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Abstract

The term "spin caloritronics" defines a novel branch of spintronics that focuses on the inter-
play between electron spins with heat currents. In the frame of this research area, this thesis is
aimed at investigating the effect of a heat current on magnetization dynamics in two different
typologies of systems and materials: magnetic insulators and metallic nanostructures.

In the first case we conduct studies on yttrium iron garnet (YIG) samples subjected to a tem-
perature gradient. The irreversible thermodynamics of a continuous medium with magnetic
dipoles predicts that a thermal gradient across a YIG slab, in the presence of magnetization
waves, produces a magnetic field that is the magnetic analog of the well known Seebeck effect.
This thermally induced field can influence the time evolution of the magnetization, in such
a way that it is possible to modulate the relaxation of the precession when applying a heat
current. We found evidence for such a magnetic Seebeck effect (MSE) by conducting transmis-
sion measurements in a thin slab of YIG subjected to an in-plane temperature gradient. We
showed how the MSE can modulate the magnetic damping depending on the direction of the
propagating magnetostatic modes with respect to the orientation of the temperature gradient.

In the second part of the thesis we focus our investigation on metallic nanostructures subjected
to a heat current. In a metal, the three-current model (current of entropy, of spin up and spin
down electrons) predicts that a heat current induces a spin current which will then influence
the magnetization dynamics like a charge-driven spin current would. Hence, we explore what
has been called Thermal Spin Torque in electrodeposited Co / Cu / Co asymmetric spin valves
placed in the middle of copper nanowires. These samples are fabricated by conventional
electrodeposition technique in porous polycarbonate membranes using an original method
that allows high frequency electrical measurements. We used a modulated laser to investigate
the effect of a temperature gradient. We observed a heat-driven spin torque by measuring
electrically the quasi-static magnetic response of a spin valve when subjected to the heat
current, generated by two laser diodes heating the electrical contact at one end or the other of
the nanowire. Analyzing the variation in the resistance induced by a heat-driven spin torque,
represented by peaks occurring in correspondence with the GMR transition, we found that
a temperature difference of the order of 5 K is sufficient to produce sizeable torque in spin
valves.

Keywords: spintronics, spin caloritronics, ferromagnetic resonance, thermal spin transfer
torque, thermomagnetism, YIG, nanowires, spin valve.
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Résumé

Le terme "spin caloritronique" définit un nouveau domaine de la spintronique qui étudie
les interactions entre les spins des électrons et des courants de chaleur. Dans le cadre de
ce domaine de recherche, cette thése vise a étudier I'effet d'un courant de chaleur sur la
dynamique de I'aimantation pour deux différentes types de systémes et de matériaux : des
isolants magnétiques et des nanostructures métalliques. Dans le premier cas, nous menons
des études sur des échantillons de grenat d'yttrium de fer (YIG) soumis a un gradient de
température. La thermodynamique irréversible des milieux continus avec dip6les magné-
tiques prédit qu'un gradient thermique a travers une plaque de YIG, en présence d’ondes
de magnétisation, produit un champ magnétique qui est I'analogue magnétique de 1'effet
Seebeck bien connu. Ce champ thermiquement induit peut influencer I'évolution temporelle
de I'aimantation de telle sorte qu'’il est possible de moduler la relaxation de la précession
quand un courant de chaleur est appliqué. Nous avons prouvé I'existence d’'un effet Seebeck
magnétique (MSE) en effectuant des mesures de transmissions sur un échantillon de YIG
soumis a un gradient de température paralléle a son plan. Nous avons montré comment le
MSE peut moduler I'amortissement magnétique en fonction de la direction relative des modes
magnétostatiques par rapport a I’orientation du gradient de température. Dans la deuxiéme
partie de la thése, nous menons nos recherches sur des nanostructures métalliques soumises
a un courant de chaleur. Dans un métal, le modele des trois courants (i.e entropie, spin up
et spin down) prédit qu'un courant de chaleur induit un courant de spin qui peut a son tour
influencer la dynamique d’aimantation de méme facon qu'un courant électrique le ferait.
Par conséquent, nous explorons ce qui a été appelé moment de force de spin thermique
dans des vannes de spin asymétriques constituées de Co / Cu / Co et placées au milieu de
nanofils de cuivre. Ces échantillons sont fabriqués avec la technique d’électrodéposition dans
des membranes de polycarbonate poreux en utilisant une méthode originale qui permet des
mesures électriques a haute fréquence. Nous avons utilisé un laser modulé pour étudier I'effet
d’'un gradient de température. Nous avons observé un moment de force de spin thermique en
mesurant électriquement la réponse magnétique quasi-statique d'une vanne de spin, soumise
a un courant de chaleur, produit par deux diodes laser chauffant le contact électrique d'une
extrémité ou de 'autre du nanofil. En analysant la variation de la résistance induite par un
moment de force de spin thermique, représentée par des pics correspondant a des transitions
de GMR, nous avons trouvé que la différence de température de I'ordre de 5 K est suffisante
pour produire dans la vanne de spin un moment de force non négligeable.



Acknowledgements

Mots clefs :spintronique, spin caloritronique, résonance ferromagnétique, moment de force
de spin thermique, thermomagnetism, YIG, nanofils .



Contents

Acknowledgements i
Abstract (English/Francais) iii
List of figures ix
1 Introduction 1
1.1 SpinCaloritronics . . . . . . . . . .. e e 2
1.1.1 Charge and spin-dependent thermoelectriceffects . . . . . ... ... .. 2
1.1.2 ThespinSeebeckeffect . .. .. ... ... ... ... ... .. . .. .. .. 3
1.1.3 Effect of heat current on magnon dynamics . . ............... 6
1.1.4 Yttrium Iron Garnet and magnon spintronics . . . ... ... .. ... .. 9
1.2 Theory of spin waves and ferromagnetic resonance . . .............. 10
1.2.1 Spin precession and equationof motion . . ................. 10
1.2.2 Uniformexcitation . . ... ... ... ... ... ... .. . .. 11
1.2.3 Non-uniform excitation and spinwaves . .................. 14
1.3 Thesisorganization . . . . . . . . . . . . . e 17
2 Experimental setups and techniques 19
2.1 Continuous wave ferromagneticresonance. . . . . . . . .. .. ... .. ... .. 19
2.2 Timeresolved and pulsed technique . . . . ... ... ... ... .......... 21
2.2.1 Temperature gradient generation and imaging . .............. 23
3 The magnetic Seebeck effect 27
3.1 Thermodynamic formalism for a magnetic insulator subjected to a thermal
gradient. . . . . . .. e e 27
3.1.1 Linear response of the magnetization to a small excitation ... ... .. 29
3.1.2 Theoretical prediction . . ... ... ... .. ... .. .. .. ... ... 30
3.2 Experimental SEtUup . . . . . . . . i i e e e e 31
3.3 Experimental results and discussion . . . .. .. ... ... ... ... ... ... 32
34 Conclusion . . .. ... ... 37
4 Magnetization dynamics of ferromagnetic insulators subjected to a temperature gra-
dient 39
4.1 YIG disks subjected to a temperature gradient . . . . ... ... ... .. ..... 39



Contents

4.2
4.3

4.1.1 Resonantcavityexperiment. . . . . .. . . ... ...t
4.1.2 WR-90resonator . .. .. .. ... ...
Thermally induced self-oscillation . . . . ... ....................
Conclusions . . . . .. .. . e e e

Spin Dynamics in Magnetic Nanostructures

5.1

5.2

5.3

54

5.5

Spin-dependent transport and dynamics . . . . . ... ... oL L.
5.1.1 GiantMagnetoResistance . . . . .. ... ... ... ... ... . ...
5.1.2 SpinTransferTorque . . ... ... ... .. ... .. ... ... .. ....
5.1.3 Thermal spin-transfertorque . . . . . ... ... ... ... .........
Samples preparation, fabrication and characterization . . . . .. ... ... ...
5.2.1 Electrochemical growth of metallic nanowires . . . . . ... ... .....
5.2.2 Electrical contact and characterization . . ... ...............
Experimental setup for current induced STT-FMR . . . . ... .. ... ......
5.3.1 Temperaturegradient . ... ... ... ... ... ... ... ...
5.3.2 Laser modulated STT-FMR . .. .. ... ... ... ... ... .....
Experimentalresults . . . ... ... ... ... . . ... e
54.1 Peakshape .. ... ... ... . .
5.4.2 Dispersion diagram and interpretation of dynamical modes . ... ...
5.4.3 Effects oflaser heatingon STT-FMR . . . .. ... ... ... ... .....
Conclusions . . . . ... .. e

Linear Response to a heat-driven Spin Torque

6.1

6.2
6.3

Experimentalmethods . . . . . .. ... ... ... ... ... .
6.1.1 Sample fabrication . . ... ... ... ... ... .. . .. ...
6.1.2 Measurementsetup . . ... .. . . ...t
Resultsand discussion . . . . . . . .. .. .. . e
Conclusions . . . . . . .. . e e e e

7 Summary and conclusions

Bibliography

List of abbreviations

Curriculum Vitae

viii

45
45
45
47
50
50
52
53
54
55
57
57
60
60
61
63

67
67
67
68
70
73

75

77

84

87



List of Figures

1.1
1.2
1.3
1.4

1.5

1.6

1.7

1.8
1.9

Typical diagram of a thermocouple circuit. . . .. ........ ... .. .... 3
Schematic illustration of the spin-dependent thermoelectric phenomena. . . .
Schematic illustration of the spin Seebeckeffect. . . ... ... ... ... . ... 5

Brillouin light scattering measurements of propagating dipolar spin waves in
presence of a temperature gradient. . . . . . ... ... ... L L oL 7
Local FMR spectra of a single crystal YIG sample subjected to a temperature
gradient VT [[H. . . . . . . . . e e 8
Time revolved mesurements of a YIG slab and a YIG/Pt structure subjected to a

temperature gradient. . . . .. ... .. L L 9
Mlustration of the magnetization precession in a static magnetic field. . . . . . . 11
Real and immagirary parts of the magnetic susceptibility y. . . . .. .. ... .. 13
Schematic illustration of one dimensional chain of spins. . . . ... ... .. .. 14

1.10 Typology of magnetostatic spin wave modes as a function of the direction of the

2.1

2.2

2.3
2.4
2.5
2.6

3.1
3.2
3.3

3.4
3.5

4.1

internal effectivefield Hg. . . . . . . . . . . . . . . .. 15

Schematics of the experimental setup for lock-in FMR detection with field mod-

ulationtechnique. . .. ... .. ... .. ... e e 20
FMR spectrum of a single crystal YIG slab measured with field modulation

technique. . . . . . . . . e 21
Schematics of the experimental setup fot time resolved measurements. . . . . . 22
Time resolved measurement of a single crystal slab of YIG. . ... .. ... ... 23
Ilustrations of the setups for the temperature gradient generation. . ... ... 24
Infrared image example of single crystal slab of YIG subjected to a temperature

gradient. . . . . . .. e 24
Mlustration of the theoretical prediction for the magnetic Seebeck effect. . . . . 31
Time-resolved transmission measurements setup. . . . . . . . .. ... .. ... 33

Time-resolved transmitted signal for a slab of YIG subjected to a temperature

gradient. . . . . . . . e e 34
Transmitted signal as a function of time, averaged over the applied magnetic field. 36
FMR spectra of a 15 ns pulsed excitation detected after 70ns. . . . ... ... .. 36

FMR spectra of a normally magnetized 120 yum thick disk of YIG as a function of
the magneticfield. ... ... ... ... .. ... 40

ix



List of Figures

4.2

4.3
44

5.1
5.2
5.3
5.4

5.5
5.6

5.7
5.8

5.9

FMR spectra of a normally magnetized 130 um thick disk of YIG as a function of
themagneticfield. . . ... ... ... .. .. . ...
Electromagnetic simulations of the WR-90 waveguide resonator. . . . . . . . ..
FMR spectra of a normally magnetized 500 um thick disk of YIG as a function of
themagneticfield. . ... ... ... ... ... ...

Illustration of the Giant Magnetoresistanceeffect. . . . . .. ... ... ......
lustration of the spin transfer torque effect. . . . . . .. ... ... ... .....
Nanowires fabrication process. . . . . . . ... ... ... .. .. . .. ...
Typical deposition curve of a single Co 30nm / Cu 10nm / Co 10nm asymmetric
spin valve embedded in Cunanowire. . . . ... ... ... .. ...........
[lustration details of the sample contactingmethod. . . . . ... ... ......
Giant magneto resistance of a Cu nanowire containing a Co 30nm / Cu 10nm /
Co 10nm asymmetricspinvalve. . . . ... .. .. .. ... ... ... .. .. ..
STT-FMR experimental setup with field and laser modulation . ... ... ...
STT-FMR spectra of single Co 5 nm / Cu 7 nm / Co 25 nm asymmetric spin valve
for Hext< HSW ........................................
STT-FMR spectra of single Co 5 nm / Cu 7 nm / Co 25 nm asymmetric spin valve
for Hexr>Hsw. . o o o o o e e e e e e e e e e e e e e

5.10 Field dependence of the modes in the FMRspectra. . . ..............
5.11 Dispersion diagrams of magnetic nanostructures. . . . . . . .. ... .......

