. 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 volume we need to calculate M, 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 the magnetic moment normalized by the surface of the sample (left
axis).



Chapter 5

Quantification of spin-charge £l
interconversion in sputtered BiSe

with T-shaped devices
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5.1 Introduction

rial to be placed inside the readout node of the[MESO]device, in which[BiSe]

was proposed as a promising candidate. However, we showed in Chapter[4]
the formation of an interfacial layer between BiSe|and transition metals by a solid-
state reaction, in agreement with other recent studies [56,(198,/199]. This observa-
tion encourages rigorous characterization of sputtered [BiSe]

g s discussed in Chapter(l} the main motivation of this thesis is to find a mate-

In this chapter, we show the influence of the intermixing at the junction of[BiSeland
transition metal on the characterization of the electrical and spintronic properties
of using a local spin Hall (T-shaped) device, which has a similar geometry to
the[MESO]device (see section[2.3.2). In this approach, we used CoFe as the[FM|ma-
terial in contact with 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 simulations were per-
formed for the local devices in order to quantify the efficiency (05i2¢).

By studying the[BiSe|thickness dependence of the[SCIsignal and the cross-junction
resistance, we observed a large variation in resistivity and §5i°¢ correlated with the
compositional change of 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

different lengths between contact electrodes (see Fig. ). The device is fab-

ricated by twoleBI]steps: First, the 320-nm-wide nanowire is patterned using
a double layer of and then 30 nm of are deposited by [RF| sputtering
from a stoichiometric Bi,Se; target using an |RE| power of 35 W at 3 mTorr. This
wire is capped in situ by sputtering 5-nm-thick SiO, using a [RF power of 200 W
at 3 mTorr.The capping layer is needed to protect by the anisole solvent of
the resist, which damages the material. When dipping the sample in
anisole (without the capping layer), the resistivity increases more than 10 times.

I nitially, to characterize the resistivity of we used nanowires of with
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The second [eBL] step is for the Ti(5 nm)/Au(40 nm) contact electrodes. The
patterning of the electrodes was performed with a double layer of PMMA|for elec-
trodes with the same width 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 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 film bilayers composed of[BiS¢|(16 nm thick), CoFe (15 nm
thick) and SiO, 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 [SCIin we use the local spin Hall device shown in section
which corresponds to the architecture of the[SOjreading module of the[MESO|
device (section[1.3)). All materials constituting the local spin Hall device were grown
by[DC|(metal) and[RH (BiSe|and SiO, capping layer) sputter deposition. The device
consists of a top T-shaped nanostructure of (2 to 40 nm)/NM](Ti, Pt or Ta; 10
nm) and a bottom 15-nm-thick CoFe electrode, all with a width of 80 nm, following
the fabrication steps described in section Since sputtered has a high
noise level in electrical measurements, asuch 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/SiO, substrates by two steps of We
use single layer followed by the development, magnetron sputter deposi-
tion, lift-off and ion-milling (see Chapter[3|for details of each technique). The CoFe
wire is patterned as the first layer and deposited by[DC/magnetron sputtering of 30
W at 2 mTorr of Ar pressure. To eliminate sidewalls on the CoFe wire, ion-milling
(Ar flow of 15 sccm, acceleration voltage of 50 V, a beam current of 50 mA, and beam
voltage of 300 V) is performed with an incident beam angle of 20° after the lift-off
process (see step hin Fig.[3.1). The second step of the[eBLis the T-shaped wire: after
the development, [BiSelis deposited by magnetron sputtering using the same con-
ditions mentioned before. Subsequently, is deposited in situ using[DC|power
(80 W for Pt, 100 W for Ti, 200 W for Ta) at 3 mTorr 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
200]. Figure 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
nanowire (4000 + 1000 p£2cm) 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.
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Figure 5.1: Electrical characterization of a. Top-view image of the

wire used to measure the resistivity, with different lengths between metallic elec-
trodes. The 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 u2cm 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 wire.
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As shown in Fig. 5.1k, 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 nm width and
20 nm thickness has a resistivity of 18000 p£2cm at 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

[TEMJimages in Figs.[5.2a and[5.2b show the structures of SiO, substrate /[BiSe}/ CoFe/
SiO, cappinglayer and the opposite stacking order, SiO, substrate/ CoFe/BiSe)/SiO,
cappinglayer, respectively. The sputteredBiSe|layer is polycrystalline in both cases,
although it is more oriented on top of the CoFe layer than on top of the SiO, sub-

strate (see section for complementary[TEM|characterization of the intermixed
layer).
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Figure 5.2: Characterization of interfaces for local devices. images and
normalized EDX element mapping results of bilayer stacks when [BiSe]is placed at the

bottom [BiSe]/ CoFe (a. and ¢.)] and at the top [CoFe/[BiSe|(b. and d.)] of the[FM|mate-
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. and , 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 two materials and the subsequent[SCI, we chose the CoFe/BiSe|stack
(Figs. and[5.2[d) to minimize its influence and keep BiSe|close to pristine con-
ditions.

5.4 Local spin Hall devices

is measured while an external magnetic field is applied along the easy axis

of the CoFe electrode (z-axis) and a current (/..) 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 is described in Fig. [5.3p. Spin-polarized
current in the CoFe wire flows vertically through[BiSe]to the[NM|due to the large dif-
ference in resistivity, and the[[SHE occurs inside[BiSe] The resulting charge current
is then measured transversely in the T-shaped structure as an open circuit volt-
age, Vispp. When the magnetization of the CoFe electrode is switched, the spin
polarization also reverses and V;syr changes sign. The resistance, defined
as Risyr = Visug/I., always contains a baseline value, and therefore it is more
convenient to define thesignal, 2ARrsyE, as the difference between the two

magnetic states (see Fig.[5.3c).

T o quantify the signal arising from the [[SHE, the transverse voltage (V;sx )

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

Figure[5.3k shows the [SHE|signal of 15.1 & 0.4 m{2 measured 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
signal shown in the inset of Fig.[5.3[c) 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.[5.3[d, with an signal of 5.4 4 0.5 m{2, which is 3 times smaller than that of
a[BiSel/ Ti device with the same thickness.
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Figure 5.3: Local spin Hall device and signals. a. Sketch of the local spin Hall
device with the [SHE| measurement configuration. b. False-colored [SEM|image of the
local device, with the CoFe electrode in pink and the[BiSe|T-shaped structure in purple.
The electrical configuration is presented for the measurement. resistance,
Rrsnp, 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 in panel c. shows the[SHE|resistance measured using the configuration
in panel b. as a function of the external magnetic field. The[[SHEsignal, 2AR;sp 5, as
a function of thickness with the fitting curves obtained by simulations
for e.Ti and f.Pt. All measurements are performed at room temperature.
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Since the can occur in the adjacent[NM|when [BiSelis thin, we need to prove
whether the signal is generated in the On comparison of the sig-
nals of the two devices, however, 05 of Ti is negligible (—0.00036) [201] while Pt is
known as a material which has high 6sy (~ 0.1) [72,202] so even considering the
high resistivity of Ti, the larger[[SHE/signal observed cannot be properly explained.

As a further check, we also fabricated devices with Ta as the The sign of gy
in Ta is opposite to that of Pt [73], but the [SHE 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[[SHEappears in the thin[BiSe|layer, regardless of the[NM]used.
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Figure 5.4: Ta local device. [[SHE|resistance as a function of the external mag-
netic field obtained in aTa local spin Hall device.

Figure[5.3e shows 2A R;spx as a function of the[BiSe|thickness in the (2—16
nm)/Ti (10 nm) local spin Hall devices. 2AR; sy 1 is largest for 3 nm of and
it decreases for thicker structures. The same experiment was conducted with[BiSe|
(3 — 5 nm)/Pt (10 nm), as shown in Fig. 5.3}, yielding a similar trend. The
signal could only be observed up to 16 nm of 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[[SHE signal.

