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Résumé en français

La génération et détection de purs courants de spin dans des isolants magnétiques sont au
cœur de la spintronique des isolants. Ce nouveau concept émergent permet un transport à
longue distance d’une information, dites de spin, grâce à l’absence d’électrons de conduc-
tion qui favorisent la propagation. Un courant de spin peut alors être induit à travers le
réseau de spin via une "onde de spin", connue aussi sous le nom de "magnons", ayant des
fréquences caractéristiques allant du GHz jusque au THz avec des longueurs d’onde asso-
ciée entre le �m et le nm. La spintronique des isolants moderne se focalise principalement
sur le grenat de fer d’yttrium (YIG), un isolant ferrimagnétique, possédant le plus faible
amortissement magnétique connu. Mon travail de thèse a consisté à étudier le transport
d’onde de spin dans des films de YIG ultra-minces (quelques nm) et de hautes qualités,
en exploitant l’interaction spin orbite dans les métaux et les propriétés d’interfaces pour
convertir un courant de charge en ondes de spin. Par l’injection d’une forte densité de
courant dans un nanofil de platine (Pt) déposé directement sur le film magnétique, un pure
courant magnonique peut être induit/détecté dans le YIG par l’effet direct/inverse Hall
de spin dans le Pt. La principale contribution de mon travail a consisté d’étudier cette
conversion à des fortes énergies. J’ai notamment démontré expérimentalement, que la
conductance de spin dans ce système présente divers régimes impliquant un changement
drastique de la densité d’état des magnons. A travers différentes méthodes de mesure
comme le transport de spin local et non-local, la diffusion Brillouin et des mesures de
magnetoresistance, je fournis une analyse complète des différents phénomènes entourant
le transfert de spin dans des films ultra-minces de YIG. Mes résultats expérimentaux ap-
portent une contribution dans l’exploration de phénomènes collectifs nouveaux tels que
la formation de condensats de Bose-Einstein à température ambiante.





Resume

The generation and detection of pure spin currents circulating in magnetic insulator ma-
terials are at the heart of insulating spintronics. It have proven its worth by enabling
transport of spin information across large distances, much further than in metals, thanks
to the absence of decay mechanism through the delocalized electrons. Spin currents
here propagate over localized magnetic moments via spin-waves (SW), or their quanta
the magnons, with characteristic frequencies ranging from GHz to THz and associated
wavelengths from �m to nm. Recently, considerable attention in the field of insulating
spintronics has been given Yttrium Iron garnets (YIG), which is a ferrimagnetic insulator
with the lowest known amount of magnetic damping. My thesis work focuses on spin
waves transport in high-quality ultra-thin films exploiting spin-orbit tools to interconvert
the spin signal into an electrical signal. By injecting a high current density in Pt electrodes
deposited few microns apart on top of a YIG film, a pure magnon current propagating
in the YIG can be induced/detected via the direct/inverse spin Hall effect. The main
contribution of my work is a thorough investigation of the spin transfer at large energies.
We have found that the spin conductance in this system can cross several regimes that
involve a strong change in the magnon distribution. Throughout various techniques such
as local and non-local transport as a function of various parameters (current, field, tem-
perature), Brillouin light scattering spectroscopy, and magnetoresistance measurements,
we provide a complete analysis of the different phenomena surrounding the spin transport
at large energy in thin YIG films and we will show that our experimental findings can be
explained classically and do not support yet the emergence of the new collective quantum
behaviors, such as Bose-Einstein condensation at room temperature.
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Introduction

Spintronics has proven its worth by causing a revolution in data storage and the advent
of the big data era [1]. Spintronics uses the spin, an internal angular momentum of the
electrons (or holes), for various information sensing, storage and processing. Nevertheless,
the majority of spintronics devices continues to function via mobile electrons, which inher-
ently dissipates power due to resistive losses. This is because in metallic ferromagnets, the
charge current is spin polarized and a flow of angular momentum, called spin current, is
joined to the charge flow. Propagating excitations of localized magnetic moments can also
carry spin currents. However, in metals, spin excitations are strongly attenuate due to
considerable viscous damping of magnetic excitations. Only in magnetic insulators, spin
currents propagate with significantly reduced dissipation since there are no conduction
electrons dissipating heat. The coined term "spin insulatronics" covers efforts to trans-
port spin information without transport of carriers. The aim is to facilitate a revolution
of information and communication technologies by controlling electric signals through the
deployment of ferromagnetic insulators (FIs). For spin insulatronics to succeed, spin sig-
nals in magnetic insulators must seamlessly integrate with conventional electronics. This
shall be the only way the transport and manipulation of spin information in an insulator
can become feasible and useful in devices.
Spin insulatronics offers several novelties. The small energy losses in insulators enable
transport of spin information across large distances (up to tens of micrometers [2, 3]),
much farther than in metals. Furthermore, magnetic insulators transfer and contain data
in original ways, even allowing for ballistic propagation. Since the transport is anisotropic,
an external field changing the direction of the magnetic configuration controls the device
as well. The reduced dissipation also facilitates quantum coherent phenomena. Magnons
can condense [4] and one might achieve the state of spin superfluidity [5], an entirely new
route to mediate spin information without loss. While magnonics [6], the exploration of
spin waves in magnetic structures, is a part of this emerging field [7], recent develop-
ments have enabled the possibilities of controlling spin waves electrically or thermally in
ferromagnetic insulator via a neighboring metal [8].

Magnetic Insulators

Ferromagnets are often electrical conductors since ferromagnetic exchange relies on elec-
tron delocalization. Conversely, magnetic insulators are usually governed by indirect
antiferromagnetic super-exchange. The coupling generates either pure antiferromagnets
or ferrimagnets when the magnetizations of the different sublattices do not compensate
entirely. It is sometimes possible to tune (or dope) the two (or more) sublattices and
adjust their magnetization from zero for antiferromagnets to rather large values of the
order of 100 kAm�1. In magnetic insulators, the only way to carry a spin current is via the
localized magnetic moments. The spin flow is the propagation of their local disturbance.
In its simplest manifestation, the spin current propagates via spin-waves (SW), or their
quanta the magnons. The characteristic frequencies range from GHz to THz and the asso-
ciated wavelengths are from �m to nm [9]. A key feature of magnetic materials is that the
spin-wave dispersion relation can be tuned continuously by an external magnetic field on
a very wide range. Additionally, changing or controlling the material alters the magnetic
anisotropy, which gives additional means for tuning the spin transport properties.
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CHAPTER 0. INTRODUCTION 2

In ferrimagnets, high-frequency excitations (up to THz) exist naturally, and not only at
very short wavelengths, through excitation of the magnetization between the two sub-
lattices. Antiferromagnets are ferrimagnets with no net magnetization and associated
absence of the low-energy dispersion branch. While all magnetic insulators are useful in
spin insulatronics, antiferromagnetic insulators are of particularly high interest. Their
THz response is a real ace card and can facilitate ultra-fast spintronics devices. They
are also robust against an external magnetic field. Early theories of antiferromagnetic
metals as active spintronic elements [10, 11] inspired their validation as memory devices
[12, 13]. There are demonstrations that antiferromagnetic insulators are good spin conduc-
tors [3, 14, 15]. The first pieces of evidence were indirect. There is a relatively short-range
spin current propagation in antiferromagnetic insulators coupled to ferromagnetic insula-
tors. Importantly, there are more recent reports of a truly long-range spin transport in an
antiferromagnetic insulator [3]. Other possible materials for room-temperature operation
are the archetype NiO, CoO, as well as the magnetoelectric Cr2O3 and BiFeO3. Many
insulating materials can function as spintronic elements. However, this variety is pre-
dominantly unexplored as most published reports utilize Yttrium Iron Garnet Y3Fe5O12
(YIG). YIG is a ferrimagnetic insulator with the lowest known amount of spin dissipa-
tion as characterized by its exceptional small Gilbert damping constant. It is, therefore,
optimal to propagate spin waves. At low energies, the excitations in YIG resemble that
of a ferromagnet. The well-mastered growth of thin films, either by liquid phase epitaxy
[16, 17, 18] or by pulsed laser deposition [19, 20, 21], so far prevents other materials from
competing. Surprisingly, there are recent reports on spin propagation across microme-
ters in paramagnetic insulators with a larger spin conductivity than YIG [22]. These
results challenge the conventional view of spin transport, and further elucidation of its
fundamental origin should be considered.

Spin Injection and Detection in Magnetic Insulators

Insulators, in contrast to their metallic counterparts, have no (polarized) conduction elec-
trons that can inject, detect or transport spin angular momentum. The absence of this
simple link between charge and spin requires other couplings to the magnetic system.
Spin insulatronics aims to deliver, control and eventually measure electric signals asso-
ciated with spins in insulators. FIG.1 provides a summary of the five interconversion
processes that one could use in insulators to inter-convert the spin information with
another signal type: inductive, magneto-optical, magneto-elastic, magneto-electric, and
spin-transfer processes. All of them have been envisioned, but so far, in spin insulatronics,
most reported measurements have used electric current-driven spin current injection and
detection. Before focusing on the latter, we present alternative means, including strain,
light, electric and magnetic fields.
The classical way to excite and detect spin waves is inductive coupling. However, this
approach has shortcomings when applied to the microscopic scale exploited by spin. The
spatial resolution of the nano-patterning technology exploited to fabricate the microwave
antenna limits the smallest wavelength that can be excited and detected [23]. In practice,
the resolution limit is in the sub-micron range. Therefore, the inductive scheme only
addresses spin-waves with energies that are orders of magnitude below thermal magnons.
More importantly, the coupling is a volumetric effect. The wavelength mismatch between
the microwaves and spin waves makes the process inherently inefficient to detect spin-
waves in thin films [24], implying either poor sensitivity or inability to induce large power
excitation.
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Figure 1: There are different ways to control the spin in magnetic materials. Inductive
coupling with microwaves, elastic vibrations, optical irradiations, and electric field causing
a torques on the magnetic moments exerted by the spin-orbit-torque effect.

Applying strain is a gripping handle for controlling magnetic excitations. Magne-
tostriction is very common in magnetic materials [25]. In antiferromagnets, a strain can
also couple to the Neel vector through the linear magnetoelastic coupling [26, 27]. The
ability to trigger collective excitations using magneto-elastic coupling [28] and the inter-
conversion into elastic waves [29] through interdigitated piezo-electric transducers is an
alternative way to detect angular momentum [30, 31]. There are also demonstrations of
spin pumping in YIG using acoustic waves providing an electrically tuneable source of
spin current [32], albeit at rather low frequencies (MHz). The use of magnon polaron
processes [33] enables the investigations of high-frequency spin transport in ferromagnetic
materials. Moreover, the development of high-frequency coherent shear acoustic waves
[34] has opened opportunities for coupling magnons in antiferromagnets with acoustic
phonons [35, 36].
The issue of weak coupling to the magnetic information is the soft spot of magneto-optical
techniques [37, 38]. Nevertheless, there was a recent demonstration of the hybridization of
whispering gallery optical modes with walker spin-wave modes propagating at the equator
of a YIG sphere [39]. The development of ultra-fast light sources has enabled triggering
and detecting magnetic excitations in ferromagnets in the time domain. This control is
achieved using ultra-fast femtosecond lasers [40] in a pump-probe fashion, through differ-
ent interactions. Ultra-fast shock wave generation [41, 42] can generate magnons, either
directly inside the material of interest or help with a thin layer of transducer material [43].
It is also important to mention the injection of spin currents by ultra-fast demagnetization
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[44] or the even more direct inverse Faraday effect [45, 46, 47]. Another photo-induced
mechanism is the ultra-fast change of anisotropy used for triggering spin waves in NiO
[48, 49], as well as the direct torque induced by the magnetic component of THz mono-
cycle pulses [50]. Noticeably, many of the pump-probe studies are on bulk insulators
because optimal dynamical properties require the low damping obtained when electrical
currents cannot flow, and signals from the magnetic excitations often require a significant
sample volume. Thus, measurements carried out in thin films in the framework of spin-
tronics and magnonics remain scarce. Moreover, precise control of the spin wave emission
using these techniques is currently lacking.
In materials where magnetic and electric order are intrinsically coupled, pure electric
fields can enable the electric control of their magnetic properties. Such magneto-electric
phenomena have been at the center stage since the turn of the century [51]. These ‘multi-
ferroic’ compounds have rich physics and are potentially appealing for applications, espe-
cially when they are ferromagnetic and ferroelectric [52]. A significant magneto-electric
coupling between the two order parameters allows for magnetic manipulation of the fer-
roelectricity or, conversely, electrical control of the magnetic order parameter [53, 54]. A
common of expressing this coupling is by introducing terms in the free energy coupling
the polarization and the magnetization. There can be linear or quadratic couplings [55].
Surprisingly, the dynamical properties of the magneto-electric coupling and its utilization
in the design of magnonic structures are underexplored. Conceptually, it has been shown
that magnons in magnetoelectrics can be hybrid entities because of their coupling to the
electric order [56, 57]. In principle, one can envision that electric fields can launch the re-
sulting ‘electromagnons’ to generate and control magnonic transport at the micron scale,
a feature not yet demonstrated. In any case, the magnetoelectric effect could be very use-
ful in the field of spin insulatronics, particularly to address and control antiferromagnets
for which magnetic fields are inoperable.
Recently it has been shown that spin transfer and spin-orbit effects allow injecting an
external spin current through the interface from an adjacent non-magnetic layer [58].
This method provides direct electric control of spin transport and has overcome many
limitations of earlier established routes. Electric currents passing through conductors can
generate pure spin signals. In metals with a significant spin-orbit interaction like Pt and
W, the spin Hall effect converts a charge current into a transverse spin current [59]. The
generated spin current is :

j .s/ij D �SHE"""ijkj
.c/

k
(1)

where �SHE is the spin Hall angle, and "ijk is the Levi-Civita tensor. The charge current
j .c/
k

is the component that flows along the k direction. The spin current j .s/ij flows along
the j direction and is polarized along the i direction. It is the generated transverse spin
current that we, in turn, can inject into magnetic insulators. Detection of spin currents is
feasible as well. There is a reciprocal effect to the spin Hall effect where a spin current can
cause a secondary transverse charge current via the inverse spin Hall effect. In this, so-
called inverse spin Hall effect, the generated charge current is proportional to the primary
spin current :

j .c/i D �SHE"""ijkj
.s/

jk
(2)

Rasbha coupled interfaces [60] or topological insulators like Bi2Se3 also facilitate an
analogous spin-charge coupling [61]. A spin Hall magnetoresistance, the dependence of the
resistance in metals on the magnetic configuration of adjacent insulators, can probe the
ferromagnetic order [62, 63]. Spin angular momentum can flow from metals to magnetic
insulators or in the opposite direction via the exchange coupling at the metal-insulator
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interfaces. At these connections, the energy depends on the relative orientation of the
localized and the itinerant spins. A disturbance in either of the spin subsystems can,
therefore, propagate from metals into insulators and vice versa. In the metal, spin-
polarized transport or spin-orbit coupling together with charge transport can cause the
spin imbalance, resulting in a spin-transfer torque and spin-orbit torque, respectively. In
the spin-transfer torques in ferromagnets, a spin accumulation, resulting, for instance,
from the spin Hall effect, is transferred as a torque on the magnetization :

��� D a �m � .m �����/ (3)

Where a is a measure of the efficiency, m is a unit vector along the magnetization di-
rection, and ���� is the electrochemical potential resulting from the out of equilibrium spin
imbalance. The reciprocal effect also exists. A dynamical magnet pumps spin currents to
adjacent conductors :

j .s/iz D b �m �
ım
ıt

(4)

While spin-transfer torque is the reciprocal effect, in insulators, it has turned out easier
to measure the former effect. In ferromagnets, a broad range of experiments on a variety of
systems have unambiguously established spin-pumping [64, 65, 66, 67, 68, 69, 70, 71, 72].
Until now, there are no direct demonstrations of spin-pumping from antiferromagnet in-
sulators (due to their very high resonant frequencies). Theoretically, spin-pumping is
predicted to be as strong from ferromagnetic insulators [73] as from ferromagnetic metals
[74, 75, 76]. This essential mechanism should, therefore, be robust.
Spin-transfer and spin-orbit torques provide new avenues to alter the magnon energy dis-
tribution in insulators [77, 78, 79]. However, the generation of magnons in these ways
lacks frequency selectivity, and, therefore, can lead to excitations in a broad frequency
range [80, 81]. This lack of discernment poses a challenge in identifying the spin-wave
modes that are propagating the spin information. Although the selection rules of spin
transfer effects seem insensitive to the spatial pattern, the spin transfer efficiency increases
with decreasing magnon frequency [82]. The energy transfer relies on a stimulated emis-
sion process [83, 84]. By favoring the spin wave eigenmodes with the most substantial
fluctuations, spin-transfer targets preferentially the modes with the lowest damping rates,
the lowest energy eigenmodes since the relaxation rate is proportional to energy [81, 85].
The situation is different for spin-waves excited by thermal heating, where the excitations
predominantly consist of thermal magnons, whose number overwhelmingly exceeds the
number of other modes at a finite temperature [86, 87]. Additional opportunities arise
from the improved efficiency of the spin transfer process. Insulating magnetic materials
are particularly promising since they have exceptional low damping. Indeed, the rele-
vant threshold quantity is the amount of external spin density injected relative to the
linewidth. Using spin transfer on insulators gives a unique opportunity to probe non-
equilibrium states, where new collective quantum states are expected to emerge, such
as Bose-Einstein condensation at room temperature [88, 89]. It is important to recall
that nonlinear processes are responsible for energy-dependent magnon-magnon interac-
tions, which leads to threshold effects such as spin-wave instabilities [90]. It is possible
to describe such effects as turbulences, most well-known as the mechanism behind the
saturation of the Kittel mode or the rapid decay of coherent spin waves into incoherent
motions [91]. As a consequence, they alter the energy distribution of magnons inside the
magnetic body. These processes should conserve both energy and angular momentum.
Thus, a critical parameter that controls magnon-magnon interactions is confinement. By
lifting the degeneracy between modes through finite size effects, it is possible to limit the
possibility of finding quasi-degenerate modes (i.e., within the linewidth) available at the
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first harmonics, which substantially increases the nonlinear threshold values. In closed ge-
ometries (e.g., nano-pillars), when confinement lifts the degeneracy between the spin-wave
modes, spin-transfer processes generate large coherent GHz-frequency magnon dynamics.
There, a single mode tends to dominate the dynamics beyond the damping compensation
threshold current. This selection enables controlling the amplitude. The demonstrations
of current-induced torques affecting the magnons in Yttrium iron garnet [80, 85, 92, 93]
use this feature.

Spin Transport and Manipulation in Magnetic Insulators

Transport of spin information is possible in many materials including metals [94], semi-
conductors [95] and 2D materials such as graphene [96]. In these materials, the conduction
electrons mediate the spin flow. However, disturbances of localized spins can also prop-
agate and carry spin information. Remarkably, it is possible to transport spin angular
momentum over distances as large as 40 micrometers in Yttrium iron garnet [2] and as far
as 80 micrometers in hematite [3]. The magnon diffusion length is around ten micrometers
at room temperature in YIG [2, 97].
The incoherent magnon transport in insulating materials such as YIG is dominated by
thermal magnons whose number overwhelmingly exceeds the number of other modes at
finite temperature. This is demonstrated in the Spin Seebeck effect [98], where a trans-
verse voltage in a Pt electrode fabricated on a YIG layer develops as a result of thermally
induced magnon spin transport. This process can also be reversed [2, 99] and can be
used for electrically driven magnon spin injection. In the so called non-local geometry,
a charge current through the Pt injector strip generates an electron spin accumulation
at the PtjYIG interface via the spin Hall effect. Exchange processes across the interface
result in a magnon spin accumulation and a non-zero magnon chemical potential. This
drives magnon diffusion at the detector electrode, the resulting non-zero magnon chem-
ical potential drives an electron spin current in the Pt and converted into an electrical
voltage via the inverse spin Hall effect. By varying the spacing between the injector and
detector electrodes a typical magnon spin relaxation length of 10 micrometers at room
temperature could be determined [2]. This was confirmed by simultaneously measuring
the effects of electrical as well as thermal magnon injection. The spin Seebeck effect un-
der the injector electrode gave rise to the latter effect. This effect has also been used
to control damping [100] and even to generate auto-oscillations of magnetization [101].
This and consecutive experiments [102] confirmed that in addition to driving a magnon
spin current by a temperature gradient, the magnon chemical potential plays a crucial
role in driving magnon currents in magnetic insulators. The universality of this non-local
technique has been shown recently for the study of thermal magnon transport in the most
ubiquitous antiferromagnet ˛ Fe2O3, where magnon spin relaxation lengths of typical 10
micrometers were observed at temperatures of 200K [3]. Magnon modes with frequency
of tens of GHz, or as large as 0.5 THz can carry spin information over micrometers. Im-
portantly, this result demonstrates the suitability of antiferromagnets to replace currently
used components. These developments open the door towards exploring a wider class of
materials with a richer physics. The non-local geometry was also used to demonstrate
that the anomalous spin Hall effect and its inverse in conventional ferromagnets such as
Py can be used as efficient spin injectors and detectors in YIG and other non-magnetic
materials. The efficiencies are comparable to that of heavy metal Pt. An advantage is
that a magnetic field controls the polarisation direction of the perpendicularly injected
spins [103].

The pioneering report of Kajiwara et al [8] addressed, for the first time, experimental
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proof of excitation and detection of propagative spin waves in YIG film interconverted
by the SHE. This opened the possibility of an all-electrical manipulation of magnon in
an insulator base ferrimagnet above a threshold current injection. At that time, the re-
ported propagation length of the spin waves exceeded mm distance which triggered a
large renewed interest into YIG. The experiments which were operated in a quite thick
film (1.3�m) could not be reproduced. Subsequently came the work of Cornelissen et al
[2], where spin angular momentum transport over tens nm/�m distances in thick YIG
was reported and was confirmed by Goennenwein et al [104]. The thermal nature of
the traveling spin was clearly identified by studying the decay of the spin signal with
the distance between the two spin Hall probes. This thermal spin waves transport was
characterized by a linear voltage drop with the current. The smaller thickness (200 nm)
of the magnetic film and the low current regime could only produce thermal spin waves
[105]. An important breakthrough in the field of insulatorics was the fabrication of high
quality low damping epitaxial YIG ultra-thin film by liquid phase epitaxy [20]. It was
demonstrated [106] that, in these thin films, full compensation of the magnetic damping
can be reached through the action of the spin-orbit torque in an adjacent metal layer. It
enables the excitation of low-energy spin waves and thus coherent information [92].
This thesis work focuses on spin waves manipulation in ultra-thin YIG films through non-
local measurement. In this manuscript, I will provide experimental measurement on the
nature/characteristic of excited magnons for large applied torque and investigation of the
spin transfer mechanisms at high energy/temperature in magnetic insulator and try to
solve the controversy of Kajiwara [8] and Cornelissen [2] experiments.

This manuscript is organized into six chapters :

Chapter 1 sets the basis of the theoretical concepts on magnetization dynamics and
properties of spin waves in thin films. The fundamental aspects of spin current will be
presented and a phenomenological picture of the spin Hall effect, spin Hall magnetoresis-
tance and spin Seebeck effect will be provided. It will help to set up a bridge between
spin current and spin wave which is the main framework of magnonic spintronics.

Chapter 2 will be dedicated to the magnetic characterization of ultra-thin LPE YIG
films and a large presentation of non-local measurements. After presenting the static and
dynamics properties of those films, we will focus on the non-local measurement of prop-
agating spin waves and will lay the basis of the measurement. Finally, we will present
results on the investigation of YIGjPt interface subject to a local heating by Joule effect
and will cover the main mechanisms of the spin transfer.

Chapter 3 focus on the spurious electrical properties of LPE YIG films, which should
be viewed as large gap semiconductors at high temperature. We will emphasize the im-
pact of this characteristic on the non-local spin transport and provide a simple method
to subtract the contribution of electrical leakage in YIG. Out-of-plane measurements in
non-local geometry at high temperatures will be presented and we will show that the
signal observed in this geometry is compatible with a thermal Hall effect.

Chapter 4 describes the main result of the non-local measurements in the strongly
out of equilibrium regime. Especially we observe a shift from linear to non-linear spin
conductance around a crossover threshold current and we will try to prove the origin of
those signals. We will also investigate the magnon transport in perpendicular magnetic
anisotropy (PMA) Bi-doped YIG thin film made by pulsed laser deposition. The spatial
spectroscopy of the excited spin waves will be studied and comparison with the analytical
model will be given. We will show PMA magnetic insulators are particularly interest-
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ing for long distance magnon transport because of the compensation of self-localization
effect, preventing large magnon diffusion length in in-plane anisotropy magnetic insulator.

Chapter 5 will cover the spin transport at low temperature and we will attempt to pro-
vide the main ingredients governing the observed features in the strong out-of-equilibrium
regime. The purpose of this chapter is to observe the behavior when the spurious elec-
tronic conduction is frozen out and deduce the role of the temperature in the non-local
magnon transport.

Chapter 6 is a comparative study on the same device of the local and non-local transport
properties before and after putting an Al cap layer on the top of the injector/detector.
The purpose of the Al cap layer is to change the amplitude of the thermal gradient while
keeping all the other parameters identical. This allows separating effects that should be
ascribed to the current density to effects that should be ascribed to thermal gradients.
We see that this capping as an influence on the non-local signal and can also shift the
spin signal drop. Besides we observed that the Al capping can dramatically change the
temperature profile in the YIG film and thus can tune the spatial distribution of thermal
magnon in YIG. An analytical model will be provided to explain the experimental results.

Thereafter, a conclusion and perspectives of this work will be given.



Chapter 1

Fundamental concepts

In this chapter, we will focus on the theoretical background necessary to understand the
content of this thesis. We will first focus on how localized magnetic moments can transport
spin information through spin waves. We will characterize spin waves specific propagation
properties through their dispersion relation, which is sensitive to the orientation of the
wavevector compared to the magnetization direction well as the boundary conditions. We
will be interested in particular to the propagation of spin waves in thin films inside the
so called magneto-exchange regime. We will briefly mention the non-linear regime, which
is reached at large excitation energy.
We will also develop in general the problematic of spin transport in metal, spin conversion
at magnetic insulator/spin-orbit metal interfaces and the effect of a spin polarized current
on the magnetization dynamics toward the concept of spin superfluity. Via several phe-
nomena such as the spin Hall effect, spin pumping and the spin Hall magnetoresistance,
we give a complete description of the tools box that has been used to induce, modulate and
detect spin waves in ferrimagnetic insulator through the interconversion with an electrical
current flowing in an adjacent metallic layer.

9
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1.1 Magnetization dynamics

1.1.1 Fundamental magnetic interaction

Elementary magnetic moment �m can be defined as intrinsic angular momentum of elec-
trons coupled to a nonzero spin and is at the origin of magnetic properties. Ferromagnetic
materials are composed of many atoms that possess magnetic moments. Below critical
temperature known as the Curie temperature Tc, spin are coupled via exchange and tends
to align with each other resulting in a net non-zero total magnetic moment leading to a
spontaneous magnetization M (�m per unit volume). Magnetic order in such materials
are ruled by self-energies. In the following we will be interested in the dynamical behavior
of magnetic thin film that have been grown along the [111] direction (see FIG.2).

Figure 2: Representation of the magnetization M inside the magnetic films grown along
the [111] direction, and internal field H in a spherical coordinate system define by #H0 ,'H0

and #M ,'M .

To describe how these interactions affect the resulting magnetization M , we define the
coordinate system presented in FIG.2. The applied field H0 is described with the general
spherical coordinates #H0 ,'H0 and the equilibrium position of the magnetization M is
represented with the angle #M ,'M . The total energies can be composed of different terms
[107, 9]:

� Exchange energy:
If we consider a two electrons system, due to the Pauli exclusion principle, the mean
energy of the electrostatic interaction of the system will depend on the orientation of
the spins. It means that the total energy of the spin system will vary depending on
the parallel or anti-parallel alignment of the spins. The difference in energy between
these two configurations is called the exchange energy and is the main contribution
of magnetic ordering.
According to the Heisenberg model, the Hamiltonian of the exchange interaction
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generalized for an n-electrons system can be written in the form :

Hex D �
2

„2

nX
i¤j

J ex
i;jSi ��� Sj (1.1)

where J ex
i;j>0 is the exchange constant between the ith and jth spins. A positive J ex

i;j
means that the exchange energy favors a parallel alignment of the neighbor spins
which is the primary cause of the ferromagnetism.
The energy of this short distance interaction can be calculated over the nearest
neighbors magnetic atoms. In the semi-classical model the exchange energy is ex-
press as :

Fex D �2
X
i>j

J ex
i;jS cos#i;j (1.2)

with �i;j been the angle between the magnetic moment of the spin Si and Sj .
Through a Taylor series expansion, the above equation can be written as :

Fex D
Aex

M 2
s
V .r ���M /2 (1.3)

where Aex is the exchange constant (material depend), Ms is the saturation magne-
tization and V the volume. The exchange energy is minimized when the neighbor
magnetic moments are aligned.

� Demagnetizing field:
If we consider a magnetic object, the internal field H in the media can be different
from the applied filed H0. Due to surface charges, a demagnetized field Hd D �NiM
(i D x; y; z) is produced with a direction opposite to the internal magnetization
with Ni the demagnetize factor. This interaction tens to reduce the total magnetic
moment in magnetic materials. In thin film the demagnetization factor can be
expressed as Nx D Ny D0 and Nz D4� . The demagnetization energy in this case
can thus be written:

Fd D �2�M 2
z sin2 #M (1.4)

� Zeeman energy:
When an electron is subject to an external magnetic field H0, the energy of the
electron is split into sub-energy levels due to the intrinsic magnetic moment. This
phenomena is called the Zeeman splitting. The Zeeman interaction can be charac-
terized by the following Hamiltonian :

Hz D ��0M ���H 0 (1.5)

Thus the energy of the magnetic body associated with the Zeeman interaction can
be express as :

Fz D �MsH0Œsin#H0 sin#M cos.'H0 � 'M /C cos#H0 cos#M � (1.6)

� Magnetocrystalline anisotropy:
Intrinsically, crystal possesses an easy and hard magnetic axis. The magnetocrys-
talline anisotropy describes the tendency of the magnetization to align with the
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easy crystallographic direction. If one want to magnetize a magnetic crystal along
it hard axis, an energy Fanis has to be overcome. In the case of uniaxial and cubic
anisotropy, this energy can be written as :

Eanis D KU sin2 #M CK1Œ
1

3
cos4 #M C

1

4
sin4 #M �

p
2

3
sin3 #M cos#M sin 3'M � (1.7)

with KU the uniaxial perpendicular anisotropy constant and K1 first-order cubic
anisotropy constant.

The total energy F is the results from the combination of magnetic interactions such as :

F D F ex C F d C F z C F anis (1.8)

the equilibrium orientation of the magnetization vector can be found by minimizing the
energy :

F # D
@F
@#
D 0 F ' D

@F
@'
D 0 (1.9)

1.1.2 Landau-Lifshitz-Gilbert equation
When an external bias magnetic field is applied to a magnetic material, magnetic moments
�m will feel an effective field H eff that can be define as:

H eff D �
@F
@M

(1.10)

Inner to the kinetic motion of the magnetic moments, ���m will not align directly along the
magnetic field but will instead experience a torque :

��� D ���m �H eff (1.11)

However, we can express the magnetic moment ���m in terms of angular momentum J :

���m D �
g�B

„
J D �J (1.12)

where g ' 2 is the Landé factor, �B the Bohr magneton whereas  referred to the
gyromagnetic ratio. Knowing that ���=dJ/dt, we can express :

dJ
dt
D �

1



d���m

dt
D ���m �H eff (1.13)

Considering whole magnetic volume Vf, we can replace the atomic magnetic moment by
the macroscopic magnetization M resulting :

dM
dt
D �M �H eff (1.14)

This expression is known as the Landau-Lifshitz equation (LL) and describes the preces-
sional motion of the magnetization (also referred as the Larmor precision) around effective
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magnetic field. However, the Landau-Lifshitz description implies a non-dissipative mo-
tion of the magnetization and thus a perpetual precession. Nonetheless, LL equation fails
in describing the magnetization dynamic in real systems because of the magnetization
motion is always influence by magnetic losses. Due to non-conservative coupling, the
magnetization will always tend to be parallelly aligned with the effective magnetic field.
In order to simulate real systems, Gilbert introduced a phenomenological damping term
to the Landau-Lifshitz equation that acts locally on the magnetization [108]:

dM
dt
D �M �H eff C ˛

M
Ms
�
dM
dt

(1.15)

where ˛>0 stands for the dimensionless Gilbert magnetic damping parameter and is
analog to viscous damping. The equation (1.15) known as the Landau-Lifshitz-Gilbert
equation (LLG) describe the magnetization relaxation in a spiral motion within a time
scale in the order of 1/˛Heff.

Figure 3: Schematic representation of the magnetization relaxation around an effective
field Heff described by the LLG equation. The precessional motion is provided by the torque
�M �Heff while the Gilbert damping term ˛� dM

dt
forces the magnetization to align along

the effective field. The � angle between the effective magnetic field and the magnetization
is referred to the precession cone angle.

Note that the constant of the motion, M , is the saturation magnetization measured
at the temperature of the experiment and counts the number of thermals magnons. Being
a constant of the motion, it assumes that the excitation of Kittel mode is decoupled from
the thermal bath.

1.1.3 Ferromagnetic resonance
Resonance is a phenomenon describing the property of a physical system to accumulate
energy. Close to the natural "resonance frequency", the system will oscillate with an
amplitude larger than the out of resonance frequency condition.
Suppose that a magnetic system is subject to an external source of electromagnetic waves
with a defined frequency. The whole spin system can enter in resonance when the Fermi
golden rule is satisfied, also called the Larmor condition. The magnetic resonance phe-
nomena is a large topic, going from Nuclear Magnetic Resonance (NMR) to the Electron
Paramagnetic Resonance (EPR) [109]. Those resonance results from the absorption of
a resonant photon by the spin system which can flip individual spin. In the case of a
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ferromagnetic material, the exchange coupling prevents the electromagnetic wave to flip
the spin system. Instead, if the micro-wave field h is oriented perpendicularly to the
effective field H eff, it produces a torque that acts on the magnetization dynamics. If this
additional motion matches with the natural Larmor precession in term of amplitude and
frequency, the system becomes resonant and lead to a steady state of the magnetization
motion monitored by the external microwave field and counteract the natural damping
torque. This leads to high absorption of microwave energy into the magnetic system at
the resonance condition of the ferromagnet. This effect is referred to the Ferromagnetic
Resonance (FMR).

Magnetic susceptibility:

To describe the response of the magnetic system to the applied microwave field, we con-
sider a magnetic object with an initial magnetization M 0 and effective field H 0 under
microwave field h . The total effective magnetic field and the magnetization in that case
will express as the sums :

Htot D Heff C h.r; t/ Mtot DM0 Cm.r; t/ (1.16)

were h.r; t/ and m.r; t/ are the dynamic component resulting from the microwave field.
We assume that the microwave field is relatively small compared to the effective field :

h.r; t/� Heff m.r; t/�M0 (1.17)

By inserting (1.16) to the LLG equation, in the first approximation we obtain :

dm.r; t/

dt
C m.r; t/ �H eff D �M 0 � h.r; t/C ˛

M
Ms
�
dm.r; t/

dt
(1.18)

This equation leads to the expression of the magnetic response under a microwave field.
We solve this equation by introducing the h and m component in the frequency domain :

h.r; t/) h.k;w/ei.k:r�wt/ m.r; t/) m.k;w/ei.k:r�wt/ (1.19)

Thus the equilibrium response of the magnetic system to the perturbation h can be
expressed as :

m.k;w/ D
$
�h.k;w/ (1.20)

were the high-frequency magnetic susceptibility tensor
$
� is called the Polder tensor is:

$
� D

0B@ � i�a 0

�i�a � 0

0 0 �jj

1CA (1.21)
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Kittel law:

For the particular case of k , the electromagnetic power absorbed by the ferromagnetic
volume Vf can be expressed as a function of the imaginary part of the Polder tensor �00 :

Pabs D

Z
Vf

@M0

@t
� hdV D w�

00

h2 (1.22)

with :
�
00

.!/ D
˛Ms!H=2

.˛!/2 C .! � !H /2
(1.23)

while !H D Heff.
Equation (1.22) and (1.23) implies that the absorption power of the electromagnetic waves
is maximum when ! D !H , resulting in ferromagnetic resonance condition. Absorption
close to the ferromagnetic resonance is described with a Lorentzian shape 1/(1Cx 2) and
can be seen in FIG.4. The amplitude of this Lorentzian, for parallel alignment of mag-
netization M and field H in a perpendicular orientation, is inversely proportional to the
Gilbert damping ˛ while the full width half maximum is equal to �H D 2˛!= .

Figure 4: Plot of the Lorentzian shape, while sweeping field H for a fixed !.

In order to deduce correctly the ferromagnetic resonance conditions, it is necessary
to take into account the difference between the effective field Heff and external field H0.
For instance in a soft magnetic material like Yttrium Iron garnet, the anisotropy need
to be considered. The determination of the ferromagnetic resonance conditions can be
calculated according to the Smit and Beljers equation:

.
!


