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All science would be superfluous if the outward
appearance and the essence of things directly
coincided

— Karl Marx
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Abstract

The discovery in 1988 of giant magnetoresistance (GMR) set the starting point of
the spintronics revolution. In GMR-related phenomena the spin degree of freedom
of electrons is crucial, but it is still linked to the presence of charge carriers in the
system. On the other hand, since the experimental detection of the spin Hall effect
at the beginning of this century, the direct manipulation of spin currents with no
charges involved became a very hot topic. In this way, the delicate interplay between
charge, spin and orbital degrees of freedom in materials and structures has attracted
a renewed interest in the last few years. Technologically speaking, one of the most
attractive features of pure spin currents is the disappearance of Joule heating, which is
directly linked to the amazing problem of heat dissipation in today’s microelectronic
devices. As such, the generation, manipulation, and detection of pure spin currents is
still one of the major challenges in spintronics nowadays. In this regard, the charge-to-
spin currents interconversion processes play a very relevant role and having the set of
materials and structures that maximize these processes is of paramount importance.

In this Thesis, the generation, manipulation, and detection of pure spin currents
in ferromagnetic/normal metal bilayers is addressed. The use of manganese-based
complex oxide perovskites is especially relevant in the context of this Thesis. In
general, complex oxide materials are very appealing from the technological viewpoint
due to their inherent multifunctional nature. The first experimental block of this
Thesis (Chapters 4 and 5) concentrates on the generation of microwave-mediated
pure spin currents vie spin pumping and their subsequent detection by means of
inverse spin Hall effect (ISHE) voltage measurements. Conversely, the second block
(Chapter 6) focuses on spin Hall magnetoresistance (SMR) measurements.

The archetypal bilayer composed by NiggFegy (Permalloy or Py)/Pt is studied in
Chapter 4. This chapter is fundamental for it allows us to foreseen the capabilities
and versatility of ferromagnetic resonance (FMR) spectroscopy for disclosing the cru-
cial magnetodynamical parameters of the system. Simultaneously, the generation of
pure spin currents by means of spin pumping is also triggered by microwave absorp-
tion during FMR. The effective generation of a pure spin current is demonstrated
via ISHE in FM/NM bilayers. The generated pure spin current is converted to a
transverse charge current (via ISHE) in the high spin-orbit coupling Pt capping layer
and detected as a transverse voltage difference across the film. In this Chapter, the
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dual nature of FMR spectroscopy is highlighted and a novel method for suppressing
parasitic voltage contributions to the overall ISHE voltage signal is presented. Fi-
nally, in order to gain insight into the behavior of these parasitic effects, a numerical
study based on our actual experimental system is performed.

In Chapter 5, the suitability as spin current injectors/detectors of three differ-
ent complex oxide heterostructures is investigated, namely: LaggoMnOs (LMO)/Pt,
Lag /3511 3MnO3 (LSMO)/Pt and LSMO/SrIrO3 (SIO). The latter is especially rel-
evant in the context of this Thesis for it is the only all-oxide complex structure
evaluated. All measurements contained in this Chapter are analogous to those shown
in Chapter 4, i.e., generation of pure spin currents by means of FMR-mediated spin
pumping and their subsequent detection via ISHE voltage signals measurement. Un-
like any other film in this Thesis, LMO films have been prepared by chemical meth-
ods. In the last few years, however, there has been some concerns regarding the
suitability of chemically deposited thin films for challenging applications which re-
quire microstructural quality and sharp interfaces, as in spintronics. In this regard,
it is demonstrated the structural high-quality and efficient spin injection capabili-
ties of chemically deposited LMO films for a wide range of temperatures. Similarly,
in the second part of this Chapter, the spin injection performance of LSMO films
in LSMO/Pt bilayer systems is shown. In a second step, a material with presum-
ably large spin-orbit interaction, such as SIO, is introduced as spin detector, and
the spin injection/detection processes in the all-oxide heterostructure LSMO /SIO are
addressed. In this case, it is demonstrated the promising role of SIO as an efficient
spin-to-charge converter, thus opening the door to the development of high-quality
spin-to-charge conversion devices based on all-oxide heterostructures.

Finally, the last Chapter of this Thesis focuses on the measurement of a rather dif-
ferent spintronic effect: spin Hall magnetoresistance (SMR). In this magnetoresistive
effect, a pure spin current is generated via spin Hall effect (SHE) in a high spin-
orbit coupling capping film (Pt in this case) and directed towards the LagCoMnOg
(LCMO)/Pt interface. The interaction between this spin current and the magneti-
zation of the ferromagnetic insulating thin LCMO film is at the heart of SMR. The
experimental results found in this Chapter exemplify the exceptional role played by
the interface. Additionally, a theoretical model is employed for interpreting the re-
sults obtained and it is seen that the magnetic state of the uppermost layers of the
LCMO film are actually magnetically decoupled from the rest of the film, exhibiting a
behavior compatible with a 2D Heisenberg ferromagnet, with no long-range magnetic
order nor transition temperature.
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Resum

El descobriment I’any 1988 de la magnetoresistencia gegant (GMR) va marcar I'inici
de la revolucié espintronica. El grau de llibertat d’espi dels electrons és essencial per
als fenomens relacionats amb la GMR. Aix{ i tot, aquests sistemes encara depenen de
la presencia de portadors de carrega. Aixi mateix, des de la deteccié experimental de
I’efecte Hall d’espi al comencament d’aquest segle, la manipulacié directa de corrents
d’espi sense necessitat de carregues va esdevenir un tema de gran interes. D’aquesta
manera, els darrers anys 'entrelligament entre els diferents graus de llibertat — de
carrega, d’espi i orbital — en materials i estructures ha viscut un renovat interes. Des
del punt de vista tecnologic, una de les caracteristiques més atractives dels corrents
purs d’espi és la desaparicié de ’escalfament per efecte Joule, el qual esta directament
connectat al gran problema de la dissipacié de calor present als aparells electronics
actuals. Com a resultat, la generacié, manipulacié i deteccié de corrents purs d’espi
és encara un dels grans reptes de ’espintronica. En aquest aspecte, els processos
d’interconversié entre carregues i espins juguen un paper molt rellevant, i el fet de tenir
els materials i les estructures que maximitzen aquests processos és del tot important.

En aquesta tesi, la generacid, manipulacié i deteccié6 de corrents purs d’espi a
bicapes ferromagnet/metall normal (FM/NM) és discutida. L’tus d’oxids complexos
basats en manganes amb estructura de perovskita és especialment rellevant. FEn
general, els materials formats per oxids complexos son molt atractius des del punt
de vista tecnologic a causa de la seva inherent natura multifuncional. El primer bloc
experimental (capitols 4 i 5) es concentra en 1"is de microones per a la generacié de
corrents purs d’espi per mitja del bombeig d’espins. Seguidament, aquests corrents
sén detectats mesurant el voltatge induit per l'efecte Hall d’espi invers (ISHE). Aix{
mateix, el segon bloc (capitol 6) se centra en mesures de magnetoresistencia Hall
d’espi (SMR).

La bicapa arquetipica composta per NigoFeyy (Permalloy o Py)/Pt és estudiada
al capitol 4. Aquest capitol és fonamental perque ens permet preveure les capaci-
tats i la versatilitat de 1’espectroscopia de ressonancia ferromagnetica (FMR) per a
revelar les variables magnetodinamiques clau del sistema. A la vegada, la generacié
de corrents purs d’espi per mitja del bombeig d’espins és també activada gracies a
I’absorcié de microones durant la ressonancia ferromagnetica. La generacié efectiva
de corrents purs d’espi sota condicions de ressonancia és demostrada a través de
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I'ISHE a les bicapes FM/NM. El corrent d’espi generat és transformat en un corrent
de carrega transversal (per mitja d’'ISHE) a la capa de Pt d’alt acoblament espi-
orbita, i aquesta és detectada com una diferencia de potencial transversal a la capa.
En aquest capitol, la natura dual de I’espectroscopia d’FMR és clarament mostrada
i un nou metode per a eliminar les contribucions parasites al voltatge total mesurat
és presentat. Finalment, per tal d’aprofundir en el coneixement relacionat amb el
comportament d’aquests efectes parasits, un estudi numeric basat en el nostre propi
sistema experimental és dut a terme.

Al capitol 5, la idoneitat com a injectors o detectors de corrents d’espi de tres hetero-
estructures formades per 0xids complexos és investigada, especificament: Lag goMnOs3
(LMO)/Pt, Lag/3Sr; ;sMnO3 (LSMO)/Pt i LSMO/SrIrO3 (SIO). Aquesta tltima és
especialment rellevant en el context d’aquesta tesi, ja que és I'inica heteroestruc-
tura estudiada en que tots els components sén oxids complexos. Totes les mesures
contingudes en aquest capitol sén analogues a aquelles mostrades al capitol 4, és a
dir, la generacié de corrents purs d’espi per mitja d’FMR (que facilita el bombeig
d’espins) i la posterior deteccié a través de la mesura del senyal de voltatge d’ISHE.
A diferencia de cap altra mostra estudiada a aquesta tesi, les capes d’LMO han sigut
crescudes per métodes quimics. Als dltims anys, pero, hi ha hagut certa preocupacio
relacionada amb la idoneitat de les capes primes crescudes per metodes quimics per a
ser utilitzades en aplicacions puntals, les quals requereixen qualitat microestructural
i interficies planes, com a ’espintronica. En aquest aspecte, s’han demostrat l'alta
qualitat estructural i la capacitat d’injectar eficientment corrents d’espi de les capes
d’LMO crescudes quimicament per un ample ventall de temperatures. De manera
similar, a la segona part d’aquest capitol el rendiment de les capes d’LSMO com a in-
jectores d’espi en bicapes LSMO/Pt és discutit. En un pas posterior, un material amb
acoblament espi-orbita presumiblement alt, com és el SIO, és introduit com a detec-
tor d’espi, i els processos d’injeccié/deteccié d’espi a 1'heteroestructura LSMO/SIO
és adrecat. En aquest cas, és demostrat el paper prometedor del SIO com a material
convertidor d’espins a carregues, fet que obre la porta al desenvolupament d’aparells
convertidors d’espins a carregues d’alta qualitat basats en heteroestructures en les
quals tots els components sén oxids complexos.

Finalment, I’tltim capitol d’aquesta tesi se centra en la mesura un efecte espintronic
prou diferent: la magnetoresistencia Hall d’espi (SMR). En aquest efecte magnetore-
sistiu, un corrent pur d’espi és generat per mitja de l'efecte Hall d’espi (SHE) a la
capa d’alt acoblament espi-orbita NM (Pt en aquest cas) i dirigida a la interficie
formada pel LaaCoMnOg (LCMO) i el Pt. La interacci6 entre aquest corrent d’espi
i la magnetitzacié de la capa prima ferromagnetica aillant LCMO és al cor de la
SMR. Els resultats experimentals trobats en aquest capitol exemplifiquen el paper
excepcional jugat per la interficie. A més a més, un model teoric és emprat per a la
interpretacié dels resultats obtinguts i s’observa que 'estat magnetic de les ltimes
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fileres superiors del LCMO estan desacoblades magnéticament respecte de la resta
de la capa. Aquestes exhibeixen un comportament compatible amb un ferromagnet
bidimensional de Heisenberg, el qual no presenta ordre magnetic de llarg abast ni
temperatura de transicio.
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Chapter

Introduction

If the 20th century was the century of electronics, the 21st century could as
well be the century of spintronics. In conventional electronics, the fundamental
parameter is the charge of electrons in motion, while in the emerging field of
spintronics the spin degree of freedom of electrons has a central role. Sinova
and Zuti¢ [1] wonderfully defined spintronics as the “field where traditional
solid-state physics and materials research have created their strongest bond,
with each taking alternate leading roles in a unique, fast paced, technological
tango” [1, p. 368]. But when did it all started?

Spintronics gained popularity in the end of the 20th century due to its im-
plementation in read heads of hard disk drive (HDD) technology. Read heads
are based on the so-called giant magnetoresistance (GMR) effect, discovered
in 1988. This effect makes use of the relative orientation of the magnetiza-
tion of two conducting ferromagnetic layers separated by a thin, metallic film.
The electrons traveling across the layers are scattered differently depending on
their spin orientation, resulting in a difference of resistance if the ferromagnetic
layers have the same magnetization orientation (parallel, P, or low resistance
state) or opposite orientation (antiparallel, AP, or high resistance state) (see
Fig. 1.1). Since then, the increased research activity in this field has led to
the discovery of new exciting effects such as spin transfer torque, spin Seebeck
effect, or spin Hall effect, which are based entirely on the direct manipulation
of the spin degree of freedom, unlike the classical GMR, which still depends on
charge carriers. Technologically speaking, the research of new devices such as
magnetic random access memories (MRAM) [2] or spin solar cells, for instance,
is increasing over time.

This chapter is divided in four sections. Section 1.1 focuses on the historical
background of spintronics through the 20th century and its development and
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evolution until our days. Section 1.2 overviews some of the most recent tech-
nological applications in the field and points to its future perspectives. Section
1.3 presents the main properties of complex oxide perovskites, which constitute
the basic compounds studied in this Thesis. Finally, in Section 1.4, a general
overview of the organization of this Thesis and the content of each Chapter is
addressed.

a)

AP ) P 4 b) R/R(H=0)
FM1 FMA1

-

\NM
T {Fe 30 A/Cr 12A)y
' (Fe 30 A/CrAl,
FM2 FM2 e

E 4 A g .

Rap>> Rp

[Fe 30A/Cr18A);y

L s L L s
10 0 10 20 30 40
Magnetic field (kG)

Figure 1.1: (a) Schematic diagram of the GMR spin-dependent scattering mechanism in a
ferromagnetic/normal metal/ferromagnetic (FM1/NM/FM2) structure for the parallel (P)
and antiparallel (AP) configurations. (b) First experimental observation of GMR in (Fe/Cr),
multilayers [3]. In this case, however, the electric current is applied parallel to the plane of
the films, and not perpendicular to it as in (a). Still, the physical principles exposed are the
same.

1.1 Historical Background and Current Trends

The discovery in 1988 of GMR [3, 4] set the starting point of the spintronics rev-
olution. Albert Fert, who shared the Nobel Prize in Physics with Peter Griinberg
in 2007 for the independent discovery of GMR, stated that since then “[the| papers
reporting the discovery of GMR attracted attention for their fundamental interest
as well as for the many possibilities of applications, and the research on magnetic
multilayers and GMR became a very hot topic” [5, p. 1519]. The effects regarding
the mutual dependency of magnetization and electric current were known long before
1988. Anisotropic magnetoresistance (AMR), for instance, was discovered in 1857
by William Thomson (Lord Kelvin), and N. Mott [6] theorized the spin-dependent
scattering of conduction carriers in ferromagnetic materials back in 1936. However,
it was not until the technological development of thin films and multilayers growth

2 Chapter 1
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techniques and the advances in fabrication of nanostructures during the 1970s that
these ideas regained interest. Complex multilayered nanostructures called spin-valve
sensors based on GMR were implemented in the read heads of HDD in 1997 by IBM
in substitution of AMR sensors [7]. Between 1991 and 2003 the recording areal den-
sity for spin-valve sensors was about 100 GBit/in? [7]. In 2005, a new giant tunneling
magnetoresistance (TMR) sensor was introduced by Seagate, increasing the areal
density up to 600 GBit/in? [3]. In 2019, the areal density was already above the
TBit/in? [9].

At the same time, at the turn of the century, Hirsch [10] revived a topic theorized
by Dyakonov and Perel already in 1971 [11]: The generation of a transverse pure
spin current from a charge current flowing in a non-magnetic metal due to spin-orbit
coupling (spin Hall effect) and its opposite effect (inverse spin Hall effect). At this
point, the generation, manipulation and detection of pure spin currents gathered a lot
of interest. If the first generation of spintronics is characterized by the manipulation
of spin-dependent charge carriers in systems such as GMR spin-valves, the second
generation is focused entirely on the manipulation of pure spin currents, regardless
of charge. An essential property of spin currents is the suppression of Joule heating
effects, since there is no net flow of charge. Technologically speaking, this feature
is very relevant because it allows to solve the amazing problem of heat dissipation
in microelectronic devices, thus contributing to the development of more sustainable
and greener technology.

Led by these exciting perspectives, important breakthroughs were made and new
physical effects were discovered. Spin transfer torque, for instance, was independently
theorized by Berger [12] and Slonczewski et al. [13] in 1996. In spin transfer torque,
the magnetization of a ferromagnet is driven to a dynamic state due to the interaction
with a spin-polarized electric current (or a pure spin current), which exerts a torque
on it, with no magnetic fields involved. Above a certain current threshold, magne-
tization reversal can be induced, opening the door to new promising technological
applications such as spin transfer torque-based RAM, for example [3]. In addition,
new magnetoresistive phenomena based on this effect, such as spin Hall magnetoresi-
tance, have been discovered within this very last decade [11]. Following the discovery
of spin transfer torque, Tserkovnyak, Brataas, and Bauer [15] experimentally gener-
ated pure spin currents by means of microwave-mediated magnetization precession
in ferromagnetic/normal metal bilayers and called this process spin pumping. It was

proved a bit later [16] that spin transfer torque and spin pumping are actually two
sides of the same coin. Moreover, for the first time, an experiment conducted by
Saitoh et al. in 2006 [!7] measured the voltage signal generated by the conversion of

a pure spin current into a charge current due to inverse spin Hall effect in NiggFesq
(Permalloy or Py)/Pt bilayers. Additionally, it was found that the classical Seebeck
and Peltier effects, whereby a thermal gradient induces an electric current and vice
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versa, respectively, had their spintronic counterpart in the spin Seebeck and Peltier
effects, paving the way for a new field of research called spin caloritronics [15]. On top
of this, the spin solar cell already converts light to spin currents using a ferromag-
netic/semiconductor junction [19], broadening the path to more sustainable forms
of energy generation and harvesting. In Fig. 1.2, some of the main spin current
generation methods are shown.

Electrical spin
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Figure 1.2: Schematic diagram compiling the major methods for generating spin-polarized
and pure spin currents. Image reproduced from Ref. [8].

1.2 Future Perspectives

As reviewed in the previous section, the history of spintronics is the history of an
ever-increasing field of research which, in no more than 30 years of existence, has
shown an enormous potential in both technological transferability and fundamental
physics research [20]. One of the main goals is to achieve the integration of spintronic
devices into modern semiconductor electronics industry (CMOS technology), or even
more: their full replacement.

A common topic in CMOS technology think tanks is the end of Moore’s law, which
is the self-fulfilling prophecy that has set the roadmap for the technological progress
in electronics for more than half a century. Moore’s law states that the density of
transistors in a processor doubles every two years, and even though the progress in the
field has been outstanding since the 1960s, now a dead end is about to be reached [21]
due to the confluence of problems associated to the continuous shrinking of device’s
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size, that promotes unwanted quantum effects, and the increase in power consump-
tion, complicating the dissipation of heat, thereby affecting the overall efficiency of
the device [22]. These kinds of problems cannot cope with an ever-increasing demand
of high-density, high-speed, and low-power consumption in technological devices in
the mid and long term. In addition, in the context of today’s climate emergency, it is
also necessary to take into account the environmental cost of large-scale production,
fabrication, and distribution of technology-related commodities worldwide [23, 24].
In fact, we could also go further and ask ourselves if the improvement of technology
and the quest for more efficient energy sources and devices by itself is enough to
overcome the current climate crisis [25].

In this context, spintronics acts as a prominent candidate to cope with these is-
sues [26, 27, 28]. Major semiconductor companies such as Intel or Samsung have
already announced the implementation of MRAM and spin transfer torque-MRAM
as a replacement for eFlash technology, although the main inconveniences are down-
size scalability, thermal instability and high current density [29, 30]. IBM, on the
other hand, is also behind a new kind of magnetic memory called racetrack mem-
ory, which stores information in domain walls and the read-and-write mechanisms
are based on domain wall motion induced by pulses of spin-polarized currents. A
racetrack memory “potentially extends a device structure in a 3D configuration” [3,
p. 21] and thus treats the increase of density problem on a whole new level.

With regard to logic devices, in the long term, it is envisioned that spin-based
devices will be more suitable than their CMOS counterparts for enabling beyond-
Boolean logic devices, as suggested by recent experiments related to neuromorphic
computing [31]. For the moment, the most probable mid-term application is that
of a hybrid system which combines conventional CMOS technology and spintronic
components, taking advantage of the interconversion between spin and charge currents
mentioned before. The efficiency of these devices would depend on how fast this
interconversion is and the number of interconversions before a computation is made.
Therefore, one of the pressing challenges in the field is to find the set of materials
and structures which maximize spin-to-charge conversion efficiency [3, 29, 32].

In this Thesis, the main focus is put on the spin generation and spin-to-charge
conversion capabilities of complex oxide materials and heterostructrures, specifically
manganites. The observation in 1993 of so-called colossal magnetoresistance (CMR)
in Lag 67Cag.33MnOx [33] and Lag g7Bag.33MnOx [34] thin films triggered the study of
these compounds as electrodes for magnetic tunnel junctions (MTJs) but also paved
the way for the development of oxide spintronics [35]. In the next section we review
the main properties of complex oxide perovskites and relate them with the compounds
studied in this Thesis.
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1.3 Why Complex Oxides?

Oxygen is the most abundant chemical element on Earth’s crust, constituting roughly
50 % by forming various types of oxide minerals [35]. As a result, one of the most
attractive features of oxide compounds is their natural ubiquity and abundance [30].
On the other hand, their functional versatility and variability, ranging from ferromag-
netism, ferroelectricty, or superconductivity, is unparalleled [36, 37, 38]. Of particular
importance to this Thesis are the family of complex oxide pervoskites. These com-
pounds have the chemical composition ABOgs, and their structure consists of corner-
sharing octahedras BOg with a twelve-fold coordinated A cation at its body center
[35]. Moreover, the combination of two alternating ABOj3 perovskites can give rise to
stable double-perovskite structures with chemical composition A3BB’Og. These two
kinds of perovskite crystal structures are shown in Fig. 1.3.

Figure 1.3: (a) Single perovskite structure of the form ABO3. b) Double perovskite structure
of the form A;BB’Og. These drawings have been made using the scientific 3D visualization
software VESTA [39].

The major technological advantage of these materials is that different combinations
of the A and B elements in the structure give rise to an array of the most diverse func-
tionalities and behaviours [35, 30], as is exemplified in Fig. 1.4. As can be observed
from the figure, lanthanum manganese-based perovskites are commonly associated
with magnetic compounds. This feature comes from the delicate balance between
charge, spin, and orbital degrees of freedom existing in these systems [36]. As such,
epitaxial heterostructures of complex oxides may result in novel electronic phases and
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physical phenomena due to, e.g., the inherent symmetry-breaking of interfaces, stress,
charge transfer or ionic interdiffusion [36, 37, 10]. One of the most characteristic ex-
amples of this kind is that of the formation of a 2D electron gas between LaAlOs and
SrTiOgs, which are robust insulators [411]. This easy tuning of functionalities makes
oxide perovskites even more interesting from the technological viewpoint.

w ABO,
. e
(% ~ magnetic

SUBEE - Nb,Ta
; n,Co,Fe,Ni —
conductive conducting Ti,Zr,Nb,Ta = A
Cu,Bi = i
Cu,Co,Ti.Zn i H '
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magnetic oxides:
~ di-/ferroelectric oxides: KNbO
. superconducting oxides: (La,Ba)MnQ, Gl
conducting oxides: (Ba,SnTi0,
oxides: (Ba,K)BiO,
(La,Sr)Co0, CaTio, &=

perovskite mineral

Figure 1.4: Schematic diagram showing the multifunctional nature of complex oxide per-
ovskites. Depending on the combination of A and B elements in the structure, different
physical properties arise. This family of materials earned its name from the mineral per-
ovskite, which is shown at the bottom right side of the image. This image has been retrieved
from Ref. [35].

In the field of spintronics, the spin current transport across different films demands
high-quality interfaces. Even though there are many works focusing on the generation
and detection of spin currents in bilayer and multilayer systems, the study of this
kind of phenomena in all-oxide heterostructures is still rather scarce. Regarding to
this, in Chapter 5 we study the ability of Lag92MnO3 and Lag/35r1 ;3MnOg3 complex
oxides for the dynamical generation and injection of spin currents into Pt and, within
that Chapter, in Section 5.2, the spin-to-charge conversion efficiency of SrIrOg is
tested using Lag/3S5r; 3MnO3 /SrIrO3 bilayers. In addition, in Chapter 6, the double-
perovskite LaoCoMnOg is used for measuring spin Hall magnetoresistance, which is
a magnetoresistive effect entirely based on the interaction between the magnetization
of the ferromagnet and spin currents at the interface.

1.4 This Thesis

This Thesis can be divided in two parts. The first part, comprising Chapters 1—3, is a
general introduction to the field of spintronics, including its historical and theoretical
backgrounds. The second part includes the main experimental results of this The-
sis and occupies Chapters 4—6. The experimental techniques employed throughout
this work are included in Appendix A. A brief review of each Chapter separately is
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included here for clarity:

Chapter 1 comprises a general introduction to spintronics, including a historical
background of the field as well as its future perspectives. Moreover, it also overviews
the basic properties of perovskites and the complex oxides studied in this Thesis.

Chapter 2 is a bottom-up approach to the concept and general properties of spin
currents. It also emphasises on the similarities and differences between spin and
charge currents and under which circumstances and materials these currents can be
coupled.

In Chapter 3, due to the relevance in most of the effects studied in this The-
sis, magnetization dynamics is addressed and the theory of ferromagnetic resonance
is introduced. In addition, the spin current transport phenomena across ferromag-
netic/normal metal interfaces is studied with special emphasis on spin transfer torque
and spin pumping effects, which are bonded by the same physical mechanisms.

Chapter 4 focuses on the generation of spin currents by means of spin pumping
in Py/Pt bilayers. The electrical detection of these spin currents wvia inverse spin
Hall effect is also shown. This Chapter is fundamental because sets an experimental
precedent for detecting spin currents in the Thesis.

In Chapter 5 the focus is two-fold. On one hand, we test the capability for
generating pure spin currents in chemically deposited LaggoMnOs thin films by
means of spin pumping (Section 5.1). On the other hand, in Section 5.2, the gen-
eration and detection of pure spin currents in the complex oxide heterostructure
Lag /3811 ;3sMnO3/SrlrO3 is shown.

Finally, Chapter 6 deals with the measurement of spin Hall magnetoresistance in
LasCoMnOg /Pt bilayer systems. It will become clear the crucial role played by the
interface for the detection of these kind of effects.
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Chapter

Spin Currents

The concept of spin current is extensively used in the specialized community.
However, its precise definition and detection can be challenging. In this Chapter
we trace back the idea behind it and present its similarities with ordinary charge
current as well as its unique features. This Chapter is structured in the following
way: Section 2.1 introduces the concept of magnetzation field vector, which is
very useful for characterizing the magnetic energy terms in mesoscopic systems.
In section 2.2, Mott’s two channels model is discussed and a first definition of
spin current is presented. Then, in Section 2.3, the conservation laws of charge
and spin currents are compared and the spin diffusion equation introduced. At
the end of this Section, a general definition of spin current is presented. The last
two Sections deal with the interrelation between charge and spin currents, being
spin-orbit coupling the fundamental property connecting them. In Section 2.4,
spin-orbit coupling is presented, whereas in Section 2.5 the physics of the spin
Hall effect is outlined.

2.1 Micromagnetics

The theoretical description of magnetism in mesoscopic systems is called micromag-
netism. This semi-classical model integrates the crucial quantum mechanical effects
that give rise to ferromagnetism, such as exchange interaction, with a continuous
field description of the magnetization [12]. We can define a slow-varying magnetiza-
tion field vector M (r) for characterizing the average magnetic moments in a given
magnetic specimen of volume V' as
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M(r) = éZMz (2.1)

where M,; is the magnetic moment of an atom at the i-th site. Moreover, within this
model, the length of the magnetization vector does not change [43]. This assumption
restricts the theory to temperatures well below the Curie point 7. In a ferromagnetic
material, the magnitude of M (r) is equal to the saturation magnetization or M. The
goal of this Section is to define the different energy terms that give rise to the overall
magnetic energy in terms of the magnetization field vector M (r). In this way, we
will start by introducing the exchange energy &, which can be written as [141, 15]

Eex = qu/d% (WA;IS(’“)Y, (2.2)

where A is the exchange stiffness constant and po the magnetic permeability in free
space. In addition, the exchange stiffness constant can be defined in terms of the
so-called exchange length ey as [17]

A =27 (Bex My)? . (2.3)

For most of 3d transition metals, this length is generally small (= 2 — 8 nm) [0,

|, which means that for macroscopic magnetic samples, exchange is a small fraction
of the total magnetic energy of the system. Therefore, it is important to define and
characterize the different energy terms besides exchange energy.

An important source of magnetic energy in ferromagnetic materials is magnetic
anisotropy. In a broad sense it is the dependence of the magnetic properties of a
system on the crystallographic directions. Magnetic anisotropy has both intrinsic and
extrinsic contributions. Magnetocrystalline anisotropy is the main form of intrinsic
anisotropy and it arises from spin-orbit coupling, as is seen in more detail in Section
2.4. The main effect of this anisotropy term is the alignment of the magnetization
vector with the symmetry axis of the crystal lattice. The simplest anisotropy term of
this kind is that of uniaxial anisotropy, which can be expressed as [17]

& (uniaxial) = oK,V sin? (6), (2.4)

where K7 is a scalar anisotropy constant, V' the volume of the specimen, and 6 the
angle between the magnetization vector and the crystallographic easy axis direction.

10 Chapter 2



Complex Oxide Heterostructures for Spin Electronics

It is referred to as easy axis to the crystallographic axis by which the anisotropy
energy is minimized and hard axis otherwise.

In addition to the intrinsic anisotropy contributions, extrinsic terms do also con-
tribute to the total anisotropy. Regarding this, a common source of anisotropy is
strain [18]. The lattice parameter mismatch between the substrate and the film
changes the distance between neighbouring ions, thus affecting the overall electronic
and magnetic properties of the film, giving rise to second-order contributions to the
magnetic anisotropy energy. Likewise, the intrinsic translational symmetry-breaking
of film surfaces induces an additional contribution to the total anisotropy: the surface
anisotropy energy reads [19]

E(surface) = “OTKQ / d3r <n- ]‘/]I\ﬁy (2.5)

where 7 is a unit vector normal to the surface of the film and Ks an interface/surface
anisotropy constant.

In the presence of an external source, such as a magnetic field Hey, the coupling
between Hy and the magnetization is the well-known Zeeman interaction, which in
terms of energy reads

Eree = —110 / BrM(r) - Hao. (2.6)

The last two most important magnetic energy contributions are the magnetostatic
interaction and the demagnetizing field interaction. The magnetostatic interaction
mediates the coupling between the magnetization and the magnetic dipolar field Hyg;,,
created by the magnetization distribution itself [15]. In macroscopic ferromagnetic
materials, the formation of separate regions with different magnetization directions
(magnetic domains) occurs in order to reduce the magnetostatic energy of the system.
Formally, its energy can be expressed as [19)]

s = —% / d3r H gy, - M (7). (2.7)

In the absence of electric current, V x Hyg;, = 0, therefore Hg;, = —V ¢, where ¢
is a scalar potential analogous to the electrostatic potential, which can be expressed
as [19]
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¢ = —/d3r/VM(r,/|>. (2.8)

lr—r

Moreover, if the system is uniformly magnetized, VM (r) = 0 and Eq. 2.8 van-
ishes. Despite that, the magnetostatic interaction gives rise to the so-called stray or
demagnetizing field, which depends entirely on the shape of the sample and becomes
important in mesoscopic systems such as ultrathin films. The demagnetizing field can
be expressed as

H;=—-NM(r), (2.9)

where NV is the demagnetizing factor, which in general is a tensor of trace 1. For
example, in the case of an ultrathin film, where the z and y directions are infinite
with respect to the z direction, the demagnetizing factors are N, = N, = 0 and
N, =1, with no off-diagonal components. In general, N, + N, + N, = 1 should hold.
The effect of the demagnetizing field is usually regarded as shape anisotropy, and the
easy axis of magnetization is normally a trade-off between shape and magnetocrys-
talline anisotropies. We can express the demagnetizing field energy &; just like the
magnetostatic energy (Eq. 2.7) but using H instead of Hgip.

Finally, the overall magnetic properties of the magnetic system can be characterized
by the magnetic free energy functional £[M (r)], which is defined as the sum of all of
the above mentioned energy terms, i.e.,

E[M(7)] = Eex + Ek + Ezee + Ems + Ea, (2.10)

where & includes any source of magnetic anisotropy present in the system.

2.2 Transport Properties of 3d Metals and Definition of
Spin Current

Most of the materials studied in this Thesis belong to the ferromagnetic 3d transition
metals. In this Section we review their basic transport properties, which are best
described using Mott’s two channels model [50]. The two basic features of this model
are:
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1. An electrical conductivity divided into two, independent spin-channels: one for
spin-up electrons (o4) and the other for spin-down electrons (o) !. This occurs
because spin-flip scattering in ferromagnetic metals is low.

2. In 3d transition metals the electric current is mostly carried by sp-band electrons.
Particularly, in ferromagnets, the d-band electrons are exchange split, meaning
that the density of states for spin-up and spin-down electrons are different. Then,
since the probability of scattering is proportional to the density of states, the
scattering rates are spin-dependent, i.e., different for the two conduction channels.

Mott’s two channels model gained popularity throughout the 1970s when A. Fert
and I. A. Campbell applied it to nickel and nickel-iron alloys in order to explain the
peculiar, giant magnetoresistance effect that was being observed in these materials [51,

]. Formally, the conductivity of a metal in terms of Mott’s arguments is expressed
as

o=01+0, (2.11)

and according to Drude’s conductivity model, each spin-dependent conductivity can
be written as [17]

62 2

g = 737r2h>\k1:‘,

(2.12)

where e is the elementary charge, A is Planck’s constant, kr is the Fermi momentum
and A the mean free path, which is defined as the product of the electron relaxation
time 7 and the Fermi velocity vp. The relaxation time can be estimated using Fermi’s
Golden Rule:

1 2m

T = fa/s?catt)’/Fv (2.13)

where (V2...) is the average value of the scattering potential and v is the density of
states at the Fermi level. The scattering potential is in general an extrinsic property of
the material, since it has contributions from defects, impurities, or lattice vibrations.
It is important to note that each quantity in Eqs. 2.12 and 2.13 is spin-dependent

but the spin index has not been included for clarity.

The up and down terminology refers to the projection of the spin with respect to the quantization
axis.
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Now we move on to understand how spin (i.e., spin angular momentum) diffuses and
in which manner it can be understood as a current analogous to a that of charges. We
start by addressing the basic properties and equations that govern charge currents.
Generally, charge current density j can be expressed as a combination of both drift
and diffusion currents [53],

j=0E+eDVn, (2.14)

where the first term corresponds to the drift current induced by an electric field E
(0 is the conductivity of the material) and the second term is the diffusion current
due to a gradient in carrier density n (D being the diffusion constant). Additionally,
Vn = vpVul, being u€ the chemical potential, which by definition is equal to the
Fermi energy at T'= 0. The gradient of the electrochemical potential y = u¢ — e¢ is

V= B+ " (2.15)

)
VR

being ¢ the scalar potential. Thus, combining equations 2.14 and 2.15 one finds that

i=2vn, (2.16)

which identifies the electrochemical potential gradient as a source of electric current.
Now, according to Mott’s two channels model, the electrochemical potential can be
expressed as a spin-dependent quantity, for it depends on the density of states at the
Fermi level. Therefore, the spin-dependent current density is given by

Jo = &V,UU? (2'17)
&

where the subscript o stands for spin-up (o =7) or spin-down (o =|) spin states,
and the spin-dependent electrochemical potential is u, = ps — e¢. Now, the charge
and spin currents are obtained as the sum and difference of spin-up and spin-down
current density contributions, respectively, i.e.,

. . . 1
Je=gr+7, = EV(UWT +oyuy), (2.18)

. . . 1
Js=3r—J1= EV(‘W‘T — o). (2.19)
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It should be noted from these equations that charge and spin currents have the
same units (A - m~2). For simplicity, this convention is used throughout this The-
sis. However, in order to get the natural units of spin current one should multiply
Js by h/2e. In ferromagnetic metals, the conductivities for spin-up and spin-down
electrons are usually different (o4 # o). On the other hand, in non-magnetic (or
normal) metals the conductivity is spin-independent (o4 = 0| = o), thus the spin
current in a normal metal would simply be js = oV (uy — py)/e. which means that
a spin current can be induced in a normal metal when there is a gradient in the
electrochemical potential difference for spin-up and spin-down electrons. This elec-
trochemical potential difference is called spin accumulation ps = pp —py [54, 55], and
is a fundamental quantity in spintronics. In Chapter 3, we focus our attention on the
spin transport through ferromagnetic/normal metal interfaces, whereby the crucial
role spin accumulation played in these systems is evidenced.

2.3 Conservation Laws

One of the fundamental and defining properties of charge currents is charge conser-
vation, which is mathematically described by the continuity equation

op ]
L 4+ Vi = 2.2
8t JC 07 ( 0)

being p the charge density. On the other hand, due to spin-flip relaxation processes,
the spin current is not generally conserved. In this way, a similar continuity equation
can be used to describe spin currents [56, 57]

O 1 . Us
v =t 2.21
ot + evF Js Ts ( )

where the extra term at the right hand-side of Eq. 2.21 reflects spin relaxation, being
1/7s = 1/m4, + 1/7y4 the spin-flip relaxation rate [53, 54]. The terms 1/73; and 1/74
are defined as the scattering rate of flipping an electron spin from the up to down
state and vice versa, respectively. The spin relaxation time 75 should not be confused
with the electron relaxation time 7 defined in Eq. 2.13. In fact, in 3d transition
metals the rate of scattering events without spin flip is much larger than 7% [54, 55].

The equation describing spin diffusion in a normal metal can be easily obtained from
Eqgs. 2.21. In the steady state, Ous/0t = 0, and Eq. 2.21 reads Vjs = (evp/7s)s-
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Therefore, by combining this result with Eq. 2.19 one gets the spin diffusion equation

[ ’ ’ ? Y ]7

1

VQUS = )\TM& (2.22)
sd

where (1/22)) = e?vp/(07s) is the spin diffusion length. The spin diffusion length is a
material-dependent phenomenological quantity that accounts for the decay of a spin
current along its propagation direction [59]. Hence, it is one of the most valuable
figures of merit in spintronics.

It is worth noting that the spin continuity equation presented above is only valid
for a given spin polarization direction (i.e., up- and down-spin states in relation to
a given quantization axis). In general, the flow of spin current is best described as
a second rank tensor Jy, instead of a vector such as ordinary charge current. 77,
describes a spin current density propagating along the « spatial direction and with
spin polarization along ¢. In this picture, Eq. 2.21 becomes

ou? 1
ats + %8‘*‘75“ =Toyul, (2.23)

which is the spin continuity equation for an arbitrary spin polarization direction.
Here, I';y is the spin-flip relaxation tensor [57] and p is the spin accumulation
vector.

As a final remark, it should be mentioned that the spin current tensor that appears
in Eq. 2.23 is not limited to the picture of two spin-polarized charge currents with
opposing directions, as described in Eq. 2.19. In fact, spin current is just a fancy
name for describing the coherent propagation of spin angular momentum. In solids,
this spin current can be carried by conduction electrons, but it may as well be carried
by so-called spin waves, which can be defined as the collective motion of spins coupled
by the exchange interaction [60]. The quantization of spin waves is called a magnon
and sometimes these two terms are used on an equal basis. It has been observed
that spin wave spin currents persist over longer distances compared to their charge-
mediated counterparts. Actually, the transmission of spin wave spin current signals
over macroscopic distances (=~ 1 mm) has been reported [60]. In Fig. 2.1, a schematic
diagram of these two types of spin currents is shown. Finally, a third, yet obvious
kind of spin current is that of spin-polarized charge current: since electrons have
spins, the motion of an electron entails the transmission of spins.

In the next Section, the spin-charge coupling of currents is addressed, with special
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a) Conduction-electron spin current  b) Spin wave spin current
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Figure 2.1: Schematic diagram of a spin current carried by opposing spin polarized charge
currents (a), and carried by spin waves (b). This image has been adapted from Ref. [60].

emphasis on spin-orbit coupling and spin-dependent Hall effects.

2.4 Spin-Orbit Coupling

A key feature of spintronics is the easy interconversion between charge and spin
currents. The underlying mechanism behind this phenomenon is the so-called spin
Hall effect, which has its origin in spin-orbit coupling (SOC) and is closely related to
the physics of the anomalous Hall effect. In order to illustrate the basic features of
SOC, let’s suppose that an electron is moving through an electric field E = —V¢. In
its frame of reference it experiences a magnetic field B equal to [(1]

vx FE

B = 5>

- (2.24)

where v is the electron velocity and ¢ the speed of light in vacuum. The (Zeeman)
interaction between this magnetic field and the electron spin & is SOC. If £ is the
SOC strength constant, the SOC Hamiltonian is given by [61, (2]

St

Hso = 26(Vo x p), (2.25)
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where V¢ is the gradient of the scalar potential, p the linear momentum operator,
and & is a vector of Pauli matrices. In a solid, for instance, ¢ would be the potential
arising from the crystal structure, impurities, or defects [61]. This ultimately means
that the electron spin is absolutely bounded to its environment. In fact, SOC is the
primary reason of why spin currents are not conserved, or as S. Maekawa puts it:
“In the presence of spin-orbit interaction [...] the non-conservation of spin is due to
the angular momentum transfer of spin to the orbit and eventually into macroscopic
degrees of freedom such as the lattice system” [53, p. 14]. In order to have a clearer
picture of this interaction, let’s use the central potential approximation for a hydrogen
atom, i.e., ¢(r) = ¢(r) = Vo = (0,¢/r)#, where 7 is the unit vector of the radial
direction r. In this case, it is easy to see that

Hso = %g (Orp/r)s -1, (2.26)

where l = 7xp and s = (h/2)é are the orbital and spin angular momentum operators,
respectively. While equation 2.26 is only an approximation for a hydrogen atom,
we can glimpse what it means. Assuming that the orbital angular momentum [ is
connected to the crystal lattice, the spin-orbit interaction would couple the spin to
the crystal lattice symmetry, giving rise to magnetocrystalline anisotropy [03], as
mentioned in Section 2.1.

Hitherto, SOC is viewed as an interaction that connects the spin of the electrons
with its environment, but how strong is this interaction and which materials have the
highest SOC? To answer this requires the solving of the Schrédinger equation with
the spin-orbit Hamiltonian (Eq. 2.26). The solution evidences that the spin-orbit
coupling energy scales as ~ Z* and n =3 [64], being Z the atomic number and n the
principal quantum number. However, it should be bore in mind that this is only
an approximation and, thus, it has limited validity. In Fig. 2.2 the calculated SOC
strength \,;? (from Ref. [65]) as a function of the atomic number Z is shown. It
is inferred from it that the Z% dependence expected for the hydrogen atoms is just
an approximation. Moreover, it is observed that 5d transition heavy metals such as
Pt, W, Ta, or Ir present a higher spin-orbit coupling than 3d transition metals and
therefore should be very suited for spintronic applications. Particularly, Pt is chosen

2The SOC strength for individual electron orbitals A,; is defined in Ref. [65] and is related to &
from Eq. 2.25 by

l o 2 100
Al = = dron(r)= =, 2.27
! 25 /0 " l(r)r or ( )
where the radial wavefunction of the orbitals with quantum numbers n and [ is denoted by ¢n:, and
¢ = gh’e/ (mQCQ) is the SOC strength defined in Eq. 2.25, with g, m, and ¢ being the g-factor, the

electron’s rest mass, and the speed of light in vacuum, respectively.
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as the high-SOC element of all the systems presented in this Thesis, while Ir (from
SrIrOs3) is used in Chapter 5.

Spin-orbit coupling A, (Ry)

20 40 60 80 100
Atomic number (Z)

Figure 2.2: Dependence of the individual SOC strength A,; for atoms as a function of their
atomic number Z. This figure has been retrieved from Ref. [65].

Technologically speaking, the fact that SOC connects the spin degree of freedom
with other degrees of freedom of a given system makes it a very attractive property.
Moreover, due to its prominent role on a variety of phenomena such as spin Hall
effects, spin-orbit torques, or topological insulators, a new field of research called spin-
orbitronics is emerging, and novel applications and phenomena are being addressed
[66]. In this Thesis we fundamentally focus on the spin Hall effect, in which SOC
plays a fundamental role by mediating the interconversion between spin and charge
currents.

2.5 Spin Hall Effect

The spin Hall effects are the set of mechanisms that allow the interconversion between
spin and charge currents. The underlying physical picture is analogous to that of
the anomalous Hall effect (AHE) present in ferromagnetic materials, by which SOC
makes spin-up and spin-down electrons to be scattered differently when flowing in
a conductor. As in the case of the AHE, the spin Hall effect (SHE) can originate
from three distinct microscopic mechanisms [67, 68]: intrinsic, skew scattering, and
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side-jump. The intrinsic mechanism, as its name implies, depends entirely on the
electronic band structure and it exists even in perfect crystals with no impurities nor
disorder. Skew scattering and side-jump are regarded as extrinsic effects. In a broad
sense, skew scattering and side-jump mechanisms are considered to arise from the
SOC in the disorder potential and impurities, respectively [67].

SHE converts unpolarized charge currents into transverse pure spin currents. On
the contrary, the inverse SHE (ISHE) converts pure spin currents into transverse
charge currents. In Fig. 2.3 both SHE and ISHE mechanisms are illustrated. Al-
though these effects were theoretically predicted over five decades ago by Dyakonov
and Perel [11], it was not until the beginning of this century that they could be
experimentally tested [10, 17, 69, 70, 71]. Both SHE and ISHE are very attrac-
tive from the technological point of view. In logic devices, for example, a new kind
of all-semiconductor transistor based in SHE and ISHE has already been developed

[72].

a) Js
spin current \ y

Charge current

Je
b) Charge current N’

js \l\ll\ll

Spin current

Figure 2.3: Schematic diagrams of SHE and ISHE mechanisms. In the SHE (a), a charge
current j. generates a transverse pure spin current js. Whereas in the ISHE (b), a pure spin
current j, is converted into a transverse charge current j.. Image adapted from Ref. [73].
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In order to mathematically express the interconnection between spin and charge
currents in high-SOC systems, it is useful to follow the argument proposed by
Dyakonov [74, 50], i.e., the spin-charge coupling is mediated by a single, SOC-
dependent, phenomenological parameter: the spin Hall angle ©gy;. The drift-diffusion
equation for charge and spin currents in systems without considering SOC is given
by,

39 = 6E +eDVn, (2.28)
a o
T = peve Eapd + evFDa%, (2.29)

where the superscript () denotes the charge and spin current densities without SOC.
The index « denotes the spatial propagation direction, while the index o the spin
polarization direction. The quantity p = eno is the electron mobility. Furthermore,
in order to account for SOC, the interconnection between spin and charge currents
can be obtained by extending the usual drift-diffusion equation for charge transport
to the spin-charge drift-diffusion equation. According to this [56, 67, 74, 75]:

, on N o
Jea = 0Eq +eD—— + Ogsneagy | pevpEgp] + evpD , (2.30)
8CEa 8:55
oug on
Tlo = pevpEapd + evpD5h> — Ospicagy (0B, +eDo ™), (2.31)
’ 0 « 69@7

where €4+ is the Levi-Civita tensor, and the summation is made over repeated indices.
Eqgs. 2.30 and 2.31 cover the entire spin-charge coupling phenomena, and thermal
effects can simply be added when required. Now, let’s take a look in more detail at
equations 2.30 and 2.31. The third term in the right hand side of Eq. 2.30 represents
the AHE, while the fourth term, which expresses the charge current induced by an
inhomogeneous spin accumulation, corresponds to ISHE. Regarding to Eq. 2.31, the
third term in the right hand side represents the SHE originated from an electric field,
while the fourth term represents the SHE from a diffusive current.