We should mention that an [34] 123} 127] and [162] can appear as ar-
tifacts in the measurements (see section [5.6.2)). The anomalous Hall angle
obtained by applying an out-of-plane magnetic 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 a3DJFEM|based on the spin diffusion model [34, (123,127, 203], and we
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obtained less than 6 and 2 mQ[AHEJsignals in the whole thickness range for[BiSe}/ Ti
and [BiSe]/ Pt structures, respectively. Additionally, the stray field of CoFe-induced
is calculated by3DJFEM]|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 m{2 contribution for both structures. As
shown in Figs. and[5.3f, the calculated [AHE|and [OHE|signals decay with
thickness since current shunting is suppressed and the distance between [FM]and
increases, respectively.

Next, we analyzed the thickness dependence of the signal by a 3D|[FEM]sim-
ulation [34] also taking into account the and the discussed above. The
simulation is performed by assuming that the resistivity of[BiSe]is 18000 u£2cm (20-
nm-thick and 80-nm-wide wire in the inset of Fig.[5.1k). The resistivities of CoFe
and Tiwere 42 and 40 p£2cm, respectively, which were measured directly on the de-
vice. The obtained A5%%¢ is 0.5 nm (see section [5.6.3|for quantification of A5*5¢ by
the local spin Hall devices) and 657¢ is 27.5, a very large value that is in good agree-
ment with the previously reported value [49], and it seems to prove once again that
sputtered[BiSelis one of the most promising materials 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
confirmed here, as a single HSB}fe value of 27.5 is obtained over the Wholethick—
ness range of 3-16 nm. The hybridization of the topological surface state reduces
the[SCI|signal when a[T]is thinner than 6 nm [204], but the maximum signal is at 3
nm, as shown in Fig.[5.3f. 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. . From all these facts,
it is reasonable to consider sputtered polycrystalline as a normal conductor
rather than a[Tll

On the other hand, the cross junction resistance (R¢ ;) as a function of the thick-
ness of as shown in Figs. and disagrees with such a high resistivity
of The sketch in Fig. shows the measurement configuration of Rq ;. In
the BiSe]/ Ti structures shown in Fig.[5.5p, R¢; shows a constant increase with the
thickness from 2 to 16 nm, but the overall values are unexpectedly low. Even
in [BiSe|/ Pt devices shown in Fig. [5.5p, although the change of R is higher than
that of [BiSeJ/Ti, the values are rather similar. This measurement assumes a verti-
cal current flowing uniformly across the junction. Considering the large resistivity
difference between and metallic wires such as Pt, Ti, and CoFe, the current
stays in the CoFe until reaching the junction and flows vertically through to



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

so that the R¢ is expected to be more than 80 (2 for 3-nm-thick BiSe] when
a resistivity of 18000 x{2cm and a junction area of 80 nm x 80 nm are considered.
However, the measured R~ on the devices with thicknesses up to 4 nm has
negative values, which is generally considered as a transparent interface, hinting
that the resistivity of may be lower than that initially measured in nanostruc-
tures without the[NM] In order to reliably extract the resistivity of[BiSe] we perform
a BD|[FEM] simulation [195] of the Rc; measurements, where the independently
measured resistivities of the (Ti or Pt) and CoFe are used as inputs and the
only unknown parameter is the[BiSe|resistivity. The simulation results are
shown by red lines in Figs. and[5.5p. The resistivities of are calculated to
be 600 xQcm 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 2cm in the
[BiSe)/ Pt structure, about 6 times higher than that of[BiSe)/ Ti. These results indicate
that the top layer changes the resistivity of In the following paragraphs,
we will 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-
formedTEM|and[EDX|experiments in SiO, substrate/CoFe (15 nm)/BiSe|(30 nm)/Ti
(10 nm)/Pt (10 nm) and SiO, substrate/CoFe (15 nm)/BiSe| (30 nm)/Pt (10 nm)
multilayer stacks as shown in Figs. and[5.5d (see also section5.6.1]for the anal-
ysis of the actual [BiSeJ/ Ti local spin Hall device). In order to obtain a quantitative
elemental analysis from the we exfoliated single-crystal Bi;Se; flakes on top
of each stack. Since the Bi,Se; flakes are stoichiometric, the composition of sput-
tered can be accurately determined by normalizing the Bi and Se intensity
curves to 40% and 60%, respectively. In the[BiSeJ/ Ti structure, a clear peak of the Se
curve, indicated by the blue arrow in Fig.[5.5fc, appears as a result of strong inter-
mixing near Ti [55} /56,198, [199], and[BiSelhas a 50 : 50 composition in the rest of the
layer. No intermixing was observed between and Pt, where the composition
was 45 : 55. Eventually, we obtained two different [BiSe| compositions depending
on the chosen even with the same growth condition. This is the reason the
resistivity of varied from 600 to 3700 p£2cm in the two structures depending
on the[NMlused.

Still, the composition change alone does not explain the high resistivity (18000
pcm) obtained in the BiSe| wire measured laterally (Fig. [5.1kc). 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 thickness below 16 nm drastically reduces the



Local spin Hall devices | 85

resistivity when it is measured along this direction as compared to the lat-
eral measurement, which includes the grain boundary contribution making a high
noise level. The [BiSe|wire has a resistivity of 18000 ;{2cm as a series resistance of
grain and grain boundary without intermixing, and the resistivity of 3700 p{2cm
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 ;{2cm 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]
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Figure 5.5: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. images

and[EDX]scans of c. CoFe/BiSe)/Ti and d. CoFe/BiSe]/ Pt thin films compared with sin-
gle crystal BisSes flakes exfoliated on top of the thin films for proper quantification of
the composition.

Returning to the results of Figs. and[5.3f;, it is necessary to accurately es-
timate 05:°¢ once again, because the resistivity of can affect the spin injection
efficiency and current shunting, and consequently #5:°¢. As a result of the
simulation performed using the resistivity obtained in Figs. and5.5p, a ABi5e
value of 0.5 nm and 059 value of 0.45 are estimated for the / Ti devices. In the
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case of[BiSeJ/ Pt devices, we extract a AZ*%¢ value of 0.35 nm and 655 value of 3.2.
These results are significantly different from previously reported values [49, 207
and our first estimation because the high resistivity reduces the signal
by strong spin backflow. In addition, the signal reduction as[BiSe|gets thicker
is completely explained by the spin diffusion model for the entire thickness ranges,
indicating the absence of quantum confinement depending on the grain size [49].

Table 5.1: Summary of resistivities depending on measurements direction and

FM

Structure Measurement Resistance of Intermixing Resistivity
direction grain and boundary (1€2cm)
|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 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
/ Ti structure with also a similar 95};96, in agreement with our claim. To compare
with the published results of spin pumping experiments [50, 51|, in which \;zgg
is used to quantify the[SCI efficiency, the product A0 is considered. In fact, this
product better quantifies the[SC] efficiency in a local spin Hall device [34}[72}[102].
In particular, the #5i¢ value of 18.62 [49] is more than 50 times higher than 0.35
which is obtained in the [BiS¢J/Ti structure, but the A\;zzr values of 0.32 nm [50]
and 0.1 nm [51] are comparable to what we obtain in our local spin Hall devices
using[BiSeJ/ Ti (0.225 nm) despite differences in experimental methods and ferro-
magnetic materials. These results indicate that intermixing must be considered in
material characterization, especially an appropriate resistivity quantification and
that fs can be overestimated when these aspects are not properly considered.