/2 D

1

Ms sin2 #M

�
@2F
@#2M

@2F
@'2M

� .
@2F

@#M@'M
/2
�

(1.24)

which is the generalized form of what is called the Kittel law.

1.1.4 Spin waves
Up to now, we only considered a local and coherent precession of the magnetization also
qualified as the FMR mode. This consideration supposed that the magnetization is uni-
form and homogeneously distributed throughout the whole magnetic volume. However,
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in a case of a non-uniform dynamic, the spin system can precess at the same frequency
but not in phase. Such disturbance of the magnetic system is mentioned as a spin wave
or as its quanta: magnon. This quasi-particles can couple with external excitation under
specific conditions and even interact with other excited modes that will contribute to the
magnetic relaxation process.
In this section, we will determine general dispersion relation for spin-waves, in the ap-
proximation of thin films, by considering first the dipolar interactions between the spins
and then the exchange interaction.

Magnetostatic spin waves

In the magnetostatic approximation electrics and magnetic variables are static and thus
are considered free from each other. This is viable only if the wave vector k of the spin
wave is much smaller than the light wave vector k0 and particularly true if the size of the
sample is large (>mm). This approximation is described by Maxwell equations :

Er �H D 0 (1.25)

Er �B D 0 (1.26)

with B D .1 C
$
�/H been the magnetic flux density. If we consider a large magnetic

volume, the contribution of the dipolar field is higher than the exchange (k < 2�=�ex).
The effective field can thus be express in term of magnetostatic potential ���:

H D �r��� (1.27)

Introducing equation (1.27) into (1.26), we obtain the generalized Walker’s equation [110]:

rŒ.1C
$
�/ � r���� D 0 (1.28)

Walker’s equation describes magnetostatic spin waves in a uniform dipolar field. The
solution of this equation will depend on the relative orientation between the wave vector
k and the magnetization M .

Forward Volume Magnetostatic Spin Wave (FVMSW) :

In a case of a magnetic field M oriented perpendicularly to the film plane and wave vector
k , the dispersion relation can be approximated by :

! D

s
!H .!H C !M .1 �

1 � e.�kd/

kd
// (1.29)

with !M D M and d the film thickness. Known as the Forward Volume Magnetostatic
Spin waves (FVMSW), the resonance frequency increase with the wave vector k (forward
character) and converge toward ! D

p
!H .!H C !M /, with a slope that is mainly de-

termined by the thickness of the sample. One of the main features of FVMSW is that
it dispersion is independent of its direction of propagation as long as M and k remain
perpendicular because the wave propagates always along the bias field.
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Magnetostatic Surface Spin Wave (MSSW) :

In a configuration where the magnetic field is along the sample plane and perpendicular
to the wave vector k , the dispersion relation takes the form :

! D

q
.!H C !M=2/2 � .!M=2/2e.�2kd/ (1.30)

Also know as the Damon-Eshbach mode [111], Magnetostatic Surface spin Wave (MSSW)
is located at one surface of the film and is distributed exponentially along the film thick-
ness. This mode is particularly interesting for the field of magnonic because the surface in
which the spin waves propagate can be changed by reversing either polarity of magnetic
field or direction of propagation.

Backward Volume Magnetostatic Spin Wave (BVMSW):

Finally, if the magnetic field is oriented in the plane of the magnetic media and parallel
to the wave vector k , the dispersion relation is:

! D

s
!H .!H C !M

1 � e.�kd/

kd
/ (1.31)

Figure 5: Dispersion relations of MSSW (red curve), FVMSW (green curve) and
BVMSW (blue curve) for H0 D 1850G, M0 D 1600G and d=1�m. The spin wave dis-
persion relation depend on the relative orientation between the wave vector k and the
magnetization. The frequency at k D 0 (Kittel frequency) corresponds to a uniform pre-
cession.

The so called Backward Volume Magnetostatic Spin Wave (BVMSW) is a volume
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mode, meaning that the amplitude of the magnetization precession is distributed in the
thickness of the film in contrast to the case M ? k where the spin wave is localized near
the surface. The exponential component comes from self-depolarization effect in a thin
film [112]. For small wave vector k , the group velocity of this mode became negative
and opposite to its phase velocity. This implies that the group and the phase velocity
of the spin waves are counter-acting each other and give rise to a negative slope in the
dispersion relation. This regime is of particular interest in this thesis since we need to
align the magnetization along the k direction in-plane.

1.1.5 Exchange regime
If the wave vector k become higher that the ratio 2�=�ex the exchange interaction is dom-
inant over the dipolar coupling. The dispersion relation in this regime can be expressed
has [113]:

! D

q
.!H C �k2/.!H C �k2 C !M sin2 �k/ (1.32)

with � D 2A=Ms been the exchange constant and !H D .Hext�4�NzMs/, !M D

4�Ms. This relation implies a parabolic curvature of the dispersion relation that results
in an enhancement of mode’s energy in higher k region. In this regime, due to the short
wavelength, we consider the spin waves to propagate in an infinite medium without any
limit condition to the magnetic volume Vf.

1.1.6 Dipolar-exchange regime
For thin magnetic films, size effects and exchange have to be simultaneously introduced.
In Kalinikos and Slavin work [112], such a regime is mentioned as the dipolar-exchange
regime. Their main contribution was to have worked out depolarization effects in thin
films. This regime is relatively important to understand spin dynamics in thin film because
it ensures the transition between the magnetostatic regime and the pure exchange regime
and introduces the notion of degenerate magnon band.

Figure 6: Dispersion relations of spin waves in the dipolar-exchange regime for �k D0
and �k D �=2 (in-plane) for a magnetic film with thickness d D20 nm.



1.2. NON-LINEAR REGIME 19

Taking account the considerations mentioned above, the dispersion relation in the
dipolar exchange regime can be written as [114]:

! D

q
.!H C �k2 C !M .1 � Nz/Nk /.!H C �k2 C !M .1 � Nk / sin2 �k / (1.33)

with Nk D .1�e�kd/=kd and �k the angle between the wave vector k and the magneti-
zation. Dispersion relation in the dipolar-exchange regime for an in-plane magnetization
thin film is displayed in FIG.6. For large wave vector k , the frequency evolves as a parabole
and highlights the domination of exchange interaction. However, for short wave vector
k range, the dispersion relation presents a particular curvature. This directly implies
that magnons can have a similar wave vector k with different direction and magnitude
but with similar energies (frequencies). This phenomenon is called a degenerate magnon
band, and allows energy transfer between two degenerate magnons via a scattering pro-
cess [115, 116]. If the magnetization is perpendicular to the film plane, the dispersion
relation is no longer dependent on the in-plane orientation of the wave vector, and thus
the dispersion relation tends to pure magnetostatic waves.

1.2 Non-linear regime

Until now, it was implicitly assumed that low power was used to probe the system. At large
power, the magnetic system deviates into a non-linear regime. This is coming from the
fact that the internal field, which depends on the static component of the magnetization
because of dipolar effect, may vary with power (see eq (1.4)). The static component is
just the component of the magnetization projected on the equilibrium axis. Clearly, this
value decreases as the cone angle increases. As a rule of thumb, non-linearities start to
become important when the change of internal field is of the order of the linewidth. It
thus occurs quite prematurely in low damping materials.

1.2.1 Magnetic relaxation mechanisms

Many mechanisms are responsible for the magnetic relaxation and result from the coupling
between the spin system and its environment. In magnetic insulators, the absence of
conduction electron prevent the large contribution of the magnon-electron scattering in
the relaxation and is one of the main reason of the low magnetic loss of YIG. Apart
from the electronic coupling, the spin waves can couple to the thermal bath (intrinsic
damping) through phonon. These processes result in an energy transfer of the uniform
and nonuniform spin waves modes to the lattice by creating a phonon. This phenomenon
is often induced via magnetic impurities or lattice mismatch (extrinsic damping). On
the other hand, magnon-magnon interactions can largely affect the magnetic relaxation.
In that matter, we can mention the Kasuya-Le Craw mechanism, where a three magnon
scattering cushions the coherent mode through phonons or thermal magnons [117]. Other
mechanisms like two or four-magnons scattering couple the uniform mode with degenerate
magnon. This is particularly true for in-plane magnetized thin magnetic film because
of the magnon manifold which provides a degenerate magnons band. This relaxation
mediates an energy redistribution of the FMR mode toward other spin wave modes. This
mechanism will be relatively important to understand the spin waves transport in YIG
at high energy.
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1.2.2 Foldover
The first non-linear effect is the so-called foldover effect. This is a very generic feature
of any non-linear system. Providing enough radio frequency field to a uniform precession
mode make the magnetization M tilted such that a cone angle � is open between M
and the effective field. The higher external perturbation is, the cone angle becomes more
pronounced. Although for large processional angle the longitudinal component of the
magnetization Mz decreases as (1-cos �) for the Kittel mode which induce a variation of
the demagnetization field and thus shift the resonance frequency. For a uniform mode,
the resonance frequency can be express as a function of the cone angle :

!res D .H � 4�M /C 2�M �2 (1.34)

were � is the precession angle of the magnetization. Thus the resonance frequency is power
dependant introducing an asymmetry of the lineshape away from Lorentzian shape. When
the distortion exceeds the linewidth, hysteretic behavior kicks in.

1.2.3 Sulh threshold
The second effect is the so-called Suhl threshold. They are in principle several Suhl
thresholds classified in increasing order of non-linearities. This can be seen as a power
expansion of the internal field in terms of magnon’s energy. The first is the confluence
of three magnons: two magnons of energy !/2 merge in one magnon at !. This effect
is also called subsidiary absorption. It also corresponds to the known case of parametric
excitation. This process depends critically on the ellipticity of the magnetic precession.
The next leading term if the four-magnons process. It consists of the confluence of two
magnons at energy degenerate with the Kittel frequency and merging to create two new
particles of same energy and opposite k -vector. This process is called the four-magnons
process and it is responsible for the premature saturation of the main resonance. Those
instabilities can be driven by large radiofrequency field hrf. According to the Anderson
and Suhl theory [90], the critical threshold field resulting in instability can be written as:

hcrit D �H

s
1:54�Hk

4�Ms
(1.35)

where �H is the half power linewidth of k D0 mode, �Hk the spin waves linewidth of
wave vector k and 4�Ms the saturation magnetization.
These non-linear phenomena typically prevent an external source to drive the magnetiza-
tion to large cone angles in extended films.

1.3 Spin transfers at insulating ferromagnet/normal-

metal interfaces

1.3.1 Spin current
The spin can be pictured as an intrinsic form of angular momentum and was originally
deduce from the Stern-Gerlach experiment [118], where it as been found that the orbital
angular momenta have a quantum nature. In a general manner, the transfer of angular
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momentum in a magnetic material is called a spin current. If one considers the electron
charge degree of freedom q D �e and the spin degree of freedom s D �„/2, the electric
charge current density can be written as a sum of spin "up" and spin "down" that origi-
nates from the two states of the electron spin. Within these two current model introduced
by Mott, the current density can be express as :

jq D .jq" C jq#/ (1.36)

with jq" D qn"v" and jq# D qn#v# been the spin up (down) current density according
to the number n" (n#) and their velocity v" (v#) flowing through a unit surface.
We can associate to a charge current density a spin current density that is given by
difference between the two spin channels :

js D
„

2q
.jq" � jq#/ (1.37)

These considerations reflect the nature of jq that can be considered as a flow of charge
carrier and js as a flow of angular momentum.
From Ohm’s law, the electrical current density can be written as :

jq" D �"�.
�"

q
/ jq# D �#�.

�#

q
/ (1.38)

with �"# the spin dependent electrical conductivity and �"# the electrochemical potential
associate to the spin. From these relations, it becomes clear that an imbalance between
�" and �# or �" and �# will give rise to a net spin current. According to (1.36) and
(1.37), we distinguish several scenarios.

Pure charge current

When the flow of spin down is equal to the flow of spin down, it corresponds to a net
flow of charge current without any transport of angular momentum. We can define it as
pure charge current. This is generally the case for paramagnetic metal in the absence of
spin-orbit coupling.

Spin-polarized current

In transition ferromagnetic metals such as Ni, Co, Fe and their alloys, the electronic
state density energy is influenced by the s-d transition probabilities. This induces a
splitting of the electronic band into a spin up and spin down subbands at the Fermi
level. This splitting induces an imbalance of spin up and spin down and thus a spin
dependent conductivity �"# (see FIG.7). The difference in conductivity between the two
spin channels is expressed by the Einstein formula [119] :

�"# D e2D"#n"#.Ef/ (1.39)

with D"# the electron diffusion constant that depends on the mobility of the up/down
spin. A current that possesses a conductivity that depends on the spin state is referred
as a spin polarized current and is commonly the case in ferromagnetic conductors.
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Pure spin current

If we assume that the spin conductivity from both spin up and down channels are equal,
there should have the same spin current density. However, in the case of non-equilibrium
electrochemical potential, up and down spin current can flow in opposite direction jq" D
�jq#. It results in a net transport of angular momentum that is not follow up by a charge
current. We qualify this flow of angular momentum by a pure spin current.

Figure 7: Schematic picture of a spin-polarized current in a ferromagnet, pure spin
current in a strong spin-orbit normal metal, and spin waves in insulating ferromagnet
(taken from [8]).

Magnonic current

Due to the absence of conduction electrons, the angular momentum in magnetic insulators
is carried through spin waves, and do not suffer from any electron-magnon scattering. This
manuscript focuses mainly on angular momentum transport that is carried through spin
waves in magnetic insulators.

1.3.2 Spin transport and spin diffusion

Spin diffusion length

In the following, we introduce the fundamental mechanisms surrounding the spin transport
in various materials. Magneto-transport in electronic systems is described through the
spin diffusion length �sd, in which the spin will "flip" it state within a certain characteristic
distance. We consider a conduction electron moving at Fermi velocity vF . Electron will
experience multiple collision during its travel that will lead in a "random" change of
direction described as Brownian motion. Thus the mean free path �e which is the distance
traveled by the electron between two collisions can be express by �e DvF�e, where �e is the
characteristic time of a collision event. However during this process, the spin of that one
electron is not indefinitely conserved due to the spin-orbit interaction. We can attribute
a spin-flip distance �sf, which is the distance between two "flip" event and is described
by a spin-flip time �sf where �sf DvF�sf D N�e (N been the average number of collisions
that the electron experience between two flip events). The spin diffusion length can then
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be written as:

lsf D �e

r
N
3

(1.40)

Taking account of the relation cited above we can develop this expression in :

lsf D

r
�sf�e

3
D vF

r
�sf�e

3
(1.41)

Finally, we simplify this expression by introducing the electron diffusion constant D :

lsf D
p
D�sf (1.42)

where D D v2F�e/3. We note that these characteristics are spin-dependent as well, which
means that the diffusion is specific to both spin population.

Spin accumulation
An excess of one spin population over another is called a spin accumulation. In two
channel model, this accumulation is defined as the difference between local electrochemical
potential of the spin up and down :

�� D �" � �# (1.43)

This quantity is defined by a vector pointing in the polarization direction of the accumulate
spin.
The spin accumulation in the system will then relax through a spin diffusion mechanism
that will tend to locally equilibrate the spin populations. The spin current density of the
two spin population can be written as :

j" D
�"

e
@�".x/

@x
j# D

�#

e
@�#.x/

@x
(1.44)

where �".#/ D .n".#/e2�e".#//=me is the electrical conductivity of each spin channel, with
n".#/ the number of electrons, �e".#/ the relaxation time of up and down electrons and me

the electron mass. The spin current flow can thus be express as :

js D j" � j# (1.45)

According to the Valet Fert model [120], the spin-diffusion equation is:

@2��.x/

@2x
D
��.x/

l2sf
(1.46)

The one-dimensional solution of the diffusion equation takes the form:

�.x/ D Ae�x=lsf C Bex=lsf (1.47)

where the coefficient A and B depend on the boundary conditions. This solution can be
used to calculate the spin accumulation at the vicinity of ferromagnet and normal metal
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interface. In a case of a spin transparent interface, the electrochemical potential �" and
�# are continued at the interface which implies A D B . In reality, the interfacial spin
resistance does not allow a perfect flow of spin current such that only a part of the spin is
able to cross the interface. This phenomenon is translated by the concept of spin mixing
conductance.

1.3.3 Generation of pure spin current in NM/FMI interface

1.3.3.1 Spin Hall effect

The Hall effect, discovered in 1879, describes the generation of a transverse electric field
when a charge current flow in a conductor is subject to an out of plane magnetic field.
This phenomenon originates from the Lorentz force which drives the motion of electrons
on the sides of the material resulting in an asymmetric distribution of charges density.
The magnitude of this effect is directly proportional to the intensity of the magnetic
field. In conventional ferromagnet, an additional contribution to the normal Hall effect
proportional to the magnetization must be included: the anomalous Hall effect (AHE),

Figure 8: a) Ordinary Hall effect. Applying an out-of-plane external magnetic field
B to a metal induces a deflection of conduction electron on the border and produced a
longitudinal charge current Ic,y and thus an electric field. b) Principal of the Spin Hall
effect. A charge current applied in a Spin Hall metal induce a transverse spin polarized
current Is,y and lead to a spin accumulation ��.

sometimes mentioned as the extraordinary Hall effect and originate from the spin-orbit
interaction. The AHE results from the intrinsic Berry curvature of the band structure
and extrinsic scattering process due to impurities/defects. If the number of spin up
and spin down at the Fermi level are unbalance in a ferromagnet, the AHE leads to a
spin polarized current that is perpendicular to the direction of the charge carrier even
in absence of external magnetic field. In paramagnetic conductors, the spin up and spin
down populations are equal and no AHE is induced. But if the coupling between the spin
and the orbital momentum of the electron is sufficiently strong, the electron will preferably
scatter in a trajectory whose angular momentum is oriented parallel or antiparallel to its
spin. The spin up and down will then accumulate on the opposite side of the paramagnet
giving rise to a spin current that is transverse to the charge current flow. This phenomenon
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is called the spin Hall effect (SHE). This was predicted in 1971 by Dyakonov and Perel
[121] and experimentally observed by Kato et al in 2004. The phenomenon is independent
of the applied magnetic field just like the AHE. Two main scenarios are supporting the
spin Hall effect :

� Intrinsic SHE: the intrinsic part of the SHE arise from the topological spin-
splitted band structure of the material in the presence of strong spin orbit-coupling.
We can attribute this contribution to the Berry curvature acting as an effective mag-
netic field which is significantly strong in broken inversion symmetry system. This
contribution is the dominant mechanism behind the spin Hall properties of param-
agnetic metals such as Ta or Pt which have strongly spin-orbit-coupled bands. This
interaction also describes quite reliably the magnitude and the sign of the SHE.

� Extrinsic SHE: the extrinsic contribution of the SHE originate from the scattering
of conduction electron with impurities. This was originally proposed to explained
the origin of the AHE in ferromagnets, but this effect has been observed in non-
magnetic materials as well. We can distinguish two scattering mechanisms.

- Skew scattering: it addresses the collision of charge carriers with
spin-dependent impurities due to the spin-orbit coupling. Depending on the direc-
tion of the spherical impurities potential, the electrons will get deflected asymmet-
rically (by an � angle) according to the spin orientation. This will split the spin
population yielding to a transverse spin Hall current.

Figure 9: Illustration of the skew scattering mechanism after collision with impurity.
The up (red arrow) and down (blue arrow) spins are perpendicular to the dash grey line.

- Side jump: this mechanism has been introduced by Berger in 1970.
It suggests that the unpolarized electron’s charge will experience after scattering a
spin-dependent displacement transverse to its initial direction due to the spin-orbit
interaction. This result in a spin-dependent lateral displacement and thus a finite
spin Hall conductivity.

Figure 10: Illustration of the side jump mechanism.
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By associating all of these contributions, we can express the spin Hall resistivity �SHE in
terms of electrical resistivity � :

�SHE D aintri�
2
C bskew�C cside�

2 (1.48)

were aintri, bskew and cside are parameters describing the intrinsic and extrinsic mechanism
at the origin of the spin Hall effect. These parameters will vary by the influence of the
impurities potential and the band structure of the spin-orbit material.
Those mechanisms enable a direct interconversion between a charge current jc and a spin
current js in SOC material. The transverse spin current generated by the SHE can be
introduce by :

j s D �SHE.
„

2e
/.s � j c/ (1.49)

where s denotes the spin-polarized vector and �SHE the dimensionless conversion rate of the
spin to charge conversion often mentioned as the spin Hall angle, ratio of the transverse
to longitudinal resistivities.
If we consider the other way around, owing to the Onsager reciprocity, a spin current
js flowing in a SOC metal will generate a transverse charge current jc. The mechanism
responsible for this conversion is similar to the SHE and has been naturally named inverse
spin Hall effect (ISHE) :

j c D �SHE.
„

2e
/.s � j s/ (1.50)

The efficiency of the spin-to-charge conversion translated by �SHE varies from different
material and depends on the spin-orbit strength. Platinum is the archetype metal for the
spin Hall effect. It can be found in the literature [16, 66, 122, 123] a broad estimation
of the spin Hall angle �PtSHE D 0.01-0.2 but the value �PtSHE lsf seems to be largely accepted
[124]. In this manuscript, Pt we will be used as a spin to charge converter to induce/detect
spin wave in a ferromagnetic insulator.

1.3.3.2 Spin pumping

Up to now, we only considered the properties of a spin current flowing into a normal
metal. In this section, we will mainly focus on the magnetization dynamics of a ferromag-
net (FM) close to a normal metal (NM). Through the concept introduced in the previous
section, we will show that a transfer of angular momentum at the NM/FM is possible
and can mediate spin wave dynamics. Particularly, this interplay is very interesting to
excite/detect spin waves and control them via a self assisted amplification.

Spin pumping refers to the generation of a spin current in an adjacent metallic layer
that is mediate by magnetization precession in a ferromagnet through the interface. It
was theoretically developed by Tserkovnyak et al [76, 75, 125] and first observed by Saitoh
et al [126]. Generally, the magnetization dynamic is driven by a microwave-field where
the spin angular momentum is dissipating toward the lattice by magnetic loss (Gilbert
damping). If we consider a ferromagnet (FM) sandwiched by two normal metals (NM), a
flow of angular momentum provided by the precessing magnetization can escape from the
ferromagnet toward the metal through the interface resulting in a net flow of spin current
in the metal. The spin current I pump

s that is driven from the magnetization precession
of the ferromagnet to one of the normal metal can be calculated following an adiabatic
approximation :

I pump
s D

„

4�
.Arm �

dm
dt
� Ai

dm
dt

/ (1.51)
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where m DM =Ms while Ar and Ai are the interface parameters described as:

Ar D
1

2

X
mn

Œjr"mn � r#mnj
2
C jt"mn � t#mnj

2� (1.52)

Ai D Im.
X
mn

Œr"mn.r
#
mn/
�
C t"mn.t

#
mn/
��/ (1.53)

r" and r# are the reflection coefficient for up and down electron’s spin while t" and t# are
the transmission coefficient across the FM. Index m and n are labeled as the transverse
modes at the Fermi energy in the adjacent metal layer. Equation (1.52) and (1.53) can
be summarize in :

Ar C iAi D
X
mn

.ınm � r#mn.r
"
mn/
�/ �

X
mn

t"mn.t
#
mn/
�
D G"# � T "# (1.54)

where G"# is the spin mixing conductance and T "# the total transmission coefficient.
During one revolution, the angular momentum sink into the normal metal is proportional
to Ar in the direction of the applied field.
In this work, we will assume that the ferromagnetic layer is thicker than the coherence
length �c D �=.k"�k#/ where k" and k# are spin up and down Fermi wave vector. For a
single NM/FM interface, the total transmission coefficient T "# vanish and the imaginary
part Ai DIm(G"#) is usually small such that only real part of the spin mixing conductance
remains. Thus we can actualize equation (1.51) in :

I pump
s D

„

4�
G"#m �

dm
dt

(1.55)

Loss of spin momenta from the ferromagnet into the normal metal via spin pumping
process will result in an additional damping term �˛ in the LLG equation (1.15). There-
fore, the damping in NM/FM structures can be considered as an effective damping
˛eff D ˛ C �˛. According to the spin angular momentum conservation principle the
pumped spin current can be written as :

dS
dt
D �I pump

s (1.56)

S been the total spin in the ferromagnet which is related to the total magnetic moment
M D mMs D S with  D g�B=„. Hence :

dm
dt
D �

g�B

„Ms

dS
dt
D
g�B

„Ms
I pump
s (1.57)

Combining equation (1.55) and (1.57) yields:

dm
dt
D �˛.m �

dm
dt

/ (1.58)
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where �˛ is the additional damping term due to the spin pumping process and can be
written as :

�˛ D
g�Bg"#

4�MsdFM
(1.59)

Figure 11: Schematic of the spin pumping phenomena at the interface between a ferro-
magnetic insulator (FMI) and normal metal (NM).

where dFM is the thickness of the ferromagnetic film and G"# D g"#=dFM. From this
expression we can deduce that the magnetization dynamic of thin ferromagnet will be
govern by the spin pumping process due to the spin dissipation channel introduce via
the NM/FM interface. Following a phenomenological approach, we can express the DC
component of the spin pumping current density in the normal metal [127] :

j eff
s D f

Z 1=f

0

„

4�
g"#

1

M 2
s

ŒM .t/ �
dM .t/

dt
�zdt (1.60)

with f the frequency of the magnetization precession and z the axis oriented parallel to
the magnetization precession axis. Under ferromagnetic resonance condition, the flow of
angular momentum in the normal metal produced by the external radiofrequency field hrf
can be estimated by :

j eff
s D

2e
„

g"#
2„h2rf

8�˛2eff

4�Ms C
p
.4�Ms/2 C 4!2

.4�Ms/2 C 4!2
(1.61)

! D 2�f been the microwave pulsation and reflecting the precession cone angle of the
magnetization.
As already mentioned in the section 1.3.3.1, a spin current flowing in a spin-orbit NM
can be converted into a charge current by ISHE. This interplay is generally an efficient
way to investigate the spin conversion because it is sensitive to the NM/FM interface and
the magnetization dynamic (directly related to the Gilbert damping). At ferromagnetic
resonance conditions, ISHE current associated with the spin pumping can be translated
with the following relation:

Ic DW �NMsd �SHE tanh.tNM=2�
NM
sd /j

eff
s : (1.62)
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where W is the section area, tNM and �NMsd being the thickness and spin diffusion length
of NM.

1.3.4 Interconversion between a spin current and a magnon cur-

rent

As described in the previous section, we have seen that a flow of angular momentum in a
ferromagnet can be generated at the FM/NM interface and be converted in a charge cur-
rent via ISHE. This mechanism holds for insulating ferromagnet as well. A spin current
flowing in NM can also lead to a net magnon current propagating in the ferromagnet.
In this section, we introduce the fundamental physics behind the interconversion between
an electronic current and a magnon spin current in the framework of Zhang et al [128, 99].

We assume that, at the interface between a ferromagnetic insulator (FI) and a spin-
orbit normal-metal (NM), the conduction electron in the NM are reflected at the junction
of FI/NM due to the large energy gap at the Fermi energy of the FI. This scattering lead
to spin-flip processes at the interface where the electron reverses its spin from down to up
or up to down. In a non-equilibrium state where the effective temperature and chemical
potential of FI and NM are different, one of the spin-flip processes is dominating. This
lead to a magnon excitation by transfer of angular momentum so that a net spin current
flows across the FI/NM interface. The interconversion between electrons and magnon can
be described by the s-d exchange interaction between the local moments and conduction
electrons at the junction:

Hsd D
Jsd
Na

NiX
nD1

Z
d 3rSn: ��.rn/b�� �.rn/ (1.63)

where Sn are local moments with a position rn at the interface,  ��.rn/ and  �.rn/ are
the annihilation and creation operator of the incident electron in the NM with a spin
� at position rn, b� been the Pauli spin operator, Na the number of lattice sites in NM
and Ni is the number of local moments that interact with conduction electrons at the
interface. By using the Fourier transformation we can write:  �.r/ D

P
k c�.k/e

ik.r and
Sn D N�1=2S

P
q Sqe

iq.r where ck� is the annihilation operator of an incident electron with
a momentum k and a spin � , NS been the number of localized moments in FI. Thus the
equation (1.63) can be written as:
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where Jeff D Jsd=.NaN
1=2
S /; S˙q D Sxq ˙ iS

y
q and �q�k0Ck D

PNi
nD1 e

i.p�k0Ck/:rn . The net
spin current at the FI/NM interface can be calculated from the equation : J sFI/NM D
.„=2/.d=dt/.hN "e i � hN

#
e i/, where N �

e D
P
k c

�

k�
ck� is the number operator of electrons

with spin � . Using the second-order perturbation the spin current J sFI/NM across the
interface can be express as:
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(1.65)
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where hS��q.t/S
C
q .0/i and h�

C
q .t/�

�
�q.0/i are the spin correlation functions for local mo-

ments and conduction electrons, when �Cp D
P
k ck"ckCp# and ��p D

P
k ck#ckCp". Note

that this spin-flip scattering event of an NM electron at the FI/NM interface produces a
spin accumulation �� D �" � �#, which appears as the time dependent phase vector in
equation (1.65). From the fluctuation-dissipation theorem, the correlation functions can
be expressed in terms of imaginary parts of the dynamical spin susceptibilities of the FM.
The spin current at the interface can thus be expressed as :

J sNM/FI D
2„

�
NI J 2eff

X
p;q

Z C1
�1

d!e�iwt Œn.w;Tm/ � n.w C��=„;Te/� � Im
�
C�
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.q; !/Im

�
C�

NM
.p; ! C��=„/

(1.66)
where Tm is the magnon temperature in FI and Te is the conduction-electron temperature
in NM. The conduction electrons quickly equilibrate with the lattice, so that Te is equal
to the lattice temperature (phonon) Tp . By using �C�FI .q; !/ D 2hSZi=.„!�„!qC iı/ for
the localized moments without damping, where „!q is the magnon excitation energy, and
�C�NM.p; !/ D

P
kŒf .�k/ � f .�kCp/�=.„! � �k C �kCp C iı/ for the conduction electrons,

where f .�k/ is one-electron energy measured from the Fermi level, the interfacial spin
current becomes :

J sNM/FI D 4�AJ
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a2
Jsd
�F

2 1

NS
�

X
q

.„!qC��/Œcoth.
„!q C��

2kBTe
/� coth.

„!q

2kBTm
/� (1.67)

Thus the condition resulting in J sNM/FI D 0 correspond to an equilibrium condition of
Tm D Te and �� D �" � �# D 0.

To quantify how the spin accumulation in the FI/NM interface is converted into a magnon
spin current and how the spin current depends on the magnon energy, we consider a simple
model where magnon have a parabolic dispersion with no excitation gap as „!q D Aexk2.
With a first order development in respect to �� and the temperature difference Tm-Te ,
the equation (1.67) become :
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G .T /
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2eAJ
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where the �� and T component of the interfacial spin conductance normalized to the
quantity .2e2=„/AJ can be express as :
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The sum of those two components corresponds to the total spin mixing conductance.
Taking the approximation where spin current is continuous at the interface, one obtains
the spin accumulation and spin current using equation (1.47) in the NM layer thickness
of dNM

��.x/ D 2e�N lsfj sNM/FI
coshŒ.x � dN=lsf/�

sinh.dN=lsf/
/ (1.71)
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j sNM.x/ D �j
s
NM/FI

sinhŒ.x � dN /=lsf�
sinh.dN=lsf/

(1.72)

the interface spin current is thus:

j sNM/FI D �
1

4�
g .T /
"#

kB.Tm � Te/

1C .g .��/
"#

=gsNM/ coth.dN=lsf/
(1.73)

where gsNM D .h=2e
2/=.�NMlsf/ is the spin conductance of the NM electrode.

Thus in a non-equilibrium state, a magnon current jm may flow according to the phe-
nomenological equation :

jm D �Dm�ınm C Lm.�rT / (1.74)

where Dm is the diffusion constant of magnons. The first term is the contribution of
non-equilibrium magnon accumulation ınm , and the second is the contribution driven by
the temperature gradient. Since individual magnons carry a spin angular momentum -„,
the magnon spin current is j sm D �„jm . The magnon accumulation can be written as:

ınm D nm � Nnm (1.75)

where nm D .„/�1.Ms�Mz / D
P
qhb

�
q bqi is the magnon population in a non-equilibrium

state, b�q .bq/ is the magnon creation/annihilation operator, while hb�q bqi is the distribution
of magnon with energy „!q and a Bose distribution function with magnon temperature
Tm . Local equilibrium magnon population is described by Nnm with the lattice temperature
(phonon) Tp equal to the applied temperature. The magnon distribution functions can
be expanded with respect to „!q=kBT� , yielding :

ınm � .6=�/1=3
kB

2�AexaS
.Tm � Tp/ (1.76)

This relation describes that the temperature difference (the deviation of magnon temper-
ature from the lattice temperature) is responsible for the magnon accumulation.
If we assume the continuity equation for magnons, r:jm D �ınm=�m , where �m is the
magnon relaxation time, and using the magnon-diffusion equation we can write :

r
2ınm.z/ D

1

�2m
rmınm.z/ (1.77)

where �m D
p
Dm�m is the magnon-diffusion length. Using the boundary condition

jm D 0 at the sample ends of z D ˙L/2, the magnon spin current (j sm D �„jm) and the
magnon accumulation become :

j sm.z/ D �„Œ1 �
cosh.z=�m/
cosh.L=2�m/

�Lm.�rT / (1.78)
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When a temperature difference �T is applied between the end of the sample in a FI
of length w the temperature gradient is given by rT D �=w . So the non-equilibrium
magnon temperature varies along the temperature gradient as :

Tm � Tp D ��m
�m

w
Œ
sinh.z=�m/
cosh.w=2�m/

�rT (1.80)

where �m D 2�.6=�/1=3.LmAexaS=kBDm/.
This analysis can also be used to describe the conversion of a magnon current to a spin
current at FI/NM interface using relation (1.73). The electric field produced by ISHE
in the NM layer due to the magnon current in FI is given by the relation EISHE D

�SHE �N .2e=„/hj sN .z/i, so that a voltage of VISHE reads :

VISHE D LNEISHE (1.81)
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where LN is the length of Pt. This allows deducing a non-equilibrium difference of
about 3�10�4K for a VISHE D1.5�V in YIG/Pt device (�SHE �0.05) and g .T /

"#
=g sN D

g .�/
"#
=gsN D0.01.Jsd=�F �1/.

1.3.5 Spin-orbit torque

In 1996, Slonczewski and Berger predicted that a spin polarized current flowing across a
NM/FM interface can influence the magnetization dynamic by mean of spin-orbit torque
(SOT). It was originally introduced in FM/NM/FM system and opened up the road of
spin-transfer oscillators and new magnetic memory where the magnetic orientation of the
reference layer can be controlled electrically.
However, it has been demonstrated [8] that such interplay does not only rely on the
conduction electron of ferromagnet and can be performed in NM/FMI systems. The
spin-polarized electrons are scattered at the insulating interface, but in a situation where
the spin of the electrons in NM are transverse to the magnetization and angular momen-
tum is transferred from NM to the FMI through SOT. The SOT can act on the FMI
magnetization dynamic via a torque taking the form :

�SOT D �
Js

MstFM
M � .M � s/ (1.83)

with Js being the spin current density at the NM/FM interface, dFM the thickness of the
FM and s the spin orientation. From this equation, the torque resulting from the SOT is
always perpendicular to the magnetization direction. Introducing this torque to the LLG
equation (1.15), we obtain :

dM
dt
D �M �H eff C ˛M �

dM
dt
�

Js
MstFM

M � .M � s/ (1.84)

This expression implies that the SOT can be (anti)collinear to the magnetic loss depending
on the direction of the spin current (see FIG.12). It means that the spin current can either
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Figure 12: Schematic illustration of the spin-orbit torque acting on the magnetization
dynamic. The direction of the torque is defined by the polarity of the spin current.

enhance or reduce the natural Gilbert damping ˛ via SOT [129, 130, 131]. This process
is often called "damping like torque".
We have already seen that a slight perturbation of the magnetic state can result in a net
cone angle, where magnetization will tend to recover its equilibrium position to minimize
its energy. Such dynamic will lead to a spiral precession of the magnetization around
effective field. However, the situation is dramatically changed in presence of SOT. For the
right polarity of applied magnetic field and current, the torque resulting from the SOT
can counteract the magnetic relaxation and even fully compensate the natural Gilbert
damping. If we consider NM/FMI system, the relaxation rate at the interface can be
expressed using equation (1.59) :

1

�
D .˛ C

„

4�MsdFM
g"#/

@!

@H
!


(1.85)

with ! the precession pulsation of the magnetization. Thus the SOT is expected to exactly
compensate the flow of spin lost by relaxation when ��1 D �SOT. The spin current density
threshold J �s necessary to reach this regime can be determined using equation (1.83) and
(1.85) :

J �s D �
1

�

dFMMs


(1.86)

Since the spin current at the NM/FMI interface is generated by a transverse charge current
via SHE, we can define a threshold charge current [4] :

J �c D �
2e
�

dFMMs

�SHE„
(1.87)

By fulfilling this condition, the magnetization can be driven by the SOT into an auto-
oscillation regime, where the magnetic system evolves in a steady-state precession. This
new paradigm is subject to intense research activity and could lead to many applications.
The figure of merit in this field rely on two main parameters: the Gilbert damping ˛
and the ferromagnetic insulator thickness dFM. At first, it came naturally to choose a
material that possesses the smallest damping to minimize the threshold current necessary
to trigger auto-oscillations. In that matter, Yttrium Iron Garnet (YIG) is the optimal
choice. Second, the thickness of the ferromagnetic layer dFM should be low, since the
spin-orbit torque induced via a spin current is an interfacial effect. Nevertheless, this will
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mainly depend on the quality of the film and the strength of the coupling between the
normal metal and the ferromagnet which is determined by the spin mixing conductance
g"#.