The interrelation between charge and spin currents can be expressed in a more
familiar form. Note that Eqs. 2.30 and 2.31 can be rewritten as

jc,a = ]g)o)( + @SHeaﬁ'yj;éO)y (232)

jso,-a = \Zs?c(yo) - @SH6QU’7j£?)' (233)
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Now, considering that jgéo) =0 (i.e., ps = 0), we get

\75704 = _®SH6aa'yjc,'y> (2.34)

which corresponds to the spin current generated from a charge current due to the
SHE. We can postulate that the spin current density tensor J;, is expressed as
the tensor product between js and 6: JJ, = Jsa0s, being the latter a vector of
Pauli matrices, and js a vector along the spin current propagation direction. Thus,
introducing this definition and multiplying both sides by 6, one obtains

js,a&g = _@SHeao'yo—ojc,'ya (235)

which finally reduces to the more customary expression [17]

Js = Osnjc X &, (2.36)

Likewise, following the same approach a simplified expression for the charge current
generated by a spin current (ISHE) can be analogously found:

Je = Ospjs X 7. (2.37)

Experimentally, the SHE has been measured in several ways (see Ref. [70] and ref-
erences therein), including both optical and electrical detection methods and different
sample geometries and structures, being the most usual the non-local geometries, by
which the injection of the charge current and the detection of the spin current are
spatially separated. Due to the fact that SHE results in an spin imbalance, the elec-
trical detection of this effect is trickier than in the case of ISHE, whereby the resulting
charge current implies an electric voltage that can be detected by conventional means
[17] (e.g., a voltmeter). Owing to the relative simplicity of detecting ISHE, it has
become a popular method for detecting spin currents. Particularly, in this Thesis,
we make use of Pt and SrIrOgs thin films to electrically detect the spin current gen-
erated by spin pumping from a set of different adjacent ferromagnetic layers (Py,
Lag.92MnOsz, and Lag /3511 3MnO3), as detailed later on.
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Chapter

Magnetization Dynamics and Spin
Pumping

So far, the magnetization and the magnetic degrees of freedom such as spin
and spin polarization have been presented as static quantities or, at least, its
dynamic behaviour has not been addressed. Due to the different physical phe-
nomena covered in this Thesis and the experimental techniques involved, the
understanding of magnetization dynamics is of paramount importance. Mag-
netization dynamics is central to areas such as magnetization reversal due to
spin transfer torque, the generation of pure spin currents from magnetic pre-
cession (spin pumping), or magnon diffusion in ferromagnetic insulators. It is
also worth mentioning the close relation between magnetization dynamics and
energy dissipation and out-of-equilibrium processes. Therefore, the functional-
ity and efficiency of spintronic devices involving some sort of dynamic magnetic
regime are limited by these features. This Chapter is devoted to the introduc-
tion of the main features of this field. Section 3.1 introduces the main general
principles and equations that govern magnetization dynamics in ferromagnetic
systems and the magnetic relaxation mechanisms involved. Then, in Section
3.2, the theoretical principles of ferromagnetic resonance are outlined. The last
two Sections of this Chapter cover the fundamental physical principles behind
spin current transport across ferromagnetic/normal metal interfaces (Section
3.3) and the spin pumping effect (Section 3.4).
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3.1 Landau-Lifshitz-Gilbert Equation

In the previous Chapter, the concept of magnetization field vector M (r) was in-
troduced. This quantity represents the local magnetization at every point of the
ferromagnetic material and, therefore, determines its (equilibrium) state. However,
dynamic and non-equilibrium states are also very important for a different set of phe-
nomena. Hence, it is necessary to extent the concept of static magnetization M (r)
to the general, time-varying vector field M (r,t). The time evolution of M (r,t) is
the topic of magnetization dynamics. In order to construct a dynamical equation for
magnetic phenomena, two main constraints should be taken into consideration [77]:

1. The magnitude of the local magnetization vector at each point is equal to the
saturation magnetization M for a given temperature,

|M(rvt)| = M;. (3.1)

This is commonly known as the macrospin approximation. It is a fairly good
approximation in ultrathin films of the order of exchange length (see Eq. 2.3), in
which the collective magnetic moments are locked in the same direction.

2. The effective magnetic field Heg(7,t) comprises all internal and external sources
of magnetic field in the system. It can be mathematically defined as

1 0E[M(r,t)]

_VW’ (3.2)

/J/()Heff(’l", t) -
where E[M (7, t)] is the magnetic free energy defined in the previous Chapter (see
Eq. 2.10) and V the volume of the ferromagnetic specimen. Thus, the second

constraint states that the magnetization vector in equilibrium is aligned with
Hg(r,t), i.e., that M(r,t) X Heg(r,t) = 0.

Consequently, when the system is not at equilibrium, M (r,t) X Heg(r,t) # 0. In
this case, the magnetization will evolve according to some sort of dynamic equation to
restore equilibrium. The simplest form of this equation is that of the magnetization
precessing around the effective field, which can be mathematically written as

OM (r,t)

B = —yM(r,t) x Heg(r,t), (3.3)

where v = gup/h > 0 is the gyromagnetic ratio, which determines the direction
and rate of precession of the magnetization around the effective field, g is the g-
factor, which quantifies the ratio between orbital and spin angular momenta and is
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approximately 2 for free electrons,. and up is Bohr’s magneton. This equation was
originally proposed by Landau and Lifshitz [78] and satisfies the two fundamental
constraints mentioned above. Nevertheless, it describes a magnetization indefinitely
precessing around the effective magnetic field, when in reality the magnetization
vector relaxes and eventually aligns with the effective field direction. In general,
magnetic relaxation or damping processes involve the transfer of energy from the
magnetization field to microscopic thermal motion within the lattice of the magnetic
system [79, 80]. The details on the specific mechanisms that allow this energy transfer
are too complex to be taken into account explicitly in a single field equation [30].
Therefore, it is convenient to treat magnetic relaxation in a phenomenological way,
i.e., introducing a damping parameter which can be determined experimentally but
without knowing the details of the energy transfer mechanisms. The dependence
of this damping parameter on the material properties and experimental setup may
allow us to identify the different relaxation processes that comprise it [$0]. The most
common description of magnetization dynamics including relaxation is based on the
Landau-Lifshitz-Gilbert (LLG) equation [80], which reads

OM(r.t) _ —yM(r,t) X He(r,t) +

5t M(r,t) x

a
M

and includes the dimensionless Gilbert damping parameter c. As can be observed,
the right hand side of Eq. 3.4 is composed of two terms that induce a torque on
the magnetization: (i) a field-like torque (first term) and (ii) a damping-like torque
(second term). This fundamental equation describes the damped precessional motion
of the magnetization around the effective field. In Fig. 3.1, a schematic diagram of
the magnetization dynamics according to the LLG equation is shown.

In general, the physical mechanisms behind the Gilbert damping parameter o can
be divided into two main categories: intrinsic and extrinsic. The intrinsic damp-
ing mechanisms are inherent to the fundamental physical state of the ferromagnetic
system and are commonly related to SOC [79]. On the other hand, an array of dif-
ferent phenomena can result in extrinsic damping contributions. For instance [79,

]: magnetic inhomogeneities across the film, magnetic impurities, grain bound-
aries, structural defects, granular structures, doping, strain due to lattice mismatch,
local anisotropies, or eddy currents [32]. The usual physical picture behind extrin-
sic mechanisms is that of two-magnon scattering, i.e., the relaxation of the uniform
precessional mode into different non-uniform secondary modes [79, 81, 83]. In Fig.
3.2, a diagram of the different precessional dissipation channels and the pathways of
energy transfer between them is shown. It is worth noticing that in Fig. 3.2 mag-
netic precession is induced by a radiofrequency (rf) magnetic field. The absorption of
transverse rf magnetic fields by ferromagnetic specimens is known as ferromagnetic
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M(r.t)xoM(r.t)

M(r,t)xH_«

Figure 3.1: Schematic diagram of magnetization dynamics around an effective magnetic field
according to the LLG equation (Eq. 3.4).

resonance, which is discussed in the next Section.

. ﬂ.ﬂ'ﬂ' 2,
oy N

Uniform Non-uniform Thermal
precessional — = precessional — = modes
mode modes
Lattice vibration

Figure 3.2: Precessional dissipation channels of ferromagnetic resonance.. We can see three
precessional modes (uniform, non-uniform, and thermal) and the pathways of energy transfer
between them. All three end up in the phonon bath of the lattice. Image retrieved from Ref.
[79].
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Owing to the inherent link between Gilbert damping and energy dissipation mech-
anisms, it has become one of the most important parameters for the development of
energy efficient, low-consuming spin-based devices [34]. For instance, the transmis-
sion of spin waves in the context of magnonic devices requires the use of materials
with ultra-low magnetic damping [60, 84, 85]. Moreover, ferromagnetic materials
with very low Gilbert damping are also desired for applications related to spin trans-
fer torque-induced magnetization reversal, since the threshold current needed would

be lower [36, 87, 88]. While in spin pumping experiments the injection of spin cur-
rents from a precessing ferromagnet into a high-SOC non-magnetic metal entails an
enhancement of « [15]. Spin pumping is specially relevant in the context of this The-

sis, as it is studied in four different bilayer systems. As such, a complete account of
this effect and its relation to magnetization dynamics is found in Section 3.4. Before
that, however, it is necessary to introduce the phenomenon of ferromagnetic reso-
nance (Section 3.2), since it is at the core of the spin pumping effect and the bridge
between it and magnetization dynamics, as well as the fundamentals of spin current
transport at ferromagnetic/normal metal interfaces (Section 3.3).

3.2 Theory of Ferromagnetic Resonance

Ferromagnetic resonance (FMR) describes the absorption of transverse rf magnetic
fields by ferromagnetic materials. It was independently discovered by Griffiths [39]
and Zavoisky [90] in 1946 and its theoretical foundations were introduced by Kittel
between 1947 and 1951 [91]. In Appendix A.2.2, the details of FMR spectroscopy are
outlined. Nevertheless, in this Section, the theoretical principles of FMR as well as
its main results are presented.

Let M (r) be the magnetization vector in equilibrium and aligned with the effective
magnetic field of the system Heg(r) = H + H2(r), where H is an externally applied
static magnetic field, and HZ%(r) comprises all internal magnetic field contributions
such as anisotropy fields. In the presence of a small transverse rf magnetic field h(t),
the magnetization vector will precess around Heg(r) according to the LLG equation
(Eq. 3.4). In most experiments, FMR absorption measurements are performed by
fixing the frequency w of this incoming rf magnetic field h(¢) while sweeping the mag-
nitude of the static magnetic field H. The maximum of absorption (resonance) will
occur when the Larmor frequency of the ferromagnetic system wy, = vH.g matches
that of the incoming microwave. The two most important parameters in FMR ex-
periments are the resonance field H,es and the resonance linewidth AH. The former
corresponds to the static field H at which the FMR absorption is maximum, whereas
AH is a signature of magnetic relaxation phenomena. The fitting of the respective
curves relating the resonance frequency of the system with Hyes and AH allow us to
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obtain the fundamental magnetodynamical properties of the system, i.e., saturation
magnetization, gyromagnetic ratio (and g-factor), anisotropy contributions, Gilbert
damping, and inhomogeneous damping. In this Section, an expression for the FMR
microwave absorption of a ferromagnetic thin film as a function of the applied static
field is calculated. This calculation will allow us to foreseen the capabilities and power
of FMR spectroscopy for the magnetic characterization of ferromagnetic specimens.

A general solution to the problem of finding the FMR absorption involves the
combination of Maxwell’s equations for the rf electric and magnetic fields in the
film and the LLG equation to account for the magnetization dynamics [92]. This
approach is actually followed in Chapter 4 to account for the variation of the rf fields
across Py/Pt bilayers. However, this calculation can be substantially simplified if
one considers that the magnitude of the rf magnetic field across the film is constant
and that all magnetic moments are perfectly aligned with each other [92]. Tt is also
important to mention that in the case of large extrinsic damping contributions this
approach crumbles. However, within this limiting case, the LLG equation can be
solved and analytic expressions of the FMR absorption can be obtained. Lastly, it
is also assumed that the dominant contribution to the effective field is the applied
static field, ensuring that the static component of the magnetization is aligned with
it. In Fig. 3.3, a schematic diagram of the system and the main quantities involved
in the calculation are shown. According to the diagram, the static magnetic field
direction is along the z axis, while the dynamic magnetic field has components in the
transverse directions, h(t) = hye™'® + hye™'g + c.c., where w = 27 f is the frequency
of the rf field. On the other hand, the magnetization vector has both dynamic and
static components, M (r,t) = Mk+m(t), where m(t) = m,e™'&+mye'g+c.c.. It
should be mentioned that the quantities h;, hy, m,, and m, are complex numbers, i.e.,
have an amplitude and a phase. Moreover, since the magnitude of h(t) is much lower
than that of H, it is reasonable to assume that the dynamic components of M (r,t)
are also significantly smaller than M. Hence, we further assume that the length

of the magnetization vector does not change, |M(r,t)| = \/MZ2 +m2 +m2 = M,

with M, >> mg, my. Finally, due to the ultrathin thickness of the film, it is sound
to consider that the main sources of anisotropy in the system are i) a second-order
interface/surface anisotropy (K32), ii) shape anisotropy (through the demagnetizing
field Hy; = —4nN;M;, being @ = x,y, 2), and iii) a fourth-order uniaxial anisotropy
term (Ky) related to the intrinsic properties of the film.

Now, taking into consideration all these ingredients, the LLG equation results in
the following system of equations for m, and m,,
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Figure 3.3: Schematic diagram of the FMR experimental setup with the main quantities
involved. The rf magnetic field is supplied by a coplanar waveguide in our system (represented
as a yellow stripe under the film).

My = ﬂ |:% + iaw] my — ﬂMeﬁ'hy, (3'5)
w Y w
i el i

my = —g [55 + sz] mg + gMeﬂfhx, (3.6)

where 47 Mg = 4w Ms — 2K5 /M is the effective magnetization!, B = $ + 47 Mg
is the magnetic induction, and $ = H + 2K,/M,. Now, Egs. 3.5 and 3.6 can be
easily rearranged in order to express the dynamic components of the magnetization
in terms of h, and h,. These quantities are related to each other through the dynamic
susceptibility tensor x [93, 94, 95], i.e.,

My Xzx 'L'Xzy 0 h
my | = | =iXay Xyy Of | Py |- (3.7)
0 0 0 0 0

Thus, combining Eqs. 3.5, 3.6, and 3.7 it can be shown that the elements of ¥ are

In order to obtain Eqs. 3.5 and 3.6 it has been assumed that the interface/surface anisotropy
term K> is very small compared to M. In this case, 4w Meg =~ 4w M. However, this is not always
true, as is observed in Chapter 5 when studying the magnetodynamical properties of Lagg2MnOgs
and La2/3Sr1/3Mn03.
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—'72 (‘B + z%w) Mg

Xaw = —— " <% . i%w> (ﬁ B i%w) , (3.8)
_ —ywMeg
Xay = (% T w) ) (3.9)

(o+
(ﬁﬂvw)
(

S e e

It should be noted that all the components of ¥ have the same denominator. In
this way, each susceptibility component becomes maximal (i.e., resonant) when w? =
Y2(B +iaw/Y)(H +iaw/y) [92, 95, 94]. Consequently, taking o = 0 we find that the
resonance frequency of the system corresponds to w = yv/BresHres, and taking into
account the definitions of B and $ it becomes

9K, \ 1/2 9K, 1/2
w=r <Hres + ]\4:) X (Hres + — A + 471'Meg> . (3.11)
This result is the well-known Kittel Equation [91] and it is one of the primary

results of FMR. As can be observed, the main magnetodynamical parameters of
the system can be effectively obtained from the fitting of the curves relating the
resonance frequencies with the corresponding resonance fields. Kittel equation is of
the utmost importance in this Thesis since it is consistently employed for the magnetic
characterization of the ferromagnetic films studied.

As is mentioned at the beginning of this Section, the two key parameters in FMR
absorption curves are the resonance field H,..s and resonance linewidth AH. Kittel
equation relates the resonance field with the resonance frequency, but how is AH
related to it? An answer to this question can be obtained by analysing the lineshape
of FMR absorption curves derived from this approach. For doing so, we can re-write
the static magnetic field H as Hyes + (H — Hyes). Then, keeping only terms linear
with (H — Hyes) + iaw/7y, the susceptibility tensor elements (Egs. 3.8, 3.9, and 3.10)
become
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Meff(%res + H — Hyes + i%w)

X = , (3.12)
(%res + ﬁres) |:<H - Hres) + i%w}
M,
Xxy = W VL eff ’ (313)
7(Bres + Hres) [(H — Hies) + i%w}
Meff(ﬁres + H — Hyes + igw)
Xow = : (3.14)

(Bres + Hres) | (H = Hreo) + %]

Where B and $yes are the magnetic induction and magnetic field defined before
but evaluated at H = H,es. Then, considering that near resonance |H — Hyos| << H,
that terms proportional to o are very small in front .., and by separating the real
and imaginary parts of each term, one finally obtains

(erv Xzys ny) = ( T Amy: Ayy) (D - iﬁ) ) (3-15)
where
Meff%res
Ay ~ , 3.16
AI{(%res + ﬁres) ( )
wMeff
Ay & , 3.17
v 'YAH(%res + ﬁres) ( )
Mefff)res
Ay ~ , 3.18
v AI"I(%res + yJres) ( )
(3.19)
and
AH(H — Hres)
D= 2
(H — Hms)2 + AH?’ (3 0)
AH?
L= (3.21)

(H — Hyes)? + AH?’

being the resonance linewidth defined as AH = aw/~y, which means that it depends
linearly on the resonance frequency. In experiments, in order to account for possible
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contributions arising from small magnetic inhomogeneities present in the films, a
frequency-independent (small) inhomogeneous damping term AH (0) is also included,
thus giving

AH = AH(0) + Sw. (3.22)
Y

Kittel equation (Eq. 3.11) and Eq. 3.22 are the primary results on which FMR
spectroscopy is based. By using Egs. 3.20 and 3.21 one can define the spin resonance
phase ¢ as tan¢ = AH/(H — Hyes) = L£/D. This phase corresponds to the phase
shift between the rf driving field and the dynamic magnetization response [93]. Near
FMR, ¢ changes sign over a field range close to AH from 180° below Hyes to 0° above
Hyes [93]. The terms D and L are, respectively, the dispersive (antisymmetric) and
lorentzian (symmetric) contributions to the overall FMR absorption lineshape.

As a final remark, it is important to recall that the results presented in this Section
were obtained under a series of approximations: i) ultrathin films of the order of
exchange length (macrospin approximation) and thinner than the rf skin depth; ii) low
anisotropy; and iii) intrinsic Gilbert damping mechanisms dominating over extrinsic
contributions. Far from these approximations, the results outlined in this Section
may not be true. This question is deeply discussed in Chapter 4 for the case of
Py /Pt bilayers. In this system, it is suggested that extrinsic relaxation mechanisms
may play a major role at low temperatures. Moreover, in Chapter 5, the presence
of large interfacial anisotropy contributions hampers the linear relation between AH
and w outlined in Eq. 3.22. In either way, FMR not only allows us to characterize
the magnetization dynamics of our films. Instead, FMR is also used for dynamically
injecting spin currents from a precessing ferromagnet into an adjacent normal metal
via Spin pumping.

3.3 Spin Currents at the Interface Between a Ferromag-
net and a Normal Metal

In Chapter 2, Mott’s two channels model is introduced for describing and defining
the charge and spin transport properties of ferromagnetic metals. As mentioned,
Mott’s model gained popularity throughout the 1970s in order to explain the novel
GMR effect observed in spin-valve structures made of nickel and nickel-iron alloys
[50, 51, 52]. In its simpler form, spin-valves are trilayer structures composed of
two ferromagnetic films (FM1 and FM2) separated by a thin non-magnetic (NM)
spacer. The large difference in resistance observed when the magnetizations of the
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ferromagnets are parallel or antiparallel to each other is the GMR effect. In Fig. 3.4a
a schematic diagram of a spin-valve structure for GMR is shown. It is known that an
unpolarized charge current becomes polarized upon passing through a ferromagnet. In
Fig. 3.4a, the current flowing from FM1 to the NM spacer creates a spin accumulation
ts in the NM film. If the spin coherence is maintained across the NM thickness, this
current will flow and pass FM2 up to the other end of the system. It is important
to notice that the build-up spin accumulation us at the NM spacer is simply a scalar
quantity denoting the difference in electrochemical potential of up- and down-spin
states. In this particular case and using Mott’s arguments, an equivalent circuit
can be used to represent the spin-valve trilayer system. This circuit is sketched in
Fig. 3.4b and, as can be observed, the resistance of the NM film is considered to be
negligible compared to the resistance of the ferromagnetic films. In a similar way, by
combining conventional circuit theory with Mott’s two channels model more complex
structures can be studied.

a) FM1 NM FM2 C) FM1 NM FM2
3% :.~" i sd
"V’ 1 $ f $;$ So ”.ﬂ" '
Us US
b) d) FM/NM
? o ? Interface

—1 ¥ o

Figure 3.4: a) Schematic diagram of the typical spin-valve structure with a non-magnetic
metallic layer sandwiched between two ferromagnetic films with collinear magnetizations. b)
Electronic circuit interpretation of the system in (a), in which Mott’s two channels model is
applied. ¢) Spin-valve structure with a configuration in which the magnetizations are non-
collinear. In this case, the two channel model cannot be applied and the vectorial nature
of the spin accumulation p; must be fully taken into account. d) Vector representation of
the transverse spin current components at the interface between a ferromagnet and a non-
magnetic metal.

Moreover, at the beginning of this century, A. Brataas and co-workers developed
magnetoelectronic circuit theory (MCT) [96, 97, 98] with the object of studying charge
and spin transport in spin-valve-like systems with non-collinear magnetizations us-
ing the framework of scattering theory. Contrary to GMR-like systems in which
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the relative orientation between magnetizations is either parallel or antiparallel (i.e.,
collinear), in non-collinear systems the direction of the magnetizations is arbitrary
by definition (see Fig. 3.4c). In this situation, the current flowing from the NM
spacer into the FM2 film has spin components which are not eigenstates of the fer-
romagnet, but a coherent linear combination of up- and down-spin states. Thus,
in non-collinear structures, the vectorial nature of spin accumulation ps in the NM
must be fully taken into consideration [97, 98]. Moreover, it is obvious that the two
channel model by which the conductivity of the ferromagnet is separated into two
independent spin channels is no longer valid. Instead of that, a 2 X 2 matrix represen-
tation in Pauli spin-space must be used [98]. In this model, the conductivity is best
expressed as a 2 X 2 matrix in which the diagonal, isotropic terms represent the usual
spin-dependent conductances (GT and Gi), while the off-diagonal components are the
so-called spin-miring conductances (G™¥) [98, 97]. The spin-mixing conductance is a
parameter that depends on the properties of the FM/NM interface, and it is called
mizing because it connects the two independent spin channels [99]. Within scatter-
ing theory, it depends on the reflection and transmission coefficients of the scattering
matrix at the interface [98].

In non-collinear structures, the spin current at the FM/NM interface is composed
of three different components: i) a longitudinal component parallel to the magneti-
zation direction m = M /My, which is basically a spin polarized charge current; ii)
a transverse component in the plane with m and the spin accumulation ps in the
NM; and iii) a transverse component normal to that plane. These transverse compo-
nents are sketched in Fig. 3.4d. A thorough derivation of the general expression for
the transverse spin current at the FM/NM interface can be found in the long article
by Brataas, Bauer, and Kelly [98] and the final result is presented here for clarity.
Supposing that the spin current propagates in the y direction and that the interface
between the FM and the NM is at y = 0 (see Fig. 3.4d), one gets [57, 98]

—€jsy0(0) = Gsps + Grm X (pus x m) + Gym X ps, (3.23)

where & is a vector of Pauli matrices denoting the spin current polarization direction,
G, and G; are the real and imaginary parts of the spin-mixing conductance G,
and Gy is the spin-sink or effective conductance, which is independent of the relative
orientation between m and ps and is entirely related to spin-flip absorption processes
at the interface [100]. Gy is usually eluded in experiments describing spin transport
across ferromagnetic/normal metal interfaces [101] but it becomes important when
other magnetic textures are involved [57]. It is thus included here for completeness.
In the remaining of this Chapter, however, it is dismissed, but its precise definition
and role will become clear in Chapter 6 when studying spin Hall magnetoresistance
in LagCoMnOg /Pt bilayers. It should be noted that Gg, G, and G; in Eq. 3.23 have
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units of conductance per unit area (27! - m~2) since the spin current has units of
current density (A-m~2). In modern literature, however, these quantities are usually
expressed in units of m™2. This can be accomplished by simply dividing each term
by €2?/h, where e is the fundamental charge and % the reduced Planck’s constant. In
this Thesis we will always express the spin-mixing conductance in units of m~2 unless

otherwise indicated.

The transverse spin current components are very relevant for a different set of phe-
nomena since they entail spin angular momentum transfer upon interaction with the
ferromagnetic order parameter. Specifically, in a ferromagnet, the spin decoherence
length ). characterizes the length over which the transverse spin current is absorbed
by the ferromagnet. In 3d transition metals, it has been found that A, is comprised
between the lattice parameter [98] and &~ 3 nm [102, 103], although some authors ar-
gue that it should be much larger [104]. This means that most of the transverse spin
current is lost at the first layers of the FM or at the interface between the FM and
the NM. This destruction of angular momentum is per definition equal to a torque
on the magnetization [53] (exemplified in Fig. 3.4c as a green arrow in the FM2
magnetization). In fact, the spin transfer torque (STT) independently discovered by
Slonczewski et al. [13] and Berger [12] in 1996 is equivalent to the absorption of a spin
current at the interface between a NM and a FM whose magnetization is transverse
to the spin current polarization (or spin accumulation direction) [53, . In gen-
eral, this torque is proportional to —m X j;6 X m, and becomes proportional to the
spin current —js;6 when &1 m. STT is the physical principle behind spin current-
driven magnetization dynamics, since the torque 7 is equal to the rate of change of
magnetization, [53]

om _ «y
ot Mtym

[Grm X (s X m) + Gym X pg] . (3.24)

~]
Il

Here, v is the gyromagnetic ratio, Mg the saturation magnetization, and tyy the
thickness of the ferromagnetic film. It should also be noted that the strength of 7 is
proportional to the magnitude of the spin current at the FM/NM interface (see Eq.
3.23). In order to understand STT-driven magnetization dynamics, 7 can be simply
added as extra term to the LLG equation (Eq. 3.4). By doing so, it can be seen that
the first term on the right hand side of Eq. 3.24 is parallel to the Gilbert damping-
like torque term in the LLG equation. In this way, when both terms point in the
same direction, the magnetization vector will reach equilibrium faster. Conversely,
when STT opposes damping-like torque, magnetization reversal may take place [13,

, 2]. As a result, ultralow damping materials are very suited for STT-driven
magnetization reversal processes due to the larger impact of 7 on their dynamics. In
Fig. 3.5, a schematic diagram of magnetization reversal considering the magnitude
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of the applied spin current is shown. Additionally, the second term on the right hand
side of Eq. 3.24 can be understood as the precession of spin accumulation around the
magnetization field, and modifies the field-like torque term in the LLG equation and
precession frequency [53].

Moment in an applied held along z with no anisotropy

d b Low current C High current, d High current,
—damped motion —sstable precession —sswitching

Applied field

Tmitial |I{\

T~
f ‘ {
aone o | Ii'*m__.'
Magnetization \\{ -
e

|I"--.._

Figure 3.5: a) Initial magnetic configuration with the magnetization vector at an angle with
the applied magnetic field, for instance due to a thermal fluctuation. b) For spin currents
below the critical current, the magnetization vector spirals back to equilibrium position, i.e.,
aligned with the magnetic field. ¢) For currents higher than the critical value, the damping-like
torque term becomes negative and the magnetization vector spirals away from the magnetic
field. In this case, the final configuration might be that of an steady precession state with
large precession angle (c) or full magnetization reversal (d). Image adapted from Ref. [106].

3.3.1 Spin Hall Magnetoresistance

In a FMI/NM bilayer system (where FMI stands for FM insulator) a charge current
flowing through the high-SOC NM film may be converted to a transverse spin current
due to the SHE. This spin current is directed towards the FMI/NM interface and
depending on the relative orientation between its spin polarization direction & and
the magnetization direction M of the FMI it may be absorbed via STT or reflected
back to the NM layer. It turns out that the resistance measured when &|| M or 6 LM
is different. This difference in resistance is the so-called spin Hall magnetoresistance
effect. An exhaustive account on this effect is found in Chapter 6 for describing the
spin Hall magnetoresistance measurements performed in the bilayer system composed
by the ferromagnetic insulator LasCoMnOg and Pt.

In this Section, it was shown how magnetization dynamics can be induced due
to the action of transverse spin currents in terms of spin transfer torque, with no
magnetic fields involved. Consequently, it is natural to ask if the opposite is true, i.e.,
if magnetization dynamics can result in the emission of spin currents. Naturally, the
answer to that question is affirmative: Magnetization dynamics can effectively emit
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spin currents by means of an effect called spin pumping.

3.4 Spin Pumping

Spin current-induced magnetization dynamics is just one side of the coin. The recip-
rocal effect, known as spin pumping, entails that a moving magnetization in a FM can
emit (pump) a spin current into an adjacent NM [107]. The scattering theory for spin
currents induced by magnetization dynamics was developed by Tserkovnyak et al.
[107] at the beginning of this century. However, the experimental realization of spin
pumping can be traced back to the 1970s in the pioneering works of Silsbee, Jdnossy,
and Monod [108, |, which postulated a coupling between the dynamic ferromag-
netic magnetization and the spin accumulation in adjacent normal metals in order to
explain the enhancement of microwave transmission through normal metal foils when
coated by a ferromagnetic layer [53]. Spin pumping is of paramount importance for
the development of this Thesis due to its intimate connection with magnetization
dynamics, FMR, and spin current generation.

It was shown by Tserkovnyak et al. [107] that the pumped spin current out of the
ferromagnetic material has the form

om om
pump _
Joy v = —4 G,m x r +Gi—— 5 (3.25)

which describes a spin current propagating in the y direction (i.e., normal to the
FM/NM interface) with a time-dependent spin polarization oriented perpendicular
tom = M(r,t)/M,. A schematic diagram of the spin pumping effect is shown in Fig.
3.6. The dc and ac components of the spin current are explicitly shown in the figure.
It should be noted that, due to the small precession angles found in FMR experiments,
the ac contribution is significantly larger than its dc counterpart. Nevertheless, due
to the intrinsic difficulty to isolate the ac contribution from other extrinsic similar rf
sources in FMR experiments, the majority of publications related to spin pumping
phenomena have mainly focused on the dc component alone [110]. As such, the spin
pumping-related measurements presented in this Thesis are focused on the detection
of the dc component of the pumped spin current in FM/NM bilayers.

It should be noted that the pumped spin current depends on the real and imaginary
parts of the spin-mixing conductance, just as in the case of STT (see Eq. 3.24).
This feature arises from the fact the spin pumping and STT are actually different
manifestations of the same physical reality [53, |, i.e., the interplay of interfacial
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Figure 3.6: Schematic diagram of the spin pumping effect in a ferromagnetic (FM)/non-
magnetic (NM) bilayer. The pumped spin current propagates towards the FM/NM interface
and is spin polarized perpendicularly to the magnetization vector. The spin polarization is
indicated as a blue arrow, and due to the dynamic nature of the system, it has both dc
(magenta) and ac (yellow) components. The ac component rotates almost entirely in the
x — y plane.

transverse spin currents with the magnetization of the ferromagnet. The effect of spin
pumping on magnetization dynamics can be understood from the fact that the actual
emission of spin produces a torque on the magnetization vector proportional to that
current, just as in STT. This torque can be conveniently added to the LLG equation,
resulting in an equation of the same form but with renormalized gyromagnetic ratio
~ and Gilbert damping « [15, 53, , 111]. It was shown by Tserkovnyak et al. [107]
that the renormalized quantities read

Y Yh
—=1-—G; 2
; I Mot (3.26)
/ ) ) i
—_— G '2
a— =a+ A Mot " (3.27)

where o/ and + are the new Gilbert damping and gyromagnetic ratio upon emission
of spins through spin pumping, respectively. In this way, it is easy to see that in Eq.
3.25, the term proportional to G, enhances the Gilbert damping parameter, while the
term proportional to G; changes the precession frequency. In FMR experiments, the
effect of G, is observed as a increase of the resonance linewidth, whereas that of G; is
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a displacement of the resonance field. However, in typical 3d transition metals such
as Fe, Ni or Co, G; is generally much smaller than G, [15, 53], and the effect of this
term on magnetization dynamics is usually not observed in experiments. As such,
one would simply observe an increase of the resonance linewidth after the deposition
of the NM layer onto the FM film,

’ vh
= —G,, .2
o =a+ Mot G (3.28)

where « is the Gilbert damping parameter of the FM film alone, and o’ the damping
parameter of the FM/NM bilayer. The increase in o can be intuitively understood
if one considers that the spin current emitted by the dynamic magnetization is com-
pletely absorbed by the NM adjacent film. In this situation, the role of the NM layer
is that of an additional channel of angular momentum dissipation.

So far, this model has assumed that the NM film is an ideal spin sink [107], i.e.,
a film that completely absorbs the pumped spin current. The injected spin current
thus produces a spin accumulation in the NM film that decays as a consequence of
spin relaxation and diffusion mechanisms. The spin accumulation in the NM follows
the spin continuity equation [112, | presented in Chapter 2 (see Eq. 2.21). Now,
considering that at the FM/NM interface (y = 0), dyps = (e/0)j5y "~ 6, and that at
the end of the NM film (y = ¢xm) the spin current vanishes, dypus = 0, one can see
that the spin current is [112, , 114]

sinh [(y — txm)/Asd]

;pump = = 4PUmP&(()
Js,y 6(y) Jsyy &(0) sinh (M /Asd) ’

(3.29)

being jfy "6 (0) the spin current defined by Eq. 3.25, and tnyv and Agq the thickness
and spin diffusion length of the NM film. As such, the injected spin current diffuses
away from the FM/NM interface inside the NM layer and decays on a length scale
of the order of Agq. Therefore, it follows that only normal metals with high spin-
flip scattering rates can be used as good spin sink materials. This feature is shared
by heavy metals with high-SOC such as Pt, W, Ta, or Ir, just to mention a few.
Lighter elements such as Al or Cr are less suited as spin sink elements due to their
relatively low SOC [111]. In the event that the pumped spin current is not completely
absorbed by the NM film, the injected spin accumulation will induce a restoring
diffusive spin current towards the FM film. This so-called backflow spin current is
described by Eq. 3.23 and effectively reduces the injected spin current. In the extreme
situation of a backflow spin current being equal to the injected spin current, the net
effect of spin pumping on magnetization dynamics is negligible. In this situation, the
Gilbert damping parameter would remain constant. In general, in order to account
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for backflow spin currents, it is convenient to express the pumped spin current (Eq.
3.25) and the increase of o (Eq. 3.28) in terms of an effective spin-mixing conductance
Gléf instead of G,.

3.4.1 Detection of Spin Pumping

As has been mentioned, the effect of spin pumping on FMR absorption measure-
ments is the enhancement of the Gilbert damping parameter, which is observed as
an increase of the resonance linewidth. However, if extrinsic damping mechanisms
are non-negligible or dominate magnetic relaxation, this difference may not be clearly
observed. Moreover, interfacial SOC may absorb, rotate and flip the spin of the elec-
trons passing through the FM/NM in spin pumping experiments [115]. Magnetic
impurities or disorder at the interface may as well contribute to the dissipation of
spin currents, preventing them to enter into the NM layer. One way to clarify the
injection of spin currents by spin pumping is by measuring the spin pumping-induced
inverse spin Hall effect (SP-ISHE) voltage difference. As is mentioned in Chapter
2, high-SOC materials are very suitable for converting spin currents into transverse
charge currents. In this way, the injected spin current into the NM layer may be
effectively converted to a charge current by means of ISHE and electrically detected.
In Fig. 3.7, a schematic diagram of the combined action of spin pumping and ISHE
for detectin spin currents in FM/NM bilayers is shown. This experimental methodol-
ogy is followed in Chapters 4 and 5 for studying the spin injection capabilities of Py,
Lag.92MnO3, and Lag/35r1,3MnO3, and the spin-to-charge conversion efficiency of Pt
and SrlrOs.

The injected spin current is transformed to a charge current according to Eq. 2.37:
Je = Osnujs X . In this case, taking into account the coordinate system of Fig. 3.6,
the transverse charge current is expressed as j. = Oguj™P7 x k. As a consequence,
the voltage difference accompanying this current will be the ISHE voltage signal
measured in the experiments, which is directly proportional to the amount of spin
current injected into the NM film. The lineshape of this voltage signal can be obtained
from the expression of the dc component of the pumped spin current. This component

is calculated by performing the time average of Eq. 3.25, i.e., [110]

(jPumpg

ew "
PP \PC = = G (mimy). (3.30)

4
Moreover, the pumped spin current in FMR experiments arises from microwave-

induced magnetization precession, which obeys the LLG equation, as detailed in
Section 3.2. In that Section, it is stated that the dynamic susceptibility tensor y
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Figure 3.7: Schematic diagram of the measurement setup of spin pumping-induced ISHE
currents. This image has been adapted from Ref. [110]

mediates the relation between the dynamic magnetization components (my(t) and
my(t)) and the rf magnetic field h(t): m(t) = xh(t). Therefore, considering that
ha(t) = hy(t) = hyt and substituting Eqgs. 3.7 and 3.15 into Eq. 3.30, is easy to the
see that

DUMD A ew
(jPumP g, )PC = EAhffG;ffﬁ, (3.31)

being A = Ay (Azy — Ayy), where Ay, Ay, and A, are material-dependent quan-
tities defined in the Section 3.2, and L is a symmetric lorentzian curve. This result
shows that the amplitude of the DC pumped spin current injected into the NM film
follows the lineshape of a symmetric lorentzian curve. Consequently, the expected
ISHE voltage signal is also a symmetric lorentzian curve. In order to illustrate this
property of spin pumping, let’s take a look at Eq. 3.25: It states that the spin polar-
ization direction of the pumped spin current &(t) is always perpendicular to M (t).
Therefore, for small cone angles of precession, the spin polarization lies almost en-
tirely in plane, resulting in a large ac component and a very small dc component (see
Fig. 3.8a). However, at resonance, the cone angle of precession is maximized, and if
one exaggerates the effect of this feature (see Fig. 3.8b) &(¢) will point mostly out of
plane, resulting in a small ac component and a large dc component. Obviously, this
model is far from reality. For instance, the typical precession angles found in experi-
ments are below 10° [117, 118]. In addition, it also assumes that the magnetization
precession is circular, when it is usually elliptical due to the effect of demagnetizing
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fields in thin films. In this way, an ellipticity factor should be included in Eq. 3.31.
Nevertheless, it serves to illustrate the increase of amplitude in the spin current DC
component upon resonance. A calculated spin current density according to this model
as a function of the applied magnetic field is shown in Fig. 3.8c.
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Figure 3.8: (a) Schematic diagram of showing the precession of the magnetization vector
M (t) and the corresponding spin current spin polarization direction &(t), which is should
be perpendicular to M (¢). The ac and dc components of the spin current are denoted by
a yellow and magenta arrows. In this case, the precession angle is small and represents a
situation far from the resonance conditions. (b) Large precession angle due to FMR, the dc
component clearly increases in this scenario. (c) Representative curve denoting the pumped
spin current amplitude across the resonance field and the corresponding precession of its spin
polarization vector.
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Chapter

Spin Pumping and Inverse Spin
Hall Effect in Permalloy/Pt
Bilayers

In this Chapter, the spin pumping (SP) and inverse spin Hall effects (ISHE)
of Permalloy (NigoFego, Py)/Pt bilayers are studied by means of ferromagnetic
resonance. Due to the length and nature of each study, this Chapter is divided
into two main parts: the first one is entirely devoted to the ferromagnetic
resonance characterization of this system and the measurement of the SP effect
in Py/Pt bilayers, including its evolution with temperature. The second one
deals with the voltage measurements carried out in order to detect the ISHE
and the difficulties to effectively separate it from other parasitic voltage signals.

Regarding the first part, the structural characterization and growth conditions
of the samples as well as their static magnetic properties are introduced in Sec-
tion 4.1.1. Section 4.1.2 deals with the experimental methods employed in these
measurements and covers the entire ferromagnetic resonance characterization
of each sample at 300K, as well as the detection of SP. Finally, Section 4.1.3
covers the evolution of the magnetodynamical parameters in Py and Py/Pt
with temperature.

Part two starts with a description of the experiment and the experimental setup
(Section 4.2.1), in which a brief introduction to the voltage measurements in
combination with FMR and its main difficulties is presented. In Section 4.2.2,
the new samples prepared for these kind of measurements are described and
their complete 300K FMR characterization is addressed. Then, in Section 4.2.3,
the first voltage measurements of the samples are shown and discussed. The
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result of these measurements is that the dominant contribution to the voltage
effectively comes from so-called spin rectifications effect (SRE) instead of from
ISHE. In order to circumvent this problem, we hypothesise that a reduction
in the sample width L along the coplanar waveguide (CPW) direction will
reduce in accordance the SRE. In order to test this hypothesis, in Section
4.2.4, the complete FMR characterization and voltage measurements of the
samples with reduced sample width L are shown and discussed. Finally, in
order to straighten the interpretation of our results, a numerical calculation of
the Maxwell’s equations of the Si// Py/Pt system with the Landau-Lifshitz-
Gilbert (LLG) equation as the constitutive equation of the system is shown
(Section 4.2.5).

4.1 FMR Characterization and Spin Pumping in Py and
Py /Pt Systems

4.1.1 Samples Characterization and Growth Conditions

A set of Py (NiggFego) /Pt samples with different Pt capping layer thickness was grown
by means of dc magnetron sputtering, at room temperature, on top of 5 x 5 mm?
silicon (Si) substrates (with a natural passivation layer of SiO2). In order to get
an optimal interface between the Py and the Pt layers, the Pt capping layers were
deposited in situ in the sputtering chamber. The Py layer was grown at 3 mTorr in
Ar-Hs atmosphere, while the Pt was grown at 5 mTorr in the same atmosphere. The
overall deposition process was carried out at room temperature. The thickness of the
Py samples was approximately 20 nm for all samples, while the Pt layer thickness
was different in each sample, i.e., 0 nm, 1.25 nm, 2.5 nm, and 5 nm. An outline of
the four samples is presented in Fig. 4.1.

Pt (1.25) Pt (2.5) Pt (5)
Py (20) Py (20) Py (20) Py (20)
Si/SiO, Si/SiO, Si/SiO, Si/SiO,

Figure 4.1: Schematic outline of the four samples employed in this section. The number in
parenthesis represents the thickness in nanometers of each film.
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The growth rate of each material was calibrated by standard X-ray reflectometry
(XRR) measurements (using a Siemens D5000 diffractometer), as can be seen in
Fig. 4.2. Tt is important to note that in the case of Pt (Fig. 4.2b) the calibrated
growth rate is roughly 4 nm/min, which is quite fast considering that the desired Pt
thicknesses oscillates between 1 and 5 nm. In order to overcome this issue, the actual
sputtering power employed in the deposition of the Pt capping layers was half of that
used in the calibration film (in this case, from 10W in the calibration film to 5W in
the layers). Since the growth rate is linearly dependent with the sputtering power,
the 4 nm/min calibrated rate should reduce to 2 nm/min, which is more reasonable in
this case. The XRR fitting process to determine the thickness of the layers is exposed
in the Appendix A.3.2.
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Figure 4.2: Experimental X-ray reflectometry measurements for the calibration of the sput-
tering growth rate using Py (a) and Pt (b) calibration samples.

Moreover, the static magnetic properties of the Py ferromagnetic layers were stud-
ied using SQUID magnetometry measurements (MPMS-XL by Quantum Design).
The different measured hysteresis loops as a function of temperature for a Py film
(20 nm) are shown in Fig. 4.3. A mild 10% increase in the saturation magnetization
from 300K to 10K is observed, as expected from the fact that Py has the Curie point
above 500K [119]. Moreover, the characteristic 300K low coercive field of Py (around
3 Oe) is also observed. Additionally, although this coercive field increases at low
temperatures, it remains relatively small in comparison with the saturation magneti-
zation value or the FMR magnetic field magnitudes employed, as will be shown, for
instance.
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Figure 4.3: Hysteresis loops as a function of temperature measured in a Py film of 20 nm.

4.1.2 Room Temperature FMR and Spin Pumping Characterization
of Py and Py /Pt Bilayers

The magnetodynamical properties of the Py and Py/Pt thin films were studied by
means of ferromagnetic resonance spectroscopy (FMR) using a broadband coplanar
waveguide (CPW) (NanOsc). Both CPW and sample were further inserted in a
Physical Properties Measurement System (PPMS by Quantum Design) in order to
allow temperature dependent measurements if wanted (see Appendix A.2.2). Each
measurement was performed at stabilized, constant temperature using a sweeping
external magnetic field at different fixed frequencies (from 2 GHz to 16 GHz).

In a typical FMR experiment, the magnetization direction is fixed by the applica-
tion of an external magnetic field Hy. sufficiently large to saturate the magnetization
of the ferromagnetic layer (in the 300K case, for instance, it has to be larger than 3
Oe, i.e., the coercive field of Py). At the same time, a transverse, oscillating mag-
netic field h,¢ drives the magnetization to a dynamical, out-of-equilibrium, preces-
sional state around the applied magnetic field. The equation of motion of this system
is described by the phenomenological Landau-Lifshitz-Gilbert (LLG) equation (see
Chapter 3),

m\gt(t) = —yM(t) x Ho + ~

(4.1)
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where Hog = Hg. + hyt + Hy is the effective magnetic field, being Hy is the demag-
netizing field contribution, v = gup/h is the gyromagnetic ratio, Mj is the saturation
magnetization of the Py film, and « is the dimensionless, phenomenological Gilbert
damping parameter. The first term on the right hand side of Eq. 4.1 is a conservative
term (it does not drive a change in M - H.g), while the second one is a dissipative
term. The combined action of the oscillating magnetic field h,s and the applied mag-
netic field Hy. on the magnetization induces it to precess around the applied field
at a frequency wy = vHgyc, being Hy. the magnitude of the applied field and wy, the
so-called Larmor frequency. The resonance condition is fulfilled when wy matches
the frequency of the oscillating magnetic field h.¢. At this point, the dissipative term
becomes large, the sample absorbs energy from the CPW and a Lorentzian-shaped
absorption peak S is observed. In fact, due to the differential lock-in detection method
used, a derivative of the absorption peak dS/dH is observed instead. A representative
example of this kind of absorption spectra as a function of frequency is shown in Fig.
4.4.
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Figure 4.4: Example of ferromagnetic resonance spectra for a Py film (black bold symbols)
sample and the fitting of each curve according to Eq. 4.2 (orange lines) at 300K.

Each curve of the absorption spectra shown in Fig. 4.4 can be accurately described
as a combination of both symmetric and antisymmetric Lorentzian contributions, i.e.,

ﬁ — i AHQ + ]{ AH(H - Hres)
dH — dH | "AH? + (H — Hyes)?  “AH? + (H — Hyeg)?

(4.2)

where ks and kqs are the (dimensionless) symmetric and antisymmetric amplitudes,
respectively, and AH and H,es are the linewidth and resonance field, respectively (for
the sake of clarity, the magnitude of the applied magnetic field Hy. is denoted as H in
Eq. 4.2 and hereafter). From the frequency dependence of these two fitting parame-
ters (AH and H,es) the dynamical parameters of the sample such as the gyromagnetic
ratio 7, the effective magnetization Mg and the Gilbert damping parameter a can
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be obtained. The resonance frequency fies and the resonance field H,s are related
through the in-plane (H||[100]) Kittel equation [120],

2K\ 2K\ /2
fres - % <Hres + ]\4S4> X <Hres + 4n Mg + Mj) s (43)

where K, is the fourth-order term of the magnetic anisotropy, and Mg is the effec-
tive magnetization. This effective magnetization can be expressed as [79] 47w Mg =
A My — 2K9 /M, being K the second-order or surface/interface anistropy constant,
which opposes the demagnetizing field. However, in the isotropic Py thin films, the
anisotropic contributions (beyond shape anisotropy) are negligible, hence the effective
magnetization in this case can be reduced to Mg ~ My and K4 ~ 0. On the other
hand, the broadening of the resonance line, characterized by the linewidth AH, is a
direct measure of the magnetic damping of the system. Thus, the linewidth of the
FMR spectra is described by a linear dependence on the resonance frequency,

2
AH:AHmHngw@, (4.4)

being AH (0) the so-called inhomogeneous line broadening or damping, which is nearly
zero for magnetically and structurally homogeneous systems, and « the Gilbert damp-
ing parameter. The experimental dependence of H.s and AH with the resonance
frequency fies at 300K is shown in Fig. 4.5. From Fig. 4.5a it is obvious that the
inhomogeneous damping AH (0) is close to zero in all samples (see the y-axis intercept
of each line of points), denoting the magnetic homogeneity of the samples. Further-
more, a difference in the slope between the Py alone sample and the Py/Pt ones is
significant. This difference, as is pointed out later, is attributed to the spin pumping
effect. On the other hand, the overlap of curves in Fig. 4.5b indicates that the static
magnetic properties (v, Mg and Ky) of all samples are very similar.