5.5 Summary and conclusions

sion in sputtered BiSein local spin Hall devices at room temperature (300

T o conclude this chapter, we observed all electrical spin-to-charge conver-
K) and showed that all parameters related to|SCljefficiency, which are resis-
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tivity, \?%9¢, and 05%¢, were affected by the intermixing with the adjacent nonmag-
netic metal used to electrically shunt the In particular, the fact that a Se con-
centration change by intermixing made a difference of 6 times in resistivity shows
how easily §5i%¢ can be overestimated by the resistivity without considering inter-
mixing. Even though the 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|[FM]bilayers).
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 layer shunting
the signal can be removed. The layer was applied to reduce the noise level in
electrical measurements, but it is not a fundamental solution due to its low resistiv-
ity, leading to an overall [SHE|signal reduction. We suggest that the [SCI efficiency
and the 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:Polycrystalline BiSe structure and intermixed
layer

Figure and show the polycrystalline sputtered and the intermixed
layer depending on its stacking order (bottom and top, respectively). While the
[BiSe|/ CoFe structure in Fig.[5.6f has a thick amorphous intermixed layer, the CoFe/
[BiSelin Fig. has a vague one. In some grains, alternating Bi,Se3 quintuple lay-
ers and Bi bilayers are found, but its frequency varies even within a grain.

Polycrystalline BiSe

Figure 5.6: Polycrystalline and intermixed layer. High-resolution images
of two differente stacking order: a.[BiSe}/ CoFe, and b. CoFe/[BiSe|structures, both sam-
ples capped with 5 nm SiOs. Yellow lines are added to show the amorphous intermixed
layer in between thelayer and CoFe layer.

Figure[5.7]shows theTEM]image and [EDX]| profile for each element similar to Fig.
but with 16-nm-thick[BiSe} These are obtained by cutting the BiSe}/ Ti T-shape
wire of the local spin Hall device. To know the exact composition of[BiSe| we used a
Bi,Se; flake exfoliated to normalize as shown in Fig.[5.5 but even without the flake,
Se (red curve) diffusion can be clearly seen.
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Si0,. BiSe,.,

Figure 5.7: Ti and intermixed layer in the local spin Hall device. 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 theISHE signals

Artifacts that can be observed with the measurement include[PHE] and
In order to disentangle each one, first we measured 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.[5.8p. This measure-
ment is composed of the sum of the two contributions, the and the
which have an angular dependence following cos # and sin 26, respectively.

Since the signal is measured by applying a magnetic field in the x-axis, the
amplitude of the cosine term becomes 2A Ry . On the other hand, in the case
of since the period is 20, 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 2A R; sy extracted from saturation at positive and negative magnetic
fields, as discussed extensively in Ref. [127].

Secondly, theis mainly induced by the stray field (H;,4,) in the z-axis gener-
ated at the tip of the CoFe electrode, as shown in Fig.. Since H,q, acts strongly
up to about 20 nm from the CoFe tip, the simulation was performed considering
the misalignment of 20 nm in the model. In an actual device, a misalign-
ment is less than 20 nm, but this was considered in order to not underestimate the
contribution. 4, can have both = and z-axis components, and since the current
at the junction has a z-axis component, the z-axis component of H ., 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 [SHE|resistance, but the observed
signal is almost flat. Therefore, H,,, in z-axis is not considered.

To obtain the Hall coefficient, Hall bars of (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
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 and CoFe changes according to the thickness of
the[OHE]also has a thickness dependence. The calculated[OHE|contribution in the
entire thickness range of does not exceed 0.5 mS), and the results are shown

together with in Fig.

And finally, the[AHE|presents as an artifact as the potential difference generated in
the CoFe wire is transmitted to the[NM] Considering the z-axis magnetization,
can occur only by the current in z-axis at the junction as shown in Fig.5.8e. Figure
is the[AHEsignal of the CoFe wire, and the anomalous Hall angle (0 47) is 1.5%
when CoFe is 15 nm thick and its resistivity is 42 p{2cm. The contribution
decreases with the thickness of because acts as a barrier. The 3D|[FEM|
simulation results based on the spin diffusion model [34,123}|127, 203] are shown
in Fig. As shown in Figs. 5.3k, and 5.3, the calculated [AHE and [OHE] signals
decay with [BiSe| thickness, since current shunting is suppressed and the distance
between[FM]and 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 making CoFe wire as thin and narrow as possible will minimize the OHE
contribution. Extending the tip of the[FM]beyond the junction area, while isolating
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it from the middle arm of the T-structure, is another possibility, but more challeng-
ing from the nanofabrication perspective.
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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 previous work by our group 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 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 anomalous Hall voltage induced in CoFe will be blocked
by the barrier, it will not be transferred to the wire.

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-current drift-diffusion model, with the collinear magnetization of the[FM]elec-
trode along the easy axis. The geometry construction and[3D|mesh were elaborated
using the free software GMSH [176] with the associated solver GETDP [177] for cal-
culations, post-processing, and data flow control.

The fitting parameters of simulation in this model are the spin Hall angle
(05i5°) and the spin diffusion length (\Z*5¢) of[BiSelwhile spin polarization, anoma-
lous Hall angle and magnetization of CoFe, Hall coefficient of[NM]and resistivities
of wires are fixed parameters. The spin current injected into will be converted
into a transverse charge current (/;sy ) proportional to 95;,56 and the amount of
local I;5yp will decay with )\SBise, sketched as a red line in Figs. and . De-
tailed local current density is shown in Figs. and . When \5%¢ is much
shorter than the thickness, the I;syx is concentrated near the interface be-
tween CoFe and BiSe} so it easily flows back into the CoFe electrode, reducing the
signal which is measured along the wire. On the other hand, when
)\fise becomes comparable to the thickness, the distribution of /7555 over
[BiSe| thickness will span over the entire thickness, increasing the current shunting
to the layer. Therefore, the measured signal depends on thickness
and \P5¢ as shown in Fig. , whereas 05i¢is related to the overall signal mag-
nitude. When \5i5e andthickness are similar, the signal magnitude is propor-
tional to the resistivity of because what we measure is the voltage. Finally, we
can simultaneously obtain A\Z%¢ and §5i°¢ by performing the simulation.

Figure shows the result of simulation for [SHE]signal in[BiSe}/ Ti local
spin Hall device using a [BiSe] resistivity of 18000 p{2cm. The parameters used for

the model are the resistivity of CoFe (42 £2cm), Ti (40 u£2cm), the spin polarization
of CoFe (0.48), and the spin diffusion length of CoFe, which is calculated by pc, e
Acore = 1.29 fQ m? (taken from Ref. [75])). Because of such a high resistivity of[BiSe}
the charge current shunting to the[NM]layer is highly suppressed in the simulation,
thus #5%°¢ becomes high, 27.5, to compensate for the suppression of this shunting.
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A\BiSe js estimated to be 0.5 nm, which is 4 times shorter than the thinnest
layer used in our experiment, so we consider that occurs only in[BiSe}
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Figure 5.9: Spin diffusion length of extracted by the local spin Hall devices.
Schematic illustration of the shunting of the converted charge current (/; s ) into the
CoFe andlayers when \55¢ is a. shorter than, and b. comparable to the thickness
of layer. Local current density obtained from the BD|[FEM] simulation in c. top
view, and d. side (transversal) view.simulation results of e. )\f iS¢ dependence,

and f. thickness dependence of signal observed in [BiSeJ/ Ti local spin Hall
devices.

On the other hand, the 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
and[5.7]show the intermixing occurring at the interfaces of CoFe/BiSe]
and The intermixed layers are at the CoFe/BiSe| and [BiSeJ/ Ti interfaces
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and are generated mostly by the diffusion of Se atoms. As a result, layers composed
of CoFe-Se and Ti-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.

Thelocal spin Hall device has a CoFe/BiSe}[NM|structure (two interfaces), but since
there is no practical way to obtain all parameters for the model 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 the CoFe-Se layer can lower the spin
polarization of the[FM]interface and increase the spin injection efficiency by 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 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 layers which 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 model.