5.12 Comparison of STT-FMR spectra masured with field and laser modulation tech-

6.1
6.2
6.3
6.4

NIQUES. . . o o e e e e e e e e e e e e e e e e e e e

Sample preparation procedure for quasi-static electrical measurements. . . . .
Sample holder with double laser heating system. . .. ... ............
GMR and heat induced lockin voltage of a Co/Cu/Co spinvalve. . . . ... ...
Data and simulation of the GMR and heat induced lockin voltage of a Co/Cu/Co
spinvalve. . . . .. e

41
42

44

46
48
51

53
54

55
56

58

59
61
62

64

68
69
71



|§ Introduction

The discovery of the Spin Transfer Torque (STT) effect, theoretically predicted in 1996 by
Slonczewski [1] and Berger [2], represented a milestone for Spintronics as it paved the way
for several potential applications in the field of current-driven microwave oscillators and of
data storage technologies. It was in particular in the latter that the STT implementation is
most promising, allowing the development of a novel fast and high-density magnetic random
access memory. However, the high densities of current and voltages required for such devices,
cause heating effects that can influence thermal stability and can complicate the modeling.
Nowadays an interest for heat management at nanoscale is continuously growing not only
for the need to solve thermal stability problems, but also because controlling heating can
be exploited for other purposes. For instance, thermally assisted reversal of magnetization
via laser pulses and Joule heating of high resistive layers have been proposed as recording
methods in magnetic memories.

The term “Spin Caloritronics” has been recently introduced to define a new emerging research
field that combines spin-related phenomena with thermoelectric effects [3, 4]. The first
studies that include charge, spin and heat transport were carried out by Johnson and Silsbee
on metallic heterostructures [5]. This field has been recently invigorated by the discovery of
the spin Seebeck effect [6], and in particular by the possibility to observe the presence of a
spin current at distances that are orders of magnitude larger than the spin diffusion length [7].

The aim of this introductory chapter is to provide the basic theoretical background essential
for a full understanding of this thesis. In the first section we introduce the spin caloritronics
field reporting the fundamental concepts and presenting the most significant developments
carried out in the recent years. The second part addresses instead the theory of ferromagnetic
resonance and spin waves dynamics. Finally, we conclude giving information about the
organization of this thesis.



Chapter 1. Introduction

1.1 Spin Caloritronics

In this section we provide a brief introduction to the field of spin caloritronics addressing
the state-of-the-art and the most relevant contributions on this topic. Starting with the spin-
dependent thermoelectric phenomena, we deal with the spin Seebeck effect and we report
the recent developments on the effects of heat current on the spin waves relaxation. Apart
from the thermal spin transfer torque that will be introduced in Chapter 5, we omit other
phenomena related to this field as they are not relevant for this thesis. Nevertheless a more
extensive and detailed review on spin caloritronics can be found in references [4, 8].

1.1.1 Charge and spin-dependent thermoelectric effects

A temperature gradient applied to an electrical conductor is known, from basic of solid
state physics, to induce an internal electric field [9, 10]. A very simple explanation of this
phenomenon is given by the difference of thermal energy between the charges at the hot
and the cold end. The carriers, diffusing towards the cold side, generate an electric field
that compensates the effect of the temperature gradient. In a steady state with no charge
current (J = 0), the electric field is expressed as E = —-VV = SVT, where S is the Seebeck
coefficient (known also as thermopower), and VT the temperature gradient. According to
the Mott relation [11], the Seebeck coefficient can be expressed as a function of the energy
derivative of the conductivity, i.e.

S=- nzk%Tilna =- nZk%Tian , (1.1)

3e OE Er 3e O Er

where Er is the Fermi energy, and kp the Boltzmann constant. This effect is well exploited
to carry out temperature measurement by using the junction of two metals with different
Seebeck coefficient S4 # Sp. This system is know as themocouple and the circuit diagram is
reported in Figure 1.1. When the metal junction is at temperature T; # Ty, with T being the
reference temperature, the voltage across the two metals is given by

T;
V=- 1(SA—SB)dT. (1.2)
To

The relation between charge (j) and heat (q) current densities with the respective driving
forces, electric field and temperature gradient, can be expressed as:

HEFY

where ¢ and « are the electrical and thermal conductivity respectively. S and IT are the Seebeck

vv

VT (1.3)

and Peltier coefficients and they are linked by the Thomson-Osanger relation IT= ST [12].
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metal A . :

g < A

metal B

Figure 1.1: Typical diagram of a thermocouple circuit. A Seebeck voltage is generated by
the difference between the temperature at the metal junction T; and the reference Ty.

The spin-polarized electron transport can be described in terms of the two channel model
with an electric current density j = j! +j!, and a spin current density js = j' —j'. In the
same manner, we have an effective electric conductivity o = o' +0!,and a spin-dependent
polarization conductivity ¢ = o' — ¢!, In a metallic ferromagnet with a spin population
imbalance at the Fermi energy, the thermoelectric relation of Equation (1.3) can be generalized
to a thermodynamic three-current model. This has been described by Brechet and Ansermet
in ref. [13], and is expressed as:

q xT oST o0s5SsT vVT/T
j |=—-| oST o Os vv , (1.4)
is 0sSsT o o ivaap

where S = % is the Seebeck coefficient and Sg = % the spin polarization Seebeck

coefficient, whereas the term Ay indicates the spin accumulation, namely the difference in
the chemical potential between the spin-up and spin-down charge carriers. In addition to
the Seebeck and Peltier effects, this model defines two other spin-dependent phenomena:
the spin-dependent Seebeck effect, i.e. the generation af a spin current due to temperature
gradient, and its reversal spin-dependent Peltier effect, the generation of heat current by
spin accumulation. An illustration of the two effects is shown in Figure 1.2. Experimental
observations have been reported for the first time in ref. [14] and ref. [15].

1.1.2 The spin Seebeck effect

The discovery of the spin Seebeck effect in 2008 by Uchida et al. [6] represented the most
striking contribution to the growing field of spin caloritronics. It consists in the generation,
over macroscopic distances, of a spin current js in a ferromagnetic material, in metals as well
as in insulators, subjected to a temperature gradient VT. The spin current is injected from
the ferromagnet into an attached normal metal (NM) with strong spin-orbit coupling (usually
platinum) and it is detected by measuring the transverse voltage generated via the inverse spin
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Figure 1.2: Schematic illustration of the spin-dependent thermoelectric phenomena. (a)
Spin-dependent Seebeck effect: heat current jo passes from the ferromagnet (FM;) to a normal
metal (NM) and the difference in the Seebeck coefficients generates a spin current js parallel
to jo. The spin current is detected by measuring the voltage between the second ferromagnet
and the NM. (b) Peltier effect: a charge current passes through the device and the heat flow
can be modulated depending on the magnetization direction of the ferromagnets. Image
taken from [8].

Hall effect (ISHE) [16, 17]. The electric field generated in the NM is defined by the relation
ErsHE o js x Ospin (1.5)
where 0 5piy is the spin polarization vector parallel to the magnetization of the ferromagnet.

This effect is different from the spin-dependent phenomena described in the previous section
as the contribution of conduction electrons is negligible. The SSE has been experimentally
observed mainly in the two basic configurations illustrated in Figure 1.3, and in several
materials ranging from ferromagnetic metal such as permalloy [6], semiconductors [18],
magnetic insulator such as yttrium iron garnet (YIG) [19], Heusler alloys [20], and even in non-
magnetic materials [21]. Recently, Schmid [22] et al. found an upper limit for the transverse
SSE which is several orders of magnitude smaller than previously reported.

From a macroscopic point of view, the SSE can be explained with the three-current model
described in Section 1.1.1. If we consider a metallic sample subjected to a temperature
gradient VT and the boundary conditions j = 0 for the charge current and Ay = 0 for bulk spin
accumulation, Equation (1.4) yields js = —o(Ss— S)VT. Since this relation has no dependence
on the spin diffusion length, it predicts the presence of a thermally generated spin current
over large scales. However this model is valid only if conduction electrons are involved.

4
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a Longitudinal configuration b Transverse configuration

Paramagnetic
metal

Ferromagnet

W VT 42 a=90° d vr Pt
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Figure 1.3: Schematic illustration of the spin Seebeck effect. (a) Longitudinal and
(b) Transversal SSE configurations. The spin current Js is injected into a normal metal with
high spin-orbit coupling and detected by measuring the transverse voltage generated via the
inverse spin-Hall effect. (c) and (d) report typical SSE data of YIG/Pt measured in (a) and (b)
configuration, respectively. Image taken from [4].

Today, a theory explaining the SSE at the microscopic level for metal and insulators is still
lacking. The widely accepted explanation, is based on the crucial role played by the magnon
thermal conductivity and magnon-phonon drag mechanism. The SSE depends critically on
the degree to which magnons are brought out of thermal equilibrium when a temperature
gradient is applied [23]. In a very simple picture it can be explained in terms of the excitation
of the localized spins in the ferromagnet by means of the heat current flowing through it.
Recently, Tikhonov et al. [24] explained the SSE as a consequence for the fact that, phonons
that store the thermal energy (thermal phonons) and the phonons that transfer it (interacting
phonons) to magnons, are located in different parts of the phonon spectrum.

The understanding of this phenomenon is very complex and the limited number of existing
experiments makes its interpretation very difficult. The theory behind its origin is still highly
controversially discussed and a complete explanation is missing. An in-depth description of

5
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the existing theoretical models goes beyond the scope of this chapter. An extensive review on
this topic can be found in references [23] and [8].

1.1.3 Effect of heat current on magnon dynamics

In the following section we provide a brief overview of the main experimental developments
related to one of the central topics of this thesis: the spin-waves dynamics under the influence
of a temperature gradient.

The observation of the spin Seebeck effect in magnetic insulator [19], where a flow of charge is
forbidden, suggested the idea that the spin waves play an important role in the generation
of the thermally induced ISHE voltage. Motivated by this idea, the dynamics of magnon
wavepackets under the influence of a temperature gradient has been the subject of several
studies that we report briefly below.

Padron-Hernandez et al. [25], investigating the propagation of wavepackets along a YIG films,
found that spin waves are amplified when the temperature gradient is applied perpendicular
to the YIG slab. The authors interpreted this result in term of a thermally driven spin-transfer
torque (see Section 5.1.3) created by spin currents generated through the spin-Seebeck effect.
The amplification is attributed to the action of the torque that influences the magnetization
opposing the relaxation.

Lu et al. in ref. [27] reported on the effects of heat current on the ferromagnetic resonance
(FMR) in a trilayered structure consisting of a YIG film grown on gadolinium gallium garnet
(GGQ) substrate and covered with a nanolayer of platinum. They found that a temperature
gradient across the trilayer can modulate the ferromagnetic resonance in the YIG film. In
particular, they were able to increase or decrease the relaxation depending on the direction
of the thermal gradient with respect to the magnetization. As in ref. [25], they attributed this
result to the heat-driven torque exerted on the magnetic moment of the YIG film.

The experimental studies mentioned above were both conducted in the SSE longitudinal
configuration (Figure 1.3a). FMR studies on a YIG slab in the transversal SSE geometry (Figure
1.3b), i.e. with an in-plane temperature gradient parallel to the external magnetic field , were
instead performed by da Silva and collaborators [28]. The authors observed that when a
thermal gradient is applied to the sample, the ISHE voltage across the transversal Pt strips
increases in presence of a uniform excitation, whereas it decreases in presence of higher order
modes. The amplification of the uniform mode is interpreted as a superimposition of two
effect acting simultaneously: the SSE and the spin-pumping effect. The latter consists of the
injection of a spin current into a normal metal by the magnetization precession of an adjacent
ferromagnet [29].

The above mentioned result has been confirmed in a successive work conducted by the same
group [30], where the authors demonstrated that the excitation of the local spin-wave modes
at the Pt/YIG interface depends strongly on the direction of the temperature gradient.
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Figure 1.4: Brillouin light scattering measurements of propagating dipolar spin waves in
presence of a temperature gradient. (a) Comparison of phase-resolved BLS interference
measurements of a YIG waveguide with (bottom) and without (top) temperature gradient
revealing a reduction in the wavelength. (b) Comparison between experimental (symbols) and
calculated (lines) wavelength values for uniform temperature (black) and an applied thermal
gradient (red). (c) BLS measurements of the spin-wave reflection at uniform temperature
(top) and in presence of a thermal gradient along the direction of the spin-wave propagatio
(bottom). The spin waves are excited at the position x = 0 mm and propagate along the x
direction. (d) Spin-wave dispersion relations calculated for a position near the antenna (blue)
and at a distance of 3.5 mm from it (red). Figures taken and adapted from [26].

The possibility to control thermally the relaxation of the spin-waves in GGG/YIG/Pt het-
erostructures has been confirmed by other groups both for a perpendicular [31] and an
in-plane [32] application of the temperature gradient. As for the previous studies, the effect
was attributed to a spin-transfer torque caused by a thermally induced spin current.

An interesting work on the influence of a thermal gradient on the propagation of dipolar spin
waves has been proposed by Obry et al. [26]. Differently from the previous cases, this study was
carried out on a YIG sample with no Pt strips on top. By using a phase-resolved Brillouin light
scattering technique (BLS), the authors compared the propagation of the spin wave at constant
temperature and in presence of a in-plane thermal gradient. This comparison is reported in
Figure 1.4. A reduction of the spin wave wavelength is observed for waves propagating from
the hot to the cold region, whereas a reflection is observed when propagating from cold to hot.
This result has been explained as a consequence of the shift in frequency of the dispersion
relation, caused by dependence on temperature of the saturation magnetization.

Ferromagnetic studies of YIG slab subjected to an in-plane temperature gradient have been
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Figure 1.5: Local FMR spectra of a single crystal YIG sample subjected to a temperature
gradient VT | H. FMR Spectra of a2 mm x 10 mm x 25 um YIG slab at room temperature (a)
and in presence of a thermal gradient recorded at the cold (a) and hot end (c). Image taken
and adapted from [33].

conducted also by Papa [34, 33] in our group. In this work, the magnetization dynamics of the
sample is probed locally by means of a resonating antenna. As for [26] the spin dynamics was
conducted by using any Pt/YIG interface effect. In presence of a thermal gradient, the FMR
measurements recorded at the cold end of the sample showed a simplification of the spectrum
consisting of a suppression of standing wave modes along the direction of the gradient and
the enhancement of the remaining peaks. As shown in Figure 1.5, this effect was not observed
at the hot end where all the fine structure of the spectrum were still evident.