Using equations 4.3 and 4.4 to fit the curves from Fig. 4.5 (orange lines), the main
magnetodynamical parameters for the Py alone layer and Py/Pt bilayers were ob-
tained. Values are summarized in Table 4.1. It is important to notice that the satura-
tion magnetization obtained from the FMR fitting matches that measured by SQUID
magnetometry (see Fig. 4.3), as expected. The fitted anisotropy fields Hy = 2K4/M,
are found to be negligibly small, as stated above. Additionally, the gyromagnetic
ratio =y is nearly constant for all samples and results in a mean g-factor of about 2.1,
in accordance with the reported values in the literature [121, , , ].

Moreover, the obtained Gilbert damping parameter « for the Py alone sample
(around 7x1073 at 300K, see Table 4.1) is close to reported values in the literature
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Figure 4.5: Dependence of the resonance linewidth on the resonance frequency. A linear
dependence according to Eq. 4.4 is observed (a). Experimental dependence of the resonance
frequency on the resonance field fitted by using the Kittel equation (Eq. 4.3) for each sample

(b).

Table 4.1: Main magnetodynamical parameters obtained from the fitting of FMR spectra at
300K. Each value is accompanied by its own standard deviation. The observed difference in
the Gilbert damping parameter o between the Py and Py /Pt thin films is a signature of the
spin pumping process.

Sample M, Hy v/2m a AH(0)
(emu/cm?) (Oe) (GHz/T) (x1073) (Oe)
Py 732.11 £ 0.05 | 2.36 £ 0.03 | 29.45 £0.02 | 7.05 £0.04 | 5.6 + 0.2

Py/Pt (1.25 nm) | 676.41 £ 0.15 | 1.68 £ 0.11 | 29.72 £0.04 | 11.17 £ 0.07 | 3.2 £ 05
Py/Pt (2.5 nm) | 740.07 £ 1.11 | -0.4 £ 0.04 | 29.48 £ 0.02 | 9.96 £ 0.07 | 3.3 £0.3
Py/Pt (5 nm) | 724.15 +2.97 | -0.68 £ 0.10 | 29.65 + 0.05 | 10.45 £ 0.05 | 2.9 £ 0.3

[125, , | and confirms the good quality of the sample. Furthermore, an in-
creased « in the Py/Pt bilayers is also observed. This increase, as stated before,
is indicative of the spin pumping process present in FM/NM bilayers, being NM a
non-magnetic material with high spin-orbit coupling [15]. Spin pumping implies the
opening of an alternative channel for magnetic relaxation, thus enhancing the mea-
sured Gilbert damping parameter. Experimentally, this increase is observed in the
frequency dependence of FMR linewidth, as shown in Fig. 4.5a. At resonance, the
spin current pumped from the Py into the Pt is maximum. This spin current can be
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expressed as [1 11, 110]
(4.5)

where szif is the effective spin-mixing conductance, which is a purely interfacial pa-
rameter related to the elements of the scattering matrix at the Py /Pt interface (see
Chapter 3) and m(r,t) = M (r,t)/Ms. It is noticeable the resemblance of this expres-
sion with the second term on the right hand side of the LLG equation (Eq. 4.1). In
fact, due to the conservation of angular momentum in the dynamic system, the spin
torque experienced by the Py resulting from the the spin injected into the Pt, leads
to an additional term to the LLG equation [15], which results in a renormalization of
the Gilbert damping parameter of the form [107, ]

vh

— = al 4.6
drMtpy T (4.6)

o/:ao—i—

where tpy is the thickness of the Py film, ag is the intrinsic Gilbert damping parameter
of Py, and o' the Gilbert damping parameter of the Py/Pt bilayer, which includes
an extrinsic term due to spin pumping (second term on the right hand side of Eq.
4.6). Using Eq. 4.6 and the values in Table 4.1 it is easy to see that the spin-mixing
conductance of the Py/Pt system is 3.24 & 0.6 x 10’ m™ which is in accordance with
the reported values in these systems [116, , ].

4.1.3 Temperature Dependence of FMR and Spin Pumping

The FMR and spin pumping characteristics of each sample as a function of temper-
ature were studied employing the same methodology from the previous section, i.e.,
through the fitting of the absorption spectral curves of FMR as a function of fre-
quency in order to extract the resonance field H,s and linewidth AH of each curve,
which is ultimately used in the determination of the magnetodynamical paramateres
of each sample from their frequency dependence (see equations 4.3 and 4.4). The
H,es and AH frequency dependence for each sample as a function of temperature is
depicted in Fig. 4.6. At first sight, from the AH versus fies curves (Fig. 4.6a), it is
obvious that the inhomogeneous line broadening AH (0) (the y-axis intercept of each
line) increases at low temperatures. It is also noticeable that at these same lower
temperatures the linear behaviour of AH with f..s weakens. Moreover, from the fres
versus Hyes curves (Fig. 4.6b), a shift to the left in the resonance field is easily ap-
preciated. In order to gain insight into these general features and to obtain a proper
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explanation for this behaviour, it is important to understand what these curves mean
and which information can be obtained from them.
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Figure 4.6: Linear dependence between the resonance linewidth and the resonance frequency
(a), and the experimental dependence of the resonance frequency with the resonance field (b)
for each sample as a function of temperature.

The curves in Fig. 4.6b, corresponding to the resonance frequency fres versus
resonance field H,es dependence, are fitted using Kittel’s equation (Eq. 4.3). An
analysis of the structure of this equation shows that a shift-to-the-left in the resonance
field Hies can be originated from (i) an increase in the saturation magnetization My,
and/or (ii) an increase in the anistropy field Hy = 2K,/M, !. From Fig. 4.3, it is
experimentally observed that the low temperature values of saturation magnetization
do not exceed more than a 10% its value at 300K. This mild increase is also confirmed
from the saturation magnetization values determined by the fitting of the curves in
Fig. 4.6b (see Table 4.2). On the other hand, the anisotropy field follows a strong

!The gyromagnetic ratio vy value fitted at 300K is used as a fixed parameter in the lower temper-
ature fits. This is justified by the fact that letting v as a free parameter did not change the quality
of the fit and did not differ from its 300K value by much. Thus, in order to not introduce more
uncertainty to the determination of My and Ha at each temperature, the 300K ~ value is used.
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upturn below about 100K for all samples, suggesting that it might play a major role
in the resonance field shift below this temperature. The obtained anistropy field
for all samples as a function of temperature is depicted in Fig. 4.7a. In order to
best illustrate this effect, the measured FMR spectral curves and their corresponding
fitted resonance field values (at 6 GHz as a representative frequency) as a function
of temperature for each sample are shown in Fig. 4.7b and Fig. 4.7c, respectively.
As can be observed, from 300K to about 100K, the resonance field small shift is
due mainly to the intrinsic, small increase in the saturation magnetization of each
sample. From approximately 100K to 5K, the increase in the anisotropy field Hy is
the dominant contribution to the shift. A straightforward comparison between Figs.
4.7a and 4.7c straightens this interpretation. The resulting fitted magnetodynamical
parameters at each temperature and for each sample are compiled in Table 4.2.
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Figure 4.7: (a) shows the temperature dependence of the anistropy field H, for each sample,
(b) the FMR spectral curves at 6 GHz as a function of temperature for each sample, and in
(c) the shift in the resonance field as a function of temperature is clearly appreciated.
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Table 4.2: Main magnetodynamical parameters obtained from the fitting of FMR spectra as
a function of temperature. Each value is accompanied by its own standard deviation.

Sample T M, Hy /2w fe% AH(0)
(K) | (emu/cm?®) (Oe) (GHz/T) (x1073) (Oe)

300 | 732.11 + 0.05 2.36 £ 0.03 | 29.45 + 0.01 7.05 + 0.04 5.6 + 0.2

250 | 748.03 £ 0.13 | 3.13 £ 0.06 | 29.45 (fixed) 6.74 + 0.04 5.6 £ 04

Py 200 | 755.99 + 0.16 | 2.82 + 0.08 29.45 (fixed) 6.57 + 0.07 5.4 + 04
150 | 771.90 + 0.15 2.81 + o0.07 29.45 (fixed) 6.72 + 0.11 4.7 + 0.6

100 | 779.86 £ 029 | 2.72 + 0.12 29.45 (fixed) 7.4 + 0.09 4.1 + 05
75 | 787.82 +£0.18 | 3.48 £ 0.08 | 29.45 (fixed) 7.9 + 0.07 24.1 + 0.4
50 795.77 + 0.73 19.6 + 0.43 29.45 (fixed) 7.9 +o0.01 24.1 06
30 | 795.77 £ 053 | 50.3 +0.31 29.45 (fixed) 7.8 +0.09 19.8 + 0.5
15 | 795.77 + 032 | 71.3 £0.19 | 29.45 (fixed) | 7.69 + 0.12 17.6 + 0.7

10 795.77 + 1.05 73.0 + 0.61 29.45 (fixed) 6.88 + 0.16 18.4 + 0.9

5 795.77 £ 091 | 75.6 £ 0.53 | 29.45 (fixed) 7.4 +o0.14 17.8 £ 0.8

300 | 676.41 + 0.15 1.68 + 0.11 29.70 £ 0.04 | 11.16 £ 007 | 3.2 + 05

250 | 692.32 £+ 0.00 | 0.05 £0.14 29.70 (fixed) | 10.94 £ 0.07 | 2.9 £ 0.5

200 | 708.24 + 0.19 | -2.22 + 0.13 | 29.70 (fixed) | 10.85 + 0.07 25 +o05

150 | 716.20 + 0.17 | -2.58 + 0.11 | 29.70 (fixed) | 10.92 + 0.55 2.1 +04

Py/Pt (1.25 nm) | 100 | 724.15 £ 017 | -2.74 £ 0.11 | 29.70 (fixed) | 11.4 + 0.06 1.5 + 04
75 732.11 + 017 | -2.71 £ 0.11 | 29.70 (fixed) | 12.13 + 0.05 1.3 £ 04

50 732.11 + 020 | -1.36 £ 0.12 | 29.70 (fixed) | 13.81 £ 0.05 | 4.8 + 0.4

30 740.70 + 0.67 12.3 + 0.64 29.70 (fixed) | 15.70 £ 0.21 | 24.2 £ 1.5

15 748.03 + 0.81 | 62.00 + 0.75 | 29.70 (fixed) | 14.19 + 0.33 | 57.3 + 2.3

10 748.03 + 0.95 90.6 + 094 | 29.70 (fixed) | 12.60 £ 0.21 | 62.4 + 1.5

5 748.03 + 2.72 | 113.7 £ 3.05 | 29.70 (fixed) | 11.18 + 0.48 | 59.7 + 3.5

300 | 740.07 £ 1.11 | -0.40 + 0.04 | 29.48 £ 0.02 | 9.96 + 0.07 3.3 04

250 | 755.99 + 0.12 | -0.30 £ 0.06 | 29.48 (fixed) 9.81 + o0.07 3.1 +04

200 | 763.94 + 0.16 | -0.10 + 0.08 | 29.48 (fixed) 9.76 + 0.06 2.6 £ 0.3

150 | 771.90 + 0.13 | -0.40 + 0.06 | 29.48 (fixed) 9.87 + 0.06 2.1 +03

Py/Pt (2.5 nm) | 100 | 779.86 + 0.11 | -0.90 + 0.05 | 29.48(fixed) | 10.26 + 0.05 | 1.5 + 0.3
75 787.82 + 0.18 | -0.90 + 0.08 29.48(fixed) 10.73 + 0.05 1.4 +03

50 787.82 + 0.27 | -0.70 £ 0.12 | 29.48 (fixed) | 11.83 £ 0.04 | 2.0 + 0.2

30 795.77 + 0.40 | 2.40 + 0.17 29.48 (fixed) | 13.91 + 0.09 9.5+ 0.5

15 803.73 + 0.99 | 25.61 + 0.57 | 29.48 (fixed) 12.9 + 008 | 40.2 + 05

5 795.77 + 0.75 66.6 + 0.7 29.48 (fixed) | 11.77 £ 0.03 | 38.4+ 0.2

300 | 724.15 £ 2.12 | -0.68 £ 0.10 | 29.65 + 0.05 | 10.45 +0.05 | 3.0 £0.3

250 | 740.07 + o0.16 1.83 + 0.01 29.65 (fixed) 10.3 + 0.04 2.7 + 0.0

200 | 748.03 £ 0.18 1.52 + 0.08 29.65 (fixed) | 10.26 + 0.05 2.3 £ 00

150 | 755.99 + 0.26 1.47 + 0.12 29.65 (fixed) | 10.44 + 0.04 1.8 £ 0.0

Py/Pt (5 nm) 100 | 763.94 + 0.25 | 1.09 + 0.11 | 29.65 (fixed) | 10.80 +0.03 | 1.8 £ 0.0
75 771.90 + 0.29 1.10 + 0.13 29.65 (fixed) | 11.61 + 0.05 1.5 £ 0.0

50 771.90 + 0.29 1.49 + 0.13 29.65 (fixed) | 12.24 + 0.03 2.1 + 0.0

30 779.86 + 0.52 | 4.01 £0.23 29.65 (fixed) | 12.92 £ 0.05 | 8.4 + 0.0

15 787.82 + 059 | 22.60 + 0.35 | 29.65 (fixed) | 13.79 £ 0.09 | 31.4 + 0.1

10 | 787.82 +0.45 | 39.30 £ 0.30 | 29.65 (fixed) | 13,01 £ 0.01 | 37.8 + 0.1

5 779.86 + 2.12 | 55.70 £ 1.6 | 29.65 (fixed) | 12.01 £ 0.03 | 40.4 + 0.2

The linewidth AH versus resonance frequency fres lines

Chapter 4

(Fig. 4.6a) were fitted
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using Eq. 4.4. What really stands out in this figure, as is stated at the beginning
of this section, is the increase of the inhomogeneous line broadening AH(0) at low
temperature. In addition, the Gilbert damping parameter « follows a strong upturn
below about 100K and a cusp around 30K for the Py /Pt bilayers. The inhomogeneous
line broadening and Gilbert damping as a function of temperature for each sample
are shown in Fig. 4.8. Their values are also compiled in Table 4.2.
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Figure 4.8: Both inhomogeneous line broadening AH (0) (a) and Gilbert damping « (b) as a
function of temperature for each sample.

The inhomogeneous line broadening or damping, as stated above, is negligible for
magnetically and structurally homogeneous systems. It is a form of extrinsic contri-
bution to the magnetic damping which originates from local variations of the magneti-
zation and/or anisotropy constants, including microstructural features of the samples
(e.g., impurities, non-uniformity of the sample surface, sample thickness, or strain due
to lattice mismatching) [79]. As it is shown in Fig. 4.8a, the inhomogeneous damping
for the Py alone sample is constant and close to zero from 300K to approximately
70K, when a sudden, strong increase is detected. The same tendency is observed
in the Py/Pt bilayers. In this case, however, the increase occurs at slightly lower
temperatures (around 50K) and it is significantly higher than in the Py alone sam-
ple. Generally, this low temperature variations can be correlated with variations in
the different anisotropy terms (bulk, interfacial, microstructure) present in the sample
[129]. By looking at the temperature dependence of the anistropy field Hy = 2K, /M,
(see Fig. 4.7a), (i) it is evident that H, cannot be neglected at low temperatures, and
(ii) it correlates perfectly with the increase in the inhomogeneous broadening. In the
present Thesis, the origin of the sudden increase at low temperatures has not been
clarified, and thus, further work must be addressed with this purpose.

The interpretation of the non-monotonic temperature dependence of « (see Fig.
4.8b) is a little bit trickier, and previous reports on this topic are diverse. In some

54 Chapter 4



Complex Oxide Heterostructures for Spin Electronics

cases [130], a correlation between the ordinary electron scattering time of the fer-
romagnetic material and the magnon lifetime was established, resulting in a linear
dependence between « and the resistivity of the material. Conversely, other studies
[131] observed an independent or slightly decreasing damping with temperature, with
no direct correlation with the resistivity of the material whatsoever. Moreover, the
temperature dependence of o as a function of the Py thickness has been addressed by
Zhao et al. [125]. In this experiment, a monotonic decrease of damping with temper-
ature was reported for bulk (tpy > 15 nm) films, whereas a cusp at around 50K for
tpy < 10 nm was found. This observation is indicative of the importance of surfaces
when the film thickness decreases. At the same time, the Gilbert damping was found
to increase with decreasing tpy. As a result, the damping was described as the sum of
both bulk and surface terms, i.e., « = ag+ag/tpy [125]. In the case of Py thin films,
the cusp in «(T') curves has been correlated with thermally induced spin reorientation
of the surface magnetization, i.e., the effect of surface anisotropy [132]. However, in
our experiment, the observed cusp in a(7’) is even more pronounced in Py /Pt bilayers,
while the Py alone sample follows the monotonic decrease with a small cusp at 50K,
similar to the previous observation of Zhao et al. [125, 132]. In addition to the spin
pumping effect in Py/Pt bilayers, a direct modification of the damping at the inter-
face can be originated from the localization of the interaction between magnons and
conduction electrons [133], however, this mechanism does not fully explain the strong
increase of a at low temperature. The systematic study of the temperature depen-
dence of damping dates back to the 1979 pioneering works of Heinrich and Cochran
[134, ]. It was found that the measured damping rates versus temperature had
two primarily contributions, i.e., a part that increased with temperature and another
part that decreased with temperature [136]. This non-monotonic temperature depen-
dence was already qualitatively described by Kambersky’s 1976 torque-correlation
model [136, . According to this model, the damping rate in a ferromagnetic
metal has two competing contributions: intraband electron-hole transitions and in-
terband electron-hole transitions. Following the argument of Gilmore, Idzerda, and
Stiles [136], these contributions naturally arise from magnetization dynamics if one
considers the effective field for the magnetization dynamics Heg = —0E/OM with
the magnetic energy defined as £ = ), pnrenk, where n is the band index, k the
electron wavevector, p,; the state occupancies, and ¢, the single-electron energy.
Combining these definitions, the effective field can be expressed as

1 88nk apnk
He = —— nk——=- t ——=-€nk| , 4.7
i Vi %; {P kaM ONI k ( )

being M and M the magnitude and direction of the magnetization vector, respec-
tively. The first term on the right hand side of Eq. 4.7 describes the variation of
the (spin-orbit) energy of the system with respect to the precessing magnetization,
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leaving unchanged the occupancy levels. This term is usually referred to as the
breathing Fermi surface (BFS) model [138], since it makes the Fermi level to expand
and contract as the magnetization precesses. The second term on the right hand side,
however, accounts for transitions between states while the band energy remains con-
stant. It fundamentally creates electron-hole pairs by exciting electrons from lower
to higher bands. It is known [136, 137] that the first term in Eq. 4.7 (i.e., BFS) gives
rise to the intraband contribution, while the second term gives rise to the interband
contribution. Additionally, each contribution is related with the electron’s relaxation
time (not to be confused with the magnon relaxation time) in some manner: the
damping arising from the intraband contribution is proportional to the relaxation
time, while the one arising from the interband contribution is inversely proportional
to the relaxation time. Consequently, since the number of phonons decreases with
decreasing temperature and, therefore, the relaxation time increases, intraband tran-
sitions dominate, while the interband transitions govern the high-temperature regime.
In a particular ferromagnet, the competing effect of each contribution gives rise to the
observed non-monotonic dependence of Gilbert damping. Nevertheless, it is worth
mentioning that the increase at low temperature of Gilbert damping in our samples
is closely correlated with the increase in the inhomogeneous line broadening AH (0),
as has been stated above. This suggests that the assumption of a nearly zero and
frequency independent AH (0) may not be true and, as a consequence, the separation
of the resonance linewidth AH in frequency-independent extrinsic damping terms
and frequency-dependent intrinsic terms, i.e., AH = AH(0) + 27w fres /7y, may be no
longer valid [139]. In fact, from Fig. 4.6a a loose linear behaviour at low temper-
atures can be appreciated. Hence, the upturn in damping at low temperature may
as well be influenced by extrinsic damping contributions, which could not be fully
explained by Kambersky’s torque-correlation model since it solely aims to describe
intrinsic damping mechanisms.

With respect to the relative magnitude of « in the whole range of temperatures,
it is clear that the presence of a Pt capping layer promotes a strong increase of «
in the whole range of temperatures in comparison with the Py alone sample. As
stated in Section 4.1.2, the Pt capping layer acts as an additional angular momentum
dissipation channel which experimentally results in the observation of an increased
Gilbert damping (see Eq. 4.6). In this case, the damping increases from 7 x 1072 in
the Py alone sample to 10.5 £+ 0.6 x 10~3 (averaged over the three Py/Pt samples)
at 300K. It is important, however, to notice that there is not a clear Pt thickness
dependence of the damping difference. Theoretically, the spin current injected from
the Py diffuses into the Pt up to the so-called spin diffusion length A\yq, whereby the
spin current looses its coherence and is completely absorbed by the Pt film. If the Pt
film thickness is less than A\yq, then a backflow spin current builds up [107, | and
is reabsorbed by the Py film. Therefore, if the spin current pumped to the Pt layer
equals this backflow spin current, there would be no difference in the observed Gilbert
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damping parameter. Thus, according to this model, it is expected that the damping
difference increases with increasing the Pt thickness up to a saturation thickness value
of the order of Ayq, from which the Pt layer would act as a so-called spin sink.

The absence of this dependence of damping difference with Pt thickness (see Fig.
4.8b) can be explained by interfacial loss of spin coherence, which may result in the
reduction or even the full suppression of the effective spin current being injected into
the Pt layer. This problem has been addressed by many groups [59, , , ,

] and introduces many problems such as the precise determination of Ayq or the
spin Hall angle Ogp [113]. One method for disentangling this problem is by measuring
directly the transverse voltage generated by inverse spin Hall effect (ISHE), i.e., the
conversion of a pure spin current into a transverse charge current in non-magnetic
materials with high spin-orbit coupling (such as Pt). However, it is well known [93]
that the voltage signal detected in FMR experiments in metallic FM/NM systems
may have contributions coming from the so-called spin rectification effects (SRE),
such as anisotropic magnetoresistance and/or anomalous Hall effect. These parasitic
effects appear due to the synchronous coupling between an oscillating eddy current,
induced by the magnetic field of the microwave line, and an oscillating resistance in
magnetic structures, resulting in a dc voltage/current signal.

At this point, it is appropriate to comment that a study of the transverse voltage
measured in the Py /Pt samples of this chapter has already been published, together
with the FMR results presented in this chapter, by our group in 2020 [144]. Some
time later, we realised that we lacked the necessary technical tools to effectively
measure ISHE and to correctly separate it from SRE. As a consequence, a commercial
nanovoltmeter (Model 2128A, from Keithley Instruments) was purchased and used
for this issue. For this reason, we do not include the ISHE results published in Ref.
[144]. The second part of this Chapter deals with the measurements of ISHE in Py
and Py/Pt systems, including the difficulties to disentangle it from SRE and the
experimental strategy employed to overcome this problem.

4.2 Inverse Spin Hall Effect in Py and Py /Pt Systems

4.2.1 Description of the Experiment and Experimental Setup

The inverse spin Hall effect (ISHE) is an easy-to-implement process to assess the
injection of spin currents through a FM/NM bilayer in spin pumping experiments.
The conversion of the injected spin current js into a transverse charge current j.
in the high spin-orbit coupling (SOC) NM material allows it to be measured by the
voltage difference across the sample, simplifying, thus, the overall detection process.
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The form of this charge current is described in Chapter 2 and reproduced here for
simplicity,

Je = Osnjs X &, (4.8)

where & is the spin polarization vector and Ogyy is the spin Hall angle, which quantifies
the conversion efficiency between charge and spin currents. Since the voltage signal
detected is originated by the same magnetization dynamics which governs FMR, the
lineshape of the detected voltage curves is described in the same way as that of the
FMR curves (see Eq. 4.2), i.e.,

AH? AH(H — Hyes
5 + Vi ( )

V:V aSAH2+(H_HreS)27

*AH? + (H — Hye)

(4.9)

where V; is the symmetric voltage amplitude and V,, the antisymmetric voltage am-
plitude, in analogy with FMR. Furthermore, both the linewidth AH and resonance
field H,es are the same as in FMR absorption, but the relative magnitude between the
symmetric and antisymmetric contributions usually differ from the FMR absorption
case.

Despite this relative simplicity, it is well known that the spin pumping induced
voltage measured in metallic FM/NM systems may have contributions coming from
the aforementioned SRE. SRE result from the synchronous coupling between an os-
cillating eddy current, induced in the FM by the rf magnetic field of the microwave,
and an oscillating resistance, caused by magnetoresistance in the magnetic structure,
giving place to the appearance of a dc voltage/current [93, 145]. In a typical FM/NM
system such as the Py /Pt one studied in this case, the dominant SRE are anisotropic
magnetoresistance (AMR) and the anomalous Hall effect (AHE). The behaviour of
the SRE can be derived from the generalized Ohm’s law [93, 115],

Ap . A .
T MM — PE (G x M), (4.10)

s

E=pij+

where j is the (rf) current density vector, p is the transverse resistivity of Py in this
case, Ap and papg are the resistivity change due to AMR and AHE, respectively, M
is the instant magnetization vector (and M, its magnitude, which corresponds to the
saturation magnetization), and E is the electric field vector. The second and third
terms on the right hand side of Eq. 4.10 correspond to the corrections coming from
AMR and AHE, respectively. From this expression it is evident that the SRE can only
arise in a FM medium, i.e., in the Py film. Additionally, thermoelectric contributions
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to the voltage signal such as Seebeck or Peltier effects due to the heating of the
sample in the absorption process [112] may arise. However, in the Py/Pt system,
these effects are negligibly small (a few hundreds of mK according to [146]). In overall,
the separation of the voltage generated by ISHE from other parasitic contributions
due to SRE in metallic FM systems is a complicated work which has been tackled by
several authors in the past few years but is still a pending matter.

In this context, a number of strategies to disentangle the ISHE from SRE have been
employed. Among them, some pioneering methods were based on a combination of
lineshape analysis of the voltage signal (see Eq. 4.9) and its angular dependence with
the applied magnetic field. In this case, some experiments naively assumed that the
symmetric voltage contribution arose entirely from ISHE, while the antisymmetric
one was regarded as parasitic [17, , , |. This assumption does not hold the
experimental evidence [93, , , | and, therefore, it is accepted that while the
existence of an antisymmetric contribution to the total voltage signal presumes the
existence of parasitic SRE effects, the opposite is not true: SRE do also contribute
significantly to the symmetric part of the voltage [93]. Conversely, a more elaborate
analysis in this line was carried out by Mosendz et al. [114, ]. The applicability
of this study, however, is severely hampered due to the specific requirements of the
experimental setup and experimental conditions. In addition to the lineshape anal-
ysis, Bai et al. [151] employed a separation method based on the different angular
and field symmetries of ISHE and SRE and, although it successfully determined the
spin pumping induced current in Py/Pt bilayers, a very precise control of the field
orientation and a high-power microwave source are required, thus limiting the practi-
cal application. Moreover, some authors [152] focused on the different dependence of
ISHE and SRE with respect to the FM layer thickness. Nevertheless, these methods
require a large amount of samples and measurements, as well as a proper account of
the thickness dependence of different parameters (e.g., the resistivity of the FM or the
spin-mixing conductance at the FM/NM interface). Furthermore, in a totally differ-
ent fashion, the separation of both contributions under the inversion of the direction
of the spin current injected has also been reported [153, ]. This is justified by
the fact that the SRE do not depend on the spin injection direction (see Eq. 4.10),
while the ISHE is an odd function of it (Eq. 4.8). By this methodology, in order
to obtain the ISHE (SRE) voltage signal, it is enough to make the half subtraction
(addition) to the voltage signals measured by inverting the spin injection direction.
The main difficulty in this procedure is related to the fact that inverting the stacking
order of the bilayer may affect the quality of the FM/NM interface resulting, thus,
in a different spin current injection in each case. As a consequence, different injec-
tions would result in different voltage signals and the adding and subtracting method
would be affected by this experimental error. On the other hand, a different way to
invert the spin injection direction consists of growing the bilayer on top of a very thin
substrate and allowing it to flip on top of the CPW. However, in order to maintain
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the symmetry of the system, it would be necessary to deposit on top of the bilayer a
film employing the same material used for the substrate. This step is needed because
the induced electric current that gives place to the SRE would be different other-
wise. Nevertheless, the main difficulty in this procedure is the requirement to work
with sufficiently thin substrates in order to guarantee a good signal-to-noise ratio. A
comprehensive overview of these different methods can be found in the 2017 seminal
paper by Iguchi and Saitoh [112].

We propose a different method for disentangling the ISHE and SRE signals based
on the geometry of the sample. Since the current circulating through the Py layer
giving place to SRE is an eddy current and, therefore, is similar to that generated
in a conductor by a time-dependent magnetic field, it may be reduced by using the
same strategy as well, i.e., laminating the Py layer. According to this, our hypothesis
is that at sufficiently short sample widths along the CPW signal line, the circulating
eddy current should be almost zero and, consequently, the SRE should vanish. On
the other hand, the ISHE should not depend on the amount of current circulating in
the Py film nor on the width of the film along the CPW and, therefore, it should not
be affected by the absence of current.

Accordingly, we measured the transverse voltage signal generated at FMR as a
function of sample width. This transverse voltage signal was measured by an external
2128 A Kethley nanovoltmeter which was synchronized with the FMR spectrometer
by NanOsc. In this way, both the FMR spectra and the corresponding voltage signal
at each frequency were measured simultaneously. For this purpose, the “CPW PPMS
IP ISHE” sample holder model produced by NanOsc Instruments [155] was used. The
distinctive feature of this sample holder from other standard ones is that it possesses
two parallel gold stripes with bumps on both sides of the CPW for enabling the
electrical contact with the sample (see Fig. 4.9). More details on the experimental
setup are gathered in Appendix A.2.2.

4.2.2 Samples Preparation and Characterization

For these measurements, several new samples of Py and Py/Pt bilayers were grown
on top of 5 x 5 mm? Si substrates using the same methodology and deposition
conditions as in section 4.1.1. In this study, however, both the thickness of Py films
and Pt capping layers were kept constant, i.e., 16-17 nm and 5 nm, respectively.
In order to certify the hypothesis mentioned before (i.e., that the shortening of the
sample width L (see Fig. 4.9) effectively reduces the effect of SRE-induced voltages
in conductive FM layers), samples with different values of width L, ranging from the
as-grown 5 mm to 20 um, were prepared by means of optical lithography. Likewise,
Py /Pt bilayers with inverted stacking order were grown. The total number of samples
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Figure 4.9: Top view photograph of the actual measurement system. The numbers correspond
to the following parts: (1) CPW with a total width Wepw = 1.4 mm (including the RF signal
active line in the middle and the two ground lines on both sides). (2) The sample placed upside
down on top of the CPW with a total width L = 5 mm. (3) Insulating layer. (4) Contact
pads with bumps raised 20 pm above the insulating layer for making electrical contact with
the sample by means of Au contacts. The HI and LO ends, represented by + and — signs,
respectively, define the polarity of the nanovoltmeter. Finally, Kapton tape is used to fix and
tighten the sample onto the CPW (not shown). This sample holder is the “CPW PPMS IP
ISHE” model produced by NanOsc Instruments [155].

prepared was: 5 samples of Si// Py; 7 samples of Si// Py/Pt; and 4 samples of Si//
Pt/Py. A schematic visualization of theses systems is depicted in Fig. 4.10.

Pt (5)
Py (17)
Py (17) Py (17)
Pt (5)
] ] ]
Si/sio, Si/sio, 5i/sio,
(Si// Py) x5 (Si// Py/Pt) x 7 (Sif/ Pt/Py) X 4

Figure 4.10: Schematic outline of the different kind of samples and systems employed in this
section. From left to right: Si// Py, Si// Py/Pt, and Si// Pt/Py. The number in parenthesis
represents the thickness in nanometers of each film.

Following the same procedure as in the previous section, the static and dynamic

magnetic properties of each sample were characterized by means of FMR spectroscopy.
For the sake of clarity, a single, representative sample of each kind of system (i.e., Si//
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Py, Si// Py/Pt, and Si// Pt/Py) serves to illustrate the results of all samples within
each system. Nevertheless, the extracted fitting parameters for all prepared samples
are compiled in Table 4.3. In Fig. 4.11, the measured FMR spectral curves at 300K
are shown. The overlapping of the absorption derivative lines is indicative of the
similar magnetodynamical properties between the different systems. Moreover, each
curve was fitted using Eq. 4.2 to obtain both the resonance field H,es and linewidth
AH. From the fitting of the frequency dependence curves of these two parameters (see
Eqgs. 4.3 and 4.4), the magnetodynamical parameters for each sample were obtained.
These frequency-dependent curves are depicted in Fig. 4.12 and the resulting fitted
parameters are summarized in Table 4.3.

1.5 —e—Sil/lPy -
: 300K s Sil/ Py/Pt

10 5x5 mm —=— Sil/ PYPy
s | _
T 05
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£ 00
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@ |
©
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Figure 4.11: Ferromagnetic resonance spectral curves at 300K for three representative sam-
ples of each kind. Namely, Si// Py(a), Si// Py/Pt(a), and Si// Pt/Py(b) according to the
nomenclature in Table 4.3.

It is already obvious from Fig. 4.12 that the three sets of systems share the same
magnetodynamical properties. The overlapping of the Kittel curves in Fig. 4.12a
indicates that the three samples share the same static magnetic properties (i.e., M,
7, and H4?). Additionally, the difference in the slope of the lines in Fig. 4.12b denotes
a difference in the Gilbert damping parameter between the Py and Py/Pt systems,

2Tt is important to mention that the values of the anisotropy fields Hy (see Table 4.3), although
very small still with respect to the saturation magnetization or resonant fields, differ by some Oe
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Figure 4.12: Representative curves showing the dependence of the resonant frequency on the
magnetic field for the three sets of films at room temperature (a). Frequency dependence of
the absorption linewidth at room temperature for a Si// Py layer compared with that of Si//
Py/Pt and Si// Pt/Py bilayers. The increase of the damping in the bilayers is clearly shown
(b). Sample dimensions: 5 x 5 mm?2. The dotted line is a guide to the eye.

regardless of the Py/Pt stacking order, as expected. This difference in the damping
parameter, as in the previous section, is indicative of the existence of the spin pumping
effect. The Gilbert damping difference is directly proportional to the effective spin-
mixing conductance Gléf of the Py/Pt interface. Thus, using Eq. 4.6, the spin-mixing
conductance equals Glﬁf = (2.31 £ 0.27) x 10! m™2, which is in accordance with the
value obtained in Section 4.1.2 and references therein.

4.2.3 Voltage Measurements for the L =5 mm Samples

The measured transverse voltage curves for each kind of system as a function of
the applied magnetic field are shown in Fig. 4.13a. Moreover, both symmetric and

with respect to the Hy from the previous section (see Table 4.1). This can be explained by the fact
that an experimental offset magnetic field might be present at the time of measurement in the former
case, thus reporting higher values for the anisotropy field in the fitting process. One way to correct
this offset is by performing the same measurement at negative fields at a given frequency and, since
the FMR measurement has field inversion symmetry, the difference between the positive and negative
resonance fields would correspond to the offset field. In any case, both corrected and uncorrected
values do not play a major role at 300K and in this kind of experiment. Consequently, the anisotropy
field values will be ignored hereafter.
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Table 4.3: Main magnetodynamical parameters obtained from the fitting of FMR spectra at
300K. Each value is accompanied by its own + standard deviation. The observed difference in
the Gilbert damping parameter « between the Py and Py /Pt thin films is a signature of the
spin pumping process. The samples in which there is no data correspond to samples which
have not been measured but are expected to have the same properties as the others in the

same set.

Sample M H, v/2m a AH(0)
(emu/cm?) (Oe) (GHz/T) (x1073) (Oe)
Si// Py (a) 740.1 £3.2 | -10.1 £0.1 | 29.74 £0.06 | 7.28 £0.06 | 3.2 £ 04
Si// Py (b) - - - - -
Si// Py (c) 748.0 £5.6 | -19.0 £ 0.2 | 29.68 £0.09 | 7.48 £0.06 | 3.1 £0.4
Si// Py (d) : : : : -
Si// Py (e) 748.0 £4.0 | -12.4 £ 0.2 | 29.65 £0.07 | 7.45£0.06 | 3.3 £04
Si// Py (D) - - - - -
Si// Py (g) 748.0 £4.0 | -12.4 £0.2 | 29.65 £0.07 | 7.49 £0.05 | 2.3 £06
Si// Py/Pt (a) | 748.0 £ 4.8 | -19.8 £ 0.3 | 29.67 £ 0.08 | 10.79 + 0.007 | 2.8 +£ 0.5
Si// Py/Pt (b) | 748.0 £4.8 | -12.4 £ 0.2 | 29.68 £ 0.07 | 10.87 £0.06 | 2.8 + 0.4
Si// Py/Pt (c) | 748.0 £3.2 | -20.2 £ 0.1 | 29.65 £ 0.06 | 10.78 £ 0.05 | 2.8 £0.3
Si// Py/Pt (d) | 732.1 £4.8 | -2.7 £0.2 | 29.74 £ 08 | 10.56 £0.04 | 2.9 £ 0.3
Si// Py/Pt (e) - - - - -
Si// Pt/Py (a) | 724.2 £3.2 | -1.11 £ 0.2 | 29.67 £ 0.05 | 10.08 £0.05 | 2.7 + 0.4
Si// Pt/Py (b) - - - - -
Si// Pt/Py (c) | 732.1 £ 74 | -0.7 £0.6 | 29.53 £0.10 | 10.11 £0.05 | 2.1 £ 04
Si// Pt/Py (d) : : : : -

antisymmetric voltage amplitudes (obtained from the fitting of the voltage curves in
Fig. 4.13a by using Eq. 4.9) as a function of frequency are shown in Fig. 4.13b.
Again, a representative sample of each set is used to illustrate the overall behaviour
of all samples. It is important to say that thick (~ 30 nm) gold stripes were deposited
on both sides of each sample to improve the electrical contact with the sample holder.
From Fig. 4.13a it is evident that all samples show the same lineshape as a function of
the applied magnetic field. The relative voltage signal intensity, however, is different.
This difference can be attributed to numerous causes: small differences in the rf
field h,¢ absorption for each set of samples due primarly to the Pt layer in between
the CPW and the Py film; a different distance between the Py and the CPW; and,
last but not least, the contribution coming from the ISHE, which reverses sign when
inverting the stacking order, i.e., Si// Py/Pt or Si// Pt/Py. It is also worth noticing
that the measured voltage signal is negative, while considering the electrical contacts
in our experimental setup, the ISHE-induced voltage signal is expected to be positive
in the case of the Si// Py/Pt system. This is easy to visualize if one considers the
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coordinate system depicted in Fig. 4.9: The magnetic field is applied parallel to the
z-axis, therefore the spin polarization vector &, which is parallel to the quantization
axis of the system, points in the z direction as well. Additionally, the spin current j,
flows from the Py into the Pt, thus pointing in the —y direction in the Si// Py /Pt
system. In overall, by using Eq. 4.8, one finds that the transverse charge current j.
generated due to ISHE flows along the —a direction. This induced current generates
a charge accumulation on both sides of the sample which consequently induces an
opposing electric field running in the +a direction resulting, finally, in an ISHE-
induced transverse voltage drop. The voltage drop in this experimental setup is by
definition V = V* — V'~ where the + and — symbols (shown in Fig. 4.9) define the
polarity of the electrical contacts. Thus, considering that the voltage drop is defined
by the line integral

b
VISHE — _ / (E"MEY da, (4.11)

and recalling that V' = V* — V'~ then the integration limits are set to be a =
+Wepw/2 and b = —Wepw/2. As a consequence, the result of the integral will be
negative but because there is a negative sign in front of it, the overall voltage drop due
to ISHE should be positive. Hence, as we obtain the opposite sign, we presume that
the dominant voltage contribution in the L = 5 mm samples is due to SRE. In the
following section, the voltage drops measured for the L < 5 mm case are presented.
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Figure 4.13: a) Representative transverse voltage signals for the three set of samples as a
function of the applied magnetic field at 300K, and b) the amplitude of the symmetric (full
symbols) and antisymmetric (open symbols) components of the transverse voltage signal of

each curve as a function of frequency. Sample dimensions: 5 x 5 mm?.
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4.2.4 Voltage Measurements as a Function of L

The new samples are the same as the previous L = 5 mm samples but have been
modified by using standard optical lithography methods (using a Micro-writer ML3
from Durham Magneto Optics Ltd, see Appendix A.1.2). For that purpose, samples
with different values of width L were prepared in the form of single stripes in the
middle of each sample with dimensions 5 x L mm?. This width L ranges from 2 mm
to 20 pm in each set of samples and within each system. However, it is important
to mention that the L = 20 pum samples are the only ones that do have a different
lithographic pattern, i.e., instead of a single stripe with dimensions 5 x L mm?, it is
composed of several parallel stripes of dimensions 2 x L mm?. This pattern will be
referred to as fringed in order to differentiate it from the single-stripe one. An sketch
of both patterns is shown in Fig. 4.14. This difference is justified by the fact that as
the width along the CPW is reduced, the FMR, absorption spectra becomes more and
more noisy (since it depends linearly on the amount of material that is being excited,
i.e., material present on top of the CPW). The voltage signal, on the other hand,
is an intensive quantity and, as such, it does not depend on the amount of sample
present on top of the CPW. As a consequence, the voltage signal of a single-striped
pattern sample and the one from a fringed pattern sample are exactly the same. This
is shown in the Appendix B using two Si// Py/Pt samples with L = 50 pm but
differing in the type of pattern used.

M Film
] Si/SiO,

CPW active M Au
line

2mm
L Wg=5mm

Figure 4.14: Sketch of the two kind of patterns employed in this experiment. The single-stripe
pattern (left) consists of a L x 5 mm? stripe in the region within the lateral gold contacts. On
the other hand, the fringed pattern (right) consists of multiple parallel stripes (alternating
between the substrate and the film) and is only used for the L = 20 pm case. In this case,
the sample length Wy is 2 mm, while in the single-stripe pattern is 5 mm.

The dependence of the transverse voltage signal on L was measured in the three
sets of samples, but before showing the results, it is utterly important to make sure
that the the L < 5 mm samples share the same magnetodynamical properties as
the original L = 5 mm samples. This is the first step towards the verification of
the hypothesis by which the SRE could be removed by reducing the sample width
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Figure 4.15: FMR absorption spectra for each kind of system and as a function of L.

along the CPW direction. In Fig. 4.15, the FMR spectra of each system and sample
width are shown. As can be observed, there is a clear overlapping of the absorption
curves at each frequency within each system, suggesting that the magnetodynamical
properties remain the same regardless of the sample width.

Following the methodology of the first part of this chapter, the FMR, absorption
curves of Fig. 4.15 were fitted using Eq. 4.2 to obtain the resonance field Hiyes
and linewidth AH at each frequency for each sample and sample width. Again, the
dependence of these two parameters with the resonance frequency is fitted to obtain
the basic magnetodynamical parameters of the system (see Egs. 4.3 and 4.4). In Fig.
4.16 the frequency-dependent curves are shown for each sample and sample width L,
and the resulting fitted parameters are compiled in Table 4.4.

As can be observed in Figs. 4.16a, 4.16b, and 4.16¢, the absolute overlapping of
the curves show that the resonance field remains the same regardless of the sample
width, resulting in the same static magnetic parameters: M, and v (see Table 4.4).
Moreover, a similar overlapping is observed in Figs. 4.16d, 4.16e, and 4.16f, showing
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Figure 4.16: Resonance frequency dependence on the resonance field for the three different
systems studied and each sample width L (a, b, ¢), and the linewidth dependence on the
resonance frequency for each system and sample width (d, e, f). The grey area under the
curves on the right is to help to visualize the change in the slope between the Py alone sample
curves and the bilayers, denoting a change in the Gilbert damping parameter, as expected
for these systems.

that the linewidth of the resonance line does not change when varying the sample
width. The y-axis intercept of the resonance linewidth AH versus frequency lines,
which quantifies the so-called inhomogeneous line broadening or damping, AH(0),
remains the same irrespective of sample width L. From this observation, one can de-
duce that the optical lithography procedure does not introduce any sort of magnetic
inhomogeneity in the ferromagnetic layer. It is also worth noticing that the slope
of the lines in the bilayers increases with respect to that of the Py alone sample, as
observed in the L = 5 mm samples and the samples of the first part of this Chap-
ter. As mentioned before, this increase denotes an increase in the Gilbert damping
parameter in the bilayers, which is indicative of the injection of spin currents from
the Py film to the Pt capping layer. The reason to draw the light grey area under
each set of data points (see Figs. 4.16d, 4.16e, and 4.16f) is to visualize more easily
this increase of damping between systems. Therefore, it is observed that the Gilbert
damping parameter is not affected by the variation of the sample width, indicating
that, from the magnetic point of view, the Py films are not affected by the patterning
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process. Finally, from the overall results and from the extracted fitted values com-
piled in Table 4.4, it is worth mentioning the remarkable similarity between the Si//
Py/Pt and Si// Pt/Py systems. This similarity demonstrates that, in this particular
case, inverting the stacking order of the bilayers does not give place to very differ-
ent magnetodynamical properties between both systems. This feature leads one to
believe that the interface properties of both systems are very similar as well.

In summary, it is shown that the L < 5 mm samples share the same magneto-
dynamical properties as the original L = 5 mm films (compare Tables and 4.3 and
4.4). Therefore, at this point, we are in conditions to present the transverse voltage
measurements as a function of the sample width L for the three sets of systems.

Table 4.4: Main magnetodynamical parameters obtained from the fitting of FMR spectra
at 300K and varying sample width L. Each value is accompanied by its own =+ standard
deviation. The observed difference in the Gilbert damping parameter o between the Py and
Py/Pt thin films is a signature of the spin pumping process.

Sample Width L oM v/2m a AH(0)
(pm) (emu/cm?) (GHz/T) (x1073) (Oe)
Si// Py 2000 740.07 £ 0.01 | 29.74 £0.07 | 7.28 £0.05 | 3.2 +£0.5
Si// Py 1000 748.03 £ 0.01 | 29.74 £ 0.07 | 7.47 £0.07 | 3.6 £ 0.5
Si// Py 500 748.03 £ 0.01 | 29.77 £0.07 | 7.34 £0.05 | 3.5 +£04
Si// Py 200 748.03 £ 0.01 | 29.72 £0.06 | 7.54 £0.08 | 3.6 £ 0.5
Si// Py 100 748.03 £ 0.01 | 29.74 £0.05 | 7.63 £0.05 | 3.6 £ 0.6
Si// Py 50 763.94 £ 0.01 | 29.45 £0.11 | 743 £021 | 48 £15
Si// Py | 20 (fringed) | 748.03 + 0.01 | 29.45 £0.10 | 7.66 £0.05 | 5.3 £0.4
Si// Py/Pt 2000 748.03 £ 0.01 | 29.59 £0.08 | 10.94 £ 0.10 | 2.7 £ 0.7
Si// Py/Pt 1000 748.03 +0.01 | 29.65 + 0.05 | 10.63 £ 0.10 | 3.9 +£ 1.0
Si// Py/Pt 500 763.94 +£0.01 | 29.22 £0.08 | 10.63 £ 0.05 | 3.0 £ 0.7
Si// Py/Pt 200 748.03 £ 0.01 | 29.70 £ 0.08 | 10.79 £0.10 | 3.9 £ 0.8
Si// Py/Pt 100 740.07 £ 0.01 | 29.75 £0.10 | 10.56 £ 0.20 | 4.9 + 1.3
Si// Py/Pt 50 732.11 £ 0.01 | 29.80 £0.20 | 9.83 £0.25 | 8.1 £ 1.7
Si// Py/Pt | 20 (fringed) | 740.07 4+ 0.01 | 29.68 £ 0.10 | 10.98 + 0.02 | 5.0 £ 0.2
Si// Pt/Py 2000 724.15 + 0.01 | 29.67 +0.05 | 10.08 £ 0.07 | 2.7 £ 0.4
Si// Pt/Py 1000 732.11 £ 0.01 | 29.58 £0.05 | 10.02 £0.05 | 2.9 £ 0.4
Si// Pt/Py 500 724.15 £ 0.01 | 29.60 £ 0.06 | 10.10 £0.07 | 2.9 £ 0.5
Si// Pt/Py 200 716.20 + 0.01 | 29.86 + 0.07 | 9.92 £ 024 | 4.5+ 16
Si// Pt/Py 100 724.15 £ 0.01 | 29.70 £0.09 | 10.32 £ 0.17 | 3.2 £ 1.1
Si// Pt/Py 50 724.15 £ 0.01 | 29.63 £0.10 | 10.10 £1.7 | 3.7 £ 1.2
Si// Pt/Py | 20 (fringed) | 724.15 + 0.01 | 29.70 £ 0.06 | 10.41 + 0.05 | 5.1 £ 0.3

In Fig. 4.17 the transverse voltage measurements for all the samples with L < 5
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Figure 4.17: Transverse voltage measurements as a function of the sample width L for the
three sets of systems: Si// Py (a), Si// Py/Pt (b), and Si// Pt/Py (c).

mm and for each system are shown. In addition, both symmetric and antisymmetric
voltage amplitudes as a function of sample width for four representative resonant
frequencies (i.e., 2 GHz, 6 GHz, 10 GHz, and 14 GHz) are depicted in Fig. 4.18.
These voltage amplitudes, again, are obtained from the fitting of the curves of Fig.
4.17 using Eq. 4.9. We start by discussing the results of each system individually,
starting with the results from the Py alone samples and ending with the ones from
the Si// Pt/Py system.
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1. Si// Py samples:

The transverse voltage measurements of the Si// Py samples as a function of the
sample width are shown in Fig. 4.17a, and the corresponding symmetric and an-
tisymmetric voltage amplitudes are gathered in Fig. 4.18a. As evidenced in Fig.
4.17a, the transverse voltage signal measured is always negative in sign irrespective
of L and decreases with decreasing L. Additionally, from Fig. 4.18a, it is also ob-
served that the amplitude of the symmetric component decreases when increasing
the resonant frequency, while the antisymmetric one remains almost constant for
all frequencies. The relative magnitude between both symmetric and antisymmet-
ric amplitudes, however, converges at the smaller sample widths. It is also worth
mentioning that this convergence tends to zero at sufficiently small samples widths
(i.e., L < 100 pm), as can be appreciated in more detail in Fig. 4.18d.