5.6.4 Appendix D: Grain boundary of BiSe

Figure [5.5| shows that the resistivity of is changed by the intermixing at the
thickness of below 16 nm. On the other hand, even in the BiSeJ/ Pt structure
with limited intermixing, the resistivity of does not reach the 18000 x{2cm ob-
tained in along nanowire (inset in Fig.[5.1kc), which is thought to be due to the grain
boundaries. Figure[5.10p and[5.10p show the R of thicker[BiSe|in addition to the
thickness range plotted in Figs. and [5.5b. The R¢; with thicker than 16
nm deviates significantly from the fitting line and increases more steeply, which
means that[BiSe]resistivity increases.

Figure shows a top-view image of the grain structure of a 32-nm-thick
[BiSelfilm. The lateral grain size is 15-20 nm (in agreement with the[AFM|showed in
section3.2.2)), 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, R, 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 of R ;. The tunneling behavior shown in Fig.
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. and
is 10 pA in linear response.

For further verification, the impedance of a 16-nm-thick[BiSe| wire was measured
by applying an alternating voltage of 30 mV 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.[5.10, 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.

Aschematic representation is presented in Fig.[5.10g, which shows why the resistiv-
ities measured in the[BiSe]wire and at the cross-junction are different. A resistance
measurement in the wire is done in the lateral direction (V7,), while R ; is mea-
sured in the vertical direction (V4/). In lateral (vertical) direction, grain and grain
boundary exist as a series (parallel) resistance when is thinner than 16 nm,
the maximum size of the grain. It explains the factor of 5, the difference between
the BiSewire (18000 12cm) and the BiSe)/ Pt structure (3700 pQcm).

In this sense, since the grain boundary is much more 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, which means that even though the obtained resistivity is high due
to the grain boundary, the signal magnitude of[[SHEJis dependent on the resistivity
of the grain.

The resistivity increases due to the grain boundary at thicknesses above 16
nm as shown in Fig. 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 wire when it is calculated using the R
value, thickness, and junction area. Also, since the grain boundary acts as a shunt-
ing barrier, it interferes with the observation of the signal in the local spin
Hall device.
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interconversion in sputtered BiSe m
with nonlocal spin valves
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6.1 Introduction

at room temperature in polycrystalline Bi,Se;_, grown by sputter-

ing, a simple technique compatible with industrial processes. Although
the Rashba-Edelstein effect is the origin of in ideal , many works use the
spin Hall angle (sy) to quantify[SCI efficiency in this class of materials. Either in
this case, or when using a material with [SHE] the spin diffusion length (\;) is also
needed to properly quantify the efficiency. However, )\, for sputtered is
usually taken from the few reports [47, 57H59] that grow Bi,Se; 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
efficiency.

g s mentioned in previous chapters, some works [49-53] reported large[SC]

In addition, most techniques for quantifying[SCI require the material to be in
direct contact with a[FM] metal or transition metal, but recent work on Bi,Se; re-
ports interdiffusion [55} 56, 198] by solid-state reaction when in contact with met-
als, which has been confirmed in Chapters{d|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 (\, and sy ) of this material problematic.

In this Chapter, we characterize sputtered using the spin absorption tech-
nique. Using lateral spin valves (LSVs), we were able to perform two separate mea-
surement configurations [70-73], which allows us to independently quantify the
spin diffusion length (\?*°¢) and the spin Hall angle (#5:5°) of[BiSe}

The use of a nonlocal measurement avoids spurious effects related to local cur-
rents, such as Oersted fields in 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 information allows us to model our devices and per-
form a[3D|FEM]analysis to extract the spin transport parameters at different tem-
peratures. The|SC]|efficiency, characterized by the 05 \5i5¢ product and equiva-
lent to A7k [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

steps are required for the complete fabrication of the LSV, following the

steps described in Chapter[3] The first step is used to define the[FM|wires:
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 x 10~ Torr, rate
of 0.6 A/s) and lift-off. In order to remove possible sidewalls on the wires after lift-
off, the sample was Ar-ion-milled with an angle of 10° (with respect to the substrate
plane) and an acceleration voltage of 50 V.

g 1L [LSV] devices were fabricated on Si/SiO, (150 nm) substrates. Three

The second step defines the [BiSe| wires: we spin-coated a double layer of
patterned it with[eBL} deposited 10 nm of[BiSe|by sputtering at room temperature
using a target of stoichiometric Bi,Se; (99.999% pure) in a[UHV|seven target AJA
sputtering system at a base pressure of 3 x 10~8 Torr. Bi,Se; was sputtered at 35 W
power and 3 mTorr Ar pressure to achieve a deposition rate of 0.09 A/s. The wires
were then capped in situ with 2 nm of Pt (80 W|[DC|power at 3 mTorr Ar pressure)
and lift-off was performed.

Figure 6.1: Cu growth on False-colored 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 but as unconnected islands.

The third step defined the spin transport channel of Cu: we used a double layer
of patterned it with 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
evaporation system to grow 2 nm of Ti by e-beam evaporation (at a rate of
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0.2 A/s), followed by 100 nm of Cu in situ by thermal evaporation at a rate of 1.5
A/s. The Ti layer is added to facilitate Cu growth on (see Fig. 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 SiO,
(200 W[RF|at 3 mTorr of Ar).

Figure 6.2: Nonlocal spin valves for reference and spin absorption. Top-view false-
colored image of the 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 (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 absorption measurements

current (/) 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 These spins diffuse through the Cu channel as a pure
spin current (/,) with a characteristic diffusion length (\¢*) and are detected by
the second Py electrode as a nonlocal voltage (V).

I n a reference without the wire (right device in Fig. [6.2)), a charge
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Figure 6.3: Nonlocal spin valves signals and spin diffusion length. a. Nonlocal re-
sistance Ry, as a function of the external magnetic field for the reference (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
and the with the middle wire. c. Geometry and mesh of the model. d.
Spin diffusion length of A\DiSe extracted from the data in panel b with a
analysis, as a function of temperature. In the simulation, the resistivity of the
Ti layer between Cu andis set to be 50 pf2cm.

The nonlocal resistance, Ry, is defined as the Vy;, normalized to /. 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 Ry changes sign
when the magnetization configuration of the two Py electrodes switches from par-
allel (R ) to antiparallel (R47). The difference between these two configurations
(ARf,eLf:Rff ;—R4%) 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 the middle of the two Py electrodes
(Fig.[6.2)), for spin absorption configuration as explained in section A part of
the spin current diffusing along the Cu channel will be absorbed in the [BiSe| wire

and, thus, the spin signal measured by the Py detector, ARﬁ”LS, will be smaller than
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ARﬁeLf (see Fig. ). The Ti/Cu cross is placed on top of the wire in order to
have better electrical contact due to the high resistivity of this material and to help
us to perform spin-to-charge conversion measurements in the same device (see
section|6.4]).

Figure plots the values of ARﬁeLf and A R{Y at different temperatures (T') be-
tween 10 and 300 K. The decrease of the spin signals with increasing 7" is expected
because A\ decreases with temperature (as previously reported [209]) and less
spin current reaches the [FM|detector.

To extract the spin diffusion length of (A\Pi%¢) we performed a[3D][FEM] sim-
ulation. Although, in section [2.1.4} we introduced the|1D|spin diffusion model to

extract \5°M from spin absorption devices, in our case the wire is completely
shunted by the Cu channel, making the|lD|approximation no longer valid. For the
BDIFEM]simulation:

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

2. The interface spin polarization (o) of the Py/Ti and A\ of the Cu channel,
obtained from reference[LSVk with different electrode distances (L) by fitting
the spin signals ARy, vs L using the 1D spin diffusion model (Eq.[2.19), as
explained in Chapter[2and 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 (A RY%).

Besides A\*5¢, the only unknown parameter in the simulation is the resis-
tivity of the Ti layer (pr;) 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 wire. Thus, we
estimate this resistivity (50 x{2cm) in a separate experiment (see section [6.8.4)).