A further work on heat-driven modulation of spin-waves relaxation has been conducted by
Cunha et al. and reported in ref. [35]. As shown in Figure 1.6, the experiment was performed
on a bare YIG film and on a YIG/Pt structure both with an orthogonal temperature gradient
applied as in the standard longitudinal SSE configuration. The authors showed that VT affects
the relaxation of the propagating waves only on the sample with platinum layer deposited
on top. Since the same effect was not observed in the bare YIG, they demonstrated that the
effect is caused by the spin injection and the spin pumping effects occurring only at YIG/Pt
interface [36, 30].

In Chapter 3 of this thesis we report an experimental work similar to the one described
previously. Here, we investigate the propagation of magnetization waves in presence of an
in-plane temperature gradient and we found evidence for a novel thermomagnetic effect.

8
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Figure 1.6: Time revolved mesurements of a YIG slab and a YIG/Pt structure subjected to a
temperature gradient. (a)(b) lllustration showing the sample geometry with a Peltier module
used to produce a temperature gradient VT L H across the bare YIG (8 um) film and the YIG
(8 um)/Pt (6 nm) structure. (c) and (d) oscilloscope traces showing the spin-wave pulses
measured with a temperature difference AT = 5.2 K across the YIG/GGG and the Pt/YIG/GGG
structure. Image taken from [35].

1.1.4 Yttrium Iron Garnet and magnon spintronics

The quasi-totality of the experimental works presented in the previous section were carried
out on yttrium iron garnet (YIG) samples. The reason for that is related to the magnetic
proprieties of this material that make it the most favourable to conduct studies on the spin
waves dynamics.

The YIG is a ferrimagnetic insulator with stoichiometric formula YsFe, (FeO4)3 or YsFe5012
presenting a very complex crystal structure. Its unit cell, with lattice constant a = 12.376 A,
accommodates 160 atoms, with 20 Fe3™ magnetic ions allocated over in two antiferromagnetic
octahedral and tetrahedral sub-lattices. The net magnetic moment per unit cell is 40up and
the magnetic dipoles density n = % ~10%8m~3 [37].

YIG is commonly synthesized by liquid phase epitaxy on gadolinium gallium garnet (GGG)
because of the very good matching between the two lattice constants. Films grown with this
method have a <111> crystallographic orientation and present a saturation magnetization

typically of 4n M = 1750 G.

The big success of this material is related to its exceptionally low magnetic damping constant
(ayig = 107%), much smaller than permalloy [38], that allows the propagation of spin waves
over centimeter distances [39]. Since its discovery, the YIG has been extensively used in analog
devices for the processing of microwave signal such as filters, oscillators or Y-circulators. Today
most of them have been displaced by the semiconductor technology.



Chapter 1. Introduction

In recent years YIG is acquiring again popularity in a new emerging field known as magnonics
or magnon spintronics. This new field of research seeks to explore the possibility to use
magnons to transport spin information over macroscopic distances without displacement
of charges and therefore without producing Joule heating. This advantage would overcome
an important limitation of the current CMOS technologies. Since a discussion of this field is
beyond the aim of this thesis, we refer to references [40, 41, 42, 43] for more information on
this topic.

1.2 Theory of spin waves and ferromagnetic resonance

The ferromagnetic resonance (FMR), is an experimental technique consisting in the resonant
absorption of electromagnetic radiations in ferromagnetic materials. It represents a very pow-
erful measurement tool in microwave spectroscopy as it is widely used to probe magnetization
and spin waves dynamics.

In this section we provide a brief introduction with the basic theoretical concepts behind the
FMR . A more detailed treatment can be found in textbooks such as references [44, 45, 46].

1.2.1 Spin precession and equation of motion

From the theory of electromagnetism we know that a magnetic moment 7 in a homogeneous
magnetic field H experiences a torque

‘[:—uoﬂXH. (]..6)

where g is the magnetic permeability in the free space. It defines the the precession around
the magnetic field at the Larmor frequency

wr = wyH (1.7)

where y = g5%- is the gyromagnetic ratio with g being the Landé factor, e the electron charge
and m the mass of the electron’.

In the macroscopic approximation the magnetization vector is defined as M = Zﬁv #—’; and it
represents the total number of magnetic moments per unit volume. Considering the totality
of the interacting spins, Equation (1.6) becames

aM

O = —HoYM x Hgr. (1.8)

This equation is known as Landau-Lifshitz equation [47] and describes the time evolution of
the magnetization. Heg is the internal effective field that takes into account all the additional
contributions to H such as shape and magnetocrystalline anisotropy or dipolar interactions.

1For a free electron g = 2.0023 and y = 1.7609 x 107 s"10e™!.
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A Heff

no damping damping

Figure 1.7: Illustration of the magnetization precession in a static magnetic field. At equi-

librium the magnetization M is aligned with the field, i.e. M, = My. The magnetization

precession is caused by the torque M x Hgg, while the damping term a% X ‘il—“f, represented

by the red arrow, acts to bring the magnetization to the equilibrium position.

As illustrated in Figure 1.7, in absence of losses the magnetization M precesses around Heg at
the Larmor frequency w;, = poy Hefr and with a cone angle 6, whereas in presence of damping
M spirals down until it becomes aligned with the field.

The macrospin dynamics of M with magnetization relaxation is described by the well known
Landau-Lifshitz-Gilbert (LLG) equation [48]

aum M x Hegr + @ M aM (1.9)
_— - X —_— X — .
dr KoY eff M| dr
where the second term accounts the energy loss due to the damping torque. The Gilbert
parameters a determines the magnitude of the damping, i.e. how fast the magnetization
relaxes back to equilibrium position, and it can assume different values depending on the
material.

Microscopically, the origin of the damping is really complex as there are many processes
causing it, such as inelastic conduction electron scattering, phonon scattering or magnon
scattering. In general, these processes lead to two kind of damping: a transverse damping that
describes the magnetization components My and My, perpendicular to Hegr, and a longitudinal
damping that refers to the component M, parallel to Hegr. In a saturated ferromagnet it is a
good approximation to assume that M, = M, with M being the saturation magnetization,
and that its magnitude remains constant during the precession. Hence, we can neglect the
longitudinal damping.

1.2.2 Uniform excitation

After describing the damped precessional motion, we consider now the steady state precession
of the magnetization induced by the excitation of an homogeneous microwave field. Using

11
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the geometry of Figure 1.7 we add a high frequency oscillating field of the form A = hye!®?,
applied along the x direction. We can write the magnetization and the effective field vectors
as

M= {m.e'®!, mye™', My}  and  H={he'’, 0, Hy}. (1.10)

Since the m,, , << My, we can neglect the change of the magnetization in the z direction thus
Equation (1.8) can be written as

iwmy = poy Homy and iwmy = poy(Mohy — myHp) (1.11)

Without considering the dissipation term, the transverse susceptibility is given by

m wow M
Yxx=7==—— (1.12)
X (,00—(1)

with
wo = oY Ho and Wy = oy M. (1.13)

If w = wp the system enters in resonance condition and the precession amplitude diverges.
Introducing the loss term to account for dissipation (i.e. @ > 0), the resonance is broadened
and the susceptibility becomes

wy(wo+iaw)

(1.14)

Aoxx = (wo — iaw)? —w?’
Here we described a very simple case finding the expression of the susceptibility for an
oscillating magnetic field acting in one direction only. More in general, the response of the
magnetization m(t) to a high-frequency field hy¢, can be written in the form m(¢) = fh,¢, where
% is a tensor known as Polder susceptibility tensor.

The frequency dependence of the real (y') and imaginary part (y") of the susceptibility y xy, is
shown in Figure 1.8. The former gives the response of miy in phase with the excitation, while
the latter represents the dissipation term and it is characterized by a Lorentzian lineshape.
At the resonance (w = wg) x” is at the maximum point while y’ crosses the zero and changes
sign. This is an indication that m and hy, ¢ are out of phase by 7/2. The power absorbed by a
magnetic sample subjected to a microwave power is proportional to the imaginary part. In
a standard FMR experiment, carried out by sweeping the excitation frequency at a constant
magnetic field or vice-versa fixing the frequency and sweeping the field, " is the quantity
being measured.

The linewidth (FWHM) of the FMR Lorentzian peak provide important information on damp-
ing. Itis given by

AH=AH; +AHg, (1.15)

12
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Figure 1.8: Real and immagirary parts of the magnetic susceptibility y.

where AH; is related to the inhomogeneous broadening caused by sample defects or other
magnetic field inhomogeneities, whereas A H; denotes the broadening due to the Gilbert’s
intrinsic damping and it is defined as

2
AHg = 2. (1.16)
Y

The precessional motion of the magnetization is significantly affected by the shape anisotropy
and thus by the demagnetizing field, defined as

N, 0 0
H;=-NgM= 0 N, 0 [M. (1.17)
0 0 N,

Ny is the demagnetizing tensor, its element depends on the geometry of the sample and their
sum is so that

Ny+Ny+N, =1. (1.18)

With Her = Hp + Hy, the general equation for the resonance dispersion relation of the uniform
precession [49] is expressed by

© = poyy/ (Ho + (Nx = N2)Ms) (Ho + (N — Nz) Ms) (1.19)

In a rectangular film, tangentially magnetized in the z direction, with the thickness « width
and length, Ny, = N, = 0 and N, = 1. With these conditions Equation 1.19 yields

w = UoYV H()(Ho - Ms). (1.20)
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FIIIIII IS
AR R AARY

Figure 1.9: Schematic illustration of one dimensional chain of spins. (a) Uniform mode:
all the spins precess simulaneously with the same phase. (b) Spin wave state: precession phase
varies along the chain.

In the other hand, for a normally magnetized film, lying in the yz plane, N; = 1and Ny = N, =0
and Equation 1.19 becomes

w = oy (Ho — Mg). (1.21)

1.2.3 Non-uniform excitation and spin waves

A simultaneous precession of all the spins caused by a FMR excitation corresponds to the
uniform mode characterized by infinite wavelength (1 = co) and zero wave vector k = 0.
However, in magnetically ordered systems, the spins can precess at a different phase with
respect to the others. This leads to a spin wave mode with finite wavelength A < co and wave
vector k # 0. A schematic representation of a chain of spins for both uniform and spin wave
mode is reported in Figure 1.9.

In the simple case of a chain of spins subjected to a constant magnetic field Hy, if any external
excitation is applied, all the magnetic moment are aligned along Hy. If one of the two moment
at the chain extremity is led out of equilibrium by an inhomogeneous RF excitation, it starts to
precess at Larmor frequency around Hy. This motion affects the adjacent moment that in turn
starts to precess at the same frequency but with different phase. One by one all the spins of the
chain start to experience the high-frequency field produced by the closest moment causing an
oscillating mode of the whole ensemble and characterized by a spatial variation of the phase.
This dephased excitation can be seen as a wave travelling through the spin chain.

Basically there are two type of interactions: the quantum mechanical Heisenberg interaction
between adjacent spins, and the dipolar interactions caused by the field produced by the
neighbouring spins and by the external magnetic field. The first type is responsible for short
range wave excitation having wavelength 1 = a, with a being the lattice constant of the crystal,
whereas the second ones are related to long range waves having wavelength A > a. Long-range
excitations of dipolar nature are known as magnetostatic spin wave (MSW) modes. Here, we
address only this typology providing a brief overview for the specific case of thin films.

14
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Magnetostatic spin waves

The first theoretical work on magnetic standing waves in spheroids was carried out by Walker
[50] in 1957. After that, important studies were conducted by Fletcher and Kittel [51] and in
particular by Damon and Heshbach [52, 53, 54].

The MSWs are solution of the Maxwell’s equations under magnetostatic approximation. They
occur at discrete eigenfrequencies and have characteristic wavelength of the order of the linear
dimension of the sample. In this section, we restrict our discussion to a presentation of the
classification of the MSWs and their dispersion relation. A complete theoretical treatise can by
found in several textbook such as [45] and [46]

There are essentially three distinct classes of magnetostatic spin waves that can be excited in
magnetic thin films, and they are determined by the orientation of the spin wave propagation
with respect to the applied magnetic field. As illustrated in Figure 1.10, each class of MSW
mode is characterized by a different dispersion relation f (k).
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Figure 1.10: Typology of magnetostatic spin wave modes as a function of the direction of
the internal effective field Hy. Dispersion characteristic for (a) forward volume magnetostatic
waves, (b) backward volume magnetostatic waves and (c) magnetostatic surface spin waves.
The curves are calculated for Hy = 1845 Oe and M, = 1750 G. Image taken from [41].
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In a normally magnetised thin film, the existing modes are so-called forward volume mag-
netostatic spin wave (FVMSW) modes [54]. Their wave vector k is perpendicular to Hy and
the dispersion curve, illustrated in Figure 1.10a, is defined in good approximation by the
expression [45]

l—exp(—kdo))) (1.22)

fFVMSW:\/fH(fH+fM(1_ kdy

where d is the thickness of the film, fy = poy Hp and fjs = poy M;, with Hy and M being the
effective internal field and the magnetization at saturation respectively. As k increases, the
frequency tends to the value fi = \/fu(fu + fu), whereas with decreasing k the frequency
tends to f. The dispersion curve depends on the thickness of the sample, butitisindependent
on the wave propagation in the plane of the film.

If the magnetic sample has an in-plane magnetization [53], we have two typologies of MSW
modes: the backward volume magnetostatic waves (BVMSW), occurring when the wave
propagation is parallel to the magnetization (k || Hp), and the magnetostatic surface spin
waves (MSSW), associated with a propagation perpendicular to the magnetization (k L Hy).