1.3.6 Bose-Einstein condensation and spin superfluidity
In previous report [92, 132], the electrical control of the damping in magnetic insulators has
been realized in confined geometry (nano-disk). The nanometric dimension of the pillar
allows to lift the degeneracy between spin wave modes through finite size effects [4] which
prevent the occurrence of the magnon-magnon scattering at the origin of saturation effects
such as the Sulh threshold. Thus only one spin wave mode is driven out-of-equilibrium
by the spin transfer torque. The situation is fundamentally different in an extended thin
film because several spin wave modes are degenerate in energy within the linewidth. This
triggers all the phenomena of energy redistribution within the magnon manifold. Multiple
spin waves modes contribute to the total linewidth and can interact with each other. One
important open question is whether, such geometry is suitable to trigger condensate.
Indeed magnons are recalled as Bosonic quasi-particle that follow, in a quasi-equilibrium
state, Bose-Einstein distribution nm :

nm Œˇ.� � �m/� D
1

.eˇ.���m / � 1/
(1.88)

where ˇ.x / D x=kBTm , � is the magnon energy, �m is the magnon chemical potential
and Tm the magnon temperature. Traditionally, in magnetic insulators, the utilization of
spin phenomena is via semi-classical spin waves [6]. If one assume a quadratic dispersion
relation of spin waves „! D Jsk2, where Js is the spin stiffness that take the form
Js D „!M�

2
ex, the magnon density of state can be expressed as:

D.�/ D
p
�=4�2J 3=2s (1.89)

This shows that the majority of the magnons present in the system are mostly located
at thermal energy. The only interest in the low energy part of the spectrum is because it
is there that the fluctuations are the largest. One important question is how this energy
distribution affects macroscopic quantities. In this manuscript we will be interested in
the characteristic propagation length of the spin information N�. Already if one uses the
grand partition theorem to predict the value of this quantity the result follows a complex
expression:

N� D

Z
@�D.�/��nm Œˇ.� � �m/� (1.90)

where �� is the classic magnon propagation length. An algebraic expression of �� can
be proposed using the spin wave dispersion relation (dependent of the relaxation rate).
FIG.13 shows the variation in energy of the spin wave as a function of the amplitude of
the wavevector k as well as its orientation compared to the magnetization. As one can
see the behavior is not trivial. Magnons become localized around k �104cm�1 due to the
vanishing group velocity for backward volume wave. Concerning the average N�, the result
needs also to incorporate the magnon density D.�/ and the Bose-Einstein distribution
nm Œˇ.���m/�. Thus we can expect different propagation lengths from low to high energy
spin waves. At large energy, in the order of kBT (large wavevector k), the transport is
carried through thermal magnons (k >104, THz). On the other hand, at low energy, the
transport is mediated by spin waves which as small wavevector k . For the purpose of this
manuscript, such spin waves will be called subthermal magnons (k <<104, GHz).



1.3. SPIN TRANSFERS AT INSULATING FERROMAGNET/NORMAL-METAL
INTERFACES 35

Figure 13: Characteristic magnon propagation length in a Bose-Einstein distribution
calculated as a function of the wavevector k using equation.(1.90). The blue line correspond
to wavevector k parallel to the magnetization while the red line is for a wavevector k that
is perpendicular to the magnetization.

At a sufficient density, magnon can condense into a single Bose quantum state [133]
and has been our deep motivation for working in extended films. In ferromagnets, magnon
Bose-Einstein condensation manifests itself by a phase-coherent precession of the magne-
tization. Let us consider a ferromagnet where the magnetization is homogeneous in the
ground state and the lowest energy excitations are also homogeneous. Semi classically,
a unit vector along the magnetization represents the magnetic state. At equilibrium, it
points along an axis that we take to be the longitudinal z direction. Condensation is
represented by a small deviation of magnetization in the transverse directions:

mC D mx C i my D a exp.i!t C '/ (1.91)

where the real number a is an amplitude, ! is the ferromagnetic resonance precession
frequency, and ' is the phase of the condensate. The reduction of the unit vector of the
magnetization along the longitudinal direction ımz D a2/2 is proportional to the number
of magnons. The manifestation of condensation is that the magnon population is larger at
the energy minimum of the magnon bands as described by the Bose-Einstein distribution
or, at high temperatures, than the Rayleigh-Jeans distribution [134]. In thin ferromagnetic
films, the dipole-dipole interaction dramatically changes the magnon dispersion. When
the ground magnetization state is in-plane, the dispersion is anisotropic, and the energy
minimum is at a finite wave-vector. The condensed magnons will then be around this en-
ergy minimum. Importantly, there have been observations of spectroscopically generated
magnon condensates in a thin film of ferrimagnetic insulator at room temperatures [135].
These are also reports as spin superfluidity [136, 137]. Crucial for spin insulatronics, there
is a hypothesis that we can electrically control magnon condensation via spin-transfer and
spin-pumping in ferromagnets [88, 89]. These measurements and theoretical suggestions
imply that it may become feasible to demonstrate coherent quantum phenomena that uti-
lize magnons. Eventually, it might become possible to use these aspects in devices without
the need for complicated cooling devices. Superfluidity is a dissipationless flow governed
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by the gradient of the condensate phase. In the absence of spin-relaxation, there is an
analogy between the spin dynamics in planar magnetic systems and the hydrodynamic
behavior of ideal liquids [5]. There are subsequent extensions of these concepts dubbed
spin superfluidity [138, 139]. When magnons condense, the phase of the order parameter
equals the phase of the corresponding semiclassical precession angle. The spin current is
proportional to the spatial variations of the precession angle '.

js D Ar' (1.92)

where A is a constant related to the spin-stiffness. Electrical injection of superfluid
transport is possible via spin-transfer and spin-pumping [140]. In other words, the bulk
superfluid spin-current is supplemented with boundary conditions for the injection and
detection of the spin currents. These boundary conditions depend on the contacts via
the transverse (or “mixing”) conductance. The physics is similar to the case of the con-
ductance of normal metal-superconductor-normal metal systems that also depends on the
contact interfaces between the normal metals and the superconductors. However, there
are differences between the case of spin superfluidity and dissipationless charge transport.
Even though there are no free carriers in insulators, spins, nevertheless, interact with lat-
tice vibrations that cause dissipation. As a result, in a simple one-dimensional geometry,
in a metal-magnetic insulator-metal system, the ratio between the emitted spin current
and the spin accumulation bias becomes

js
�s
D

1

4�

gLgR
gL C gR C g 0˛

(1.93)

where gL is the transverse “mixing” conductance of the left metal-magnetic insulator
contact, gR is the transverse “mixing” conductance of the right magnetic insulator-metal
contact, and g˛ includes the effects of magnetization dissipation via Gilbert damping.
When there is no magnetization dissipation, g˛ vanishes. In this case, the total resistance
of the device is a sum of the resistances of the left and right metal-magnetic insulators
contacts. This result implies that there is no resistance in the bulk of the magnetic insu-
lators, spin transport is dissipationless therein. g˛ is proportional to the Gilbert damping
coefficient and the length of the device, i.e., the total amount of dissipation versus the
injection and detection efficiencies. A signature of spin supercurrent is, therefore, that it
decays algebraically as a function of the length of the magnetic insulator [140]. This con-
trasts the expectations of diffusive spin transport via magnons that decay exponentially
when the system exceeds the spin relaxation length [2, 97]. However, in ferromagnets, the
simple picture above is incomplete. The ubiquitous dipole-dipole interaction dramatically
affects spin transport and reduces the range to a few hundred nanometers even in ferro-
magnetic films as thin as five nanometers [141, 142]. So far, electrical control of magnon
condensation and spin superfluidity has not yet been realized experimentally.

1.3.7 Spin Hall magnetoresistance

In a normal metal with strong spin-orbit coupling (NM), we can distinguish the ordinary
Hall effect (OHE) from the Spin Hall effect (SHE). In a single band model, charge carriers
flowing along the x-axis in a magnetic metal subject to an external magnetic field along
the z-axis will experience a Lorentz force that generates a transverse charge current due
to the OHE. In an open circuit condition, charge carriers cannot escape and accumulate
on the border of the material. This result in a Hall electric field EHall along the y-axis
and thus a net voltage. From this observation, we tend to think that the longitudinal
resistance Rlong is not affected by the OHE. But one as to take into account the boundary
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conditions where EHall D0. This forces the system to increase the applied longitudinal
voltage Vlong to compensate the generation of the transverse current density Jc;y such
that longitudinal current Ic;x remains constant. Thus the longitudinal resistance Rlong D

Vlong=Ic;x depends on the orientation and amplitude of the applied magnetic field. SHE
describes the generation of a transverse spin current Js induced by a charge current Jc.

Figure 14: a) and b) Illustration of the Spin Hall magnetoresistance effect at NM/FM in-
terface for a magnetization M colinear (a) and perpendicular (b) to the spin accumulation
polarization s.

According to equation (1.49), the spin current Js flowing along the z-axis implies a spin
polarization along the y-axis. If we now consider an NM/FMI interface, the spin current
polarized perpendicularly to the interface normal will accumulate at the interface leading
to a spin accumulation ��. Just as the OHE, for a short-circuited boundary (�� D
0) the source current has to compensate the transverse component by increasing the
longitudinal resistance. The switching between the open and closed boundary condition
can be realized if the NM/FMI interface is strongly exchanged coupled. Thus one can
change the longitudinal resistance in the NM via the magnetization orientation in the
FMI. This effect is called Spin Hall Magnetoresistance (SMR). It has been experimentally
observed for the first time by Nakayama et al [143] and theoretically developed by Chen
et al [144].
For a better understanding of the effect, we consider a charge current density Jc; x flowing
along the x-axis as scheme in FIG.14. The spin current Js; z induce by SHE is parallel to
the interface normal with spin orientation aligned along the y-axis. The spin current at
the NM/FM is composed of two quantities, the spin Hall current and the spin diffusion
current :

Js;SHED ��SHEE=� (1.94)

Js;diffD �
�

2e
@��

@z
(1.95)

where �=��1 is the intrinsic resistivity and E the electric field produced by the injected
charge current. The spin accumulation at the interface can be calculated using equation
(1.47), taking into account that the spin current is continuous at the interfaces and vanish
in air [144] as boundary conditions. At the NM/FM interface, the spin accumulation
is governed by the spin mixing conductance through Gr m � .m � ���/. As mentioned
previously, the imaginary part of the spin mixing conductance Gi can be disregarded in
ferrimagnetic insulators like YIG. It results from these conditions, that the spin current
at the interface is ruled from the torque exerted by the spin accumulation. If the spin
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polarization s is not colinear to the magnetization orientation M of the FM, a spin-
transfer occurs from NM to FM via the torque and result in net absorption of the spin
current at the interface (through a spin-flip scattering). However, in a case where the spin
accumulation s is colinear to the magnetization M , the spin current doesn’t fulfill the
condition to be absorbed and is rather reflected at the interface. Finally whenM is aligned
along the interface normal, the spin current is absorbed because the spin accumulation s
and magnetization M are again not colinear. From this simple picture, we can predict
a low resistivity state of the NM when M ||s due to the action of the ISHE caused by
the reflected spin current. If spin current is absorbed in the interface by the condition
M?s , it results a high resistivity state in the normal metal. Those observation implies :
RM?s>RM jjs . We can thus describe the SMR effect via the longitudinal �long resistivity
of the NM that depend on the magnetization orientation of the FM :

�long D �C��0 C��1m2
y (1.96)

where ��0 the change of resistivity due to the spin-orbit interaction (for small NM thick-
ness) and ��1 the change of resistivity due to the finite angle between spin accumulation
polarization at the interface and magnetization in YIG. The parameters my is the projec-
tions of the magnetization orientation along the unit vector y as scheme in FIG.14. To
characterize the magnitude of the SMR, we can express the change of resistivity following
the description giving in [144]:
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with dNM the thickness of the NM and lsf the spin diffusion length in the NM. By intro-
ducing the total NM resistivity �NM D � C��0, the change of resistivity relative to the
magnetization orientation in FM can be expressed as :
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The magnitude of SMR can be well described by the quantity |��1/�NM|. From equation
(1.99) we can see that the dimensionless SHMR ratio is mostly determined by �2SHE.
Taking account of the spin Hall angle of the Pt �SHE D0.05 we can expect an SMR ratio
in between 10�5 and 10�4. The spread variation of the SMR ratio found in the literature
can be attributed to the combine variation of �2SHE, �NM , Gr and mainly depend on the
fabrication process.
However in conducting FM, the contribution of the anisotropic magnetoresistance (AMR)
has to be taking into account and follow :

�long D �NM C��m2
x (1.100)

If the magnetization of the FM is magnetized in the plane of the film, the AMR follow the
same behavior as the SMR and it is not possible to disentangle the respective contribution
of these two effects. To identify the SMR, one has to study the change of resistivity of NM
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for an out of plane magnetization and take properly into account the spin anomalous Hall
effect contributions. Indeed the SMR vanished when the magnetization is rotated along
the plane defined by x and z while AMR vanish if the magnetization rotates on the y and
z plane. To estimate the SMR, an angle depend magnetoresistance experiment along all
plane define by the (x ,y ,z ) orientations is necessary to eliminate possible contamination.
Here we note that in FMI/NM, the contribution of the AMR is expected to be null. But
since magnetic proximity effect [145, 146] can appear in a few atomic layers of NM, an
angular dependent measurement is highly preferable.

1.3.8 Spin Seebeck

The Seebeck effect is a thermoelectric phenomenon first observed by Alessandro Volta in
1794 but so called over the Thomas Johann Seebeck experiments in 1821. It describes the
generation of a charge current when a conductor is subject to a temperature gradient. The
difference in energy levels of electrons in both hot and cold sides of the conductor produces
an electronic flow and thus a net voltage. The ratio of this conversion is determined by
the Seebeck coefficient which is material dependent (refer to the Peltier and Thomson
coefficient).
In a ferromagnetic material, the spin Seebeck effect (SSE) known as the spin counterpart
of the Seebeck effect can occur. This implies that a temperature difference in magnetic
order system induces a spin voltage across the ferromagnet. It has been demonstrated
that the contribution of conduction electron to the SSE is relatively small since such effect
can be observed in magnetic insulators [147]. It differs from the spin dependent Seebeck
effect in which two defined spin channels with different Seebeck coefficient induce a spin
imbalance. For the purpose of this manuscript, we consider a non-magnetic metal with
a temperature TN attached to a ferromagnetic insulator with a temperature TF that
interact through the interface via the exchange coupling. Thus a simple picture of the
SSE can be drawn considering a thermal excitation of localized spin in the ferromagnetic
materials flowing into the NM which generates a spin current due to the imbalance of
pumped and backflow spin current:

Is D I pumped
s � I backs (1.101)

Where I pumped
s can be understood as the spin current drag into the NM by the thermal

noise in the FM, while I backs denotes the spin current reflected into the FM from the ther-
mal noise in NM.
The SSE can be found in two different configurations of temperature gradient and mag-
netic field which are known as longitudinal and transverse configuration (see FIG.15).
Transverse spin Seebeck effect (TSSE) corresponds to the geometry where the spin cur-
rent is perpendicular to the temperature gradient. The keys element to understand TSSE
is the concept of phonon drag. If the phonon population deviates from thermal stabil-
ity, non-equilibrium phonons in the NM can interact with the magnon in the FMI. Thus
the magnon deviates from there equilibrium distribution and will relax by injecting a
spin current into the NM via the interface. This interplay between phonon, magnon and
spin density is called acoustic spin pumping. Through a perturbation theory [86] it has
been found that the injected spin current vanishes for a local equilibrium condition of the
magnons and phonons (TN D TF ). Now if we consider the phonon-drag, any temperature
difference across the ferromagnet will be felt by the phonons due to the phonon-phonon
interaction but not by the magnons. This lead to a non-equilibrium propagation of the
phonon and the production of a spin current by the phonon-drag process.
By contrast, if the spin current generated by the phonon-drag is parallel to the tempera-
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Figure 15: a) Schematic of the longitudinal spin Seebeck geometry. In this configuration,
the thermally injected spin current is parallel to the temperature gradient. b) Transverse
spin Seebeck configuration, where the thermally injected spin current is perpendicular to
the temperature gradient. In any spin Seebeck experiment, the thermally injected spin
current, defined as the sum of the pumped and backflow spin current, is being probed in
the NM by mean of inverse spin Hall effect.

ture gradient, we are in a Longitudinal spin Seebeck (LSSE) geometry. In linear response
theory, it can be understood as an imbalance between the thermal noise of the conduction
electron spin in NM and the thermal noise of the magnon in the FM. Since the thermal
noise is directly related to the effective temperature, the LSSE can be attributed to the
difference between the effective temperature of conduction electron spin Te in NM and
the effective temperature of the magnon Tm in the FM.
One of the most important features of the LSSE is that the sign of the injected spin
current is opposite to the spin current in the TSSE geometry. This observation can be
supported by the following consideration: the heat flow in NM/FM system is mainly car-
ried by the phonons (which is also true for magnetic insulator), and the electron-phonon
interaction in NM is much stronger than the magnon-phonon interaction in FMI. From
those assumptions, it can be understood that for LSSE, the conduction electrons in NM
which are directly in contact with the phonon bath heat up much faster than the magnon
in FMI. Thus a spin current is flowing from the thermal noise in NM into the FMI and
is much greater than the spin current pumped from FMI to NM. Although in the TSSE
configuration, conduction electrons are too far away from the heat bath. In this situation,
the effective temperature of the conduction electron in NM is much lower than the magnon
effective temperature in the FM. This difference is at the origin of the sign change. These
effects will be an important source of spin current in the following experimental part and
care will be taken to identify thermal spin signal.



Chapter 2

Characterization of YIG films and

YIGjPt nanostructures for spin

transport

While in the case of metals, many phenomena could contribute to the spin conduction,
the situation simplifies greatly in the case of magnetic insulator, where the only channel in
principle allowed to transmit the spin information is spin waves. Furthermore, the physics
at stake is more interesting when non-linear phenomena kick in. For that purpose, we
have seen in the last chapter that it is interesting to use low damping materials since this
lowers the threshold for the onset of these new phenomena. In my thesis, I have chosen
to concentrate exclusively on the spin transmission properties of pure and Bi-doped YIG
films.
This chapter is dedicated to a broad characterization of YIG ultra-thin films for ultimately
studying spin waves transport. After a brief explanation of the fabrication of ultra-fine
YIG films made by liquid phase epitaxy, we will detail their main static and dynamical
properties. The thickness dependence of magnetic damping in YIG from 16 to 200 nm
will be addressed.
We will then develop in detail the non-local magnons transport experiment in YIG which
is performed via angular moment transfer at a YIGjPt interface, allowing the excitation
and detection of magnons. Through various control experiments, we provide the main
ingredient necessary to induce propagative spin waves in YIG through a static excitation.
Moreover, particular attention will be given to the efficiency of the spin transfer at the
YIGjPt interface. In this chapter, we will investigate mostly the low current regime. The
high power behavior and non-linear effects will be discussed in Chapter 4.

41
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2.1 YIG ultra-thin films
In the field of magnonic spintronics, high-quality magnetic films are crucial [148, 7, 105].
Among them, Yttrium Iron Garnet (Y3Fe5O12, YIG) is of particular interest, mainly
because of its low magnetic damping. This makes YIG an optimal choice for magnonic
base devices that could operate in a wide range of frequency (from GHz to THz). As
already mentioned in section 1.2.1 the relaxation in YIG come from three mechanisms.
First, a charge transfer between the Fe2C and Fe3C ions can be mediated by impurities
(through exchange coupling). This effect can be minimized in YIG by growing the crystal
with ultra-pure material composition. The second mechanism is linked to the spin-orbit
coupling, which is relatively small in YIG and would result in a magnon-phonon coupling
that contributes to the linewidth. Finally, the influence of the dipole-dipole interaction
between thin magnetic film and the paramagnetic substrate dominates the relaxation even
at room temperature [4].
To implement spintronics tools for processing spin wave information, the thickness of
the magnetic films has to be in the order of nanometer range which was many years
ago considered to exceed the ability of fabrication methods. This challenge has been
overcome by the growth of thin YIG film through sputtering [149, 150] or pulse laser
deposition [20, 151, 152, 21]. However, recent work [17] have proven that the growth
of high quality (small damping, low impurity level) YIG film with a thickness in the
nanoscale (< 100 nm) can also be achieved by liquid phase epitaxy. This opened up the
route toward the manipulation of spin waves via spin-orbit torques.

2.1.1 Liquid phase epitaxy ultra-thin Yttrium Iron Garnet (YIG)

films
Liquid phase epitaxy (LPE) is a growth technique that is an extension of the flux method
[153]. It allows the deposition of thin single crystalline film from its liquid phase on a
crystalline film. LPE garnet films are usually grown onto a (111) Gadolinium Gallium
Garnet (GGG) substrate, which provides the necessary lattice matching to achieve epi-
taxial growth. The deposition is performed in a platinum crucible which is placed in a
furnace (see Fig 16).

Figure 16: Schematic of the LPE growth setup taken from [154].
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The substrate is attached to an upper motor to ensure rotation during the kinetic growth
and is placed in the solvent mixture contained in the crucible. The initial temperature
of the furnace is set 100 ıC above the undercooling temperature where the growth rate
is zero and stir for a few hours to melt the flux. The composition of the mixture is made
of rare earth oxides like Fe2O3 and YFeO3, melt in a PbO-PbF2 and B2O3 mixture to
increase the solubility.
The garnet film growth is then realized by dipping and rotating the GGG substrate onto
the melt solution to obtain a uniform film thickness. Optimization of the growth process
parameters is achieved by studying the dependencies of the depositing conditions on the
structural, morphological, and magnetic properties. The key to very good growth is to
keep the solution perfectly homogeneous and the growth rate very slow.

2.1.2 Magnetic characterizations of YIG ultra-thin film
The YIG films used in this thesis work have been provided by the group of J. Ben Youssef
in Laboratoire de Magnétisme de Bretagne at Univeristé de Bretagne.

Ferromagnetic resonance measurements
The magnetic relaxation of those films has been determined by studying there dynamic
properties via ferromagnetic resonance (FMR) in a broadband setup. These characteri-
zations have been performed by G.de Loubens in CEA-Saclay.
FIG.17 display the FMR response of a 17 nm YIG film at a frequency of 10GHz for an
out of plane magnetization. From a Lorentzian fit, we can extract a small linewidth
�H=2.83Oe inherent from the low magnetic damping of YIG. FIG.18 presents the ex-
tracted FMR linewidth for different excitation frequencies allows getting more depth about
the dynamics properties of YIG films. In FIG.18.a, the frequency dependence linewidth
has been fitted with the Gilbert formula which predicts a linear evolution of the linewidth
with frequency.

Figure 17: FMR spectra of a 17 nm YIG film with an excitation frequency of 10GHz
and power of -10 dBm.
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The finite ordinate intercept can be attributed to the inhomogeneous contribution of the
linewidth. The spectra acquired in the normal orientation excludes any contribution due
to the two-magnon scattering. We can already see that the slope of those fit, directly
linked to the Gilbert damping parameter ˛ has a net dependence with the thickness of
the YIG film.

Figure 18: FMR linewidth �H extracted from Lorentzian fit as a function of the mi-
crowave frequency and for different thickness of YIG film and an in-plane magnetization.
a) Full width half maximum for pure YIG film while b) present the measure of FMR
linewidth from the same YIG film covered by a 7 nm Pt layer.

We present in FIG.18.b the FMR result measured on the same films when a Pt overlayer of
thickness 7 nm is deposited on the top surface. In all cases, we observe an enhancement of
the damping by at least a factor of 3, and the value of the enhancement is more pronounced
for the thinner films. This unambiguously shows that in these films the dominant decay
mechanism is the escaping of angular momentum through the YIGjPt interface and its
absorption by the Pt. The variation of the damping ˛ with the thickness is shown in
FIG.19.

Figure 19: Gilbert damping of pure YIG film (blue) and YIGjPt (red) measured from
FMR as a function of the YIG thickness.
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The striking feature of those LPE YIG thin films is the increase of the Gilbert damping
for thinner film. Moreover, this dependency seems to vary inversely proportional to the
film thickness (blue dot). Considering that the inhomogenous broadening and Larmor
precession are rather independent of the thickness, we cannot exclude at this point an
additional contribution due to a surface damping mechanism (YIGjGGG interface).

SQUID measurements

Static magnetic characteristic of YIG film have been measured in a Quantum Design
MPMS 5XL SQUID Magnetometer.
In FIG.20.a we have plotted the hysteresis loop of YIGjGGG sample at 150K. The raw
data sketch as red dots displays a linear evolution with the applied magnetic field above
5G while in the low field range (<5G), the hysteresis behavior can be observed. The linear
slope can be attributed to the paramagnetic nature of the GGG substrate. To separate the
linear contribution from the hysteresis loop, we have systematically calculated the linear
slop (via linear regression) at high field. The hysteresis loop is disentangled by subtracting
the linear behavior for the raw data and is shown as black dots. To get more insight about
the paramagnetic contribution of the substrate, we have plotted the magnetization as a
function of the temperature and for an applied field of 10G in FIG.20.b. We can observe
that the linear contribution evolved inversely proportional to the temperature.

Figure 20: a) Hysteresis loop of 18 nm YIGjGGG sample a 150K. The red dots are the
raw data while the black dots present the hysteresis loop of pure YIG film after subtrac-
tion of the linear behavior. b) Temperature dependence of the paramagnetic contribution
of GGG. We have make sure that the 1/� temperature dependence is solely linear (not
shown).

Indeed from Curie’s law, the magnetization of paramagnetic material is expected to
take the form :

M D �H D
C
T
H (2.1)

where � is the volume magnetic susceptibility and C the Curie constant. From equation
(2.1) we can extract the material dependent parameter C D20.3 cm3.K.mol�1.
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The magnetization saturation 4�Ms of the YIG film as a function of the temperature is
display in FIG.21.

Figure 21: Saturation magnetization of the 18nm YIG film as a function of the tem-
perature. The blue dash line is a fit of the Curie’s law which allow us to deduce a Curie
temperature of 580K, and a critical exponent ˇ=2.63

Inner to the uncompensated ferrimagnetic nature of the YIG [148], we expect the
magnetization to evolve as :

M D
C

.T � Tc/ˇ
H (2.2)

where C is the Curie constant, Tc the Curie temperature and ˇ the critical exponent.
From a fit of the equation (2.2), we extrapolate a Curie temperature Tc D580.3K and
critical exponent of ˇ=2.6 which is close to the value found in the literature [148, 155, 156].
The saturation magnetization at room temperature estimated from SQUID measurements
is about 1780 G which is consistent with the FMR measurement.

The physical properties of the LPE YIG films used in this thesis for spin transport ex-
periments are summarized in the table below:

Sample tYIG (nm) tPt (nm) ˛YIG ˛YIGjPt 4�Ms(kG) Tc (K)
YDPB8 18 10 4:4 � 10�4 2:4 � 10�3 1.78 580.3
YDPB9 19 7 3:2 � 10�4 1:35 � 10�3 1.67 -
YDPB10 56 7 2:0 � 10�4 0:6 � 10�3 1.65 -

Table 2.1: Summary of the physical properties of the LPE YIG thin films and Pt used
in this thesis.

2.2 Transport in YIGjPt nanostructures
In section 1.3, we developed the concept of charge current-induced spin dynamics at
NM/FMI interfaces. This interplay allows one to inject and detect propagative spin
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waves in YIG via the flow of electron in a spin-orbit metal.
Such perspective has been considered theoretically in the work of Zhang et al [99, 128]
in a PtjYIGjPt trilayer where a spin current is produced by the PtjYIG bottom layer
and detect in the YIGjPt upper layer. Experimental proof of spin wave propagation
up to 100 nm in a sandwich configuration is addressed in work [157, 158]. However, the
experiment requires the growth of the YIG film directly on a Pt substrate. This fabrication
method suffers from a dramatic increase of the magnetic damping of the YIG due to the
large lattice mismatch between YIG and Pt. This geometry is thus not preferable for
manipulating propagative spin waves since it will reduce the magnon propagation length.

2.2.1 Lateral geometry
Optimal geometry for spin wave transport in YIG is to spread the metallic probes laterally.
In the spirit of lateral spin valves, this consists of two narrow Pt stripes deposited on the
top of the YIG film as displayed in FIG.22.a. This geometry is highly optimal for studying
magnon transport in YIG for two reasons: first, we can benefit from the small damping of
YIG grown on GGG substrate. Second, it makes the possibility of fabricating multiples
devices on the same YIG sample with various distances between the two Pt contacts
allowing to probe the transport properties of magnon in YIG more reliably.

Figure 22: a) Schematic of the lateral geometry for non-local spin waves transport in
PtjYIGjGGG heterostructures. b) Side view of the non-local spin waves transport. Sending
a charge current into the left side Pt will produce a spin accumulation �� at the PtjYIG
interface and induce an excess of magnons if the magnetization M is colinear to the spin
accumulation polarization. According to the low magnetic damping of YIG, the spin wave
will propagate over �m distances. When the propagative spin wave reached the right Pt
strip, the angular momentum is pumped into the Pt layer due to the spin pumping process.
The net spin current flow into the Pt is then reconverted back into a measurable current
via ISHE.

The physical mechanism of non-local spin waves transport can be summarized as
follows (see FIG.22.b) :

I: A charge current Jc is induced in the left Pt strip which generate a spin current Js
by SHE. This spin current will generates a steady state spin accumulation �� at
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the PtjYIG interface with a spin polarization s. If the YIG magnetization M is
colinear to s, the spin accumulation can be transferred to the underneath YIG
by spin-flip scattering process (section 1.3.4) and result in a broad excitation of
the magnon spectrum. Through this static method, several magnon branches are
produced within a frequency range from GHz to THz in contrast to the inductive
method [159, 160, 161, 162] in which the wavelength of the excited wave is selected.

II: Each magnon mode n produced at the PtjYIG interface will propagate in the YIG
film according to the magnon propagation length Ln

m .

III: Propagating magnons will reach the right Pt strip and accumulate at the YIGjPt
interface. This will generate a spin current Js via the spin pumping process which
will be converted back the spin current Js into a charge current Jc and thus a
measurable voltage.

2.2.2 Pulse Delta method
An essential element of our studies on YIGjPt devices has been the use of a pulse method
to measure the non-local voltage, as it allows a significant reduction of Joule heating when
a large electrical current is injected in the Pt wires. For our setup, the current pulses are
generated by a 6221 Keithley Current Sources and the induced voltage pulses are measured
synchronously by a 2182A Keithley Nanovoltmeter. We use the so-called delta-mode,
where the induced voltage is calculated through a 3-point-average reading, taking into
account also the induced voltage before and after the pulse (when ID0). In the Keithleys,
the clock is set by the power line cycle (PLC), which has a period of 20ms. We chose
the width of the pulse duration to be 10ms and the interval between pulses to be 100ms
(5PLC), which corresponds to a 10% duty cycle. We have checked that no significant
additional heating is generated by the cumulative reading of the voltage with these cycles.
The analysis of the pulse current injection in our devices is also reported in Physical
Review B [163]. Temperature sensing is provided by the change of relative resistance
of the Pt wire during the pulse. In FIG.23.c, we have plotted TPt D �Pt (RI � R0)/R0
as a function of the current I, where RI and R0 D1.3 k� are respectively the electric
resistance of Pt in the presence and absence of large heating current, and the coefficient
�Pt D 254K is specific to Pt at R0. We observe that the pulse method allows keeping the
absolute temperature of YIG below 355K (YIG saturation magnetization decreases by
about 4G/ıC) at the maximum current amplitude of 2.5mA (12 � 1011A/m2). Reduction
of the duty cycle to 1% shows no significant temperature deviations with the 10% setting
when one monitors the variation of the Pt relative resistance as a function of current. To
avoid any transient regime, a 100�s delay is applied on the detector voltmeter in order to
wait for the stabilization of the voltage before triggering the reading of the nanovoltmeter.
For each bias, the non-local voltage is calculated from the average of 100 pulses, to obtain
a ten-fold enhancement of the signal to noise ratio.
We characterized the transient regime associated with the use of current pulses to make
sure that it doesn’t alter the determination of the non-local voltage. First, we shall
concentrate on the time evolution of the saturation magnetization underneath the injector,
when a pulse of electrical current is injected in the Pt wire. These measurements are
inferred from time resolved �-BLS spectroscopy (see Appendix A). To achieve this, we
use a current pulse generator that produces 250 ns wide current burst, synchronized with
the �-BLS setup. We use this to register the spectrum at different delays. One can
extract the variation of saturation magnetization produced by Joule heating, �Ms, from
the shift in the position of the main peak in the �-BLS spectrum using the Kittel’s formula
and by assuming that this maximum corresponds to the FMR frequency. The result is
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shown in FIG.23.a and b for both positive and negative current pulses while the applied
magnetic is set at H0 D1 kOe perpendicularly to the Pt strip (along y). The temporal
evolution shows a characteristic rise time of about 200 ns at I D C2mA. It is interesting
to note that the variation of the saturation magnetization caused by the current in the Pt
stripe, shows the same sign for both polarities of the current. The possible explanation is
that the efficiency of SOT reduces with increasing frequency of magnons because of the
increase of their relaxation frequency, while the effects of the Joule heating on the magnon
population are expected to be frequency-independent. Because of the large phase volume
of high-frequency magnons, the total magnon population is then strongly affected by the
Joule heating, which counteracts the magnon “cooling” effect of SOT. This conclusion is
further supported by the slow temporal variation of Ms at I < 0 (FIG.23.a), which can
be associated with the slow temperature rise due to the Joule heating. By comparing
the data for I >0 and I <0 in FIG.23a, one can conclude that, in spite of the large
contribution of the heating effects, at least 60% of the detected signal at I D C2mA
is due to the magnons excited by SOT. This significant contribution, enabling reliable
characterization of the effects of SOT, originates from the small width of the current
pulses preventing significant increase in the temperature of YIG. With these settings, the
noise floor obtained is around the 5 nV range for a measurement period of about 10 s.

Figure 23: a) Temporal evolution of the relative reduction of the saturation magnetiza-
tion, �Ms(I) / Ms(0), during a current pulse for the two different polarities. b) Current
dependence of the maximum obtained in the pulsed- and continuous-current regimes. The
data were recorded by placing the probing spot onto the Pt injector stripe. The solid curves
are guides for the eye. c) Variation of the effective temperature of the Pt wire as a function
of the duty cycle using the pulse method.
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2.2.3 Symmetry and sign considerations
In non-local devices, the electrical current flowing in the metallic wire can affect the
magnon population inside the magnetic insulator in two ways. Spin transfer is the first
mechanism. Spin-polarized currents generated inside the metallic wire due to spin-orbit
effects transfer to the adjacent magnetic insulator layer and produce a torque on the
magnetization. Joule heating is the second possibility. The Ohmic dissipation in the
metallic wire locally increases the magnetic layer temperature, which is in thermal contact,
and correspondingly, the number of thermal magnons (the saturation magnetization in
YIG decreases at a rate of about 4G=ıC at room temperature).
To separate these two contributions, we rely on the symmetry of the signal with respect to
the current or field polarity. We first concentrate on the current symmetries. In the case
of spin-orbit torques, the electron trajectory inside the normal metal is deflected towards
the interface depending on the spin polarization of the electron.

Figure 24: Schematic illustration of spin-transfer processes between a magnetic insulator
and an adjacent metallic layer where an electrical current circulates. The first row shows
the principle of SOT, where the electron trajectory inside the normal metal is deflected
towards the interface depending on the spin polarization of the electron. The second row
shows the principle of SSE, where temperature rises associated with Joule heating change
the distribution of thermal magnons. Changes in the amplitude of magnon mode is illus-
trated as a variation of its cone angle from nominal occupation shown in grey (thermal
population at device temperature).

As seen from the comparison of the current dependences of Ms obtained in the pulsed-
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and continuous-current regimes (FIG.23.b), utilization of short pulses results in a strong
increase of the asymmetry of the measured dependences reflecting the antisymmetric con-
tribution of SOT. As a precaution, the 20 first pulses are disregarded from the statistics
to ensure that a steady state regime has been reached. In this condition, the deviation
of the individual pulse appears to follow a normal distribution around the average, for
all pulse amplitude. For metals like Pt, where the spin Hall angle �SHE is positive, the
deflection follows the right-hand side rule as shown schematically in FIG.24.a) and b)
for both positive and negative currents. The result is an inversion of the polarity of the
outward spin current when the electrical current direction is inverted. The net effect is an
opposite change in the magnon population. The nominal occupation (thermal population
at device temperature) of a particular mode is depicted as a gray cone in FIG.24. If the
spin is injected parallel to the magnetization direction, it will decrease the cone angle
(magnons annihilation, FIG.24.b), while if the spin direction is opposite to the magneti-
zation direction, this will increase the cone angle (magnon creation, FIG.24.a). Thus, an
important signature of SOT is that the signal is odd with respect to the current polarity.
In contrast, a change of the magnons population produced by thermal effects is even in
current, since the origin is Joule heating which is proportional to I 2. This distinction
between even and odd symmetries with respect to the current polarity translates in a
signal appearing in different harmonics when performing lock-in measurements [2]. In the
case of SOT, odd in current, the signal is captured by the 1st harmonics, while in the case
of SSE, even in current, the signal is captured by the 2nd harmonics. There is a direct
correspondence between these symmetries concerning current direction and symmetries
related to the magnetization direction.