We extracted A€ at different temperatures, plotted in Fig. (see sectionm
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 is much smaller than the values
of 1.6 to 6.2 nm reported for epitaxially-grown Bi,Ses [57, 58].
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6.4 Spin-charge interconversion on BiSe

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

also measure the inverse spin Hall effect using the electrical configu-

ration shown in Fig. (white lines), as explained in section[2.3.1] This time,
we inject a charge current (/) from one of the Py electrodes into the Cu channel
while applying an in-plane magnetic field along the hard axis of Py (z-direction).
An z-polarized spin current is created and reaches the wire, where it is par-
tially absorbed in the z-direction and converted into a charge current (/;55 ) along
the y-direction (Fig.[2.9). This charge current is detected as a voltage (Vs ) along
the[BiSe|wire (shunted by Cu) under open-circuit conditions. The [SHE resistance
(Risue=Visure/1.) is measured by sweeping the external magnetic field along z-
direction. By reversing the field, the opposite R;syx is obtained, because the Py
magnetization changes direction and, thus, the spin polarization of the spin cur-
rent. The difference between the two R;sy 5 values at saturation is denoted as the
signal (2AR;syr) 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

I n the same device where the spin absorption measurement is performed, we
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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 Coo,MnGa [211] is not present in our
case.
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Figure 6.5: Spin-charge interconversion. a. (Rrsug) and (RsyE) resis-
tances as a function of the external magnetic field at 10 K. b. signal (2AR;suE)
as a function of temperature. c. Spin Hall angle of(Hgﬁge) extracted from the data
in panelb and aanalysis, considering a Ti resistivity of 50 u{2cm. d. Hg}fEASBiS €
product as a function of temperature.

As shown in section [2.3.1} it is possible to obtain the direct by swapping the
current and voltage probes, now by applying the charge current in the wire
and picking up the output voltage between the Py electrode and the Cu channel
(see Fig.[6.4p). Both[SHE|and [SHE resistance curves have the same amplitude but
opposite sign [Rrsyr(H)= Rsur(—H), see Fig.[6.5a], as expected from Onsager’s
reciprocity [103,212]. The (I)SHE signals decrease with increasing 7', as exposed

in Fig.[6.5b. To extract the spin Hall angle (657°), we performed a[3D|[FEM|simu-
lation using the same geometry (dimensions) and material parameters as before,
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plus the A\Z#%¢ value extracted in the very same device. Figure shows the 5i>e
values extracted as a function of 7', from 0.69 at 10 K to 2.26 at 300 K (see section
6.8.6). These values are more accurate than those previously reported in sputtered
because of the knowledge of )\SBise. As a control experiment, we measure the
reference device (without the with the direct spin Hall configuration. As ex-
pected, no signal is observed (see section[6.8.7).

The product 05i7°A\P*5¢, which is the figure of merit for the efficiency of a[MESO|
device, is shown in Fig. as a function of T'. 057 \Pi5¢ does not change signif-
icantly with 7', having values between 0.63 and 0.92 nm, slightly higher than the
prototypical heavy metals [73,(123,160, [202].

6.5 Structural characterization

fter the magnetotransport characterization (sections[6.3]and[6.4), we char-
A acterized the device cross-sections byTEM/ STEM|imaging combined with
EDXl 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 experiments [55), (80,

132,[193H195].

Figure shows a cross-sectional view of the 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 shows the different elemental maps
for the elements of interest obtained by[EDX]in the region indicated by the orange
rectangle in Fig. (see section|6.8.8for 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 Se within theBiSelwire shows that the two
elements are not homogeneously distributed and suggest diffusion has taken place
inside the wire.BiSe]is a highly reactive material in contact with other metallic ma-
terials, creating segregation and inhomogeneity within the material that compli-
cates the quantification of spin transport parameters.

Figure 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 Bi,Ses 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 transition metals by
in-situ sputter deposition (Chapters[4)and[5) and molecular-beam-epitaxy-grown
Bi»Se; with metallic contacts deposited by e-beam evaporation [56].

Figure 6.6: Structural characterization by TEM. a. Cross-sectional image of
the[LSV]device. The orange rectangle indicates the area where[EDX|analysis in panel b
is performed. b. 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 resolution[TEM]image cor-
responding to the red rectangle area in panel c.
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6.6 Oxidized Ti interface layer

n the simulations described in previous section and performed for
both spin absorption and spin Hall measurements, we considered a metallic

Ti layer with p;; = 50 uflcm, a value obtained from our control experiment
explained in section However, as pointed out in the previous section, our
analysis shows that the Ti layer in the[LSV|becomes oxidized.
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Figure 6.7: Spin diffusion length and spin Hall angle of considering an ox-

idezed Ti interface a. Spin diffusion length, AZ5¢, b. spin Hall angle, 05}}96, and c.

the 95i5¢\Bi5¢ product extracted from the analysis as a function of the Ti re-
sistivity (p7;) at different temperatures, from 10 K up to 300 K. Additionally, at 300 K,

we also use a lower resistivity of reported in Chapter

Therefore, to obtain more accurate values of )\fise and 95}?6, we need to account

for the presence of oxygen by increasing the resistivity of Ti. As mentioned, 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, we were 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 pr; ~ 1000 pf2cm. The same material 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 simulation with p7; values from 50 to 1000 xQ2cm we ex-
tracted \P*%¢ as a function of pr;, which is plotted in Fig. . At 10 K, for example,
A\BiS¢ 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 pr; = 1500 uS2cm. In this case, A\Z#%¢
tends to infinity, that is, fewer spins can reach thelayer, rendering the prop-
erties of this second layer irrelevant in the[3D|model.

We also performed a simulation considering the resistivity measured in the
vertical direction (across the thickness) at 300 K as is shown in Chapter[5|(pp;is. =
600 p2cm), a much lower value compared to the longitudinal measured at room
temperature (pg;s. = 4100 puf2cm, see Fig. ). Comparison of the extracted \Z#%¢
for the simulations using longitudinal values of pg;s. (see Fig. , blue, black,
red and light green curves) shows \5*¢ to be relatively small in all cases, and to
decrease with increasing temperature for any pr;. However, comparing \Z%%¢ at
room temperature (light green and dark cyan curves) and pr; lower than 100 p£2cm,
we find that the low[BiSe]resistivity value (~ 6 times smaller) yields a spin diffusion
length more than three times larger than the one obtained using the longitudinal
higher value (pg;se = 4100 uf2cm).

We additionally performed a simulation to extract the conversion effi-

ciency (0517¢), using now the new values of \Z*¢ for each value of pr; from 50 to

1000 pQcm. Our simulation results for 05i2¢ as a function of pr; 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 pg;s. = 600 pf2cm at 300 K. Finally, the product
0Ei5e\BiS¢ as a function of pr; is shown in Fig.[6.7k. Interestingly, this product does
not present large variations with the resistivity of the interface layer, being fairly
constant and generally lower than 1 nm. This indicates the robustness of this figure
of merit in our analysis independently of the assumed resistivity of the interfacial
Ti. Table 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 pp;se, )\SBiSS, 95}?6, Arrer and the method used in this thesis

(Chapter and@ and previous reports on sputtered BiSe with the temperature.