The dispersion curve of the BVMSW modes is reported in Figure 1.10b and it is given by the
relation

1—exp(—kdp) )) (1.23)

fBVMSW:\/fH (fH+fM( kdy

As the FVMSWs, the BVMSWs are volume modes. They present a dispersion relation with
negative slope and thus a negative group velocity vg, = 0 f/dk. This means that an increase in
k leads to a decrease in the resonant frequency.

Unlike the two classes presented before, the magnetostatic surface spin waves (MSSW) are
associated to the modes propagating on the surface of the film. Their dispersion relation is
illustrat Figure 1.10c and is given by the expression

famssw = \/(fH+fM/2)2_(fM/Z)zeXp(_deO)- (1.24)

As for BVMSW modes, when k — 0 the frequency tends to f;, namely the FMR mode of an
in-plane magnetized thin film, whereas an increasing of the wave vector leads to the values
fH + fM/ 2.

In general, for a spin waves propagating with wave vector k = (k, ky, k;) in a finite slab laying
in the yz plane with dimensions [, and [, the components k, and k, can have only discrete
values. They depends on the sample dimensions af follow

_ nym

N7
ky - =

and k; = , (1.25)
ly lZ

16



1.3. Thesis organization

where the mode order n,,; can assume only positive integer values.

1.3 Thesis organization

This thesis is divided in two main parts. The first one includes Chapters 2 ,3 and 4 and it deals
with the effect of a heat current on the spin dynamics in insulating samples at macroscopic
scale. In Chapter 2 we present the experimental methods and techniques used to carry out
measurements on magnetic insulators. Chapter 3 addresses the magnetic Seebeck effect while
in Chapter 4 we present and discuss further experimental data.

In the second part, which includes Chapters 5 and 6, we report our investigation of metallic
nanowires when subjected to a temperature gradient. Hence, we move from insulators to
conducting materials and from macro to a nanoscale. Chapter 5 functions as an introduction
to the second part. Here, we describe the nanowire fabrication and characterization methods,
and we present and discuss of the experimental data recorded via laser modulated FMR
technique. The observation of the linear response to a heat-driven spin torque is instead
reported in Chapter 6.

Finally, Chapter 7 summarizes this thesis with concluding remarks and suggestions for future
investigations.
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4 Experimental setups and techniques

In the following chapter we presents the experimental techniques employed to carry out
investigations on magnetic insulators subjected to a temperature gradient. In Section 2.1
we describe the experimental setup we designed to conduct continuous wave ferromagnetic
resonance. Pulsed techniques for time resolved measurements are instead described in
Section 2.2. Finally in Section 2.2.1 we illustrate the techniques used to generate and measure
the temperature gradient.

2.1 Continuous wave ferromagnetic resonance

The ferromagnetic resonance is an experimental technique consisting in the resonant absorp-
tion of electromagnetic radiations in ferromagnetic materials. The general concept behind the
FMR is based on the response of the magnetization M to an external perturbation generated
by an oscillating magnetic field h,¢, applied perpendicular to a DC field Hy. The magnetization
response can be monitored measuring the susceptibility (y”, see Section 1.2) by inductive
methods or via imaging techniques, such as Kerr imaging [55], Brillouin Light scattering
[56, 57] or others near-field scanning probe technique [58].

In our experiment we detect inductively the FMR by using an home-made spectrometer
appositely designed. A simplified schematics of the setup is illustrated in Figure 2.1. The
microwaves are produced by a R&S SGS100A microwave generator (f,,; = 0.1 — 12 GHz) with
a maximum output power of 16 dBm. The signal generated by the source is passed through
a circulator, which protects the microwave source from any reflected power, and then sent
to a resonator placed between the pole of a electromagnet. This is used to generate the DC
magnetic field and is driven by a Bouhnik power supply. The microwaves that are reflected
back by the resonator are redirected by the circulator to a zero bias Schottky detector (model
Narda 4503A-03). This provides an output signal proportional to the power of the microwaves,
thus it allows a direct measurement of the power absorbed by the specimen. During the
measurement the static magnetic field is swept and the sample is exposed to microwave
radiation typically at the resonance frequency fis of the resonator. When the applied field
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Figure 2.1: Schematics of the experimental setup for lock-in FMR detection with field mod-
ulation technique. The probe resonator in the figure can be replaced by a resonant cavity at
X-band frequencies

Hp and fis meet the FMR condition, the microwave power absorbed by the sample increases
significantly, with the subsequent decreasing of the power reflected by the resonator. By
measuring this power variation we are able to reconstruct the FMR line shape by sweeping Hy
through the resonance condition.

To carry out CW FMR studies we employ two typology of resonance schemes, namely a
conventional microwave X-band cavity and a local microwave resonator ! shown in the photo
of Figure 2.1. It consists of a short-circuited microstrip line, coupled to an SMA connector,
with a copper coil of about 50 um in diameter at its end. In order to ensure a good signal
detection, the resonator needs to be placed as close as possible to the surface of the sample
(400 to 600 um away). The main advantage of using this method with respect to a cavity, is
that we can locally probe the magnetization dynamics of the sample. This technique has
been widely used in references [34, 33] for FMR studies of magnetostatic modes of a YIG slab
subjected to a temperature gradient.

To improve significantly the sensitivity of the measurement system, we use a lock-in detection
with field modulation technique. The DC magnetic field is modulated by using two coils
placed around the poles of the electromagnet and driven with a sinusoidal wave generated

Iproduced by ez SQUID Mess- und Analysegeriite, Sinn, Germany
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Figure 2.2: FMR spectrum of a single crystal YIG slab measured with field modulation tech-
nique. Absorption derivative (top) and integrated signal (bottom) obtained with a field modu-
lation of 0.3 Oe at 156 Hz. We can clearly distinguish several Lorentzian peaks corresponding
to the different magnetostatic modes.

by a function generator. Alternatively, this can be done by directly modulating the DC field
Hj through the programming voltage sent to the power supply of the electromagnet. The
resulting magnetic field is a sinusoidal wave of amplitude H;, and frequency f;,, with DC offset
Hj. The signal obtained with this method proportional to the derivative of the absorption
(Lorentzian peak) with respect to the applied field. Figure 2.2 show an en example of FMR
spectrum of YIG single crystal slab recorded with this technique.

A further technique to conduct electrically detected FMR in magnetic nanostructures is
presented in Chapter 5.

2.2 Time resolved and pulsed technique

The previous setup can be modified to conduct time resolved measurements. As shown by the
schematics of Figure 2.3, pulses of microwaves can be produced by mixing the signal of the
RF source with the one generated by a pulse pattern generator (Agilent 81110A). This method
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Figure 2.3: Schematics of the experimental setup fot time resolved measurements. Mi-
crowave pulses are generated by mixing the microvaves with the pulse produced by the
pattern generator.

allows us to produce pulses of microwaves at the GHz range with tens of ns in duration. The
drawback of using the mixer (Miteq DB0218LW2) is that it does not provide a good insulation
(typically 30 dB), that is, it causes the presence of microwave even after the pulse. This problem
can be avoided by putting two mixers in series or alternatively replacing the mixer with a fast
switch. Nevertheless, in this case the minimum duration of the pulse is limited by the rising
and falling times of the switch..

A circulator is used to send the pulsed signal to the resonator and redirect it to a crystal
detector. By measuring the output signal with an oscilloscope, we are able to monitor the
time evolution of the magnetization relaxation of the sample after the pulse excitation. By
sweeping the magnetic field and recording at the same time the oscilloscope traces, we can
obtain measurement data similar to graph reported in Figure 2.4. Here, the measured signal
is plotted as a function of the time and the applied magnetic field. The advantage of this
methods is that we can extract FMR spectrum at a desired time after the pulse. In the left
graph of the same figure we compare FMR spectrum obtained with modulation technique
with the spectrum of the same sample obtained at 50 ns after the pulse.

This setup has been adapted to carry out transmission measurements by using two probes,
one to excite and one to detect. Details on this system are provided in Section 3.2.
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Figure 2.4: Time resolved measurement of a single crystal slab of YIG. Data are obtained by
sending microwave pulses of 4 GHz in frequency and 25 ns in duration. In the left graph we
compare the spectrum obtained 50 ns after the pulse with the FMR obtained with standard
field modulation technique.

2.2.1 Temperature gradient generation and imaging

As the aim of the work is to study the effect of a heat current on the magnetization dynamics,
one of the main experimental challenges is the creation of a temperature gradient in the
samples under investigation. In this section we limit our description to the case of a magnetic
insulators. A methods for creating a strong thermal gradient in magnetic nanostructures is
reported in Chapter 5.

The simplest scheme employed to create an in-plane temperature gradient in a YIG slab is
illustrated in Figure 2.5a. Here the sample is positioned with its ends touching the top of two
Peltier elements (model 693-5135 from RS Components) sitting on a piece of copper for heat
dissipation. The thermal contact is ensured by a conventional thermal tape commonly used
in electronics. As illustrated in Figure 2.5b, the same concept is used to create a perpendicular
to the plane temperature gradient in a disk of YIG squeezed between two Peltier elements.
An alternative methods for the generation of a heat current on these samples is to exploit
the Joule heating produced by a SMD resistor. Also in this case a thermal tape is used to
guarantee a good heat conductivity. Even if this method does not provide a very good heat
control compared to the Peltier elements, it represents a good replacement for the cases where
these thermoelectric devices cannot work, e.g. at low temperature.

We verify the generation of the temperature gradient with a thermal camera model PCE-TC3.
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Figure 2.5: Illustrations of the setups for the temperature gradient generation. The ther-
mal gradient can be created in-plane (a)(b) or out of plane (c).
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Figure 2.6: Infrared image example of single crystal slab of YIG subjected to a temperature
gradient.
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2.2. Time resolved and pulsed technique

In Figures 2.6 we report an example of infrared image referring to the setups illustrated in
Figure 2.5a.
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8] The magnetic Seebeck effect

The irreversible thermodynamics of a continuous medium with magnetic dipoles [59] implies
that a thermal gradient across a YIG slab, in the presence of magnetization waves, produces a
magnetic induction field that is the magnetic analog of the well known Seebeck effect. This
thermally induced magnetic field influences the time evolution of the magnetization, in such
a way that we can modulate the magnetization precession by applying a temperature gradient.
Studies on the effect of a thermal gradient on the dynamics of the magnetization waves have
already been discussed in Section 1.1.3.

In this chapter we present the experimental evidence for a magnetic Seebeck effect by con-
ducting time-resolved transmission measurements in a thin slab of YIG crystal when this is
subjected to a temperature gradient [60]. In Section 3.1 we discuss the thermodynamic for-
malism and the theoretical prediction. In Section 3.2 we give a description of the experimental
setup used to conduct studies on the propagation of magnetization waves. Finally, in Section
3.3, we present our measurements along with a discussion on results achieved.

3.1 Thermodynamic formalism for a magnetic insulator subjected
to a thermal gradient

The irreversible thermodynamics for a continuous medium with magnetic dipoles has been
described by Bréchet and Ansermet in ref. [59]. This formalism defines the relations between
currents and force densities and it predicts the coupling between a magnetization force density
and a heat current.

In a magnetic insulator like YIG, where there is no charge transport (J, = 0), no charge accumu-
lation (VV = 0) and uniform spatial distribution? (Vu = 0), the transport equation of ref. [59]
implies a relation between a magnetization force density and a thermal force density, defined

141 is the chemical potential of the material [59].
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Chapter 3. The magnetic Seebeck effect

as
MVB;,q = AnksVT, 3.1)

where A > 0 is a phenomenological dimensionless parameter, kp the Boltzmann’s constant

and n the Bohr magneton number (for YIG n=1.1-102% m™3).

In a bulk system, the magnetization force density can be expressed as a Laplace force [61] in
terms of magnetic bound current density Jy; = V x M [62]. Hence, we can write

MVBind =Jum X Bind- 3.2)
By using the appropriate vectorial identities, the Equations (3.1) and (3.2) yield

BindZ(‘,'MXVT, (3.3)

where € is a phenomenological vector defined as
ey =—-Ankg(VxM) L. (3.4)

The Equation (3.3) implies that a temperature gradient VT can induce a field B;,,; orthogonal
to it. This is the magnetic analogue of the Seebeck effect in an insulator [10, 9]. Because of this
analogy we refer to it as Magnetic Seebeck effect (MSE). It should be noted that the MSE can
occur only when V x M # 0, i.e. when we have an inhomogeneous magnetization. Using the
appropriate vectorial identities we can write Equation (3.3) as

BindszXVT (3.5)
= Ankg(VxM)"'xVT (3.6)

=— vT.V 3.7

M2 ( )m 3.7

= —tokr -V 'm (3.8)

where V1.V = 1, o the magnetic permeability of the vacuum and ky the thermal vector
proportional to the temperature gradient

kr = VT, (3.9)

The consequence of the thermally generated induction field is to influence the time evolution
of the magnetization, described by the LLG equation (Section 1.2)

M MxB, ot Emx M (3.10)
ar 7 fF M, : :
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3.1. Thermodynamic formalism for a magnetic insulator subjected to a thermal gradient

Here, the field B, is given by several contributions
Beff:Bext+Bdem+Bani+Bindr (8.11)

where B, is the applied magnetic field, B;,,, the demagnetizing field, B,;; the anisotropy
field, and B;,,; the thermal induction field generated by the Magnetic Seebeck effect (Equation
(3.3)). We remind that for YIG the Gilbert damping parameter is of the order @ ~ 10™* [63]
while the saturation magnetization at room temperature is goMs = 176 mT [64].

Since our aim is to investigate the effect of a heat current on the magnetization dynamics,
the next step is to determine how the magnetization responds to an external excitation when
a temperature gradient is applied. In other words, we have to find the expression for the
magnetic susceptibility.

3.1.1 Linear response of the magnetization to a small excitation

We consider now a thin slab of YIG subjected to a small local excitation and to a temperature
gradient applied in a direction parallel to its long axis.