2. Si// Py/Pt samples:

The transverse voltage measurements of the Si// Py/Pt samples as a function
of sample width are shown in Fig. 4.17b, and the corresponding symmetric and
antisymmetric voltage amplitudes are gathered in Fig. 4.18b. When compared
with the results obtained in the Py alone samples, the first remarkable feature is
that the voltage signal reverses sign and becomes positive for L < 200 pm. It
is also worth noticing, from Fig. 4.18b, that the symmetric voltage amplitude
decreases with decreasing L for above L = 200 um. Below this point, however,
the voltage amplitude signal almost saturates at some constant, positive value.
Regarding the antisymmetric voltage amplitude, it decreases with decreasing L
and becomes vanishing small for L < 200 pm (see Fig. 4.18e for a detailed closeup
of the L < 200 pm region). As a consequence, the measured transverse voltage
signal below 200 pm is fully symmetric and positive, irrespective to the frequency
of the measurement.

3. Si// Pt/Py samples:

The transverse voltage measurements of the Si// Pt/Py samples as a function of
sample width are shown in Fig. 4.17c, and the corresponding symmetric and an-
tisymmetric voltage amplitudes are gathered in Fig. 4.18c. The idea behind the
set of samples with inverted stacking order is to take advantage of the different
behaviour of ISHE and SRE under the inversion of the spin current injection direc-
tion. In fact, as can be observed in Fig. 4.17c, the transverse voltage signal, as in
the Py alone samples, is always negative regardless of sample width. Nevertheless,
contrary to the Py alone samples case, a closer look at their symmetric and an-
tisymmetric voltage components reveals that the amplitude of the antisymmetric
contribution becomes vanishing small with decreasing L, while the amplitude of
the symmetric component decreases with decreasing L but remains at an almost
constant, negative value below L = 200 pum (see Fig. 4.18f). As a consequence, the
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measured transverse voltage signal below 200 pum is fully symmetric and negative,
irrespective of the frequency of the measurement.
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Figure 4.18: Voltage symmetric and antisymmetric amplitude constants dependence on the
sample width L for the three sets of systems (left, a, b, ¢) and an expanded image of the
L < 200 pm region for each system (right, d, e, f), respectively. The bold symbols correspond
to the symmetric voltage amplitude, while the empty symbols represent the antisymmetric
contribution.

As can be observed, the transverse voltage measurements are very sensitive to the
variation of sample width L. Moreover, these results demonstrate that the behaviour
in each system is both quantitative and qualitative different from each other, although
the physical mechanisms and effects that lie beneath should be the same. In order to
give physical meaning and understand the Si// Py voltage measurements (see Figs.
4.17a and 4.18a) it is important to account for all the possible sources of voltage
in a system where the NM is absent. In this scenario, there are primarily three

72 Chapter 4



Complex Oxide Heterostructures for Spin Electronics

possible voltage sources: (i) the SRE thoroughly mentioned in this chapter; (ii) the
self-induced ISHE, which has been recently reported for some FM materials [156, ,

|; and (iii) the so-called magnonic charge pumping (MCP) effect, or inverse spin-
orbit torque (ISOT), which arises in systems with lack of spatial inversion symmetry
and high spin-orbit coupling [159, ].

The first of these sources are the SRE, which are generated by a microwave eddy
current circulating through the Py layer induced by the incident microwave radiation
carried by the CPW, in close similarity with an eddy current generated in a conductor
by a changing magnetic field, as mentioned before. In this sense, it is likely that
at sufficiently short sample widths L, this induced electric current gets vanishing
small. As a consequence, without the presence of any sort of driving electric current
circulating in the Py film, the SRE should vanish as well (this is the 7 = 0 case in
Eq. 4.10). This hypothesis would be in accordance with the experimental evidence,
and would suggest that at some sample threshold width (L < 200 pym in Fig. 4.18a)
the induced electric current circulating in the Py layer disappears and the overall
measured transverse voltage signal, which would be originated entirely from SRE, is
suppressed.

The other two possible sources of voltage, namely the self-induced ISHE and the
MCP effect, rely on spin-orbit interactions but are conceptually different. On one
hand, MCP is the direct conversion of spin waves into charge currents via spin-orbit
coupling (SOC), but only arises in systems or materials which exhibit broken inversion
symmetry. The fundamental difference between MCP and the conventional ISHE is
that the former does not depend on a spin sink NM material with high SOC attached
to the FM layer to make the spin-charge conversion. Therefore, only two ingredients
are necessary to achieve MCP in a single FM layer: inversion symmetry breaking and
high SOC. In particular, this inversion symmetry breaking exists in all surfaces and
interfaces (such as in heterostructures comprising thin FM layers), but there can also
exist bulk inversion symmetry breaking (e.g., in zinc-blende crystal structures such as
(Ga,Mn)As) [160]. In addition, some authors [117] have suggested that Py exhibits
high SOC, while others even have estimated a 1% spin-charge conversion efficiency
for single Py layers [156]. In our experiment, although the Si// Py system exhibits
inversion symmetry breaking (due to interfaces) and assuming that it has high SOC,
it does not explain satisfactorily the voltage dependence on L, since both inversion
symmetry and SOC should not depend on the width of the sample, at least at the
scale of um. Therefore, we conclude that MCP, although might play a (minor) role
on the overall measured voltage in Si// Py films, is not the dominant contribution to
it. On the other hand, the self-induced ISHE arises from the different spin-dependent
scattering at different interfaces with the FM film [157]. In our case, these different
interfaces would be (i) the interface between the Py and the Si substrate, and (ii)
the Py/vacuum interface (actually, the Py surface is partially oxidized, therefore it
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would be the Py/oxidation layer interface instead). The different spin accumulation
at both interfaces would drive a diffusive spin current flow across the FM film, which
is ultimately converted to a transverse charge current due to the intrinsic SOC of
the FM. Experimentally, the current evidence for self-induced ISHE in Py layers
is diverse and misleading. An experiment conducted by Tsukahara, et al. [150]
reported the measurement of self-induced ISHE in Py thin films at room temperature.
Some time later, Gladii, et al. [157], through a series of temperature-dependent
voltage measurements at resonance, found that the self-induced ISHE in Py films
follows a non-monotonic temperature dependence, starting with no voltage at room
temperature and a cusp around 95K. This result is in direct contradiction with the
previous one from Tsukahara, et al. and with our own experimental findings (see
Figs. 4.13 and 4.17), where voltage is reported at 300K. Additionally, in this same
experiment, the authors repeated the measurements for two Py/Pt bilayers with
inverted stacking order (i.e., //Py/Pt and //Pt/Py). They concluded by stating that
the Py alone film “behaves similarly to a buffer Pt layer [i.e., //Pt/Py], as the spin
current is towards the substrate. In this scenario, spin and subsequent charge currents
in the Pt and NiFe [Py]| layers adds up for the Pt buffer layer and subtract for the Pt
capping case” [157, p. 5]. This result is also in contradiction with our experimental
evidence: In our case, the magnitude of the Si// Py system voltage signal for L > 200
pm is consistently larger than its Py/Pt bilayers counterparts. As a consequence, we
rule out the possibility that the self-induced ISHE is behind the observed voltage
signal in the Si// Py system.

From this discussion, it seems that the most satisfactory explanation is that the
voltage signal measured in the Si// Py system is due predominantly to SRE. This
conclusion can be extended to the behaviour of the Py film in both the Si// Py/Pt
and Si// Pt/Py systems, assuming that the differences observed in the L < 200 pm
region are originated entirely from the ISHE in the Pt capping and buffer layers,
respectively. In fact, as stated before, the magnetodynamical properties of both
bilayers are very similar. This feature led us to believe that their corresponding
interface quality and spin transparency should be alike as well. In this line, a direct
comparison of the L < 200 pm regions in Si// Py/Pt and Si// Pt/Py systems (see
Figs. 4.18e and 4.18f, respectively) shows that, for the smaller values of L, the
voltage signal measurements from the Si// Pt/Py are in fact just a mirror image of
the ones from the Si// Py/Pt system. In particular, in order to better visualize this
property, the voltage signal lines of both bilayers for the cases of L = 50 um and
L = 20 pm and their corresponding voltage amplitudes as a function of resonance
frequency are shown in Fig. 4.19. The similarity between systems is astonishing
and the observed differences are attributed to the experimental error and the fact
that both bilayers were grown separately. This inversion symmetry is important
because it is in accordance with a purely ISHE-induced voltage signal considering the
inversion of the spin current injection direction (see Eq. 4.8). Conversely, the SRE
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are independent of the spin current direction and, thus, cannot by themselves explain
the observed behaviour at the smaller widths.
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Figure 4.19: (a) Direct comparison of the voltage signals measured in the Si// Py/Pt and
Si// Pt/Py systems for L = 50 um (magenta circles) and L = 20 pm (black circles). It shows
that both signals are a mirror image of each other. This symmetry is in accordance with the
inverted spin current injection direction presumed between systems. (b) The corresponding
voltage symmetric (full symbols) and antisymmetric (empty symbols) amplitudes as a function
of resonance frequency.

Moreover, as we state in Section 4.2.3 when studying the voltage measurements at
L = 5 mm, a positive voltage sign (V' > 0) is expected for a purely ISHE-induced
voltage signal in the Si// Py/Pt system. Therefore, by symmetry, a negative one
(V < 0) is expected for the Si// Pt/Py system, as observed. Finally, in order to
straighten this interpretation, the analysis of the lineshape of the voltage spectral
lines (see Fig. 4.19b) shows that the voltage signals are fully symmetric in both
bilayers for L < 200 pm. This result by itself would not fully explain that the
measured signal corresponds entirely to ISHE, since it has been mentioned before
that the SRE exhibit both symmetric and antisymmetric contributions. Nevertheless,
it is important to consider the fact that, in the Py alone samples, for the smaller L
the voltage signal vanishes, and that the dominant contribution to the voltage in this
case are SRE. This observation indicates that the symmetric voltage amplitude in the
bilayers (regardless of L) must arise only from two sources: (i) SRE, which depend
on L, and (ii) ISHE, which is independent of L. Formally, one could write

Vsk = VSkRE(L) + VI’%HD (4-12)
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where k ={Si// Py/Pt ; Si// Pt/Py}, the + sign corresponds to the Si// Py/Pt
system and the — sign to Si// Pt/Py, and the dependence of Vgrg with L is such
that Vsrg — 0 when L — 0. As a result, we are confident that the measured voltage
below a sample width of 200 ym is due predominantly to ISHE.

In order to better visualize all these results, the symmetric voltage amplitudes as a
function of sample width for the three kinds of systems studied at a given frequency
are compiled in Fig. 4.20a. Additionally, the half-sum (V") and half-difference (V")
of the bilayer symmetric voltage amplitudes with respect to L are shown in Fig. 4.20b.
These quantities are defined as

T % (VsSi// Py/Pt S/ Pt/Py) ’ (4.13)
V- = % (VsSi// Py/Pt _ S/ Pt/Py) ’ (4.14)

where VsSi/ /PY/PY and VSSi/ / Pt/Py correspond to the voltage VF defined in Eq. 4.12.

Consequently, if Eq. 4.12 holds, then
Vit = (Vsre(L)) , (4.15)

and .
Vo VELPYIPE (4.16)
These assumptions match the experimental evidence: in our case, the half-sum V",
corresponding to the average SRE, is a function that depends on L in some manner
and, at sufficiently small sample widths, vanishes. This feature has been observed in
the Py alone samples, where the SRE were the dominant contribution to the voltage
line. Furthermore, the half-difference V™, corresponding to the ISHE voltage signal,
does not depend on the sample width and exhibits a constant value irrespective of L,
as expected. From this result, one could think that the half-sum and half-difference
procedure by itself would be enough to disentangle the contributions coming from
ISHE and SRE, as has already been claimed in some papers [153, | and that, as a
consequence, the shortening of the sample width presented in this work is unnecessary
for that matter. Nevertheless, as is mentioned at the beginning of Section 4.2.1 when
presenting the different strategies that have been employed for the separation of
ISHE and SRE, the inversion of the bilayer stacking order does not guarantee the
same interface properties or that both systems share the same magnetodynamical
properties, for instance. Thus, if this symmetry is not guaranteed, the half-sum
and half-difference method is not viable. In our particular case, since both bilayer
systems presented the same magnetodynamical properties, the half-sum and half-
difference method was expected to work and, for this reason, it was ultimately used
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just to validate the hypothesis which states that the reduction of the sample width is
a valid method for suppressing the SRE.
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Figure 4.20: (a) Dependence of the amplitude of the symmetric component of the transverse
voltage signal of each sample set at room temperature as a function of sample width at 6
GHz. (b) Half-sum (V") and half-difference (V) of the symmetric voltage amplitudes of the
Si// Py/Pt and Si// Pt/Py samples at 6 GHz and room temperature. Error bars are about
the size of the symbols used.

Spin Hall Angle

The spin Hall angle ©gpy quantifies the spin-to-charge conversion efficiency of a given
material. This feature makes it one of the most important figures of merit in spin-
tronics. We estimate the ©gy of Pt based on the Si// Py/Pt L = 20 um transverse
voltage measurements presented in this Chapter. Ogy is related to the ISHE voltage
through the relation [161]

t
VisHE = wROgHAsq tanh <2§t ) Jss (4.17)
sd

being js given by [161]

(nal (uohm>2 poMyy + /(oM7) + (A fee? (%) s
Js =~ 8 o (NOMSV)Q + (47Tfres)2 n |
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In this case, Visgr corresponds to the symmetric voltage amplitude Vs, the resis-
tance of the Py /Pt film is denoted as R, w is the width of the CPW signal line (200
pum), hye is the magnitude of the rf magnetic field, GZ#lr is the spin-mixing conductance,
and o/ is the Gilbert damping parameter of the Py/Pt bilayer. For the calculation,
the spin diffusion length Agq has been fixed to 5 nm, according to the resistivity value
of the Pt capping layer [162, |. However, a better estimation of this value in
our system could be obtained by measuring a series of Py/Pt bilayers with varying
Pt thickness, as proposed by some authors [114, ]. Concerning h,s, we must say
that the CPW manufacturer (NanOsc) does not disclose too much details about the
CPW. So, we cannot know exactly the value of h,¢ (an estimate value of hys ~ 50 uT
is provided by the manufacturer) nor its possible dependence on frequency and/or
temperature 3. In accordance with this, the h, value used here is fixed to 50 uT,
as stated by some authors using the same experimental setup [161, , . Al-
together, the value of ©gy presented here must be understood as an estimation of
the actual value due to the uncertainty in some of the parameters employed in the
calculation. The resulting ©gp as a function of the resonance frequency fyes is shown
in Fig. 4.21. As can be observed, the mean value of Ogy is equal to 1.55 4+ 0.48 %,
which is in accordance with reported values from the literature in similar systems

[162, 114, 167].
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Figure 4.21: Spin Hall angle ©gy of Pt as a function of the resonance frequency. The dashed
line corresponds to the mean value, while the blue region comprises its standard deviation.
The error bars at each point, denoted by §©®gy, for instance, have been calculated according
to 6Ogn = (0Osu/0V )8V, where 6V = 0.01 ¢V (i.e., the nanovoltmeter detection limit), and
0Osu/0V =1/ [R’LU)\Sd tanh(tpt/Q/\sd)js].

In summary, in this Section a method for disentangling the transverse voltage
contributions coming from SRE and ISHE in metallic FM systems during FMR based
entirely on the geometry of the sample is presented. Additionally, this method avoids

30ne must expect that the impedance of the CPW will depend on both parameters and that this
could alter the intensity circulating by and consequently the value of hy¢.
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the tedious angular and field dependent measurements commonly used in this kind of
experiments. Moreover, it allows to easily estimate the spin Hall angle directly from
the transverse voltage measurements. In general, this method can be extended to any
metallic FM system where the SRE are present. In the following section, a numerical
study for the quantitative understanding of the behaviour of the SRE based on the
Si// Py/Pt is presented.

4.2.5 Numerical Study of the SRE in the Si// Py/Pt System

To gain a deeper insight into the behaviour of the induced current circulating through
the Py layer, a numerical study of the SRE in the metallic Si// Py/Pt bilayers was
performed to clarify their contribution to the measured transverse voltage signal®.

Let’s start by defining the coordinate system used as well as the main quantities
involved in the calculation. This can be visualized in Fig. 4.22. As can be ob-
served from the figure, the quantities involved in the system have both ac and dc
components. These quantities include: (i) an externally applied static magnetic field
pointing in the z direction H = Hk; (ii) an oscillating magnetic field carried by the
CPW whose components are perpendicular to the static field, h(t) = hq(t)2 + hy(t)3;
(iii) a magnetization vector which includes both dynamic and static components,
M (t) = m(t) + Mk, being m(t) = m(t)i+my(t)j; and (iv) the induced, oscillatory
eddy current inside the sample j, which points in the z direction (perpendicular to
the oscillating magnetic field). It is important to note that the magnitude of the
magnetization vector can be approximated to M as a first approximation due to the
small nature of the oscillating parts.

Now, let’s consider the generalized Ohm’s law (see Eq. 4.10), where both AMR
and AHE terms induce components of the electric field that are perpendicular to the
current density j. In the particular case of this system, both the induced current j
and m(t) have the same oscillating frequency w plus a given phase: ¢;, ¢, , and ¢,
respectively. Hence, both quantities can be expressed as

~

§=j.()k = jeHoE, (4.19)

m(t) = ma(t)i + my(t)j = mee™@Homa)g 4 m e@iHomy) 5 (4.20)

From this, by substituting Egs. 4.19 and 4.20 into Eq. 4.10, it is easy to calculate
the expressions for the AMR and AHE contributions to the electric field,

41t is important to say that this calculation has been developed mainly by Dr. Carlos Frontera
with the fruitful conversations with Dr. M. Kostylev.
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Figure 4.22: a) Top view of the coordinate system chosen for describing the SRE due to the
synchronous variation of magnetization and intensity in the sample. The CPW corresponds
to the yellow thin stripe and the sample is the grey square. It is important to note that
the sample is oriented upside down, i.e., with the Pt film on the top of CPW. b) Transverse
section of the system showing the sample on top of the CPW and the distances between
elements. The thickness of the Py (Pt) film is denoted by tpy (tpt), s is the spacing between
the CPW line and the Pt film surface, and d is the thickness of the CPW substrate. It is
important to note that the CPW is composed of three elements: the signal line in the middle,
and two ground lines on both sides.

EAMR _ % (3= (0)mat)i + g (EYmy (63 + () M) (4.21)
EAE - —”;ZE (i (£)my (£)3 + 4 (£)ma(8)3) (4.22)

However, since the transverse voltage is ultimately measured along the x direction
according to Fig. 4.22, the only components that matter are the ones parallel to it,
ie.,

Ap .
B = 2L (t)ma (1), (4.23)
and
PAHE .
BT = a2 (my(t). (4.24)

The dc components of the field are obtained by averaging over time the real (R)
part these contributions. Formally, one can write,
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R (J-(t)mi(t)) = j.m; (cos (wt + ¢;) cos (Wt + dm,))

1. . .
= 5d=mi (cOS ¢ COS Py, + sin @ sin @y, ) (4.25)

_ %m@)mw»,

being the subscript i equal to x for AMR and to y for AHE. Therefore, substituting
Eq. 4.25 into Eqgs. 4.23 and 4.24, one finally gets the appropriate expressions for the
SRE,

(B = ZLR Gufe)mi(0) (4.26)
(BATEY — ’;ﬁf R (. ()mi(t)) . (4.27)

The goal of this numerical study is to find the dynamic magnetization m(¢) and
the induced current j in order to understand the behaviour of AMR and AHE in our
system. In Chapter 3, an expression for the magnetization response to an oscillating
rf magnetic field was obtained by solving the Landau-Lifshitz-Gilbert equation (Eq.
4.1). It was found that the dynamic magnetization vector is related to the time-
varying magnetic field h(t) through the susceptibility tensor x in the following way,

my | = | —iXay Xyy O hy |, (4.28)
0 0 0 0 0

being Xzz, Xzy, and Xyy the components of such tensor. These quantities generally
depend on the magnetodynamical properties of the ferromagnetic film and the par-
ticularities of the overall system. A detailed, quite general expression of x for the
macroscopic case can be found in Chapter 3. On the other hand, the mathemati-
cal treatment of the current induced by an oscillating magnetic field in ferromagnetic
media is a more complicated subject. Following the available literature regarding this
topic, one finds the 1996 work by E. van de Riet and F. Roozeboom [165], in which
they develop an analytical model to describe the effect of eddy currents and FMR
on the magnetic permeability of FeTaN thin films. However, some of the approxi-
mations used in this study are quite crude. For instance, the time-varying magnetic
field which induces the eddy currents in the sample is assumed to oscillate in the x
direction alone according to the coordinates of 4.22. Furthermore, the study focuses
on a resonant cavity setup while our experimental one is based on a coplanar waveg-
uide. Moreover, a second group that has a long series of papers on this topic is that
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of M. Kostylev and co-workers [169, , , , |. This series of articles ends
with a comprehensive paper on the subject [174]. In this work, all the details of the
complete recipe to numerically solve Maxwell’s equations for single and multilayered
FM films are presented for the case in which the magnetic field is created by a CPW
or a miscrostrip line (MSL). The remaining part of this section is devoted to the ap-
plication of the methodology developed in Ref. [171] (and references therein) to our
problem in order to obtain analytical expressions for h,, hy, m,, and m, inside the
Si// Py/Pt system. Once these parameters are known, the calculation of the induced
current j, is straightforward and, as a result, the determination of both the AMR
and AHE is achieved °.

Before dealing with the problem itself, it is important to clarify that the electric
and magnetic field components of the electromagnetic wave carried by a CPW (or a
stripline) transducer may be affected when a metallic sample is placed on top of it.
In this case, it is said that there is a shielding of the electric or magnetic field due to
capacitive or inductive coupling with the sample, respectively. The shielding of the
electric field, due to the capacitive coupling between the sample and the signal and
ground lines of the CPW, leads to a microwave current flowing from the signal to the
ground lines through the sample along the z direction according to Fig. 4.22 [1741].
A detailed study on this effect as a function of sample conductivity and CPW geom-
etry can be found in Ref. [175]. Furthermore, magnetic shielding due to magnetic
induction between the sample and the signal line gives place to a microwave current
in the opposite direction of the current in the signal line, i.e., opposite to icpw (see
Fig. 4.22a) [174]. It is precisely this microwave current which drives the SRE in the
system.

Without loss of generality, the work of M. Kostylev et al. contains some previous
assumptions for simplifying the numerical calculation process. In that regard, one
assumption is to consider that the system (i.e., sample and CPW) has translational
invariance in the z direction. This assumption allows the decomposition of the prob-
lem into a two-dimensional one. In addition, the signal line of the CPW is assumed
to be infinitely thin and behaving as a perfect conductor. With these assumptions,
it is granted that magnetization, magnetic field, and electric field only depend on z
and y. This results in an electric field with only non-vanishing components along the
z direction and magnetic field and magnetization oscillatory parts in the z-y plane.
The solution for the dynamic magnetic field h(t) inside the films is attained from
solving the Maxwell’s equations in the electric-bias free approximation [174]:

"We must clarify that we do not know some of the parameters used in the calculation (NanOsc
did not disclose some technical details of the CPW). Consequently, the calculation is not intended to
provide an exact description for our situation but to show a representative result to help us interpret
our experimental findings
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V x h(t) =oE, (4.29)
V- h(t)=-V - -m(t), (4.30)
V x E = —iwpg [h(t) + m(t)]. (4.31)

However, even in two dimensions, solving Eqs. 4.29—4.31 in real space presents
several difficulties because of the scale incompatibility between various quantities (for
instance, between the CPW substrate thickness d and the bilayer thickness tpy + tpt,
or between the width of the CPW and that of the sample). One way to circumvent
this problem is by taking advantage of the translational symmetry of the film in the
x direction. Using this property, it is possible to Fourier transform Eqs. 4.29—4.31
and the LLG from which Eq. 4.28 was obtained to simplify the problem and obtain
physical solutions. At the end of the calculation, an inverse Fourier transformation
can be applied in order to return to real space quantities. Thus, the electric field F,
dynamic magnetization m(t), and dynamic magnetic field h(t) are written in Fourier
space as

1 [t

Ek,mk,hk = % E,m,he““” d$, (4.32)
—00

being the subscript & indicative of Fourier space and the k appearing in the exponen-
tial the wavenumber. Additionally, an exponential dependence on y of these Fourier
components is essayed, i.e., Ex,my(t),hi(t) < e?¥. As a consequence, in Fourier
space, and using Eq. 4.28 to express m(t) as m(t) = xh(t), Eqs. 4.29—4.31 are
expressed as

qE. = —iwpio [hak (1 + Xax) + Py Xay] (
ikE.p, = —iwpo [hyr (1 4 Xyy) — ihekXay) (
0B, = —ikhy — qhgy (4.35
0 = —ik [her(1 + Xax) + thykXay] + @ [Pyr(1 + Xyy) — PhakXay] - (

It is important to note that by combining this system of equations with Eq. 4.28,
it is possible to express in terms of h,, for instance, all the other Fourier coefficients
(hyk, B2k, myr, and myy). A glimpse on the structure of each equation in the system
shows that Eq. 4.36 can be expressed as a combination of Eqs. 4.33 and 4.34.
Thus, by disregarding it and working on the remaining equations, one ends up with
a system of two linear homogeneous equations with two uncertainties: hg and hyg.
This system of equations has the form:
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Rk [—iXay — @h%] + hyp [(1+ xyy) — i(k5)*] =0 (4.37)
hak [1(1 4 Xaz) — (¢6)%] + hyk [—Xyy — iqk6*] =0 (4.38)

being § = (opow)~/? the classical skin depth. In order to have solutions different

from the trivial ones (i.e., hyr = hyr = 0), the determinant of the system must be
equal to zero. This renders a dispersion relation between ¢ and k,

(C]2 - k2)(1 + Xez) — i [(1 + Xﬂcx)2 - Xiy} = 0. (4.39)

The susceptibility tensor components Xzz, Xzy, and Xzy are obtained by using the
same methodology as in Chapter 3, i.e., by solving the LLG equation and imposing
a relation between m(t) and h(t) through the susceptibility tensor x (see Eq. 4.28).
In this case, however, the resulting expressions are different. This difference is due to
(i) the fact that the calculation is done in Fourier space and not in real space and,
thus, the quantities my(t) and hg(t) are used instead, and (ii) the substitution of
the demagnetizing field Hy in Heg (see Eq. 4.1) by an exchange field term which
reads Rex = Qex V2m(t), being aey the exchange constant of Py (not to be confused
with the exchange stiffness constant A). This substitution is justified by the fact
that the magnetization has to be treated locally (point-to-point) and, after all, the
demagnetizing field will ultimately appear when imposing the boundary conditions
on the system. Therefore, the components of the susceptibility tensor, obtained from
solving the LLG equation in Fourier space, and considering the exchange field and
the exponential dependence on y, are

iy My [iv'H — i/ Myoex (¢* — k%) — @

_ : 4.40
ez 1+ [—iy' H + iy Mgoex (¢ — k2) + a]2 ( )
Xyy = Xzzs (4.41)
/
v M
Xxy = 5 ]27 (442)

1+ [—iy H + iy Mooy (¢2 — k2) + a

where 7/ = /w. The substitution of Eqgs. 4.40—4.42 into Eq. 4.39 renders a polyno-
mial of order 3 in ¢?. Therefore, in the magnetic part of the system (i.e., in the Py),
for every k there are six possible values of ¢q. In the non-magnetic part of the system
(i.e., in the Pt), however, since the susceptibility tensor components are exactly zero,
the dispersion relation (Eq. 4.39) renders two possible values of ¢ for every k. As a
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consequence, the general solution for h,j is a linear combination of eight exponential
terms (two inside the Pt film and six in the Py film), i.e.,

8
hak = Y _ hjre®?. (4.43)
j=1

This expression for h,j, as has been mentioned before, can be used in combination
with Eqs. 4.33 — 4.35 to derive the expressions for the remaining Fourier coefficients:
Py, Mgk, myr, and E,p. In overall, for every value of k, the problem has eight coeffi-
cients (h;j) that are determined by imposing the appropriate boundary conditions 6,
Hence, after applying these boundary conditions, the system results in eight linear
equations on these coefficients with one of the free terms different from zero. Once
the system is solved and the Fourier components h,p found, all the other quanti-
ties are straightforwardly computed. Quantities in real space are then obtained by

performing the inverse Fourier transform, as has been mentioned.

In Fig. 4.23 the dependence on the sample depth (y-axis) of some quantities at the
center of the CPW (x = 0) are shown. As can be observed, the oscillating magnetic
field h, is partially absorbed by the Pt film before entering the Py layer due to the
finite skin depth of the former (see Fig. 4.23a). Moreover, the current density j,
abruptly decreases when crossing the Py/Pt interface due to the difference in the
resistivity of each material (Fig. 4.23b). Regarding the magnitude of the dynamic
magnetic components (Figs. 4.23c and 4.23d), it is observed that the maximum is

6 According to Ref. [174], the boundary conditions to be fulfilled are:

1. At Pt surface (y = 0), due to the presence of the microwave current flowing through the CPW,
there is the electrodynamic boundary condition:

L _ . sinh(|k|d) |k|.
hyi coth [|k|(d 4+ s)] — 4 T hok = Zisinh[w(d—}-s)] 7 Ik

where d is the thickness of the CPW substrate and s the separation between the Pt surface and
the CPW (see Fig. 4.22). The Fourier coefficients of the intensity carried by the CPW are denoted
by jk. The details on the specific form of ji are found in Ref. [174].

2. At the Py/Pt interface, the continuity of h, and by, = hy + m, must be satisfied. Therefore, the
continuity of the corresponding Fourier coefficients must be fulfilled as well.

3. At the Py/Pt interface and at the end of the Py film, surface anisotropy is neglected, implying
that 9m(t)/dy = 0 at both surfaces. This is the exchange boundary condition.

4. At the top end of the Py film (y = t), the electromagnetic boundary condition reads:

) k
hyk + Myk + thk% =0.

Chapter 4 85



Complex Oxide Heterostructures for Spin Electronics

0) (A/m)

°
o

h,(x

100.0
99.0
98.0-

0) (108 A/m?)

55.0

Jz(x

54.0

I

I

1
-5 0 5 10 15 20 0 5 10 15 20
y (nm) y (nm)

53.0 X L L L 30

Figure 4.23: Calculated variation of some quantities across the sample thickness (in the middle
region, z = 0), being: (a) the modulus of the & component of the oscillating magnetic field; (b)
the current density; and (c¢) and (d) the z and y magnetization components modulus (black,
right axis), respectively, and their corresponding phase (red, left axis). The parameters used
for the calculation are: s = 20 ym; W = 400 pm (width of the signal line in the CPW);
A = 400 pm (spacing between the signal and ground lines in the CPW); d = 500 pm; f = 10
GHz; v/2m = 28.9 GHz/T; oMy = 0.9 T (M; = 7.16-10° A/m); a = 0.01; 6p; = 1.1239 pm;
§py = 1.5078 pm; tpy = 5 nm; tpy = 20 nm; qex = 6.3+ 107% pum™; intensity by the CPW
=1 mA. The y < 0 region corresponds to Pt, while the y > 0 one corresponds to Py. The
applied field is close to the calculated resonance at 10 GHz, in this case.

found close the Py/Pt interface, as expected since it is the closest point to the CPW
in the film. Moreover, in Fig. 4.24, the dynamic magnetic components m, and m,
as well as their phase shifts are represented as a function of the applied dc magnetic
field. The resonance field can be appreciated as a the maximum in the magnitudes
of m; and m,, which correspond to a maximum oscillation of the magnetization.
Additionally, a phase shift of 180° across resonance is obtained, as expected from
FMR theory (see Section 3.2 from Chapter 3).

At this point, the obtained results can be inserted into Eqgs. 4.26 and 4.27 in order

to numerically compute the SRE voltage contributions. This voltage VSRE is given
by the expression
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Figure 4.24: Magnitude (in A/m) and phase (in degrees) of m, (left) and m, (right) across
the film (at # = 0) as a function of the static dc magnetic field variation across the resonance.
All parameters (except for H) are the same as in Fig. 4.23.

VORE — _ / h (E,) dz, (4.44)

—0o0

being (E,) = (EAMR) + (EME) Thus,

A 400 +o00
VSRE _ _ﬁ R (j.m?) dx — ’;?\I}E R (j.m?) dx. (4.45)
S —0o0 S —00

These last integrals can be computed in Fourier space using Parseval’s identity”’,
resulting in

A +oo oo
VSRE _ —wﬁpé)% ( / Gy dk) — b ]‘E{E% ( / ok dk> ,  (4.40)

—c0 s oo

"Parseval’s identity is defined as [176]

+oo oo
|t g s = o [ o)t e
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where the first and second terms give the AMR and AHE contributions to the overall
SRE, respectively. In Fig. 4.25, the factors accompanying the parameters Ap and
paHE are plotted. Since j.x, My, and my, depend on y, so it does the voltage created
by SRE, as illustrated in Figs. 4.25a and 4.25b.

AHE
02
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0.0

-01

0.10 0.12 0.14 0.10 0.12 0.14 - 0.10 012 0.14
poH (T) HoH (T) HoH (T)

Figure 4.25: Spin rectification voltage calculated using Eq. 4.45, where (a) shows the expected
contribution to the voltage comping from AMR (divided by Ap in A/m), and (b) that of AHE
(divided by pamg in A/m). The average of these quantities over y, denoted by V'/p, being p
equal to Ap (paur) in the case of AMR (AHE), is depicted in (c). All parameters used for
the calculations, except for H, are the same as in Fig. 4.23. It is worth noting that the sign
convention in this figure is the opposite to that in Figs. 4.13 and 4.17.

The average along y is plotted in Fig. 4.25c. This figure shows that the factor
accompanying the AMR and AHE terms (labeled as V/Ap and V/pang, respectively)
are of the same order of magnitude. Therefore, in order to determine which term
dominates the SRE voltage contribution, the pre-factors Ap and papg must be known.
In this line, a Si// Py thin film of 20 nm was prepared using the same methodology as
the other samples in this chapter. Furthermore, the sample was patterned in the form
of the typical Hall-bar geometry by means of optical lithography (the dimensions I x w
of the bar being 600 x 60 ym?). Standard transport measurements were employed
for measuring both AMR and AHE. For the case of AMR, the longitudinal resistance
(Ryz) at different in-plane field orientations with respect to the electric current has
been measured. On the other hand, for the case of AHE, transverse resistance (Ryy)
measurements at different field magnitudes but pointing out-of-plane were performed.
The obtained experimental results are shown in Fig. 4.26. From Fig. 4.26a, one finds
that the amplitude of the curve, corresponding to the AMR pre-factor, is AR = 0.6
Q, while from Fig. 4.26b, the half-difference at uoH = 0, corresponding to the
pre-factor of the AHE, is Rayg ~ 0.0196 €. Therefore, the AMR contribution is
found to be roughly 30 times larger than the AHE contribution. Additionally, this
experimental result is in accordance with existing data in the literature [177, 178,
179].  As a consequence, the dominant contribution to the SRE in the system is
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due to AMR and the AHE contribution can be neglected. Finally, by looking at
the lineshape of the calculated AMR curve (dark blue line in Fig. 4.25c), one finds
that the symmetric contribution slightly dominates over the antisymmetric one. This
result is in accordance with our experimental findings, where the voltage signal at the
regime where SRE dominates is more symmetric than antisymmetric (see Figs. 4.13
and 4.17).

47.4 : K . ‘ ' ' '
473 0%0r b) ]
H
472t 0.04} Ve i
Ic f 2 ,
SIANE v / |
% 0.02f : : E
n:§ 47.0 2Rpne
46.9 - 0.00
46.8 | Si// Py (20 nm)
-0.02 - 300K s
467
-6 -4 -2 0 2 4 6
HoH (T)

Figure 4.26: (a) Angle-dependent measurements of the longitudinal resistivity and fixed mag-
netic field magnitude. The curve has been fitted using the expression: R(6) = Ry + AR cos?
(red line). (b) Field-dependent measurements of the transverse resistivity and out-of-plane
magnetic field. The gap at pgH = 0 determines the AHE contribution Rapg.

At this point it is of major relevance to highlight that, although the coordinate
system used for the calculation and the experimental measurements are equal, the
integration limits are opposite in each case, i.e., in Eq. 4.46 the integration runs
from negative to positive x, while in Eq. 4.11 runs from positive to negative x. It
is just a matter of convention. This difference explains, however, why the calculated
and experimental SRE have opposite signs. The situation for the ISHE voltage sign
case is the same: by inverting the integration order the calculated sign inverts as
well. Nevertheless, the main result of the calculation is that the SRE and ISHE do
have opposite signs with respect to each other, in accordance with the experimental
evidence.

Introduction to finite size along 2

So far, the z coordinate was assumed to be infinite as one of the axioms of the calcu-
lations presented in section 4.2.5. However, the main hypothesis of our experiment
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was that by reducing the width of the sample along the direction of the CPW, the
SRE would vanish. Since the sample width along the CPW is parallel to the z axis
(see Fig. 4.9) it would be necessary to estimate how the induced current calculated
in section 4.2.5 depends on z. In order to do so, one has to evaluate the effect of the
finite size of the sample along the direction of the CPW. The main feature of this
finite size is the effect of the walls at the end of the sample, which induces a charge
accumulation on them due to the current created inside the sample. This charge
accumulation will be treated as a perturbation of the exact, z-independent solution
presented above. Thus, one can write

E = E™ — AE(2), (4.47)

being E> the electric field found for an infinitely long sample, and AE(z) the electric
field created by the charge accumulation which, for simplicity, is assumed to be along
the z direction only. The charge accumulated at the ends of the sample can be
described as a linear charge density A, as the length of the sample along the CPW is
always much larger than its thickness. In general, the z component of the electric field
created at a point (z,0, z) by an arbitrary linear charge density A(x) placed along x
is given by the expression

o / T e ) (4.48)

Ao S (@ — )2+ 2P

Making use of the convolution theorem® this equation can be expressed in Fourier
space in terms of the modified Bessel function of the second kind K (|kz|)?, i.e.,

8The convolution theorem [180] states that the Fourier transform of two convoluted functions
is equal to the product of the Fourier transform of each individual function, i.e., being r(z) =
J7° g(7)h(x—7) dr a function denoting the convolution between g(x) and h(z), its Fourier transform
will be

Flr(x)] = Flg(@)] - F[h(z)].

9The modified Bessel function of the second kind can be expressed in the form of an integral such

[181]

L(v+3)(22)" [ cost
) = = [ G

being v an integer and I'(n) = (n — 1)! the Gamma function.
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|k|
B = A K (k). 44
k Fomen 1(|kz|) (4.49)

where A\ = % ffooo dx\(z)e™™™ are the Fourier components of the linear charge
density. Now, if the size of the system along z is L, we can consider that there are
two opposite linear charge distributions at z = L/2 and z = —L/2 with opposite
charges. Therefore, the Fourier components of AF,;, are given by

sttt i (s (52)) - (- -
(4.50)

By using Eq. 4.47, the Fourier components of the charge current density can be
expressed accordingly as j.i, = jop+0AE,, where j77 is the current density previously
calculated and o is the conductivity of the system. Moreover, due to the fact that
the linear charge density Ag is generated by the current arriving to the end of the

sample, it will be given by
t tpy
A = / dT/ dyji. (4.51)
0 —tpt

It is important to divide the integral along y into the two materials, i.e.,
t . 0 . —t .
S8 dyjae = 2, dyiae + o dyjak, where

tpt

0 0
/ dyj ., = / dyjn + opitpt AL, (4.52)
—tpt —tpg
and
tpy ) tpy .
/ dyjzr = / dngz + aPythAEzk- (453)
0 0

For the sake of clarity, the notation is simplified to:

0 tpy 0 tpy
/ dyj., = Jpt, / dyj., = Jpy, / dyjor = Jpis / dyjzr = Jpy-
0 0

—tpt —tpy
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As a consequence, combining Eqs. 4.50, 4.51, 4.52, and 4.53 and using the simplified
notation, one arrives at the following expression:

. 1
A = Jgt) + Jg;, — WEO (Upttpt + Upytpy) /\kAL(k) (4.54)

Thus, assuming an exp (—iwt) dependence on Ay, for solving Eq. 4.54, and combin-
ing it with Eqgs. 4.52 and 4.53, it can be shown that the Fourier components of the
integrated current density at the Py film as a function of the sample width L are

ey L+ iy Ap (k)] — ivpy Ap (k) Jgy
1+ i(yps + ype) AL (k) ’

Jpy (4.55)

where v, = opty/(2meow) (n = Pt or Py). This result allows to compute the
average rectification effect as a function of the sample width L, as can be observed
in Fig. 4.27. In this figure, AMR is represented instead of AHE or both of them
because it is the dominant contribution to the SRE, as has been mentioned. It is
important to notice that this AMR has been multiplied by —1 in order to obtain the
same voltage sign as in the experimental measurements.
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Figure 4.27: Calculated dependence of AMR on the sample width L. All parameters used for
the calculations, except for H, are the same as in Fig. 4.23.
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As can be observed in Fig. 4.27, the reduction in the sample width L is accompa-
nied by a progressive reduction of the SRE. The fact that this progressive reduction
happens at a faster pace than in the observed, experimental evidence, suggests that
this result is only an approximation of the real situation. In fact, for instance, the
electric field generated by the accumulation of charge was assumed to be along the z
direction only, but a non-negligible y component might play a certain role.

In any case, the conclusions of the calculations, which are in accordance with the
experimental evidence presented throughout this chapter, are obvious:

1. The sign of the ISHE and SRE (i.e., AMR and AHE) voltage signals are opposite
to each other,

2. the SRE are a combination of symmetric and antisymmetric Lorentzian curves, and

3. the reduction in the sample width L is accompanied by a progressive reduction of
the SRE.
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Chapter

Spin Pumping and Inverse Spin
Hall Effect in Complex Oxide
Heterostructures

In the previous Chapter, the injection of spin currents by spin pumping and
their subsequent detection by means of inverse spin Hall effect were effectively
measured for the case of Py and Py /Pt bilayers. One of the goals of this Thesis,
however, is to inject, manipulate and detect spin currents using complex oxide
heterostructures. For this purpose, two different complex oxide materials are
used as candidates for effective spin injectors in the system: Lag g2MnO3 (LMO)
and Lag 3511 /3MnO3 (LSMO). In Section 5.1, the experimental evidence of spin
pumping and inverse spin Hall effect in LMO/Pt as a function of temperature
is shown. In Section 5.2, however, the complex oxide perovskite SrIrO3 (SIO)
is used instead of Pt in the LSMO/SIO bilayer system.

5.1 Inverse Spin Hall Effect Measurements in
Lao.gle’lO3/Pt Bilayers

5.1.1 Samples Characterization and Growth Conditions

Unlike any other sample grown in this Thesis, the LaggoMnO3 complex oxide films
were grown by chemical deposition methods, specifically by polymer assisted de-
position (PAD), on top of (100)-SrTiO3 (STO) single-crystal substrates. Although
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high-vacuum physical deposition methods such as dc magnetron sputtering or molec-
ular beam epitaxy offer unquestionable advantages (i.e., crystal quality, precise con-
trol of composition, atomic-scale thickness precision, etc [182]), affordable chemical
deposition methods are desirable because they are easier to scale up and offer the
possibility to grow films over large areas at low cost while allowing an easy tun-

ing of the stoichiometry [183]. In particular, PAD has appeared as a competitive
route for environment friendly approaches as it is based on the deposition of cationic
aqueous solutions [182, |. Nevertheless, in the last few decades, there have been

some concerns regarding the suitability of films prepared by chemical methods for
challenging applications which require microstructural quality and sharp interfaces,
as in spintronics, although some achievements have been already made in the past
few years [182, , ]. Moreover, since the energy balance involved during the
deposition process is quite delicate, chemical methods may lead to a defect landscape
different to that present in high-vacuum, physical deposition methods, resulting in
the modification of the physical properties of the film. In this regard, it has been
observed [183] that relevant parameters for the development of spintronic devices,
such as magnetic damping, magnetic anisotropy or spin mixing conductance, may be
substantially different from that observed in the same films prepared by physical de-
position methods. Conversely, the particular growth conditions of PAD, which works
closely to thermodynamic equilibrium conditions, have revealed to be very appro-
priate for the epitaxial deposition of complex oxide thin films of a broad variety of
materials, including LaMnOs [150, , ]

Bulk stoichiometric LaMnQj3 is an A-type antiferromagnetic insulator [189], how-
ever, due to structural strain in thin films [190] or by introducing cationic vacancies
(in both La or Mn sites) [189], it may become a ferromagnet. Moreover, La vacancies
promote the appearance of a MnT3—Mnt? mixed valence state in order to maintain
charge neutrality, resulting in a double-exchange mediated FM and metallic state
[189], contrary to the insulating FM state in stoichiometric films, as has been men-
tioned. Taking this into account, in a previous work by our group [191], LaMnOsg
thin films with an 8% of La vacancies were deposited on top of STO substrates by
PAD methods. The Lag 9oMnO3 (LMO, from now on) thin films obtained exhibited
robust ferromagnetic ordering with a Curie temperature 7, = 290K and saturation
magnetization M(5K) =~ 330 emu/cm?, which is significantly lower than the expected
theoretical value for the LMO composition (= 568 emu/cm?). In order to explain this
reduction of the saturation magnetization, three possible mechanisms were invoked in
Ref. [191]: i) the existence of a non-magnetic dead layer in the STO//LMO interface
due to relaxation of biaxial stress during growth [192]; ii) a deficit in oxygen content
in the films, thus promoting oxygen vacancies which result in a reduction of the con-
centration of Mn™ cations; and iii) an over-oxidation of the films, which would result
in the formation of Mn*? clusters. These clusters would enhance antiferromagnetic
correlations between Mn** cations which would hamper the full FM state [139]. The
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dead layer mechanism was dismissed because the thickness of the dead layer tends to
be of the order of two unit cells and, therefore, it cannot by itself explain the strong
deviation from the expected, theoretical value. As a result, the reduction of the sat-
uration magnetization must be related to the oxygen content in the films. However,
according to the available data, it was not possible to discern between the second
and third mechanisms to explain the results observed in Ref. [191]. Additionally,
it was shown that the LMO thin films were flat (rms ~ 0.25 nm), presented high
crystallinity and an excellent out-of-plane orientation, being in a fully strained state
on top of the substrate [191].

For this Chapter, however, new LMO films were grown by PAD with slightly dif-
ferent growth conditions in order to improve the magnetic properties with respect to
the previous work. For this purpose, the annealing temperature and time after the
polymeric layer deposition were raised to 990 °C and 90 min (instead of the 950 °C
and 30 min from Ref. [191]), and the spinning velocity was lowered to 4000 rpm (in-
stead of 5000 rpm) for the same 90 seconds. At this point, it is important to mention
that all the PAD samples were grown by one of our colleagues (Dr. Hailin Wang)
employing the methodology described in Refs. [191] and [193]. Moreover, he did also
study the optimal deposition conditions for tuning the appropriate LMO thin films
magnetic and microstructural properties.