Figure 25: a) and b) present the angular dependence of the †' and �' signal calculated
from equations (2.3) and (2.4) for an injected current I=C1:5mA and applied field of
H0 D ˙2kOe (the grey lines are cos.'/ and cos2.'/. c) Schematic of injection and
detection of magnon in YIG by SOT. d) Schematic of detection of spin Seebeck signal
induced by temperature gradient generate via Joule heating.

The magnetization is, in the case of YIG, set by the external magnetic field orientation.
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However, we also need to take into account that the signal inverts its polarity when the
magnetization reverses underneath the detector. Thus, the net effect is that the SOT
signal is even, while the SSE signal becomes odd with respect to field polarity. If one
performs an azimuthal angular dependence, the even signal follows a cos2-behavior, while
the odd signal follows a cos-behavior. A simple picture of these phenomena can be seen
in FIG.25. A charge current Jc flowing into the injector strip can generate a spin current
inducing a spin accumulation �� at the PtjYIG interface which is polarized along the
x-axis (FIG.25a). Non-equilibrium magnons are generated in YIG by spin-orbit torque
(SOT) when the magnetization of YIG is colinear to the spin accumulation which gives
rise to a cos' dependency of the injected magnon density. Then magnons diffuse in
the YIG film. When it reaches the detector, propagative magnon density is pumped
by the interface leading to a spin accumulation that also has a cos' dependence. The
total magnon signal is driven through the injector and detector interface lead to a cos2 '
dependence. Since the torque is exerted on the transverse magnetization (the oscillating
part of the magnetization), the effect is maximum when the saturation magnetization
is parallel to the injected spin direction, or in other words perpendicular to the current
flow in the Pt, as first demonstrated in ref.[2]. However, the current in the injector strip
also induces a Joule heating that produces a net temperature gradient along the PtjYIG
volume (FIG.25b). Via this heating, magnons are thermally excited by spin Seebeck
effect (SSE) and diffuse in YIG as well. The thermally excited magnons are probed by
the detector strip in the same way as for electrically excited spin waves but display a
cos' dependence [164, 98]. These thermal effects must be disentangled from pure spin
effects. To separate the pure spin contribution, Cornelissen et al.[2] have proposed to
consider solely the anisotropic part of the transport as one varies the orientation of the
magnetization in-plane. Among these anisotropic contributions, as emphasized above,
one should thoroughly distinguish the ones that are even with respect to the magnetic
field or current polarity from the ones that are odd. In ref.[2], the authors, using the 1st
and 2nd harmonic output of a lock-in, have relied on the current symmetry to extract the
SOT and SSE. This can also be achieved by performing a pulse measurement and detect
the voltage obtained with the two possible polarities of the externally applied magnetic
field. Thus we construct the two following signals :

†' D
.V' � V Oy/

2
C
.V' � V Oy/

2
(2.3)

�' D
.V' � V Oy/

2
�
.V' � V Oy/

2
(2.4)

where ' D 'C180ı. The result is summarized in FIG.25.a and b. It is important
to notice that the part that is even with respect to the magnetic field polarity (†) is
odd with respect to the current polarity, while the part that is odd with respect to the
magnetic field polarity (�) is even with respect to the current polarity. These are exactly
the expected symmetries of SOT and spin Seebeck effects.

2.2.4 Local measurement

The features of these non-local voltages also appear in the local voltage. This can be
viewed as a self-detection of the ISHE voltage on the injector side. In the case of the
†-signal, the produced effect is the so-called spin Hall magnetoresistance [16, 62]. As
explained previously, the signal is maximum when the magnetization is perpendicular to
the flow of current inside the Pt and minimum when the magnetization is parallel to
the flow of current. Experimentally, however, this formulation seems at a first glance
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counter-intuitive since the total resistance appears to drop when the magnetization is
perpendicular to the flow of current. This is because the drop in the voltage produced
by SOT is negative for positive current (and reciprocally) and thus appears as a negative
resistance effect. This drop is a direct consequence of the Hall origin of the †-signal that
increases along the current direction for ISHE.
In the same way, a local-SSE signal [165] should appear on the device in continuity with
the non-local �-signal mentioned previously. This local �-signal is negative in continuity
with the sign of � observed for very small gaps, and means that the vertical thermal
gradient is negative i.e. that the YIG|Pt interface is hotter than the YIG|GGG interface.
The current dependence of this local-SSE should be quadratic (as I 2, Joule heating) in
current. Note that this behavior has the same signature as the uniaxial magnetoresistance
[166]. In this respect, a resistance that is linear in current and changes sign when the
current is inverted is equivalent to a voltage that varies quadratically with I , which is
usually interpreted as a Joule heating signature.

2.2.5 Angular and current dependence of the non-local signal

For the sake of demonstration, we have performed a non-local measurement in an 18 nm
YIG thin film (YDPB8). In FIG.26 we present the non-local signal V'jI as function '
which is defined as the angle between the applied magnetic field H0 and the x-axis

Figure 26: Angular dependence of the non-local voltages V˙j� measured while inverting
the polarity (' along x , N' along -x) of the applied field H0 D ˙2kOe (red/blue) respectively
for a) negative and b) positive current pulses I D �1:5mA. The measured signal can be
decomposed c) and d) in three components: † (green): the signal sum, � (orange): the
signal difference and V Oy: the offset; respectively even/odd, odd/even in field/current, and
an angle independent contribution (dashed).
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This is a crucial step since it allows us to define the exact nature of each component
gather in V'jI . It is particularly interesting to measure the non-local voltage when the
field H0 is (anti)colinear to the y-axis (' D C90ı) since it switches off the spin sensibility
(M ��� s D 0). In such a situation, we expect no contribution to the spin transport to the
V'jI signal. For each value of ', 4 measurements V'jI are performed corresponding to
the 4 combinations of the polarities of H0 jI . FIG.26.a and FIG.26.b displays the raw
data obtained respectively for negative and positive current pulses (I D j1:5jmA) and
H0 D ˙2 kOe (much higher than the Oersted field at this current HOes < 50 Oe). Clearly,
the non-local voltage oscillates around an offset V Oy , defined as the voltage measured at
' D ˙ 90ı. One contribution of this offset can be ascribed to thermoelectric effects at
the two PtjAl contacts of the detector circuit, which are sensitive to any temperature
gradient along the y-direction inherently produced by any resistance asymmetry along
the Pt wire, which imbalances Joule heating. We have sorted the SOT and SSE according
to eq 2.3 and 2.4 by creating †' , the even part of V'jI with respect to the direction of the
applied magnetic field (green) and �' the odd part with respect to the direction of the
applied magnetic field (orange). This separation is exposed in their angular dependences,
which follow two different behaviors, one in cos2 ', the other one in cos', respectively.
The solid lines in FIG.26.c and 26.d are fits by these two functions. These angular depen-
dences originate from the nature of the excitation of †' and �' respectively as explained
above. Hereafter, we shall use the fit of the whole angular dependence as a means to
extract precisely the amplitude of †0 and �0 at ' D0ı.
FIG.27 shows their evolution as a function of the current I . One observes that †0 jI
is odd in current, while �0 jI is even in current, which are both the expected symme-
try of SOT and spin Seebeck effects with respect to current polarity. Importantly, this
odd/even correspondence between the symmetries of †0 jI and �0 jI extends (within our
measurement accuracy) on the whole current range. While �0 jI approximately follows the
parabolic increase of the Pt temperature (cf. FIG.23.c), as expected for thermal effects,
the interesting novel feature is the fact that †0 jI deviates from a purely linear transport
behavior at large I . This nonlinear regime is reached for a crossover current density of
Jc D 6.0�1011A/m2 and translates a shift of the magnon transport regime. For the rest
of this chapter, we will study the physical origin of the total spin signal, and more par-
ticularly we will focus on the spin-transfer at the interface. The origin of this non-linear
† signal will be uncovered in more detail in chapter 4.

Figure 27: Current dependence of the amplitude † and � at ' D 0.
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2.2.6 Control experiment: YIGjTi interface

To further evidence the nature of † and � spin signals, we have performed a control
experiment by using a YIGjTi interface. Ti is a light transition metal that posses a small
atomic number Z D22. This material presents quite low electrical and thermal conduc-
tivity but is strongly corrosion resistant and possess a paramagnetic order. From the
literature [167], it is generally found that the strength of the spin-orbit coupling (SOC)
scale as a Z 4. It has been experimentally shown via spin pumping [168, 169] that the
conversion at the YIGjTi interface is rather low. The spin Hall angle �TiSHE of the Ti has
been estimated in the order of 4�10�4 which is much smaller than any reported Pt spin
Hall angle. Since the spin Hall angle �SHE in Ti is very small, we do not expect any con-
version from charge to spin current in Ti neither a spin sensibility at the YIGjTi interface.

Figure 28: Non-local spin transport experiment for a YIGjPt(7 nm) injector and
YIGjTi(15 nm) detector separated by a distance of 200 nm. Angular dependence of †,�
signal are presented in a) and b). Non-magnetic offset signal measured at '=90 ı is sys-
tematically subtracted. It results that no angular dependence is detected through YIGjTi
interface. Panel c) displays †,� spin signal (at '=0 ı) measured in the YIG/Ti interface
as a function of the current injected in the YIGjPt interface.

Non-local spin transport experiment using a YIGjTi interface can be seen in FIG.28.
Here a large current density is injected into a Pt strip giving rise to a net spin wave
density in YIG via the YIGjPt interface. A Ti electrode as been deposited 200 nm away
from the Pt strip and will play the role of the detector. FIG.28.a and b present the
angular dependence of the voltage drop in the Ti strip while a current of I D1.8mA is
applied to the Pt strip. Like every † signal presented in this thesis, we have analytically
subtracted the non-magnetic offset signal present at ' D90 ı. We do not observe any
angular dependence in the † and � signal from low to high current (see FIG.28.c). At
this current density, previous measurements have shown that indeed a large spin wave
density is flowing into the YIG and will inevitably cross the YIGjTi interface. From this
measurement, we can confirm that Ti has a small spin Hall angle. Using the same device,
we have performed a non-local experiment where we have switched the Ti strip as an
injector and the Pt strip as a detector. The result of the non-local experiment in this
configuration is displayed in FIG.29. We observe a cos(') like angular dependence in the
� signal that increases quadratically with the applied current in Ti strip which is this
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signature of the spin Seebeck effect. This is not surprising since the Ti strip resistance
was high (�Ti D123��.cm), resulting in a strong thermal gradient in the Ti by Joule
heating. This confirms even more the thermal nature of � signal and the role of the Pt
detector in that matter. No angular dependent is observed in the † signal as it can be
seen in FIG.29.a.

Figure 29: Non-local spin transport experiment for a YIGjTi(15 nm) injector and
YIGjPt(7 nm) detector separated by a distance of 200 nm. Angular dependence of †,�
signal are presented in a) and b). We observe a strong angular dependence in the �
signal due to the spin Seebeck effect while a small signal is detected in †. Black line
in a) and b) panels are cos(')sin(') and cos(') fits. Panel c) display †,� spin signal
(at '=0 ı) measured in the YIGjPt interface as a function of the current injected in the
YIGjTi interface.

The absence of any † signal for small and large driven current is the direct prove
the spin waves excitation is mediated through the spin accumulation at the interface.
This can be explained by the small spin Hall angle of Ti which is in agreement with the
literature.
These observations show that spin-orbit coupling is an essential ingredient for exciting
and detecting spin waves in YIG.

2.3 Enhancement of YIGjPt interfacial spin transmis-

sion via a local heating by Joule effect
Now that we have demonstrated the important role of the Pt layer to realize the spin to
charge interconversion, careful engineering of the YIGjPt interface has to be established.
For future magnonics based electronics, it is crucial to realize devices that can reliably
interconvert a charge current into a spin wave. The ratio of the conversion from spin to
charge (or charge to spin) in the Pt is given by the spin Hall angle �SHE. In the last
years, considerable attention has been given to SHE in Pt mainly for its large spin Hall
angle �SHE. On the other hand, the transfer of angular momentum is carried out via
the interface. A spin transparent YIGjPt interface is then highly needed. The figure of
merit in that matter stands for the spin mixing conductance g"#, which quantitatively
translates the efficiency of the spin transfer at the interface.
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It is known that g"# is very sensitive to the chemical and structural condition of the
YIGjPt interface and can be tuned via various treatments of the YIG surface. In several
reports, it has been shown that an in-situ OC/ArC etching [69, 170, 171] before the Pt
deposition, can remove organic matter in the YIG surface in a reliable way. It results in
a higher spin transparent interface as shown by the spin pumping signal which highlights
an enhancement of g"#. Annealing of the garnet crystal has also been realized in the
temperature range of 500 - 1100 ıC to treat lattice defects, most likely due to the formation
of PbO provided by the solvent mixture [172, 173]. This also helps in evaporating any
water film on the YIG surface if the Pt layer is deposited ex-situ. Interface treatment
of the YIG with "piranha" etch, a mix of H2SO4 and H2O2 solvent, has also proven
its efficiency. In ref [174], it has been demonstrated that the chemical content of YIG
surface is mostly composed of C and O. The carbon contamination can be more or less
removed via etching or annealing, but the best results are found in the combination of
the "piranha" technique with annealing [174] or OC/ArC [170] treatment because it can
remove carbide interfacial layer and sulfur elements. The surface engineering of the YIG
has also an impact on the structural quality of the deposited Pt layer. Indeed if C content
at the interface of the YIG is not removed, a part of the carbon can diffuse into the Pt
layer [174]. This phenomenon is found to have a clear impact on the Pt conductivity,
because of the formation of grain boundaries [175] which can be removed by annealing.
Nevertheless, these treatments have been performed on �m thick YIG sample and cannot
be realized if the thickness of the film is about a few nm because it can alter the YIG
layer.
In the following, we propose to explore the spin transmission in the case of Pt deposited on
top of YIG by e-beam evaporation. We will show that passing a large current inside the Pt
provides a kind of annealing which enhances the spin conductivity through the interface.
This trick allows investigating on the same system the consequence of enhanced spin
conductivity on the crossover currents reported before. We shall show that a better spin
transmission can be realized without enhancement of the spin transparency g"#.

2.3.1 Spin Hall magnetoresistance

The sample used in this study is a YIG film with a thickness of 56 nm that has been
grown by liquid phase epitaxy on a 500�m Gd3Ga5O12 (GGG) substrate [16, 176]. Af-
ter evaporated a 7 nm thick Pt layer onto the YIG film, we patterned 300 nm wide and
3.0�m long Pt strips via e-beam lithography which are connected to a TijAu (5 nm/50 nm)
layer for electrical measurements (see fabrication method in Appendix B). The sample is
then mounted into a rotative insert, that is electrically contacted to the device with wire
bonding, and placed in an electro-magnet. All magneto-transport experiment has been
performed at room temperature for an applied in-plane magnetic field of H0 D ˙2 kOe
to saturate the YIG film.
Tuning of the YIGjPt spin conversion through local heating by Joule effect has been inves-
tigated via spin Hall magnetoresistance (SMR) measurements. The SMR measurement
is performed by injecting a pulse current into the Pt structure via a 6221 Keithley that
is synchronized to a 2182A Keithley Nanovoltmeter to measure the magnetoresistive re-
sponse (see FIG.30). FIG.31.a presents the magnetoresistive signal measured for a driven
current of I D100�A when an in-plane magnetic field is rotating around the ' angle. The
magnetoresistance represented by blue dots has been recorded directly after the nanofab-
rication process. This signal reaches an absolute when the magnetization is parallel to
the spin polarization while the angular dependence magnetoresistance follow a cos2.'/
behavior which is in good agreement with the theoretical prediction of the SMR [144]. To
disentangle any parasitic contribution of the anisotropic magnetoresistance (AMR) [16],
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Figure 30: Sketch of the YIGjPt structure for SMR measurement. The Pt electrode
deposited on the YIG film is electrically contacted to measure magetoresistive behavior of
YIGjPt structure when an in-plane magnetic field H0 is rotating around the z -axis.

we have inspected the magnetoresistive behavior at all polar angle ', ˇ and  as can
be seen in FIG.32. We observe a net dependence of the Pt resistance as we rotate the
magnetic field H0 around the ' and ˇ angle while no change is measured when we rotate
H0 along the Pt wire ( polar angle). If the AMR would have provided an additional
magnetoresistive signal, we would have seen its signature by varying the  angle. Thus we
assert that the behavior observed in FIG.31.a highlights a pure spin Hall magnetoresistive
signal. The SMR ratio has been calculated as SMR D �R.H //R0 where R0 D2.6 k� is
the resistance value of the Pt strip at room temperature when no external field is applied.
From a cos2.'/ fit we extracted the maximum SMR magnitude (�R(H)/R0 )max � 2.9
�10�5. One should note that one can describe the SMR as a self SOT transport, where
the effect is minimum when H ==y and maximum when H ==x . Because the induced volt-
age by SOT subtracts to the Ohmic loss, it appears as a drop of the resistance. Thus
plotted in absolute value (ie. adding Ohmic loss) appears as the signal is minimum when
H ==x .
Instead of chemically cleaning our YIG thin film with etching [170, 174], which might
dramatically alter the film thickness for such thin films, we locally annealed the YIGjPt
interface by applying a large current density in the Pt layer. FIG.31.b shows the evolu-
tion of the Pt resistance when a large current density is applied. This behavior follows
a quadratic dependence as the current density is increased due to Joule heating. The
temperature induced in the structure has been estimated by measuring the change of Pt
resistance via �T D �Pt(RI - R0 )/R0 , were �Pt D 478K is a proportional factor (R0
dependent). Around the maximum applied current, the local temperature reaches an
amplitude of 550K. Note that the current density is not high enough to reach the elec-
tromigration breakdown that would result in an increase of Pt resistivity [177]. As the
amplitude of the pulse current is slowly ramped down, the resistivity of the Pt remains
nearly unchanged and we systematically observe a 1% drop after J D 12 � 1011A/m2

(insert of FIG.31.b). After applying a current density of 12 � 1011A/m2 (equivalent to
heating the sample at 550K) within a 10ms pulse for 60minutes, we have measured
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Figure 31: a) In-plane angular dependent SMR for an applied magnetic H0=2 kOe,
before (blue dots) and after (red dots) local heating by Joule effect. b) Evolution of the
Pt resistance as a function of the injected current density. The temperature generated by
Joule heating has been estimated using �T D �Pt(RI - R0 )/R0 . The insert shows the
small change of the Pt resistivity after annealing.

again the angular dependent SMR in the same conditions and can be seen as red dots in
FIG.31.a. We observe a SMR ratio that reaches now a maximum of (�R.H //R0 )max � 8.9
�10�5 which is irreversibly 3 times larger than the value without annealing. To get more
insight into the quality of the interface we have quantitatively studied the SMR before
and after heating locally by Joule effect. From the SMR theory [144, 62] the dependence
of the Pt resistance on the magnetization direction can be express as:

RPt D R0 ��R.H /m2
x (2.5)

Where mx is the magnetization component along the x-direction. Using the analytical
expression presented in section 1.3.7, the maximum magnitude of the SMR ratio can be
described as :
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where � D 19.5��.cm is the resistivity, tNM the thickness and �sf the spin diffusion length
of the Pt layer while G"# is the spin mixing conductance (g"# D h

e2
G"#) of the YIGjPt

interface. Let’s now discuss the potential origin of the enhancement of the SMR observed
in FIG.31.a. The SMR ratio can change via various parameters. It cannot be attributed
to a variation of Pt resistivity since the resistivity after local heating by Joule effect does
not change more than 1%. But heating locally by Joule effect could possibly change the
quality of the Pt layer that might increase either the spin hall angle �SHE or spin diffusion
length �sf. However, the �SHE is expected to be linear with the resistivity for an intrinsic
origin [178] whereas the length lsf �SHE is supposed to be a constant [179]. Since the local
heating by Joule effect improves slightly the conduction of the Pt strip, the surge of the
SMR signal is not consistent with a rise of �SHE and will be considered as a conserved
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quantity throughout the whole annealing process. Thus we assume no change in the
intrinsic and extrinsic spin Hall effect and only the spin conductivity of the interface is
impacted by the local heating and is found to increase by a factor of 3 via local annealing.
According to Eq. 2 the SMR ratio is in the same order of magnitude than the g"# reported
after ArC-ion milling process [171] and "piranha" etch [170, 174]. Nevertheless, we would
like to emphasize that this treatment only affects the YIGjPt interface while the roughness
of the YIG film remains unchanged contrary to etching process that alter or degrade the
surface, which might be an issue in regards to ultra-thin film of YIG. We also note that
we attempted to perform a similar experiment but for global annealing of the sample in
oven. However, we didn’t observe any change in the SMR ratio. Only a variation of total
resistivity of the device has been probed due to a deterioration of AujTi contacts.

Figure 32: a) Angular dependent SMR signal after local heating by Joule effect measured
when a magnetic field H0 with an amplitude of 2 kOe is apply along the ', ˇ and  angle.
The dashed lines are fit from equation 2.5. The different shape of the angular dependence
with the ˇ angle is due to the demagnetized field which tens to misaligned the equilibrium
position of the YIG magnetization with the external field.

2.3.2 Spin pumping
Next we have studied the spin transmission of our YIGjPt interface by mean of spin pump-
ing (SP). We have placed a sample taken from the same batch in a microwave resonant
cavity where the rf magnetic field is uniform. As display in FIG.33.a, the experiment is
performed by applying an rf magnetic field hrf along the local Pt strip that is fixed at the
frequency of 9.65GHz. In the meantime, a static external magnetic field is sweeped per-
pendicularly to the Pt strip (along x ). At the ferromagnetic resonance conditions, a part
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of the angular momentum in YIG relax into the Pt due to the spin pumping process [125].
Unlike SMR, which translates the reflection of the spin current at the YIGjPt interface in
Pt, spin pumping highlights directly the spin transmission from YIG to Pt through the
interface. The resulting spin current crossing the interface is then converted into a net
voltage in the Pt via ISHE which is probe via a nanovoltmeter. The spin pumping signal
for different annealing time is presented in FIG.33.a. The maximum microwave power is
fixed at 5mW to prevent non-linear effects that appear at large applied power and would
result in a hysteretic shift of the FMR frequency [180, 181]. First, we focus on the spin
pumping spectra of the YIGjPt interface before local heating by Joule effect plotted as
blue in FIG.33.a. The probed charge current Ic divided by h2rf is directly calculated from
the voltage drop VISHE in the Pt as the dc field is swept by Ic D(VISHE/RPt)/h2rf. Note
that we present the result in current instead of voltage which allows taking account of the
slight drop of Pt resistivity observed in FIG.31.b.

Figure 33: a) Spin pumping spectra at different annealing step. The annealing is realized
by injecting a current density J D 12 � 1011A/m2 in the Pt for various time. The FWHM
of the YIGjPt nanostructure lies around 100Oe. The insert presents the FMR of the YIG
film which is measured simultaneously. The full width at half maximum of the whole film
lies around 1Oe. b) Scheme of the spin pumping setup. An rf magnetic field hrf is applied
along the y-axis while an external dc magnetic field Hdc is set along the x-axis. Close to
the YIG ferromagnetic resonance, angular momentum flows through the YIGjPt interface
and is recovered as a charge current in the Pt via ISHE. c) Normalized spin pumping
spectra at different annealing step. It can be seen that the full width at half maximum
which is proportional to the YIGjPt damping is not changed after local heating by Joule
effect.

A peak of SP signal is observed when the YIGjPt is brought close to the ferromagnetic
resonance. The sign of the SP spectra is negative when Hdc is applied along the x-axis and
positive when Hdc is anti-colinear to the x-axis which is in agreement with the geometry
of SHE and is consistent with the sign of the spin Hall angle �SHE in the Pt [182]. The
shape of the spectra does not follow a simple Lorentzian and is ascribed to multiple
resonances due to inhomogeneities in the YIG. The main peak of the SP spectra can
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be directly linked to the main FMR mode when the YIGjPt is brought to resonance
condition. The maximum amplitude of the SP spectra is linear with the microwave power
below 5mW. We have taken this maximum as a reference to estimate the efficiency of
spin transmission at the interface. After characterizing the pristine YIGjPt interface, we
performed a local heating by Joule effect by applying a current density in the Pt strip
of J D 12 � 1011A/m2. We can see the result of the local heating by Joule effect to the
SP spectra after setting 10ms pulse current with a 10% duty cycle in the Pt strip for
10, 30 and 60min respectively. It can be seen in FIG.31.a, that the electrical annealing
time has a drastic impact on the SP spectra. Eventually, the amplitude of the pic reaches
saturation after 60min of annealing. We were able to reproduce those behaviors quite
systematically over different Pt strips deposited on this sample for identical annealing
temperature and time. The spin transmission observed from the SP is enhanced with a
ratio of 2.7 by local heating by Joule effect which is close to the ratio found through SMR
experiments.
The most interesting feature of this experiment lies in the full width at half maximum
(FWHM) of the main peak. As the amplitude of the peak becomes larger with the
annealing time, it seems at first sight that the FWHM remains constant over the whole
annealing process (see FIG.31.c) which is a quite surprising result. Indeed, the FWHM
of the FMR pic is proportional to the YIGjPt extra-damping �˛ which is described in
equation (1.59). From this expression, we expect that an enhancement of the spin mixing
conductance would imply a drastic change of �˛ resulting in a much larger FWHM which
is not observed here. Therefore the enhancement of the reflection and the transmission
of the spin signal at the interface can not be fully understood in the usual spin pumping
FMR framework. This result suggests that the local heating by Joule effect improves
the spin conductivity at the interface but the relaxation mechanism seen from FIG.31.a
is governed by the spin waves modes excited asides from Pt which have a much larger
linewidth compare to the width of the strips. The higher FHMW measured in the SP
signal compare to that of YIG volume through FMR could be due to inhomogeneities of
the surrounding YIG or a strain provided by the Pt layer.

2.3.3 Non-local measurement

To study more in depth the impact of the local heating by Joule effect to the non-local
spin transport signal. In a sample taken from the same batch, we have placed a second Pt
electrode (with same dimensions) located 2�m away from the first Pt strip (see FIG.34).
In the previous section, we have seen that in ultra-thin YIG film, injecting a crossover
current density in the order of Jc D 6.0 � 1011A/m2 is sufficient to excite spin transport in
the non-linear regime. This phenomenon is characterized by non-linear spin conduction as
a function of the applied current. However, the excitation of spin waves is strongly related
to the non-equilibrium spin accumulation at the YIGjPt surface and is thus sensitive to
the interface. The non-local spin transport has been probed by applying a pulse current in
the injector (Pt left) while simultaneously measuring the non-local voltage on the detector
(Pt right). The magnons excited either electrically (SOT) or thermally through the spin
Seebeck effect [147, 98], are converted into a signal that is maximum when the in-plane
magnetic field is oriented along the x-axis due to the SHE geometry. To separate these
two contributions, the measurement is performed for the two polarities of the current
and the applied magnetic field. Through symmetry consideration, we have extracted the
† and � signal and making sure to subtract a background voltage measured when the
magnetic field is applied along the y-axis. Note that the offset voltage is not affected by
the local heating by Joule effect.
Let’s first consider the pristine state where both interfaces of YIGjPt are as grown. This
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Figure 34: a) Scheme of the non-local magnon transport measurement. Applying a
charge current in a first Pt strip leads to a non-equilibrium magnon accumulation at the
interface via SHE that (in the right configuration of the external field) leads to a broad
excitation of propagative spin waves. The transport of magnon in YIG is probed via a
second Pt strip that converts the magnon density into a measurable voltage by ISHE.
b) Panel of the non-local †I and �I signals for different local heating steps. Panels
¬ present non-local spin signal measured directly after the nanofabrication, taken as a
reference signal.  show the change of †I after annealing the spin injection strip. Non-
linear spin conductance is observed for a crossover current Jc D7.0�1011A=m2. In panels
®, we have inverted the role of the injector and detector strip such that only the detector
strip is annealed. An improvement of �I® signal is observed while † signal and crossover
current for exciting non-linearities is found to be unchanged. In the last panels ¯, both
injector and detector strips are annealed and we can see that a local heating by Joule effect
can enhance again the † signal without affecting the crossover.

measurement would be recalled as our reference. In FIG.34.b panel ¬, we have displayed
the reference non-local †I¬ and �I¬ signal, where both injector and detector have not
been treated, for an external field align along the x-axis and as a function of the applied
current. It can be seen that �I¬ has a quadratic rise due to its thermal origin while the
†I¬ evolve close to the noise level making any non-linear deviation hard to detect. At
the end of the scan, we keep the current density at value J D 12 � 1011A/m2 (550K) for a
duration t D 60min, and we observe an increase of the spin signal. We call this new state
the case , where the injector has been treated but not the detector. We observe that
the †I signal is now 3 times larger. It indicates that the number of magnons excited
in YIG is enhanced due to the higher spin transmission at the injector which is recovered
by the untreated Pt detector. Quite remarkably, after local heating by Joule effect, we
were able to easily reveal the non-linear spin conductance. This magnon population is
solely excited via the torque exerted at the injector interface. We also note that the
thermal spin signal �I remains unchanged. This result is not surprising, because the
spin conversion of the SSE signal occurs only at the detector strip (which has not been
treated) whereas the injector strip only plays the role of the heater. To investigate the
role of the interface to the non-local spin signal, we have permuted the current injection
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and voltage leads such as propagative magnon are excited on an untreated interface and
probed in a treated interface. We call this configuration the case ®, where the detector
has been treated but not the injector. As expected, the �I® is enhanced by a factor 3
due to the higher spin conversion at the probing interface. We do not observe a significant
change in the amplitude of the †I® because this signal highlight the convolution of the
spin conversion at both injector and detector interface. Although, the more surprising
fact, is that the crossover current density Jc necessary to reach the non-linear regime is
found to be unchanged independently if the YIGjPt interface has been treated or not.
This result is not straightforward, because an increase of the spin transparency at the
interface should lead to a decrease in the crossover current Jc.
Finally, we have measured the non-local signal in the case where both injector and detector
are treated via local heating by Joule effect and is recalled as the case ¯. It can be seen
that †I¯ is 9 times larger than the reference. It implies that injection and detection of
magnon through YIG/Pt interface is 3 times more effective. To be more consistent, we
have evaluated the voltage produced by the SSE on YIGjPt structure by using :

VSSE D LN ":
G"#.1 � sech.tNM=lsf// coth.tNM=lsf/

� C lsfG"# coth.tNM=lsf/
(2.7)

" D
�SHESSSErTlsf

tNM
(2.8)

where rT is the z component of the temperature gradient at the detector strip, SSSE is
the spin Seebeck coefficient of the YIGjPt [183] and LN the length of the Pt wire. One
would see from equation (2.7) and (2.8), that the SSE signal varies on the first order as
�SHE �sfG"# while the SMR has a �2SHE �

2
sfG"# dependence. If the local heating by Joule

effect would have changed either the �SHE or the �sf we would have seen a change of the
SMR ratio larger than the increase of the SSE which is not observed here. Moreover, as
shown by SP and non-local measurement, the enhancement of the spin signal transmitted
via the interface doesn’t scale with g"# either.

2.3.4 Discussion

Across four different techniques, we evaluated the spin conversion at the YIGjPt interface
subject to a local heating by Joule effect. Spin Hall magnetoresistance and transverse
spin Seebeck measurement that highlight respectively the spin reflectivity [144] and spin
transmitivity [98] at the interface have shown a net improvement of the spin conversion
at the interface. Nonetheless, spin pumping and non-local magnon transport which cor-
roborates to emission and absorption of spin current by the interface allowed us to probe
more in depth the impact of a local heating by Joule effect to the dynamic of the system
[16, 176, 184]. This two experiments have proven that the increases of the emitted and
absorbed spin signal is not followed by an increase of additional damping provided by the
interface. Thus a higher spin signal cannot be explained by an improvement of the spin
mixing conductance and is in discordance with the spin pumping theory [125].
However, a possible origin of this phenomenon can be understood by a change of the
surface geometry via a better wettability of the Pt after local heating by Joule effect as
sketched in FIG.35. Because the temperature induced by local heating by Joule effect
does not exceed 550K, it is highly probable that the chemical and structural quality of the
YIG surface is not affected by the local heating [154]. Thus we expect the local heating
by Joule effect to affect only the Pt strip [185] and could result in a larger recovery of the
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surfaces contacts ıL. This will improve the number of spin transmission channels at the
interface which posses similar spin mixing conductance g"#. Through this mechanism the
emission, reflection or absorption of the spin current are enhanced because of the higher
number of spin channels available at the interface. In the theory, the qualitative estima-
tion of charge current in NM induce by ISHE is mediate through the electric field EISHE
which take into consideration the geometry of the interface (refer to equations (1.62),
(1.81), (1.94), (2.7)). This formulation implies that the generated electric field by ISHE is
homogeneous along the strip which might not be a universal assumption. Following this
principle, the voltage produced by ISHE in the Pt can be expressed as:

VISHE D
X

surface

ıL :EISHE D �L :EISHE (2.9)

where �L is the active Pt length. Concerning the dynamic, the YIGjPt interface is weakly
exchanged coupled such that relaxation in YIG dominates other the relaxation in YIGjPt.
Because the coupling is expected to be the same at each activated spin transmission
channel, the energy necessary to reach non-linearities do not differ from one channel to
another. Thus a more active surface can tune the excited/detected magnon population
in YIG via the interface, but local heating by Joule effect should not affect the crossover
current Jc in this scheme. The spin memory loss [124] mechanism is not compatible
with our observations, because it implies evidence of a loss of angular momentum that
is not captured by VISHE. We would also like to point out that this effect may be a
persistent issue affecting only the deposition technique by e-beam evaporation which is a
soft deposition technique. The fact that the enhancement ratio of the spin transmission
at the YIGjPt interface is systematically found in the range 2-4 indicates that the low
recovery of the Pt onto the surface could be due to a wetting issue linked to geometrical
aspects, probably because of the lithography process.

Figure 35: Schematic of YIGjPt surface covering with local heating by Joule effect due
to better wettability of the Pt layer. This assumption involved a higher total active area
that is represented as the sum of every contact surface ıL.
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We would otherwise expect a much random distribution of the contact surface that
would result in a higher fluctuation of the enhancement ratio.

2.4 Conclusion
In this chapter, we have characterized ultra-thick (16-200 nm) LPE YIG film for spin
transport purposes. The FMR measurements have confirmed the good crystalline and
magnetic properties of those thin films. This asserts the viability of those films for long
distance spin transport. By varying the thickness of those films, we have seen an en-
hancement of the magnetic damping which seems to evolve inversely proportional to the
thickness of the YIG layer as expected.
The concept of non-local measurement in YIGjPt nano-structures has been presented.
The main features of our measurement lie in the low thickness of our film which allows
dynamic control of YIG damping combined with a pulse current injection that reduces
considerably the temperature gradient due to Joule heating. We have demonstrated that
the sign and current/field symmetry of the non-local spin signal is in agreement with the
theoretical predictions. We have shown that the interface between YIG and a spin-orbit
metal is necessary to either induce or detect propagative spin waves in YIG by SOT.
Finally, we have demonstrated through spin Hall magnetoresistance, spin pumping and
non-local magnon transport, that a local heating by Joule effect can lead to an improve-
ment of the spin current probe at the YIGjPt interface. Whereas those three methods lie
quantitative comparable results, the measurements suggest that an enhancement of spin
signal does not systematically involve an increase of the extra-damping. This can be ac-
complished by a higher covering of the contact surface by electrical annealing that tunes
the density of spin transmission channels available at the interface. Our observations
suggest that one has to be careful in analyzing the spin conversion at FMjNM interfaces
since the spin mixing conductance g"# suppose a perfectly covered interface. This result
can also explain the broad difference of g"#, �SHE and lsf that can be found in the lit-
erature [124, 16, 66, 122, 123] which is evaluated from various methods and deposition
techniques.



Chapter 3

Electrical properties of epitaxial

yttrium iron garnet ultra-thin

films at high temperatures

This manuscript concentrates on the magnon transport properties of YIG in a strong
out-of-equilibrium regime where large spin currents are induced in the YIG either by spin
transfer torque [186, 187] or by temperature gradients [101, 188]. When performed at
room temperature, this involves heating the YIG material well above 300K. One concern
is the issue of whether YIG could become an electrical conductor at high temperatures.
Indeed, it is known [189, 190, 191, 192, 193] that the electrical resistivity of doped YIG
could decrease by several orders of magnitude with increasing temperature due to the
presence of impurities. In the case of ultra-thin films defects could come from the growth
method or from interfaces and potentially lead to a spurious charge conduction channel
when heated well above 300K. To clarify this point, we propose to investigate the evolution
of the electrical properties of single crystalline Yttrium Iron Garnet ultra-thin films in
the temperature range [300,400]K. In a first time, we will investigate the behavior of the
resistivity of the YIG thin film subject to high temperature. The thickness dependence
of electrical conduction of YIG thin films will be realized. We also characterized our YIG
via Hall measurements in order to uncover the origin of the conduction in YIG.
Next we will mainly focus on the impact of possible leakage current in YIG onto the non-
local magnon transport measurements. The orientation of the in-plane magnetic field
will be fixed (anti)colinearly to the Pt strip in order to switch-off any spin sensitivity at
YIG/Pt interface according to the spin Hall geometry. Finally, we will address the case of
nonlocal measurements when the external magnetic field is set out of the YIG plane. We
will show that in this configuration a signal can still be detected but of thermal origin.
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3.1 Electrical properties of bare YIG thin films
We will first focus on the electrical properties of YIG film before addressing the conse-
quences of high temperatures on nonlocal measurement. These result have already been
published in Physical Review B [163]. Therefore the following can be consider as an
enlarged version of this publication.