The external magnetic field By, applied to the sample has two contributions: a constant
field By = Byz parallel to the slab, and a small oscillating field b = byX + b,y orthogonal to
By. As consequence of this, in the linear approximation, the magnetization M consists of a
uniform term given by the magnetization at saturation My = M;Z, and the response to the
small excitation m = m,X + m,y with m < M.

Therefore, we can write the linear response of the magnetization according to the LLG equation
and we obtain

dm _  mxBg+MxB)+ S M. x IT (3.12)
ar 7 0 VM, ar '

where B is the first-order magnetic induction field that take into account the MSE and defined
as

B, =b—pokr-V Hm, (3.13)

The Equation (3.12) can be written in Cartesian coordinates as follows

d dm
dix _ (wo +a)MkT-V_1)my +a—2 —wM,ualby,
dt dat (3.14)
dmy _ (o +wrkr -V Hm admx wypigth
T 0 MKT x dr MMg Dy,
with wg and w ), the angular frequencies given by
wo =7vBy, and wy; =y o Ms;. (3.15)
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Chapter 3. The magnetic Seebeck effect

In a stationary state, the excitation field b oscillates at frequency w leading the magnetization
response m to oscillate at the same frequency. If we write it in Fourier series (see ref. [60]), the
eigenstates of the excitation field by and of the linear response of the magnetization my, are
related by

mic =ty Yichi (3.16)

The term yi of Equation (3.16) corresponds to the magnetic susceptibility and it can be
expressed as

1
=-— 3.17
= T G 0+ i@+ kp kD) (3:17)
where Q and Qg are dimensionless parameters given by
w w
Q=—, and Qy= —. 3.18)
N wp

The magnetic susceptibility is affected by the demagnetizing field B;,;,, = —pom X that is
responsible for breaking the spatial symmetry in the sample and creating an elliptic precession
cone. It causes the damping along the x direction to differ from the damping along the y direc-
tion and, as a consequence, Yy differs from Aky- Therefore, considering the Kittel’s formula
for the resonance frequency v wo(wg + wys), we can express the magnetic susceptibility as

1
Q- V@ + D +irey(aQ+kr-k)

Xkx,y = (3.19)

where the term ry, , > 0 is a phenomenological factor that takes into account the symmetry
breaking of the system [60].

3.1.2 Theoretical prediction

The Equations (3.19) and (3.9) have an important implication for the propagation of the
magnetostatic waves in presence of a temperature gradient, since it modifies the damping
term, making it smaller or bigger, depending on the direction of the temperature gradient with
respect to the direction of the wave vector.

Let’s consider, as in the previous section, a YIG slab subjected to a temperature gradient, with
magnetization waves traveling from one end to the opposite one. In a bulk YIG, as shown by
Cunha [35], the magnetostatic modes of the magnetization waves are magnetostatic backward
volume modes and propagate in the direction —k™!.

Equation (3.19) implies that if the magnetization waves propagate from the cold to the hot
side are less attenuated than when they propagate in the opposite direction. This prediction is
illustrated in Figure 3.1. The amount of damping is decreased when k7 -k™! < 0 and increased
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m() Cold to Hot

y

kTOCVT

Figure 3.1: Illustration of the theoretical prediction for the magnetic Seebeck effect. Pre-
cession cones of the magnetization at the excitation m(0) and at the detection m(7) for mag-
netization waves propagating from the cold to the hot side (top) and from hot to cold side
(bottom). The opening angle depends on the amount of damping given by the product k7 -k
i.e. by the relative orientation of the magnetization waves propagation with respect to the
temperature gradient. Image taken from [60].

when k7 -k™! > 0. This means that the precession cone of the magnetization m, at the opposite
side of the magnetization wave excitation, has an opening angle that is lager for magnetization
waves propagating in the same direction of the temperature gradient and it is narrower for
wave propagating in the opposite one.

3.2 Experimental setup

To verify the theoretical prediction described in the previous section we used the experimental
setup illustrated in the schematics of Figure 3.2.

A thin slab of (011) single crystal YIG (from Ferrisphere), 10 mm long, 2 mm wide and 25 pm
thick is placed on top of two Peltier elements used to generate a temperature gradient. The
two modules sit on a common copper mass for heat dissipation and a specific thermal sticker
is placed between them and the sample to ensure a good thermal contact. With this system
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Chapter 3. The magnetic Seebeck effect

we can create a temperature gradient of the order of 20 K/cm and we are able to change its
direction by changing the polarity of the two modules. The presence of the temperature
gradient in the YIG sample is verified using an IR camera (see Section 2.2.1)

In this experiment two local probes are used to carry out transmission measurements along
the YIG slab. The antennae are placed 8 mm apart and 500 um over the surface of the sample.
One probe is used to excite with microwaves pulses of 4.36 GHz in frequency and of 15 ns in
duration. The pulses are created by mixing the signal generated by the microwave source with a
pulse generator. The second probe is used for the detection and it is connected to an amplifier
in series with a zero bias Schottky detector that provides an output signal proportional to the
power of the microwaves. A digital oscilloscope is then used to observe the time evolution of
the signal and thus to record the measurements presented in next Section. As for the other
experimental methods described before, the external magnetic field is applied by means of an
electromagnet driven by a power supply and controlled via Labview program.

3.3 Experimental results and discussion

In this section we report and discuss time-resolved transmission measurements obtained with
the experimental setup described before.

The transmitted signal for waves propagating from the cold to the hot side and from the hot
to the cold side as a function of the applied magnetic field By is shown in Figure 3.3. We
can clearly notice that when the waves propagate in the direction of the thermal gradient,
they decay less rapidly than when they go in the opposite direction. This result confirms
the theoretical prediction made in Section 3.1.2 and it gives an evidence for the magnetic
Seebeck effect. At negative time (¢ < 0), we observe the presence of a small signal caused by
the mixer leakage. However, this contribution is smaller than signal detected after the pulse
and it accounts only for about the 3%.

The difference in the signal attenuation is confirmed by Figure 3.4 and Figure 3.5. The fist one
shows the transmitted signal, in logarithmic scale, averaged over the range of the magnetic
field. After the initial pulse of 15 ns, we observe a convolution of k, modes propagating at
different groups velocities and we notice that the attenuation is larger in correspondence to
small k, modes. This is in agreement with our theory as the effect, predicted in Equation
(3.19), is proportional to k;!. In Figure 3.5 we report the FMR spectrum at 70 ns after the
microwave pulse. The spectral linewidth is approximately =0.2 mT. This value is larger than
the homogeneous linewidth = a B, ¢ [44] and for this reason we assume they correspond to
inhomogeneous broadening.

From Figure 3.4 we can estimate the parameter A which defines the magnitude of the magnetic
Seebeck field B;;4. According to Equation (3.19), the thermal effect adds a contribution to the
loss term a of the LLG equation which is equal to

o =M ! (3.20)
w
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Figure 3.2: Time-resolved transmission measurements setup. Schematic illustration (a)
and photo (b) of the experimental setup. Magnetization waves are launched from one side
and detected inductively at the other end by means of two local probes. Microwaves pulses
are excited at a frequency of 4.36 GHz and have a duration of 15 ns. The YIG slab sits on top of
two Peltier elements used to generate a temperature gradient across the sample.
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Figure 3.3: Time-resolved transmitted signal for a slab of YIG subjected to a temperature
gradient. The signal is transmitted from the cold to hot side (top) and from the hot to the
cold side (bottom) for different values of applied magnetic field (y-axis). The lighter area in
the top graph shows that waves propagating in direction of the temperature gradient are less
attenuated than when they propagate in the opposite direction. Image taken from [60].

where w = y|By| is the pulsation at resonance in the applied field By and wys = y o M.

By defining L as the length of the sample across which a temperature difference AT was
established, we have |k™!| ~ L/7 and |VT| = AT/L. If we take the expression of the thermal
vector kr, given by Equation (3.9)

ﬂi’lkB

2
HoM

lkr| =

IVT| (3.21)

and we replace it in Equation (3.20), we find that the effect of the temperature gradient on the
damping, adds the contribution:

_ /lnkBAT

(3.22)
TM;By
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We estimate that a reversal of the temperature gradient along the sample, implies a change in
the damping by a factor of 3. This means that (« + a’)/ (@ — a’) = 3, which yields a’ = a/2.
In the experimental system, we have the following conditions:

By ~ 0.081Tesla (3.23)
M; ~ 1510°Am™* (3.24)
AT = 20K (kp=1310"2JK 1) (3.25)
n ~ 1.110**m™ (3.26)

From these values and from the relation (3.22) we get A ~ 0.01a’ and we find that A for YIG is
of the order of

Ayig = 1075, (3.27)

According to the expression for the magnetic susceptibility, if the temperature gradient is big
enough so that k7 - k™! > aQ, this results in a negative damping causing the self-oscillation of
the magnetization. With this value of A we find a thermal damping ratio |kr ka0 =03
that is smaller than the self-oscillation threshold.

Report of a very similar experiment was published the same year as our Phys. Rev. Lett. by
Cunha et al. in ref. [35] on the control of the relaxation of propagating spin waves in YIG films
under the application of the temperature gradient. In their case the thermal gradient is applied
orthogonally to the YIG film in longitudinal spins Seebeck configuration [65]. These authors
show that VT affects the relaxation rate of the propagating waves only when a platinum layer
is deposited on top of the sample. This is explained by the spin injection and the spin pumping
effects at YIG/Pt interface [36, 30]. In absence of platinum, the effect does not occur. This is in
line with our theory as in such configuration we have k7 -k™! = 0 and therefore the amount of
damping does not change.

Another important point of discussion is the temperature dependence of the saturation
magnetization. As pointed out by Orby et al. in ref. [26], it can affect the amplitude of the
magnetization waves (see Section 1.1.3). We have to clarify that in our experiment, since we
are close to a self-oscillation condition, the effect of the contribution k7 -k~ is expected to be
larger than the contribution due to the change in temperature of the saturation magnetization.
Nevertheless, in contrast with the claim made in ref. [26], we show in Figure 3.3 that mag-
netization waves can travel in presence of the temperature gradient and can also propagate
against it.
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Figure 3.4: Transmitted signal as a function of time, averaged over the applied magnetic
field. After the 15 ns duration pulse, we observe a convolution of k, modes propagating at
different group velocities. The signal amplitude is plotted in logarithmic scale and arbitrary
units. Image taken from [60].
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Figure 3.5: FMR spectra of a 15 ns pulsed excitation detected after 70 ns. FMR signal in
arbitrary units and after baseline correction. Image taken from [60].
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3.4 Conclusion

In this chapter we investigated the effect of a heat current on the dynamics of magnetization
waves propagating in a magnetic insulator. Starting from the formalism that describes the
irreversible thermodynamics for a continuous medium, we predicted a new effect that can
be described as a magnetic field induced by a thermal gradient. We suggest to refer to it
as magnetic Seebeck effect by analogy to the well known Seebeck effect (MSE). It should
not be confused with the magneto-Seebeck effect [66] as this consists in a change of the
Seebeck coefficient depending on the magnetic configuration. By carry out transmission
measurements in a thin slab of YIG, we found evidence for this effect by showing how the
MSE can modulate the magnetic damping depending on the direction of the propagating
magnetostatic modes with respect to the orientation of the temperature gradient.
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Magnetization dynamics of ferro-
magnetic insulators subjected to a
temperature gradient

In this chapter we briefly report additional attempts aimed at getting further evidence of the
magnetic Seebeck effect presented in the previous chapter. In Section 4.1 we report FMR
studies of YIG disks subjected to a temperature gradient, while in Section 4.2 we discuss
experiments conducted on YIG slab.

4.1 YIG disks subjected to a temperature gradient

The magnetization dynamics of YIG disks has been extensively studied in the past using
both continuous wave [67, 68] and pulsed techniques [69, 70]. As for the case of a YIG slab
(Section 1.2.3), the magnetostatic modes in a flat disk are characterized by a complete discrete
spectrum of energy levels. The spatial distribution of such modes has been recently observed
by Edward et al. using a magneto-optical Faraday-microscopy [71]. Numerical simulations
on quasi 2D disks [72, 73] showed that disks could exhibit vortex states. According to the
theoretical formalism described in Section 3.1, magnetic vortices should be favourable states
for the thermally induced magnetic field. Hence, the general idea is to probe this vortex state
and determine whether a thermal gradient affects this state.

4.1.1 Resonant cavity experiment

We conducted FMR experiment on 3 mm diameter and 120 um thick disks of single crystal YIG.
The sample was squeezed between two Peltier elements used to generate the temperature
gradient and placed inside a resonant cavity. The measurements were performed using the
experimental setup described in Section 2.1.

In Figure 4.1 we show a comparison between a spectrum of a normally magnetized YIG disk
with the spectrum of the same sample subjected to a temperature gradient, perpendicular to
the plane and parallel to the external magnetic field. When the gradient is applied, we observe a
compression of the spectrum and a shift to lower field caused by the temperature dependence
of the saturation magnetization. Furthermore, we notice the excitation of additional resonance
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Figure 4.1: FMR spectra of a normally magnetized 120 pm thick disk of YIG as a function of
the magnetic field. The measurements are carried out using a X-band resonsant cavity at 9.47
GHz with a microwave power of 16 dBm. The value in mA reported in the legend corresponds
to the current sent to the Peltier elements.

modes that do not appear in absence of the temperature gradient. Data reported in Figure 4.2,
recorded with the same setup on a different sample, show the dependence of these modes on
the intensity of the thermal gradient. The presence of the azimuthal in absence of temperature
gradient is attributed to a small misalignment of the disk with respect to the applied magnetic
field.