In this way, LMO samples were prepared on top of (100)-STO single-crystal sub-
strates. Systematic § — 260 scans in X-ray measurements showed that only the (001)
STO reflections of the film and substrate are present, indicating the excellent purity
of the phase and the optimum c-axis alignment of the grown films (Fig. 5.1a). Ad-
ditionally, reciprocal space maps (RSM) around the (103)gTo reflections were used
for studying the strain state of the LMO film (Fig 5.1b). The fact that the LMO
and STO peaks lie on the same (), coordinate line suggests that the LMO is fully
strained. As a consequence, the in-plane lattice parameter a) of the LMO film must
match that of the STO substrate, i.e., 3.905 A, resulting in a pseudocubic volume
of 59.3 A3. Moreover, the surface topography of the as-grown film was obtained by
means of atomic force microscopy (AFM) (Asylum Research MFP-3D), and showed
a relatively flat surface with a rms roughness of about 1 nm (see Fig. 5.2).

After the deposition process, a 6 nm thick Pt capping layer was grown ez situ on
top of the LMO film by means of dc magnetron sputtering. Prior to this deposition,
the surface of the LMO film was cleaned using a combination of acetone and ethanol.
Then, it was heated up from room temperature to 500 °C, where it stayed for one
minute, and cooled down to room temperature again in an overall 400 mTorr Og
atmosphere. Finally, the Pt was deposited in a 5 mTorr Ar-Hs atmosphere for one
minute and room temperature. The magnetization vs temperature curves M(T) of
the LMO film before and after the Pt deposition are depicted in Fig. 5.3. As can be
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Figure 5.1: a) 6 — 20 scan around the (001) STO reflection, and b) reciprocal space map
(RSM) of the (103)sto peak revealing in-plane compressive strain in the film.
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Figure 5.2: Topography of the LMO thin film obtained wvia atomic force microscopy (AFM)
in tapping mode. The rms roughness is about 1 nm

observed, the Curie temperature in both cases is around 320K, which is a higher value
than the previous one obtained in Ref. [191], denoting an improvement in deposition
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conditions of LMO films. The absolute value of the saturation magnetization after
the Pt deposition, however, is slightly lower than the one from the LMO alone film.
This reduction may be attributed to minute changes of the oxygen content during
the Pt deposition, in which a slightly reducing atmosphere to prevent oxidation was
used.

LMO
LMO/Pt

M (x10™* emu)
N w

N

as-grown

0 100 200 300 400
T (K)

Figure 5.3: Comparison of the magnetization vs temperature curves of the LMO film before
and after Pt deposition.

Besides the microstructural and magnetic properties of the LMO films before and
after the Pt deposition process, the LMO/Pt interface quality is of the utmost impor-
tance due to the key role played by interfaces in spin transport phenomena [1941]. On
this behalf, the LMO/Pt interface was analysed by means of scanning transmission
electron microscopy (STEM) (see Fig. 5.4). The STEM characterization was carried
out by Drs. R. Manzorro and C. Magén from the University of Zaragoza (Spain), and
the technical details regarding this measurement are specified in the caption of Fig.
5.4. As can be observed from Fig. 5.4a, the LMO thin film is epitaxial, offering an
excellent crystalline quality with no defects. The Pt capping layer, in turn, presents
a nice polycrystalline ordering and no structural modifications are observed at the in-
terface. Additionally, chemical analysis close to the LMO/Pt interface (in the regions
marked in Fig. 5.4b) was performed by Electron Energy Loss Spectroscopy (EELS)
and shown in Fig. 5.4c. As can be observed, the Mn-Ly 3 edge shows a uniform fine
structure when monitored deep into the LMO film. On the other hand, the L3 line
experiences a gradual shift of ~ 0.8 eV to lower energy at the interface, in the last two
to three unit cells of the LMO film below Pt. This redshift indicates qualitatively a
higher abundance of Mn™3, thus indicating a Mn reduction at an interface with lower
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oxygen content than the inner part of the LMO film. This result would be consistent
with the observed reduction of the saturation magnetization from Fig. 5.10, which
was previously related to changes in the oxygen content at the LMO/Pt interface,
being the reducing atmospheric conditions during the Pt growth responsible for it.
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Figure 5.4: a) Atomic resolution HAADF image of the Pt/LMO interface. b) Annular dark
field (ADF) image corresponding to the interface, where EELS experiment has been per-
formed. ¢) Mn-L, 35 EELS spectra after noise reduction, extracted from the marked regions in
(b). Aberration corrected STEM characterization has been carried out in a probe-corrected
FEI Titan 60-300 operated at 300 kV, and equipped with a high-brightness field emission
gun (X-FEG), a CETCOR aberration corrector for the probe (from CEOS), and a Tridiem
GIF spectrometer 866 ERS from Gatan. Atomically resolved images with Z contrast were
acquired by high-angle annular dark field (HAADF); the convergence semiangle of the probe
was 24 mrad to yield a probe size less than 1 A. STEM spectrum imaging was performed by
combining HAADF imaging with Electron Energy Loss Spectroscopy (EELS) with a beam
current of 180 pA, and energy dispersion of 0.1 eV, and a collection semiangle of about 45
mrad. EELS spectra were collected with an exposure time of 0.5 s [195], and afterwards
noise-filtered by Principal Component Analysis (PCA) [196].

Moreover, in Fig. 5.5, a complete high-angle annular dark field (HAADF) image
of the overall STO//LMO/Pt system is shown. At first glance, from Fig. 5.5a, one
could infer that the thickness of the LMO film is about 25 nm. However, the EELS
chemical analysis across three different regions of the system (i.e., at the substrate;
near the STO//LMO interface; and far from the interface) shows an overlapping
of Mn and Ti atoms near the STO//LMO interface (see Fig. 5.5b), indicative of
cationic diffusion at the interface. This interfacial diffusion is probably related to
the high temperature used in the LMO deposition process (990°C), but it could also
explain the excellent crystalline quality and defect-free structure observed far from
the substrate. In other words, the relaxation of the LMO thin film on top of the STO
substrate is a direct consequence of interfacial cationic diffusion. Additionally, the
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Figure 5.5: (a) HAADF image of the overall STO//LMO/Pt system. (b) EELS chemical
analysis performed in three specific regions of the system, namely in the STO substrate
(buffer), near the STO//LMO interface from the LMO side (Overlap), and finally far from
the STO//LMO interface (layer). (c) Elements line profile analysis evaluated along the yellow
line in (a) showing the diffusion of Ti from the substrate to the LMO film.

elements line profile of the system (along the yellow arrow in Fig. 5.5a) is depicted
in Fig. 5.5c and confirms that La abruptly increases at the interface, while the Mn
increases gradually, in a similar way to the decay of Ti in the overlapping region,
which comprises almost half of the total LMO film thickness. Nevertheless, it is
important to note that above 7 — 8 nm the Mn and La species dominate. Moreover,
a direct comparison between Fig. 5.5a and Fig. 5.4 suggests that the LMO thin film
structural properties and stoichiometry are maintained up to the diffusive region with
Ti. As such, we are confident that above this diffusive region the LMO thin film has
the desired structural and magnetic properties and stoichiometry. Therefore, in this
regard, in the absence of additional information regarding our STO//LMO interface,
we approximate the thickness of our LMO film to &~ 17 nm, which corresponds to the
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thickness at which the La and Mn dominate and thus is expected to contribute the
most to the magnetism of the overall sample.

Now, heading back to the M(T) curves shown above, it is important to note that in
Fig. 5.3 the magnetization is expressed in emu instead of the usual emu/cm?®. This is
because the excess of material at the edges and corners of the substrate is an intrinsic
byproduct of the PAD process, resulting in an unknown sample volume. In order to
overcome this problem, optical lithography was used to imprint a circular pattern of
diameter d = 4.4 mm on the as-grown film. After this, an acid treatment analogous
to that described in Refs. [191] or [193] was used to eliminate the excess material
at corners and edges. In this way, the volume of the film can be expressed easily as
V = 7rr2tsample, being r = 2.2 mm the radius of the circular pattern and tsample the
thickness of the sample (LMO + Pt). A schematic drawing of the resulting pattern
is shown in Fig. 5.6.

. :[ tsample

Figure 5.6: Top view (left) and overall schematic representation (right) of the LMO/Pt system
after the lithographic and acid treatment.

At this point, it is important to estimate the amount of material that has been
removed after the patterning process (i.e., lithography plus acid treatment). A correct
estimation will allow us to express the saturation magnetization of the LMO film in
units of emu/cm®. Therefore, in order to do so, the M(T) curves of the as-grown
LMO/Pt bilayer (i.e., thin film plus excess) and the same after the patterning process
(i.e., circular pattern of diameter d = 4.4 mm with no excess) are depicted in Fig. 5.7.
As one would expect, the absolute magnetization magnitude is lower in the patterned
case, while the Curie temperature remains the same (320K). Obviously, this difference
is explained by the different amount of material present at the time of measurement.
Nevertheless, in order to check the reliability this statement, an additional magnetic
characterization process must be addressed.

For this purpose, ferromagnetic resonance (FMR) measurements of the sample be-
fore and after the patterning process were carried out: In the event that both FMR
measurements are equal with respect to each other, the difference in magnetization
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Figure 5.7: Comparison of the magnetization vs temperature curves of the LMO /Pt bilayer
before (as-grown) and after (d = 4.4 mm) the lithographic plus acid treatment process. The
observed reduction in the overall signal is due to the material removal process.

observed in Fig. 5.7 should be attributed entirely to the material removal process and
not to discernible differences between the sample before and after the patterning pro-
cess. It is worth mentioning that the FMR methodology presented here is completely
analogous to that described in Chapter 4. In this regard, the FMR curves at 200K
for the as-grown and patterned LMO /Pt bilayer are shown in Fig. 5.8, and as can be
observed, both resonance spectra overlap with each other. Their relative intensities,
however, differ. This difference in intensity can be attributed to the different amount
of material present on top of the CPW at the time of measurement. However, the
fact that both spectra overlap with each other means that the magnetic properties
(Ms, ~, Hy) before and after the patterning process remain unchanged. In order to
clearly illustrate this conclusion, the frequency dependence curve of the resonance
field (Hyes), obtained from the fitting of the resonance lines in Fig. 5.8 by using Eq.
4.2, is depicted in Fig. 5.9.

As can be observed, a small shift-to-the-left in the resonance field is observed at
high frequencies. Nevertheless, this mild difference can be attributed to experimental
error and, thus, one can conclude that the overlapping of both curves is excellent. As
a result, one can further conclude that the saturation magnetization of the LMO/Pt
bilayer before and after the patterning process is the same and, therefore, that the
difference between the M(T) curves in Fig. 5.7 can be attributed entirely to the
different sample volume at the time of measurement. Thus, in Fig. 5.10, the M(T)
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Figure 5.8: FMR spectra comparison of the LMO/Pt system before (blue) and after (red)

the patterning process. The fitting of each curve (orange line) has been done according to
Eq. 4.2.
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Figure 5.9: Resonance frequency fos dependence on resonance field H,.s comparison of the
LMO/Pt thin film before (blue) and after (red) the patterning process. The dashed curve is
a guide to the eye.

curves of the LMO and LMO /Pt film in units of emu/cm? are shown. The LMO curve
corresponds to the same one in Fig. 5.3 (black full circles), but in this case, it was
scaled by applying a proportionality factor of 0.42 to account for the material removal
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process. This proportionality factor corresponds to the ratio between the curves in
Fig. 5.7. In overall, this means that 42% of the as-grown film was removed from
the edges and corners after the patterning process. In conclusion, from Fig. 5.10,
the observed 10K saturation magnetization value of the LMO film is around 550
emu/cm3, which is in excellent agreement with the theoretical value of 568 emu/cm3
for Lao,ggMIlO;g films.

600

e |MO (scaled)
o LMO/Pt

500

M (emu/cm?®)

0 100 200 300 400
T (K)

Figure 5.10: Comparison of the magnetization vs temperature curves of the LMO /Pt sample
after the patterning process (red empty symbols) and of the LMO prior to Pt deposition but
scaled in order to account for the amount of material removed (black full symbols). The M(T)
curve of the LMO is the same as that from Fig. 5.3 (black full symbols) but multiplied by a
scale factor of 0.42.

At this point, now that the volume of the sample is known, the hysteresis loops
at different temperatures were measured and the resulting M(H) curves are shown in
Fig. 5.11. The coercive field Hc as a function of temperature is also included in the
figure. As can be observed, the symmetric, square-shaped M(H) curves denote the
robust ferromagnetic behaviour of the LMO thin films. Additionally, these features
are indicative of the lack of any secondary magnetic phases or inhomogeneities in our
samples. Moreover, the coercive field H¢ increases with decreasing temperature, as
expected, up to a 10K value of Hc(10K) ~ 86 Oe. In summary, the overall magnetic
characterization measurements confirm that the PAD LMO thin films exhibit low
disorder and strong ferromagnetic behaviour driven by a double-exchange mechanism.
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Figure 5.11: Magnetization vs applied field curves for the patterned LMO/Pt sample at
different temperatures (left). The coercive field H¢ (right) decreases linearly when increasing
the temperature.

5.1.2 Spin to Charge Conversion in Lag ¢2MnQOj3/Pt Bilayers

In the previous section, the microstructural characterization of the chemically de-
posited LMO magnetic films before and after the Pt deposition process is addressed.
Moreover, the static magnetic properties such as the Curie point, saturation magneti-
zation, and coercive field are also determined by SQUID magnetometry. In summary,
the LMO/Pt system presents a strong ferromagnetic behavior with high Curie point
(320K) and a saturation magnetization close to the theoretically predicted one. Re-
garding the structural analysis, a fully strained LMO film lying on top of the STO
substrate is observed. In addition, the LMO/Pt interface is found to be sharp, struc-
turally homogeneous, and defect free. Thus, given its excellent structural and mag-
netic properties, the goal of this section is to study the spin transport phenomena of
the LMO/Pt bilayer.

For doing so, in an analogous manner as in Chapter 4, FMR, spectroscopy is used
to generate and inject a spin current from the precessing, dynamic magnetization of
the LMO film to the Pt capping layer, i.e., the spin current is generated by means
of the spin pumping effect. Then, this spin current is electrically detected by using
the inverse spin Hall effect (ISHE) occurring in the Pt capping layer. The exper-
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imental equipment used in this section is also the same as that as in Chapter 4,
that is: a broadband FMR spectrometer (by NanOsc) with the sample placed in the
custom-made coplanar waveguide (CPW) (“CPW PPMS IP ISHE” model [155]). In
overall, the whole system (sample plus CPW) is inserted in a Physical Properties
Measurement System (PPMS from Quantum Design) in order to allow temperature-
dependent measurements. Finally, the electrical measurements are performed by
an external, commercial Keithley 2128 A nanovoltmeter synchronized with the FMR
spectrometer. As is shown in Chapter 4, the application of FMR spectroscopy is
twofold: on one hand, it is used to generate and inject spin currents in FM/NM
bilayers. On the other hand, it characterizes the dynamic magnetic properties of the
magnetic system. Therefore, we start this section by addressing the complete FMR
characterization of the LMO film before and after the Pt deposition process at 200K,
well below the Curie temperature.

The FMR spectral curves of the LMO and LMO/Pt systems at 200K are shown in
Fig. 5.12. As can be observed, with respect to the LMO alone film, the resonance lines
of the LMO/Pt bilayer are shifted to the right, i.e., present larger resonance fields
than the LMO alone thin film. This displacement is in accordance with the decrease
of the LMO saturation magnetization after the Pt deposition observed in the M(T)
curves measured by SQUID magnetometry (see Figs. 5.3 and 5.10). Moreover, each
FMR curve is fitted as the sum of symmetric and antisymmetric Lorentzian derivative
lines (using Eq. 4.2 from Chapter 4). Thus, from the fitting of each curve, both the
resonance field Hys and linewidth AH are obtained. The crucial magneotdynamical
parameters that govern spin dynamics in each system can be found from the curves
which relate the resonance frequency fres with Hyes and AH.

These frequency-dependent curves for the LMO and LMO/Pt systems are shown
in Fig. 5.13. From Fig. 5.13a, the shift in the resonance field Hyes upon Pt deposition
is clearly illustrated. Additionally, both Hyes vs fres curves follow the typical square-
rooted shape described by Kittel equation, which is presented and used in Chapter 4
and included here for clarity:

2K 1/2 2K 1/2
fres = % (Hres + ]\4:> X <Hres + Meff + Mj) ) (51)

where v is the gyromagnetic ratio, K is the four-fold in-plane anisotropy constant,
and 47 Mg = 4nMy — 2K5/Mj is the effective magnetization, being Ky the second-
order surface/interface anisotropy constant, which opposes the demagnetizing field,
and M; is the saturation magnetization. By imposing the saturation magnetization
value M, measured by SQUID magnetometry (see Fig. 5.10), one finds that a sur-
face/interface anisotropy term Ky must be included in order to obtain a proper fit in
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Figure 5.12: FMR spectra of the LMO thin film (black full circles) and the LMO/Pt bilayer
(red empty circles). The fitting of each curve corresponds to the orange line. The inset shows
the difference between the experimental points and the fitting curve. The whole scale of the
inset corresponds to 0.3 units relative to the main panel scale.

Fig. 5.13a. Nevertheless, it should be bore in mind that the saturation magnetization
obtained from SQUID magnetometry has a component of uncertainty associated to
the fact that the sample thickness was estimated. As such, an underestimation of
M, entails an overestimation of K9 and vice versa. Despite this clarification, the
actual presence of a large surface/interface anisotropy field in the system is evident.
The resulting magnetodynamical parameters are compiled in Table 5.1. It is worth
mentioning that, in this case, a negative second-order surface/interface anisotropy
constant K favors the in-plane alignment of the magnetization [197, ].

Table 5.1: Main magnetodynamical parameters obtained from the fitting of FMR spectra at
200K. Each value is accompanied by its own standard deviation. It is important to notice
that Hy = 2K9/M, and Hy = 2K, /M, are the anisotropy fields.

Sample M, o Ho toHy v/2m ! AH(0)

(emu/cm?) (mT) (mT) (GHz/T) | (x1073) (Oe)
LMO 411.7 (fixed) | -210 £19 | -85 £0.2 | 29.2 £ 0.3 | 10.7 £1.3 | 40.5 £9.2

LMO/Pt | 348.6 (fixed) | -180 £ 10 | -6.4 £ 0.2 | 29.4 £0.2 | 11.8 £ 1.6 | 39.9 + 11.3

In Fig. 5.13b, the linewidth AH dependence on the resonance frequency fres for
the LMO and LMO/Pt systems at 200K is shown. As one can see, the expected
linear behaviour is loosely followed. In order to illustrate that we can rule out the
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Figure 5.13: Plots of the frequency dependence on the resonance field Hyes (a) and linewidth
AH dependence on the frequency (b) for the LMO alone film (black full circles) and LMO/Pt
bilayer (red empty circles). The fitting of each curve, by using equations 5.1 and 4.4 in (a)
and (b), respectively, is represented by an orange line.

possibility that this result is a direct consequence of bad fitting, the difference between
the experimental points and the fitting curve (i.e., the residual line) is shown as an
inset in Fig. 5.12. The residual of the LMO/Pt system is flat with little dispersion of
points, while the one from the LMO system shows a substantial dispersion of points at
large fields. Nevertheless, the non-linearity of the resonance linewidth is observed in
both systems. Therefore, one can conclude that the fitting process is not responsible
for the lack of linearity and, as a consequence, it must be of physical origin.

The linear dependence of the resonance linewidth AH with the microwave fre-
quency fres is a direct consequence of the resolution of the Landau-Lifshitz-Gilbert
(LLG) equation assuming a magnetically homogeneous system with no defects nor im-
purities and a Gilbert-type, intrinsic magnetic relaxation mechanism. Thus, the lack
of linearity is directly connected to magnetic inhomogeneities in the sample, structural
defects, and extrinsic damping mechanisms [199, ]. As a consequence, the over-
all resonance linewidth can be expressed as the sum of a frequency-independent line
broadening AH (0) term, an intrinsic, Gilbert term « linear with the frequency, and
extrinsic, frequency-dependent linewidth contributions [201]. Eddy currents present
in the sample [202], a small spread of crystal plane orientations (mosaicity) [201, 203],
and two-magnon scattering [199, , , ] may give rise to additional resonance
line broadening and non-linear frequency contributions. In fact, a knee-like shape
frequency dependence similar to that observed in Fig. 5.13b has been reported for
manganese-based Heusler alloys [205, | and attributed to defect-mediated two-
magnon scattering. Specifically, the large diffusion layer found at the STO//LMO
interface (see Fig. 5.5) may certainly play a role on the enhancement of AH. In
fact, the large surface/interface anisotropy field found in the sample before and after
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the Pt deposition (see Table 5.1) suggests that it arises from the STO//LMO inter-
face and not from the LMO/Pt one, which is clearly more homogeneous and sharp.
Physically, the effect of a large anisotropy at this interface is the pinning of the local
magnetization, which results in an alteration of the spin precession near the interface.
As a result, non-vanishing secondary spin wave modes may arise and couple to the
external magnetic field, giving rise to an enhancement of AH [33] or the appearance
of secondary peaks besides the fundamental one [207]. On the other hand, due to the
presence of Mn in this diffusive interface, the existence of a gradient of magnetization
across it could also contribute to this enhancement as well.

The goal of the present work, however, is the study of the spin transport properties
across the LMO/Pt interface to prove the suitability of the chemically deposited
LMO films as effective spin current injectors. The systematic study of the different
extrinsic magnetic relaxation mechanisms occurring in our films, thus, is beyond the
scope of this work. Consequently, the fitting of the curves in Fig. 5.13b was carried
out in the same way as in Chapter 4, i.e., assuming only the linear dependence of
AH with fies (see Eq. 4.4). In this case, however, the correct quantification of
the extracted fitting parameters is problematic and, therefore, the observation of an
increased Gilbert damping after the Pt deposition (see Table 5.1) is untrustworthy. As
a result, this uncertainty precludes the evaluation of the spin current injected based
on the difference in Gilbert damping before and after the Pt deposition process (i.e.,
spin pumping). One way to circumvent this problem and to prove the injection of spin
current from the LMO magnetic film into the Pt capping layer is by directly measuring
the inverse spin Hall effect (ISHE) induced transverse voltage signal: If some spin
current is being injected into the Pt thin film, it will be transformed to a transverse,
electrically measurable charge current. These transverse voltage measurements, as
mentioned before, are performed in the same way as in Chapter 4 and using the same
experimental setup.

The voltage curves of the LMO/Pt bilayers measured at 200K are shown in Fig.
5.14. As can be observed, all voltage lines are positive and strongly symmetric. In
general, as is thoroughly discussed in Chapter 4, an experimentally measured voltage
curve may have contributions coming from ISHE but also from spin rectfication effects
(SRE) (which arise from the synchronous coupling between the induced rf current in
the ferromagnetic film and its precessing magnetization), however, it is important
to recall that in our own experimental setup (which is presented in section 4.2 from
Chapter 4), the ISHE voltage signal in Pt should be positive, while that of SRE
negative. In addition to that, the ISHE voltage signal is also expected to present a
purely symmetric line shape while SRE a mixture of symmetric and antisymmetric
components [93]. Moreover, it is important to mention that, in our samples, the spin
rectification effects (SRE) are expected to be negligible due to the highly resistive
nature of the LMO films. Specifically, the LMO film resistivity is roughly 1000 times
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more resistive than Py, according to Ref. [191]. In fact, we tried to measure the ISHE
voltage signal of the LMO film before the Pt deposition in order to check if there was
any contribution from SRE. The fact that it was impossible to make proper electrical
contact between the sample and the CPW sample holder is indicative of this highly
resistive nature. In overall, these facts straighten the interpretation that SRE should
not play a major role in this system. As a consequence, the overall observed features
in the voltage resonance lines (i.e., highly symmetric, positive in sign, and no voltage
in the LMO alone samples) indicate that ISHE is the dominant contribution to the
overall measured voltage signal.

0.15+ LMO/Pt —e—2GHz —e—10GHz
200K 4 ——4GHz ——12GHz |
x)‘ e 6 GHz —— 14 GHz
o010t ?: —+—8GHz —+—16GHz T
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Figure 5.14: Transverse voltage curves of the LMO /Pt bilayer at 200K for different resonance
frequencies as a function of the applied magnetic field.

However, besides ISHE and SRE, a temperature increase in the system during
measurement could induce a perpendicular thermal gradient which could result in
non-negligible thermoelectric effects [112, 208] through which a net voltage signal
could arise. It is important to consider that this thermal gradient does not depend
on the magnetic field direction, while the ISHE-induced voltage is an odd function of
it. Therefore, one way to check the weight of thermoelectric effects in spin pumping
induced voltage experiments is to perform voltage measurements by reversing the
direction of the magnetic field [208, 209]. In Fig. 5.15, the 6 GHz voltage curves
for positive and negative fields (i.e., reversed 180°) are shown. As can be observed,
the voltage lines are completely symmetrical upon magnetic field inversion. As a
consequence, one can conclude that the thermoelectric effects are also negligible in
our system. This result further supports the fact that ISHE is the main effect be-
hind the measured voltage signals in Fig. 5.14. In the following section, the ISHE
measurements as a function of temperature are addressed, and their dependence on
temperature and resonance frequency is discussed.
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Figure 5.15: Positive (H > 0) and negative (H < 0) transverse voltage curves of the LMO/Pt
bilayer at 200K and 6 GHz as a function of the applied magnetic field.

5.1.3 Temperature Dependence of Inverse Spin Hall Effect in
Lao.gzMIlO3/Pt Bilayers

In this section, the ISHE voltage signal as a function of temperature is studied. The
methodology followed at each temperature is analogous to that used in the previous
one: FMR spectroscopy is used to obtain the main magnetodynamical parameters
which characterize the magnetization dynamics of the LMO/Pt system, while the
ISHE voltage signal is obtained by using an external nanovoltmeter synchronized
with the FMR spectrometer. The range of temperatures studied is from 280K to
100K, i.e., near and far away from the Curie temperature, respectively. We start by
addressing the complete FMR characterization of the LMO/Pt bilayer at different
temperatures in order to understand the evolution of the LMO/Pt magnetization
dynamics with temperature.

In Fig. 5.16, the FMR spectra at each temperature is shown. As can be observed, as
the temperature decreases, the FMR spectral curves gradually shift to the left. This
shift, which is more pronounced close to T, is directly related to the intrinsic variation
of the saturation magnetization with temperature (see Fig. 5.10). Additionally, it can
be observed that the intensity of the resonance lines is smaller in the high temperature
region, i.e., near T, as expected [92, ].

Each FMR spectral curve was fitted according to Eq. 4.2 in order to obtain both
the resonance field H,es and linewidth AH. The curves relating these two parameters
with the resonance frequency fros at each temperature are shown in Fig. 5.17. It is
important to notice that the above mentioned resonance field shift-to-the-left when
decreasing temperature is clearly appreciated in Fig. 5.17a. Moreover, the linewidth
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Figure 5.16: FMR spectra of the LMO/Pt bilayer obtained for several temperatures, i.e.,
from 280K to 100K.

AH dependence on the resonance frequency is shown in Fig. 5.17b and, as can be
observed, the lack of linearity is manifested regardless of the temperature considered.
The main parameters that govern the magnetodynamical properties of the system are
obtained by fitting each of these curves. Each curve from Fig. 5.17a was fitted by
using Kittel’s equation (Eq. 5.1), while only the Gilbert, linear term with frequency
was considered for the fitting of the points in Fig. 5.17b. In summary, the resulting
fitted parameters are compiled in Table 5.2.

Just as in the fitting process from the previous section (using Eq. 5.1), a second-
order surface/interface magnetic anisotropy Ka term is needed to obtain a proper
fit in Fig. 5.17a when imposing the saturation magnetization value measured by
SQUID magnetometry. This anisotropy is expressed as Hy = 2K3/My in Table 5.2
and as can be observed, it is consistently large for all temperatures. In order to better
visualize these results, in Fig. 5.18 the effective magnetization Mg and fourfold in-
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Figure 5.17: a) Resonance magnetic field H,.s dependence on the resonance frequency fres
at each temperature. b) Dependence of the resonance linewidth AH with the fies at each
temperature. Each curve on (a) has been fitted using Eq. 5.1, while in (b), Eq. 4.4 has been
used.

Table 5.2: Main magnetodynamical parameters obtained from the fitting of FMR spectra
at several temperatures. Each value is accompanied by its own standard deviation. It is
important to notice that Hy = 2K5/M, and Hy = 2K4/M; are the anisotropy fields. The
saturation magnetization value M is taken as a fixed imposed value for the fitting process.

T M, pio Ho pioHy v/2m Oleff AH(0)
(K) | (emu/cm3) (mT) (mT) (GHz/T) | (x1073) (Oe)
280 | 156.8 (fixed) | -140 + 20 00+08 |292403 222412 30.1 £83
250 | 255.4 (fixed) | -200 £10 | -1.2 £0.2 | 284 £0.2 | 13.8+05 | 24.7 £ 3.6
200 | 348.6 (fixed) | -180 £ 10 | -6.4 £0.2 | 294 +£0.2 | 11.8 £ 1.6 | 399 £ 11.3
150 | 409.0 (fixed) | -170 £30 | -13.0 £ 0.6 | 29.9 £ 0.5 | 15.4 £ 1.7 | 46.8 + 12.4
100 | 454.4 (fixed) | -210 £ 120 | -18.7 £ 1.6 | 29.3 + 1.7 | 209 + 1.6 | 54.9 £ 11.9

plane anisotropy field H4 are shown. The effective magnetization, as was mentioned, is
defined as Mg = Ms— Hy, while the anisotropy field is Hy = 2K4/M,. These effective
magnetization and anisotropy values are in accordance with the ones obtained from
our previous work [191] and are similar to reported values for manganese-based thin
films [210, , 212]. Additionally, in the inset of Fig. 5.18b the dependence between
the normalized anisotropy constant K, and the normalized magnetization is shown. In
this case, the normalized anisotropy and magnetization are defined as K4(T')/K4(Tp)
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and M, (T)/Ms(Tp), respectively, being T a low temperature value. In our particular

case, Ty = 100 K, which corresponds to the smaller temperature available. It is
expected that both quantities are related through a power law the exponent of which
is related to the anisotropy order [120]: K4(T)/K4(To) = [My(T)/Ms(Tp)]*. The

fitting of the experimental points from the inset in Fig. 5.18b (orange solid line)
shows that these quantities are related by a power law with exponent £ = 4 + 0.2.

T T 1.0 ®
900}  a) b)
_ {700 o8
800 |- - { 'jj 06 ? |20
700 . 1 g’“ p
A N N 5 A
E N = 0.2 E
S - 1500 S 3 £
s 600 N € oole=2 <
[0 N\ . ¥
E N g-)/ 04 06 08 1.0 I
= 500 . a0 5 [ N MMMT) 410 T
i \ ) S R
\ *,
400 - ' *
\§ 4300 )
300 | 1 . -
1 1 1 1 1 1 1 [ o—. 0
100 150 200 250 300 100 150 200 250 300
T (K) T (K)

Figure 5.18: a) Effective magnetization as a function of temperature. It is defined as
Moz = My — Hs, and expressed in mT (left axis) and in emu/cm? (right axis). b) Tem-
perature dependence of the fourfold in-plane anisotropy field Hy. Dotted lines are a guide to
the eyes. The inset shows the power law dependence of the normalized in-plane anisotropy
K,(T)/K4(Tp) with the normalized magnetization M (T)/M;(Tp).

Now, let’s put the focus on Fig. 5.17b. In the previous section, it was shown that
the dependence of AH with fies at 200K for the LMO and LMO/Pt systems was
loosely linear irrespective of the system studied. This feature precluded the observa-
tion of a Gilbert damping difference between the LMO and LMO /Pt systems, which
would be indicative of spin current injection from the LMO into the Pt. However,
the voltage measurements resulted in a clear voltage signal compatible with ISHE.
A possible explanation for these apparently contradicting results is that non-linear,
extrinsic terms (such as those coming from the anisotropy at the STO//LMO, for
instance) besides the usual Gilbert damping term are playing an important role on
the overall damping measured, masking the expected damping difference between
systems. As a consequence, in this section, the fitted damping is denoted as a.g, i.e.,
effective damping, in order to highlight the presence of these extrinsic terms. Taking
this into account, the temperature evolution of this effective damping a.g and the
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inhomogeneous line broadening AH(0) is depicted in Fig. 5.19. As expected, the
effective damping has a maximum at high temperature, close to the Curie point (see
Fig. 5.19a). This can be understood considering that near 7. the scattering of the
uniform FMR mode with spin waves and magnetic fluctuations is an important source
of damping [120]. For lower temperatures, however, it presents a non-monotonic re-
lation with temperature: It decreases down to 200K and increases again below it,
resulting an overall U-shaped, temperature dependent curve with a cusp at about
200K. The non-monotonic evolution of damping with temperature was already ob-
served and discussed in detail in Chapter 4 for the case of Py and Py/Pt films. In
that case, Kambersky’s phenomenological torque-correlation model [136, | was in-
voked to qualitatively describe the observed behaviour. Nevertheless, this model only
considers the damping arising from intrinsic magnetic relaxation mechanisms and, as
is pointed out in this Section, the damping measured from LMO and LMO/Pt films
is expected to have major contributions coming from extrinsic terms. Therefore,
this change of the extrinsic contributions with temperature surely has an effect on
how the measured effective damping changes with temperature. On the other hand,
the inhomogeneous line broadening shows a constant, mild increase with decreasing
temperature (Fig. 5.19b).
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Figure 5.19: Effective damping aeq (a) and inhomogeneous line broadening AH (0) (b) de-
pendence on temperature.

Finally, before showing the ISHE voltage curves measured at each temperature,
it is worth showing the temperature dependence of H.s and AH, extracted from
the fitting of the curves in Fig. 5.16. These curves are depicted in Fig. 5.20 and,
as can be observed, the temperature dependence in each case is the same regardless
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of the frequency considered, as expected. Specifically, the resonance field follows a
decrease (Fig. 5.20a) which is compatible with the opposite increase of Mg (see
Fig. 5.18), as expected from the symmetry of Eq. 5.1. Additionally, the linewidth
dependence on temperature (Fig. 5.20b) is similar to that found in the effective
damping discussed before: a non-monotonic temperature dependence with a minimum
at about 200K, suggesting a major role of extrinsic magnetic relaxation mechanisms
at high and low temperatures, respectively. In fact, a strong increase of damping on
reducing temperature has been reported recently [213] for Lay /3511 ;3MnOg3 thin films
(which are magnetically very similar to our LMO films). In that work, the increase of
damping was attributed to the appearance of an insulating and magnetically active
layer at the interface with the substrate, caused by the lowering of double exchange
mechanisms at surface and interfaces. These authors stated that this extrinsic dead
layer acted as a spin sink, thus enhancing the Gilbert damping term.
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Figure 5.20: Resonance magnetic field Hyes (a) and linewidth AH (b) dependence on tem-
perature.

Hereafter, the experimental ISHE voltage curves as a function of temperature for
the LMO/Pt bilayer, shown in Fig. 5.21, are discussed. As expected, the overall
ISHE voltage signal decreases when approaching T, since, as can be observed in Fig.
5.16, for instance, the FMR absorption close to T, is minimal. As a consequence, one
can infer that the net spin current generated in this temperature regime is minimal
as well. Additionally, it is observed that at 100K the overall intensity of the voltage
lines decreases a little with respect to the other temperature regime, being in general
substantially noisier. In fact, it is observed that below 100K the voltage signal com-
pletely vanishes and the corresponding FMR spectra presents anomalous secondary
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spin-wave resonance peaks overlapped with the uniform FMR peak. The FMR and
voltage lines measured at 50K are shown in Fig. 5.22 for completeness.
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Figure 5.22: FMR spectra and voltage signals measured at 50K.

In overall, this temperature dependence might be related with the observed increase
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of the resonance linewidth AH or the effective damping aeg (see Figs. 5.20 and 5.19,
respectively) at 100K, which is not due to an enhancement of the spin pumping effi-
ciency but due to the action of additional extrinsic relaxation mechanisms occurring
in the LMO film, as was mentioned. Currently, systematic studies focusing on the
temperature dependence of ISHE voltage are scarce and sometimes contradictory.
For instance, the temperature dependence of the ISHE voltage has been reported in
Lag 7Sr9.3sMnO3/SrRuO3 (LSMO/SRO) bilayers [164]. In this study, it is observed
how the ISHE voltage signal decreases when approaching room temperature, near the
T, of the LSMO ferromagnetic film. However, due to the fact that the ferromagnetic
phase transition of the SRO capping layer occurs at about 155K, it precludes the
access to the low temperature behaviour of ISHE. Moreover, Atsarkin et al. [214,

] have conducted a series of experiments regarding the temperature dependence
of ISHE voltage in LSMO/Pt bilayers. Their results show that the ISHE voltage
follows a temperature dependence similar to that followed by the saturation magne-
tization, i.e., decreasing when approaching T, and an approximately constant value
below about 200K. Unfortunately, the experiment is truncated at 100K, so the be-
haviour of ISHE at lower temperatures cannot be inferred. On the other hand, a
temperature-dependent study on the spin pumping efficiency in YIG /Pt bilayers con-
ducted by Shigematsu et al. [216] shows a significant reduction of the ISHE voltage
with decreasing temperature and the further disappearance of it at 80K, similar to
our own experimental observation. In that case, the vanishing of the ISHE voltage
signal is explained by an increase of magnetic damping at low temperatures, which
is correlated with an increase of impurity-mediated magnetic relaxation mechanisms
present in YIG films [217, 218].

According to the analysis of Azevedo et al. [150] and after some algebra, an ex-
pression for the ISHE voltage signal is obtained [161, 214]:

tee \ Gl
V = ARMAsgOsy tanh W pAH2, (5.2)

where A =e freshffw /2 (being hys the magnitude of the rf magnetic field supplied by
the CPW and w the width of the CPW signal line) is a temperature-independent
factor, R is the resistance of the overall LMO/Pt bilayer, and \yq, Ogy and tpy are
the spin diffusion length, spin Hall angle, and thickness of the Pt capping film. The
resonance linewidth is denoted by AH, Glé is the effective spin-mixing conductance,
and p is a dimensionless factor that accounts for demagnetizing fields and the elliptic-
ity of the spin precession in the LMO film. This ellipticity p-factor may be expressed
in terms of Hyes and Mg as [215]
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_ 27Tfres (Hres + 477Meff)
Y (2Hres + 47TMeff)2

(5.3)

It should be noted that Eq. 5.2 is completely equivalent to Eq. 4.17 from Chap-
ter 4. The specific temperature dependence of the different parameters in Eq. 5.2
should clarify the temperature evolution of the ISHE voltage. In this way, as has been
pointed out in Refs. [214, ], the ellipticity p-factor should be almost constant down
to the low temperature regime. In Fig. 5.23, the p-factor calculated according to Eq.
5.3 as a function of temperature and resonance frequency is shown. Additionally,
the resistance dependence on temperature of the LMO /Pt system is also included in
the figure. As can be observed, the ellipticity factor abruptly decreases just below
T. and stabilizes at a constant value for lower temperatures, as expected (see Fig.
5.23b). Moreover, the resistivity of the LMO/Pt system does not present any abnor-
mal behaviour and follows the linear decreasing relation with temperature expected
for metallic systems (see Fig. 5.23a).
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Figure 5.23: Resistivity of the LMO/Pt system measured as a function of temperature (a),
and ellipticity p-factor as a function of temperature for each frequency (b) and as a function
of the resonance frequency for each temperature (c). The numbers in (b) correspond to the
resonance frequency in GHz. The p-factor has been calculated according to Eq. 5.3.

The temperature dependence of Agq, Osy, and G;sz is somewhat more controversial.

According to Atsarkin et al. [214, ], the effective spin-mixing conductance Glfif
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dependence on temperature should resemble that of the square of the magnetization.
Therefore, once the saturation magnetization value is reached, Ggf should be tem-
perature independent. Regarding to this, a different set of studies based on YIG/Pt
bilayers performed well below the Curie point of YIG showed that it is effectively

temperature-independent [219, ]. On the other hand, the reported temperature
dependence of A\gq and Ogp presents more variability. For instance, in an experiment
conducted by Meyer et al. [221], it was found that the Agq of Pt and the Glff of the

YIG/Pt interface were independent of temperature, while the Pt spin Hall angle Ogp
decreased from 1.1 % at room temperature to 0.75 % at 10K, i.e., a 30% reduction
in overall. Nevertheless, this result is in contradiction with subsequent reports [222]
in which the Pt spin Hall angle was found to be almost constant with temperature,
while the spin diffusion length was also constant down to 100K, from which it in-
creased linearly with decreasing temperature. More recent studies, however, have
suggested that when intrinsic mechanisms dominate, ©gp should scale with the Pt
resistivity, whereas A\gq should scale with the Pt conductivity [223, ]. This result
is in accordance with previous studies [219, | that argued that A\g;q must have a
clear temperature dependence since it depends on the sample’s magnetic relaxation
mechanisms. In overall, these authors often invoke the Elliot-Yafet theory [163, ]
whereby the spin relaxation is mediated by the scattering between the spin of con-
ducting electrons and atom impurities in the lattice.

In summary, the expected qualitative temperature dependence of the ISHE volt-
age can be calculated by considering the temperature dependence of the different
quantities included in Eq. 5.2. The curves shown in Fig. 5.24 are the result of this
calculation. In this case, the temperature dependence of R, p and AH from Eq. 5.2
is extracted from the experimental data! (see Figs. 5.23 and Fig. 5.20, respectively),
while the effective mixing conductance Gléf is estimated to follow the same temper-
ature dependence as M (T)?, as explained in Refs. [214, |. Additionally, for the
temperature dependence of Agq and Ogyy, four scenarios are considered: i) that both
quantities depend on T (black curve in Fig. 5.24); ii) that only Agq depends on T (red
curve); iii) that only ©gy depends on T (green curve); and iv) that both quantities
are independent of T (blue curve). Regarding their temperature dependence, the spin
diffusion length is set to be inversely proportional to the Pt resistivity, Asq o< 1/p(T),
while the spin Hall angle is set to follow the same temperature dependence as the
p(T), as pointed out by Sagasta et al. [223]. In all four situations, the calculated
ISHE voltage follows a non-monotonic dependence on temperature, increasing up to
a maximum at around 200K and then decreasing back for lower temperatures (see Fig.
5.24). In fact, this behavior is a mirror image of the one observed in Figs. 5.19a and
5.20b, in which the effective Gilbert damping and resonance linewidth, respectively,

Tt is considered that the temperature dependence of p and AH does not depend on the resonant
frequency, so the qualitative behaviour of each quantity should be the same regardless of the frequency.
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are plotted against temperature. The correlation between an increase of these quan-
tities with a decrease of the ISHE voltage is explicit in Eq. 5.2, but it has also been
experimentally tested, as discussed in the work by Shigematsu et al. [216] mentioned
earlier. Consequently, we may infer that the strong reduction of the ISHE voltage
signal below about 100K is mostly attributed to the increase of Gilbert damping (and
resonance linewidth), triggered by extrinsic relaxation mechanisms occurring in the

film.
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Figure 5.24: Calculated temperature dependence of the ISHE voltage in the LMO/Pt films
by taking into account the different temperature dependence of the parameters in Eq. 5.2
and considering four possible scenarios regarding the temperature dependence of Ayq and
Ogsu: The black curve considers that both quantities change with temperature; the red one
considers a constant Ogy and a temperature dependent Asq(7"); the green one considers a
constant Asq and a temperature dependent Ogy(7T); and, finally, the blue curve considers
that both quantities do not depend on temperature.

It is important to notice that the qualitative voltage temperature dependence out-
lined in Fig. 5.24, although it is useful for characterizing the general ISHE voltage
dependence with temperature in our system (see Fig. 5.21), does not satisfactorily
explain the temperature evolution of some of the voltage curves (see Fig. 5.21). For
example, the fres = 16 GHz voltage curve increases almost linearly with decreasing
temperature. On top of that, at each temperature, it is observed that the intensity
of the voltage curves from Fig. 5.21 presents a non-monotonous dependence with the
resonance frequency which should be carefully taken into consideration. In theory,
the spin current generated by spin pumping is expected to be proportional to the pre-
cession frequency fres [15]. Therefore, the corresponding ISHE voltage signal should
be proportional to it as well (see Eq. 5.2, for instance). However, some authors [60,

] have observed that actually the spin current slightly decreases with increasing
frequency. This behaviour is explained [227] by some sort of compensation effect
between the magnetization precession frequency and the spin current generated by
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a cycle of precession, which is proportional to the elliptical area of the magnetiza-
tion precession trajectory. Nevertheless, this behaviour cannot explain the observed
non-linear frequency dependence from Fig. 5.21. In an experiment conducted by
Castel et al. [209], a non-linear ISHE voltage dependence on frequency is found at
low frequencies. This behaviour is explained by the action of secondary spin-wave
modes contributing to the overall spin pumping effect in some way. The effect of
these secondary modes, however, vanishes for frequencies larger that 4 GHz. On the
other hand, an important remark found in this work by Castel et al., is that at some
frequencies, the microstrip (transmission) line induces an artificial increase in their
ISHE voltage signal [209]. In a similar way, Singh and Bedanta [228] correlate their
observed non-linear voltage dependence with the corresponding observed non-linear
FMR signal absorption.

Therefore, in order to check the effect of the FMR absorption signal on the ISHE
voltage, we compared the total FMR absorption, which corresponds to the total area
of the FMR signal, with the corresponding voltage signal maximum Vj (see Eq. 4.9).
The area of the FMR, absorption curves was obtained by numerically integrating each
FMR curve in Fig. 5.16 to obtain the area under the curve. In a sense, this area is
an estimate of the total FMR absorption of the system, since it takes into account
the height (peak) of the FMR signal as well as its linewidth and shape. On the
other hand, we only considered the voltage maximum Vi because its value depends
on additional parameters besides FMR absorption, as deduced from Eq. 5.2. In Fig.
5.25, the total FMR absorption is plotted on top of the corresponding ISHE voltage
peak maximum. Fig. 5.25a shows the temperature dependence at each frequency,
while in Fig. 5.25b the frequency dependence at each temperature is shown. The
total FMR absorption is denoted as “FMR” in the figure.

As can be clearly observed from Fig. 5.25b, the variation of the ISHE voltage curves
with frequency mimics the variation of the FMR absorption. Therefore, similarly to
the result found in Ref. [228], it can be concluded that the different amplitudes of
the FMR signal are the primary reason for the frequency dependence of the ISHE
voltage curves in our system. With regard to the temperature dependence depicted
in Fig. 5.2ba, it can be observed that the correlation between the FMR amplitude
and the ISHE voltage exists. Specifically, the odd increase of the fios = 16 GHz
ISHE voltage signal with decreasing temperature mentioned before can be explained
by the corresponding increase of the FMR absorption amplitude with decreasing
temperature. Still, the temperature dependence of the ISHE voltage curves is best
described by a combination of intrinsic system properties (such as the interplay of
parameters from Eq. 5.2 discussed before) and extrinsic experimental features such
as this frequency dependent FMR absorption. In the end, FMR absorption does also
depend on the specific features of the sample.
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Figure 5.25: FMR absorption amplitude (area of the integrated curve) (empty circles) on top
of the corresponding ISHE voltage amplitudes (bold circles) at each frequency as a function
of temperature (a), and at each temperature as a function of resonance frequency (b).

Spin Hall Angle

The spin Hall angle Ogyy of Pt in this system is calculated using Eq. 4.17, just as
in the Py/Pt bilayer from the previous Chapter. Nevertheless, in this case, a few
issues must be considered in advance. On one hand, as is observed in Fig. 5.13b, the
difference of damping before and after the Pt deposition is hard to establish. As such,
it is indeed very difficult to obtain a precise value of Gli, which is explicitly included
in Eq. 4.17 and is crucial for calculating Ogp. In this regard, we used the values of
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damping obtained from the fits at 200K and compiled in Table 5.1, which result in
a difference of damping Aa = 0.11 x 1072 and Gli = 4.23 x 10'® m—2. However,
due to the large error associated with these quantities, the estimated Ogy presented
here should be taken with caution since it is affected by a large error bar. On the
other hand, according to the resistivity of Pt in this system (= 40 pf2-cm), the spin
diffusion length A\gq should be around 3 nm, as reported in the literature [223, ].
The remaining parameters needed for the calculation are identical to those employed
in Chapter 4. In Fig. 5.26, the spin Hall angle as a function of the resonance frequency

at 200K is shown.
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Figure 5.26: Spin Hall angle Ogy value and standard deviation at 200K as a function of
frequency calculated according to Eq. 4.17 and by fixing the spin diffusion length A\yq to
3 nm. The dashed horizontal line corresponds to the average value, whereas the colorized
regions its standard deviation. The parameters used for the calculations are: w = 200 pm;
pohet = 50 uT; GTE(200K) = 4.23 x 10'8 m~2.

As can be observed, the obtained value is Ogy = 4.5 + 2.4 %, which is threefold
larger than the one obtained for Py/Pt. This difference may be attributed to the
larger Pt resistivity present in LMO/Pt compared to that from Py/Pt. In Pt, larger
resistivities are commonly associated to lower spin diffusion lengths and slightly larger
spin Hall angles, as reported in the literature [162, |. Another possible explanation
is related to the fact that it was calculated at a lower temperature (i.e., 200K in
front of 300K). However, following the discussion regarding the different temperature
dependencies from Section 5.1.3, all evidence suggests that ©gy decreases lightly.
Lastly, this difference might be strongly affected by the uncertainty associated with
the value of Glfif, which directly stems from the observed minute difference of damping
(see Fig. 5.13b).