Sample IBise T PBiSe )\SBiSe QSHBiSe /\IREE Method
(nm) (K) (pf2cm) (nm) (nm)
1.09- 0.54-  0.82-
10 6200
270 0.88  1.46°
45-  1.60-  0.92- LSV
oo se0o 045~ 160- 09 S
058 261 1.17°
. 0.08- 196- 0.76-
BiSe 10 200 5100
0.39 2890 2.31¢
0.05- 2.26- 0.63- (chapter[g)
300 4100
0.28 13.01 0.65°
,  0.05- 043- 0.46-
300 600

1.07 11.99 0.60¢

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

BiSe/CoFeB  4-40 300 12820 T 1862 Harmonic

Hall [49]

BiSe/YIG  4-16 300 ; ; ; 0.11 Spin
pumping [51]

BiSe/CoFeB  2-16 300 ; ; ) 0.32 Spin
pumping [50]

- - TJFMR

BiSe/Py  5-10 300 1000000 75 ST{FMR|

[207]

BiSe/Co  3-15 300 890 T 035 ; Harmonic

' Hall [208]

®\1rpp=05i7¢ \DiS¢ bResistivity taken from chapter

6.7 Summary and conclusions

e successfullyinjected a pure spin current into highly resistive sputtered
using nonlocal spin valves and performed spin absorption mea-
surements from 10 Kup to room temperature. ABDJFEM]analysis of the

absorption data allowed us to extract the spin diffusion length A\5%*¢ in this system
for the first time. Spin-charge interconversion measurements were performed on

the same device to extract the spin Hall angle, 95};9@. From these two experiments,
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we were able to reliably obtain the §5:7¢\P?5¢ product, a relevant figure of merit
characterizing [SCI|in devices. Despite the uncertainty regarding the resis-
tivity of the Ti layer separating the Cu spin channel and the sputtered the
obtained values, generally lower than 1 nm, are robust. Although existing litera-
ture has reported a high [SCI| efficiency for and put this material forward as a
promising candidate for 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 [LSV, and are plotted in Figs. and [6.8p, respectively. In a
separated Hall bar nanostructure, we measured the resistivity of 10-nm-thick and

120-nm-wide[BiSe|(same dimensions used in the[LSV), see Fig.[6.8, and extracted
the[3D| carrier concentration (see Fig.[6.8(d).
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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-
thickand 120-nm-wide[BiSe|wire, measured performed in a separated device (without
the Cu at the top). d. 3D carrier concentration, determined by Hall measurements, for
(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 (A*) and the interface spin po-
larization (a;) of Py/Ti/Cu, on the same Si/SiO; 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 (LSVk) with different Py elec-
trode distances, as shown in Fig. .

The experimental spin signals (ARy) decrease as both L and T increase. The
ARy, obtained as a function of L are fitted following the 1D spin diffusion model
(Eq.[2.19) for each temperature, from which a; and A" is obtained.

The rest of parameters appearing in Eq. are known (dimensions and resistiv-
ities). The spin polarization of Py (ap,) and the spin diffusion length of Py (Af¥),
are taken from Ref. [70]]. The interface resistance (R;) is extracted as explained in
the following section.

6.8.3 Appendix C: Interface resistance

We performed simulations to extract the interface resistance, R, at the
Py/Ti/Cu junction using Comsol multiphysics. We extracted R; by adjusting this
resistance in the interface area (R;A;, where A; = 5.0 x 107!* m?) using the
calculation to reproduce the experimentally measured resistance R,,¢qs. 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[6.8p, respectively.
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Figure 6.9: Dependance of the spin signal on the inter-electrode distance. a.
image of[LSVk 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 ARy, as a function
of Latb.10K, c. 100K, 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 () and g. spin diffusion length of Cu (A\$*) extracted

from the fit at different temperatures.
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Figure 6.10: Interface resistance Py/Ti/Cu. a. image of the devices pre-
sented in this chapter (Fig. 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. simulation model presenting the geometry and the electrical
potential driven by the applied current to extract the interface resistance (R;) at c. 10

K, d. 100K, 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 we fabricated a set of
[BiSe)/ Ti/Au stacks, varying the Ti thickness (i7; = 1, 2, 3, 4 and 5 nm, the sketch
is shown in the inset of Fig.[6.11)), keeping the[BiSe| thickness constant (¢ ;5. = 10
nm), and adding Au as a capping layer (¢4, = 3 nm). The stacks are patterned as
Hall bars (width w = 100 nm and length L. = 800 nm) to measure the total resis-
tance (Rr,;), whose inverse is plotted as a function of ¢7; in Fig. By applying
the parallel resistance model:

tAu

PAu

L tBise+@

= (6.1)
wRrot  pBiSe  PTi

where p(7; Bise, au) COrresponds to the resistivity of Ti, and Au, we can extract
the resistivity of the Ti layer from the linear slope of the data in Fig. 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.

o683 —+ = —+n— "+

m 300K
Linear fit

Ti thickness (nm)

Figure 6.11: Ti resistivity. Inverse of the total resistance of the (10 nm)/Ti
(t73)/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 (\Bi5¢), we simulated the spin absorp-

tion measurements (AR%) at 10 K, 100 K, 200 K, and 300 K by using a 3D|
based on the two-current drift-diffusion model.
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Figure 6.12: Spin diffusion length of 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. analysis
output to extract the spin diffusion length o(AsBiS ¢) consideringa p7; of 50 u2cm

atc. 10K, d. 100K, e. 200 K, and £. 300 K.

Figures|6.12a and b show the geometry of the simulated device (the actual device
can be seen in Fig. 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 each material shown in Fig. A% and oy
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} \7% was calculated assuming the Elliott-Yafet mechanism for spin
relaxation (pr; A" = cnt.) and taking the constant from Ref. [201] (A = 13.3 nm
for pr; = 300 uflcm). We simulated the spin absorption experiment by adjust-
ing \P%%¢ in the calculation to reproduce the experimental spin signal in the
absorption device (AR%, shown in Fig. ). The simulation is repeated for the
experimental AR values at each temperature (shown in Fig. ). 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
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Figure 6.13: Spin Hall angle of sputtered analysis output to extract the
spin Hall angle of(egffe) considering a pr; of 50 u2cm ata. 10K, b. 100 K, c. 200

K, and d. 300 K.
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To extract the spin Hall angle of[BiSe|(05%7¢), a3D[FEM|simulation is performed in
a similar manner as the one in section but for the spin-to-charge conversion

measurements (AR;spr)at 10K, 100K, 200 K, and 300 K. Since we use the same de-
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 the materials, and much longer than the widths of the
electrode such that the spin current vanishes at their ends, in the case of the[[SHE
configuration. Moreover, the mesh 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, by adjusting the effective spin Hall angle, egfjj ,in the simulation to reproduce
the experimental value (AR () s g, shown in Fig. and using the same input pa-
rameters as in section and the obtained value of \?¢ (presented in section
and shown in Fig. ), we obtained 05i¢ for each temperature. The output
results are shown in Fig.

6.8.7 Appendix G: Control experiment for spin-charge intercon-
version measurements

—u—Ti/Cu

b. *r 10K

o i = ]

46 -

48 |

-4000 -2000 0 2000 4000
H (Oe)

Figure 6.14: Control experiment of spin-charge interconversion measurement. a.
Top-view[SEM|image of the reference[LSV]jwith the electrical configuration for the
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 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 the magnetic field in the hard axis of the Py electrode. Figure[6.14]
displays the [SHE resistance as a function of the magnetic field. No signal is
observed above the ~ 5 ;{2 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 image of the
used in this work. b.[EDX]analysis 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 (2 nm) in between the[BiSeJwire (10 nm) and the Cu channel (100 nm), as well

as the presence of oxygen in the Ti layer. The detailed results are shown in Figs.
and[6.16
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Figure 6.16: High-resolution TEM and elemental profile. a. High-resolution
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/SiO-) to the top of the sample (Ti/Cu).
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7.1 Introduction

role of interfaces for a more accurate quantification of the spin transport prop-

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 In Chapter 5} we improved
the quality of the 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 T-
shaped electrode to improve the signal-to-noise ratio. This top layer changed the
stoichiometry of[BiSe|and, thus, its resistivity and[SCI efficiency. This was especially
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.

I n the previous chapters, we focused on characterizing and understanding the

Furthermore, in Chapter [6} we successfully reported a more accurate estimation
for the spin transport parameters of[BiSeusing nonlocal spin injection with metal-
lic[LSVks. However, a seed layer of Ti was needed for a proper Cu growth on top
of 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 (pr;).