The FMR spectrum of anormally magnetized disk exhibits two types of resonance modes,
namely radial and azimuthal, and we identify the modes caused by the thermal gradient
with the latter type. The azimuthal modes appear only when the symmetry of the system is
broken. It has been shown by Kamenetskii et al. [74] that inside a rectangular waveguide the
excitation of the azimuthal modes depends on a combination of the electric and magnetic
field: the maximum occurs at the point where the RF electric field is at the maximum and the
magnetic field is at minimum. Therefore, we need to determine if the occurrence of the extra
modes under a temperature gradient is due to the heat current or to the spurious effect due to
a change in the electromagnetic field at the location of the sample.

4.1.2 WR-90 resonator

The following experiment convinced us that the extra modes reported in Figure 4.1 and 4.2
are caused by a spurious effect. Here, we replaced the resonant cavity with an home-made
resonator designed using a conventional WR-90 rectangular waveguide. One side of the
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Figure 4.2: FMR spectra of a normally magnetized 130 pm thick disk of YIG as a function
of the magnetic field. Absorption derivative (top) and integrated signal (bottom). The mea-
surements are carried out as for Figure 4.1. The curves are shifted for clarity along the vertical
scale in the top and bottom graph, and along the horizontal scale in the meddle graph.
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Figure 4.3: Electromagnetic simulations of the WR-90 waveguide resonator. Geometrical
design (a), simulations of the transmission coefficient (b), and spatial distribution of the
electric (c) and magnetic field (d) inside the resonator.
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4.2. Thermally induced self-oscillation

waveguide was closed with a brass plate, while at the other end we put a copper sheet with a
hole in the center for the iris. The simulations reported in Figure 4.3 show the distribution
of the magnetic and electric field inside such a resonator for a microwave frequency of 9.871
GHz.

This experiment was conducted on a 3 mm in diameter and 500 pm thick disk of YIG. The
sample was placed with its normal to the plane parallel to the z-axis (Figure 4.3a) and at
the short end of a rectangular waveguide where we have the minimum of the electric field
and the maximum of magnetic field. According to ref. [74] this position should promote
the radial modes and hinder the excitation of azimuthal one. In this case the temperature
gradient was applied as before, but in such a way to avoid the heating of the sample. We
estimated ATy, 4, = 30 K. To avoid strong coupling between sample and resonator, we decided
to conduct our experiment at 7.5 GHz, far from the resonance frequency of the wave-guide.
FMR specra obtained with this experiment are reported in Figure 4.4. We noticed that the
resulting spectrum was identical to the one measured without the application of the thermal
gradient. Since this is in contrast with the results observed previously we cannot conclude
that a temperature gradient can induce the excitation of the azimuthal modes.

Nevertheless, it is still not clear the reason why we observed such effect with the usual cavity
since it is designed also to minimize the electric field at the location of the sample. A possible
explanation could be attributed to the different sample thicknesses. As the disk used for the
resonant cavity experiment broke, it was impossible to use the same sample for this measure-
ment. Another reason could be related to strong coupling between resonant cavity and YIG
disk. Since the resonance frequency of the sample depends on the saturation magnetization
and thus on temperature, the heating up of the disk would influence the coupling between
YIG disk and sample and cavity.

4.2 Thermally induced self-oscillation

As discussed in the previous chapter, the magnetic Seebeck effect can increase or decrease
the damping depending on the orientation of the magnetostatic wave vector with respect to
the temperature gradient. If the negative damping is large enough so that kr-k > aQ, then
the overall damping would be negative and the magnetization would undergo self-oscillation.
Following this prediction, part of the research work has been dedicated to the attempt of
inducing a magnetization oscillation by applying a constant heat current. We conducted noise
measurements on a slab of YIG placed in the same configuration as for the magnetic Seebeck
effect (Section 3.2). The signal recorded with a probe resonator was first amplified and then
sent to an Agilent spectrum analyzer (working range 9 kHz - 26.5 GHz). We observed a few
times what seemed to be an emission from the sample over a very broad frequency range.
Nevertheless, we were not able to reproduce these results and for this reason we decided not
to report actual experimental data in this thesis.
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Figure 4.4: FMR spectra of a normally magnetized 500 pm thick disk of YIG as a function
of the magnetic field. The measurements are carried out at 7.5 GHz with a microwave power
of 16 dBm. The value in mA reported in the legend corresponds to the current sent to the
Peltier elements.

4.3 Conclusions

Following the prediction for a self-oscillation induced by pure temperature gradient, we
exploited several noise measurement techniques, both at room and low temperature, but until
now we did not succeed to observe this effect. Also, we conducted FMR studies on YIG disk
using two different resonance schemes. Although we observed the excitation of azimuthal
modes in presence of a temperature gradient, we were not able to reproduce this effect when
changing the configuration of the sample and the detection scheme.
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Spin Dynamics in Magnetic Nanos-
tructures

In the previous chapters we focused our attention on magnetic insulators. The work presented
in the second part of this thesis is instead aimed at investigating metallic nanostructures when
subjected to a heat current. As mentioned in Section 1.1.1, the 3-current model predicts that a
heat current can produce a spin current in the volume of a magnetic layer, and consequently,
it is expected to produced a spin torque in a spin valve. Hence, we explore what has been
called Thermal Spin Torque (see Section 5.1.3) in electrodeposited Co/Cu/Co asymmetric spin
valves grown in the middle of copper nanowires.

In this chapter we present ferromagnetic resonance studies of metallic spin valves in presence
of a temperature gradient. First in Section 5.1, we provide a basic theoretical background,
essential for a complete understanding of the spin dependent phenomena occurring in these
nanostructures. Then, in Section 5.2, we illustrate the procedure for sample fabrication,
contacting and characterization. Section 5.3 describes the experimental setup and techniques
employed. Finally, Section 5.4 concludes the chapter with the presentation and discussion of
the experimental results.

5.1 Spin-dependent transport and dynamics

5.1.1 Giant Magneto Resistance

The giant magnetoresistance (GMR) effect was discovered in the late 1980s [76, 77] by observing
large magnetoresistive variations in magnetic nanostructures containing ferromagnetic films
separated by metallic spacers.

A spin valve, in its simplest form, is a system composed by two ferromagnetic (FM) layers
separated by a non magnetic spacer (NM). One is typically pinned (reference layer), while
the other can switch its magnetization (free layer). When the two magnetic layers have their
magnetization in a parallel configuration, the spin-up electrons (spin anti-parallel to the
magnetization), passing thorough the trilayer, encounter almost no scattering (low resistance).
On the contrary, in the antiparallel state, both spin-up and spin-down electrons are equally
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Figure 5.1: Illustration of the Giant Magnetoresistance effect. Top: representation of a spin-
valve composed by a non magnetic layer sandwiched between two ferromagnetic layers.
Electrons are scattered differently depending on their spin orientation with respect to the
configuration of the magnetic layers. Bottom: equivalent circuit diagram of the GMR effect.
Figure adapted from [75].

scattered (high resistance). A schematic illustration of this effect is reported in Figure 5.1.
In a spin valve system, the GMR ratio is defined as:
Rap—R
MR="AL_F 5.1)
Rp
with R4p and Rp being the resistances of the antiparallel and parallel state, respectively. We
can express the GMR angular dependence as:

R:Rp+AR(1—cosz(g)) (5.2)

where 0 is the angle between the magnetization of the two FM layers, and AR = Rqp — Rp is
the difference between the resistances at the antiparallel and parallel state.

A magnetic tunnel junction (MTJ) is a system very similar to a GMR spin valve. In a MTJ
the non magnetic spacer is replaced by an insulating layer, typically aluminium oxide or
magnesium oxide. This oxide layer is so thin that electrons can tunnel through the barrier
when a bias voltage is applied between the two metal electrodes. This phenomenon is called
tunneling magnetoresistance (TMR) [78] and it presents a MR ratio much larger than GMR.
More details on this topic can be found in ref. [79] and in the references therein.
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5.1. Spin-dependent transport and dynamics

5.1.2 Spin Transfer Torque

Theoretically predicted in 1996 by Slonczewski [1] and Berger [2], and experimentally ob-
served in 2000 [80], the spin angular momentum transfer or spin-transfer torque (STT) is a
phenomenon that originates from the exchange of the angular momentum between a spin
polarized current and the magnetization of a ferromagnetic layer [81, 82, 83, 84]. The STT
effect provides a local means of magnetization manipulation and its discovery has represented
the milestone for the development of a novel concept of magnetic memory: the STT-MRAM.
In a GMR device, like the spin valve described in the previous Section, the current passing
through the first ferromagnetic film (pinned layer) becomes spin polarized and mostly main-
tains this polarization through the nonmagnetic spacer. When it enters and interacts with
the second ferromagnet (free layer), part of the angular momentum is transferred from the
electron spins to the free layer, exerting a torque Ts77 on the magnetization vector M. To take
this phenomenon into account, the expression of the LLG equation for the magnetization of
the free layer in the macrospin approximation becomes:

dM M x H + a M x dM+ dMSTT
—_— = - X —_— —_—
ar 7V M, dr T dr

(5.3)

where y is the gyromagnetic ratio, « a phenomenological damping factor and Mgy is the so
called Slonczewski term. It determines the effect of spin transfer torque on the magnetization
dynamics and is defined as:

dMsrr ___ yh
dt 2eVM?

M x (Ig x M) (5.4)

where e is the electron charge, V the volume of the ferromagnet, M the magnetization at the
saturation and I the spin-polarized current [85].

More generally, as illustrated in Figure 5.2, the torque exerted by the incident electrons on the
free layer, can be decomposed in two directions: one in the plane of the magnetization (red
arrow) and the other perpendicular to it (blue arrow). The latter is called field-like torque and
since it is very small it is usually neglected in spin valve systems [83].

The STT effect can either act with the damping torque or against it depending on the polariza-
tion of the current. In the first case it gives rises to an additional damping and the magnetic
moment aligns "faster" with the applied field. In the second case, when the current is polarized
in such a way that the spin torque is antiparallel to the magnetic damping, different situations
may occur depending on the STT magnitude, i.e. on the intensity of the current density J. If J
exceeds the value of the critical current density /¢, the magnetic damping becomes negative
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Figure 5.2: Illustration of the spin transfer torque effect. (a) Current-induced torque caused
by the interaction between incident electrons and magnetization: the difference in spin
polarization causes a torque in the plane of the magnetization and a torque perpendicular to
this plane (field-like torque). (b) lllustration of LLG dynamics in presence of the spin torque:
the STT (red arrow) acts against the damping bringing the magnetization out of equilibrium.
Figures taken and adapted from [85].

and the magnetization of the free layer spirals away from the fixed layer until a steady state is
reached. In this case we have a stable precession of the magnetic moment around the applied
field. The critical current density is defined as [1, 86, 871:

2e\(a
Jc = (%) (E)Mstp (H + Hy + 21 M) (5.5)

where ' is the spin-polarization factor, ¢y the thickness of the ferromagnetic free layer, H the
external applied magnetic field, and Hy is the effective anisotropy field.

A further increase of the current density leads to an increase of the precession angle and
when this is higher the a critical value, it causes the complete reverse of the magnetization
orientation of the free layer.

As we will see in the next sections the STT effect is a powerful tool to probe and excite ferro-
magnetic resonance in magnetic nanostructures.

In= (Iy = I))/ (4 + 1)), wherel; and I} are the majority and minority spin-polarized currents with the their
polarization axis defined by the polarizing layer
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Spin Transfer Torque-driven Ferromagnetic Resonance

As described earlier, the spin transfer torque depends linearly on the applied current density J
passing through the magnetic layers. In a simple spin valve, like the one described in section
5.1.1, a change in the current polarity results in a change in the torque direction. Therefore,
when an AC current is applied, it generates an oscillating STT torque and if the AC frequency
matches the natural frequency of magnetization precession, it drives the free layer magnetic
moment into resonance. At the resonance frequency, the STT compensates the damping losses
and continuously puts the magnetic moment out of equilibrium, acting in synchronization
with the magnetization oscillation.

This methods for exciting the ferromagnetic resonance, in combination with magnetoresis-
tance based electrical detection techniques (e.g. GMR or TMR), can be exploited to study the
magnetization dynamics of nanoscaled devices [88]. The spin transfer torque-driven FMR
(STT-FMR) has been widely used for FMR studies in a large variety of samples, from magnetic
tunnel junctions [89, 90, 91, 92] to metallic nanopillars [93, 94] or electrodeposited nanowires
[95, 96]. It allows to probe the FMR in samples with only a million of Bohr magnetons.This
is not possible by using standard methods with resonant microwave cavities because of the
small dimensions of the samples.

When a microwave current I(f) = I,y cos(wt?) is sent to a magnetoresistive system like a spin
valve, at a frequency corresponding to the FMR frequency, the oscillating STT induces a
precession of the magnetic moment. Because of the continuous reorientation of one layer
with respect to the other, the magnetoresistance is time dependent and has the form:

R(t) = ARcos(wt +9). (5.6)

It should be considered that in nanowires, a high current density is reached for very small
currents. The currents are so small that the Oersted field they induce has a much smaller effect
compared the STT. The voltage V() resulting from the product I(¢) R(¢) contains two equal
amplitude components, one at zero frequency Vp¢ and the other at the second harmonic V,,,
[97]. In the simplest form the dc term is given by the equation [98, 88]:

1
Vpbe = EI,fARcosé (5.7)

It occurs only at resonance and when we are in presence of a noncollinear configuration of
the two magnetic moments, i.e. when the two layers present a relative angle that is not equal
to zero.

This method allows us to detect the FMR in the nanomagnetic device by measuring this voltage
across it. STT-FMR experiments on electrodeposited asymmetric spin valves will be presented
and discussed in Section 5.4 along with an illustration of the experimental setup in Section 5.3.
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5.1.3 Thermal spin-transfer torque

The thermal spin-transfer torque or thermal spin torque (TST) is a physical phenomenon
consisting in the manipulation of the magnetization by the application of a heat flow. This
effect is analogous to the STT described in Section 5.1.2, with the main difference that the
torque is driven by a heat current rather than a charge current.