3.1.1 Electrical conduction in YIG thin films mediated by impu-

rities
Before describing the experimental procedure, we would like to recall that YIG is a fer-
rimagnet, which has an uncompensated magnetic moment on the Fe3C ions, found on
the octahedral and tetrahedral coordinate sites, both coupled by super-exchange. Studies
on Ca and Si-doped YIG [189] have established that Fe2C and Fe4C ions are formed if
tetravalent or respectively divalent impurities are added to the YIG, which could then
lead to electrical conduction via the charge transfer mechanism, respectively of p-type
and of n-type. In that case, the doped YIG behaves as a large gap semiconductor with
a charge conductivity following an activation mechanism. At the present stage, different
studies disagree about the microscopic mechanism at play for the electronic conduction
inside doped YIG, whether it follows a localized hopping model, through small polaron
conduction [192] or rather a band model, through large polaron conduction [189]. It is
also known that the value of the magnetic damping coefficient of YIG is very sensitive to
the doping level. This is because the charge transfer between the mixed valence iron ions
is associated with a potent magnetic relaxation process, known as the valence exchange
relaxation [194]. So far this mechanism activated by impurities, appears in the form of a
large enhancement of the magnetic damping, usually around liquid nitrogen temperature,
where the fluctuation rate of the charge transfer matches the Larmor frequency. This
effect is usually minimized by growing YIG crystals from ultra-pure materials. Quite
remarkably YIG can usually be synthesized in large volume in the form of a single crystal
with almost no atomic disorder. It has been reported that the resistivity of bulk ultra-
pure YIG can be as large as 1012 � � cm at room temperature.
Recent interests in spin-transfer effects in YIG have required an effort to develop high-
quality YIG material in the form of ultra-thin (below 20 nm) films (thickness should be
compared here relatively to the YIG unit cell, which is 1.238 nm). This is because spin-
transfer is an interfacial phenomenon and consequently its efficiency increases with de-
creasing thickness of the magnetic layer and reducing its volume. Three growth techniques
have so far allowed producing good quality ultra-thin YIG films: sputtering [195, 196, 197];
pulsed laser deposition [20, 19, 21, 198]; and liquid phase epitaxy (LPE) [187, 17, 16]. For
all these three growth processes, the quality of the YIG films deteriorates as the film
thickness decreases [20, 17]. This deterioration is an inherent consequence of an increas-
ing surface to volume ratio, which substantially enhances the possibilities for defects
and impurities to be introduced into the YIG, through the two surfaces (contamina-
tion,intermixing of the species at the surface or unrelaxed strains in the film thickness),
which leads to lower saturation magnetization and an out-of-plane anisotropy often ac-
companied by an increase in the coercive field.
So far, the highest thin film quality (the smallest combination of low magnetic damping
parameter, low inhomogeneous broadening, and film thickness below 20 nm) have been
reported for films grown by the LPE technique, an extension of the flux method. The
main problem is the difficulty in developing a recipe leading to LPE YIG films homo-
geneous in both thickness and composition. Indeed, for very thin layers, the role of the
transition layer is essential (chemical composition) and requires a control of the chemical
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elements composing it. Indeed, the influence of this transition layer on the different con-
tributions to the line width is important. The YIG films, that we have developed from
LPE growth technique, have the following characteristics: perfect epitaxy (difference of
matching parameter with the substrate is null), saturation magnetization almost equal
to that of the bulk (4�Ms of our 19 nm YIG films is about 1.7 kG), very low magnetic
relaxation (damping coefficient less than or equal than 3.2� 10�4), no planar anisotropy
and very weak coercive field (Hc <3 Oe), very low roughness (3 Årms).

3.1.2 Van der Pauw and Hall characterization

In the following, we will concentrate on the electronic properties of LPE grown YIG thin
films of thickness tYIG=19 nm. The dynamical characteristics of these films are summa-
rized in 2.1. A 1�1mm2 square slab of YIG is extracted from the batch and connected
along the 4 corners using Al wire bonding. The measurements are performed inside a
home-made cryostat regulated in temperature by a flow of Helium gas. To characterize
the slab we use the van der Pauw four probes method [199], which is typically used to
measure the sheet resistance of homogeneous semiconductor films. It allows eliminating
measurement errors associated with the exact shape of the sample and contact resistance.
The four points are arranged in a clockwise order around the positive field normal shown
schematically inside FIG.36.a. Because of YIG high impedance, we use a Keithley 2636B
source-measurement unit in order to draw very little current (sub-nA range) inside the
film. In our analysis, the GGG substrate will be considered as a good insulator (resistivity
>1015� � cm) and its electrical conductivity can be ignored [200].

Figure 36: Temperature dependence of a) the electrical resistivity and b) Hall mobility of
19 nm thick YIG films grown by LPE determined by a Van der Pauw four-point probe tech-
nique (see inset). The solid line in a) is a fit with an activated behavior expŒEg=.2kBT /�,
where Eg � 2 eV. The inset in b) shows the Hall voltage drop ViC1;iC3 when the current
is injected between Ii;iC2 where i is the contact number modulo 4.
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Our measurements are performed at high temperatures in the range [300-400]K and
for different magnetic fields in the range [0-5] T applied normally to the sample surface.
The temperature range explored is still well below the Curie temperature of YIG, which is
TC D580K. The contacts are placed exactly on the sample corners. We first extract the
sheet resistance Rs, which consists of measuring all possible combinations of the cross-
resistance between opposite edges. From the van der Pauw expression, one can extract
Rs, whose minimum lays in a couple of G� range at the highest temperature. From the
sheet resistance, we compute the resistivity � D RstYIG. FIG.36 shows the resistivity as
a function of temperature. The first remarkable feature is that the resistivity of YIG at
400K drops to about 5�103� � cm. Plotting the data on a semi-logarithmic scale helps
to show that the resistivity decay follows an exponential behavior. Fitting a linear slope
through the data plotted as a function of 1=T (in FIG.36 the data are shown as a function
of T ), we infer band-gap energy of about Eg �2 eV, which is about 1 eV lower than the
expected band-gap of pure YIG in bulk form.
Next, we characterize the Hall conductance of our sample. For this, we now circulate
the electrical current along the diagonal Ii;iC2 and measure the voltage drop along the
diagonal contacts ViC1;iC3. Here i is the contact number modulo 4, where the subscript
notation is ordered according to the connections to the high/low binding posts of the
current source and voltmeter. The inset of FIG.36.b shows the voltage drop measured at
400K in the presence of a normal magnetic field of 5T. To eliminate the resistivity offset,
we have worked out the difference of the voltages for positive and negative magnetic fields.
In our measurement geometry, the polarity of the Hall voltage is opposite to the magnetic
field direction. It implies that the YIG behaves as a p-type conductor. Quantitatively
the full variation of the Hall voltage is about 0.12V at 10 nA when the field is changed by
H0 D ˙5T at 400K, where the YIG resistivity is � D5�103��cm. This corresponds to
carrier mobility for the holes of about �H �5˙3 cm2/V � sec. We have repeated the mea-
surement for other temperatures. The measurement at lower temperatures is difficult for
two reasons. The first one is the limited voltage range of the sourcemeter, which decreases
the upper current limit that could be injected in the YIG. Another consequence of the
large resistivity is the associated increase of the time constant for charging effects. This
increases substantially the dwell time necessary before taking a measurement. Because
of these difficulties, we have limited the measurement range to 40K below the maximum
temperature.

3.1.3 Polaron conduction

The concept of a polaron was first introduced by Landau in 1933 [201] to explain the
motion of an electron in a dielectric crystal. Charge carriers located in an ionic crystal
will tend to slightly attract nearby positive ions whereas the negative ions will be slightly
pushed away such that the carriers will always be surrounded by a phonon cloud [202, 203].
Due to this interplay, the ions will either adjust their position or balance the interaction
with the charge carrier in order to hold there regular placement. This results in a local
polarization causing the charge carrier to move its equilibrium position via correction of
its effective mass. The charge carrier and phonon cloud took together can be considered
as a quasiparticle recall as polaron. Due to the ionic displacement, the charge carrier
within the polaron is confined in a defined potential which extends in a defined volume.
The nature of the charge carrier can be disregarded since the description of an electron
polaron is analogous to the hole polaron.
If the electron or hole is confined in a self-induced atomic displacement field within a
radius that does not exceed one unit cell, the system can be regarded as a small polaron.
The electrical conductivity through small polaron is characterized by a hopping transport
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[204]. At a sufficiently high temperature, the interaction of the charge carrier and the
lattice vibration induce a hopping transition of the charge from its initial site toward
a neighboring site. It suggests that the charge undergo the old potential well via a
multiphonon process of the lattice relaxation which annihilates small polarons states.
The atoms (ions) will thus adiabatically follow the displacement of the charge by creating
a potential well at the new position of the charge and recreate the small polaron state
[205]. The mobility of small polarons is therefore thermally activated and follow an
Arrhenius-type behavior [204, 206, 207, 208]:

�SP
Hall / T�1=2 exp.�

WH

3kBT
/ (3.1)

where WH is the hopping activation energy. The small polaron hopping model does
not support very well the results shown in FIG.36 for several reasons. First, despite
the large error bars of our measurement displayed in FIG.36.b, the experimental results
suggests that the temperature dependence of the mobility is small [209] indicating that
most of the change in the resistivity comes from a variation of the electronic density
and not of the scattering time. Second, the bandgap of our film estimated in FIG.36.a
in the order of Eg � 2 eV, is much larger than kBT which is insufficient to reach ther-
mal activation of charge carriers. And finally, the hole mobility gathered through Hall
measurement �H �5˙3 cm2/(V�sec) is expected to be very large for a small polaron con-
duction (in the hopping region the upper limit of the mobility can be estimated to �H <<
0.1˙3 cm2/V�sec).
However, if the polaron radius is much larger than the lattice constant, such a system
is recalled as a large polaron (or Fröhlich polaron). This effect appears when the charge
carriers are polarized via longitudinal optical (LO) phonons. In that case, the effective
mass of the polaron became larger than the mass of the associated electron. The lattice
disorder is then dragged by the electron resulting in large inertia. The conduction of
large polarons can therefore be considered as a band-like transport. Owing to the large
polarons coupling, the mobility is expected to be inversely proportional to the number of
LO phonons in the crystal [205]:

�LP
/ exp.

„!LO

kBT
/ (3.2)

its mobility is thus nearly temperature independent at high temperatures. Such behavior
is compatible with what has been found previously in Ca doped YIG (p-type) [189, 210]
and the above observation which is used as a signature that charge carriers are provided
by large polarons [189]. This picture is even more supported by the estimated mobility in
FIG.36.b than fulfill the condition �H >1.0˙ 3 cm2/V�sec in respect to the band scheme.

3.1.4 Thickness dependence
Even though the above study highlights a clear enhancement of electrical conduction in
YIG at high temperature, it does not conclude if this electrical conduction occurs in the
bulk or if this is a surface effect. This important question shall be determined by moni-
toring the change in the electrical properties as a function of the YIG thickness.
Such experiments have been performed for YIG films with thicknesses of 56, 92 and 200 nm
respectively. Those samples originate from the same preparation procedure. Therefore
there physical and magnetic properties are comparable to the values measured in FIG.18
and FIG.19. Using the Van der Pauw method, we have measured the electrical conductiv-
ity of those film in the temperature range of [320-400K]. The result of this measurement
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is presented in FIG.37. The electrical resistivity of the 19 nm film shown in FIG.36.a has
been implemented in the plot as well for the sake of comparison. The temperature depen-
dence of the YIG resistivity has been fitted with an active behavior to extract the effective
bandgap as a function of the YIG thickness. From this, it results that all LPE YIG thin
films present an electrical conductivity which seems to be independent of the thickness.
The extracted bandgap of those films fluctuated around the value Eg � 1.78 eV. This
observation tends to attribute this conductivity to a bulk doping.
Nevertheless during the last step of the fabrication process of the Pt nanostructures for
nonlocal measurements, we systematically encapsulated our structures with a protective
layer of Si3N4 to reduce the risk of alteration overtime.

Figure 37: Temperature dependence of the YIG resistivity measured by Van der Pauw
technique for different YIG thicknesses prepared in similar conditions. The solid lines are
expŒEg=.2kBT /� fits which allow extracting the bandgap. We can see in the upper legend
that the effective bandgap is rather independent of the YIG thickness.

To account for the YIGjSi3N4 interface into the electrical properties at high tempera-
ture, we have deposited on the same samples a 20 nm Si3N4 layer and measured again the
electrical conductivity with temperature. The Si3N4 here will be taken as a good insulator
and we do not expect any conduction in the bulk. In FIG.38, we can see that the extract
band gap is reduced from 1.75 eV to 1.3 eV when the Si3N4 layer is deposited on the YIG
surface. Moreover, this reduction of the effective bandgap appears to be less affected as
the YIG thickness is increased as it can be seen in the FIG.38 inset. This observation
point out an additional conductivity channel provided either in Si3N4 or either at the
YIGjSi3N4 interface which is more dominant for thinner YIG.

From those observations, it is clear than thin LPE YIG films are extrinsically doped.
It is most probable that the origin of the p-type conduction observed on pure YIG films
is coming from the PbO,B2O3 flux incorporated during the LPE growth. Divalent Pb2C
ions can therefore enter the garnet either on the tetrahedral or octahedral site [200, 211]
and act as acceptors providing the electrical conduction. On the other side, several studies
[212, 189, 200] have shown that n-type conduction in YIG can be obtained when Si enters
the garnet lattice. Through substitution of the Fe3C in the tetrahedral site by Si4C ions,



3.2. LEAKAGE CURRENT IN YIG: IN-PLANE MAGNETIZATION 73

the concentration of donor can exceed the concentration of acceptor. In our cases, we
do not exclude that the Si3N4 layer could provide Si3C through interfacial intermixing.
Unfortunately, Hall measurement on Si3N4 capped YIG sample could not be realized.
This would have been interesting to see if the drop of resistivity can be associated to a
Si3C doping that could possibly result in a shift from p to n type doping for thinner films.

Figure 38: Temperature dependence of the YIG resistivity measured by Van der Pauw
technique for a 56 nm tick YIG with (blue) and without (lightblue) Si3N4 capping. The
inset shows the influence of the Si3N4 to the extracted effective bandgap for 56 and 92 nm
thick YIG films.

However it is also known that the YIG presents intrinsic doping through oxygen vacan-
cies [210]. It has been shown than the resistivity of Mg-doped YIG can change from n to
p-type conduction by varying the oxygen pressure or the growth temperature. It reaches
a maximum when the concentration of acceptor balance the concentration of donor in
the film. The total electrical properties of YIG is thus expected to be the concentration
difference between the Pb2C and the donor (Si3C and doubly ionized oxygen vacancies)
[200]. Again it is not excluded that the Si3N4 could also significantly affect the oxygen
vacancies concentration near the interface.

3.2 Leakage current in YIG: in-plane magnetization
Next, we investigate the implications of these electrical properties for non-local spin trans-
port experiments [97] performed at room temperature and in air, where one monitors the
transport properties between two parallel Pt wires (colored in red in FIG.39.a) deposited
on top of YIG. More precisely, one measures the voltage along one wire (the detector) as
a current flows through the other wire (the injector). FIG.39.a shows a microscopy image
of the electrode patterned on top of the YIG. For the sake of clarity, we define a Carte-
sian frame where the Oy-direction is set parallel to the wire and the Oz-direction represents
the out-of-plane orientation. For the lateral device series used herein, the Pt wires are
7 nm thick, 300 nm wide, and 30�m long. Since different Pt wires (thickness and length)
have been deposited between different samples [187], comparison of the results should
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Figure 39: Current dependence of the electrical offset voltage V Oy in non-local trans-
port devices performed at room temperature. The YIG magnetization is set along the
y-direction by an external in-plane magnetic field biased at H0 D 2 kOe. One monitors
here the voltage along one wire as a current flows through a second wire separated by a
variable gap (0.4�m or 0.7�m). Panel a) is a microscopy image showing two Pt stripes
aligned along the y-direction (red) (the scale bar is 10�m). The polarity of the current
source and voltmeter are specified. Panel b) is direct monitoring through microfocus Bril-
louin light scattering of the value of YIG saturation magnetization (temperature sensitive)
underneath the Pt injector .i/ and the Pt detector .d/ here separated by a gap of 0.7�m
(solid lines are Gaussian fits). The maximum of the curve indicates the position of the
Kittel frequency (see arrows). Shifts produced by Joule heating at I D 2mA (black) are
shown relative to the results at I D 0 (green). Panels c) and d) show the current variation
of the offset voltage, here decomposed in two contributions: c) .V OyjCI � V Oyj�I /=2, odd in
current (green), and d) .V Oy;CI C V Oy;�I /=2, even in current (orange). The black curve in
d) shows the increase of relative resistance of the Pt used as a temperature sensor. The
results in c) are shown for 2 different gap separation between the Pt wires. The solid line
in b) is a fit with an exponential increase expŒ�Eg=.2kBT /�, where Eg � 2 eV. The inset
is a zoom of the data shown on a semi-logarithmic scale. The arrow at IB=2mA indicates
the threshold current above which the Ohmic losses start to reach 100 nV.
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be done by juxtaposing data obtained with identical current densities (provided in the
upper scale). The total resistance of the Pt wire at room temperature is R0=3.9 k�, cor-
responding to a Pt resistivity of 27.3��.cm. The analysis below will concentrate on two
devices, with two Pt wires separated by a gap of either 0.7�m or of 0.4�m respectively.
We emphasize that these measurements have been performed on several other devices
patterned on two different LPE YIG film batches of about similar thickness (YDPB8 and
YDPB9). In the following, we shall explicitly clarify the effects, that are generic to the
YIG films.
In the measurements, the current is injected in the device only during 10ms pulses long
repeated every 100ms. The increase of resistance RI of the Pt wire is monitored during
the pulse sequence. The result is shown in FIG.39.d (in black dots), where we have plotted
�Pt.RI �R0/=R0 as a function of the current I , with the coefficient �Pt D 254K specific to
Pt. For information purposes, we have also marked on the plot the position of the Curie
temperature TC . We have performed on the device with a gap of d=0.7�m, microfocus
Brillouin light scattering (�-BLS) in the GHz energy range. The spectral distribution of
light intensity measured either by focusing the light beam under the injector .i/ or detector
.d/ Pt wire is shown in FIG.39.b. The �-BLS spectrum is first measured at I D ˙0 mA
for calibration purposes. The spectral distribution is then measured at I D ˙2mA (i.e.
9:5�1011A/m2) while the field is set to H0 D C2 kOe along the Oy-direction. The spectrum
shifts to lower frequencies, due to a reduction of the saturation magnetization Ms caused
by the increase of T. Since the frequency of the maximum in the spectrum (arrows in
FIG.39b) coincides with the FMR frequency, we can calculate Ms from the experimental
data by using the Kittel formula. The quantity �Ms D Ms.0 / �Ms.I /, where Ms.0 / is
the effective magnetization at I D 0, characterizes the total number of magnons created
due to the current flowing in Pt. Comparing these values at the (i) and (d) position allows
to estimate the decrease of saturation magnetization under the injector (-290 G) and the
detector (-110 G). If one uses the fact that YIG magnetization decreases by 4G/ıC in this
temperature range, we find that at I=2mA the temperature of the YIG underneath the
injector has increased by C73ıC, while the temperature of the YIG underneath the de-
tector has increased by C27ıC. This result thus suggests that the local YIG temperature
is identical to that of the Pt (i.e. negligible Kapitza resistance).
One can then use these findings to estimate the temperature effects on the electrical prop-
erties. At I=2mA, which corresponds to a current density of about 1012A=m2 in the Pt
injector wire, the temperature of the Pt increases to about 370K during the pulse. At
this temperature, the YIG resistivity drops into the sub-105 � � cm range according to
FIG.36.a, which corresponds to a sheet resistance of about 50 G�. Considering now the
lateral aspect ratio of the device, this amounts to an electrical resistance of YIG of the
order of the G� between the two wires. The leakage current inside the Pt detector wire,
whose impedance is about 6 orders of magnitude smaller than that of YIG, starts thus
to reach the nA range. This start to be comparable to the contributions with the effects
stemming from spin currents flowing from injector to detector, either due to temperature
gradients or magnon emission, propagation and transduced into an electrical current in
Pt by the inverse spin Hall effects (ISHE) [16, 124].
To reveal this effect in our lateral device, we propose to measure the non-local voltage with
the magnetization set precisely parallel to the Pt wire ( Oy-direction). This configuration
switches off completely any sensitivity to spin conduction. To align the magnetization
with the wire we used an external in-plane magnetic field of 2 kOe as shown in FIG.39.
The induced offset voltage is decomposed into two contributions: b) one .V OyjCI�V Oyj�I /=2,
which is odd in current (green) and the other c) .V OyjCI CV Oyj�I /=2, which is even in cur-
rent (orange).
We first concentrate on the odd contribution of the offset shown in green in FIG.39.c.
The result is shown for two different non-local devices, where the two Pt wires are sep-
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arated by two different gaps respectively 0.4�m and 0.7�m. On a linear voltage scale
set to the �V range, we observe that the odd offset increases abruptly above IB D2mA
on the 0.7�m device (corresponding to a YIG temperature of 370K). This abrupt rise is
shifted to lower current, when the gap is reduced and it actually follows approximately an
exponential growth as shown in the inset using a semi-logarithmic scale. The solid line in
FIG.39.c is a fit with an exponential increase expŒ�Eg=.2kBT /�, where the temperature T
is extracted from the Pt resistance (cf. black dots in FIG.39.d). From the fit, we extract
the local band-gap Eg �2 eV, which is the same as that inferred from the resistivity. The
shift of the curve as a function of the gap is consistent with a decrease of the temperature
of the detector as the wire is moved away from the injector. One can actually roughly
evaluate from this shift the temperature difference in the x-direction between the two de-
vices, found to be about C20ıC at IB when the wires are shifted by 0.3�m (the difference
between the 2 gaps) along the x-axis. We can evaluate quantitatively the expected signal
from current leakage through the YIG. At I D2.2mA, when the temperature of the YIG
reaches T � 390K, the YIG resistivity drops to about 104� �cm. Considering the equiva-
lent circuit, this will produce a potential difference of 50�V on the detector circuit, which
is consistent with the observed signal amplitude. This sustains the interpretation that
the odd offset voltage in our non-local device is purely produced by the decrease of the
YIG electrical resistivity. Note that this offset voltage drops very quickly with decreasing
current pulse amplitude. As shown in the inset of FIG.39c, it decreases by an order of
magnitude, when I=2.0mA (corresponding to a YIG temperature of T � 370K). At this
level, the offset starts to become of the same order of magnitude as the spin signal in these
devices. We have thus indicated by an arrow in FIG.39c, IB=2mA (i.e. current densities
of approximately 1012 A�m2), the threshold current at which the electrical leakage starts
to become important in the spin transport experiments, here reaching the 100 nV range.
It is also important to note at this stage that, within our convention of biasing, the
high/low binding posts of the current source and voltmeter are in the same direction
(cf.C and � polarities in FIG.39.a), the sign of .V OyjCI � V Oyj�I /=2 is positive for positive
current and negative for negative current. This is opposite to the sign of the spin con-
ductance, †, reported on these systems [2]. The sign of the "odd in I "-component of the
non-local voltage is actually a signature that, in one case, the voltage drop is produced by
electronic transport (Ohmic losses) and in the other case, it is produced by spin transport.
While in both scenarios the induced electrical current flows in the same direction in the
two parallel Pt wires, for Ohmic loss, the YIG acts as an electronic load and the poten-
tial drops along the current direction, i.e. .V OyjCI � V Oyj�I / � I > 0 as shown in FIG.39.c,
in contrast, for ISHE, the YIG acts as a spin source for the detector and the potential
increases along the current direction, i.e. .† � I / < 0 (note that this effect is independent
of the sign of the spin Hall angle).
We then move to the even contribution of the offset shown in orange in FIG.39.d. One
observes that this contribution always follows the Joule heating of the Pt wire, so it is
linked to the induced thermal gradient. We believe that it should be ascribed to thermo-
electric effects produced by temperature gradients along the y-direction. This gradient is
produced by inherent small resistance asymmetries along the Pt wire length, which results
in one end of the Pt wire heating slightly more than the opposite end. This produces a
small temperature difference at the two PtjAl contacts of the detector circuit (indicated
by the C and � polarities binding posts in FIG.39.a). Considering the electrical Seebeck
coefficient of PtjAl, of 3.5�V/ıC, the offset measured at I D2mA, corresponds to a tem-
perature difference of less than 3 ıC between the top and bottom contact electrodes, while
the wire is being heated by almost 70 ıC. These asymmetries in the temperature difference
are expected to vary from one device to the other and this is precisely what is observed:
the ratio between the even contribution of the offset and the temperature increase of the
Pt wire fluctuates and even changes sign randomly between different lateral devices.
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3.3 Righi-Leduc effect: out-of-plane magnetization

Although the electrical offset voltage produced by Ohmic losses and thermoelectric effects
is independent of the external magnetic field direction when the latter is rotated in-plane,
it is in principle sensitive to the out-of-plane component through the Hall effect. Trans-
verse transport properties in YIG are currently attracting a lot of interest and several
recent papers address the issue of transverse magnon transport effects in magnetic ma-
terials, such as the magnon Hall effect [213] or the magnon planar Hall effect [214]. The
sensitivity to magnon effects can be eliminated from the measurements by keeping the
magnetization vector in the yz-plane containing the interface normal and the length of
the Pt stripe as this configuration selects only the transverse transport properties carried
by the electrical charge. To extract the Hall voltage, we shall only consider � Oz, defined
as the difference between the measured voltage for two opposite polarities of the external
magnetic field ˙H0 , � Oz D .VCOz �V�Oz/=2. This signal would be also sensitive to the spin
Seebeck effects if the YIG magnetization had a non-vanishing projection along the x-axis
[187]. The inset of FIG.40b shows the angular dependence as a function of the polar angle,
� , being defined in FIG.40a. In all the devices, we observe that the � -dependence of the
� Oz-signal is: maximum when the field is applied along the z-direction; odd in magnetic
field; and negative when � D C�=2. Moreover, � Oz increases with both increasing current
density and increasing external magnetic field. It is worth to note at this point that the
offset voltage produced by the perpendicular magnetic field is about two orders of mag-
nitude smaller than that of the in-plane direction. The observed quadratic dependence
with I in FIG.40b suggests that this signal should be associated with Joule heating and
thus to particle flux induced by thermal gradients. The observed linear dependence with
H0 in FIG.40c suggests that this signal should be associated to a normal Hall effect and
not to an anomalous Hall effect linked to Ms. Indeed a fit of the high field data leads to
a straight line that intercepts the origin, while the anomalous Hall effect would have lead
to a finite intercept. One also observes in FIG.40c a departure from this linear behavior
below the saturation field (�4�Ms). This is because, below saturation, a component of
the magnetization could point in the x-direction, hereby switching on the sensitivity to
the spin Seebeck effect, which is a stronger positive signal in these devices. To check this
we have repeated the measurement by tilting the applied magnetic field by 10ı away from
the normal and in the y-direction (� D80ı). This ensures that there is no net component
along x, while retaining almost the same strength along z. The result is shown using light
blue dots in FIG.40b. The fact that the observed linear behavior extends almost up to
origin confirms that the origin of the rise in � Oz is indeed associated with the normal Hall
effect.
Next, we discuss more in detail the potential origin of the � Oz-signal. First, as noted
in the previous paragraph, the source is the incoming flux of charge carriers produced
by a thermal gradient. This gradient is mainly in the x-direction, through the potent
Joule heating of the injector. There is in principle an electrical voltage produced in the
y-direction associated with this incoming flux through the electrical Nernst effect. Our
device geometry effectively shunts both contacts with a relatively low impedance Pt wire,
acting as a voltage divider, which reduces drastically any sensitivity to the Nernst effect.
One should mention at this point the recently reported spin Nernst effect [215]. But this
signal should be maximum when the magnetization is parallel to the y-direction, while
the signal that we discuss here is maximum when the magnetization is parallel to the
z-direction. We propose here a different scenario to explain our data. Since our measure-
ment of the even offset in FIG.39d seems to indicate that the two thermocouples provided
by the PtjAl contacts at both ends of the detector Pt wire are sensitive to temperature
difference along the y-direction, the Hall offset signal measured in FIG.40 can thus be
due to a thermal gradient in the y-direction (Righi-Leduc effects: a transverse thermal



CHAPTER 3. ELECTRICAL PROPERTIES OF EPITAXIAL YTTRIUM IRON
GARNET ULTRA-THIN FILMS AT HIGH TEMPERATURES 78

Figure 40: a) Schematic of the Righi-Leduc effect produced on a p-type conductor magne-
tized out-of-plane. The large in-plane temperature gradient @xT produced by Joule heating
creates a temperature gradient @yT along the wire when the sample is subject to an out-
of-plane magnetic field. b) Current and c) magnetic field dependence of the Hall offset
voltage V Oz produced in the non-local transport device. Panel b) shows the variation of the
� Oz-signal as a function of I when H0 D ˙3 kG. The inset of b) shows the polar angle
variation, � , for different current between [1.9-2.5]mA (step 0.2mA). The magnetic field
is rotated in the yz-plane. Panel c) shows the magnetic field dependence of � Oz measured
when the polar angle reaches the normal direction (�=C90ı,C80ı).

gradient whose amplitude is proportional to the out-of-plane component of the applied
magnetic field [216]). Although a definite quantitative proof would require some addi-
tional measurements, in the following we shall check that this explanation is consistent
with the data.
One should note that there is also a Nernst component associated with the charge trans-
port in the presence of a perpendicular magnetic field. But because the device consists of
a small wire deposited on an extended film, i.e. far from the edge, the Nernst component
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should be completely shunted inside the YIG and this effect will be neglected in the fol-
lowing.
Firstly, this explanation is consistent with the I and H0 behavior. Secondly, it also has
the correct sign. Since the � Oz-signal is negative for �=C90ı, this implies that @xT and
@yT have the same sign when the field is positive. This is the signature of a p-type
doping in agreement with FIG.36b. Concerning the amplitude of these thermal gradients,
at IB D2mA, we shall rely on our evaluation of the temperature of the YIG underneath
the injector and the detector by measuring the value of the Kittel frequency at these two
positions using �-BLS spectroscopy (cf. inset of FIG.39c). We found that at I D2mA
the temperature of the YIG increases by C73ıC underneath the injector and by C27ıC
underneath the detector. Using the gap of 0.7�m between the two Pt wires as the area
where the thermal gradient along x occurs, we find that @xT D �65ıC/�m. Using a
value of �H D C5 cm2/(V�sec) for the Hall mobility, this would produce a transverse
gradient of @yT D �HH0@xT D �1� 10�2 ıC/�m in a perpendicular magnetic field of
3 kG. Recalling that the length of the Pt wires is 30�m long, this would produce a voltage
of 1�V, using the thermoelectric coefficient of PtjAl. So in the end, the expected signal
amplitude is of the same order of magnitude as the Hall offset measured at IB=2mA.

3.4 Conclusion
In summary, we have shown that high-quality YIG thin films grown by LPE behave like
a large gap semiconductor at high temperatures due to the presence of a small amount
of impurities inside the YIG. In our case, we observe that the resistivity drops to about
5� 103 � � cm at T=400K and can be attributed to conduction by large polarons. These
results have to be taken into account for non-local transport exploring the spin conduc-
tivity, especially in cases where the YIG has a large amount of defects like in amorphous
materials [186], or when improper cooling of the sintered product leads to the additional
formation of Ohmic grain boundaries [217]. In non-local transport devices, these electrical
properties are responsible for an offset voltage (independent of the in-plane field direction)
whose amplitude, odd in current, grows exponentially with current due to Joule heating.
These electrical properties also induce a sensitivity to the perpendicular component of
the magnetic field through the Hall effect. In our lateral device, a thermoelectric offset
voltage is produced by a temperature gradient along the wire direction proportional to
the perpendicular component of the magnetic field (Righi-Leduc effect). These results
also emphasize the importance of reducing drastically the Joule heating by using a pulse
method, when investigating spin transport in YIG at high current density. For our de-
vices, these electrical effects start to become significant for spin transport studies, when
the YIG temperature is heated above 370K, which corresponds in our case to injecting a
current density >1.0� 1012A�m2 in the Pt (or I >2mA for these samples). These voltages
produced by Ohmic losses in the YIG can be separated from the non-local voltage pro-
duced by spin transport. Firstly, the two signals have opposite polarities. Secondly, only
the latter varies with the orientation of the magnetization in-plane, as first demonstrated
by the Gröningen group [97].
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Chapter 4

Nonlinear spin conductance in

magnetic thin films driven by

large spin-orbit torque

As established in the previous section, a transfer of angular momentum in a magnetic in-
sulator can be induced via the exchange coupling at the interface between a ferromagnetic
layer and a strong spin-orbit coupling metal such as Pt. This new paradigm has been
triggered thanks to the discovery of the spin Hall effect which enables the direct intercon-
version of charge current to a spin current and vice-versa. In the pioneer work of Kajiwara
[8] and Cornelissen [2], transport of pure spin currents mediated by local magnetic moment
fluctuations have been demonstrated. Such experiments have been performed in Yttrium
Iron Garnet (YIG) mainly for its low magnetic damping enabling large magnon diffusion
length. However, full control of the magnetic damping with spin-orbit torque exert by the
charge current in Pt could not be observed at that time in extended YIG thin film having
a thickness in the hundreds of nm. It turns out that two important ingredients were key
to observe such effect: reducing the film thickness in the tens of nanometer thickness, as
well as reducing the lateral size to avoid modes competition. Our groups highlighted in
2014, the generation of subthermal spin waves modes in micron-sized YIG discs patterned
inside a 20 nm thick films via spin-orbit torque inducing auto-oscillation state [92]. This
have been realized thanks to several progress in the fabrication of high-quality ultra-thin
YIG films. In the following section we present experimental results of spin waves trans-
port in ultra-thin YIG films submitted to a large spin-orbit torque.
This experiment is performed via two Pt electrodes deposited on the top of the YIG surface
and separated by various distance (within �m range). This allows inducing propagative
spin-wave in the YIG film by injecting a current in the first strip which is recovered at
the second Pt electrode via inverse SHE. By taking advantage of the low thickness of our
films, we will explore the magnon transport regime subject to a large spin-orbit torque
by applying a large current density in our structure. By studying the angle and field
dependence of the non-local signal probed in the detector Pt, we are able to identify
the nature of the spin signal induced in YIG. These results will be further support by
�-BLS measurement which gathers directly the excited magnon density. Spatial spec-
troscopy of spin wave propagation in film will be covered revealing the diffusion length of
the magnons probed in the different transport regimes. We will also investigate the spin
waves propagation in a Bi-doped YIG which presents perpendicular magnetic anisotropy.
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4.1 Current and field dependence of the non-local mea-

surement
A series of lateral devices have been patterned on the 18 nm thick YIG film (YDPB8)
grown by liquid phase epitaxy [176, 16]. In this film, we have deposited Pt wires: 10 nm
thick, 300 nm wide, and 20�m long (see fabrication method in Appendix B). The lateral
device geometry is shown in FIG.41.a. A charge current I flows through a first wire as
the voltage V is monitored in the second wire, separated by a gap of 1.2�m. Here the
Pt wires are connected by 50 nm thick Al electrodes colored in yellow. Thereafter, the
transport studies will be performed in air and at room temperature. These results have
been reported in Physical Review B as a rapid communication [187], and the two next
sections can be considered as an enlarged version of this publication.

Figure 41: a) Top view of the lateral device. Two Pt wires (grey lines) are aligned along
the Oy-direction and placed at a distance dD1.2�m apart on top of the 18 nm thick YIG
film (scale bar is 5�m). The non-local conductance I -V (injector-detector) is measured
using current pulses while rotating the magnetic field H0 in-plane by an azimuthal angle '.
b) For each value of ', 4 measurements of the voltage V'jI are performed corresponding
to the 4 combinations of the polarities of H0 jI . Panel c) shows the temperature elevation
produced in the Pt injector by Joule heating while increasing the pulse amplitude I .