In conclusion, this Section shows that the LMO/Pt bilayer is an effective system
for the generation, injection and detection of spin current signals in a broad range of
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temperatures. Moreover, it demonstrates the suitability of polymer-assisted deposited
LMO epitaxial thin films for spintronic-related applications. In addition to that, it
shows that PAD allows obtaining LMO films with excellent crystalline and interface
quality. The electrical measurements performed in this system suggest that the main
source of voltage comes from ISHE and, as a consequence, that the contributions of
SRE or thermoelectric effects are negligible. In overall, these results indicate that
chemical solution grown LMO is a promising perovskite building block for all-oxide
multifunctional high-frequency spintronic devices.

5.2 Inverse Spin Hall Effect Measurements in
Lay/3Sr; ;3sMnO3/SrIrO3 Bilayers

5.2.1 Samples Preparation and Description of the Experiment

In the last few years, the ability to tune and fabricate complex oxide heterostructures
has resulted in the discovery of emergent phenomena and new functionalities [229,

]. Moreover, due to the ever-increasing demand for more efficient, less energy-
consuming, and fast electronic devices, complex oxide electronics has attracted a
great deal of attention due to the rich diversity of oxide compounds and functional
properties available [231]. In the context of this Thesis, it is thus desirable to find
effective functional complex oxide heterostructures with the object to dynamically
inject and detect spin currents.

In this Section, we study the spin injection and spin-to-charge conversion processes
in all-oxide heterostructures. The capabilities of the archetypal lanthanum manganite
complex oxide LSMO for the generation of pure spin currents under FMR conditions
is investigated. The high spin-orbit coupling (SOC) non-magnetic element of the
system is SrIrOg (SIO). SIO is specially suitable for this subject not only due to
its inherent high SOC (which arises from the 5d heavy element iridium), but also
due to its semimetallic nature and easy tuning of physical properties via electron
correlation effects [232]. Single-crystal (100)-SrTiOs (STO) is used as the substrate
and, contrary to the LMO sample from the previous part, all films are deposited
by means of RF magnetron sputtering. The spin injection capability of LSMO has
been demonstrated over the years in systems as diverse as LSMO/Pt [233, 234, 235],
LSMO/SrRuOs [164, 236], LSMO/LaNiO3/SrRuQOj3 [237], and LSMO/Cgo/Co [238].
On the other hand, SIO has just recently begun to attract interest regarding its role
as spin-to-charge converter. Regarding to this, it has been investigated in systems
such as Py/SIO [239, ] and even LSMO/SIO [241, |. However, as far as we
know, a clean and systematic measurement of spin pumping induced ISHE voltage
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in LSMO/SIO bilayers has not been realized before. It is the object of this part to
achieve this goal.

Prior to the deposition of the SIO capping layers, however, it is of the utmost
importance to certify the suitability of our LSMO films as effective spin injectors.
In this way, we first use Pt as the capping film instead of SIO since its feasibility
as spin-to-charge converter was widely demonstrated in Py/Pt (see Chapter 4) and
LMO/Pt (see Section 5.1), as well as in reported experiments from several groups
[233, , ], as has been mentioned. Additionally, this first result will allow us
to compare the spin injection properties of the LSMO film with those from Py and
LMO.

% 10000 | @ | STO ] (b) 100000
2 1000 F \/ ] {10000 3
é ; “ ] E \(-D/
£ 100k // LSMO . 41000 £
5 ., 3 ] 3
Q I wn ; "‘. 7 1 1‘ O
o 1 Wvﬂ"/ L 1100
1] . - ' ' 10
100 105 110 1 3 5
26 (deg) —— LSMO-a 26 (deg)
500 I LSMO-a/Pt - s
o " (c) L (d) _
E oor e, 1 r - 200 "’g
2 300 . <
Q'E.’, I ". i 10 g
200 - \ i 3
s X - - -200
| H= b T=10K =
100 F H =1 kOe \ | i J 1 400
0 T T, S —
0 100 200 300 400 -2 -1 0 2
T (K) H (kOe)

Figure 5.27: a) 6 — 20 scan of the STO-(004) reflection. b) X-ray reflectivity curves showing
the calculated thickness of each film (17.1 nm for LSMO and 5.9 nm for Pt). ¢) Magnetization
vs temperature curves with the magnetic field applied in-plane. d) Magnetization hysteresis
loops at 10K. Figures show the results for the system before the Pt deposition (green lines)
and after the Pt deposition (orange lines).

A LSMO film (labelled as LSMO-a) was deposited on top of a STO substrate by
means of RF magnetron sputtering. The film was grown at 900°C and 140 mTorr of
pressure in an Ar-O9 atmosphere for 25 min. Then, an one-hour thermal treatment
at 900°C in high-pressure oxygen atmosphere was applied. Moreover, the Pt capping
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layer was deposited Fz situ at room temperature and 5 mTorr in Ar-Hy atmosphere
for 1 minute. The X-ray diffraction (XRD) characterization (Siemens D5000 diffrac-
tometer) and the magnetic properties (by SQUID, MPMS-XL by Quantum Design)
of the LSMO-a film before and after the Pt deposition are shown in Fig. 5.27. As can
be observed from the X-ray reflectivity (XRR) curves in Fig. 5.27b, the thickness of
the LSMO-a film is 17.1 nm, while that of the Pt is 5.9 nm. It is worth noting that
the XRR orange curve in Fig. 5.27b corresponds to the XRR measurement of the
overall LSMO-a/Pt bilayer, but since the Pt contribution completely dominates it, it
is easy to discern its thickness. Additionally, its magnetic properties before and after
the Pt deposition are depicted in Figs. 5.27c and 5.27d. It is observed from these
figures that the film presents a high 7, (=~ 310K) and a saturation magnetization at
10K of ~ 550 emu/cm?.

In addition, the surface of the sample was mapped by scanning electron microscopy
(SEM). Moreover, the reciprocal space maps (RSM) of the (103)sTo peak reveals that
the LSMO-a film is fully strained on top of the substrate. These measurements are
shown in Fig. 5.28. The characteristic twins formed at the surface of LSMO films
when deposited on top of STO [243, 2441] are clearly appreciated in the SEM image
of the LSMO-a/Pt surface (see Fig. 5.28a). This observation indicates that the Pt
capping layer is continuous and flat and, as such, perfectly follows the LSMO surface
structure underneath.

6100

5800 =
1900 1950 2000 2050

Q, (10* rlu)
Figure 5.28: a) Scanning electron microscopy (SEM) image of the surface of the LSMO-a/Pt

bilayer. The characteristic LSMO twins are clearly appreciated. b) reciprocal space map
(RSM) of the (103)sTo peak revealing in-plane compressive strain in the film.
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5.2.2 Magnetodynamical Properties of La2/3Sr1/3Mn03/Pt

Now that the LSMO-a/Pt bilayer structural and magnetic properties are character-
ized, we can address the main goal of this section, i.e., to probe the injection of
spin currents from an LSMO film into Pt. For doing so, we follow the methodol-
ogy described in section 5.1 for studying the LMO/Pt system. In this way, FMR
spectroscopy (NanOsc) is used for i) extracting the main parameters which govern
magnetization dynamics; and ii) generating and injecting spin currents in the Pt. The
sample holder used in this case is the same as in the previous measurements (“CPW
PPMS IP ISHE” model [155] from NanOsc). Likewise, this injected spin current
is detected via ISHE occurring in the Pt capping layer. The electrical detection of
the transverse charge current generated is carried out by an external nanovoltmeter
(Keithley 2128A). We start by presenting the magnetodynamical properties of the
system.

The FMR spectral curves at each resonance frequency fres as a function of the
magnetic field are shown in Fig. 5.29. The measurement was performed at 250K.
The resonance field H;os and linewidth AH of each individual FMR absorption curve
were obtained by fitting each curve according to Eq. 4.2 from Chapter 4. In Fig. 5.30
the dependence of these two quantities on fies is shown and, as can be observed, the
H,es vs fres curve (Fig. 5.30a) exactly follows the relation set by Kittel’s equation (Eq.
5.1). On the other hand, the relation between AH and fres (Fig. 5.30b) is clearly non-
linear, specially at high frequencies (fres > 10 GHz ) where AH saturates at about
70 Oe. As is discussed in the previous section when studying the magnetodynamical
properties of the LMO/Pt system, the observed non-linearity in this kind of curves
could arise from extrinsic relaxation mechanisms originating in the film or at the film
interfaces. In fact, it has been reported that two-magnon scattering mechanisms are
quite common in LSMO thin films [235, 236].

In order to gain insight into this phenomenon, the main magnetodynamical pa-
rameters of the system were obtained from the fitting of the curves (dashed lines) in
Fig. 5.30. It is worth noticing that the AH vs fies curve is only fitted in the linear,
low-frequency regime. The resulting magnetodynamical parameters of the system are
compiled in Table 5.3. As can be seen, in order to obtain a proper fit in Fig. 5.30a,
the second order surface/interface and fourth-fold in-plane anisotropy fields, namely
Hy and Hy, respectively, must be taken into consideration. A similar situation is also
observed in the LMO/Pt system at the same temperature (see Table 5.2). In fact,
by comparing those previous values with the ones presented here, one finds that the
sign and magnitude of each anisotropy field in both cases is very similar as well. It
is important to recall that a negative Ho anisotropy field means that it favours the
in-plane alignment of the magnetization. In the LMO/Pt sample, it was inferred that
the large negative surface/interface anisotropy field Hs found in the sample before
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Figure 5.29: FMR spectra as a function of the applied magnetic field at each resonance
frequency and at 250K. The number at each resonance line denote the corresponding resonance
frequency.
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Figure 5.30: a) Resonance frequency fies dependence on the resonance field H,.s and fitted
according to Eq. 5.1. b) Resonance linewidth AH dependence on fs showing a clearly
non-linear dependence for higher frequencies. The fitting has been performed in the linear
regime using Eq. 4.4 from Chapter 4.

and after the Pt deposition arose from the large Ti diffusion layer in the STO// LMO
interface. It was further stated that the effect of large anisotropy at this interface
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is the pinning of the local magnetization, resulting in the hampering of spin preces-
sion near the interface. As a consequence of that, non-vanishing secondary spin wave
modes may arise and couple to the external magnetic field, giving rise to and enhance-
ment of AH or to the appearance of secondary peaks besides the fundamental one
[33]. In the present case, the current experimental evidence supports this hypothesis,
unfortunately, the information about the structure and chemical composition of the
STO// LSMO-a/Pt sample interfaces is still lacking. In order to clarify the origin of
this large anisotropy field, additional STEM and EELS chemical analysis are needed.

Table 5.3: Main magnetodynamical parameters obtained from the fitting of FMR spectra at
250K. Each value is accompanied by its own standard deviation. It is important to notice that
Hy = 2K5/M, and Hy = 2K,/M, are the anisotropy fields. The saturation magnetization
value M; is taken as a fixed, imposed value for the fitting process.

Sample M 1o Ho 1o Hy /2w Qoff AH(0)
(emu/cm?) (mT) (mT) (GHz/T) | (x1073) (Oe)
LSMO-b/Pt | 318.30 (fixed) | -237.9 £ 7.0 | -6.34 £ 1.5 | 27.97 +0.11 | 4.8 +1 | 23.4 +12
! | ! I ! I ! I
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Figure 5.31: Voltage signal lines as a function of the applied magnetic field at each resonance
frequency and at 250K. The number at each resonance line denote the corresponding resonance
frequency, while the fitting of each signal has been performed according to Eq. 4.9

The voltage signal lines of the LSMO-a/Pt bilayer at 250K are shown in Fig. 5.31.
As can be observed in the figure, the obtained voltage signal lines are very similar to
those measured in section 5.1 for the LMO/Pt system (see Fig. 5.21), meaning that
they are i) symmetric; ii) positive; and iii) almost identical in magnitude. On top of
that, it is important to consider that the electric transport properties of LMO and
LSMO films are very similar to each other. In this way, we can be confident that,
just as in the LMO/Pt bilayer, the voltage contribution of the SRE is mild compared
to that from ISHE. In addition to that, in order to evaluate the contributions coming
from thermoelectric effects, a 7 GHz voltage measurement with the direction of the
magnetic field reversed is performed and the obtained result is shown in Fig. 5.32.
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Figure 5.32: Voltage signals at f..s = 7 GHz and at 250K under field inversion.

As can be observed, the voltage signals oppose each other while their magnitudes
remain the same, being the small difference attributed to the experimental error.
Consequently, we can be confident and conclude that the main contribution to the
LSMO-a/Pt voltage signal lines observed in Fig. 5.31b comes from ISHE, being the
effects from spin rectification and temperature negligible in this system.

Spin Hall Angle

Just as in the previous systems, the spin Hall angle ©gp for the LSMO-a/Pt sample is
calculated according to Eq. 4.17. Again, the spin diffusion length is fixed to A\gqg = 3
nm since this system presents similar values of resistivity as in the LMO/Pt system.
However, it should be clarified by experiments in the future for better results. The
difference in damping before and after the Pt deposition process was calculated by
considering the damping value of the LSMO-d single-film from Section 5.2.3% (see
Table 5.5). So, the resulting 250K ©Ogy as a function of the resonance frequency is
shown in Fig. 5.33. It is worth noting the scattering of points and the error in the
high-frequency values, which is reflected in the standard deviation (orange region in
Fig. 5.33). The resulting mean spin Hall angle at 250K is ©gyy = 0.7940.34 %, which

2Tt is worth mentioning that although the LSMO-d film thickness is different than the one con-
sidered here (i.e., 12.8 nm in front of the 17.1 nm of the LSMO-a film) the measured damping does
not change. This was confirmed by measuring the damping of an equivalent LSMO single-film of 17
nm, but it is not shown here for simplicity.
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is, within the experimental error, similar to that obtained in Py/Pt from Chapter 4
and to reported values in similar LSMO/Pt systems [215].
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Figure 5.33: Spin Hall angle ©gpy value estimated according to Eq. 4.17. The dashed line and
colorized region correspond to its mean and standard deviation, respectively. The parameters
used for the calculation are: w = 200 pm; pohy = 50 p'T; Glfif =1.53x 10 m~2; and \yq = 3
nm.

In this first section, we demonstrate the high-quality spin injection capabilities
of the LSMO in contact with Pt. It is the topic of the next section to probe the
spin-to-charge conversion efficiency of SIO in LSMO/SIO bilayers.

5.2.3 Spin to Charge Conversion in La2/3sr1/3MnO3/SrIr03 Bilayers

As is previously seen, spin injection processes in FM/NM heterostructures depend
on the quality of interfaces that modulate the interface mixing conductance. Thus,
one way to influence the spin injection processes is by modifying the interface. With
this objective in mind, in this section we prepare samples of the LSMO/SIO system
with different interfaces. Specifically, two distinct LSMO/SIO samples on top of STO
substrates were prepared. The difference between these two samples strives in the fact
that one has the SIO deposited Ex situ, while in the other one the SIO is deposited
In situ. Therefore, presumably the LSMO/SIO interface will be clearly different. In
both cases, the deposition conditions of the LSMO and SIO films are completely equal.
The growth conditions of the LSMO films are exactly the same as those described
in the previous section, i.e., growth at 900°C and 140 mTorr of pressure in Ar-Os
atmosphere for 25 min, followed by a thermal treatment at 900°C in high-pressure
oxygen atmosphere for one hour. The SIO was also deposited at 900°C, but at a
relatively lower pressure (110 mTorr) in Oy atmosphere for 20 min. In addition,
no thermal treatment was applied at the end of the deposition. For simplicity, the
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sample in which the SIO capping film was deposited Ez situ is labelled as LSMO-
b/SIO, while the other one is called LSMO/SIO-c. The XRD characterization and
magnetic properties of these two samples are shown in Fig. 5.34. The similarities
between these samples and the LSMO-a/Pt one are clear. The SIO (004) peak in the
6 — 20 scans is appreciated in both samples (see Fig. 5.34a). The LSMO thickness
is 15.4 nm in the LSMO-b/SIO sample, as determined from the XRR curve of the
LSMO-b film (i.e., before the SIO deposition), which corresponds to the dark blue
curve in Fig. 5.34b. On the other hand, since the XRR curve of the LSMO/SIO-c
sample is a superposition of both LSMO and SIO contributions (see the red curve
in Fig. 5.34b), it is difficult to disentangle the thickness of each film separately. In
order to overcome this issue, the XRR curve of each bilayer was simulated by means
of the zrayutilities package from Python [246]. The resulting fitted curves correspond
to the black dashed lines in Fig. 5.34b. The outcome of this simulation is that
the thickness of the LSMO film in the LSMO/SIO-c sample is 14.02 nm, whereas
the thickness of the SIO capping layer is 9.6 nm in the LSMO-b/SIO sample and
10.1 nm in the LSMO/SIO-c sample. However, in order to check the validity of
this result, an additional SIO film was prepared on top of STO for calibration. The
deposition conditions and deposition time of this film are exactly the same as the
ones from LSMO-b/SIO and LSMO/SIO-c. Its XRD characterization, including the
XRR measurement, are shown in Fig. 5.35. The XRR curve of this calibration film
gives a thickness of 9 nm, which is in accordance with the simulated curves.

The SQUID magnetic characterization of the films is included in Figs. 5.34c and
5.34d. As can be observed, the T, is about 310K (just as in the LSMO-a/Pt sample),
while the saturation magnetization at 10K of the LSMO-b/SIO sample is about 525
emu/cm?, whereas that of LSMO/SIO-c is only 460 emu/cm?®. This difference may
have a component of uncertainty arising from a bad estimation of the LSMO thick-
ness in the LSMO/SIO-c sample. Nevertheless, regardless of the absolute value of
magnetization, the magnetic behaviour of both samples is almost identical.

The SEM images of the SIO surface in both systems as well as their respective RSM
are shown in Fig. 5.36. As can be observed from the SEM images in Figs. 5.36a and
5.36b, the surface morphology in each sample is very different. In Fig. 5.36a, which
corresponds to the LSMO-b/SIO sample, the characteristic LSMO twins are clearly
appreciated and the surface in general resembles that of the LSMO-b/Pt sample
(see Fig. 5.28a). This observation indicates that the SIO film is flat and continu-
ous, and follows the LSMO-b surface structure underneath. Conversely, the surface
depicted in Fig. 5.36b, which corresponds to the LSMO/SIO-c sample, presents ran-
domly scattered clusters of square-shaped structures on top of the LSMO surface
(the twins of which can be observed underneath). On the other hand, the RSM of
the (103)gTo peak reveals that the LSMO/SIO-c¢ sample is fully strained on top of
the STO substrate (Fig. 5.36d), while the SIO peak in the LSMO-b/SIO sample is
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Figure 5.34: a) 6 — 20 scan of the STO-(004) reflection. b) X-ray reflectivity curves showing
the calculated thickness of each film. The black dashed lines correspond to the simulation
performed by the zrayutilities package from Python. In overall, the thickness of the LSMO
film is 15.4 nm in the LSMO-b/SIO sample and 14.02 nm in the LSMO/SIO-c sample. While
that of SIO is 9.6 nm in the LSMO-b/SIO sample and 10.1 nm in the LSMO/SIO-c sam-
ple. ¢) Magnetization vs temperature curves with the magnetic field applied in-plane. d)
Magnetization hysteresis loops at 10K.

slightly displaced to the right with respect to the STO and LSMO peaks (Fig. 5.36¢)

The FMR, spectral curves at each resonance frequency fres as a function of the
magnetic field are shown in Fig. 5.37. The measurement was performed at 250K. The
resonance field Hys and linewidth AH of each FMR absorption curve was obtained by
fitting each FMR curve according to Eq. 4.2 from Chapter 4. The f;.s dependence on
Hies is shown in Fig. 5.38a, while the f,es dependence on AH is depicted in 5.38b. As
can be observed from Fig. 5.38a, the LSMO/SIO-c sample resonates at slightly larger
magnetic fields than LSMO-b/SIO. This difference may be attributed to a smaller
value of magnetization in the former case, which would be in accordance with the
magnetic characterization results presented in Figs. 5.34c and 5.34d. Nevertheless,
the shift-to-the-right observed in Fig. 5.38a is too small to explain the difference in
magnetization from SQUID measurements. This may suggest that there has been

Chapter 5 135



Complex Oxide Heterostructures for Spin Electronics

Counts (arb. units)

100000 T T

(a)

10000

1000

100

(b)

9 nm

100
20 (deg)

105

110 1 2 3
20 (deg)

100000
10000 &
i
35
1000 £
S
2
100 §
[o]
o
10

Figure 5.35: a) 6 — 26 scan of the STO-(004) reflection. b) X-ray reflectivity curve showing
the calculated thickness of the calibration SIO film (9 nm)
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Figure 5.36: a) SEM image of the surface from the LSMO-b/SIO sample. b) SEM image of
the surface from the LSMO/SIO-c sample. ¢) RSM of the (103)sto peak of the LSMO-b/SIO
sample. ¢) RSM of the (103)sto peak of the LSMO/SIO-c sample.

an overestimation of the LSMO thickness value in the LSMO/SIO-c¢ sample and that
the real value may be actually lower than 14 nm. Moreover, the AH dependence
on fres (see Fig. 5.38b) is different in each sample. This difference indicates that
the overall magnetic relaxation mechanisms and even the spin transport properties
of the LSMO/SIO interface are different. On top of that, it can be observed that the
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resonance linewidths of the LSMO/SIO-c sample are consistently larger than the ones
from the LSMO-b/SIO sample in the whole range of frequencies studied. This feature
could be related with the square-shaped structures only observed at the LSMO/SIO-c
surface (see Fig. 5.36b), which could be viewed as the result of some sort of granular
growth. In this picture, the structure-to-structure boundaries (or grain boundaries)
would act as additional scattering centers for magnetic relaxation, thus enhancing A H
[217]. Furthermore, regarding the linear dependence between AH and fi.s, it can be
observed that in the case of the LSMO/SIO-c sample this dependence is loosely linear.
On the other hand, in the LSMO-b/SIO sample, the linear relation is completely lost
for fres > 10 GHz, exactly like in the LSMO-a/Pt sample. Nevertheless, while in the
latter, for fres > 10 GHz, AH reached and maintained a constant value of 70 Oe, in
the LSMO-b/SIO sample the AH dependence with frequency above 10 GHz is more
disperse and vague, oscillating around 150 Oe.
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Figure 5.37: FMR curves of both samples at 250K as a function of the magnetic field and at
each frequency.

The main magnetodynamical parameters obtained from the fits in Fig. 5.38 (see
the dashed lines) are compiled in Table 5.4. It should be noted that, in both samples,
the saturation magnetization My has been fixed using the value obtained by SQUID
magnetometry (see Fig. 5.34c). As has been mentioned, however, the M, from the
LSMO/SIO-c sample is underestimated due to the overestimation of the LSMO film
thickness. Thus, the fact that the surface/interface anisotropy field Hy enters in the
Kittel equation as 4w Mg = 4w M — Hy (see Eq. 5.1) means that an underestimation
of M, entails an overestimation of Hy and vice versa. As a result, the Hy value of the
LSMO/SIO-c sample that appears in Table 5.4 must be read with caution. Despite
this, the fitted values are not very different from the ones obtained in the LSMO-a/Pt
sample (see Table 5.3) nor from the LMO/Pt system (Table 5.2), as expected owing
to their similarities.

Now we move on to present the transverse voltage measurements from LSMO-
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Figure 5.38: a) Resonance frequency fies dependence on the resonance field H,.s and fitted
according to Eq. 5.1. b) Resonance linewidth AH dependence on f,es showing the non-linear
dependence followed. The fitting has been performed by using Eq. 4.4 from Chapter 4.

Table 5.4: Main magnetodynamical parameters obtained from the fitting of FMR spectra at
250K. Each value is accompanied by its own standard deviation. It is important to notice that
Hy = 2K5/M, and Hy = 2K,4/M; are the anisotropy fields. The saturation magnetization
value M is taken as a fixed, imposed value for the fitting process.

Sample M; poH> poHy v/2m Qeft AH(0)
(emu/cm?) (mT) (mT) (GHz/T) | (x1073) (Oe)
LSMO-b/SIO | 326.27 (fixed) | -184 +8 | -7.7 +£1.5 | 28.77 £0.5 | 4.1 +£1.5 | 70.4 + 22.7
LSMO/SIO-c | 255.73 (fixed) | -192 +3 | -8.15 £ 0.8 | 29.21 + 04 | 89 + 1.5 | 57.1 +£ 223

b/SIO and LSMO/SIO-c samples. The 250K voltage signal lines at each frequency
as a function of the magnetic field are shown in Fig. 5.39. The first striking feature
in these measurements is that the voltage lines are only observed at some resonance
frequencies (the missing voltage curves are not included for the sake of clarity). A
concise explanation of why are there missing frequencies is difficult to make, but it
may be related with the fact that the actual magnitude of the voltage signals (i.e.,
peak maximum) is close to the detection limit of the equipment (=~ 0.01 xV). In
addition to this, it may as well be noted that the resistivity of SIO is larger than
the one from Pt, for instance, and that may hamper the electrical contact quality
between the sample itself and the sample holder, resulting in noisier measurements.
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On top of that, it is important to recall that, as far as we know, the voltage signal
has a non-monotonic dependence on the resonance frequency, so there may possibly
be voltage signals the magnitude of which is lower than the detection limit of the
equipment. In overall, we believe that a combination of these three situations could
explain why some of the voltage lines are missing in the first place.
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Figure 5.39: Voltage signal lines as a function of the applied magnetic field at each resonance
frequency and at 250K. The number at each resonance line denote the corresponding resonance
frequency, while the fitting of each signal has been performed according to Eq. 4.9

With respect to the actual measured voltage signal lines in both samples, it is
found that they are all are positive, just as in the previous samples where ISHE was
measured. However, as mentioned earlier, the magnitude of the signals is close to
the detection limit of the equipment, thus the noise of the measurement becomes
an important source of error, making it impossible to discern the relative weight of
symmetric and antisymmetric contributions. This is more evident in the voltage signal
lines of the LSMO /SIO-c sample (see Fig. 5.39b). Despite this, just as in the previous
samples, the voltage signal was measured by reversing the magnetic field direction in
order to evaluate the possible thermoelectric effects contributions. These results are
shown in Fig. 5.40. As can be observed from Fig. 5.40a, which corresponds to the
results of the LSMO-b/SIO sample, the positive and negative voltage signals are very
different from each other. Specifically, the voltage signals at 7 GHz do actually have
opposite signs but their magnitude and lineshape are different. A similar situation
is also found for the 13 GHz voltage lines, in which we were unable to realise a
proper fit on the negative 13 GHz voltage line. Moreover, in Fig. 5.40b, the positive
and negative voltage signals of the LSMO/SIO-c sample are very similar but highly
embedded in noise.
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Figure 5.40: a) Voltage signals of the LSMO-b/SIO sample at fies = 7 GHz and fros = 13
GHz and at 250K under field inversion. b) Voltage signals of the LSMO/SIO-c sample at
fres = 7 GHz and at 250K under field inversion. The fitting of each signal (black lines) has
been performed according to Eq. 4.9

Consequently, by looking at these results (Figs. 5.39 and 5.40), we are unable to
unambiguously conclude that ISHE is the main contribution to the voltage measure-
ments observed. We identify the small magnitude of the voltage signals as the main
problem, since in this regime the detection limit of the equipment and the actual volt-
age signals are of the same order of magnitude. As a result, the current experimental
goal is to obtain LSMO/SIO bilayers in which the ISHE voltage signal increases.
For doing so, we did prepare yet another STO// LSMO/SIO sample with the SIO
deposited Ez situ. The deposition conditions of both LSMO and SIO films are the
same as in the previous samples. However, we changed the deposition time. In the
new sample, the LSMO film did grow for 20 min (instead of the 25 min employed in
the old samples), whereas the SIO capping layer did grow for 11 min (instead of 20
min). This did obviously result in thinner films. This decision follows directly from
Eq. 5.2, in which the dependence of the ISHE voltage signal on different parameters
is specified. In this case, a thinner LSMO film should result in an increased difference
of damping (see Eq. 4.6), while a thinner SIO will presumably shorten the difference
between tsio and Agq, being tsio and Agq the thickness and spin diffusion length of
SIO, respectively. The overall resistance of the bilayer should increase as well. In
overall, according to Eq. 5.2, these changes should result in an increased ISHE volt-
age signal. For simplicity, we label this sample as LSMO-d/SIO. The remaining part
of this section is devoted to presenting the characterization and voltage measurements
of this new sample.
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In Fig. 5.41, the XRD and magnetic characterization of the LSMO-d/SIO sample
is shown. As can be observed from Fig. 5.41b, the thickness of the LSMO-d film is
about 12.8 nm. On the other hand, the thickness of the SIO capping layer is estimated
to be around 5 nm. This thickness was estimated from the growth rate established
from the calibration SIO film (see Fig. 5.35b). The magnetic characterization of
the sample (Figs. 5.41c and 5.41d) shows that the T, of the sample is 290K, while
its saturation magnetization at T = 10K is about 420 emu/cm3. Compared with
the preceding samples, both T, and saturation magnetization are lower. This may
simply be related with the reduction of the LSMO thickness, as pointed out by some
authors [211]. In either case, the sample presents robust ferromagnetic order and
very low coercive field. Additionally, the SEM image of the LSMO-d/SIO surface is
shown in Fig. 5.42. As can be observed, the characteristic LSMO twins are clearly
appreciated, thus indicating that the SIO film is flat and continuous. Unlike in the
previous samples, the RSM of this sample was not measured.
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Figure 5.41: a) 6 — 20 scan of the STO-(004) reflection of the sample before and after the SIO
deposition. b) X-ray reflectivity curve showing the calculated thickness of the LSMO-d film
(12.8 nm). ¢) Magnetization vs temperature curves with the magnetic field applied in-plane.
d) Magnetization hysteresis loops at 10K. Figures show the results for the system before the
SIO deposition (light blue lines) and after the SIO deposition (purple lines).
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Figure 5.42: Scanning electron microscopy (SEM) image of the LSMO-d/SIO sample surface.

Now we move on to present the FMR characterization of the LSMO-d/SIO sample
before and after the SIO deposition. The 250K FMR spectra is shown in Fig. 5.43.
Each FMR curve was fitted using Eq. 4.2 in order to extract their respective resonance
field Hyes and linewidth AH. The resonance frequency fi.s dependence curves of these
quantities for the sample before and after the SIO deposition are shown in Fig. 5.44.
It can be observed that the curves in Fig. 5.44a nearly overlap with each other. The
small shift to the right after the SIO deposition may be due to a small decrease in the
saturation magnetization, but according to the magnetization vs temperature curve
in Fig. 5.41c, the magnetization of the sample before and after the SIO deposition
is almost identical. Therefore, the observed shift must be related with the change of
some other quantity. In fact, by fixing the saturation magnetization value and fitting
each curve with the Kittel equation (Eq. 5.1), one can see that the surface/interface
anisotropy field Hy in both samples is a bit different (see Table 5.5).
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Figure 5.43: FMR spectra as a function of the magnetic field of the LSMO-d/SIO sample
before and after SIO deposition. The measurement has been performed at 250K. The numbers
beside denote the resonance frequency of each individual absorption line.
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Figure 5.44: a) Resonance frequency dependence on the resonance field for the sample before
and after SIO deposition. The fits are made according to Eq. 5.1. b) Resonance linewidth
dependence on the resonance frequency for the sample before and after SIO deposition. The
fits are made according to Eq. 4.4. Both measurements are performed at 250K.

Moreover, the AH dependence on fies (Fig. 5.44b), shows a general increase of AH
upon SIO deposition in the whole range of frequencies studied, which is translated
into an increased Gilbert damping o: from 2.2x1073 for the LSMO-d film alone to
3.6x1073 for the LSMO-d/SIO bilayer. From the difference in damping the spin
mixing conductance of the LSMO-d/SIO bilayer can be estimated (see Eq. 4.6),
obtaining a value of Glﬁf = 4.08 x 10'® m2, which is larger than previously reported
values in LSMO/SIO systems [211, ]. The experimental data was fitted according
to Eq. 4.4 and the obtained parameters are listed in Table 5.5. In overall, the
magnetodynamical properties of the LSMO-d/SIO sample are very similar to those
observed in the previous LSMO-a/Pt, LSMO-b/SIO, and LSMO/SIO-c samples. The
H> anisotropy field has a similar value in all cases, thus suggesting that it arises from
the STO// LSMO interface, as discussed before. Nevertheless, a STEM study followed
by EELS chemical analysis of these samples (in progress) should clarify the origin of
this large anisotropy.

The 250K transverse voltage measurements of this sample are presented in Fig.
5.45. In this case, it can be observed that the average magnitude of the voltage
signal lines has increased with respect to the previous LSMO-b/SIO and LSMO/SIO-c
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Table 5.5: Main magnetodynamical parameters obtained from the fitting of FMR spectra at
250K. Each value is accompanied by its own standard deviation. It is important to notice that
Hy; = 2K5/M, and Hy = 2K4/M; are the anisotropy fields. The saturation magnetization
value M is taken as a fixed, imposed value for the fitting process.

Sample M o Ho toHy /2w o AH(0)

(emu/cm?) (mT) (mT) (GHz/T) | (x1073) (Oe)
LSMO-d 183.02 (fixed) | -230.2 £ 5.7 | -2.9 403 | 2844 £0.1 | 22 +£03 | 23.0 £ 0.5

LSMO-d/SIO | 183.02 (fixed) | -194.4 + 1.6 | -3.6 £ 0.8 | 28.53 £ 0.2 | 3.6 £ 0.8 | 58.7 £+ 1.3

samples. Moreover, contrary to what is observed in these previous measurements, the
voltage signals in this case are clearly appreciated in the whole range of frequencies
studied. In addition, it should be noted the resemblance between these measurements
and the previous results from Py/Pt, LMO/Pt and LSMO-a/Pt. The measured
voltage is symmetric and positive, and its magnitude is similar but a bit lower to the
one obtained when using Pt as the capping layer. Moreover, just as in the LSMO-a/Pt
sample, we presume that the SRE contributions are scarce.

0045 4 |5 LSMO-d/SIO 250K
L 9 _V
0.030 ! " 13 .
S UL —Fit A
=
= 0015 |
> [
0.000
0015 | | | | . | |
0 1000 2000 3000 4000
H (Oe)

Figure 5.45: Transverse voltage signal lines at 250K of the LSMO-d/SIO sample as a function
of the magnetic field. The numbers beside each curve represent the resonance frequency
employed.

The voltage signal lines at 5 GHz, 9 GHz, and 13 GHz were measured upon mag-
netic field inversion in order to evaluate the role of thermoelectric effects in the system.
These measurements are shown in Fig. 5.46. Despite the error induced by the experi-
mental noise, it is obvious that the transverse voltage signals completely reverse upon
field inversion, and share the same magnitudes (with opposite sign) and lineshapes.
Therefore, we can conclude that the transverse voltage signals from Fig. 5.45 are
entirely due to ISHE, being the SRE and temperature contributions mild in this case.
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Figure 5.46: Transverse voltage signal lines at 250K of the LSMO-d/SIO sample with the
magnetic field direction reversed at 5 GHz, 9 GHz, and 13 GHz. The fitting of each signal
(black lines) has been performed according to Eq. 4.9

Spin Hall Angle

Owing to the quality of these measurements, we can finally estimate the spin Hall
angle Ogy of SIO from the LSMO-d/SIO sample voltage results. For this calculation,
a spin diffusion length of about 1 nm (lower than the estimated one for Pt ~ 3 nm)
is used, according to previous reports in the literature [240), , |. The resistance
of the sample is taken from from Ref. [239], but a careful estimation of actual values
in our samples is required for a better quantification of GOgy. The calculated Ogp of
the LSMO-d/SIO sample at 250K is shown in Fig. 5.47. Again, the points at higher
frequencies present large error bars. In average, however, the spin Hall angle of SIO is
determined to be 1.12 + 0.45 %, which is remarkably similar to that obtained for the
well-known Py /Pt system, therefore suggesting that SIO could be a good spin-Hall
material. This result may be envisioned as a first step towards the development of
high-quality spin-to-charge conversion devices based on all-oxide heterostructures.
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Figure 5.47: Spin Hall angle Ogy value according to Eq. 4.17. The dashed lines and colorized
region correspond to its mean and + standard deviation, respectively. The parameters used
for the calculations are: w = 200 pum; pohys = 50 uT; R = 25 € Glfif = 4.08 x 10'® m~2;
Asg = 1 nm.
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Chapter

Spin Hall Magnetoresistance in

La,CoMnQg/Pt bilayers

In this Chapter, the novel spin Hall magnetoresistance is measured in the
LagCoMnOg/Pt bilayer system. In Section 6.1 the effect itself and the
main experimental aspects regarding its measurement are presented. More-
over, in Section 6.2, the deposition conditions and the characterization of
the LagCoMnOg/Pt bilayer are included. Section 6.3 shows all the angular-
dependent and field-dependent magnetoresistance measurements as a function
of temperature. The discussion and interpretation of these results is the object
of this section. Finally, in Section 6.4 a theoretical model is used for interpret-
ing the obtained results with the object of disclosing the surface magnetic state
at the LCMO/Pt interface.

6.1 Description of the Experiment

The novel spin Hall magnetoresistance (SMR) is a magnetoresistive effect that arises
from the combined action of both spin Hall (SHE) and inverse spin Hall (ISHE)
effects in ferromagnetic insulator/normal metal (FMI/NM) hybrid systems [14, 57].
When a charge current is applied in the NM layer of the system, a transverse spin
current is generated via SHE and directed towards the sample edge, i.e., the FMI/NM
interface, resulting in a net spin accumulation within the NM film. Then, the spin
current can be either reflected at the interface when the magnetization vector M of
the FMI is parallel to the spin polarization & of the spin current, or absorbed by the
FMI by means of spin transfer torque when M is perpendicular to &, leading to an
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increase of resistance in the NM layer in the latter case [93, , ]. An schematic
illustration of this effect is shown in Fig. 6.1. More interestingly, due to the surface
sensitive nature of SMR [250], it may be envisioned as a convenient tool for studying
the surface magnetization of FMI films [251, 252, 253].
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Figure 6.1: Spin Hall magnetoresistance schematic diagram. A charge current j. induces a
transverse spin current toward the normal metal (NM)/ferromagnetic insulator (FI) interface
due to spin Hall effect (SHE). When the spin polarization o is parallel to the magnetization
vector of the FI (M), the spin current is only partially absorbed or completely reflected back
to the NM layer, in which it is transformed to a charge current again via inverse SHE (ISHE).
On the other hand, when o is perpendicular to M, the spin current induces a torque on
M, being absorbed in the process and not being able to contribute to the preceding charge
current by means of ISHE. This difference gives rise to two differentiated resistance states.
This image has been adapted from Ref. [254].

Experimentally, SMR can be measured by performing a combination of angular-
dependent (ADMR) and field-dependent (FDMR) magnetoresistance transport mea-
surements. Namely, the ADMR measurements consist in mapping the longitudinal
resistivity pr, of the system, i.e., the resistivity measured along the charge current
direction, while rotating the applied magnetic field. The three main angles of rota-
tion are labeled as «, 3, and v and the magnitude of the magnetic field is fixed. The
FDMR measurements, on the other hand, measure pr, as a function of the magnetic
field magnitude in each of the three orthogonal directions (z, y, z). The geometry of
the measurement, including the main angles of rotation, is sketched in Fig. 6.2. The
orange Hall bar depicted in the figure represents the FMI/NM system, and its specific
features are commented in the next section when discussing the sample preparation.
Additionally, it is important to mention that these transport measurements were per-
formed in a Physical Properties Measurement System (PPMS by Quantum Design),
which controls the magnetic field magnitude and direction. The applied electric cur-
rent was generated by a Keithley 6221 current source meter and the voltage difference
was measured with a Keithley 2182A nanovoltmeter (see Appendix A.2.3 for further
details on the experimental setup).
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Figure 6.2: Spin Hall magnetoresistance experimental setup. The three main rotation angles
are represented by the angles «, 3, and v and define the angles of rotation of the magnetic field
in the ADMR measurements. It is important to note that o = 0 corresponds to the magnetic
field pointing in the y direction, 8 = 0 to the magnetic field parallel to the y direction, and
v = 0 to the magnetic field pointing again in the z direction. The axes and colours which
define the FDMR measurements, denoted by z, y, and z are shown at the top-left corner of
the image.

According to the coordinate system depicted in Fig. 6.2, the spin current generated
by SHE in the NM is directed to the interface (—z direction) with its spin polarization
vector & parallel to the y-axis. As a consequence, since SMR depends on the relative
orientation between the magnetization vector of the FMI and &, one would expect to
observe experimentally a modulated response in pr, at the o and § ADMR measure-
ments (with the same magnitude), while a constant, flat response at v. This specific
angular dependence is different from the one expected to arise from anisotropic mag-
netoresistance (AMR), for instance. In this case, since AMR depends on the relative
orientation between the magnetization and the applied charge current (denoted as
Jje and parallel to the z-axis in Fig. 6.2), one would expect to observe a modulated
response in pr, with respect to a and -, while no modulation at all with respect to
B [249]. Therefore, in the event that the FMI/NM system presents AMR (e.g., due
to the partial magnetization of the NM film for being in close contact with the FMI
layer), ADMR measurements are a convenient way to discern between it and SMR.
Moreover, it is expected that the magnetic properties of the ferromagnetic insulator
film will be reproduced in some way in the FDMR measurements. For instance, the
trace and retrace FDMR measurements should present hysteresis around the coercive
field values of the film. In addition to that, a gap at H = 0 should be observed as a
consequence of the different resistivity states when measuring pr,(H, .) and pr,(Hy),
being pr,(H;) the FDMR measurement along the i-th magnetic field direction (i = z,
y, z) [14, 249].

Formally, according to SMR theory [14, 250], the longitudinal resistivity of the NM
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layer is given by

pL = po + Apo + Apy (1—m}), (6.1)

where m = (mg, my, m,) = M /M, are the normalized projections of the magneti-
zation of the FMI film with respect to the three main axes (see Fig. 6.2) and Mj is
the saturation magnetization. The Drude resistivity is denoted by pg, and Apg repre-
sents a correction due to spin-orbit coupling [14]. The SMR amplitude is represented
by Ap;. Additionally, Apg and Ap; can be expressed in terms of the spin-mixing
conductance at the interface G = G, +iG; as [249]

A t
Apo = 2030 — 20300~ tanh < all ),
INM 2Xad

NG tanh? (%) (6.2)

Asd
Apl = 2@%Hp0t > R ;
N | g + 20 G coth (522)

where Ogy is the spin Hall angle, A\gq is the spin diffusion length, and tny and
oo = 1/pg are the thickness and conductivity of the NM layer. It is worth noting
the dependence of SMR on the square of the Hall angle, due to the fact that it is a
second order effect on spin-charge current Hall interconversion.

In this Chapter, we present and discuss the ADMR and FDMR measurements
in a sample composed by the ferromagnetic insulator LapCoMnQOg in contact with
Pt, which acts as the non-magnetic, high spin-orbit coupling metallic part of the
system. The magnetic properties of the double prevoskite manganite LasCoMnQOg are
strongly dependent on the B-site cationic ordering of the double perovskite structure.
This follows from the fact that the ferromagnetism in these films is mediated by
superexchange interaction between Co*? and Mn™* cations [255]. In this scenario,
cationic disorder promotes the appearance of MnT*—0O—Mn** and Cot?—0—Co™?
bonding, generating antiferromagnetic superexchange interactions and lowering both
the saturation magnetization and Curie temperature in partially disordered samples
[256]. Regarding to this, full B-site cationic order results in a LapsCoMnOg with a
relatively high Curie temperature (7. ~ 230 K) and a saturation magnetization of 6

up/fu..

At this point, it is important to mention that the experimental findings and the
subsequent discussion presented here are the result of a fruitful, joint collaboration be-
tween our research group in ICMAB-CSIC at Barcelona (Spain) and the Nanodevices
group from the BRTA CIC nanoGUNE, in Donostia-San Sebastian (Spain).
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6.2 Samples Preparation

LagCoMnOg (LCMO hereafter) films were prepared by means of RF magnetron sput-
tering on top of a (100)-LaAlO3 (LAO) single-crystal substrate. Films were prepared
following the same deposition conditions described in Refs. [250, ]. These con-
ditions comnsist in growing the film at 900°C and 360 mTorr pressure in oxygen at-
mosphere. In this case, the deposition time was one hour. Once the deposition time
was over, a two hour long thermal treatment at 900°C and high pressure in oxygen
atmosphere took place. In Fig. 6.3, the X-ray reflectometry (XRR) (Siemens D5000
diffractometer) curve used to extract the thickness of the film is shown. In this case,
the film thickness is about 15.6 nm.
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Figure 6.3: X-ray reflectometry measurement of the LCMO thin film grown on top of LAO.

The magnetic characterization of the film was carried out by means of SQUID mag-
netometry (MPMS-XL by Quantum Design). In Fig. 6.4, the zero-field-cooled /field-
cooled (zfc/fc) magnetization curves (see Appendix A.2.1) at H = 1 kOe and mag-
netization hysteresis loop, M(H), at T'= 10 K are shown. It is important to mention
that the magnetic field was applied parallel to the sample surface. From the zfc/fc
curves depicted in Fig. 6.4a, it can be observed that the LAO// LCMO thin film
has a Curie temperature of 255K. Moreover, the magnetization hysteresis loop at
10K depicted in Fig. 6.4b shows that the film presents a saturation magnetization of
~ 5 pp/f.u. and a coercive field of ~ 10 kOe. It is important to recall that cationic
order is crucial for obtaining LCMO films with the optimal magnetic properties. As
already mentioned, oxygen vacancies [258] or cationic disorder [259] promote the ap-
pearance of antiferromagnetic interactions. As a consequence, as mentioned before,
full cationic ordering of Co*2?/Mn** allows achieving the theoretical saturation mag-
netization value of 6 ug/f.u. and 7. ~ 230 K [256]. Thus, one may infer that there
exist some level of disorder in our films, since the T, is relatively high but the sat-
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uration magnetization is only 5 pp/f.u.. In fact, the small bumps at 70K observed
in Fig. 6.4a have been correlated with the existence of oxygen vacancies in the film
by some authors [258]. As a final remark, it is observed that the easy magnetization
axis lies on the film plane. This feature arises from the fact that LCMO film is under
compressive strain due to the lattice mismatch with the LAO substrate [18, 260, 261].
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Figure 6.4: (a) Zero-field-cooled (empty symbols) and field cooled (full symbols) curves of
the magnetization against temperature at 1 kOe. (b) Magnetization versus magnetic field
hysteresis curve at 10K with the magnetic field applied in the plane of the film (IP).

The next step is the Pt deposition process. Prior to this deposition, however, the
LCMO surface was cleaned by using a combination of acetone and ethanol followed
by an annealing of the whole system at 200°C for 5 minutes on top of a heating plate.
Then, the Pt capping layer was grown by means of DC magnetron sputtering at room
temperature, a pressure of 5 mTorr in Ar-Hs atmosphere and 22W of power for one
minute. The thickness of the Pt film is about 5 nm according to the deposition rate
in these conditions. This rate was obtained by performing a narrow scratch in a
much thicker Pt film deposited in the same conditions and measuring the difference
in height in the scratch with atomic force microscopy. Furthermore, it is important
to mention that the Pt target was manipulated and placed at the farthest possible
distance from the film in our equipment (=~ 13 cm') in order to minimize possible
accidental damage of the LCMO film surface 2.

'In the previous chapters, the Pt target-to-substrate distance was 6 cm.
2The reason behind this is that initially we believed that the Pt deposition process was effectively
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The last step of the sample preparation process is the fabrication of the Hall bar
for transport measurements. In this case, the dimensions of the Hall bar are: length
[ = 800 pm and width w = 100 gum. Optical lithography (Micro-writer ML3 by
Durham Magneto Optics Ltd.) was employed to imprint the pattern on the sample.
Right after that, ion milling (from TSST) was used to subtract the excess of material.
The overall process is analogous to that used in Chapter 4 for making the strips in
the Py/Pt bilayers, for instance. In Figure 6.5a, an actual image of the resulting Hall
bar employed in the measurements is shown. For the measurements, the sample was
placed in a rotating sample holder (rotation pucks), which are PPMS sample holders
specifically designed to rotate the sample with respect to the applied magnetic field.
The puck shown in Fig. 6.5b covers the 5 and « rotation angles, while the one from
Fig. 6.5¢ is specific for in plane rotations (« angle). The electrical contacts between
the sample and puck were made by means of wire bonding (Ultrasonic Wire Bonder
4526 by Kuliche & Soffa).