The idea that a heat flow can induce a spin current in a magnetic nanostructure was predicted
using circuit theory by Hatami et al. in 2007 [99]. Theoretical predictions of TST acting on
magnetic domain walls [100] and magnetic tunnel junctions [101, 102] were also proposed, as
well as the idea, suggested by Slonczewski, to use a magnetic insulator as polarizer to induce a
thermal spin torque in a spin valve system [103]. Using a three-current model (heat, spin-up
and spin-down), Bréchet and Ansermet pointed out that a standard three-current model [13]
predicts the existence of a spin polarization current on large scales, that is proportional to the
temperature gradient.

The first evidence for a heat-driven spin torque was observed by this group in ref. [104].
Haiming Yu et al. demonstrated how a heat current can shift the switching field of metallic
spin valves. Experimental evidence for the generation and injection of a spin current by a
heat current was demonstrated by using metallic ferromagnetic nanostructures [14], STM
tips [105] or magnetic tunnel junction [106]. More recently, clear evidence for a heat-driven
spin torque has been obtained by monitoring the magnetization dynamics after an ultrashort
(0.1 ps) pulse used to thermally drive the demagnetization of a ferromagnet [107]. In ref. [14]
Slachter et al. argued that a thermal spin injection, at the interface between the ferromagnet
and the metallic spacer, can be as efficient as a charge-driven spin injection.

Further experimental evidence of this effect is reported in Chapter 6 by observing the linear
response of a heat-driven spin torque in electrodeposited Co/Cu/Co spin valves.

5.2 Samples preparation, fabrication and characterization

The samples used for the experiments presented in this chapter consist of asymmetric spin
valves grown in the middle of copper nanowires. As illustrated in Figure 5.3, these magnetic
nanostructures are composed of a copper layer (non magnetic spacer) sandwiched between
two layers of cobalt, one thicker and one thinner, acting as reference and free layer respectively.
The samples are grown by a standard electrodeposition process in commercial ion-track-
etched polycarbonate membranes. The membrane is 5 um thick and contains nanopores
of 30 nm diameter with a pore density of 6 x 10%/cm?. An original method for growing and
contacting the nanowires, designed for high frequency measurements, has been developed by
the group [96, 108, 109] and it is extensively described in ref. [109].
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Figure 5.3: Nanowires fabrication process. (a) Schematic of the electrodeposition system:
the gold layer, in contact with the metallic pin, is used as working electrode in order to force the
ions to fill the porous membrane. (b) Details of the nanowire growth: spin valves are fabricated
by alternating the deposition of Co and Cu layers. Once the pores are filled, the formation of
metal bumps (mushroom shaped) occurs on top of the membrane and the electrodeposition
is stopped. (c)(d) Photos illustrating the sample holder containing the membrane sputtered
with gold, the teflon cup and the metal pin.
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5.2.1 Electrochemical growth of metallic nanowires

The nanowires fabrication is carried out by means of a conventional electrodeposition tech-
nique. This includes an electrolyte that contains the metals to be deposited, and a standard
three electrodes system (Figure 5.3) consisting of:

1. Working electrode: the cathode where the metal reduction occurs.

2. Counter electrode: the anode, responsible for the charge flow in the electrolyte.

3. Reference electrode: a saturated Ag/AgCl electrode that keeps the electrolyte at a con-
stant voltage.

The first step is the deposition via sputtering of about 500 nm of gold layer on top of one side
of the membrane. This gold plate is then put in contact with a metallic pin and encapsulated
by a teflon cup screwed on top. The whole system, designed to fit in a SMA connector, is then
immersed in a single bath composed of

0.5M/1C0S804+0.01 M/1 CuSO4 +0.7 M/l H3BOs,

and used as working electrode in the electrodeposition setup. The membrane so encapsulated
serves as nanowires template and when an electrical potential is applied, the ions are forced
to deposit into it.

During the deposition, the electrolyte is stabilized at a temperature of 37.5 °C for the whole
duration of the process. Since the electrolyte contains both Co and Cu salts, we can selectively
deposit one or the other by applying a voltage of V¢, = -0.3 Vand V¢,= -0.1 V respectively.
Multilayers and spin valves can be grown using this technique. Nevertheless, it should be
taken into account that even if the concentration of Cu is very small compared to the Co one,
a 15% of Cu impurities are deposited in the Co layer.

To grow multilayers with a desired thickness it is important to proceed first with a calibration
step. This consists in filling completely the polycarbonate membrane with one material at
the time so that, by recording the amount of time needed to fill the pores, we can calculate
the deposition rates. A typical electrodeposition curve of a Co 30nm / Cu 10nm / Co 10nm
asymmetric spin valve embedded in Cu nanowires is reported in Figure 5.4. During the
electroplating the deposition current is continuously monitored. A rapid increase indicates
that the pores are completely filled and ions start to aggregate on top of the membrane surface,
forming "mushrooms” shaped Cu bumps. At this point the electrodeposition is stopped and,
after a drying step, the samples are ready for the characterization.
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Figure 5.4: Typical deposition curve of a single Co 30nm / Cu 10nm / Co 10nm asymmetric
spin valve embedded in Cu nanowire. Spikes appear when the electrical potential is switched
form V¢, to V¢, indicating the deposition of the Co layers. The rapid increase of the current at
the end of the curve indicates that the membrane has been filled and that the metal bumps
start to form.

5.2.2 Electrical contact and characterization

Once the fabrication process is completed, the filled membrane is placed into a female SMA
connector, as shown in Figure 5.5(a). In this way, the bottom of the nanowires is connected
through the gold layer/pin system, and an original method is employed for contacting the top
side. The SMA connector, with the sample placed inside, is sealed by a metal cup connected
to the SMA ground. This holds a metal screw with a gold wire of 25 pm in diameter soldered at
the top. The electrical contact is made by approaching the membrane surface with the screw
until the gold wire touches the metal bump of one nanowire. During this procedure, a small
AC current is sent to the sample in order to monitor continuously its resistance and verify that
the electrical contact is maintained. Since only very few pores are completely filled during
the electrodeposition, we are able to electrically contact just one or maximum two nanowires
at the time. Another advantage of this method is the possibility of studying other nanowires
from the same template by just displacing the gold wire on another area of the membrane.
Furthermore, since the metal cap presents an opening on one side (Figure 5.7 b), it is also
possible to conduct optical characterizations of the samples (Section 5.4).

Once the electrical contact is established, we can perform GMR measurements to check
the quality of the electrical connection and to verify that the magnetic nanostructure is
working properly. Figure 5.6 shows the GMR curve of a single Co 30nm / Cu 10nm / Co 10nm
asymmetric spin valve embedded in the middle on a Cu nanowire. The curve is recorded
using a standard lock-in technique by sending a current of the order of 10 pA. The value of the
current is kept small in order to minimize any contribution due to Joule heating. During the
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Figure 5.5: Illustration details of the sample contacting method. (a) Sample holder inside a
female SMA connector. (b)(c) 25 um gold wire soldered on top of a screw used to approach
and contact the nanowires.

measurements, the magnetic field is applied perpendicular to the nanowire and parallel to the
plane of the free layer. It is swept from negative to positive and positive to negative values and
it reveals a switching field occurring at about Hy,, = 120 mT with a MR ratio of about 0.27%.
This is a good result if we consider that the typical value for a similar sample is about 0.1%.
The MR ratio is of particular importance in the detection of the STT-FMR as it determines the
sensitivity of the system.

5.3 Experimental setup for current induced STT-FMR

In Section 5.1.2 we discussed the possibility to exploit the STT effect for exciting the FMR in
nanomagnetic devices and probe it using magnetoresistive effects.

Here we present the experimental setup based on this concept that we designed to conduct
FMR studies of single Co/Cu/Co spin valves fabricated with the electrodeposition technique
described in Section 5.2. Thanks to the original design of the sample holder that fits perfectly in
a SMA connector, we are able to perform high frequency measurements in the GHz range. The
FMR is detected electrically by measuring a dc voltage across the sample when the frequency
of the spin-polarized current hits the FMR frequency. Since the free layer contains about 10°
Bohr magnetons, the FMR could not be detected by regular X-band cavity-based methods.
For this reason, the electrical detection is the only method that can be used to study the
magnetization dynamics in these samples.

A schematic illustration of the experimental setup is reported in Figure 5.7. The rf current is
generated by a Rohde & Schwarz microwave source and is injected into the nanowire. The
sample is placed between the poles of an electromagnet used for the application of an external
magnetic field. The rf power is typically -10 dBm and the frequency ranges from 2 to 12 GHz.
A bias-T is used to select the only DC component of the resulting signal across the nanowire.
By measuring the voltage at the DC output we can detect the FMR signal of our sample. Since
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Figure 5.6: Giant magneto resistance of a Cu nanowire containing a Co 30nm / Cu 10nm /
Co 10nm asymmetric spin valve. The applied magnetic field is perpendicular to the nanowire
and parallel to the plane of the cobalt layers. The measurement is performed by sweeping the
field from negative to positive and from positive to negative values.

the FMR depends on the applied magnetic field, a conventional field modulation technique
with lock-in amplifier detection is employed to improve the sensitivity of the system. The
two modulation coils are driven by a function generator and an AC field, with an amplitude
of about 27 Oe peak to peak, is generated by a sinusoidal wave at a frequency of 37 Hz. The
measurements are performed by scanning the frequency from 2 to 12 GHz at a constant
applied magnetic field. The data are recorded with a Labview software that is also used to
drive all the electronic equipment via GPIB interface.

5.3.1 Temperature gradient

In order to create a heat current flowing through the samples, a temperature gradient can be
generated either by Joule heating, following the experiment of Yu [104], or by laser heating. In
this work we exploit the latter solution as it avoids any contributions from the STT generated
by a charge current. Experiments on thermoelectricity showed that temperature differences
of a fraction of 1 K can be produced by laser heating between the ends of the nanowires
[110]. Therefore, since the length of our nanowires is about 5 pm, we expect to generate a
temperature gradient of the order of 10* K/cm.

Following this idea we implemented a laser diode (100 mW, wavelength of 640 nm) in the
experimental setup. The light generated by the laser is collimated into an optical fiber and
then shone on top of the sample. This is possible thanks to the opening on the metal cup
sealed on top of the SMA connector, as illustrated in the photo of Figure 5.7. Depending on
the laser power, we can create a difference in temperature of few K between the top and the
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Figure 5.7: STT-FMR experimental setup with field and laser modulation (a) Schematic of
the experimental setup implementing a lock-in technique with field and laser modulation. (b)
Photo of the sample holder with laser heating.

56



5.4. Experimental results

bottom of the sample.

5.3.2 Laser modulated STT-FMR

A technique known as photothermally modulated ferromagnetic resonance (PM-FMR) has
been previously used to investigate magnetostatic spin wave modes in thin films [111, 112,
113] and spheres [114] of YIG, and it has been even employed to investigate the magnetic
anisotropy of thin epitaxial film of Fe and Co [115, 116]. This technique relies on a local thermal
modulation, by laser heating, of the microwave absorption due to a change in the temperature-
dependent magnetic parameters, such as saturation magnetization and anisotropy [117].
Depending on the magnitude of their temperature coefficients, the signal can be either smaller
or larger than the conventional FMR signal.

A very similar concept is used in the setup illustrated in Figure 5.7. During this measurement,
the modulation coils are switched off and the detection is locked at the frequency of the square
wave sent to the laser diode to create light pulses. Thanks to this technique, only the variations
due to the laser heating can be detected. Therefore, the obtained signal is proportional to the
temperature derivative of the RF susceptibility imaginary part.

As for the field modulation technique, the FMR data are taken by sweeping the microwave
frequency and applying a constant magnetic field.

5.4 Experimental results

In Figure 5.8 and Figure 5.9 we report the data acquired with the experimental setup described
in Section 5.3. Both of them show the FMR spectra of the same 5 nm Co / 7 nm Cu / 25
nm Co asymmetric spin valve, recorded by means of two different lock-in techniques: field
modulation (left graph) and laser modulation (right graph). The voltage across the nanowire is
recorded as a function of the microwave frequency for several values of external magnetic field,
applied perpendicular to the nanowire and parallel to the magnetic layers. Figure 5.8 shows
the FMR spectra recorded for an external magnetic field H,,; lower than the GMR switching
field Hgyy, i.e. when the two FM layers are in parallel configuration. The spectra evolution
for the antiparallel state (H,x; >Hgw) is instead reported in Figure 5.9. In both cases we can
observe a clear field dependence of the resonance peaks. When a jump occurs in the GMR
curve, i.e. when the spin valve passes from an antiparallel to a parallel configuration, the shift
and thus the slope 0 f/0 H changes direction. This can be easily observed in the f(H) diagram
reported in Figure 5.10 and it is a further indication that we are probing the ferromagnetic
resonance of the spin valve.

Our measurements are based on the detection of the oscillating magnetoresistance R(t) that
is proportional to the product My -Mfr where My and M are the magnetization of the fixed
and free layer respectively. At high field where the two layers are in parallel configuration, a
synchronous precession would result in a zero Vp¢ signal. The fact that we are able to observe
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Figure 5.8: STT-FMR spectra of single Co 5 nm / Cu 7 nm / Co 25 nm asymmetric spin valve
for H., ;< Hgy. FRM spectra recorded by field (left) and laser (right) modulation techniques.
Measurements are carried out when the two magnetic moments are in antiparallel configura-
tion at different values of applied magnetic field. The curves are shifted for clarity along the
vertical scale. The symbols in the graph indicate the identified dynamical modes.
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Figure 5.9: STT-FMR spectra of single Co 5 nm / Cu 7 nm / Co 25 nm asymmetric spin valve
for H,, ;> Hg. FRM spectra recorded by field (left) and laser (right) modulation techniques.
Measurements are carried out when the two magnetic moments are in parallel configuration
at different values of applied magnetic field. The curves are shifted for clarity along the vertical
scale. The symbols in the graph indicate the identified dynamical modes.
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dynamical modes, as shown in Figure 5.9, means that the two magnetic moments are not
perfectly aligned and the STT is still efficient. In fact, the closer we are to a perfectly parallel
configuration the less detectable the STT signal is.