In an effort to suppress this interdiffusion between and the metal contacts,
and also avoid the use of the Ti layer to grow Cu on top of we propose the
use of 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 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 with few-layer graphene as spin
transport channel. Nonlocal|charge-to-spin conversion (CSC)|signals are success-
fully measured in the[LSVk. Interestingly, when measuring 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 polycrystalline material leads to the same symmetry reduc-
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tionin graphene. Although this is an unexpected result, it could open up new possi-
bilities in the design of novel spintronic devices, which would benefit from flexible
configurations to generate, detect and control spin currents.

7.2 Experimental details

with a tape [163] and transferred the desired material (flakes) to the surface

of clean Si/Si02(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.[7.1ja.

T o fabricate the[LSV|with graphene, we first mechanically exfoliated HOPG

After the flake is selected, we spin-coat the sample with double layer to
add structural references (crosses in Fig.[7.1p) 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. [7.1]c.

Subsequently, we spin-coat again with double layer to continue with the
third lithography step to pattern the wire (Fig. [7.1d), grow the 30-nm-thick
[BiSe]by sputtering with the same conditions reported in previous chapters, and cap
it with SiO, (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 SiO, 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.[7.1f).

The fifth and final lithography step is used to pattern the ferromagnetic electrodes.
After development, we grow by e-beam deposition 3 A 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.[7.1fF), 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 SiO, 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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d.
C.
e

Figure 7.1: fabrication with graphene as spin transport channel. a. is
exfoliated in a clean substrate and the desired flake is selected. b. The first lithography
step adds markers for the alignment of the flake. 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 (30 nm thick) wire with a capping layer of
SiO3 (5 nm). e. The fourth lithography step adds the metallic contacts to the wire,
by milling the capping layer and again Ti/Au deposition. f. The fifth lithography step
is performed to pattern theelectrodes with Ti (3 A)/Co (35 nm)/Au (5 nm).

7.3 Spin-to-charge conversion signals in graphene LSV

when using graphene-based[LSVs devices. In this case, a is combined

F irst, it is important to clarify that the signal can have different origins
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 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 In order to identify how these different
components will appear in the[SCIsignal, the contributions from each spin polar-
ization when sweeping the magnetic field along one direction (/) are analyzed

(see Fig.[7.2)).

When using a[SOM|/ graphene[LSV]with afspin-to-charge conversion (SCC) config-
uration, a magnetic field could be applied to control the direction of the spin po-
larization s = (s,, Sy, s.). In addition, the magnetization of the electrode tends
to lie along its easy axis, which corresponds to the y direction due to the shape
anisotropy. Thus the magnetization can be along the +y or —y direction. The
nonlocal resistance (R ;) measured when the initial state of the is along the
+y direction is called R, whereas when the initial state of theis along the —y
direction it is called R, .

When applying H,, the orientation of the injected spins can be influenced by the
precession or by the pulling of the First, when H, = 0, the Co magnetization
lies along the easy axis (s = +s,,). Figure shows the schematic representation
of the direction of the magnetization along the +y-direction (s = +s,). The signal
associated with the [SCI| of +y-spin component is maximum at H, = 0, which is
represented by the blue solid line (R}V ;)inFig. . Similarly, when the initial state
of magnetization is opposite (—y-direction), the polarization of the injected spins
is then s = —s,, this signal is illustrated in Fig. by the red dashed line (R} ).

However, when H,, 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 — 2 plane (see Fig.[7.2c). As precession begins, the resulting[SC]|sig-
nal from the y-spin component decreases. This is because there are fewer y-spins
reaching the[SOM]wire. For a given positive value of H,, (with +y-spin component)
the spins reaching the will be polarized along the -+ z-direction (R, ). On the
other hand, for an opposite negative value of /,, the spins will be polarized along
the —z-direction. The Ry, signal associated with the|SCI|of s, spins will also de-
pend on the precession, resulting in an antisymmetric Hanle curve. Figure
shows the schematic representation of the signal when the initial state of the mag-
netization is along the +y (blue solid line, R}V ) or —y (red dashed line, Rfv ;) direc-
tions. The two curves are antisymmetric with the magnetic field and have opposite
signs for the same value of H.,.
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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. z-component of thesignal.

For sufficiently large values of H,, the magnetization of the is pulled in the
direction of the field until they align. The schematic representation when the
magnetization is along the +z-direction and thus the z-spins are injected is shown
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in Fig.[7.2e. The Ry, signal associated with the[SCI|of s, 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}, ) and red (R, ) curves in Fig. are super-
imposed. These S-shaped curves are antisymmetric with respect to , and both
have the same sign.

All three contributions (Figs.[7.2b, and[7.2f) could be present simultaneously.
To separate the different contribution in the Ry vs H, measurements, we
define R2Y, = (RN, + RYy.)/2 and Rsce = (RN, — RY,)/2. R4 corresponds
to the|SCI| of the s, spins, because the signal is independent of the initial magne-
tization. Rscc contains the signals from s, and s., 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-spin conversionin BiSe/graphene LSV

In general, using[LSV]devices, both spin-to-charge and charge-to-spin
conversion can be studied, as we did in the previous chapter, leading to recipro-
cal signals. Both configurations were successfully measured in Chapter [ 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
wire (see Fig. [7.3a). However, the noise when measuring voltage in the
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 wire is used to inject the charge current, greatly improved
the signal-to-noise ratio.

To perform such measurement, we apply a constant current 7. = 20 ;A to the[BiSe]
wire. The charge current (j.) injected is converted into a spin current (j,) due to
the or a spin density (us) 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
(Vi1), as explained in Chapter[2] In our measurements, the direction of j. (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 the by sweeping H,, and the resulting curves for R, as a function of
H, at 150 K are shown in Fig.[7.3b. The measurement was performed in four steps:
for the first two steps, R was measured while sweeping H, 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}, ,, blue curve). Then, similar measurements
were repeated for the magnetization of the Co electrode initially set along the —y-
direction (R ~1» red curve). During the measurement, a gate voltage (V) was ap-
plied (graphene Dirac point was —17 V). The results shown here correspond to a
V, = +10V, 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 Ry,

(Fig.[7.3¢), RG3¢ (Fig.[7.3d) and REY, (Fig.[7.3p).

Initially, the S:p component (R2%) was the only signal expected coming from the

in the w1re However, we observed two other components (R4, and
RAE), indicating other contributions in our system. Let us discuss the ori-
gin of each one of these components.

The s,-induced|CSC|(RAY%,) can arise from the[SHE]in[BiSe|(with the conventional
restriction that j,, j. and s must be mutually orthogonal) after is absorbed along
z-direction into However, the[REEin proximitized graphene also gives rise to
s,-spins, making the two contributions indistinguishable. We can compare these
results with the ones for[SHEin the metallic[LSV](Fig.[6.5k). We expect a sign rever-
sal in the s-shaped curve of Fig. if the signal is dominated by the of
[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. and Fig. suggests that the[CSC|
signal originates mostly from the REE|in proximitized graphene.