@

Figure 6.5: (a) Actual image of the Hall bar used for the measurements obtained from the
lithographic process. In this case, the length [ is 800 um and the width w is 100 gm. The
(b) and (c) panels correspond to the rotation pucks (i.e., PPMS sample holders) used for
the measurements where the magnetic field is allowed to rotate out-of-plane and in-plane,
respectively. The images in (b) and (c¢) have been retrieved from [262].

Finally, in Fig. 6.6, the measured longitudinal resistivity pr, as a function of tem-
perature of the Pt capping layer is shown. The resistivity is defined as p;, = wtRy, /I,
where ¢ is the Pt thickness, and Ry, = V1,/1. is the longitudinal resistance, calculated

damaging the LCMO surface and, thus, that much softer deposition conditions were needed. For
clarity, the ADMR and FDMR measurements obtained in previously fabricated LAO// LCMO/Pt
systems using different Pt deposition conditions in each case are compiled in Appendix C.

Chapter 6 153



Complex Oxide Heterostructures for Spin Electronics

from the voltage measured along the Hall bar V7, and the intensity applied (I. = 60
pA). The pr,(T) curve shows that the Pt is metallic in the whole range of tempera-
tures and that its resistivity at 300K is about 43 pf2 - cm. This value, which is four
times larger than that of bulk Pt, is in accordance with other Pt thin films deposited
on complex oxides [101, ]. More interestingly, it has recently been found that
moderately dirty Pt films (i.e., with high resistivity) present larger spin Hall angles
than Pt films with low resistivity when the SHE is dominated by intrinsic mechanisms

[223].
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Figure 6.6: Longitudinal resistivity of the Pt capping layer in the LCMO/Pt sample as a
function of temperature.

6.3 Spin Hall Magnetoresistance Measurements and Re-
sults

In Fig. 6.7, the ADMR measurements at different temperatures below and above
T, are shown. In addition, in Fig. 6.8 the FDMR measurements at the same set of
temperatures are presented. As can be observed from Fig. 6.7, the ADMR normalized
amplitude signal, denoted by Apr,/pr,, presents a sin? (a, B) dependence with respect
to the rotation angles o and . This result follows directly from the mg projection
dependence presented in Eq. 6.1. Moreover, the signal is completely flat with respect
to . This angular dependence, as is mentioned in Section 6.1, is in accordance with
the symmetry expected for SMR (see Eq. 6.1) and thus precludes the existence of
AMR in our system. On the other hand, the observed magnetoresistance (MR) clearly
increases when increasing the applied magnetic field from 1T to 9T. This behaviour
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is unexpected in our system since the magnetization of the LCMO thin film should
be saturated at 4T according to the M(H) curve in Fig. 6.4b. Therefore, one could
expect the increase in amplitude observed from 1T to 4T, but not from 4T to 9T. In
other words, once the saturation magnetization is achieved, the SMR signal should
not depend on the magnetic field magnitude.
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Figure 6.7: ADMR measurements at several temperatures in the main rotation angles defined
in Fig. 6.2: « (blueish points), 8 (reddish points), and « (greenish points). Each measurement
has been performed at three different magnetic fields magnitudes: 1T, 4T, and 9T.

The dependence of the SMR signal on the magnitude of the magnetic field can be
more clearly appreciated in the FDMR measurements from Fig. 6.8. In this case, as
can be observed, the normalized amplitude signals measured when the field points
in the = and z directions (denoted as H, and H, in Fig. 6.8, respectively) overlap
with each other and increase almost linearly in the whole range of temperatures
studied. Moreover, when the magnetic field points in the y direction (H,), the signal
is completely flat, as expected (since in this case, the magnetization is parallel to the
build-up spin accumulation at the interface) down to 100K. At this temperature and
below, however, the MR is non-zero and negative, gradually increasing with respect
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to the magnetic field magnitude. Additionally, it is important to mention that the
FDMR curves shown in Fig. 6.8 present the measurements with the magnetic field
running from 9T to —9T. Thus, in Fig. 6.9, the 100K and 50K FDMR measurements
with the field running from 9T to —9T and then back from —9T to 9T (i.e., the trace
and retrace configurations, respectively) are shown in order to probe the hysteretic
nature of the FDMR measurements. In this case, however, the observed results are in
sharp contrast with those observed in other magnetic systems in the literature such as
YIG/Pt [249, 250, 263] or CoFeaOy4/Pt [253], in which the hysteresis of the magnetic
film is reproduced in the FDMR measurements. Moreover, the usual gap due to the
different resistivity states at H = 0 for different field directions is also absent in our
measurements for the whole range of temperatures.
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Figure 6.8: FDMR measurements at several temperatures in the main axes defined in Fig.
6.2: x (black lines), y (violet lines), and z (orange lines).

Nevertheless, the most surprising feature in Figs. 6.7 and 6.8 is that the normalized
amplitude signal is maintained well above T, (255K according to Fig. 6.4a), even at
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Figure 6.9: FDMR measurements at 100K and 50K in the main axes with the field in each
case running from 9T to —9T (trace, denoted by Tr) and from —9T to 9T (retrace, denoted
by Ret).

room temperature without decreasing its amplitude. In general, one would expect
an abrupt decrease of the SMR signal at the ferromagnetic-paramagnetic transition
temperature, but this is clearly not the case in our sample. In order to better visualize
this result, Fig. 6.10 shows the SMR normalized amplitude Ap;/py, at 1T, 4T, and
9T as a function of temperature, from 320K to 10K. These values were extracted
from the fitting of the ADMR curves in Fig. 6.7 by using Eq. 6.1. It is clearly
observed that the SMR amplitude is constant in the whole range of temperatures
down to 50K, from which a mild decrease is observed. For completeness, the ADMR
and FDMR measurements performed at 25K and 10K are added in Fig. 6.11. In this
case, as can be observed, an anomalous positive MR in the H, direction develops in
the 25K and 10K FDMR measurements (see Fig. 6.11a). The origin of this parabolic
contribution, which adds up to the SMR-like MR at higher temperatures, is not clear.
In addition, these low-temperature effects, which are not observed for any other set
of temperatures, might be at the origin of the decrease in the SMR signal below 50K
observed in Fig. 6.10. It is beyond the scope of this Thesis to clarify the origin of
this low-temperature behaviour.

At this point, it might be convenient summarize the main results and observations
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Figure 6.10: SMR normalized amplitude (Ap;/p1,) as a function of temperature at different
magnetic field magnitudes extracted from the Apr(a)/pr, and Apr(8)/pr. ADMR measure-
ments in Fig. 6.7. The solid black lines are guides to the eyes.
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Figure 6.11: FDMR (a) and ADMR (b) measurements at 25K and 10K. It is observed an
anomalous parabolic-like positive MR in the y.

derived from the ADMR and FDMR measurements (Figs. 6.7—6.11):

1. The ADMR normalized amplitude signal has the symmetry of SMR (see Eq. 6.1),
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thus the existence of AMR due to magnetic proximity effects can be dismissed (Fig.
6.7).

2. The SMR amplitude increases with increasing the magnitude of the magnetic field
in the whole range of temperatures studied (Figs. 6.7, 6.8, and 6.11).

3. The trace and retrace FDMR curves in the three main directions do not reproduce
the hysteretic nature of the LCMO film nor present the characteristic H = 0 gap
(Fig. 6.9).

4. The FDMR measurements below 100K present an unexpected negative MR in the
H, direction which increases with decreasing temperatures (Fig. 6.8). At the lowest
studied temperatures (10K and 25K), an anomalous parabolic-like positive MR is
observed in the same H, direction (Fig. 6.11).

5. The SMR amplitude does not vanish nor decrease even above T, maintaining a
constant value of ~ 2.5 x 1074 (at 9T) almost from 320K to 50K, from which it
decreases presumably due to the above mentioned positive MR at low temperatures.

Altogether, one could wonder if these results indicate that the magnetic response
of the LCMO surface is decoupled from its bulk. Moreover, another possible sce-
nario could be that of a LCMO/Pt interface in which any kind of interaction between
the spin accumulation within the Pt and the magnetization of the LCMO film is
forbidden. This last possibility, however, entails yet another question: If the spin
accumulation cannot interact with the magnetic system underneath, what does pro-
duce the observed ADMR, and FDMR curves in Figs. 6.7 and 6.87 The rest of this
section is devoted to clarify these questions.

In general, the dependence of the SMR signal with respect to the field magni-
tude in these kind of experiments has been associated with the so-called Hanle MR
(HMR) [2418, 264], a magnetoresistive effect theoretically predicted some years ago by
Dyakonov [741]. Contrary to the SMR effect, HMR does not arise from the interaction
between the spin current and the magnetization at the FMI/NM interface, but from
the combined action of spin precession and dephasing due to the magnetic field [245],
i.e., the Hanle effect. Nevertheless, both effects share the same angular dependence
since they rely on the interaction between this spin current and an external source. In
fact, an expression similar to Eq. 6.1 from SMR can be obtained from spin diffusion
theory in a system in which the MI is absent [218, ],

pL = po+ Apo+ Apy (1 —n7). (6.3)

In this case, the angular dependence is defined by n = (n,,ny,n,) = H/H, which
are the magnetic field projections with respect the three main axes, with H being
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the magnetic field vector and H its magnitude. Furthermore, a direct comparison
between Eqgs. 6.1 and 6.3 shows that both effects have indeed equal angular symmetry.
Moreover, the prefactors Apg, and Ap; in Eq. 6.3 can be expressed as [2418]

tNM 2Xsd
Asd tNM A INM
Ap; = 20% 5¢ tanh — tanh [ ——
f1 GSHPO{tNM an <2>\5d) %L\NM an <2A ﬂ },

where (1/A) = /1/X2,4+i/)\2, with A, = \/D/uovH, and D, v, pg, and H are,
respectively, the diffusion coefficient, gyromagnetic ratio, vacuum permeability, and
magnitude of the magnetic field. It is worth noticing that the spin-mixing conductance
is absent in Eq. 6.4.

A ¢
Apo = 203500 — 20300~ tanh ( NM) :
(6.4)

Hence, the HMR mechanism could explain why the measured MR does not vanish
above T, since it only affects the Pt capping layer, although normally the amplitude
of the HMR is one order of magnitude lower than its SMR counterpart [218, ].
Nevertheless, precisely because HMR, has also the same angular symmetry as SMR,
it cannot by itself explain the negative MR observed below 100K in Fig. 6.8 when
the magnetic field points in the y direction®. Moreover, the fact that this negative
MR vanishes at 100K and not near T, for example, suggests that it is not related
with the magnetic properties of the LCMO film. Consequently, we infer that the
most probable explanation for the results presented in this Chapter is that of the
magnetically decoupled surface layer in the LCMO thin film.

In order to assess the validity of this hypothesis, the cross section of the LCMO/Pt
interface was analysed by means of scanning transmission electron microscopy
(STEM). The STEM characterization was carried out by the Centro Nacional de
Microscopia Electrénica (ICTS-CNME), at the Universidad Complutense de Madrid
(UCM) (Spain), and the technical details regarding this measurement are specified
in the caption of Fig. 6.12. In this figure, the high-resolution high-annular dark-
field (HAADF) STEM image of the LAO// LCMO/Pt system as well as the EELS
chemical analysis of the LCMO/Pt interface are presented. As can be observed from
Fig. 6.12a, the LAO// LCMO interface presents several misfit dislocations, seen as
dark spots in the image, suggesting a partially relaxed LCMO layer, which does not
show any other crystallographic defect. Actually, the LCMO surface just below the
Pt layer is crystalline, defect-free and atomically flat. The EELS chemical analysis
of the LCMO/Pt interface (see Fig. 6.12b) reveals that the surface of the LCMO
film has a different chemical composition with respect to the bulk: in this region, the

3Note that Apg in Eq. 6.4 does not depend on the applied field.
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Co map shows that there are two Co atomic planes missing in the topmost region of
the LCMO layer when compared with the Mn map (see the green and red element
maps in Fig. 6.12b), leaving a single perovskite LaMnOs structure at the interface.
Interestingly, bulk stoichiometric LaMnQg is a Mott insulator and a A-type antiferro-
magnet, however, it may become a ferromagnet in thin film form due to i) structural
strain [190] or ii) by introducing cationic vacancies [189]. Therefore, the chemistry,
and thus the magnetic properties, of the LCMO film at the interface with the Pt differ
from that of the bulk. This result supports the existence of a magnetically decoupled
layer at the surface of the LCMO film.

(a) Pt

b Spectrum Image Lamap Mn map Co map

Figure 6.12: (a) Scanning tunneling electron microscopy (STEM) image of the LAO//
LCMO/Pt system as a whole. (b) Closeup image of the interface between the LCMO film
and the Pt capping layer. The EELS chemical analysis in the region enclosed by the yellow
rectangle shows that, at the topmost layer of the film, Co vanishes, leading to a crystalline
LaMnOg layer at the LCMO/Pt interface. Aberration-corrected STEM was used for mi-
crostructural analysis with atomic resolution. The sample was characterized using a JEOL
JEM ARM200cF operated at 200 kV, equipped with a CEOS aberration corrector and GIF
Quantum ER spectrometer, at the Universidad Complutense de Madrid (Spain). The STEM
images were acquired in high-angle annular dark-field (HAADF) imaging mode. The STEM
specimens were prepared using a FEI Helios nanolab 650, at SEM-FIB microscopy service of
the Universidad de Méalaga (Spain).

Similar results have also been recently reported by Vélez et al. in a LaCoO3/Pt
system [252]. LaCoOg in thin film form is a ferromagnetic insulator perovskite com-
plex oxide. In that case, the results obtained were very similar to our own (i.e., the
SMR amplitude increasing with the magnetic field magnitude; signal above T,; no
reproducible hysteresis nor H = 0 gap observed in the FDMR measurements; and
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negative MR below T;) and it was actually observed that the LaCoQO3 surface was
structurally amorphous and Co-rich. As a result, it was concluded that the reported
peculiar SMR measurements were consistent with a magnetically decoupled, Co-rich
surface layer that behaves as a low-dimensional (1D or 2D) Heisenberg ferromagnet.
In these systems, long-range magnetic order is strongly suppressed due to the effect
of thermal fluctuations [265]. In addition, the Mermin-Wagner theorem [266, 267] for
1D and 2D isotropic and short-range interacting Heisenberg systems precludes the
existence of spontaneous ferro- or antiferromagnetic phase transitions at 7' > 0. In
a way, it resembles to some extent a superparamagnet, which can be described as
a collection of independent clusters of local moments with no long-range magnetic
order nor phase transition. In this context, it is the topic of the next section to
disentangle the magnetic state of the surface layer found in our LCMO/Pt system.
Specifically, we focus on two different models: a 2D Heisenberg ferromagnet and a
superparamagnet.

6.4 Surface Magnetic State of the La,CoMnOg Film

It is the goal of this section to disclose the surface magnetic state of the LCMO film in
order to correctly explain the ADMR and FDMR measurements obtained. For doing
so, we use the microscopic theoretical formalism developed in Ref. [57] and employed
in the above-mentioned work by Vélez et al. [252]. This formalism describes the
spin dependent scattering occurring at a magnetic insulator (MI)/NM interface via a
microscopic model based on the sd coupling between the itinerant s-electrons in the
NM and the local (d) moments on the MI surface [57]. The main difference between
this formalism and the first theories on SMR [14, , | is that the parameters
which govern interface scattering (e.g., spin mixing conductances) are not regarded as
phenomenological but instead are expressed in terms of the sd coupling and the spin
expectation values. The latter are determined by the specific magnetic behaviour
of the MI layer. As a consequence, different magnetic textures can be accordingly
fitted into the formalism. For instance, it has recently been used for studying the
above mentioned low-dimensional ferromagnetic surface state in the LaCoOs3 /Pt sys-
tem [250], for measuring SMR in a system composed by the paramagnetic insulator
Gd3Gas012 in contact with Pt [101], to gain insight into the SMR temperature de-
pendence of the ferromagnetic insulator EuS with Pt as the capping layer [26%], and
more recently, to study the SMR characteristics of Pt in contact with the van der
Waals antiferromagnet MnPSes [269].

The aim of the model is to relate the spin mixing conductances which govern
the spin transport at the MI/NM interface with the spin-relaxation times of the
conduction electrons. Finally, these relaxation times can be expressed in terms of the
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spin expectation values which depend on the magnetic state of the MI. The model
starts by introducing an intermixing, fictitious layer of thickness b near the MI/NM
interface and within the NM film. It is assumed that b << tny and for the calculation
the b — 0 limit is taken. In Fig. 6.13, a schematic diagram of the system is shown.
The sd exchange interaction between the itinerant electrons in the NM and the local
moments in the MI occurs within this fictitious layer, and can be expressed as

Hea = — sdz S - S(Ti)a (65)

Figure 6.13: (a) Schematic diagram of the LCMO /Pt system with the charge current pointing
in the = direction. (b) Closeup diagram of the interface between the MI (LCMO) film and
the NM (Pt) capping layer. The orange region denotes the fictitious b layer, in which the sd
interaction between the itinerant electrons of the Pt and the local magnetic moments of the
LCMO takes place.

where J,4 is the exchange coupling constant, S; is the localized spin operator, and
s(r;) is the spin density of conduction electrons at position r;. It is assumed that
the movement of electrons is diffusive and random, thus scattering off at the MI/NM
interface once in a while. Having scattered away, the electron returns to the interface
after a long time* and, thus, it is further assumed that either the spin coherence of the
electron is lost or the state of the local moments resets. In this way, each interaction
has no memory from the previous one. Moreover, the continuity equation for the
non-equilibrium spin accumulation in the NM, including the b-layer, reads [56, 57,

» 252]

40n the order of the diffusion time T, which is defined as ™p = 752NM/D7 being txm the thickness
of the NM film and D its diffusion coefficient.

Chapter 6 163



Complex Oxide Heterostructures for Spin Electronics

1
o — %81\7303 - WLeaﬂwnﬂﬂz = _Fa'y:“;lu (6.6)

where €,4+ is the Levi-Civita tensor, ug is the spin accumulation polarized in the
a direction, vp if the density of states at the Fermi level, Jg; is the spin current
tensor spin polarized in the « direction and flowing in the 4 direction. The effective
(renormalized) Larmor frequency, which includes the interfacial exchange field due to
(SH), iSwr, = wB—éb(z)nstd<SH>, being wp = yupH with v the gyromagnetic ratio, ug
the vaccuum permeability, and H the magnitude of the magnetic field. The function
dp(2) is equal to 1/b inside the intermixing layer (0 < z < b) and 0 elsewhere. (S) is
the expectation value of the spin parallel to H and ng is the number of localized spins
per unit area at the surface of the MI. Finally, Iy, corresponds to the spin-relaxation
tensor, which can be defined as

ORI Gl F ST TS [5” + <1 _ 1) nan.y] | (6.7)

Ts T TH T

In this case, 75 is the isotropic spin-relaxation time, which is induced by the spin-
orbit coupling of the NM film. The transverse and longitudinal spin relaxation times
in the interaction region are denoted by 7, and 7, respectively. On one hand, 7|
is the relaxation time of the longitudinal spin component p = ps - n, and is due
to spin-flip processes in the itinerant electrons which result in the creation of a spin
excitation (i.e., a magnon) in the MI. On the other hand, 7, is the decoherence time
of the transverse spin components pu; = n X (n X ps), and is due to spin dephasing.
This dephasing contribution arises from the fact that the electron spin, being in a
superposition of spin-up and spin-down states, acquires a precession phase about the
n direction [57]. Finally, dq is the Kronecker delta and 6(z) is the Heaviside step
function. According to Vélez et al. [252], these relaxation times are related to the
spin expectation values as

1 1 J?
Sy MMS@,

uf Ts hb

1 1 mupJ? (§?%) ©.8)
FJsg 2 1

- = S S )

T Ts + hb " [< ”> + 2 }

being S and S the components of the spin operator parallel and perpendicular to
H, respectively. Both components are related through the equivalence

S(S+1) = (S1) + (S}), (6.9)
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being S(S+1) the eigenvalue of (S?) and S the spin angular momentum of the atoms
which conform the local moments of the MI film. The dependence of (S)), (S’ﬁ), and

(82) on H and T are determined by the type of magnetic order at the interface [252].
Now, integrating Eq. 6.6 and considering Eq. 6.7, the spin current inside the b-layer
can be expressed as

b

1 b b
L TB) = TO0)] = b o e (222 ) - ps). (6.1
evp [js,z( ) js,z(o)] WLEaByT B s TLHS <7_” TL) n (n M ) (6 O)

By requiring that the spin current vanishes at z = 0, we can express Eq. 6.10 at
z = b in vector notation as

b

b
— —Js:0(b) = ——ps + < - > n X (s X 1) +bwpn X ws. (6.11)
’7‘” T1

And finally, taking the limit b — 0 and considering the boundary condition by
which the spin current and the MI/NM interface is (see Eq. 3.23 from Section 3.3 in
Chapter 3)

—€Js.6(0) = Gsps + Gy X (pg X ) + Gin X pg, (6.12)

we can extract the spin-mixing conductances from direct comparison with Eq. 6.11
and using Eq. 6.8,

2 72 2 2
_ S ns [ oy (S1)
Gr=—"7—" [<S||> 5 |
2
G = _%w”% (6.13)
T2 J2 e’ ng
Gy = ————(81).

Note that for a ferromagnetic system, almost all spins are aligned with the field
direction, therefore, well below T., (S?) << <Sﬁ) In this way it is obvious that

G, ~ (Sﬁ% which is another way of stating that the real part of the spin-mixing

conductance is proportional to the square of the saturation magnetization, M2. Tt is
worth recalling that this result was already mentioned in the previous chapter when
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dealing with the temperature dependence of the ISHE voltage in the LMO/Pt films.
In that case it was based on experimental experience (see for instance Atsarkin et al.
[214, ]) but here, however, the dependence arises naturally from first principles.

Now, we move on to present the MR of the system just as in the previous section.

The general expression for the longitudinal resistivity is found to be [252] pp, =
po + Apo + Apy (1 — ni), where n, is the y component of n = H/H and pgy the

Drude resistivity of the NM. The corrections to the resistance Apy and Ap; in this
case are expressed as [252]

Aad tanh (%) — GsAsdpo
ENM 1 — 2G, Aaqpo coth (T—f)

t
A, tanh (%) — Gshsapo 6.14)
ENM 1 — 26, Acapo coth (522)

b

where (1/A) = \/1/X2, 4+ /A2, with Ay = \/D/vpuoH, and D is the NM diffusion
coeflicient, v the gyromagnetic ratio, and G = G, — G5 + i¢G; is the total spin-mixing
conductance.

Apo = 20%p0 — 2050

Apy = 29%1{00{

A tanh (“2\%) — GApg
tNM 1+ 2GAp coth (L)

Equations 6.13 and 6.14 constitute the main result of this microscopic model. It

should be noticed that the theory developed in Refs. [57, ] and reproduced here
generalizes and completes the original SMR/HMR theory. The first quantitative
theories of SMR [14, | assumed a system in which the magnetic film was a ferro-

or ferrimagnetic insulator (e.g., YIG), with long-range magnetic order and T,. In these
systems almost all magnetic moments are aligned with the field direction, resulting
in (87) << <Sﬁ> This situation corresponds to Gs ~ 0 according to Eq. 6.13.
Moreover, neglecting the effects of HMR (i.e., by setting A = Ayq) one finally recovers
the usual SMR amplitude (see Eq. 6.2). Conversely, the HMR amplitude (Eq. 6.4)
can be recovered by setting G = 0 (and G5 = 0), which is equivalent to say that
there is no magnetic specimen in contact with the NM capping film. In this way,
these two regimes (SMR and HMR) may be envisioned as two extremes of the same
theory, and intermediate situations can be easily considered within it. For instance,
the simultaneous effect of SMR and HMR in a FMI/NM bilayer can be taken into
consideration by setting Gs = 0 in Egs. 6.13 and 6.14.

As a final remark, it should be mentioned that the usually eluded spin-sink or effec-
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tive conductance G4 acquires a precise definition within this model. It is proportional
to (Si) and, thus, it accounts for the fact that not all local moments may be pointing
in the direction of the magnetic field. Moreover, a direct evaluation of Eq. 6.8 shows
that G is also proportional to 1/7, which is the longitudinal relaxation time. Con-
sequently, the quantity G is related to spin-flip processes and unambiguously linked
to mechanisms of magnon emission and absorption [57].

For the interpretation of our results, as stated earlier, the data was fitted consid-
ering two possible scenarios: that the magnetic surface state is i) a superparamagnet
or ii) a 2D Heisenberg ferromagnet. It can be seen from Eqs. 6.13 and 6.14 that be-
sides the spin expectation values (S)), (S1), and their squares, there are additional
unknown parameters to consider, namely: the spin diffusion length A¢q and spin Hall
angle Ogy of Pt, the pre-factor vpJgq, and the Pt diffusion coefficient D. In this way,
the fitting routine consists in calculating the spin expectation values as a function
of the magnetic field at different temperatures (from 75K to 300K) according to one
of the two models, and then fitting the listed quantities in order to reproduce the
measured SMR curves. In addition, the temperature dependence of these quantities
must be fully taken into account.

The temperature dependence of Ogy is a topic that is discussed in detail in Section
5.1.3 from the previous Chapter. It is argued that, within the experimental evidence,
the Pt spin Hall angle either decreases lightly or is almost independent of temperature
[219, ]. Specifically, recent reports [223, | suggest that in the intrinsic regime,
Ogy is proportional to the Pt longitudinal resistivity. Accordingly, in the fitting pro-
cess, the spin Hall angle is constrained to vary with temperature as the Pt resistivity.
The pre-factor vpJgq is considered to remain constant, since the exchange interaction
between the metal s and oxide d electrons barely depends on temperature owing to
the fact that this is a microscopic parameter not affected by particle statistics. In
addition, the density of states at the Fermi level vg should not vary significantly in
the range of temperatures studied. Lastly, the number of spins per unit area ng is
also considered to be constant with temperature. As a consequence, the only pa-
rameters with a clear dependence on temperature in this fitting routine are Ogg, Agq
and D, and as is discussed in the previous Chapter, the experimental evidence on
the temperature dependence of Ayq is multiple and somewhat controversial [219, ].
However, in the intrinsic regime and within the Elliot-Yafet theory, it has been shown
[223] that Agq is inversely proportional to the Pt longitudinal resistivity. As such,
this specific temperature dependence is used for the fitting process °.

We start by introducing the results obtained for the superparamagnetic model. In
this case, the expressions used for describing the spin expectation values are [270]

5The specific numerical programs responsible for all the fits presented in this Section have been
developed by Dr. Carlos Frontera.
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(S|) =nu (cotha — clz) , (6.15)
2 2
(Sﬁ} = np? <1 + 23 coth a) , (6.16)
1 1
(8%) = 2np? <a cotha — 02> , (6.17)

where a = pH/EkT, p is the total magnetic moment of each cluster, n the density of
clusters per unit area, k is Boltzmann’s constant, and H and 7' the magnetic field and
temperature, respectively . It is worth noting that the parameter n is absorbed by
ns in Eq. 6.13 and always appear as a ng - n pre-factor (constant with temperature).
Moreover, it is considered that p varies with temperature according to Bloch’s T3/2
law [ ]7

3/2
W(T) = (0) [1 () | (6.19)

Ts

being T the blocking temperature of the superparamagnetic clusters.

In Fig. 6.14, the fitted FDMR measurements in the z and y field directions as a
function of temperature are shown. As can be observed, the fitting curves follow with
great accuracy the experimental curves in the whole range of temperatures studied.
Moreover, the negative MR in the y direction observed at 100K and below is also
perfectly fitted within this model. It is worth mentioning that the fitting process is
not free of error, as the experimental data has noise of the order of 10~° in units of
Apr,/pr. In this way, a (fitted) vertical displacement in the experimental curves with
rigid limits of £107° has been introduced.

A total magnetic moment of 31 up at 75K with a temperature dependence ac-
cording to Bloch’s T%/2 law (Eq. 6.19) is obtained. In addition, the fitted blocking

SEq. 6.15 is the well-known Langevin equation of paramagnetism, and it was derived according
to Cullity and Graham [270, p. 92]. There, the total spin in the direction of the magnetic field (S))
is obtained from multiplying the number of clusters dn by the contribution pcosé of each cluster,
being 6 the angle between the magnetic moment and the magnetic field, followed by an integration
over the total number of clusters, i.e.,

(S)) = /On,ucos Odn. (6.18)

Similarly, (Sﬁ) is obtained by substituting pcos 6 in Eq. 6.18 by (ucos ). Likewise, (82) can be
obtained using (psin6)? instead.
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Figure 6.14: FDMR measurements with the magnetic field pointing in the z (orange) and
y (violet) directions and the corresponding fits according to the superparamagnetic (SPM)
model (black lines) as a function of temperature.

temperature is T = 640K. In Fig. 6.15, the temperature evolution of the spin dif-
fusion length Agq, the diffusion coefficient D, and the spin Hall angle Ogp is shown.
As can be observed, D varies from roughly 2.6 x 107 m?-s~! at 300K to 3.0 x 1076
m?-s~! at 75K, with a ~ 15 % variation in the whole range of temperatures studied.
Likewise, Agq increases with decreasing temperature, ranging between 2.1 nm at 300K
and 2.7 nm at 75K, whereas Ogy changes from 3.6 % at 300K to 2.9 % at 75K. These
values are in accordance with reported ones in similar systems [218, , 162].

Now we move on to present the fitting curves according to a 2D Heisenberg ferro-
magnet. This model obeys the following Hamiltonian,
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Figure 6.15: Fitted spin diffusion length Ayq, diffusion coefficient D and spin Hall angle Ogy
of Pt and its evolution with temperature according to a superparamagnetic model.

N
H=-J> 8 8 -H-» S, (6.20)
(1.7) i=1

being J the exchange interaction between nearest neighbors spins S; and S;, and
N the number of spins. The sum on the first term of the Hamiltonian extends over
nearest neighbors, and the spins are considered to be in a surface. In this model,
instead of analytical expressions, the spin expectation values were obtained by means
of Montecarlo simulations. Specifically, a square lattice of 200 x 200 spins has been
used. The main drawback of this approach is that the fitting procedure has to be
done at a fixed value of J and S. Therefore, in order to circumvent this issue, several
simulations over a series of values of J and using three different values of S were
performed. These S values correspond to the different valence states of Mn, i.e.,
Mn*t (S = 3/2), Mn™3 (S = 2), and Mn*? (S = 5/2). The resulting fitted quantities
at 75K for different values of S and J are summarized in Fig. 6.16. As can be
observed, the goodness of fit, which is represented by a x? value ” (see Fig. 6.16a),

"This quantity is defined as

=30 [10% (Apn/pn) e — 10° - (Apr/pL) )

being the first term on the right hand side the observed magnetoresistance amplitude and the second
term the calculated one. In addition, the sum extends over all points along both y and z directions
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Figure 6.16: Fitted parameters at 75K as a function of the exchange constant J per each
spin state S. The different panels show: the goodness of fit, represented by a x? value (a);
the spin Hall angle Ogp (b); the spin diffusion length Agq (¢); and the pre-factor vpJsq (d).
The small black arrow at the top left corner of panel (a) marks the x? value obtained in the
superparamagnetic model.

has three distinct minima for each S. In fact, all three minima (represented by grey
dashed vertical lines) are very similar. In addition, the three lowest x? values are
significantly better than the one obtained for the superparamagnetic model, which is

and all fitted temperatures.
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represented by a black arrow at the top left corner of Fig. 6.16a.
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Figure 6.17: FDMR measurements with the magnetic field pointing in the z (orange) and y
(violet) directions and the corresponding fits according to the 2D Heisenberg ferromagnetic
(2D) model (black lines) as a function of temperature. In this case, the S = 2 and J = 2.5
meV values are used.

The fitted FDMR measurements in the z and y directions for the S =2 and J = 2.5
meV case are shown in Fig. 6.17. As can be observed, the experimental curves are
fitted with great precision in the whole range of temperatures. Moreover, the fitted
OsH, A\sq and D as a function of temperature obtained in this model are shown in
Fig. 6.18. In this case, the diffusion coefficient D ranges between roughly 7 x 1076
m?-s~! at 75K and 6.6 x 107% m?.s~! at 300K, with a ~ 10 % variation in the whole
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Figure 6.18: Fitted spin diffusion length Agq, diffusion coefficient D and spin Hall angle Ogy
of Pt and its evolution with temperature according to a 2D Heisenberg ferromagnetic model.

range of temperatures studied. Moreover, The spin diffusion length Agq varies from
around 3.0 nm at 300K to roughly 3.8 nm at 75K, while the spin Hall angle Ogy
monotonically decreases from roughly 4.2 % at 300K to around 3.4 % at 75K. In
overall, these values are consistently slightly larger than the ones found employing
the superparamagnetic model (see Fig. 6.15), but are in accordance with reported
values in similar systems. We can conclude that despite both models render similar
results, the data is best fitted considering that the magnetic surface state of the
LCMO film is a 2D Heisenberg ferromagnet.

As a final remark, it is worth comparing the ©gp values obtained in this Section
(Fig. 6.18) and those obtained in the previous Chapters. The Ogy found in the
Py /Pt system at 300K is 1.55 4+ 0.48 % (using Asq = 5 nm) (see Fig. 4.21), whereas
the ©gy found in this Section at 300K is 4.2 % (and Asq = 3 nm). This difference
can be confidently attributed to the different resistivity values of Pt in each sample
and is in accordance with reported values in the literature [162, 223]. Conversely, the
difference between the Ogy found in this Section and the ones found in the LMO/Pt
system at 200K (4.5 + 2.4 % using A\sqq = 3 nm) and in the LSMO/Pt system at
250K (0.79 £ 0.34 % using Agq = 3 nm) cannot be attributed to the resistivity values
in each case. In Chapter 5, the spin Hall angle is determined from spin pumping
experiments, while in here it is extracted from the fitting of SMR measurements,
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which are strongly dependent on spin transfer torque (STT) phenomenology. Con-
sequently, since spin pumping and STT are linked by the same physical phenomena,
both methodologies should render similar results. Nevertheless, as discussed in the
previous Chapter, some key parameters for the calculation of ©gy in the LMO/Pt
and LSMO/Pt systems are unknown or difficult to obtain due to extrinsic features
of the samples (e.g., the difficulty to obtain a value for the spin mixing conductance;
the observed lack of linearity between AH and the resonance frequency, which arises
from large extrinsic damping mechanisms in the samples; or the lack of knowledge
regarding the frequency and temperature variation of the rf field). In conclusion, we
attribute the observed difference in values to these extrinsic uncertainties and not to
a methodological incompatibility of any kind. In fact, the good correspondence of
values between the Py/Pt sample and the LCMO /Pt supports this interpretation.
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Chapter

Summary and Conclusions

As highlighted in the introduction of this Thesis, the generation, manipulation and de-
tection of spin currents is one of the major challenges of spintronics nowadays. In this
regard, charge-spin interconversion processes play a very relevant role and having a
set of materials and structures that maximize these processes is of vital importance.
Moreover, it is of paramount importance to understand the fundamental physical
principles on which these phenomena rely. As such, in this Thesis, the generation,
manipulation, conversion, and detection of pure spin currents is probed in a wide
variety of systems and structures composed by a ferromagnetic film in contact with a
non-magnetic metallic capping layer. Specifically, four different ferromagnetic mate-
rials are studied: Py, LMO, LSMO, and LCMO; whereas two different non-magnetic
conductors are employed: Pt and SIO. In Chapters 4 and 5, FMR spectroscopy is
used for the dynamic generation of spin currents via spin pumping, and their subse-
quent detection is carried out by means of ISHE-induced voltage measurements. The
archetypal bilayer Py/Pt is studied in Chapter 4, while LMO/Pt, LSMO/Pt, and
LSMO/SIO are studied in Chapter 5. This last bilayer system is especially relevant
in the context of this Thesis since it is the only system in which all the components
are complex oxides. On the other hand, in Chapter 6, the novel spin Hall magnetore-
sistance is effectively measured in a bilayer system composed by the ferromagnetic
insulating oxide LCMO in contact with Pt.

The common ground in all these effects is the presence of a high spin-orbit coupling
(SOC) material in the system (i.e., Pt or SIO), and a magnetic film which acts as
emitter or absorber of spin currents. It is in fact shown that the estimated spin Hall
angle of Pt in all the systems studied is very similar whatsoever. Thus confirming
that the physical mechanisms that give rise to these seemingly different phenomena
are indeed the same. Moreover, it is foreseen the capability of these experimental pro-
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cedures for estimating crucial spintronic figures of merit such as the aforementioned
spin Hall angle, the spin diffusion length or the Gilbert damping parameter. The
remaining part of this Chapter is devoted to summarize the obtained results along
with the corresponding conclusions.

Chapter 4 deals with the generation of spin currents via spin pumping in the well-
known Py /Pt bilayer system. This Chapter is divided into two main parts or sections:
Section 4.1 comprises the temperature evolution of magnetization dynamics and spin
pumping in Py films and Py/Pt bilayers with varying Pt thickness, while Section 4.2
deals with the spin pumping-induced spin currents and their detection through ISHE
voltage measurements at room temperature. Despite the relatively wide knowledge
relating these effects with Py /Pt systems, this Chapter is fundamental since it estab-
lishes the experimental foundations on which Chapter 5 is based. Moreover, it also
serves as a platform for introducing very relevant topics such as magnetic relaxation
and its evolution with temperature, the role of spin rectification effects in voltage
measurements, or the importance of interface quality in spin-dependent transport
phenomena, for instance.

In Section 4.1, the temperature dependence of the different quantities that govern
magnetization dynamics is addressed. In this regard, it is inferred that the non-
monotonic temperature dependence of the Gilbert damping parameter (Fig. 4.8)
is mainly due to the influence of extrinsic magnetic relaxation contributions in the
low-temperature regime. In addition, the lack of correlation between the Pt varying
thickness and the enhancement of Gilbert damping upon Pt deposition is explained in
terms of interfacial loss of spin coherence. This feature may result in the reduction or
even suppression of spin current injection from the Py film into the Pt capping layer.
Hence, it is proposed that this problem can be circumvented by directly measuring
the ISHE transverse voltage signal across the sample generated by the spin current
effectively injected into the Pt layer. ISHE is the conversion of pure spin currents
into transverse charge currents. Consequently, if some spin current is being effectively
injected from the Py film into the Pt layer, it may be converted to a transverse charge
current and detected by electrical means. Nevertheless, despite this relative simplic-
ity, it is well known that the spin pumping-induced voltage measured in metallic
FM/NM systems may have contributions coming from the so-called spin rectification
effects (SRE). These effects result from the synchronous coupling between an oscil-
lating eddy current, induced in the FM by the rf magnetic field of the microwave,
and an oscillating resistance, caused by magnetoresistance in the magnetic structure,
giving place to the appearance of a dc voltage/current. In a system such as Py/Pt,
the dominant SRE are anisotropic magnetoresistance (AMR) and anomalous Hall ef-
fect (AHE). The disentanglement of ISHE voltage signals from parasitic ones in spin
pumping experiments is still a pending matter in the specialized community. There-
fore, Section 4.2 comprises the transverse voltage measurements in Py and Py/Pt
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bilayers and a novel experimental method for suppressing SRE parasitic signals in
spin pumping experiments based on the geometry of the sample is proposed. Our
hypothesis is that at sufficiently short sample widths (L) along the transmission line,
the circulating eddy current should be almost zero and, consequently, the SRE should
vanish. On the other hand, the ISHE should not depend on the amount of current
circulating in the Py film nor on the width of the film and, therefore, it should not
be affected by the absence of current.

It is evidenced from the measurements regarding the transverse voltage dependence
on the sample width L (see Figs. 4.17 and 4.18), that the voltage signal measured in
the Py alone film is due predominantly to SRE: The measured voltage signal decreases
with decreasing L until it completely vanishes below about L = 200 pm. Moreover,
the voltage signal of the Si// Py/Pt system does also decrease with decreasing L
but in this case it saturates at a positive constant value for L < 200 pm. Similarly,
the voltage signal of an identical Si// Pt/Py bilayer with inverted stacking order
decreases with decreasing L and saturates at a constant negative value for L < 200
pm, mirroring the signal of Si// Py/Pt. This inversion symmetry is in accordance
with a purely ISHE-induced voltage signal considering the inversion of the spin current
injection direction. Conversely, the SRE are independent of the spin current injection
direction and, thus, cannot by themselves explain the observed behaviour at the
smaller widths. Additionally, in order to gain insight into the behaviour of the induced
current circulating in the Py layer, a numerical study of the SRE in the metallic Si//
Py/Pt bilayer is performed to clarify their contribution to the measured transverse
voltage signal. Three main conclusions are extracted from this numerical study: i)
that the sign of the ISHE and SRE voltage signals are opposite to each other; ii)
that the SRE are a combination of symmetric and antisymmetric Lorentzian curves
(whilst ISHE has only symmetric contributions); and iii) that the reduction in the
sample width L is accompanied by a progressive reduction of the SRE. A relevant
message therein is that the detection of dc voltage in metallic FM/NM junctions
under FMR conditions, regardless the symmetry presented by the signal, does not
imply the detection of ISHE and/or spin pumping. The experimental methodology
presented in this Chapter, thus, can be applied to any metallic FM/NM system in
which SRE play a major role.

As a final remark, the spin Hall angle ©gp of the Py/Pt bilayer is estimated from
its ISHE transverse voltage curves according to Eq. 4.17. The spin diffusion length
was fixed to 5 nm, according to the resistivity value of the Pt capping layer, and the
obtained Og equals to 1.55+0.48 % (Fig. 4.21), which is in accordance with reported
values from the literature in Pt layers with similar resistivity. It is worth mentioning
that future experiments could focus on the ISHE voltage evolution with temperature.
For instance, at 300K, the ISHE voltage signal of Py alone films is negligible, however,
self-induced ISHE or magnonic charge pumping mechanisms might arise at lower
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temperatures. The experimental methodology and samples presented in this Section
are thus an optimal platform for probing these elusive spintronic effects.

Now we move on to present the results obtained in Chapter 5, which deals with
spin pumping and ISHE voltage measurements but employing complex oxide het-
erostructures. It is divided into two main sections, each related to a set of complex
oxides. Section 5.1 covers the spin pumping-induced ISHE voltage measurements
as a function of temperature in LMO/Pt, while Section 5.2 focuses on LSMO/Pt
and LSMO/SIO bilayer systems. The complex oxide LMO was grown by means of
polymer assisted deposition (a chemical deposition method), resulting in a robust
ferromagnetic layer with high 7. (= 320K) and saturation magnetization close to the
theoretical value (=~ 550 emu/cm?). Affordable chemical deposition methods are de-
sirable because they are easier to scale up and offer the possibility to grow films over
large areas at low cost while allowing an easy tuning of stoichiometry. However, there
has been some concerns regarding the suitability of chemically deposited thin films for
challenging applications which require microstructural quality and sharp interfaces,
as in spintronics.

Prior to the measurement of spin pumping-induced ISHE voltage in LMO/Pt bi-
layers, however, the quality of the LMO/Pt interface was clarified. On this behalf,
the STO// LMO/Pt system was analysed by means of scanning transmission electron
microscopy (STEM). A sharp and defect-free LMO/Pt interface is observed, being
the LMO film of excellent crystalline quality (Fig. 5.4). Nevertheless, the electron en-
ergy loss spectroscopy (EELS) analysis near the STO//LMO bottom interface shows
an overlapping of Mn and Ti atoms, indicative of cationic diffusion (Fig. 5.5). It is
stated that this interfacial diffusion is probably related to the high temperature used
in the LMO deposition crystallization process (990°C).

The FMR characterization of the LMO film before and after the Pt deposition at
200K reveals no difference of damping whatsoever. Additionally, the expected linear
dependence between the resonance linewidth AH and resonance frequency fres is
loosely followed (see Fig. 5.13). In overall, these observations are indicative of the
presence of large extrinsic magnetic relaxation contributions in the system, which can
be in accordance with the Ti interdiffusion observed at the STO//LMO interface. In
fact, the fitting of the curves relating f,es and the resonance field H,es according to
Kittel’s equation can only be achieved if a second order surface/interface magnetic
anisotropy term is included. It is suggested that this term arises from the STO//LMO
interface, and not from the LMO/Pt one, which is clearly more homogeneous and
sharp. The effect of a large anisotropy field at this interface is the pinning of the local
magnetization, resulting in an alteration of the spin precession near the interface, and
giving rise to an enhancement of AH. This anisotropy term is equally observed in the
whole range of temperatures studied (from 280K to 100K). In addition, both Gilbert
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damping and resonance linewidth (irrespective of the frequency studied) follow a
non-monotonic dependence on temperature (Figs. 5.19 and 5.20, respectively), being
maximum at 280K, near T, then decreasing down to a minimum at roughly 200K and,
finally, increasing again up to 100K. This behaviour is correlated with the presence
of extrinsic relaxation terms, as already reported in similar systems.

At the same time, the observation of clear transverse voltage signals consistent with
ISHE in the whole range of temperatures (Fig. 5.21) indicates that the absence of
enhancement of damping upon Pt deposition by no means precludes the injection of
pure spin currents via spin pumping. All the transverse voltage signal lines observed
are positive and highly symmetric (very similar to those observed for ISHE in Chapter
4), and the contributions coming from SRE in this system are expected to be scarce
due to the highly resistive nature of LMO film. Additionally, thermoelectric contribu-
tions to the voltage are also neglected since the voltage measured reverses sign upon
field inversion, in accordance with the symmetry of ISHE (see Fig. 5.15). As such,
we are confident that the main source of voltage in these system stems from ISHE. In
addition, it is observed that, in overall, the ISHE amplitude (i.e., peak value of the
voltage lines) follows a non-monotonic dependence on temperature similar to a mirror
image of that observed in the damping or AH: it is minimal at 280K, near T, then
increases up to a maximum at about 200K, and finally it decreases with decreasing
temperature down to 100K, below which it vanishes. In order to gain insight into this
dependence, the specific temperature dependence of the different parameters which
give rise to the ISHE voltage (see Eq. 5.2) is analysed, and owning to the observed
results and in accordance with similarly reported observations in similar systems, it
is concluded that the strong reduction of the ISHE voltage signals below about 100K
is mostly attributed to the increase of damping (and resonance linewidth), triggered
by extrinsic relaxation mechanisms occurring in the film.

Finally, considering the spin diffusion length equal to 3 nm, the spin Hall angle
Osp at 200K in this system was estimated (Fig. 5.26), resulting in a mean value of
4.54+2.4 %. In conclusion, the suitability of polymer-assisted deposited LMO epitaxial
thin films for spintronic-related applications is demonstrated. Samples show excellent
crystalline and interface quality, thus making LMO a promising perovskite building
block for all-oxide multifunctional high frequency spintronic devices.

In the second part of this Chapter (Section 5.2) the suitability of other complex
oxides for spin injectors/detectors is investigated. In a first step the performance of
the perovskite oxide LSMO as spin injector are investigated in LSMO /Pt bilayers.
In this regard, spin pumping-induced ISHE transverse voltage measurements in a
LSMO/Pt bilayer at 250K are performed. The obtained results are quite similar
to those observed in the LMO/Pt case. The spin Hall angle of Pt in LSMO/Pt
bilayers is estimated to be around 0.8 + 0.3 % (Fig. 5.33) (assuming that A\;q = 3
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nm, according to the estimated resistivity of the Pt layer), which is similar to that
obtained in the Py/Pt system in Chapter 4. Thus, the spin injection capabilities of
LSMO in contact with Pt are demonstrated. In addition, SRE and thermoelectric
effects are found to be negligible, thus indicating that the main source of voltage in
this systems stems from ISHE. In a second step, the study of spin injection/detection
processes in an all-oxide heterostructure is addressed. A material with presumible
large spin-orbit interaction, such as SIO, is introduced as spin detector. For this
purpose, LSMO/SIO bilayers prepared by using RF sputtering are used. The ISHE
transverse voltage signals measured in the SIO layer demonstrates both the suitability
of LSMO as spin injector and SIO as spin detector.

To go a step further and to explore the potential role of the interface, two different
SIO capping layers with the same thickness (9 nm) are deposited. One is deposited
In situ, while the other one is deposited Ez situ. It is observed that both samples
are very similar to each other in terms of magnetic properties and crystal quality.
Nevertheless, there is a clear difference in the surface morphology of each film (and
presumably also at the interface): The SIO film deposited Ez situ is flat and follows
the morphology of the LSMO film underneath, whereas the one deposited In situ
presents randomly scattered clusters of square-shaped structures on top of the LSMO
surface (see Fig. 5.36). This difference is later correlated with the observation of an
increased damping in the In situ sample. In overall, however, the magnetodynamical
parameters of both samples are very similar to each other and do also present the
large surface/interface anisotropy term observed in both LMO/Pt and LSMO/Pt
bilayer systems. However, the transverse ISHE voltage signals in these two samples
are hardly separable from noise (see Fig. 5.39).