The lateral device is biased by an in-plane magnetic field, H0 D2 kG set at a variable
azimuthal angle ' (or its inverse ' D 'C180ı) with respect to the x -axis (see FIG.41.a).
A protective layer of 20 nm of Si3N4 has been deposited over the top surface to prevent
oxidation. The amplitude of the Oested field, at the Pt surface, can be calculated by
HOe D �0I =.2�R/ �10G.mA�1 were R D150 nm is the radius of the Pt strip. This value
is well below the applied magnetic field H0 and it influence on the non-local measurement
is thus negligible.
In FIG.42.a, we have plotted the raw data signals that have been measured according to
both polarity of the current (˙) and magnetic field (', N') when the H0 is applied along
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the Ox -axis (red and blue) and the Oy-axis. This plot highlight quite explicitly the necessity
to extract the spin signal within two defined configuration of the field ( Ox ; Oy). The offset
signal, that has been identified as a result from the electrical properties of YIG at high
temperatures and Seebeck effect, accounts for almost half of the total measured signal and
need to be disentangled from the spin signal by measuring the V Oy j˙ offset signal. On the
other hand, the spin signal, which is maximum when the field is applied along the Ox -axis,
majority accounts for the the spin Seebeck effect (quadratic in I ). Although the SOT
signature can be seen from the asymmetry between the positive and negative current.
FIG.42.b shows the current dependence of †0 jI and �0 jI signals using equations (2.3)
and (2.4). Here, it is worthwhile to emphasize that, when the high/low binding posts
of the current source and voltmeter are biased in the same orientation (cf. FIG.41.a),
.†0 � I / is negative. This is a signature that the observed non-local voltage is produced
by ISHE. In the following, we shall concentrate exclusively on the nonlinear behavior of
†0 jI which measures the number of magnons created by SOT relatively to the number of
magnons annihilated by SOT while being immune to the spin current generated by Joule
heating.

Figure 42: a) evolution of the raw data signal with the applied current. The b) Current
dependence of the amplitude † and � at ' D0.

Using the same color code, we have plotted in FIG.43.a both the variation of †0 jC
and �†0 j� as a function of the current intensity. Since both quantities follow the same
behavior on the whole current range, for the sake of simplicity we shall call simply
† D .†0 jC � †0 j�/=2 (dark green) their averaged. At low current, the SOT signal
follows first a linear behavior †.t/=I D @†=@I jID0 which is believed to be dominated
by thermal magnons transport [2] (the non-local linear resistance between the two Pt
wires is †.t/=I D0.019m�). The rationale for that is that at low current density ex-
actly similar decay behavior is observed in † and � [2, 218]. Since � is understood as
being dominated by thermal magnons it is legitimate to assume that † is mainly trans-
ported by thermal magnons in this regime. We will show in Chapter 5 while discussing
the temperature dependence that the situation is certainly fuzzier and part of the lin-
ear contribution should be associated with subthermal magnons. Quite remarkably the
deviation from the linear conductance occurs very gradually and approximately follows
a quadratic behavior. Such a progressive rise is very different from the sudden surge of
magnons number reported before in these systems [8, 186]. We have plotted in the insert
of FIG.43.a the variation of the normalized inverse spin conductance †.t/=† as a function
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of current. The observed drop follows a parabolic behavior (cf. solid line fit). We indi-
cate by an arrow, Ic D1.8mA (Jc � 6 � 1011A/m2), the current intensity necessary to
change the normalized spin conductance by 25%, chosen as a landmark for the crossover
from a linear spin conduction regime to a nonlinear spin conduction regime. Note that
Jc is of the same order of magnitude as the threshold current for damping compensation
of low energy modes observed at the same applied field (H0 D2 kOe) in microstructures
[92, 106] (a more precise comparison of the threshold values should also take into account
the different thermalization of YIG underneath the Pt between systems). More insight
about the nature of the magnons excited above Ic can be obtained by studying the field
dependence of † [219]. The results are shown in FIG.43.b and 43.c for two values of the
current I D0.4 and 2.5mA, respectively below and above Ic. While in the field range
explored, the signal is almost independent of H0 when I < Ic, it becomes strongly field
dependent when I > Ic. These different behaviors are consistent with assigning the spin
transport to thermal magnons below Ic and mainly to subthermal magnons above Ic. In
the former case, the magnons’ energy is of the order of the exchange energy, while in the
latter case, because of their long wavelength, their energy is of the order of the magne-
tostatic energy. In consequence, † is expected to increase with decreasing field at fixed
I , because of the associated decrease of the threshold current for damping compensation.
The behavior scales well with the reduced quantity I =Ic. This is shown by the solid
line in FIG.43.b, which displays the expected field dependence of 1/Ic.H0 / [92]) where
Ic / .!H C !M/2)Œ˛ C �H0=.2!K /�, with !H D H0 and !M D 4�Ms ,  being the
gyromagnetic ratio, and !K D

p
!H .!H C !M / is the Kittel’s law. We have used here

the amount of inhomogeneous broadening, �H0 D 1:5G (probably position dependent),
as an adjustable parameter, while the value of the other parameters are those extracted
from Table 2.1 in Chapter 2.

Figure 43: a) Current dependence of the sum signal † averaged over the two current
polarities. The dashed line, †.t/, is a linear fit of the low current regime. The insert shows
the variation of the normalized inverse spin conductance †.t/=† as a function of current.
The solid line is a parabolic fit of its drop and the arrow indicates the current required to
observe a 25% change in normalized conductance. We use it to mark the crossover from a
linear to a nonlinear spin transport regime. Variation of † as a function of the magnetic
field for two different current intensities b) above and c) below Ic.
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4.2 Non-linear regime detected by �BLS

The above interpretation has been checked by performing microfocus Brillouin light scat-
tering (�-BLS) in the subthermal energy range on the exact same device as the one
used above. FIG.44.a and 44b show the spectral distribution of the BLS intensity J ,
underneath the injector while rotating the sample in-plane relative to a fixed external
magnetic field biased at H0 D C2 kOe. Since this produces a shift in the position of
the spot along the Pt wire, the different spectra are normalized by the maximum BLS
intensity measured at I D0 (green) (we find that the normalized spectra are invariant
with respect to a translation of the �-BLS spot position along the wire direction). We
first perform BLS spectroscopy by applying the external field parallel to the wires, i.e.
along the Oy-direction (or ' D ˙90ı), hereby providing a reference spectrum about the
out-of-equilibrium magnons distribution produced by Joule heating. The current injected
in the wire is I D2.5mA and we use here the same pulse method. The results are shown
in black in the two panels FIG.44a and 44.b for respectively positive and negative current
pulses. The maximum intensity of these black curves indicates the resonance frequency of
the Kittel mode, !K=.2�/, at the corresponding temperature. This is because the �-BLS
response function is centered around the long wavelength magnons. Indeed, the detected
signal decreases once the magnon wavelength is smaller than the spot size (approximately
0.4�m: diffraction limited). We then turn the magnetic field in the COx-direction (or
' D0ı). We show in panel FIG.44.a the result for positive current pulses (red) and in
panel 44.b the result for negative current pulses (blue). The shaded areas on the figures
underline the differences with respect to their reference spectra.

Figure 44: Micro-BLS studies of the subthermal magnons spectrum measured directly
underneath the injector at H0 D C2 kOe. Panels a) and b) show the spectral de-
formation at respectively I D ˙2.5mA when H0 is oriented in the COx-direction (az-
imuthal angle ' D0ı) comparatively to the Oy-direction (' D ˙90ı). The red/blue area
shows the magnons annihilated/created by SOT. The arrows mark the Kittel frequency
fK D !K=.2�/. Panel c) shows the current evolution of the integrated contrast: difference
between magnons annihilated by SOT relative to the ones excited.
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We clearly observe in FIG.44.a, a decrease of the number of subthermal magnons
around fK and in FIG.44.b their enhancement 0.6GHz below fK . The enhancement is
observed when .I �H0 / <0 (blue), which corresponds to the configuration where the SOT
compensates the damping (cf. convention in FIG41.a). In order to isolate the contribu-
tion produced solely by SOT, we subtract the spectral contribution measured at CI to
the one measured at �I . We have plotted in FIG44.c how the spectral integration of
this differential signal J˙ D

R
J˙d! varies as a function of the current. One observes a

regime of linear rise at a small current, followed by a growth above Jc � 6� 1011A/m2 in
a similar fashion as the one reported in FIG43.a. The �-BLS experiment thus provides
direct evidence that an additional spin conduction channel has indeed emerged in the GHz
frequency range (subthermal) at large current when SOT is in the range to compensate
the damping.
As a short summary of this first non-local experiment, we demonstrated that the regime
probed at a low current density regime (I < Ic) is the result of thermal magnon diffu-
sion modes within the energy range of kBT which is in good agreement with previous
work [2]. The magnetization order in this region can be considered in a quasi-equilibrium
state. Around the crossover current (I D Ic), the current density is able to create a
large enough torque to compensate the lowest energy magnon mode (' GHz). But it
also induces an enhancement of the magnetic fluctuation due to non-linear phenomena
that rule the magnetization dynamic behavior at large spin-torque [4]. Increasing further-
more the fluctuations invoke a strong out-of-equilibrium magnon population. Multiples
magnon generated in the process will be thermalized near the spin wave spectra bottom
via magnon-magnon scattering. We believe that this non-linear spin conductance ob-
served in the high current density regime (I > Ic) is due to the generation by SOT of a
magnetostatic spin waves density.

4.3 Spatial spectroscopy of spin waves in LPE YIG thin

film

We now move on to the YDPB9 sample (19 nm YIG) where the same experiment has
been repeated at a similar bias field over different distance d between Pt strips. We
might want to note that the Pt thickness in this sample has been reduced to 7 nm while
the strip length has been increased up to 30�m for two main reasons: first it helps the
detection of SOT signal by increasing the nominal resistance of Pt strip R0 and second it
enables to enhance the current density applied in the Pt which increases furthermore the
torque strength. These changes have a double edge effect since its logically increases the
temperature gradient induced by Joule heating in the Pt.
The current dependence of † as a function of the distance d is presented in the FIG.45 in
the range [0.2-2]�m. The non-linear regime can be observed over different samples and
different devices which proved the good reproducibility of the phenomena. Furthermore,
the evolution of the SOT signal with the gap d provides the characteristic propagation
length of magnon modes involved in the transport. We have plotted in FIG.45.b the
decay of the † in the two magnon transport regime (thermal/subthermal). By fitting
an exponential function through the data points at small gap values, we systematically
extract a characteristic thermal magnons decay length of L.T /exp D 0.4�m.
Thermal magnon interacts through short-distance by exchange interactions. According to
the Dyson theory [220], magnon-magnon scattering (most likely two-magnons scattering)
is the dominant relaxation mechanism. The decay rate of thermal magnon accounting for
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the exchange interaction can be calculated through the approximation [97]:

�ex D

�
.
T
Tc
/3
kBT
„

��1
(4.1)

which lies in the 0.17 ps�1 for YIG. The characteristic length of thermal spin waves can
thus be calculated using :

L.T / D
vg
�ex

(4.2)

where vg is the spin wave group velocity and � is the decay rate. In this scheme, the spin
waves spectra in the exchange regime can be expressed as:

!T D kBT=„ D !M�
2
exk

2
T (4.3)

Figure 45: a) Current dependence of † measured on 4 devices with different gap d be-
tween the two Pt wires. b) Spatial decay of †.t/ (dot) and †.s/I=2mA (square) and differential
component of the BLS integral intensity (cross).

where !M D4�Ms D2�� 4.48GHz and �ex D
p
2Aex=�0M 2

s D17 nm is the exchange
length (Aex=3.6�10�7 g.cm.s�2). This lays a wavevector kT D

p
kBT=.„!M /=�ex of about

2.25 nm�1, (even though multiple spin waves branches may contribute to the thermal
magnons transport). Then the group velocity can be written as :

vg D 2!M�
2
exkT D

2!T

kT
(4.4)

Using equation (4.1) and (4.2), this given a thermal spin waves propagation length of
L.T / D6.4 nm which is two or three orders of magnitude lower than our experimental
value. If we assume that LLG extends up to thermal energies, the decay rate of thermal
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magnon can be expressed in term of YIG damping ˛YIG measured in the GHz range:

�.T / D 2˛!T (4.5)

Combining equation (4.4) and (4.5) this gives:

L.T /theory D
1

˛kT
D 1:4�m (4.6)

which is surprisingly in the same order of magnitude than the length measured in our YIG
film and in the literature [2, 221]. However, this picture assumes that the LLG equation
remains valid up to the THz energies where Ms (i.e the number of thermal magnons) is a
constant of the motion.
In the case of subthermal magnon †.s/ (†n in FIG.45), the signal is extracted by sub-
tracting the linear part of † from the total † signal. The spatial behavior at 2mA
experimentally reveals a decay length of L.s/exp D 1.5�m. It is not straightforward to esti-
mate this length for dipolar magnons, because it strongly depends on the wavevector and
anisotropy. Since the wavelength of these spin waves are much larger than the thickness
of the YIG film we can make the estimation k ! 0. Thus the damping rate, accounting
the spin waves ellipticity, is given by:

�.s/ D 2˛.!H C
!M

2
/ D 3:15 � 107s�1 (4.7)

with !H D H0 D2�� 5.60GHz. Concerning the used bias magnetic field, we have to
note that the difference of group velocities of BVMSW and MSSW is relatively small (�
25%). For the sake of this estimation we shall use the group velocity of the BVMSW for
magnetization polarity where † is maximum (�=0).The velocity can be written as:

vg D
!H!M

4!0
tYIG (4.8)

where
!0 D

p
!H .!H C !M / D 2� � 7:51GHz (4.9)

where !H is the FMR frequency and tYIG D19 nm is the YIG thickness.
By using the relation (4.7) and (4.8), the decay length of magnon in the subthermal
regime can be estimated at L.s/theory D3�m which is reasonably close to the experimental
value. Those results are supported by BLS measurements realized in the same sample
(see FIG45.b).

tYIG (nm) ˛YIG L.T /theory (�m) L.T /exp (�m) L.s/theory (�m) L.s/exp (�m)
19 3.2 � 10�4 1.4 0.4 3 1.5
56 2.0 � 10�4 2.2 0.6 10 1.3

Table 4.1: Estimated and measured thermal and subthermal magnon propagation length
for 19 nm and 56 nm thick YIG. The measured magnon propagation length is calculated
through a exp(-d/L) fit from 0.2 to 2�m distance between the two Pt electrodes.
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The slightly higher value of the theoretical estimation may be explained by the ex-
istence of a magnetically dead layer in the YIG film which effectively reduced the YIG
thickness d and thus decrease the dipolar group velocity. Decay of the SOT signal with
the distance between the two Pt electrode has been performed for 19 and 56 nm where the
characteristic decay length of thermal and subthermal magnon have been probed within
the range of 0.2-2�m. A summary of these experiments is presented in table 4.1. In the
case of 56 nm YIG sample, the decay of thermal and subthermal magnon propagation
length is quite similar to the 19 nm sample. This result is not in agreement with the
scaling of the spin wave velocity. Furthermore, we did not take into account the fact that
the damping is reduced when the thickness of the YIG increases. This would lead to an
even larger subthermal magnon propagation length.

4.4 Magnon transport in a magnetic insulator with per-

pendicular magnetic anisotropy : BiYIG

The key parameter for magnon transport lies in the magnetic damping parameter ˛ which
has to be as small as possible. It allows magnon to propagate over large distance (�m) in
YIG. As described in Chapter 2, the exerted spin-orbit torque enable the broad excitation
of spin waves in YIG through the dynamic control of YIG damping via a spin current in
YIGjPt. The ultimate goal would be to achieve Bose-Einstein condensation resulting in a
spontaneous excitation of coherent magnons inside extended films in analogy to the auto-
oscillation achieved in confined structures [92, 4]. We have seen in the previous section
that for small driven torque, the spin information is mostly carried by thermal magnon.
This type of spin wave is not compatible for information processing because it lacks phase
coherence. Therefore subthermal magnon source is highly desirable, and can be achieved
for large applied torque when damping compensation is expected to occur. In YIG film,
this can be achieved at large applied current, after a transition from linear to non-linear
magnon transport is observed and is expected to be the signature of subthermal magnon
excitation.
However, it is known that near the damping compensation point, due to the reduction
of Ms by the Joule heating and an increase of magnetic fluctuations, a non-linear red-
shift of the magnon frequency appears at large current and causes a spatial self localiza-
tion of subthermal magnons [81, 79, 93, 92]. Non-linear effects might prevent large spin
waves propagation in YIG film especially if the Joule heating produced by the necessary
charge current is large. Nonetheless, this problem can be overcome using a thin Bismuth-
substituted YIG film with strong perpendicular magnetic anisotropy (PMA) [222]. The
effect of the PMA on the Kittel frequency can be written as :

! D 
p
H0 .H0 C .4� � N PMA/Ms/ (4.10)

where N PMA is the demagnetization factor associated with the PMA. If the anisotropy
field compensates the demagnetizing field we can express N PMA D4� . It results that the
frequency of subthermal magnon becomes independent ofMs and thus leads to a vanishing
of the non-linear shift [223]. In the following, we propose a first study of magnon transport
in a thin Bi1Y2Fe5O12 film via non-local measurement.
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4.4.1 Bismuth-substituted YIG
It is well known that the substitution of Y by rare earth elements in garnet crystal grown
by liquid phase epitaxy can induce large uniaxial magnetic anisotropy [224, 225]. But
most substituted YIG thin films present a large enhancement of magnetic losses incom-
patible with magnonics spintronic.
Recently, the growth of low damping thin Bi-YIG film has been realized by pulsed laser
deposition [222]. The role of Bi substitute is to induce PMA via the hybridization of the
BiC3 6p in the dodecahedral site with the FeC3 3d at the octahedral site [226]. Due to
the larger ionic radius of Bi (133;pm), a linear increase of the BiYIG lattice parameter is
expected with the amount of Bi content. To account for the substitution, the BixYx�3IG
film has been grown on a substituted GGG substrate with a Bi content x D1 to avoid
lattice mismatch. The fine tuning of the Bi content induces a large out of plane anisotropy
field (� 200mT) that compensates the demagnetizing field. Through FMR measurement
the magnetic damping of those film were found to be in the order of 3�10�4 which is rel-
atively close to the damping of in-plane anisotropy LPE YIG film at similar thicknesses.
This result makes BiYIG film a serious candidate for long range magnon transport but
also for magnonic devices based on forward volume waves that require out-of-plane mag-
netization.

4.4.2 Spin transport in BiYIG
We have performed non-local magnon transport on a 25 nm Bi1Y2�3IG thin film. On top
of the magnetic film, we have patterned two Pt strips that are 30�m long, 300 nm in
length and 6 nm in thickness. There are electrically contacted with AujTi electrodes as it
can be seen in FIG.46.a. Like the other samples, we have put a Si3N4 capping layer on top
of the sample, to prevent oxidation. In this sample, we have deposited the Pt layer with
a different technique. In contrary to the YIG/Pt device where the Pt is evaporated, the
Pt in BiYIG film has been sputtered. Due to the energetic deposition of dc sputtering,
it ensures good covering of the contact surface between BiYIG and Pt whereas the soft
deposition of evaporated Pt can result in a poorly coupled interface and thus less spin
conversion [227]. To ensure the good quality of sputtered Pt in BiYIG, we have measured
the spin Hall magnetoresistance (SMR) ratio by injecting a current of 100�A in the Pt
while rotating an in-plane external field of 2 kG. The angular dependence of the SMR ratio
is plotted in FIG.46.b. Using equation 2.5, this gives a spin mixing conductance of the
order of g"# D2.42�10-18 m�2, which is much higher than the evaporated Pt (without local
Joule heating) and assert a better coupling between the Pt and BiYIG at the interface.
FIG.46.c shows the non-local voltage as a function of the current for different directions
of the external field H0 . When H0 is colinear to the x -axis (red and blue dots), one
can see that the non-local voltage does not change sign as the polarity of the current is
reversed. This strongly indicates that the signal is dominated by thermal effects. However
the asymmetry between V'j˙ and V O'j˙ in the BiYIGjPt system is found to be large.
FIG.46.c also shows that the spin conduction is larger when Hx:I < 0. The condition
H :I < <0 corresponds to the case where the damping is compensated (or decreased),
while H :I >0 corresponds to the case where the damping is enhanced. This demonstrates
that in the case of BiYIG the enhancement of the fluctuation of sub-thermal magnons is
directly visible in the raw data. This is mostly because the parasite electrical conduction
is strongly reduced in this case. By investigating the evolution of this offset (measured
when the external field is aligned along ' D90ı) with the applied current, we observed
that V Oy presents a very similar electrical behavior as in FIG.39. This electrical leakage-like
property (exponential rise, dissipative energy) is reproducible among every tested devices
while the Seebeck-like signal largely fluctuates in sign and amplitude due to mismatch
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of Kapitza resistance of top and bottom AujTijPt contact. From this observation, we
attribute the offset V Oyj˙ to a pure parasitic signal due to the elevation of temperature
via Joule heating. Even though, BiYIG seems to present similar spin transport properties
than YIG samples, we can already see from FIG.46.c that the pure offset signal V Oy
contribution is less than 10% of the total signal whereas it was around 35% in YIG
system. This result can be explained by various reasons. First due to the high resistance
value of the Pt strip in this batch, the spin Hall angle �PtSHE of the Pt strip could be higher
than Pt evaporated on YIG and thus a better spin to charge conversion. Second due to
sputtering, the spin mixing conductance of BiYIGjPt interface is much higher. Finally,
the large enhancement of the spin signal could be the first indication of a long decay of
spin waves in BiYIG and enhancement of the probed magnon density. It results in an
increase of the signal to about a factor 10 compared to YIG samples. Next we investigated
the angular dependence of the non-local spin signal in BiYIGjPt.

Figure 46: a) SEM image of the BiYIG/Pt nanostructures with a sketch of the polarity
of current injection and voltage detection in the Pt strips. b) Spin Hall magnetoresistance
ratio (back dot) of sputtered Pt in BiYIG for an applied current of 100�A and applied field
of 2 kG. The red line is a cos2.'/ fit. c) Raw data of non-local experiment in BiYIGjPt.
The measured voltage is plotted as a function of the current and for an external field
H0 D2 kG apply perpendicularly to the Pt strip for both polarity of H0 (' along the x -axis
as red dots and N' D 'C180ı along the -x -axis in blue dots). The voltage measured when
the external field is applied along the y-axis is display as black dots.
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Figure 47: Angular dependence of the non-local voltages V˙j� measured in Bi1Y2Fe5O12
while inverting the polarity of the applied field H0 D ˙2kOe (red/blue) for a) negative
and b) positive current pulses I D �1.0mA. The measured signal can be decomposed c)
and d) in three components: † (green): the signal sum, � (orange): the signal difference
and V Oy: the offset (dashed). The gap between the Pt electrode is 0.7�m

FIG.47.a and FIG.47.b present the raw spin signal as a function of the ' angle be-
tween the x-axis and external field for an in-plane magnetic field of 2 kG. As for YIGjPt
system, we have measured the non-local spin signal for both polarity of the applied field
and current which allows extracting †'j˙ and �'j˙. The total spin signal is defined
around an offset which can see as black dashed line in FIG.47.a and FIG.47.b. From the
raw spin signal, we have extracted †'j˙ and �'j˙ signals using equation 2.3 and 2.4
as seen in FIG.47.c and FIG.47.d. One can observe two different angular dependence of
†'j˙ and �'j˙ that evolve in cos(')2 and cos(') respectively. The sign of �'j˙ signal
is independent of the current direction while †'j˙ is reversed by changing the polarity
of the injected current. These characteristics are in good agreement with the symmetry
of non-local SOT and SSE. Note that in those devices, the † signal is much higher than
the offset signal (one order of magnitude) and helps considerably to reduce the noise in
the measurement (especially at high current).
The evolution of †0 j˙ and �0 j˙ with the apply current are presented in FIG.48. As pre-
dicted by the angular dependence, �0 j˙ is even with current polarity and rises quadrat-
ically with the apply current. This behavior confirms the thermal nature of �0 j˙ and
can fully be attributed to the spin Seebeck effect. On the other hand, †0j˙ seems to
present every ingredient of SOT. Besides the sign change of †0 j˙ with the current due to
the SHE, magnon transport in BiYIG seems to contain linear regime at low bias current
while nonlinear spin conduction is probed for large torque.
The crossover from linear to nonlinear in BiYIG can be seen in more detail in FIG.49.a.
The † signal is the difference of †0 jC and †0 j� and translates the average amplitude
of †. To be more quantitative about the shift from linear to nonlinear spin conductance,
we have fitted the linear part of SOT signal †.t/ in the low current regime as grey dash
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line. In the insert we show the deviation of the normalized inverse † from linear spin
conduction. The crossover, defined as 25% deviation, can be seen by the intersection of
†.t//† with the red line. We found a crossover current density on the order of Jc � 6 �
1011A/m2 which is similar to YIGjPt system. To unambiguously disentangle the nature of
the † signal in both low and high current regime, we have performed the field dependence
of † below and above the crossover current Jc which can be seen in FIG.49.b. † signal in
this plot has been sorted by current symmetry consideration in order to probe the SOT
signal for both polarities of the applied magnetic field H0 . The spin signal reached a
maximum value at H0 D700Oe when the total magnetization of YIG is fully saturated
in-plane (similar for † and �). In the linear regime (I=0.4mA) the SOT signal is found
to be poorly dependent on the external field whereas in the nonlinear regime, † is highly
tuned with H0 .

Figure 48: Current dependence of the amplitude † and � at ' D0 in Bi1Y2Fe5O12.

Figure 49: a) Current dependence of the sum signal † in Bi1Y2Fe5O12 averaged over
the two current polarities. The dashed line †.t/, is a linear fit of the low current regime.
The insert shows the variation of the normalized inverse spin conductance †.t/=† as a
function of current. b) Variation of † as a function of the magnetic field for two different
current intensities bellow and above Ic. † here as been calculated with current symmetry.
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Those characteristics are compatible with the spin signal probed in YIG/Pt system.
This proves an efficient subthermal magnon excitation by SOT in BiYIG thin film. The
fact that the energy necessary to reached non-linearity is almost identical than in YIG,
assert the high quality of these films.

4.4.3 Spatial spectroscopy of spin waves in BiYIG thin film

Finally, we address the spatial spectroscopy of magnon in BiYIG. Using the same pro-
cedure, we have measured the non-local † signal for various distances between the two
Pt strip which goes from 0.2�m up to 20�m. For each distance, we have estimated the
thermal contribution †.t/ in the SOT signal by fitting the linear spin conduction at low
bias current. The subthermal magnon population is then extracted by subtracted †.t/
from the total † signal. The decay of thermal †.t/ and subthermal magnon †-†.t/ can be
found in FIG.50.a and FIG.50.b. The spin signal is plotted as the probed charge current
by ISHE IISHE D VISHE/RPt to account for the detector Pt strip resistance value which
can vary from device to device by more than 20% here. This helps to reduce the error
in the extraction of magnon diffusion length. FIG.50.a shows the exponential decay of
thermal magnon population I LISHE for an applied current of 1.2mA and an external field of
H0=2kOe. For small gap [0.2-0.7]�m, we could determine thermal magnon propagation
length LT of 0.4�m through an exponential fit which is similar to the value found in YIG
samples. Although, contrary to YIG samples, the spin conversion at the BiYIGjPt is
much stronger and Pt resistance much higher which allow to have much better sensitivity
at large distances.

Figure 50: a) Spatial decay of thermal magnons for an external field H0 D2 kOe. We
have plotted the charge current probed by the Pt detector when a current of I D1.2mA is
applied in the injector strip. The insert presents a log scale of the spin signal measured as
a function of the distance between the injector and detector. The red lines are exp(-d/L)
fit in the small distance regime with lies a propagation distance of LT . The blue line is
a fit of equation (4.12) which supposes that the thermal magnon transport decay within a
diffusive transport in short distance and is followed by a relaxation regime at long distance.
From this, we extract a thermal magnon diffusion length in the order of LT

diff D2.7�m. b)
Spatial decay of subthermal magnon. This is estimated by subtracting the contribution of
thermal magnon from the total † signal. From an exponential fit (red line), a subthermal
magnon propagation length is extracted L.s/ D2.5�m.



4.5. CONCLUSION 95

As can be seen in FIG.50.a, the propagation of thermal magnon at long distance
(d >2.0�m) seems to decay with much longer characteristic distance in respect to short
gap (d <2.0�m). These two transport mechanisms have been described in the work of
Cornelissen et al [2] in the framework of a spin diffusion theory [97]. It implies that the
thermal magnon in short distance is ruled by a diffusive transport while at large distance,
magnon relaxation is dominating. These two regimes can be analytically described by a
one-dimensional spin-diffusion equation that takes the form [2]:

@2nm
@2x

D
nm
L.T /2

(4.11)

with nm the non-equilibrium magnon population and L.T / the thermal magnon diffusion
length. This diffusion equation takes the solution for the spin accumulation define in
equation (1.47). Taking the boundary conditions that every magnon is absorbed at the
interface, the decay of thermal magnon signal the distance d can be found as:

I LISHE.d/ D .�=L
.T /
diff /

exp.d=L.T /diff /

1 � exp.2d=L.T /diff /
(4.12)

where � is a distance independent parameter. A fit of equation (4.12) can be seen as
blue line in FIG.50.a and gives a magnon diffusion length of LT

diff D2.7�m in quantitative
agreement with the reported value for thick YIG [2, 221]. On the other hand subthermal
magnon population INLISHE in FIG.50.b exhibits a defined exponential decrease with the
distance that seems to be slower than for thermal magnons in the vicinity. But eventually,
the two decay have the same characteristic propagation length for large gap (d>5�m).
As it can be seen in the insert, a fit can extract subthermal magnon propagation length of
L.s/ D2.5�m. The decay length of subthermal magnon in thin BiYIG is compatible with
the value found by our collaborators via BLS where a propagation length of 3.7�m has
been reported [223]. We emphasize that spin waves propagation in BiYIG is two to three
times larger than in YIG film of similar thickness and damping which can be attributed
to the fine tuning of the spin waves spectrum due to the PMA. This allows to extend
the emission radius of spin waves by avoiding the self-localization effect due to non-linear
dynamics at large apply current.

4.5 Conclusion

In this chapter, we presented spin waves transport in ultra-thin YIG films by non-local
measurements. This method allows an all-electrical excitation and detection of magnon
via the YIGjPt interface. We have demonstrated, than for a small current density applied
in the Pt injector, the transport probed in the Pt detector is ruled by thermal magnon
belonging in to THz frequency domain. This observation is supported by the field depen-
dence which did not show any particular evolution of the thermal magnon population with
the amplitude of the external magnetic field owing to the exchange interaction (energy of
the order of kBT ). The thermal magnon conduction has already been uncovered in sev-
eral reports by studying the gap [2], temperature [104, 218], field [219] and YIG thickness
[221] dependences. Nonetheless, we will see in the next chapter that the full picture of
the linear regime could be in fact more complex. This magnon density excited only elec-
trically differs from the spin current induced via temperature gradient and known as spin
Seebeck effect which is also detected in our structures. We have make sure to disentangle
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these two defined quantity by symmetry considerations. This assumption has been check
by studying the variation of spin signal with the direction of the in-plane magnetic field.
The major contribution of this work is the investigation of the spin waves transport at
large applied current densities. We take advantage of the high quality and low thickness
of our films to electrically control the damping in YIG via the spin-orbit torque induced
by the Pt layer. Besides the wide frequency excitation of spin waves in YIG, a large
current density in the Pt strip allows to supply a strong enough torque to compensate the
damping of low energy magnon modes. Subthermal magnon population is detected in our
system at a crossover current of Jc � 6 � 1011A/m2 which is in the same order of magni-
tude than the threshold observed for compensate the Kittel mode in YIG micro-discs [92].
The characteristic feature of subthermal magnon regime is a shift from linear to nonlinear
spin conductance. The nature of this signal has been identified by a net dependence of the
nonlinear signal with the applied magnetic field. This behavior is consistent with theory
since the threshold current is expected to increase with the applied field. We believe from
those observations, that the magnon population in this new spin conducting channel are
long wavelength spin waves in the GHz frequency range (magnetostatic energy). Ultimate
proof of a crossover from thermal to subthermal magnon regime, are the �-BLS measure-
ments realized on the same device. This technique is ideal to confirm our results since it
enables to recover the density of state of short wave-vector magnons. From BLS intensity
we saw an enhancement of the magnon density for damping compensation configuration,
while a reduction of the magnon population is observed in an anti-damping like config-
uration. Combined with a current dependence, these measurements demonstrated that
the nonlinear spin conductance observed in non-local spin transport is the hallmark of
subthermal magnon transport in YIG excited by SOT. Nonetheless, this nonlinear signal
does not rise exponentially has expected by the theory but follows a I

Ic
�

1
.1�.I =Ic/2/

[228]
behavior instead. This indicates that this nonlinear spin conductance can be qualified as
a subcritical regime. When the system is driven in a strong out of equilibrium regime
via SOT, it induces magnetic fluctuation. These cause the subsystem to redistribute the
magnetic energy to other magnon modes throughout nonlinear magnon scattering. This
prevents the SOT to fully compensate a single magnon mode into auto-oscillation regime
characterised and an exponential increase. Through a gap dependence, we have probed
the magnon diffusion length in the different regimes. We observe a much higher diffusion
length in the case of subthermal magnon than thermal magnon in our ultra-thin YIG
films.
Finally, we have presented the first non-local magnon transport in large PMA thin mag-
netic insulator BiYIG. We have demonstrated that such film can be a reliable medium
for subthermal magnon emission of spin waves by spin-orbit torque since it can partially
overcome the self-localisation effect due to the magnon frequency red-shift. It results in
an enhancement of the magnon propagation length in BiYIG compare to YIG thin film
which is the reference material for manipulating spin waves. From a technological point
of view, BiYIG offers interesting functionalities due to the strong PMA and is a promising
material for future spin waves devices design that would require out of plane magnetiza-
tion. In addition, BiYIG could also be a bridge between magnonics and photonics due to
its large Faraday rotation coefficient.



Chapter 5

Spin transport at high temperature

In the last chapter, we demonstrated that subthermal magnons can be induced by SOT
in the YIGjPt system. However it is an important statement to study the reliability of
this excitation and its limitations. In the following, we present the spin transport at large
current density (>1012A/m2) and more particularly when the elevation of the Pt strip
temperature induced by Joule heating is getting close to the Curie temperature of the
YIG. We will first measure the influence of the onset temperature on the dynamic proper-
ties of YIG thin film and YIGjPt system by investigating non-local magnon transport at
low temperatures. Moreover, an analytic model of the subthermal magnon excited by a
spin current will be given and will be compared to our experimental results to disentangle
the role of the temperature. Finally, we will study the spin transport when the injec-
tor/detector Pt strip has a thinner or larger width. We will show that the temperature
rise is an important matter for SOT and SSE signals in non-local experiments.
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5.1 Spin signal at large current

5.1.1 Estimation of temperature

In this section, we will focus on high energy spin transport in the YDPB9 sample where
the Pt dimension has been upscale to 30�m�0.3�m for a thickness of 7 nm. By chang-
ing these parameters, we have increased the input and output resistance of about 47%
compared to the YDPB8 sample. It results that the temperature gradient induced by
the application of large current in the Pt has dramatically increased compared to the
YDPB8 sample and has to be recalibrated. In FIG.51.a we show the resistivity of the Pt
as a function of the temperature. Since the evaporation of the Pt layer has been done
within the same procedure in every LPE YIG films, this measurement has been taken as a
reference to estimate the temperature in the Pt (also used for FIG.41.c). Linearly fitting
this dependence allow us to extract the slope ��Pt=�T=0.038��.cm.K�1. To estimate
the temperature gradient in the YDPB9 sample, we have measured the evolution of the
Pt resistance as a function of the injected pulse current as shown in FIG.51.b. The resis-
tance follows a quadratic evolution due to Joule heating (RPtI 2). Knowing the variation
of the Pt resistance with the current, we used the following relation to estimate the actual
temperature in the Pt :

�.T / D �0.1C ˛�T / (5.1)

Figure 51: a) Temperature dependence of the Pt resistivity. Through a linear fit (blue
curve) we extract a slope ��Pt=�T D0.038��.cm.K�1. b) Evolution of the Pt resistance
as a function of the pulsed current. We observe a quadratic behavior due to the Joule
heating. The red curve is a polynomial fit allowing us to deduce the temperature in Pt as
a function of the applied current.

with �0 being the resistivity of the Pt at room temperature and ˛ D ��Pt=.�T /�0 .
The estimated temperature in the Pt calculated from eq (5.1) is indicated in the right
abscissa of FIG.51.b. Due to the larger input resistance and higher injected current
density, the temperature in the Pt is larger in the case of the YDPB9 sample.
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5.1.2 Spin signal
In the following, we explore the non-local spin transport at large current density (Jc >
8�1011A/m2). As a matter of comparison, we have injected current in the same Pt strip
as in FIG.51.b and measured the non-local spin conductance† in a Pt strip located 0.4�m
away from the injection. The evolution of † with the current can be seen in FIG.52.a.
Quite unexpectedly, additional regimes appear in the SOT signal at large current density.
After crossing the linear (blue area) to non-linear (green area) spin conductance regimes,
the SOT signal reaches a maximum conductance for Jc � 10.4 � 1011A/m2 and then
decreases toward a zero spin conductance around 11.9 � 1011A/m2 (orange area). More
information can be obtained from the current dependence of � plotted in FIG.52.b. As
for † signal, a drop of the � signal can also be observed with the difference that it appears
for lower current density (� 8.7�1011A/m2). Nonetheless, the � signal reaches a zero
value and even change sign. It is important to note that the upper limit of the third
regime (orange) involving a drop of spin signal to zero corresponds to a Pt temperature
of T=587.5K which is relatively close to the Curie temperature Tc of YIG. If we neglect
interfacial thermal resistance of YIGjPt, this result indicates that the magnetization of
a small YIG region located underneath the Pt injector can be considered as null in this
regime. Those behaviors are observed in both YIG and BiYIG thin films. The fact that
the drop of the total spin signal appears close to the Curie temperature implies that the
temperature is somehow involved in the appearance of a maximum spin conductance in
YIGjPt.