The sy-induced (RZ%2) 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-|
tion metal 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 film which is polycrys-
talline, unlike the single crystal TMDk.
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Figure 7.3: Spin-to-charge conversion in |BiSe| using|LSV| with graphene by apply-
ing H,. a. Top view false-colored [SEM|image of the[LSV]with graphene as spin trans-
port channel (green), wire (yellow), Ti/Au contacts (orange), and Co electrodes
(blue), with the schematic representation of the direct configuration measure-
ments. b. Nonlocal resistance as a function of H, using the configuration shown in
panel a, with initial positive (RI\/ 1, blue squares) and negative (R}V 1, red squares)
magnetization direction of the [FM] detector measured at 150 Kand V;, = +10 V. An
offset of 4.84 m(2 has been subtracted. ¢. Net symmetric and d. antisymmetric Hanle
precession signal extracted from the two curves in panel a. by taking Rosc = (R}V L=

R}\, 1)/2 and then extracting the symmetric and antisymmetric component. e. Average
signal extracted from the two curves in panel a. by taking RAY%, = (R]T\, .+ R%v )/2.
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To further confirm the[UREE|arising from s,, spins, we measure Ry while sweep-
ing H,. 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 sufficient mag-
netic field along + y-direction (H,), the magnetization of the Co electrode and thus
s = (0, £ s,,0) of the injected spins can be switched (the coercive field of Co elec-
trodes is typically < 500 Oe). However, H, does not induce spin precession during
spin transport along the graphene channel, because s and /1, are parallel to each
other and consequently j; has one of the two polarization directions (+s,). Very
interestingly, we observed a square hysteresis loop for Ry, as a function of H,,
shown in Fig.[7.4] with the signal switching sign at the coercive field of the Co elec-
trode (~ 300 Oe). The amplitude of the signal corresponds to the one observed for

R2Y™. in Fig. . We also note an opposite sign between the measured Vy, corre-

sponding to the from s, (Fig.[7.3f) and s,, (Figs. and[7.4b), indicating that

the sign of the conventional and unconventional REEs are opposite.

H, (Oe)

Figure 7.4: Charge-to-spin conversion in |BiSe|using|LSV| with graphene by apply-
ing H,,. a. Top view false-colored[SEM|image of the|[LSV]with graphene and [BiSe|with
the schematic representation of the direct[SHE|configuration measurements with the
external magnetic field applied in the easy axis.b. Nonlocal resistance as a function of
H, using the configuration shown in panel a, measured at 150 Kand V;; = +10 V. An
offset of 4.7 m2 has been subtracted.

Finally, the s, —induced(Ré’S“g) arises from thein the proximitized graphene,
also following the orthogonal relation between j. (injected along y), j, (diffusing
along z) 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 BiyO3 or CuO,, . The origin of this[SHE could be
either intrinsic or extrinsic, as discussed in these works 215].
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7.5 Summary and conclusions

tangled each[CSC|component arising from the different spin polariza-

tion directions. The s,-component can be compared with the one ob-
tained with the metallic in the previous Chapter (Fig. [6.5a), suggesting that
the s,-component in[BiSe}/graphene is dominated by the in proximitized
graphene rather than the [SHE|in bulk [BiSe| The s.-component is also observed
and originated from the [SHE| in the proximitized graphene (orthogonal relation
between j., j; and s). The s,-component observed is possible when mirror sym-
metries are broken, leading to[UREE]in proximitized graphene. The[UREE had been
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
CS(efficiency of[BiSe|/ graphene[LSV|device, such as the[SCI experiments by apply-
ing the magnetic 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 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.

We observed an omnidirectional in [BiSe)/ graphene and disen-
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resistive Bi,Se;_, as a for experiments. This material has been

strongly suggested as a candidate to be placed in the readout node
of Intel’s proposed device [11]. In order to quantify its [SC] 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
experimental techniques. Here, we summarize the main results of the thesis,
as well as future perspectives using these devices towards the implementation of

T his thesis presents a systematic study of sputtered polycrystalline and highly

functional spin-based devices.

One of the most established approaches to perform[SC]jmeasurements is the spin
pumping technique. Chapter [4 presents our first approach to study [SCI in sput-
tered Bi,Se; _, by spin pumping. We show the results on the frequency dependence
of the spin pumping voltage of Py/Bi,Se;_, and Bi,Se;_, /Py bilayers and observe
that the Gilbert damping of Py is very different in the two stacks. By studying the
structural composition by[STEMHEDX of both systems, we find a strong interdiffu-
sion, so that the chemical composition of the magnetic layers and the interfaces
are nothomogeneous and therefore the models used to characterize the properties
of the system are no longer valid. Ignoring these inhomogeneities in the interfaces
and films would lead to an incorrect estimation of the|SCl|efficiency.

In Chapter[5} we use a different technique to perform[SCImeasurements, with an
architecture similar to the readout node of the device, using a local T-
shaped device. Taking advantage of the knowledge gained in Chapter |4, we first
study the interfaces when Bi,Se;_, is sputtered bottom/top on bilayer samples
with thelayer, in this case CoFe. In both stacks, an amorphous layer is found at
the interface, which is thicker when Bi,Se;_, 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 Bi,Se; _, T-shaped electrode. We are able to observe
in sputtered Bi,Se,_, in local spin Hall measurements at room temperature and
show that all parameters related to [SCI| efficiency, namely the resistivity, the spin
diffusion length (\,) and the spin Hall angle (A5 ), are affected by the intermixing
with the top metal contact. In particular, the fact that a change in Se concentration
by interdiffusion made a 6-fold difference in Bi,Se;_, resistivity shows how easily
Osy can be overestimated by a resistivity without considering interdiffusion.

In general, \;, which is an essential parameter for proper quantification of ef-
ficiency, is unknown for sputtered Bi,Se; _,. Instead, it is usually taken from a few
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reports on epitaxially grown BisSes, 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 Bi,Se;_,. Although
we extract a A, value in Chapter 5} there were two unknown parameters and only
one experiment. To improve the quantification, in Chapter[6|we characterize sput-
tered Bi, Se; _, 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 A; and fs; of Bi,Se;_, in the
same device, making this quantification more accurate than previous reports. De-
spite the uncertainty in the resistivity of the Ti layer separating the Cu spin channel
and the sputtered Bi,Se;_,, the values obtained for the 055\ product, generally
less than 1 nm, are robust. The quantification from the measurements was care-
fully done with a[BD| model, which includes input from characterization of
the same devices. We were able to measure and quantify these parameters from 10
Kup to 300 K, concluding that the efficiency of this material is not exceptional.

In an effort to suppress this interdiffusion between Bi,Se;_, and the metal con-
tacts, in Chapter [7]we propose the use of as the characterization technique,
but instead of a metallic spin transport channel like Cu, we use a few layers of
graphene. Surprisingly, we observe omnidirectional[CSClin Bi, Se; ./ graphene[LSV}
evidencing that we have [CSC| components beyond the in bulk Bi,Se;_, we
were looking for. In fact, by comparing with the results in Chapter[6} we conclude
that the [CSC| signal from the s,-component is dominated by the in proxim-
itized graphene rather than the in bulk Bi,Se;_,. The s,-component is ob-
served because the mirror symmetries of our Bi,Se;_,/graphene heterostructure
are broken, allowing the in proximitized graphene. Interestingly, s, follows
an unusual non-orthogonal configuration. The s,-component is also observed,
which originates from the in the proximitized graphene (orthogonal relation
between j., js and s). This omnidirectional 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 from flexible 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 Bi, Se; _,, 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 as well as their stoichiometric
composition.
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However, materials with Bi-based composition are an interesting alternative for
and for the development of spin-based devices as]MESQO|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 Bi, Sb; _, alloys predicted large
SCI| efficiencies maximizing at the Dirac point [217-219]. A recent experimental
study of the spin-orbit torque based on the Harmonic Hall technique on a series of
Bi,Sb,_, 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 Bi,Se;_, 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 however, a high resistivity of
the[SOM]will additionally introduce two related problems, such as the conductivity
mismatch and the shunting effects with the metallic 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
and the Our group has recently investigated the advantage of a tunnel
barrier (Supp. Info. in Ref. [34]) in a T-shaped device with 5-Ta and CoFe, by in-
troducing an insulating barrier of AlO,, where an increase in the generated out-
put current and voltage was observed. Nevertheless, an optimization of the barrier
layer is required due to the lack of reproducibility. Since tunnel barriers with high
spin polarization (P;) have been well studied in the case of MTJs [20H22, 221], the
best candidate material as a tunnel barrier in the 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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