To try to improve the signal to noise ratio, a thinner bilayer is prepared depositing
the SIO layer Fx situ. The FMR characterization of this new bilayer reveals that it
shares the same magnetodynamical properties as their thicker counterparts, including
the large interface/surface anisotropy term. Regarding its surface morphology, it is
flat and follows the surface of the LSMO film underneath (Fig. 5.42). The 250K
ISHE voltage signal lines, however, are clearly appreciated in the whole range of
frequencies and are positively-valued and highly symmetric (see Fig. 5.45), although
smaller in magnitude with respect to those obtained in Pt in all the previous systems.
It is further concluded that the main contribution to these voltage signals stems from
ISHE, being the SRE and thermal effects negligible. Moreover, the spin Hall angle of
SIO is determined to be Ogy = 1.1 £ 0.5 % (Fig. 5.47), which is remarkably similar
to that obtained for the well-known Py/Pt system. At the time of writing and as
far as we know, this is the first clear evidence of spin pumping-induced ISHE voltage
reported in a SIO capping film, thus suggesting that SIO could be a good spin-Hall
material. This result may be envisioned as a first step towards the development of
high-quality spin-to-charge conversion devices based on all-oxide heterostructures.
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Finally, in Chapter 6, the novel spin Hall magnetoresistance (SMR) is measured in
a system composed by the ferromagnetic insulator (FMI) oxide LCMO and Pt. In
this case, a charge current flowing in the Pt film is converted to a spin current by
means of SHE and directed towards the LCMO/Pt interface, resulting in a net spin
accumulation within the Pt film. The different resistive states which result in SMR
arise from the kind of interaction between the spin current spin polarization direction
& and the magnetization vector M: when &|| M the spin current is reflected back
to the NM layer, whereas it is completely absorbed by the FMI film when 6 L M via
spin transfer torque (STT). Consequently, although the experimental methodology
and techniques involved in these measurements are very different from those followed
in Chapters 4 and 5, the parameters and physical principles which govern all these
effects are the same. It is worth recalling that spin pumping and STT are in fact
reciprocal effects.

Experimentally, a series of angular-dependent (ADMR) and field-dependent
(FDMR) magnetoresistance measurements were carried out as a function of tem-
perature (above and below T;) for evaluating SMR in our films (see Figs. 6.7 and
6.8). It is observed, however, that the obtained results present conflicting discrep-
ancies with conventional SMR theory. In spite of the fact that the observed angular
symmetry is in accordance with SMR (thus excluding AMR from our samples), it is
also detected above T, with no reduction of amplitude. In fact, the SMR amplitude
is nearly constant in the range of temperatures between 320K and ~ 50K (see Fig.
6.10). In addition to that, it is observed that it increases with increasing the magnetic
field, even when the LCMO film should be saturated. Moreover, no trace of hysteresis
is observed in the whole range of temperatures (Fig. 6.9) and, below 7" < 100K, an
unexpected negative magneotresistance is observed when the magnetization and the
spin polarization direction should be parallel (i.e., full reflection situation). The de-
tailed reasoning of these results coupled with different observations in similar systems
in the literature leads us to believe that the surface magnetic state of the LCMO film
is decoupled from its bulk.

This observation, which is suggested solely from the SMR measurements, is further
confirmed by STEM and EELS analyses of the LCMO/Pt interface. This analysis
evidences the excellent microstructural quality of the LCMO film. However, it is
found that Co ions are missing in the last two atomic planes of the layer. Thus, a
single perovskite LaMnQj3 structure is found at the interface, magnetically decoupled
from the rest of the LCMO film and with different magnetic properties. As a result,
it becomes necessary to go beyond the conventional picture of FMI/NM SMR to
interpret the obtained results according to the actual magnetic state of the interfacial
layers. Therefore, a theoretical model based on the sd coupling between the s electrons
of the NM film and localized d moments of the magnetic layer underneath is used (see
Fig. 6.13). In this model, the crucial parameters which govern spin transport at the
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interface (e.g., spin-mixing conductances) are expressed in terms of the sd coupling
and the spin expectation values (S)) and (S) in the magnetic film, which ultimately
depend on its specific magnetic state (see Egs. 6.13 and 6.14). Two different models
are used to fit the data, namely, that the surface magnetic state of the LCMO film
behave like i) a superparamagnet, and ii) a 2D Heisenberg ferromagnet. By direct
comparison and by looking at the fits rendered in each case (see Figs. 6.14 and 6.17)
it is finally concluded that the 2D Heisenberg model is best suited for describing the
experimental results. The fitted spin Hall angle ©gyy, which scales with temperature
as the Pt resistivity p, varies from 3.4 % at 75K to 4.2 % at 300K, whereas the spin
diffusion length varies from roughly 3 nm at 300K to about 3.8 nm at 75K, with a
temperature variation according to 1/p (see Fig. 6.18).

As a final remark, it should be noted that since interfacial LCMO layers are magnet-
ically decoupled from the rest of the LCMO film, the strong perpendicular magnetic
anisotropy of LCMO under tensile strain does not play any role on SMR measure-
ments. In fact, no differences are observed in SMR measurements in LCMO films
grown on top of LAO substrates (under compressive strain) with respect to those
grown on STO substrates (under tensile strain).
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Appendix

Experimental Techniques

A.1 Preparation of Films

A.1.1 Magnetron Sputtering Deposition

Excluding LaggoMnOgs, which has been chemically prepared by polymer assisted
deposition (PAD), all the other films presented in this Thesis (i.e., Py, Pt,
Lag /3511 3MnO3, SrlrOgz, and LazCoMnOg) have been grown by means of sputter-
ing deposition, which belongs to the realm of physical vapour deposition techniques.
Sputtering is the process by which a beam of ions is accelerated towards the surface
of a solid (target material) in order to eject particles (atoms, ions, molecules, or clus-
ters) from it. The sputtered target material, now in a gas-like phase, can condensate,
nucleate, and grow as a thin film onto the so-called substrate surface. Specifically,
in this Thesis we employed three different substrates, namely, Si/SiOg, SrTiOs, and
LaA103.

Generally, the target material is placed on top of a negatively charged electrode
(cathode) while the substrate acts as the positively charged anode. In the presence
of gas in the chamber, a voltage bias difference between target and substrate can
effectively ionize the atoms of this gas, resulting in a visible discharge glow plasma
across the system. The positively charged atoms are attracted to the negatively
charged target, giving place to the sputtering process. An important quantity in
sputtering systems is the sputtering yield, which is defined as the mean number of
atoms removed from the target surface for each incident ion [272]. In order to enhance
this quantity and gain efficiency, magnetron sputtering techniques were introduced in
the 1970s. The basic idea is to trap and limit the trajectories of secondary electrons
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ejected from the target surface by the working gas ions using a combination of electric
and magnetic fields near the surface of the target. These magnetic field lines are
generated by placing a set of permanent magnets behind the target cathode. This is
justified by the fact that secondary electrons removed from the target material during
sputtering can effectively ionize working gas atoms nearby by scattering events, and
the fact that these electrons are constrained to the target simply implies an increase of
the scattering probability [273]. In Fig. A.1, a basic schematic diagram of magnetron
sputtering is shown.
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Figure A.1: Schematic diagram of the basic features of magnetron sputtering deposition
technique. A discharge glow due to the voltage bias difference between target and substrate
ionize the working gas atoms (red circles). Subsequently, these ions are accelerated towards
the negatively charged target in order to eject particles (atoms, ions, molecules, or clusters)
from it. The sputtered atoms (yellow and blue circles) are diffused across the chamber and
deposited onto the substrate.

The deposition of thin films by magnetron sputtering can be controlled by adjusting
the deposition conditions, which depend on a variety of parameters. These parameters
include the working gas pressure, power, substrate temperature, or target-to-substrate
distance. Prior to the deposition process, however, it is important to have a very
low base pressure in the sputtering chamber. In our equipment, this pressure can
be as low as 1076 Torr. This is important in order to avoid the presence of gas
impurities in the chamber, which would ultimately hamper the deposition process
and even chemically interact with sputtered target atoms. This is specially crucial
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when growing films that are easily (and undesirable) oxidized, such as Py. Once
the base pressure has been attained, the next step is to select the desired deposition
temperature and working gas pressure. In this Thesis, both Py and Pt are grown at
room temperature, while Lay /3511 /3MnQOs3, SrlrOg3, and LaaCoMnOg are deposited at
900°C. This temperature is achieved by means of a heater placed below the substrate.
The deposition temperature enhances the energy of atoms at the substrate surface,
thus increasing their mobility and favouring nucleation. In the case of lanthanum
manganite films, a thermal treatment after deposition is also applied in order to
obtain the desired chemical stoichiometry in our films. Moreover, the working gas
pressure is controlled by the amount of gas allowed to flow into the chamber and
the velocity of the turbomolecular pump. The specific pressure used in each film is
indicated in the main text, but it generally ranges between 1073 — 10! Torr. In our
equipment we primarily use argon, oxygen, or a 95:5 mixing of argon and hydrogen
depending on the film to be deposited. Another important parameter is power, which
is directly proportional to the bias voltage difference between target and substrate.
In this way, an increase of voltage results in the acceleration of sputtering ions which
in overall increases the deposition rate. In addition, it is worth mentioning that the
bias voltage can be set as DC or AC (radiofrequency, or RF). DC bias voltage can
be used in conductive targets but not in dielectrics due to charging effects. Thus, RF
voltage is more convenient in the latter case. In RF the cathode remains negative
due to a self-bias voltage produced by the difference in mobility between electrons
and ions [271]. In our particular case, both Py and Pt are deposited in DC mode,
while Lag/3Sr; 3MnO3, SrlrOs, and LapCoMnOg (which have significantly higher
resistance) are grown in RF mode. Nowadays, magnetron sputtering has spread
worldwide and applied to many different fields of academic and industrial applications,
ranging from decorative coatings to functional ones, including medical applications
such as orthopedic implants coatings or the coating of gold nanoparticles with different
kinds of biocompatible materials for drug delivery applications, for example [273].

A.1.2 Photolithography and Ion Milling

Lithographic processes are very relevant for the realization of the work presented in
this Thesis. In Chapter 4 use used optical lithography to make the stripe-shaped
and fringed patterns onto Py and Py/Pt systems (see Fig. 4.14). In Chapter 5,
lithography is used as a first step towards the material removal process at the corners
of the chemically growth LaggoMnO3 sample (see Fig. 5.6). Finally, in Chapter 6 it
is used used for patterning the Hall bar on the LagCoMnOg /Pt system (see Fig. 6.5).

The lithographic processes shown in this Thesis are performed in the cleanroom
facilities of the ICMAB-CSIC [275]. As is mentioned in the main text, the opti-
cal lithography micro-writer equipment, Micro-writer ML, is from Durham Magneto
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Optics LTD, while the ion miller belongs to TSST. The combination of these two
techniques allows us to imprint patterns on samples. The overall process requires a
series of different steps. The first step corresponds to the deposition of a negative
photoresist (Shipley s1813) on the sample surface by means of spin coating. It is
called negative because it undergoes a chemical transformation upon radiation ex-
position. In this particular case we use UV radiation. The next step is to radiate
the regions of the sample which do not belong to the desired pattern. Then, the
sample is immersed into a surfactant containing developer solution which remove the
exposed regions of the photoresist. At this point, the next step consists in taking the
sample and placing it in the ion milling equipment, which attacks the sample surface
by argon ions bombardment for a given time. Finally, the remaining photoresist can
be chemically removed by a combination of acetone and ethanol. These steps are
schematically presented in Fig. A.2.
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Figure A.2: Schematic diagram of the steps followed in the lithographic and ion milling
processes.
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A.2 Magnetic and Transport Characterization Tech-
niques

A.2.1 SQUID Magnetometry

In this thesis we use Quantum Design’s MPMS-XL SQUID and MPMS-3 magnetome-
ters, which allow us to measure the magnetization dependence on both temperature
and magnetic field magnitude. The temperature range of the equipment is between
4.2K and 400K and the magnetic field can be as high as +9 T. The magnetic field sen-
sitivity is about 10~ emu, and normally the magnetization is expressed in emu/cm3,
i.e., normalized with the sample volume.

So far, the superconducting quantum interference device (SQUID) is the most ac-
curate tool for measuring magnetization and it is used in a broad range of applications
[276]. The magnetization is measured by placing the magnetic sample in so-called
pickup coils or loops (see Fig. A.3a) and repeatedly moving it up and down across
them. This movement induces a change of the magnetic flux through the pick-up
coils due to the presence of the sample and its magnetic properties. This magnetic
flux is then converted to an electric current and transferred to the input coils which,
in turn, generate a magnetic flux which couples to the SQUID sensor [277]. The basic
features of the SQUID sensor are shown in Fig. A.3b, and as can be observed, it
is made of a superconducting ring with two Josephson junctions. When an external
magnetic flux is coupled to the SQUID loop, the voltage drop across the junctions
changes accordingly [278]. Of course, this external magnetic flux originates from and
depends on the magnetic sample being measured. The resulting output voltage is
amplified and proportional to the magnetic moment of the sample.
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Figure A.3: a) Schematic diagram of SQUID magnetometry. b) Basics features of the SQUID.
These images have been retrieved from Ref. [279)].
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As is mentioned at the beginning of this Section, SQUID magnetometry measures
the magnetization of a sample as a function of temperature and magnetic field. The
measurements as a function of temperature result in M(T) curves and are very relevant
for our work since they characterize with great precision the Curie temperature of
our ferromagnetic layers and the temperature evolution of the magnetization. The
usual approach in this kind of measurements is to fix the magnetic field amplitude
at some value high enough to saturate the magnetization of the sample. Then, the
temperature is set to slowly increase from 10K to about 350K, depending on each
case, and the magnetization value is recorded accordingly. Another possible approach
is to perform zero-field-cooled /field-cooled (zfc/fc) curves, although it is only used in
the characterization of the LasCoMnOg films and, in our particular case, it does not
result in additional information with respect to ordinary M(T) curves. For obtaining
the zfc/fc curves, the magnetization is recorded by first cooling the sample without
applying any external field. Then, it is heated under the application of some magnetic
field, resulting in the zfc curve. The fc curve is obtained by cooling the sample under
the application of some field and then recording the magnetization when heating up
the sample.

The magnetization dependence on the magnetic field amplitude results in M(H)
curves or hysteresis loops. In these measurements, at a given fixed temperature,
the magnetic field is swept between Hpax and —Hpy . back and forth, where Hyax
corresponds to a magnetic field value large enough to saturate the sample. The
saturation magnetization and coercive field at a given temperature can be easily
obtained from the hysteresis loops. This is why these kind of measurements are so
important for this Thesis. Usually, the diamagnetic contribution of the substrate
overlaps and dominates the signal. However, since this contribution depends linearly
on the field as M = yH, being xy < 0 the magnetic susceptibility of the substrate,
it can be easily corrected when processing the data. Moreover, a lot of information
can be gathered by analyzing the shape of the hysteresis loop. For instance, the easy
and hard axis or secondary magnetic phases present in the sample can be determined
from it.

A.2.2 Ferromagnetic Resonance Spectroscopy

In Chapter 3 the theory of ferromagnetic resonance is reviewed. It is shown how
the resonance frequency is related to both the resonance field H.s and linewidth
AH, and how these relations allow us to extract the fundamental magnetodynamical
parameters of the system. Broadband ferromagnetic resonance (FMR) spectroscopy
is an experimental technique specially designed for measuring the FMR, absorption
curves of a given ferromagnetic specimen. The usual routine followed in this Thesis
consists in fixing the rf which excites magnetic modes in the sample, while sweeping
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the magnitude of the static magnetic field, resulting in a specific FMR absorption
curve at each resonance frequency. In this Thesis, we use the commercial CryoFMR
spectrometer from NanOsc Instruments. A schematic diagram of the experimental
setup is shown in Fig. A.4a. As can be observed, an electromagnet generates the static
magnetic field across the sample holder, whereas a set of Helmholtz coils generate an
AC field in the same direction of the static field for lock-in detection. The rf magnetic
field responsible for FMR is supplied by a coplanar waveguide (CPW), and the sample
would be placed right on top of it. At resonance conditions, the sample absorbs
energy from the CPW and the CPW transmission coefficient decreases accordingly.
The transmission coefficient can be defined as the ratio between the incoming and
transmitted signals.

While the measurement itself is made by the FMR spectrometer, the control of
temperature and magnetic field in these experiments is achieved by a Quantum De-
sign’s PPMS. PPMS stands for Physical Properties Measurement System, and is a
multi-probe station which, through a pinout system, allows to contact a sample elec-
trically and carry out a series of transport measurements as a function of magnetic
field, temperature and field orientation. The specific FMR probe insert for measuring
the sample in the PPMS is shown in Fig. A.4b. In this figure, the set of Helmholtz
coils are clearly appreciated. In addition, this sample holder has a temperature sensor
different from that of the PPMS in order to have a detailed control of the temper-
ature near the sample. The sample placed on the sample holder (which includes
the CPW) is shown in Fig. A.4c. PPMS is fundamental since it allows us carry out
FMR spectroscopy measurements in a wide range of temperatures (from 10K to room
temperature) and magnetic fields (£9 T).

In order to improve the signal-to-noise ratio of the measurement, lock-in amplifi-
cation is used for detecting FMR signals. Lock-in amplifiers take advantage of the
time-dependence of the signals to extract them from noisy environments, and today
is one of the most widely used experimental tools in physics and engineering labora-
tories [281]. A schematic diagram of its working principle is shown in Fig. A.5. In
lock-in amplifiers, a periodic AC voltage input signal (along with the noise) is multi-
plied by an AC reference signal and a 90° phase-shifted version of the same reference
signal. The multiplication of two AC signals results in the sum of two signals with
frequencies equal to the sum and difference of fief and fiy, being the frequency of the
reference and input signals, respectively. When fiof = fin, the multiplication results
in the sum of a DC component and an AC component with frequency equal to 2 fi,.
The desired DC component is further isolated from the AC component by applying a
low pass filter. It is called in-phase or X component to the DC component resulting
from the multiplication of the input signal with the reference signal, and quadrature
or Y component to the DC component resulting from the multiplication of the input
signal with the 90° phase-shifted version of the reference signal. The overall input

Appendix A 189



Complex Oxide Heterostructures for Spin Electronics

a) b)
AC
source
Helmholtz h,.and
i colls M Helmoltz Temperature Coplanar
Coils Sensor Waveguide
Electo- .
1 Lock-i in Sample
5 OCK-In
pole W} CPW Holder
wave-
guide C)
RF RF
source diode

Figure A.4: a) Schematic diagram of the basic elements that compose FMR spectroscopy.
This image has been retrieved from the FMR spectroscope user’s manual by NanOsc. b)
Actual image of the sample holder placed in the probe insert for measuring in the PPMS.
This image has been retrieved from Ref. [280]. c¢) Image of the sample placed on top of the
sample holder’s coplanar waveguide. This is the same image as Fig. 4.9 from Chapter 4 and
the numbers that appear on the image are defined in there. This sample holder is the “CPW
PPMS IP ISHE” model produced by NanOsc Instruments [155].

signal amplitude R then is equal to v X2 + Y?2 (see Fig. A.5b). These are the basic
principles of lock-in amplification.

For the lock-in FMR, detection shown in Fig. A.4a, a pair of Helmholtz coils
connected to an AC source are used to generate a small AC magnetic field parallel to
the applied static magnetic field generated by the electromagnet. The frequency of
this AC field is 490 Hz, which is very small compared to the GHz frequencies used in
the experiment. The effect of this added component is the modulation of the FMR
response, so that the FMR intensity S varies as dS/dH. The rf part of the output
signal coming from the CPW is eliminated by using an RF diode, and the modulated
response is then recovered using lock-in amplification with the AC source acting as
the reference signal. In this experimental setup, due to the effect of the modulation,
the FMR absorption amplitude measured is in fact the derivative of the absorption
peak.

In Chapter 3, it is shown that the FMR absorption lineshape is composed by the
sum of antisymmetric and symmetric lorentzian contributions. Accordingly, at a
given resonance frequency, the experimental FMR absorption curve has the form:
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Figure A.5: a) Schematic diagram of the working principle of lock-in amplification. The input
signal along with noise is combined with a reference signal of the same frequency, resulting in
the amplitude (R) and phase (6) of the original input signal. b) A detailed account of the lock-
in amplifier principle. The input signal is multiplied by the reference signal and a 90°-shifted
version of this reference signal. Then, a low pass filter isolates the DC components from the
AC components. At the end, the amplitude and phase of the input signal are computed as
R = VX2 +Y? and 0 = atan2(z,y), respectively. This image has been adapted from Ref.
[281].

dS  d [kAH?+ kyAH (H — Hye) a1
dH — dH | (H - Hy)’ +AH? ] :

which is the field-derivative signal of symmetric and antisymmetric lorentzian curves,
and ks and k.5 are the symmetric and antisymmetric amplitudes, respectively, and
H,es and AH are of course the resonance field and linewidth, respectively. In addition
to this, it is shown that the main magnetodynamical parameters of the system, i.e.,
the fundamental parameters that govern magnetization dynamics, can be deduced
from the fitting of the curves relating the resonance frequency fres With Hyes and
AH. The equations which fit these experimental curves are Kittel’s equation (see
Eq. 3.11) and Eq. 3.22, from Chapter 3. It is worth noting from Eq. 3.11 that the
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gyromagnetic ratio v and the saturation magnetization M, cannot be simultaneously
fitted with precession. Hence, it is convenient to independently obtain the saturation
magnetization value by SQUID magnetometry and then taking that value as a fixed
parameter in the fitting process of FMR spectroscopy. This is especially relevant in
Chapter 5, in which the interface/surface anisotropy constant Ky is relatively large.

In the context of this Thesis, besides its role as a technique for magnetic charac-
terization, FMR spectroscopy is especially relevant due to its role in the dynamic
generation of spin currents in spin pumping experiments. Spin pumping induces an
increase of damping in ferromagnetic/normal metal (FM/NM) bilayers and, therefore,
its effect can be measured by FMR spectroscopy. Moreover, the injected spin current
in the NM can be transformed to a transverse charge current via inverse spin Hall
effect (ISHE). This charge current will induce a voltage difference across the sample
which can be detected by electrical means. In this way, an external nanovoltmeter
(Keithley 2128A) is synchronized with the FMR spectrometer in order to acquire the
voltage difference during a field swept. The theory of spin pumping-induced ISHE is
gathered in Chapter 3. In this setup, the FMR spectra and voltage curves are probed
simultaneously. A general image of the experimental setup is shown in Fig. A.6.

Figure A.6: Actual image of the experimental setup for measuring FMR absorption and
ISHE voltage signals. The numbers stand for: (1) CryoFMR spectrometer by NanOsc. (2)
Keithley 2128 A nanovoltmeter. (3) PPMS multi-probe station controller. (4) Pair of coaxial
cables for supplying the RF signal to the waveguide. (5) Cryogenic dewar for controlling the
temperature and pressure of the measurement. (6) BNC cable to connect the Helmholtz coils
to the AC source. (7) Closeup visualization of the connection between the nanovoltmeter and
the PPMS, which mediates the connection with the sample holder.
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A.2.3 Transport Measurements

PPMS is also used for probing the transport properties of most of the films presented
in this Thesis. The specific PPMS sample holders for these kind of measurements are
the so-called rotation pucks. These pucks allow the sample to rotate with respect to
the applied magnetic field direction. The spin Hall magnetoresistance measurements
presented in Chapter 6 consist in a series of field-dependent (FDMR) and angular-
dependent (ADMR) magnetoresistance measurements. These measurements probe
the resistivity of the system with respect to the magnetic field magnitude in each of
the three orthogonal directions (FDMR), and with respect to the three main rotation
axes at a constant field (ADMR). The definitions of these directions and angles is
shown in Fig. 6.2 from the main text, whereas the rotation pucks which enable
these measurements are shown in Fig. 6.5. In that Chapter, the definitions of the
normalized magnetoresistance amplitudes are:

1. ADMR:
oL PL ’
2. FDMR:
Apr _ pr(H) = prL(H =0) (A.3)

PL PL

where p;, = Rpwtp/l, is the longitudinal resistivity at H = 0, Ry, the longitudinal
resistance, w and [ the width and length of the Hall bar (see Fig. 6.5), tpy the Pt
film thickness in this case, and 6 = «, 3,7 (see Fig. 6.2). Longitudinal stands for the
resistance measured along the current direction. In these measurements, the voltage
difference is measured by the Keithley 2128A nanovoltmeter, whereas the charge
current along the Hall bar is generated by a Keithley 6221 current source meter.
The current has an intensity of 60 pA and, although it is a DC current signal, each
measurement voltage measurement reads

SV

VL 2 ) (A4)

being VLH*) the voltage difference measured when the intensity equals 60 pA (-60
uA).
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A.3 Structural and Surface Characterization Techniques

A.3.1 X-ray Diffraction and Reciprocal Space Maps

Nowadays, X-ray diffraction (XRD) is at the heart of the most widely used techniques
for characterizing the crystal structure of materials. One of the XRD methods em-
ployed in this Thesis is that of 8 — 20 scans. In these measurements, the incident
X-rays arrive at an angle 6 to the sample surface, whereas the detector is at an angle
260 from the incidence. The coupled motion of the incident beam and the detector is
the 6 — 260 scan, and the information about the crystal structure of the film is found
at the positions of the diffraction peaks through Bragg’s law [282],

thkl sinf = n)\, (A5)

where dp,; is the d-spacing, which corresponds to the spacing between two consecutive
planes belonging to the family of planes (hkl), A is the X-ray wavelength, and n is an
integer. A geometric representation of Bragg’s law is found in Fig. A.7a, whereas a
schematic diagram of the experimental § — 26 scans is shown in Fig. A.7b. The 6 — 26

scans presented in this Thesis are performed at the X-Ray Diffraction Laboratory of
ICMAB-CSIC, by using a Siemens D-5000 diffractometer.

a) b)
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Figure A.7: a) Geometric depiction of Bragg’s law: If # is the angle of incidence between the
X-ray beams and the family of planes (hkl) of the film, then the difference in path between
the waves scattered in the points D and B equals AB 4+ BC = 2dsin 6. If this difference is a
multiple of nA, then the two waves combine themselves interfering constructively, giving rise
to an observable diffraction peak. This image and explanation have been retrieved from Ref.
[282]. b) Schematic diagram of the experimental setup of § — 20 scans. Note that g = 6.
This image has been retrieved from Ref. [283].

Another kind of XRD diffraction analysis that is employed in this Thesis is that
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of reciprocal space maps (RSM). A point in the reciprocal lattice corresponds to a
family of planes in the real lattice of the crystal. Therefore, a RSM consists of a series
of detailed scans around a given point in reciprocal space which result in an actual
map around that point. By analyzing the shape and position of the points coming
from the film or the substrate, it may be possible to determine the strain state of the
film with respect to the substrate or the lattice mismatch, for instance.

A.3.2 X-ray Reflectivity

The determination of thin film thickness in this Thesis is made mostly by means
of X-ray reflectivity (XRR) measurements. XRR measures the intensity of reflected
X-rays coming from grazing-incident X-ray beams. There is total reflection when the
incidence angle # is smaller than the so-called critical angle 6.. Therefore, for 8 > 6,
some of the X-rays will be reflected at the surface of film but some of them will
penetrate and reflect at an inner film layer. The phase difference between interlayer
reflected X-rays results in an fringe-like interference pattern as a function of 6 [284].
An schematic diagram of XRR is shown in Fig. A.8.
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Figure A.8: a) Schematic diagram of the basic features of X-ray reflectivity (XRR) analysis.
b) Representative experimental profile in XRR experiments of single thin films. The interval
of oscillations is directly related to the thickness of the film. Image retrieved from Ref. [284].

XRR is widely used for determining thin film parameters such as thickness, den-
sity and surface roughness [285]. However, the film thickness alone can be directly
estimated from the oscillation period of the interference pattern, i.e. [280],

2
sin?§; = sin? 0, + n? (;) , (A.6)
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where n; is the position of the i-th oscillation minimum, and ¢ is the film thickness.
Therefore, the slope of the line relating sin?§; with n? is directly connected to the
thickness of the film. This approach is fairly valid in most of the samples presented
in this Thesis. Nevertheless, it does not work very well for bilayers or multilayers
with similar electron densities, such as Lag/35r/3MnO3/SrlrO3 bilayers. In that
case, the overall XRR profile is a superposition of each individual layer and a more
sophisticated analysis is needed for interpreting the data. An example of this effect
is observed in Fig. 5.34b from Chapter 5.

A.3.3 Scanning Electron Microscopy

Scanning electron microscopy or SEM is employed in some of the samples in this The-
sis for probing their surface morphology and composition. Instead of photons, SEM
uses a focused beam of electrons for imaging. These electrons can interact with the
atoms which conform the film surface and induce the emission of secondary electrons.
Conversely, these electrons can also be deflected in a process called backscattering.
In both cases, the electrons are collected by a detector. The emission of secondary
and backscattered electrons depends strongly on the specific surface morphology of
the film at that point and therefore an image of the surface of the film can be re-
constructed digitally. On top of that, the emission of secondary electrons will induce
the relaxation of an electron from an upper energy level to fill the hole created in the
process and X-rays will be emitted. These X-rays are detected by a complementary
technique called energy dispersive X-ray analysis (EDAX), and since they are finger-
prints of the element which emits them, the sample composition at a specific region
of the surface can be inferred as well. In Fig. A.9, a schematic representation of the
three different main processes occurring in SEM imaging are shown. The SEM images
presented in this Thesis have been obtained at the facilities of ICMAB-CSIC, at the
Electron Microscopy Service, which owns a SEM QUANTA FEI 200 FEG-ESEM.

Another technique that is used for imaging the surface of our films, although much
less relevant in the context of this Thesis, is atomic force microscopy (AFM). In
AFM, a nanometric tip at the end of a microcantilever scans the surface of the
sample, and the mild interaction of this tip with the sample surface allows us to map
the surface morphology of the sample [288]. In this work, AFM is primarily used
for characterizing the surface of Sr'TiO3 and LaAlO3 and, occasionally, the surface of
some of the films. We have employed an Asylum Research MFP-3D from our research
group at ICMAB-CSIC.
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Secondary Electrons Backscattered Electrons Auger Electrons or
X-Ray Fluorescence

Figure A.9: Primary processes occurring in SEM, from left to right: The emission of secondary
electrons, the backscattering of incident electrons, and the emission of X-rays due to relaxation
from upper levels. Image retrieved from Ref. [287].
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Figure A.10: Schematic diagram of the fundamental steps for the STEM sample preparation
by FIB. a) Deposition of a protection layer on the target region of the film. b) Ion milling of
the desired region to prepare a section of thickness of a few pm or less. c¢) The target region
(i.e., the one protected before) is removed from the sample and placed in the STEM grid.
d) Additional ion milling process for making the section as thin as possible (10-100 nm). e)

The sample is transparent to the flow of electrons and ready to by imaged by STEM. Image
retrieved from Ref. [289].

A.3.4 Scanning Transmission Electron Microscopy

Interface quality is one of the most important features for probing spin transport phe-
nomena across FM/NM bilayers. As such, the correct characterization of the interface
in our samples is of paramount importance. In this context, scanning transmission
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electron microscopy (STEM) offers an unquestionable advantage with respect to other
techniques. The information regarding the local atomic structure, chemical compo-
sition, and interface quality can be obtained from STEM analysis [290]. Contrary
to SEM, for example, STEM is based on the transmission of electrons through the
sample. In this way, the region of the sample to be imaged has to be thin enough for
electrons to cross it. In this Thesis, lamellas for STEM observations have been pre-
pared by using focused ion beam (FIB) technique. This procedure allows us to obtain
a thin section of the sample along a given crystallographic plane, without damaging
the whole sample [289]. The necessary steps for obtaining thin cross-sectional areas
for STEM imaging are shown in Fig. A.10. In addition, some of the incident elec-
trons can undergo inelastic scattering from interactions with the electrons and atomic
nuclei of the sample atoms, losing part of their energies. The experimental method
for obtaining the energy-loss spectra of these inelastically scattered electrons is called
electron energy-loss spectroscopy (EELS) [291]. The information about the chemical
composition of the atoms in a given region of the STEM image can be inferred from
EELS spectra and, thus, is very relevant for the work done in this Thesis. Figures
5.4 and 6.12 from Chapters 5 and 6, respectively, are representative examples of the
power and capabilities of STEM imaging combined with EELS chemical composition
analysis.
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Voltage Measurements Using
Single-Stripe and Fringed
Patterns: a Comparison

To prove that the voltage signal measured in a sample with multiple parallel stripes
(fringed) and that measured in a single stripe are fully equivalent, a single-stripe
sample of 5 mm x 50 pm and a fringed patterned one consisting of 41 parallel stripes
of 2 mm x 50 pum each, were prepared. The main advantage of using a fringed
pattern is that the FMR, absorption curve is larger than in the single-stripe case, in
which the absorption curve is noisy (strong improvement of the signal-to-noise ratio).
Therefore, errors in the determination of AH and Hyes from FMR measurements are
strongly reduced. Each sample is measured as stated in Chapter 4, with the CPW
signal line running perpendicular to the stripes, and the voltage signal measured on
both sides. The FMR absorption curves are shown in Fig. B.1. As evidenced in Fig.
B.1, the FMR absorption in the fringed patterned case is nearly 40 times larger that
that in the single stripe one. This differences is attributed to the fact that the FMR
absorption amplitude is proportional to the quantity of material that is being excited
by the CPW underneath. As a consequence, values of AH and H,es determined by
fitting the experimental curves are much more precise in the fringed patterned sample.

Furthermore, to check that both samples are equivalent and that the patterning
process has not affected their magnetic properties, FMR curves from Fig. B.1 were
fitted to extract AH and Hyes (see Fig. B.2). From the fitting process, in the same
way as in chapter 4, the gyromagnetic ratio vy, saturation magnetization M,, and
Gilbert damping « are determined and their values compiled in Table B.1.

The transverse voltage signal measured for each type of sample is depicted in Fig.
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Figure B.1: Room temperature FMR absorption curves for each frequency as a function of
the applied magnetic field for the single stripe sample (left), and the fringed one (right). The
difference in magnitude between each other is almost 40-folds higher for the fringed patterned

one, thus allowing a much more accurate evaluation of AH and H,es.
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Figure B.2: Frequency dependence with respect to the resonance field (left), and FMR
linewidth dependence with respect to the resonance frequency (right). Curves for both sam-
ples show a significant overlap, thus indicating that the magnetic properties of both samples
are very much alike. (Room temperature).

B.3. The figure evidences that the two voltage curves completely overlap, having the
same linewidth, resonance field, and voltage amplitude. This can be explained by the
fact that the voltage in the fringed patterned sample is just the average voltage over
the sample’s individual stripes, i.e., that voltage is an intensive quantity. Additionally,
it is observed that the voltage signal does not depend on the length of the stripe in
the measurement direction since the active line of the CPW is only a few hundred
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Magnetic parameters for the fringed and stripe samples in Fig. B.2 extracted

from the fitting process.

Sample M, H, v/2m a AH(0)
(emu/cm3) | (Oe) | (GHz/T) | (x1073) | (Oe)
Stripe 732.11 -3.1 29.80 9.83 8.0
Fringed 748.03 -1.1 29.45 11.01 3.8
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Figure B.3: Transverse voltage signal measured in the single stripe sample and fringed one at
room temperature. It is evident from the figure that both voltage curves completely overlap
with each other, sharing linewidth, resonance field, and voltage amplitude.
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Appendix

ADMR and FDMR Measurements
in Additional La,CoMnOg/Pt

Bilayers Using Different Pt
Deposition Conditions

C.1 Samples Preparation and Characterization

The experimental results presented in the main text indicate that the magnetic state
of the LCMO surface is magnetically decoupled from its bulk. It is suggested that the
LCMO surface modification occurs upon Pt deposition. In order to corroborate or
discard this hypothesis, in this Appendix, three additional LAO// LCMO/Pt sam-
ples with different Pt deposition conditions are presented. Specifically, low deposition
power and off-axis deposition are employed in order evaluate the effect of Pt deposi-
tion on the LCMO surface properties. In this Section, the deposition conditions and
characterization of these three additional samples are addressed. In Section C.2 their
ADMR and FDMR measurements are shown and discussed. Finally, in Section C.3,
the ADMR and FDMR measurements of an additional LCMO/Pt system grown on
top STO (instead of LAO) are presented.

LCMO films were grown using the same deposition conditions and in the same
equipment as the one from the main text. The Pt capping layers, however, were
grown using different deposition conditions and, in fact, in a different equipment. The
equipment that was used in this series of samples is the magnetron sputtering from
BRTA CIC nanoGUNE Research Center (the ATC series AJA Sputtering System)
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in Donostia-San Sebastian (Spain). In either case, this equipment and the one from
our research group in Barcelona are based on the same principles and there should be
no output difference between each other. Nevertheless, the main technical difference
between both systems is that the sputtering from nanoGUNE has a rotational target
arm which allows it to change the angle between the target and the film, i.e., it allows
for off-axis deposition. In Fig. C.1, an schematic drawing of both of these systems
is shown for comparison. It is important to note the angle ¢, which defines the
relative position between the target and the film, since it will be a relevant deposition
parameter.

(a) (b)

—— - -

LCMO film = . CMO film

h~13 cm

h~23 cm

Pt target
Pt target

Figure C.1: Schematic drawing highlighting the technical differences between the magnetron
sputtering from (a) our research group in Barcelona and (b) that from BRTA CIC nanoGUNE
in Donostia-San Sebastidn (Spain). The angle ¢, which defines the relative position between
the target and the film, is one of the deposition parameters to take into account.

The Pt deposition conditions of each sample are compiled in Table C.1. In this
table, the Pt deposition conditions of the Pt capping layer from the main text is in-
cluded for comparison. The Pt deposition conditions from sample A are the standard
conditions used by the Nanodevices research group in nanoGUNE. The conditions
for sample B are exactly the same but the power was decreased from 80W to 20W.
Finally, the Pt from sample C uses the same deposition conditions as in A but the
angle between the sample and the target was increased from 60° to 75°. In all cases,
Pt was deposited at room temperature.

The magnetic characterization of each LCMO film is carried out by means of SQUID
magnetometry. In Fig. C.2, the magnetization versus temperature curves, M(T), and
hysteresis loops, M(H), of each film are shown. As can be observed, the T in all three
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Table C.1: Pt deposition conditions of the three samples (A, B, and C) presented in this
appendix as well as the ones from the Pt presented in the main text. The angle ¢ is defined
in Fig. C.1.

Sample @ Angle | Pressure | Atmosphere | Power
(deg) | (mTorr) (W)

Main Text - 5 Ar-H, 22W
A 60 3 Ar 80W

B 60 3 Ar 20W

C 75 3 Ar S80W

cases is very similar (= 255K) (see Fig. C.2a), while the saturation magnetization at
10K is around 4-4.5 up/fu. (see Fig. C.2b), denoting some level of cationic disorder.
The LCMO thickness of sample A has been obtained from X-ray reflectivity (XRR)
measurements (see Fig. C.3a) and equals 12.2 nm. From comparison, samples B
and C were assumed to have the same thickness. Moreover, the Pt capping layer
thickness in each case is 5 nm according to a previous calibration process carried
out by the Nanodevices group in nanoGUNE. Then, after the Pt depostion, each
sample was subjected to a lithographic plus etching process in order to imprint a
Hall bar identical to that described in the main text (i.e., a Hall bar for transport
measurements of length [ = 800 um and width w = 100 pgm). Finally, in Fig. C.3b
the longitudinal resistivity dependence on temperature of the Pt deposited in each of
the samples is shown. In this case, as can be observed, samples B and C present the
highest values of resistivity, up to 8 times higher than the resistivity of sample A and
the one from the main text sample.

C.2 ADMR and FDMR Measurements

We start by presenting the ADMR and FDMR measurements of sample A (i.e., the
sample with the standard deposition conditions). In Fig. C.4 the ADMR and FDMR
measurements are depicted. As can be observed, the results are very similar to those
described in the main text. The ADMR measurements in Fig. C.4a reveal that
the resistivity response is in accordance with the expected SMR/HMR symmetry.
Moreover, the SMR amplitude clearly increases when increasing the magnetic field
magnitude. In either case, the signal does not vanish above T, nor decreases near
it. The FDMR measurements (see C.4b) present no gap at H = 0 nor reproduce the
hysteretic nature of sample A magnetization (this can be deduced from the fact that
regardless of the magnetic field direction, all resistivity curves are zero at exactly H =
0). In addition to this, the negative MR in the H, direction at 100K and 50K observed
in the sample from the main text is also seen in sample A. At higher temperatures,
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Figure C.2: (a) Magnetization vs temperature curves for each sample. The applied in-plane
magnetic field is indicated in each case. In the case of the A sample, zero-field-cooled /field-
cooled (zfc/fc) magnetization curves are shown. (b) Hysteresis loops of the samples at 10K
with the magnetic field applied in the plane of the film.
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Figure C.3: (a) X-ray reflectivity (XRR) curves for the LCMO film in sample A. (b) Pt
resistivity versus temperature curves for the three samples. As can be observed, the variation
of growth conditions has a notorious effect on the transport properties of the Pt film.

however, the FDMR curves are in accordance with HMR, phenomena. In summary, it
is clearly obvious that these results are qualitatively the same as the ones obtained in
the main text and, as such, it is a possibility that the Pt deposition process damages
the surface of the LCMO film, inducing the formation of a magnetically decoupled
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thin layer at its surface.
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Figure C.4: (a) ADMR measurements of sample A as a function of temperature in the «
(blueish symbols) and g (reddish symbols) rotation angles from the main text. (b) FDMR
measurements of sample A as a function of temperature in the three main field directions (z,
y, z). Both the rotation angles and magnetic field directions have been defined in Fig. 6.2
from the main text. The temperature in both setups ranges from 300K to 50K.

In order to check this hypothesis, samples B and C were fabricated using different
growth conditions, i.e., lower deposition power and higher off-axis angle, respectively.
It is important to note that the Pt deposition conditions in these samples are softer
and have the objective of reducing the possible damage inflicted on the LCMO surface:
On one hand, the Pt from sample B uses the same deposition conditions as in sample A
but the power is four times smaller. On the other hand, the Pt from sample C uses the
same power as in A but the Pt target is tilted at a larger ¢ angle. These measurements
were performed by researchers from the Nanodevices group in nanoGUNE. In Fig.
C.5, the ADMR and FDMR of samples B and C are shown. As can be observed, the
ADMR measurements (see Figs. C.5a and C.5¢) in both cases present the typical
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SMR/HMR symmetry even above T, just as in sample A and the one from the main
text. In addition, it is worth noticing the small SMR amplitude observed in sample
C (Fig. C.5¢ ), which corresponds to the higher off-axis angle Pt deposition. By
looking at the FDMR measurements (see Figs. C.5b and C.5d), the behaviour is very
different with respect to what is observed in sample A and in the one from the main
text. In either case, the shared feature in all four samples is the lack of gap at H =0
and the superposition of trace and retrace FDMR measurements, which in overall is
indicative of the existence of an uncoupled magnetic layer at the surface of LCMO.
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Figure C.5: (a) ADMR measurements at 9T of sample B as a function of temperature in
the a rotation angle (b) Trace and retrace FDMR measurements of sample B at 10K with
the magnetic field pointing in the H, and H, directions. (¢) ADMR measurements at 9T
of sample C as a function of temperature in the « rotation angle. (d) Trace and retrace

FDMR measurements of sample C at 100K with the magnetic field pointing in the H, and
H, directions.

In conclusion, it is shown that the three samples presented in this Appendix display
similar features to the one presented in the main text, which would suggest that in
all four cases there exist some sort of magnetically decoupled layer at the surface of
the LCMO film. In addition, it is suspected that this layer forms during the LCMO
film deposition process, i.e., prior to the Pt deposition. This suspicion comes from the
fact that, in none of the four samples, the LCMO magnetic properties (hysteresis, T)
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could be glimpsed. It is thus of the upmost importance to carefully study the LCMO
deposition process in order to improve the SMR measurements in the LCMO /Pt
System.

C.3 SMR Measurements on La;CoMnOj3 /Pt Bilayer Un-
der Tensile Strain
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Figure C.6: (a) X-ray reflectivity curves of the LCMO film deposited on top of STO (orange)
and LAO (blue) substrates. The one grown on top of LAO corresponds to the sample in
the main text. (b) Temperature dependence of the magnetization of LCMO films grown on
top of STO and LAO substrates, after a zero-field-cooling (empty symbols)/field-cooling (full
symbols) (zfc/fc) process with an applied magnetic field of H = 1 kOe. (c) Field dependence
of the magnetization at T = 10K. In both cases the magnetic field is applied parallel to
the easy magnetization direction, i.e., parallel to the film plane (IP) for LAO// LCMO, and
perpendicular to the film plane (OOP) for STO//LCMO. (d) Longitudinal resistivity of the
Pt capping layer in both LCMO/Pt bilayers as a function of temperature.

An additional LCMO thin film was deposited on top of STO using the same depo-
sition conditions as the one from the main text. In fact, both samples were deposited
simultaneously. It is known [260, 48] that LCMO thin films exhibit a large perpen-
dicular magnetic anisotropy (PMA) when subjected to tensile strain, which can be
accomplished when deposited on top of STO due to lattice mismatch. The presence
of this large PMA should influence the overall SMR characteristics of the STO//
LCMO/Pt system. However, in the event that there was a magnetically decoupled
layer at the LCMO/Pt interface, the results observed for the LAO// LCMO/Pt sys-
tem and this one should be very similar.
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Figure C.7: (a) ADMR measurements above and below T, in the LCMO film grown on top of
STO substrate for different applied magnetic fields. As evidenced by the figure, the ADMR
measurements are very similar to those in the main text irrespective to the substrate used.
Thus, the strong PMA observed in STO// LCMO films does not play a relevant role on the
LCMO/Pt interfacial properties. (b) FDMR measurements above and below T, in the three
perpendicular rotation planes as defined in the main text. As in (a), the very same behavior
is observed for samples grown on LAO and STO substrates. The /3 rotation angle in (a) as
well as the H, and H, field directions in (b) are defined in Fig. 6.2 from Chapter 6.

In this Section, the ADMR and FDMR measurements of this additional STO//
LCMO/Pt sample are shown and compared to those obtained in the main text and
this Appendix. Before that, it is mandatory to asses the equivalence between both
samples. Thus, in Fig. C.6 the fundamental physical properties of each film are
shown. The X-ray reflectivity curves (see Fig. C.6a) show that they indeed share
the same thickness, as expected. Moreover, the magnetic characterization of both
samples was carried out by SQUID magnetometry. The zero-field-cooled /field-cooled
magnetization versus temperature curves as well as the magnetization hysteresis loops
are shown in Figs. C.6b and C.6c¢, respectively. It is important to note that the
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magnetic field was applied along the easy magnetization direction in each case, i.e.,
in-plane (IP) for LAO// LCMO and out-of-plane (OOP) for STO// LCMO. From
the zfc/fc curves it can be observed that the Curie temperature T¢ of the film grown
on LAO (i.e., under compressive strain) is larger than that of the film grown on STO
(under tensile strain). In addition, Fig. C.6c shows that both LCMO films present
a similar saturation magnetization of My ~ 5 up/f.u. at 10K and a coercive field
of Ho ~ 1 kOe. The value of M is close but slightly smaller with respect to the
theoretical saturation magnetization value of 6 up/f.u., suggesting that there exists
still some level of B-site cationic disorder in our films. As shown in previous works
from our group [18, |, the LCMO films grown on STO substrates exhibit strong
PMA. Moreover, in Fig. C.6d the longitudinal resistvities as a function of temperature
of the Pt capping layers deposited in each sample are shown. The Pt deposition
process was carried out by using the same deposition conditions and experimental
methodology as that described in the main text. In addition, a Hall bar of 800 um of
length and 100 pm of width was patterned for performing the corresponding transport
measurements. By direct comparison, it is observed that the resistivity of the sample
grown on top of STO is slightly larger that found in LAO, but in accordance with
reported values in similar systems.

Now we move on to present the ADMR and FDMR, measurements performed on
the STO// LCMO/Pt sample at various temperatures above and below T.. These
results are compiled in Fig. C.7, and it can be observed that it exhibits the same
angular and field dependence as that observed in the sample from the main text as
well as in sample A from this Appendix (both grown on top of LAO). Conclusively,
these results make evident that the LCMO uppermost layers in the LCMO /Pt bilayer
exhibit the same ADMR and FDMR behavior irrespective to the substrate used. As
such, we should conclude that the structural strain-induced magnetic anisotropy does
not play any role in this sample. This result further supports the idea that the LCMO
uppermost interfacial layers are magnetically decoupled from the rest of the film. In
addition, it was also observed that ADMR and FDMR measurements were much
noisier in sample grown on STO. This might be related to the difference in resistance
in each case.
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