Figure 52: a) Non-local SOT signal dependence on the amplitude of the pulse current
applied at a fixed external field of H0 D2 kG. b) Non-local SSE signal as a function of
the applied pulse current. The orange area correspond to the regime where the spin signal
drops.

5.2 Low temperature measurements
In an attempt to reduce the spurious electrical contribution to the spin conductance, we
have performed non-local magnon transport measurements in a low temperature environ-
ment. However, a deep understanding of such experiments might not be straightforward.
It is known that the magnetic properties of bulk YIG can vary with the temperature. For
instance, it has been reported that the cubic anisotropy [229] (K1 in equation (1.7)) and
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uniaxial perpendicular anisotropy [230, 231] have a net dependence with temperature. It
is thus an important statement to investigate the magnetic properties of YIG thin film at
low temperature and the effect of the Pt layer overlayer.

5.2.1 Temperature dependence of the magnetic properties of YIG

thin film covered by Pt

The low temperature magnetic characterization as been performed on the 19 nm thick
YIG film sample (YDPB9). The following section follow a work that has been published
in IEEE Magnetic letters [18]. To investigate the anisotropy constants with the tem-
perature, FMR measurement has been performed in a X -band cavity for rf field at the
fixed frequency of 9.3GHz. The first-order cubic anisotropy constant K1 and uniaxial
perpendicular anisotropy constant KU were extracted by measuring the variation of the
resonance field when the static magnetic field is set from the normal to the film plane
[232]. The evolution of anisotropy constants of YIG thin film with the temperature can
be seen in FIG.53.a and b as black dots. We observe an increase of the absolute value of
K1 as the temperature is decreased which is in really good agreement with the variation
found in bulk YIG [229]. On the other hand KU appears to be positive and increases with
temperature. Two main contributions can be at the origin of KU .T /. The first one can
be attributed to the growth anisotropy induced by Pb impurities from the solvent [230].
The second contribution can be identified as an uniaxial stress anisotropy arising from
the small lattice parameter mismatch between the GGG substrate (aGGG=12.383Å) and
the YIG film (aYIG=12.376Å). By taking into account these two considerations, the cal-
culated value for KU with bulk parameters only covers 40% of experimental values. This
difference can be ascribed to surface induced contribution to the uniaxial perpendicular
anisotropy present in ultra thin films.
To probe the magnetic relaxation of YIG thin film, the full width at half maximum of
the FMR spectra is extracted for an in-plane magnetization configuration. The FWHM
responds linearly with the rf field frequency and the inhomogeneous contribution to the
linewidth is found to be in the order of 2.44Oe which is close to the reported value on
PLD-grown YIG films of similar thickness [20]. The interesting feature of this experiment
is the temperature dependence of the FWHM that has been recorded at 9.3GHz and is
shown in FIG.53.c. The spectra reveal that the FMR linewidth increases for decreasing
temperatures. Such behavior has been reported on ultra thin YIG films grown either by
a spin-coating method [233] or by off-axis sputtering [234]. This observation was ascribed
to the slowly relaxing impurity mechanism that has already been extensively studied on
bulk YIG [235, 115]. The relaxing impurity mechanism was attributed to the rare earth
Fe2C impurities, induced during the growth process. The additional linewidth �HSR due
to this relaxation can be described by the expression [234]:

�HSR D A.T /
!�

1C .!�/2
(5.2)

where A.T / is a frequency-independent prefactor and � a temperature-dependent time
constant. By comparing our experimental results with equation (5.2), we found that this
model cannot fully reproduce our data. This suggests that other relaxation mechanisms
contribute to the FMR linewidth at low temperatures. As put forward in [17], the exis-
tence of a transition layer between LPE-grown YIG films and the GGG substrate, whose
thickness is estimated to be around 5 nm (nearly a third of our film thickness), could
produce additional relaxation channels.
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Figure 53: Temperature dependence of a) cubic anisotropy, b) uniaxial perpendicular
anisotropy and c) resonance linewidth for both the bare YIG layer (blacks dots) and the
YIG layer capped with 3 nm Pt (red squares). The inset shows the FMR lines measured
at 300K on both samples. The dashed lines or arbitrary fit of the FMR linewidth with the
temperature.

We shall also expect a sizeable surface-induced contribution to the linewidth for ultra
thin film.
Similar experiments have been reproduced after evaporating a Pt layer, with a thickness
of 3 nm, on the top of the YIG film. Anisotropy constants and resonance linewidth of
YIGjPt system is plotted as red squares in FIG.53. Since no magnetic moment is induced
in the Pt layer by proximity effect [236] (refer to section 3.3), the temperature dependence
of YIG magnetization saturation 4�Ms is expected to be similar to the bare YIG film.
It can be seen from FIG.53.a and b that the cubic anisotropy is unchanged owing to its
bulk magnetocrystalline origin, while the temperature dependent uniaxial perpendicular
anisotropy change in sign and slope. This means that an interfacial mechanism with
spin-orbit origin [237] changes the surface anisotropy of YIG when putting a Pt layer on
the top. Moreover, the FMR linewidth at low temperature is also enhanced in YIGjPt.
This is not surprising since the YIGjPt interface provides an additional relaxation channel
due to the spin pumping [125] (equation (1.59)). However, the increase of FWHM is not
constant as function the temperature. The increment in the damping depends both on
the strength of the interfacial coupling (spin mixing conductance) and the spin transport
parameters in the Pt layer whereas the thickness of the latter being comparable to the
spin diffusion length in Pt at room temperature. These contributions can be temperature
dependent, leading to a nontrivial behavior of the enhancement of the YIGj damping at
low temperature.
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5.2.2 Magnon transport at low temperature

Non-local measurement
Next we measured the non-local † and � signals when the sample environment is set be-
low room temperature. It allows us to study the temperature dependence of the thermal
and subthermal magnon population in YIG and the role of the thermal gradient to the
maximum and zero spin conductance regimes. To do so, the sample has been placed into
a closed-cycle cryostat. Helium gas is inserted in the main chamber and is cooldown by
a cold head. To fix the environment temperature, a heater is set close to the sample and
is monitored via a temperature controller. The experiment is realized for two Pt strips
deposited on the YDPB9 sample (19 nm). We have chosen to perform non-local measure-
ments on a device with a 200 nm separation between the injection and the detection to
probe the largest possible spin signal. We apply an in-plane magnetic field H D2 kOe to
fully saturate the magnetization of YIG. The results of this experiment can be seen in the
FIG.54.
First, we focus on the behavior of the † signal with temperature. It can be seen that
the total † signal decreases to about 85% from 300K to 130K at 2.0mA. It is not really
surprising since thermal spin waves are dominating the whole magnon population.

Figure 54: a) Current dependence of the † signal for two Pt strips separated by a 200 nm
gap at different temperatures. Thermal and subthermal magnon signals decrease at lower
temperatures. b) Current dependence of the � signal at different temperatures. We can
see that the drop of the � signal can be tuned with temperature.

Nonetheless, this variation appears to decay faster than the temperature. Another
interesting feature revealed by this measurement is the behavior of the large current
density regime with the temperature. We can see in FIG.54.a that the turning current in
which † suddenly drop can be modulated with temperature. It seems that this regime
is pushed toward larger current by decreasing temperature (see red and orange curves).
Moreover, reducing further the temperature enables to inject higher current densities
inside the Pt thus reaching deeper in the non-linear regime. This is because we can put
a much higher current density into the injector Pt strip without breaking it. Indeed it is
known that injecting a large current density in a Pt wire can lead to a drift of Pt atoms
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in the direction of the electron flow by electromigration. It potentially forms nanogaps
that are enhanced by the melting produced by Joule heating [177]. This breaking point
is usually reached for a defined local temperature. However reducing the temperature
and thus the Pt total sheet resistance, allow us to limit the local rise of temperature in
the Pt and push toward higher currents the melting effect. Next, we have studied the
� signal as a function of the temperature, as seen in FIG.54.b. We see clearly a shift
of the maximum spin conductance with temperature which again tends to put forward
that the drop of the † and � signals have the same physical origin. Using FIG.51.a we
can estimate the difference of maximum spin conductance point of the red, orange and
green curves in terms of temperature. It turns out that the temperature shift between
the turning point of red and orange curves can be estimated to 40K and about 90K
between red and green. This shift matches pretty well with the temperature difference of
the environment temperature. It implies that the drop of � signal is monitored by the
elevation of temperature provided by the Pt injector. Since the resistivity of Pt and thus
the resistance is lower with temperature, the dropping point of � and † signal appears
for much higher current at low temperature. Those results have shown the important
role of the temperature to the maximum spin conductance point probed at large current
density.

Subthermal magnon in a subcritical regime with thermal fluctua-

tions

To get more insight about the non-local magnon transport and the behavior of the sub-
thermal magnon regime at low temperature, we shall give a qualitative analysis of the †
signal. This can be formulated via the equipartition theorem for a harmonic oscillator
described in [228]. It supposes that the number of subthermal magnon in a subcritical
regime follows a stochastic nonlinear oscillator model under the influence of thermal fluc-
tuations and that only one spin wave mode is driven by the SOT, which is formally true
for the macrospin, but not for open system that is being handled in this experiment.
Through these assumptions, the fluctuation of the number of subthermal magnon in the
subcritical regime can be approximated as [132]:

N .I / �
kBT
V

1

1 � .I =Ith/
(5.3)

where V is the volume and Ith the threshold current for auto-oscillation which can be
expressed as :

Ith D 2˛!SW�e=� (5.4)

with ˛ the magnetic damping, !SW the frequency of the spin wave mode driven by
the SOT assumed to be approximately the Kittel mode which stand close to the FMR
gap, � D VMs/.g�B/, e the electron charge and � the spin-torque efficiency. Since the
† signal in our experiment translates the number of magnons that are enhanced by the
SOT (CI ) compare to the number magnons annihilated by SOT (�I ), we can write
†.I / D N .CI / � N .�I /. Using equation (5.3), this lies :

†.I / �
2kBT
V

I
Ith

1

1 � .I =Ith/2
(5.5)
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Figure 55: a) Evolution of †, calculated from equation (5.5), with the ratio I /Ith . Ic
is the crossover current from linear to non-linear spin conductance that is defined by
Ic D Ith=2. b) Derivative of † with the field as a function of I /Ith .

A demonstrative plot of equation (5.5) is shown in FIG.55.a. From this simple model,
we can see that subthermal magnon transport driven by spin-polarized current is actually
composed of two main regimes. The first one appears when the applied current I is far
from the threshold current for damping compensation Ith (I << Ith). In this region, the
subthermal † can simplify as :

†.I /jI<<Ith �
kBT
V

I
Ith

(5.6)

which highlights a linear response of subthermal spin waves with I . When the applied
current reaches half of the threshold current for auto-oscillation, which is exactly our def-
inition of the crossover current Ic D Ith=2 from linear to non-linear spin conductance, †
enters a second regime when the spin waves mode driven by SOT increases non-linearly
with the current. The signature that the dominant transport is being carried by subther-
mal magnons is to look at the magnetic field dependence. Although the sensitivity of † to
an externally applied magnetic field is a necessary signature, this might not be a sufficient
condition. To convince ourself we have calculated the sensitivity of † to a variation of
the externally applied magnetic field as a function of the criticality defined as I =Ic. This
has been done by considering that the spin wave mode driven by the SOT is the FMR
mode which lies Ith � Ms

p
H0 .H0 C 4�Ms/ and allow to calculate the derivative @†=@H

that can be analytically expressed as:

@†

@H
jI �

kBT
V

Ms.Ms � 2H0 /.I 2 CM 2
s H0 .H0 CMs//

2
p
H0 .H0 CMs/.I 2 �M 2

s H0 .H0 CMs//2
(5.7)

Equation (5.7) is plotted as a function of the ratio I =Ith in FIG.55.b. We find that the
slope of @†=@H is vanishing far below Ic. The absence of field dependence behavior at
low current is thus not in itself a sufficient proof to ensure that the subthermal magnons
are not involved in the linear regime. However, we note that the model described through
equation (5.5) captures the essential behaviors of the subthermal magnon conduction in
the subcritical regime (nonlinearity with I , H0 -dependency). However this description im-
plies that, at low bias current, linear subthermal conduction is expected and is monitored
by thermal fluctuations. According to this model, the low current subthermal regime can-
not be disentangled from thermal magnon conduction through a field dependence since
subthermal fluctuations have a slow variation with Ith and thus a low sensitivity with the
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external filed H0 .
To compare the model with our experimental results, we have fitted the †.I / signal at
different temperatures with equation (5.5) as it can be seen in FIG.56.a. The linear spin
conduction regime †.t/ is probed by fitting the low current part of †. Besides the fact
that the model is able to reproduce quite reliably the behavior of †.I /, we can estimate
the value of Ith. From these fits, we extract a threshold current that tends to decrease
at low temperature experiments. This observation disagrees with equation (5.4) which
predicts an increase of Ith as the temperature is decreased due to the rise of Ms and the
enhancement of the YIG damping (or YIGjPt damping). The dissonance of the experi-
mental data with the model can be seen more clearly by measuring the variation of †.t/=†
with the current and is displayed in FIG.56.b. According to [228], the auto-oscillation
threshold current can be estimated when the inverse of † intercept the abscissa axis.
It can be seen clearly that the experimental data point out to a low sensibility of Ith
with the temperature. However, we have to take into consideration that, during a scan
where the current is varied, the temperature of the YIG largely increases. This implies
that the auto-oscillation threshold current is also current dependent through the decrease
of Ms and might result in a distortion of (†.t/=†/.I / toward lower current value. The
quasi-independent of (†.t/=†/(I) with nominal temperature can be attributed to the fact
that the temperature shift induced by the current is larger for lower initial temperatures.
We can also mention the spin-torque efficiency that could increase at low temperature
as suggested by FIG.53 and might contribute to the reduction of (†.t/=†/.I / with the
low temperature. These findings suggest that it is not straightforward to estimate the
auto-oscillation threshold current Ith from the nonlocal †.I / because of the Joule heating
that introduces a current dependence of all the threshold values.

Figure 56: Current dependence of † for different temperatures. The lines are fits to
equation (5.5). The grey dash lines are linear fits allowing to extract the linear part of
the SOT signal †.t/. b) Variation of †.t/=† with the current at different temperatures.
We observe a nearly independent evolution of the subcritical regime with the temperature.
The dash lines are fit to equation (5.5) using a threshold current Ith estimated from †.t/.

Note that this is mostly a problem that affects the non-local devices and not nano-
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pillars [92, 80], because the latter are better thermalized.
Nonetheless, a rough estimation of Ith can be achieved through the linear part of SOT
signal †.t/ which accounts for the subthermal fluctuation according to our model. Indeed,
the subthermal fluctuations have a direct sensibility with the threshold current and can be
measured in the low current regime when Ith is expected to be less influenced by the tem-
perature rise in YIG. FIG.57.a shows the variation of †.I / with the temperature. †.I /
evolution doesn’t not simply rises linearly with the temperature. This can be understood
by the influence of Ith which is sensitive to both damping ˛ and magnetization Ms (equa-
tion (5.4)). Considering the 1/T character of ˛, the subthermal fluctuations should follow
as quadratic evolution with the temperature. Via a T 2 fit displayed as grey line FIG.57.a,
this is close to the behavior experimentally observed. Although we might want to note
that †.t/ also accounts for thermal magnons that should overwhelm the magnon popula-
tion, especially when the applied current is far from Ith, and follow a linear dependence
with the temperature. Since we cannot make a clear distinction between subthermal fluc-
tuations and thermal spin waves, we will neglect the latter for the sake of a rough analysis.
This contrasts with our first interpretation of the linear regime. We do not also take into
account possible variations of the magnon conductivity with the temperature [218]. Using
equation (5.6), we extracted the threshold current for auto-oscillation Ith as a function of
the temperature which can be observed in FIG.57.b. As anticipated from equation (5.4),
Ith is largely increased at low temperatures. This variation might also be enhanced by
the thermal magnon that is not subtracted in our analysis. But since this population
has a slower dependency with the temperature rather than subcritical fluctuations, the
behavior observed in FIG.57.b, should mainly be attributed to Ith. In FIG.56.b, we have
plotted as dash lines the expected behavior of (†.t/=†/.I ) by fitting †.I / with equation
(5.5) for the threshold current calculated in FIG.57.b. These fits largely deviate from our
experimental data. Indeed, the calculation supposes that the threshold Ith is independent
of I , herein a (†.t/=†/.I ) that is highly tuned at low temperatures. This indicates, that
the nonlinear regime in our devices is triggered through the elevation temperature in the
injector strip which tends to shift the subcritical regime toward lower currents values.

Figure 57: a) Evolution of the thermal spin waves signal †.t/ for an applied current
of I D2.0mA as a function of the cryostat temperature. To extract the †.t/ signal we
have linearly fitted the † in the low bias current regime. The grey line is a T 2 fit. b)
Temperature dependence of the inverse of the critical current Ith estimated from the fits
of †.I / signal with the model presented in equation (5.5). c) Increase of the damping ˛
estimated from Ith as a function of the temperature. The red data are the broadband FMR
linewidth of the YIG and YIGjPT system with T from the FIG.53.
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Finally, we have estimated the magnetic damping view from Ith that can be calculated
from equation (5.4). This estimation takes into account that the magnetization saturation
increases at low temperature which as been probed in section 2.1.2. The result of the
calculation can be seen in FIG.57.c. Quite remarkably, the evolution of the damping
extracted from Ith is close to the damping of YIGjPt system measured via FMR in section
2.1.2 [16]. The enhancement of ˛ with the temperature seems also to follow similar
variation with the YIGjPt FWHM as it can be seen in red diamonds in FIG.57.c. It seems
that the damping calculated from non-local measurement depends on the relaxation of
YIGjPt rather than YIG (red dots). This result tends to disagree with the study in section
2.3 where the YIG damping as been put forward as the main relaxation mechanism due
to the low coupling at the interface and the small width of the Pt strip (300 nm) compare
to the wavelength of spin waves. However, we might also consider that, in this study, the
distance between the two Pt probe was 200 nm which is lower than the strip linewidth. It
implies that the surface of the traveling spin wave is mostly covered by Pt where the spin
pumping mechanism dominates the relaxation. This might explain the matching of Ith
with ˛YIG|Pt in this device (the Pt strip distances use in section 2.3 were 10 times larger).

5.3 Gap dependence at high current

In FIG.58, we show the spin signal when a large current density is applied for various
gaps. The † and � signals have been normalized by their maximum amplitude reached
before the drop. The Pt resistance in this batch didn’t vary more than 10%. Herein
we can consider that the power applied to the Pt injector is similar for each devices. In
FIG.58.a we can see that the maximum spin conductance of the † appears at a critical
current density of 10.5� 1011A/m2 and does not depend on the distance between to Pt
electrodes. We have to remember that the spin conversion in the case of † occurs on
both YIGjPt interfaces. Therefore † translate the convolution of magnetization state of
YIG beneath the two Pt strips. This would imply that the drop of † is a local effect that
is trigger solely at the injector strip. However, we observe in FIG.58.b a net evolution
of the maximum spin conductance current with the gap for the � signal. Moreover, the
drop of � seems to surge for smaller current density than the †. This behavior can be
reproduced throughout several devices and samples (YDPB9, YDPB10, BiYIG).

Figure 58: a) and b) present the normalized † and � signal of 56 nm thick YIG sample
(YDPB9) at large current density and for different distances between the Pt strips.
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Knowing that the spin conversion in the case of � appears solely at the detector, �
contains only information on the magnetic properties of YIG under the detector. This is
proof that the maximum of � should be attributed to a physical phenomenon occurring
at the detector. Due to the different shape and critical current of the signal drop for †
and � it seems that the physical mechanism involved in the drops of SOT and SSE in
YIGjPt are not totally similar.

5.4 Dependence with the width of the Platinum strip
Next we have studied the influence of the width of the Pt strip on the non-local signal for
either injection or absorption of spin waves in YIG.

5.4.1 Influence of the absorber width:
First, we have investigated the evolution of the † signal when the width of the Pt detector
wPt is tuned to 100, 300 and 1000 nm as it can be seen in FIG.59. The width of the Pt
injector is kept at 300 nm which has been the nominal Pt width used in this thesis. The
distance between the two Pt strips in this experiment is set to 0.4�m. To account for the
change of the detector resistance with the width, we have plotted the † signal normalized
by the resistance of the Pt probe RPt which highlights the average charge current probed
at the detector by ISHE. From FIG.59.a we observe an increase of the probed spin current
at the YIGjPt interface. Note that we have make sure that the spin mixing conductance
of each YIGjPt interface was relatively similar so such a variation with the width cannot
be fully regarded as a decrease of the spin resistance at the interface.

Figure 59: a) Current dependence of the Sigma signal normalized by the resistance of
the Pt detector as a function of the current and for different detector width. The distance
between Pt strips is 0.4�m. b) Variation of the "even-in-field" charge current detected
with the Pt width wPt when a current of 1mA is applied to the Pt injector.

Moreover, the crossover current for the merge of subcritical regime is found to be
independent of the detector width wPt. This again confirms that this excitation appears
solely at the Pt injector. To characterize the absorption of the spin current by the in-
terface, we have plotted in FIG.59.b the detected charge current †/RPt at the interface
for an apply current of I D1mA as a function of the width of the detector. Interestingly
the absorption seems to evolve quasi-proportionally with wPt which is quite a surprising
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result. According to [238], the YIGjPt bilayer made of a spin carrier channel (YIG) and
absorption channel (Pt) could be considered as a unique channel with an effective spin
diffusion length leff. This length is typically lower than the spin diffusion length in the spin
carrier channel due to the contact with the absorber element of very short spin diffusion
length. Owing to the diffusive character of the thermal magnon transport [97, 2, 239] the
spin diffusion in our case can be substituted by the thermal magnon diffusion length which
has been experimentally estimated to L.t/exp D 0.4�m. A large part of the spin current
is still absorbed by the interface, at distances that are more than two times larger than
the spin diffusion length. In principal the absorption is supposed to have an exponential
decrease along the width of the Pt. This observation suggests that the two spin channels
are in a weakly coupled regime. Absorption of angular momentum in YIG by the Pt can
be considered as low due to the poor spin conductivity at the interface. Thus only a small
amount of the magnon population is recover in the Pt. At some point, we should also
consider that the magnon density that is not probed by the interface will also decay along
the width of the platinum according to magnetic damping in YIG and should be reduced
via the extra damping provided by the YIGjPt interface. Additional measurement would
be needed to determine if the spin current probed by the interface has reached saturation
at wPt D1000 nm or if more magnon can be probed by increasing further the contact
surface. But we would like to point out that the small mixing conductance in our YIGjPt
device should not affect much the detection of subthermal magnons, since the absorbed
spin current at the interface is an average of magnon density in the whole frequency do-
main.
In FIG.60 we have plotted the influence of the detector width for the � signal. As for the
SOT signal, we have normalized � by the detector resistance to estimate the spin current
induced at the YIGjPt interface via the spin Seebeck effect. A net increase of the thermal
spin signal can be observed in FIG.60.a.

Figure 60: a) Current dependence of the Delta signal normalized by the resistance of
the Pt detector as a function of the current for different detector widths and a distance
between Pt strip of 0.4�m. b) Variation of the "odd-in-field" charge current detected with
the Pt width when a current of 1mA is applied to the Pt injector.

However, this rise doesn’t scale linearly with the wPt. Instead, the thermal spin signal
appears to saturate much faster than the SOT signal as it can be seen in FIG.59.b. It
indicates that besides the thermal magnon diffusion length, another characteristic length
is ruling the conversion. This could be due to the decay of the temperature gradient @xT
along the axis perpendicular to the Pt strip and has been estimated by �-BLS to about
@xT D-65ıC.�m�1. The spin accumulation due to the spin Seebeck effect could thus be
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dramatically reduced by the transverse temperature profile in YIG.

5.4.2 Influence of the injector width:
Second, we have measured the non-local spin signal while the width of the injector Pt
strip is varied and for a detector width fixed to the nominal value of 300 nm. The distance
between the Pt strips is kept to 0.4�m for comparison with the study on Pt absorber
width. This study is very important because it allows to tune crucial parameter: the
injector resistance RPt D �Pt.LPt=wPtdPt/. Since the Joule heating in the Pt scale with
RPt.T /I 2, a decrease of the Pt width should considerably increase the Pt resistance and
thus enhance the temperature elevation by Joule heating at a given current. Another
interesting side effect of this experiment is that at similar applied current I in the Pt
injector, the current density will also be different following Jc D I =.wPtdPt/. With that,
we can disentangle the role of the torque and the temperature gradient from the nonlinear
spin conductance regime and the point of maximum spin conductance.
In FIG.61, we focus on the influence of the current density on the † and � signal. First
of all, we observe a decrease in the amplitude with the injector width which is more than
a factor of 3. Here the spin signals are not translated into a charge current since the
Pt detector resistances are similar. Also, it seems clear that the excited magnon density
depends on the contact surface of the Pt injector. We can understand this result in the
same way as for detection. Only a part of the angular momentum is able to cross the
YIGjPt interface due to the weak coupling. By raising the contact surface, we increase
the total spin current absorbed by the interface. We should also take into account that
the spin transmission of the injector strip can change from device to device, but cannot
fully explain the change of the amplitude of the † and � signal. We note that local Joule
heating was performed on both devices before measuring the spin signal. The remarkable
result is that the nonlinear spin conductance regime in the † signal does not rise at a fix
current density as it can be seen in FIG.61.a.

Figure 61: a) † and b) � signal as function of the current density applied for 100 nm
and 300 nm injector width and a distance of 0.4�m between the injector and detector.

We would like to note here that for a given current density in the Pt injector, the
temperature gradient in the 100 nm injector is lower than in the 300 nm strip. This result
in good agreement with the non-local experiment at low temperature which proves that
the enhancement of the temperature gradient in the Pt injector favors the rise of the
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subcritical regime due to the reduction of the threshold current Ith with the current I .
This demonstrates that the rise of nonlinear conductance matches preferentially with the
temperature rather than current density. However, these results do not disregard the role
of the torque in the excitation of subthermal magnon but suggest that the temperature
is a major ingredient for subthermal magnons excitation. Concerning the � signal in
FIG.61.b, the drop of the signal does not scale with the current density as already high-
lighted by the low temperature experiment.
Finally, we have scaled the † and � signal with the temperature in the Pt injector. In
section 2.2.6, we have shown that the thermal gradient induced by a Ti layer can induces
SSE in YIGjPt. We assume here that the gradient is proportional to the temperature of
the injector. This demonstrated that the main source of the SSE signal comes from the
temperature gradient. Thus the measured � signal has been plotted as a function of the
temperature of the Pt injector in FIG.62.b. To do so, we have measured the change of
resistance for different panel of Pt strip. Using the temperature coefficient of the Pt and
relation 5.1, we estimated the temperature gradient in the Pt strip possessing different
width. From FIG.62.b, we can clearly see that the drop of the � signal starts for a similar
Pt injector temperature. This shows that the drop of the � signal is trigger by the tem-
perature in the YIG film. From the literature, it has been experimentally established [240]
that the longitudinal spin Seebeck (LSSE) in YIGjPt is decreasing at high temperatures
and even disappears at the Curie temperature. The drop of LSSE in the experiment,
following the relation VLSSE=�T � .Tc � T / , was found to decrease faster than the
magnetization which proves that the decay cannot be simply explained in terms of static
magnetization. From our result, we also observe a fast and non-monotonic drop of �
when the temperature induced by Joule heating is getting close to the Curie temperature
(see FIG.62.b) which doesn’t seem to match with the magnetic properties of YIG at high
temperature. Theoretical work [241] suggested that the deviation of experiments from
the theory can be resolved by considering the ferrimagnetic nature of the YIG and taking
into account the surface anisotropy of YIGjPt [242]. In our case, we might also attribute
the fast drop to a non-trivial distribution of the temperature gradient in our system due
to the non-local geometry.

Figure 62: Measured a) † and b) � signals for different Pt injector width for a gap
of 0.4�m. Using the fit in a), we have scaled the � signal according to the temperature
elevation in the Pt injector.

On the other side, the drop of the † signal seen in FIG.62.a does not scale exactly
with the temperature. It means that the mechanism responsible for the drop of the SOT
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signal is not only temperature dependent but could also result from the amplitude of
the applied current intensity (current-induced magnetization switching [243], non-linear
magnon scattering [4])

5.5 Conclusion
In this chapter, we investigated in more details the high power regime of the non-
local magnon transport. The measurements show that the nonlinear spin conductance
rise is systematically followed by a sudden drop of the total spin signal at large cur-
rent/temperature near Curie temperature. By studying how this drop evolves with the
distance between the two Pt strips, we point out that the origin of the † drop is located
solely at the injector Pt strip. Low temperature experiments have revealed that the max-
imum spin conductance reached before the drop of the spin signal can be pushed toward
higher current by decreasing the temperature. This sensitivity with the temperature is
also found by varying the width of the Pt injector strip. From those experiments, it
is undeniable that the third regime observed at high energy is mainly triggered by the
temperature and prevents to reach large signals. The drop of � in our system could be
attributed to the decrease of the magnetization saturation Ms with the temperature that
is induced by Joule heating in the Pt injector that as a defined spatial distribution. The
sign changes of the SSE observed in FIG.52.b might originate from the rising temperature
distribution that tends to produce a positive magnon accumulation near the detector side.
This interplay will be more detail in the next chapter. The drop of the † signal on the
other hand is more complex. Even though the maximum spin conduction regime can
be tuned by the temperature due to the magnetic properties of YIG, several parameters
have to be taken into consideration. Through FMR measurements at low temperature, we
have proven that the magnetic relaxation in YIG thin film is expected to increase at low
temperature and is even more enhanced with a Pt overlayer that should rule the magnon
transport with the decreasing temperature. To describe the magnon transport, we have
used a model that takes into account thermal fluctuations. It suggests that the linear
regime is also composed of subthermal fluctuations that present similar behavior with
the current and the field than thermal magnon. We found that the experimental data
strongly deviate from this model because the threshold current necessary to reach auto-
oscillations is also influenced by the temperature rise. Due to this interplay, the nonlinear
regime is found to be almost independent of the temperature of the cryostat. It implies
that our estimation of Ith in our devices is distorted by the decrease ofMs with the current.
It suggests that the subthermal magnon excitation in our system is strongly influenced
by the temperature conditions. We also note that the magnon density excited by spin
current does not benefit much from the low temperatures because of the large increase
of the damping and Ms . This is an important statement in the quest of Bose-Einstein
condensate that is mostly investigated in low temperature quantum systems.



Chapter 6

Influence of the thermal spatial

distribution via an Al overlayer

As detailed in the last chapter, the magnon transport in YIG mediated by SOT is system-
atically attenuated at large applied current, which might be an issue for future spintronic
devices using magnon information. In that matter, we have demonstrated that the tem-
perature at the injector strip plays a net role since the current in which the spin signal
drop can be enhanced by reducing the temperature of the system. However, a large num-
ber of parameters can vary at low temperatures such as Pt resistivity, magnon diffusion
length, spin mixing conductance [15, 104] or even the damping [18]. So the real role of the
temperature could not be distinguished. On the other hand the temperature asymmetry
between the Pt injector and detector, due to the local Joule heating, is an issue regard-
ing magnon transport. The large current density required to excite subthermal magnon
population by SOT induces inevitably a large temperature gradient and a decrease of the
spontaneous magnetization. It is thus important to reduce the amplitude of the temper-
ature gradient induced by the injector strip.
In the following, we propose to cap our system with an Al layer to sink a part of the heat
produced at the injector to moderate the temperature elevation in YIG. We will show
that the spatial magnon distribution in YIG can be controlled by adding an Al capping
layer on top of the YIG film. We systematically check the influence of the Al layer by
measuring locally and non-locally the sign and amplitude of the spin signal recovered by
ISHE in a Pt strip before and after putting the Al capping. We found that the magnon
density can also be reliably tuned by changing the temperature profile. Moreover, we
will demonstrate that the temperature plays a role regarding the non-local SOT signal in
YIG.

113
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6.1 Local measurement: Spin Seebeck and SMR
The fields of spin caloritronic is a promising branch of spintronics that relies on the in-
terconversion of heat flow into a spin current. It has been largely demonstrated that
this interplay is monitored by magnons. Since the first observation of the spin Seebeck
[147], which translates the direct conversion of temperature gradient in a spin current,
centered attention has been put toward Yttrium Iron Garnet (YIG) mainly for its insu-
lating properties and thus its natural ability to carry spin waves within a large lifetime.
The detection of spin current induced by temperature gradient can be realized via the
inverse spin Hall effect (ISHE) that reliably converts a spin current into a charge current
in heavy metals. This method as been extensively used in several reports to study the
heat to spin conversion.
Recent work [221, 244, 245] addressed the non-local measurement of spin Seebeck in
YIGjPt system where a heat source is induced by the Joule heating in a first Pt strip
while a non-local thermal spin signal is recovered by a second Pt strip deposited further
away. The role of the thermal magnon diffusion has been largely put forward as the main
transport mechanism. Near the heat source, a sign change of the thermal spin sign has
been probed and has been attributed to the bulk nature of the spin Seebeck. But far
away from the heat source, it is found that diffusive transport of thermal magnon rules
the thermal spin signal since the temperature profile in YIG plays a poor role due to the
small thermal mean free path of phonon in YIG at room temperature [246]. In this first
part, we will investigate the influence of an Al capping layer on the non-local SSE signal.

We have studied the magnon accumulation profile on the 56 nm YIG film sample grow on
a 500�m GGG(111) substrate by liquid phase epitaxy (LPE).

Figure 63: a) Sketch of the local and non-local measurement of YIGjPtjSi3N4 device.
The Pt electrodes evaporated on the YIG film are electrically connected to measure the
magnetoresistive behavior of YIGjPt when an in-plane magnetic field B is rotating around
around the z-axis in the (x,y) plane. The distance d between the two electrodes varies
from 200 nm to 6�m. b) Sketch of the YIGjPtjSi3N4jAl structure. The thickness of the
Al capping layer is 105 nm.

The spin transport experiments are performed via Pt strip of width w=300 nm, length
l D30�m and thickness of 7 nm than have been evaporated directly on the top of the



6.1. LOCAL MEASUREMENT: SPIN SEEBECK AND SMR 115

YIG film. The sample is then covered with a 20 nm Si3N4 film to prevent Pt from
oxidation. The sample is mounted into a magnet and magnetized via an external field
�0Hext D2 kG rotating in-plane. The local magnon accumulation is probed by injecting
a 10ms pulse current [187] with a 6221 Keithley and measuring the voltage drop via a
2182A Keithley Nano-voltmeter in a single Pt strip as shown in FIG.63.a. We note that
every Pt strip used in this study have been treated by local Joule heating (see section
2.3). The spatial profile of magnon can be recovered by non-local measurement where a
second Pt strip is placed at variable distances (from 200 nm to 6�m) from the injector
strip. When the charge current is sent into the first Pt strip, a temperature gradient rT
is induced by Joule heating. A thermal magnon accumulation is generated and can diffuse
in the YIG. To investigate the influence of the thermal gradient in YIG to the thermal
magnon distribution, a 105 nm thick Al layer has been deposited directly on the top of the
YIGjPtjSi3N4 structure and will act as a heat sink as display in FIG.63.b. In FIG.64 we
have plotted the elevation of temperature in Pt strip as a function of the injected current.
Due to the good insulating properties of Si3N4 layer [247, 248, 249], electrical shunt into
Al pad are prevented. We have estimated the temperature �T in the Pt by measuring
the relative change of resistivity using :

�.T / D �.T0 /.1C �T / (6.1)

Where �.T0 / D19.5��.cm is the Pt resistivity taken at room temperature T0 and
=478K the thermal coefficient of the Pt that takes the form =(1/�.T0 /.��/�T ). This
coefficient has been carefully calculated in our devices by measuring the ratio ��/�T
within the range (100-300)K. The temperature in the YIGjPtjSi3N4 system varied almost
quadratically with the apply current owing to the Joule heating (/ I 2).

Figure 64: Elevation of temperature in the Pt strip by Joule heating as a function of the
injected current with (blue dot) and without Al capping (red dot) measured using relation
(6.1). The back lines are polynomial fits. The insert is the elevation of Pt strip temperature
calculated from COMSOL simulation for YIGjPt and YIGjPtjSi3N4jAl system.

In the exact same Pt strip, we have measured again the elevation of temperature
after depositing the Al capping layer. Since the resistivity of the Pt strip is found to be
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similar after capping, we assume that the electrical and spin Hall properties of the Pt
are not affected by the Al layer. Using a similar thermal coefficient  , we have plotted
as blue dots in FIG.64 the elevation of temperature in the YIGjPtjSi3N4jAl system as a
function of the apply current. We can see that the temperature elevation in the Pt at
comparable current density is much lower with an Al capping. This result demonstrates
that the Al is effectively able to sink a part of the heat from Pt. Additionally, we have
performed finite element simulation using COMSOL to simulate the local temperature
profile (see insert in FIG.64). We found that the average temperature of the Pt strip
for an applied current of 2.0mA is reduced to about 100 ı by adding an Al layer on the
top of the strip. This matches perfectly with the experimental results in FIG.64. The
simulation also revealed that this capping influences the thermal profile along the x -axis.
Next, we have measured the local spin signal as the magnetic field is rotating in-plane. In
FIG.65 we have displayed the local signal V'jI probed in YIGjPtjSi3N4 as a function of
the angle ' between the external field H0 and the x -axis. The measurement is performed
for both polarity of the applied current and field ˙I I˙H and for an absolute current of
0.8mA (320K). To account for the Pt resistance and possible Seebeck signal, we have
subtracted an offset signal V== that is measured when the magnetic field is aligned along
the y-axis. We can see that the total spin signal V'jI -V== is quite asymmetric with the
polarity of the current which can be ascribed to the simultaneous measurement of the
spin Hall magnetoresistance and longitudinal spin Seebeck effect [104, 144, 62]. To make
a clear distinction between those two effects, we have extracted local and non-local † and
� in the same manner as in previous sections. FIG.65.b and FIG.65.c show the evolution
of the extracted † and � signal as a function of the ' angle for different polarity of the
current I .

Figure 65: a) Angular dependence of the local voltage measured in the Pt strip injector
for an applied current of 0.8mA and external magnetic field of 2 kG. From the raw signal
V'jI we have subtracted the voltage V== measured when the applied field is parallel to the
Pt strip to separate the magnetoresistive effects from Pt resistance and Seebeck effect. In
b) and c) we have decomposed the magnetoresistive signal into two components: † and �
which are the even and odd contribution in respect to the field symmetry which allows us
to disentangle the spin Seebeck effect �jI from the spin Hall magnetoresistance †jI .

First, we can see that the † signal is antisymmetric with respect to the applied
current polarity and evolves as a cos2('). This behavior is expected for the spin Hall
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magnetoresistance that corresponds to a change of the Pt resistivity according to the
magnetization direction of YIG (even in field) and spin polarization direction at the
YIG/Pt interface. Through the spin Hall magnetoresistance, we have also check that the
spin transmission of the YIG/Pt interface remains constant after Al capping [221]. On
the other hand, � displays a cos(') angular dependence and does not change sign as the
polarity of the applied current I is switched from positive to negative and is coherent
with a spin signal monitored by the spin Seebeck effect. Field dependence of the � signal
(not shown) has not revealed any dependency of the thermal spin signal with the applied
external field amplitude and saturation of the thermal signal is observed when Ms of
YIG is reached. Thus any contribution of the anomalous Nernst effect [250, 251] can be
disregarded. In the following, we will consider † and � signal as spin signal measured at
' D0.

6.2 Effect of the aluminum capping on the local and

non-local spin Seebeck

FIG.66 shows the local and non-local spin Seebeck signal as a function of the applied cur-
rent I in the Pt injector. We first focus on the local and non-local � in the YIGjPtjSi3N4
system. One can see that the local signal is negative while the non-local � is positive.
This observation is coherent with previous work [221, 244, 245] that reported a sign re-
versal of the transverse spin Seebeck measured via ISHE as the Pt probe is placed further
away from the heat source. This effect has been ascribed to the spatial distribution of
the thermal magnon population in YIG. As a current is inserted in the injector Pt strip,
thermal magnon are induced by Joule heating underneath the heater strip and diffuses
in the YIG film. The lack of magnon density due to the diffusion of thermal spin waves
in YIG leads to a spatial depletion of magnon that can be characterized by a negative
magnon accumulation and thus a negative local � signal. However, when the Pt probe
is placed further away from the magnon depletion, thermal magnon accumulation due to
the diffusion is recovered and gives rise to positive magnon accumulation and a positive
non-local � signal.

Figure 66: Current dependence of the spin Seebeck effect � measured locally and non-
locally on the same device before and after Al capping.
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It has been reported that the characteristic distance in which the spin Seebeck changes
sign can be tuned by varying the thickness [221, 245] of the YIG or magnon diffusion length
�m [244, 245] which essentially affects the magnon transport. After probing the spatial
distribution of the thermal magnon in YIGjPtjSi3N4, we have put on the same non-
local devices Al capping layer and measured again the local and non-local spin Seebeck
signal. It can be seen in FIG.66.a that the amplitude of the local �, is decreasing when
the Al capping layer is put on top of the device. Moreover, for an applied current of
2.0mA we see that � signal drop by a factor two from YIGjPtjSi3N4 to YIGjPtjSi3N4jAl
system. This match perfectly with the estimation of Pt temperature in FIG.64 and
COMSOL simulations. From this observation, we establish the direct sensitivity of the
local � signal to the longitudinal temperature gradient at the YIG/Pt interface. Thus
we can assert that the origin of the local � signal comes from a pure spin Seebeck effect.
Furthermore, this ensures that a contribution of the recently discovered unidirectional
spin Hall magnetoresistance [166] is not observed in our system and is in good agreement
with the literature [252, 244]. Whereas the local magnon depletion is decreased due
to the reduction of the thermal gradient, we found that Al capping strongly affects the
spatial distribution of thermal magnons. It can be seen in FIG.66.b and FIG.66.c that the
positive magnon accumulation is probed at 0.4�m while a negative magnon accumulation
is recovered much further away from the injection point at 2.0�m. This thermal magnon
distribution can be observed more in detail in FIG.67. While a single sign reversal of
� is systematically observed for thin YIGjPt systems, we observe a second sign reversal
around 0.7�m with Al capping and seems to confine the positive magnon accumulation
in a defined region. We would like to empathize here that the Al capping does not change
the transport properties of magnon in YIG but only the spatial temperature profile in
YIG.

Figure 67: Measured spin Seebeck signal �I as a function of the distance from the
injector with and without Al capping. Quite remarkably, the spin accumulation of the
spin Seebeck signal is completely changed by adding an Al capping layer, which cannot be
explained by a change of the longitudinal thermal gradient.
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6.3 Influence of the aluminum capping on the thermal

magnon accumulation profile
Based on our experimental observation, we have modeled the magnon distribution profile
in a YIGjSi3N4jAl layer via a collaboration with the group of Y.Tserkovnyak and is
based on a paper under writing process. We only sketch the system in two dimensions
(x ,z ) assuming that the magnon accumulation is homogeneously distributed along the y
direction.
The spin current Js injected to the Pt can be driven by both magnon chemical gradient
�m and temperature gradient [253], which reads :

Js.x/ D ��
@�m

@z
.x/ � S

@T

@z
.x/; (6.2)

where � is the spin conductivity and S is the spin Seebeck coefficient. The temperature
and its gradient are calculated using the finite element method, COMSOL. The measured
Pt resistivity of 19.2�10�2 ��m was used and all other parameters are summarized in
Table 6.1.

� (Wm�1K�1) t (nm) w (�m) l (�m)

GGG 7.0 0.5 � 106 1 � 103 1 � 103

YIG 8.8 56 1 � 103 1 � 103

Pt 71.6 7 0.3 30
Al 238 120 4 30

Table 6.1: Material parameters used in simulation. t , w, and l are the thickness, width,
and length.

The limit conditions of the simulation has been set such that the bottom surface
(GGG) is at room temperature while the boundaries are thermally isolated. The only
heat source originate from the Joule heating of the Pt wire. The simulated temperature
and temperature gradient profiles along the x direction are shown in FIG. 68.a and FIG.
68.b, respectively. We note that the temperature gradient of YIGjPtjSi3N4jAl becomes
larger than the one without Al capping at longer distances (blue in FIG. 68b) while the
absolute temperature of YIGjPtjSi3N4 is always higher than the other. For the chemical
potential, we assume that the @�m

@z
.x/ has a simple exponential form [253] given by:

@�m

@z
.x/ D �0m.0/e

�x=�; (6.3)

where �0m.0/ �
@�

@z
jxD0 and � is the thermal magnon diffusion length. The measured

SSE (�) is proportional to the Js, therefore it can be written

�.x/ / e�x=� C
S

��0m.0/

@T

@z
.x/ (6.4)

Now we fit our SSE data without the Al layer and obtain � = 1.1 �m as shown in
FIG. 68c. Then we use S

��0m .0/
as a single fitting parameter to match the experimental

data. We note that �0m.0/ can differ for two cases while S
�
should remain constant. The
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best fit to the experimental results are shown in FIG 68.d, which yields S
��0m .0/

to be -10
and -50 for YIG/Pt/Si3N4 and YIGjPtjSi3N4jAl, respectively. We note that the �0m.0/
decreases by a factor of 5 with the Al layer due to the decrease of temperature at the Pt
injector strip.
From this model, it becomes clear that Al capping change the thermal magnon accumu-
lation distribution.

Figure 68: a) Simulated lateral temperature profile at the interface between Pt and YIG
at 2 mA. b) Simulated temperature gradient along the z direction as a function of distance
between injector and detector. c) The measured � for the case without Al capping is
compared with an exponential decay, which yields a decay length of 1.1 �m. d) The
measured spatial dependence of �’s are compared with simulations. The best fit to the
data are shown with the corresponding parameters.

In distance close to the heat source, the Al capping is able to take out part of the
heat in Pt that results in a reduction of the thermal gradient. Because the thermal
magnons are excited by the thermal flow underneath the Pt heater, the distance over
the first sign change d1 occurs is thus expected to decrease with the Al capping. This
assumption could not be check because d1 is in the order of the Pt width [221]. After
the first sign change, a positive magnon chemical potential can be recovered due to the
propagation of thermal magnon in YIG. The positive magnon accumulation starts to
reach a maximum when the influence of the magnon depletion becomes null. Then the
positive magnon accumulation decays exponentially with the distance due to the diffusive
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transport of thermal magnon. This picture can be observed in the case of YIGjPtjSi3N4
system. Nonetheless, by inserting the Al layer, we dramatically change the interplay
between thermal profile in YIG and the thermal magnon propagation. For instance, we
can see in the case of YIGjPtjSi3N4jAl system, display as blue dots in FIG 68.d, that
the maximum of positive magnon accumulation is reached in much less distance. This is
because the thermal flow at the heat source is reduced due to the Al and decrease the
radius of the magnon depletion. When the maximum of positive magnon accumulation
is reached, we observe the diffusive character of thermal spin wave. But a second sign
change happens at d2 (see FIG 68.d) when a negative magnon accumulation starts to
dominate again the � signal for distance larger than d2 D0.7�m. This phenomenon can
be explained by the Al capping layer that induces an additional heat flow in the YIG much
further away from the Pt injector. This heating generates thermal magnon due to the
longitudinal spin Seebeck effect and thus a magnon depletion. Since the positive magnon
accumulation is exponentially attenuated due to the diffusive transport, the negative
magnon accumulation is overwhelming the thermal magnon transport at large distances
and produces a negative � signal.

6.4 Effect of the aluminum capping to the local and

non-local spin-orbit torque signals

We then present the evolution of the local and non-local † signal in FIG.69 as a function
of the applied current. Let’s first consider the local measurement of † that translate the
spin Hall magnetoresistance. We observe that the sign of the local † signal is negative
for positive current and reverses sign for negative current. This is in agreement with
the expected behavior of the SMR in which the direction of the reflected spin current
at the interface will depend on the spin polarization. One can also note that the SMR
signal rises linearly with the amplitude of the current. This behavior cannot be totally
attributed to a change of resistivity of the Pt strip with the temperature that would result
in a quasi-quadratic increase due to Joule heating. This linearity is due to the increase
of the spin current reflected at the interface which is reconverted as a charge current by
ISHE. Using equation 2.6 we can extract a good spin mixing conductance in the order of
g"# D2.4�1018m�2. For a pure YIGjPt system, we observe a drop of the SMR signal for a
current density of 8�1011A/m2. According to FIG.63, this corresponds to a temperature
of 435K. Unfortunately, we could not record the SMR of the exact same device after
Al capping. Instead, we have taken another capped YIGjPt devices that hold similar
resistance and spin mixing conductance. It can be seen in FIG.69 that the local † of the
YIGjPtjAl system seems to match perfectly with the † of YIGjPt in a low current region.
However, the drop of the SMR appears for slightly lower current/temperature compare to
the YIGjPt system. This observation is in disagreement with the temperature dependence
of the non-local signal which suggests that the drop appears at a precise local temperature
of the Pt injector. Nonetheless, we can not make a definitive conclusion on those results
considering the large noise at high current and possibly different physical properties of
the YIGjPt and YIGjPtjAl sample measured (Ms , �Pt, �PtSHE).
Next, we turn on the current dependency of the non-local † signal. Contrary to the local
†, the capped and uncapped non-local spin signals have been measured on the exact same
devices. From this, we can really study the role of the temperature to the non-local †
without changing the damping ˛, magnon diffusion length or spin mixing conductance of
both YIGjPt interfaces. The current dependence of the non-local † can be seen in FIG.69
for a gap of 0.4�m and 2.0�m. Quite remarkably, the linear regime amplitude of the
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non-local † signal is decreased after Al capping. The difference does not simply match
with the reduction of local Joule heating because of the temperature gradient induce in
Al layer further away from the Pt injector as suggested by spin Seebeck signal. But we
do observe a shift of the maximum conductance of the signal to higher current when Al
capping is inserted in good agreement with low temperature measurement of non-local
signal (section 5.2). The † signal drop until zero spin conductance is reached.

Figure 69: Current dependence of the local and non-local † with (red dots) and without
(blue dots) Al capping.

The effect of the temperature on the non-local † and the subcritical crossover can
be seen more clearly in FIG.70.a. We see that the drop does not depend on the current
density. However, if we analyze more in detail the current in which the drop is observed,
we notice that the corresponding temperature is identical for YIGjPt and YIGjPtjAl and
is estimated to be around 485K. This result is an important step to understand the origin
of the drop of the spin signal because the low temperature measurement of † signal could
not be totally conclusive due to the large enhancement of the damping. But from Al
capping which only alters the local temperature produce by Joule heating, we can assert
that the drop of the spin signal is solely triggered by the temperature. The other interest-
ing fact revealed by this measurement is that the subcritical crossover is also tuned with
Al capping. This blatant difference can be seen in FIG.70.b where we have plotted the
inverse of the non-linear part of the non-local signal as a function of the apply current.
Deviation of 25% of the spin signal from the linear conductance which is defined as the
subcritical crossover Ic is crossed at 1.7mA in the case of YIG/Pt while a current of
2.1mA is necessary when Al capping is inserted on top of the structure and again lies
in a similar temperature range (390-400K). Although if we consider equation 1.87, the
threshold current density is expected to decrease with saturation magnetization Ms of
YIG. The increase of the crossover current density with Al capping implies that the re-
duction of Ms with the temperature elevation due to Joule heating plays a dominant role
for subthermal magnon excitation. As more current density is applied in the Pt injector,
the energy required to excite subthermal magnon is decreased due to the reduction of the
magnetization saturation Ms (and probably a small reduction of the damping ˛). This
causes the †.t//† curve to diverge toward lower current due to the elevation of temper-
ature. The divergence is less pronounced when a part of the temperature is absorbed
by the Al that results in a lower decay of subcritical current Ic with the current I . We
also note that the maximum of the inverse subthermal magnon density reached before
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the drop of the signal is identical with or without Al capping and indicates again that
this drop is triggered through the temperature gradient. The different currents where
these maximum are reached result simply from the temperature difference in the YIGjPt
and YIGjPtjAl systems. This measurement confirms that the excitation of subthermal
magnon by SOT in our system is a thermally assisted process.

Figure 70: a) Current dependence of the non-local † with and without Al capping for a
gap of 2.0�m. On the top axis, we inserted the corresponding temperature of the YIGjPt
and YIGjPtjAl systems estimated from FIG.64. We have fitted in dash line the linear part
of the † signal to extract the contribution of thermal magnon from the non-local signal.
b) †.t//† quantity as a function of the applied current which defines the inverse of the
non-linear spin signal with current.

Finally, we discuss the gap dependence of the † signal. From FIG.71.a we can see that
the thermal magnon population in YIGjPtjSi3N4, denoted as †.t/, decay exponentially
with the distance d between the two Pt electrode. We note that the 0.2�m device presents
a lower amplitude compared to the 0.4�m and deviates from the diffusive regime. Most
notably, with the Al capping we observe similar behavior at low gap where the thermal
magnon population for 0.2�m device is smaller than of the 0.4�m device. From this
observation, we can exclude the thermal magnon depletion to be the origin of this phe-
nomenon. Indeed, if one would come back on the thermal magnon distribution in FIG.67,
the depletion is expected to spatially decrease with Al capping due to the reduction of
the thermal gradient. If †.t/ would have been sensitive to the depletion, we would have
seen higher thermal magnon signal at 0.2�m than 0.4�m in the case of YIGjSi3N4jAl
system. We can possibly explain this to a low spin transmission of the 0.2�m Pt injector
device’s (this hypothesis could not be verified). Nonetheless the diffusive like behavior of
†.t/ highlight the reproducibility of the spin transitivity of the other devices. Overall a
reduction of the †.t/ amplitude is observed when the Al capping is provided and agrees
with the thermal nature of †.t/ signal.
Next, we have extracted the maximum subthermal magnon density by subtracting the
thermal magnon †.t/ into the maximum non-local † conductance reached as can be seen
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in FIG.71.b. The Al capping seems to also influence strongly the subthermal magnons
density. This could possibly result from the increase of subcritical crossover current Ic
with temperature and reduction of subcritical fluctuations. These results are not straight-
forward to explain and would require additional measurements and check to identify the
spatial distribution of the subthermal magnons. Although this again shows that the
temperature gradient affects the subthermal magnon transport.

Figure 71: Gap dependency of a) thermal magnon and b) Maximum subthermal magnon
measured for an applied current of 2.0mA without (red) and with (blue) Al capping.

6.5 Conclusion
In this chapter, we have studied the influence of an Al capping layer on the spatial
distribution of thermal and subthermal magnon in a thin YIG film. Through local and
non-local magnon transport measurement we have seen that the Al layer is sinking a
part of the thermal gradient produced by the Pt injector and changes the temperature
across the YIG film. The interplay between magnon diffusion and temperature profile in
YIG leads to a tuning of the thermal magnon spatial distribution. From this, we have
demonstrated that inserting an Al capping layer allows a double sign change of the spin
Seebeck signal with the distance from the Pt heater. This can be understood by the
generation of an additional heat source provided by the Al layer. This secondary heat
flow thus induces a propagative thermal magnon and a new magnon depletion center that
is at the origin of negative spin Seebeck signal. This paradigm could be relevant for the
field of spin caloritronic which aims to build spin logic via heat flow.
Decreasing locally the temperature gradient with an Al layer allowed us to distinguish the
role of the temperature to the non-local SOT signal. We have seen that the subcritical
crossover can be seen as a thermally assisted process where the reduction of the total
magnetization saturation Ms of YIG plays a crucial role. Additionally, we have seen that
the drop of the total spin signal is triggered by the high temperature in the Pt injector
which is coherent with low temperature measurements. Nonetheless, the Al capping layer
does not help very much in the matter of magnon transport at large applied torque. Indeed
the signal drop can be pushed toward higher current density, but because of the thermally
assisted character of the subthermal excitation, it is necessary to provide higher energy
to excite non-linearity in YIGjPtjSi3N4jAl rather than YIGjPtjSi3N4. Due to the better
thermalization of the YIG with Al, it is also not efficient for enhancing the subthermal
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magnon density because the temperature conditions seem to be the dominant parameter
due to the dependency of the subcritical crossover Ic with the current I (through Ms
and ˛). Furthermore downgrading the temperature gradient seems to affect strongly
the spatial distribution of SOT. We have observed that this capping layer is also able
to tune the density of subthermal magnon that might result from different temperature
conditions. More investigation needs to be done to puzzle out this result.
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Chapter 7

Conclusion and Outlook

7.1 General conclusion
This thesis work focus on an investigation of the high energy spin transfer mechanisms
in a magnetic insulator (Yttrium Iron Garnet), through the application of a static charge
current in a strong spin-orbit metal adjacent layer (Pt). This interplay allows one to
detect, generate and amplify propagative spin waves in ultra-thin YIG extended films via
spin Hall effect and spin-orbit torque.

The second chapter aims is a characterization of thin YIG film for spin waves trans-
port. Via ferromagnetic resonance measurements, we could have established the high
quality of thin epitaxial YIG films which lies in their low magnetic losses. By inserting a
Pt layer on the top of those films we could have probed the additional damping provided
by the spin relaxation at the interface which is a direct proof of the interfacial spin-transfer
on this system. Even though the spin pumping remains the main relaxation mechanism
in thin YIGjPt films, we have observed through a thickness d dependence that intrinsic
additional damping is expected below 200 nm and follows a 1/d law suggesting a surface
effect. The static magnetic characterization has confirmed the low saturation magnetiza-
tion of those thin films and the Curie temperature (Tc D580K) is found to be similar to
bulk YIG. These results ensure the good compatibility of thin YIG for all electric spin
transport experiments which has been details as well. Through symmetry consideration,
we have demonstrated that the SOT signal can be separated from the thermal spin signal
(spin Seebeck) by sorting the spin current according to their field symmetries. Via care-
ful engineering of the YIGjPt interface, we have experimentally demonstrated that the
interfacial spin transmission can be improved via a local Joule heating without affecting
directly the dynamic. This finding can be understood by the low energetic evaporation
of the Pt layer onto the YIG where better coverage of the active surface contact can be
performed by a local Joule heating.

In the third chapter, we reported the electrical properties of YIG thin film at high
temperatures. We have demonstrated the large gap semi-conductor nature of YIG thin
film due to large polaron conduction at high temperature provided by the p-type doping.
The direct impact of the conductivity of YIG for large thermal fluctuation can be mea-
sured in a non-local geometry which has been used to measure pure spin signal in YIG.
The contribution of electrical leakage in YIG regarded as a non-magnetic parasitic sig-
nal can be disentangled from the spin signal by systematically studying the sign and the
angular dependence of the non-local voltage. Additionally, we investigated the non-local
transport with an out-of-plane magnetization. While no magnon transfer is found owing
to the geometry of the spin Hall effect, we do not observe any contribution of spin Nernst
or anomalous magnetoresistance mediated by proximity effect in the measured thermal
signal and can be attributed to a Righi-Leduc effect.

Throughout these characterizations, we could have unambiguously study spin waves
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propagation in thin YIG excited by a large spin-orbit torque. We have highlighted a
two-fluid transport in YIG whereas thermal magnons (THz) are preliminarily excited at
low bias current while subthermal magnon (GHz) starts to rule the transport above an
effective subcritical crossover current density of Jc � 6 � 1011A/m2. The high current
regime can be attributed to the action of the damping like torque which partially compen-
sates the damping of low-energy magnon. Due to nonlinear magnon scattering, the full
compensation of the damping prevents the system to be driven into an auto-oscillation
state and is instead thermalized toward the bottom of the spin waves spectrum. The
spatial spectroscopy of the spin waves in YIG has shown that subthermal magnon reaches
a typical propagation length that lies in 1.5�m and a thermal magnon propagation length
around 0.4�m. Those results are compatible with the magnetostatic regime in the case
of subthermal magnon, the exchange regime predicts a much smaller propagation length
that the measured thermal magnon spatial spectroscopy. We have also demonstrated
non-local spin wave transport in a magnetic insulator with large perpendicular magnetic
anisotropy BiYIG which highlight an improved magnon propagation length compare to
YIG. In this system, if the anisotropy field provided by the Bi-doped element compensates
the demagnetized field, the uniform mode became free from the magnetization saturation
and prevent a frequency redshift of the Kittel mode at large apply spin current. It en-
ables a long propagation character of subthermal spin wave mode emitted by spin-orbit
torque, due to an engineering of the spin wave spectrum, that has been confirmed by
Brillouin light scattering spectroscopy [223]. All of those results are not compatible with
a Bose-Einstein condensation or magnon supercurrent yet because of the strong nonlinear
redistribution of the energy between the magnon modes in extended films.

Toward the application of large current density, we have seen that a third regime is
reached whereas the total non-local magnon signal eventually drops. Various investiga-
tions (low temperature, gap dependence, influence of Pt width) have shown the dominant
role of the temperature in the non-local magnon transport. A large increase in the YIG
and YIGjPt damping as been demonstrated due to a impurities relaxation and largely
contribute to the increase of the subcritical threshold current at low temperature. How-
ever the application of large current in the Pt strip result to a consequent decrease of the
magnetization saturation for large apply torque that tens to reduce the magnetic order
and shift the subcritical (nonlinear) regime toward lower current. At high current density,
the temperature is close to the Curie temperature which kills the emission and detection
of spin waves in YIG. We should also expect a reduction of long wavelength magnon
due to the destructive nonlinear linear dynamics. Unfortunately, the non-local magnon
measurement cannot allow a clear establishment of this effect because of its insensibility
with the detecting spin waves frequency. Although it has already been directly observed
through �-BLS [4] and spin pumping [92] and could possibly contribute to the drop of
the SOT signal.

Finally, we attempted to reduce the strong thermal gradient in YIGjPt by inserting a
Al capping structure on the top of the nanostructures. We have seen that the large part
of the thermal flow absorb by the metallic capping layer changes the lateral temperature
profile in the YIG and is able to tune the magnon spatial distribution. This could be
observed through the spin Seebeck effect were a double sign change occurs due to a
secondary magnon depletion produced via the Al layer further away from the initial
thermal spin injection. On the other hand, we observed that the Al capping overlayer
play an role in the excitation of low-energy magnon via an increase of the crossover
current due to a better thermalization of the YIG. The thermal and subthermal magnons
transport is found to be strongly influenced by the temperature gradient in YIG as well.
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7.2 Personal contribution
During my time as a PhD student, I had the opportunity to develop many abilities re-
quired to carry out this work. Through the close supervision of Laurent Vila, I realized
the nanofabrication of all YIGjPt and BiYIGjPt devices presented in the manuscript using
the PTA (Plateforme Technologique Amont) cleanroom facilities. It goes from the metal
deposition on YIG films, etching process, SEM microscopy, chemical cleaning, lift-off and
e-beam lithography.
I performed the electric and magnetic characterizations at low/high temperatures in a
SQUID system. The nonlocal transports measured have been realized in a low-noise
setup that I have mounted under the crucial help of Vladimir Naletov and the expert eye
of Olivier Klein. I also contributed to automating the measurement, data acquisition and
performed the analysis of all the results described in this thesis work.
So far several results presented in this manuscript have been published :

� The electrical properties of YIG thin films at high temperature and there impact
on the nonlocal transport experiments, described in Chapter 3, is published in
Physical Review B [163].

� Study of nonlinear spin conductance in YIG thin film driven by a large spin-orbit
torque, presented in Chapter 4, is published in Physical Review B [187] as a rapid
communication.

Other results are yet to be published :

� The study on the impact of a local Joule heating to the spin transmission of YIGjPt
interface, presented in Chapter 2, is under writing process.

� The spin transport at high energy in a magnetic insulator with strong perpendicular
magnetic anisotropy BiYIG, partially described in Chapter 4, still need additional
measurements and analysis to fully understand the drop of the SOT signal but
should be published soon.

� The result on the double signs changes of the spin Seebeck effect in the YIGjPtjAl
system, described in Chapter 6, is under writing process.

Throughout our collaborators, I contributed in a publication as a co-author :

� Study of the temperature dependence of the magnetic properties of YIG ultrathin
film grown by liquid phase epitaxy and the effect of a Pt overlayer, presented in
Chapter 5 and published in IEEE Magnetic letters. In this work, I performed the
temperature dependence of magnetization of the YIG thin film and the e-beam
evaporation of the Pt layer.

7.3 Outlook
Spin insulatronics is an emerging field. The fact that angular momentum can be gen-
erated and detected by an adjacent metal is of great interest. In magnetic insulators,
the ultra-low dissipation facilitates brand new exciting possibilities for the exploration of
novel and rich physical phenomena. The emergence of new materials or material combi-
nations can empower future developments. Possible improvements in materials can open
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novel avenues for spin transport. The material properties of magnetic insulators and their
interfaces are essential. Here are some possible example of efforts and topic to be devel-
oped following this work.
In the bulk of magnetic insulators, reduced damping and control of anisotropies are im-
portant. Oxide materials offer a broad choice with numerous substitutions possible. Past
efforts have mostly concentrated on spinels. The spinels are minerals that crystallize in
the cubic form. Some candidates in the spinel ferrites are NiZnAl-ferrite (˛= 3 10�3 in
thin film form) and the magnesium aluminum ferrite MgAl0:5Fe1:5O4 (˛= 1.5 10�3 in
10 nm thick films) [2]. Recent developments in pulsed laser deposition techniques give
access to a new class of epitaxial thin films with improved dynamic properties. Illustra-
tive examples are manganite materials such as LSMO [254] with a reported low damping
value. Among the oxide materials studied, apart from garnets, the other compounds that
stand out are hexaferrites, of specific interest in the 80s. Of particular interest are the
strontium hexaferrites [255], Ba-M hexaferrite [255], and zinc lithium ferrite [256], where
the FMR linewidth can be as low as 30MHz at 60GHz in thin films, making them strong
contenders for excellent spin conductors. While many experiments show that there can be
a robust coupling between ferromagnetic/ferrimagnetic insulators and metals, there has
been less exploration of antiferromagnetic insulators. Antiferromagnets comprise the ma-
jority of magnetically ordered materials. Antiferromagnetic insulators occur commonly
among transition metal compounds, where the interaction between the magnetic atoms
is indirect (super exchange), e.g., through oxygen ions as in hematite (Fe2O3), nickel
oxide (NiO), cobalt oxide (CoO) or chromium oxides (Cr2O3). Fluorides like MnF2 are
also good potential candidates. In hematite, there is a demonstration of long-range spin
transport across 80 micrometers [3]. With a higher level of purity, spins transport across
micrometers is expected in the broader class of antiferromagnetic insulators. Pt couples
to hematite as strong as on insulating ferrimagnets such as yttrium iron garnet [2]. For
antiferromagnets, it would also be of interest to see how the spins at the two sublattices
couple, possibly in different and unusual ways, to the spins in the metals depending on the
crystal structures and interface directions. More precise insight into the electron-magnon
coupling could enable a stronger and different control of the spin excitations in antiferro-
magnetic insulators.
The efficiency of the spin transfer into magnetic insulators from spin-orbit metals depends
on the interfaces. The detection efficiency depends on the same parameters. Practical
devices require both injection and detection of spins. The performance is, therefore,
quadratic in the interface spin transparency, which is an essential factor. Measure-
ments on yttrium-iron-garnet/platinum systems and yttrium iron garnet/gold systems
[64, 65, 66, 67, 68, 69, 257] have established that the efficiency substantially varies with
the preparation technique even for the same material combinations [170]. Better spin
injections might also increase the efficiency of devices, possibly by the use of topological
insulators [258, 61] or Rashba interfaces [60] in combination with magnetic insulators.
Tuning of the extrinsic properties of the spin to charge conversion in spin-orbit metals
via the implementation of impurities [178] could also be a promising way, even though a
careful interface engineering is still lacking.
Spin-torque oscillators generate sustainable output ac signals from dc inputs [259, 108].
In ferromagnets, they utilize the spin-transfer or spin-orbit torque to evolve into a steady-
state oscillation of the magnetization that in turn generates the output signal via mag-
netoresistance effects. The spin-transfer torque enhances or reduces the dissipation de-
pending on the current direction. However, in dedicated geometries, its dependence on
the precession cone angle can differ from that of the Gilbert damping. Therefore, for one
current polarity, the spin-transfer torque compensates the Gilbert damping at an angle
where steady-state oscillations take place. In ferromagnetic insulators, the reduced dis-
sipation rate reflected in the smaller Gilbert damping constant can facilitate spin-torque
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oscillators at lower applied currents. We can speculate that insulators might provide new
ways to synchronize oscillators producing a desired larger output signal. It is also possible
to envision spin-torque oscillators at much higher, THz, frequencies by using antiferro-
magnetic insulators [260, 261, 262].
Concerning spin waves transport mediated by spin-orbit interaction in a non-local geome-
try, several new possibilities can be envisaged. Ref.[263] reported the realization of a spin
transistor by inserting a third “gate” electrode in between the magnon injector and detec-
tor where a DC current flows through an intermediate electrode. Depending on the current
direction the magnon density in the YIG below is either enhanced or reduced, leading to a
modulation of the magnon conductivity and the non-local signal by several percents. By
making the YIG layer thinner and using higher DC currents, allowing a larger change in
the magnon density, in this device geometry the observation of a magnon Bose-Einstein
condensation was claimed [264]. Such interplay could be the aim of our future generation
of devices based on ultra-thin YIG films. On the other hand, the temperature elevation
induced by the large current injection in the YIGjPt structures is a technological issue. It
facilitates the emergence of the subcritical regime leading to the excitation of subthermal
spin waves but disables long distance emission due to the frequency redshift. Thus more
investigations need to be done to understand the magnon distribution in the spectrum at
high temperatures. One could also think of taking advantage of the coupling of magnons
with phonons. We have recently shown the long range dynamical coupling by phonons in
vertical geometry [265], but this should also work in lateral device. Currently, there is an
effort to understand the role of phonons in this non-local experiment [33, 266, 267, 268]
near the 2nd crossing between the dispersion relation of phonons with magnons.
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Appendix A

Brillouin Light Scattering

The Brillouin light scattering (BLS) spectroscopy is an optical method which mainly
allow to measure the frequency and density of state of spin waves in a magnetic material.
The principal of this technique lies in the inelastic scattering of spin waves with photons
provided by monochromatic light. As described in equation A.1 and A.2 an incident
photons with a wave vector k and frequency � propagating in a magnetic medium will
either create (Stokes) or annihilate (Anti-Stokes) a magnon due to scattering processes.
The scattered photon will then loss/gain in energy and momentum due to conservative
laws, and provide information on the frequency and intensity of detected spin waves.

h�out D h�in � h�sw (A.1)

hkout D hkin � hksw (A.2)

BLS setup can be seen in FIG.72. The incident light is formed by solid-state laser beam
with a typical wavelength of 532 nm. The primary light is spatially filtered by passing
through a small diaphragm and is expended via a beam expander to reduce the laser spot
focus. The light is then transmitted to a polarizer to improve the vectorial polarization
ensuring better filtering of the inelastically scattered light. The resulting beam is thus
reflected by a polarizing beam splitter and focus of the sample surface which is placed in
a magnetic field. The sample itself is mounted into a piezoelectric stage to perform the
translation in all three dimensions within a precision of 50 nm. To prevent any heating of
the magnetic material by the focused beam, the laser power is set in the range 5-10mW.

Figure 72: Sketch of the setup for �-BLS experiment taken from [269]
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The detection of the inelastically scattered light with spin waves is performed by a
Fabry-Pérot interferometer. Analysis of the scattered light allows probing the spin waves
energy. Since the laser wavelength is fixed, the wave length kin of the emitted photon is
fixed. To have a wave vector selectivity detection, the incident angle between the emitted
light and sample surface is tune to control the momentum that is transferred from photon
to magnon. This can be done experimentally by rotating the sample perpendicularly to
the plane of the incident light. Thus the probed spin wave frequency is limited to :

ksw D 2
2�

�
sin' (A.3)

where � is the laser wavelength and ' the incidence angle. Taking into account the
frequency of the laser, this gives a maximum accessible wave vector of ksw=23.6 rad.�m�1.



Appendix B

Nanofabrication

Most nanofabrication process on garnet thin films has been realised in the Platforme
Technologique Amont in Grenoble. The fabrication of nanostructure on YIG films can be
summarized as follow :

� First, the polymethyl methacrylate (PMMA) resist is deposited for patterning. An
Aluminum film is evaporated on the surface in order to evacuate any charge from
the resist. The PMMA resist is usually diluted in between 2-4% which allow to tune
the resist thickness. The choice of the PMMA can be particularly critical in the case
of nanowires because a thick resist have a higher chance to breakdown that would
result in a inhomogeneous wire section. In that case, the deposition of a thinner
PMMA resist revealed to be an efficient way to overcome this issue.

� Metal strips are defined with electronic lithography which allow a much better spa-
tial resolution than optical lithography. It consists in exposing the resist to a fo-
calised electron beam. The sample is mounted into a step motor control through a
interferometer to ensure a precise location for writing the pattern on the resist. In
this work we have set the intensity of the beam to 1 nA in the high speed mode while
the exposure time (dose) modulated to take into account of the proximity effects
between dense and more isolated parts of the design.

� For the development of the PMMA resist after lithography, the sample is emerged
in a dilute MIBK0.33/IPA0.67 solution for 30 s.

� Before any metallic evaporation, we perform a soft in-situ ArC etching within a
acceleration voltage of 250V in a controlled vacuum to clean the sample surface.
Without breaking the vacuum the deposition of metals was made in an PLASSYS e-
beam evaporator. The rate of material deposition is monitored via a quartz detector
within the range 0.1-1 nm/s. The evaporation is realised with a define planar angle
to prevent from shadowing effects.

� In order to make the different levels of patterning : micro-electrodes, Pt nanowires,
electrical contacts, Al sink, some alignments marks are used. The detection condi-
tions are tuned on the TijAu marks to target overlay alignment better than 20 nm
(especially for the small gap samples). On each marks, the detection allows to define
precisely the location of the pattern to be realized.

� Finally a lift-off is proceed to remove the resist that has not been exposed. This
can be done by inserting the sample in acetone for long time to ensure dissolution
to occur on the whole sample surface.
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