5.4.1 Peakshape

When the two magnetic moments precess, the resulting R(#) depends on the relative amplitude
and phase of the two precessions and determines the shape and the amplitude of the Vp¢
peaks.

The signal obtained with the field modulation technique, in the left graphs of Figures 5.8 and
5.9, is proportional to the variations due to the oscillating magnetic field. In the simplest case,
we observe a derivative of the Lorentian function in correspondence of a resonance peak.
Nevertheless, as we can see from the reported spectra, in some cases the FMR peaks change
their shape and amplitude as a function of the applied field and depending on the dynamical
mode excited. A more intense excitation usually corresponds to the uniform precession
of the magnetization, while the low amplitude and more distorted peaks reflect a spatial
non-uniform excitation.

Studies on FMR lineshape in spin valve devices have been already analyzed and reported in
references (89, 97, 93, 90].

5.4.2 Dispersion diagram and interpretation of dynamical modes

In Figure 5.10 we report the dispersion diagram of the FMR spectra illustrated in Figures
5.8 and 5.9. The identification of these modes is not trivial and would require numerical
simulations and calculations for a complete understanding. In this work we interpret them
by comparing our results with the data of references [93] and [96] presented in Fig 5.11. A
complete study on the origin and interpretation of these modes, for very similar magnetic
nanostructures, can be found in ref. [108].

We distinguish five different dynamical modes, namely A, By, B,, B3 and C. The first two appear
at low values of magnetic field, i.e. when the magnetic layers are in parallel configuration,
while the others occur in the antiparallel state. We assume B, B, and B3 to be the dynamical
modes of the thin (free) layer of the spin valve, with B; being the uniform mode at low field.
The modes B, and Bg shift linearly with the same slope and this is a confirmation that they
are related to the same magnetic layer. The mode B3 seems to follow B; at higher field.
Nevertheless, as shown in the left graph of Fig. 5.8, B, has a more intense excitation, that
is usually typical of the uniform mode. The change of sign of the peak derivative of B, with
respect to B; (Fig. 5.9) is explained by the change in direction of the free layer, occurring at
approximately po Hsyw = 56 mT (value for field modulation acquisition).

The resonance mode C shifts with a different slope with respect to B; and B, and it shows a
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Figure 5.10: Field dependence of the modes in the FMR spectra. Evolution of the dynamical
modes reported in Figures 5.8 and 5.9 as a function of the applied magnetic field. Solid symbols
correspond to the spectra recorded by field modulation while open symbols refer to the laser
modulation technique.

weaker dependence on the magnetic field. It may be identified as the resonant mode of the
thick (hard) layer. Comparing the dispersion diagram of Fig. 5.10 with the one reported in Fig.
5.11a, we observe the presence of the same dynamical mode A. In ref. [96] it is identified as a
non-uniform mode probably excited by the field produced by the microwave current passing
through the nanowire. It has been shown that such microwave induced magnetic field can
excite non uniform modes localized to the edge of an elliptical nanomagnet [118].

5.4.3 Effects of laser heating on STT-FMR

In the previous section we analyzed and identified the FMR dynamical modes for an electrode-
posited spin valve embedded in a Cu nanowire. Here, we consider and discuss the dynamics
of these modes when the spin valve is subjected to a laser heating.

If we shine light on top of the sample (as described in Section 5.3), we have two main con-
sequences: an increase in the overall temperature of the system, and the generation of a
temperature gradient along the nanowire. Both of them oscillate at the frequency of the laser
diode. Hence any resulting effect is picked up by the lock-in detection at the working frequency
of the laser heating. The measured signal is governed by the temperature-dependent magnetic
parameters such as saturation magnetization and anisotropy, and by additional contributions
due to the effects associated to the temperature gradient, i.e. the thermopower and the heat
driven spin-torque, the effect that we are interested to observe.

61



Chapter 5. Spin Dynamics in Magnetic Nanostructures

16 |
N N 14
T 12 5 12]
> 11 > 10
: g o
g * g
o 9 o 61
o 8 2 4: L
L L 1A "..!. <" macrospin
7 2 0 * precession
6 +— r r T r r r 0 ——
-600-400-200 0O 200 400 600 0.0 0.2 04 0.6
Field [mT] Field [T]

(@) (b)

Figure 5.11: Dispersion diagrams of magnetic nanostructures. Field dependence of the
FMR modes for (a) electrodeposited Co/Cu/Co spin valve and (b) Py/Cu/PyCu nanopillars.
Figures reported and adapted from [93] and [96].

The increase in temperature in the spin valve system, is confirmed by the shift to lower fre-
quency of the dispersion curves for laser modulation in Figure 5.10. This is valid for A, By, B
and C modes, but not for B3 whose curve is shifted to higher frequency.

The reason for a frequency shift is explained by the temperature dependence of the satura-
tion magnetization My that, for T far from the Curie temperature T¢, is described to a first
approximation by the Bloch’s law [119]:

M(T)=M(0) [1—(1) (5.8)
Tc

where M(0) is the saturation magnetization at 0 K and a = 3/2 for bulk materials. The Bloch
T3/2 Jaw extended to a nanomagnet has the form [120]:

%=1—ﬁT3/2—[31T1nT—,62T, (5.9)
where f is the standard Bloch coefficient and 8, and 3, are parameters that take into account
the size, geometric shape and coupling to surrounding medium.

Hence, according to the Kittel formula, for a constant value of applied magnetic field, an
increase in temperature leads to a decrease in magnetization and thus to a shift of the res-
onance frequency to a lower value. Unlike the other modes, B3 presents a shift to higher
frequency. This is due to the temperature dependence of the demagnetizing field and the
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dipolar field exerted by the thick layer on the thin one: a decrease in the dipolar field, for a
constant external field, leads to an increase in the resonance frequency. Since this does not
occur for By, it suggests that Bs is the uniform mode of the free layer.

The generation of a temperature gradient is instead demonstrated by the magneto thermo-
electric voltage measured across the nanowire. Its value is around 8 1V and is given by the
baseline of the laser modulated STT-FMR signal. If we compare more in details the baselines
of Figures 5.12a and 5.12b we notice a difference of about 330 nV between the parallel and the
antiparallel configuration. This is due to the spin-dependence of the Seebeck coefficient [121]
and it is a further evidence that we are probing the thermopower. Furthermore, the higher
signal-to-noise ratio measured in case of laser modulated FMR, means a higher sensitivity of
this technique with respect to the conventional one.

The dynamical modes probed by the laser modulation method in some cases present a
different excitation as compared to the conventional method. At low field (Figure 5.12a), when
the magnetic layers are in the antiparallel configuration, the uniform mode B, exhibits a
similar excitation whereas the spatial non uniform mode A appears more excited when the
light is shone on the sample. This is in contrast with what stated in ref. [96], i.e. that this
mode is generated by the field induced by the microwave current and that therefore should
not depend on temperature. In the parallel configuration (Figure 5.12b), mode B, shows a
higher susceptibility to the external magnetic field than to laser heating. A similar excitation is
instead observed for Bs.

The evidence that the dipolar field decreases with temperature is given by the shift to lower
field of the point where the slope of B; changes sign, namely the switching field. This shift is
estimated to be around 1 mT and it gives the order of magnitude of the field variation sensed
by the free layer that oscillates at the frequency of the laser pulses. In other words the laser
heating leads to a modulation of the frequency that would result by a field modulation of 1 mT.

This strong dependence of the saturation magnetization and dipolar field on temperature,
hinder the identification of the effects due to a thermal spin torque. A more detailed analysis
with numerical simulation would be required. An alternative method, presented in Chapter 6,
is to study the linear response to a heat driven spin-torque in the quasi static regime.

5.5 Conclusions

Asymmetric Co/Cu/Co spin valves, embedded in Cu nanowires, can be grown by conventional
electrodeposition in porous polycarbonate membranes. An original method for growing and
contacting these samples, allowed us to carry out high frequency electrical measurement in
the GHz range. The spin transfer torque effect, together with a magnetoresistive detection,
provides a useful tool to probe and excite electrically the ferromagnetic resonance of magnetic
nanostructures. Using this technique, known as STT-FMR, we conducted studies on the
magnetization dynamics of these spin valves. In order to investigate the effect of a heat
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Figure 5.12: Comparison of STT-FMR spectra masured with field and laser modulation
techniques. (a) FMR spectrum for field and laser modulation at -12 mT. (b) FMR spectrum for
field and laser modulation at -155 mT.
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current we employed a laser modulation technique and we compared the results with the data
recorded with a conventional field modulated FMR. The strong temperature dependence of
the magnetization makes it difficult to isolate the effect of a thermal spin torque induced by
the laser heating.
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Linear Response to a heat-driven Spin
Torque

In the experimental work described in Chapter 5, we used a laser modulated FMR technique
to investigate the influence of a temperature gradient on the magnetization dynamics of
a Co/Cu/ Co spin valve. Despite the high sensitivity of this method, the observation of
thermal spin torque is hindered by the strong dependence on temperature of the saturation
magnetization of the magnetic layers.

Using a different experimental approach, in the present chapter we report the observation
of a heat-driven spin torque [122]. Here, we measure electrically the quasi-static magnetic
response of a spin valve when subjected to a heat current, generated by two laser diodes
heating the electrical contact at one end or the other of the nanowire. In Section 6.1 we give
some details on the fabrication process and the measurements setup, while the presentation
and discussion of the experimental data are reported in Section 6.2.

6.1 Experimental methods

6.1.1 Sample fabrication

The samples investigated in this experience were grown in nanoporous membranes using
the electrodeposition process described in Section 5.2. However, as illustrated in Figure 6.1,
the nanowires were fabricated using a small printed circuit board (PCB) as membrane holder,
instead of the metallic pin/teflon cup system described in the previous chapter.

For this geometry, both surfaces of the membrane are coated by a gold layer, and electrically
connected to the PCB via silver paste. A kapton tape is used both to ensure electrical insulation
and to expose only the desired membrane area to the electrolytic bath. As shown in Figure 6.1,
the membrane is centered over a hole on the sample holder allowing us to shine light on the
bottom side of the sample.

The nanowires are grown from the bottom of the pores, which are covered with a 500 nm thick
layer of gold. When one wire reaches the top of the membrane, it forms a contact with the
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Figure 6.1: Sample preparation procedure for quasi-static electrical measurements. A
small printed circuit board is used as a holder for the membrane. Is is coated with a gold layer
on both sides and electrically connected with silver paste to the PCB. The kapton tape is used
to guarantee proper insulation. Image adapted from [123].

top electrode that is generally much thinner than the bottom one. In fact, in order to prevent
the obstruction of the pores in the sputtering process, only 50 nm of gold are deposited on
top of the membrane. When this top gold layer is contacted by a nanowire, it becomes the
working electrode in the electrodeposition process and immediately all pores are blocked by a
the rapid deposition of Cu everywhere.

The spin valves are 50 nm in diameter, while the thicknesses are 10 nm and 30 nm for the
cobalt layers and 10 nm for the copper spacer. As described in Section 6.1 these nominal
values are determined after a calibration process by scaling down the time it takes to fill a
pore entirely with Co or Cu. The membrane thickness is 5 um and it defines the length of the
nanowire.

6.1.2 Measurement setup

As shown in Figure 6.2, the temperature gradient is generated across the sample by means of
the light emitted by two laser diodes (80 mW, wavelength of 640 nm). The light is collimated
into an optical fiber and it is brought to either sides of the filled membrane. We estimated
a maximum laser power density on the sample surface of 9 W/cm?. Compared to the setup
described in Chapter 5, with this system we have the possibility to revert the direction of the
temperature gradient inside the nanowire.
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Figure 6.2: Sample holder with double laser heating system. The sample is heated on both
sides by the light produced with two laser diodes and collimated into optical fibers, that
terminate at one side or the other of the membrane.

Since the bottom side of the sample is made of a thick Au layer, the heat current obtained
shining light on this side is lower than when shining light onto the top layer, as this is much
thinner, and therefore poorly heat-sunk. Thanks to the thermoelectric measurements of
the sample [110], and assuming a reasonable value for the Seebeck coefficient [124], we
can estimate the temperature gradient generated inside the nanowires. Thus, we find a
temperature difference AT of about 5 K and 0.5 K when we shine light on the top and on the
bottom of the membrane, respectively. Considering the total length of the nanowire, this leads
to the generation of a temperature gradient of the order of 10* K/cm when shining light on the
thin electrode and 10 times smaller when we heat the thick one.

During the measurement, the laser diodes are turned on and off at a frequency f of 22 Hz,
while a continuous current Ipc of about 100 pA is applied to the nanowire. This current is
small enough to prevent any significant increase of temperature due to Joule heating. A lock-in
amplifier is used to measure the quantity AR Ipc, with AR oscillating at the frequency f and
given by

AR=—AT+—AM 6.1)

The first term in Equation (6.1) represents the temperature dependence of the resistance 2&

oT
and it does not depend on the magnetization [124], whereas the term g—ﬁ corresponds to the

magnetoresistance of the spin valve. Taking into account the torque T produced by a heat
current jo, AM is expressed as

_OM ot , 6.2)
"ot 0§ ¢ '
where the first term, %—“T" corresponds to the susceptibility to a torque of the free layer, namely
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the response of the magnetization to a torque, while the second term gj—z, identifies the
heat-driven spin torque that we are interested in characterizing.

6.2 Results and discussion

The top graph of Figure 6.3 shows the magnetoresistance of our 30 nm Co / 10 nm Cu / 10 nm Co
spin valve. The curve presents a difference in resistance between the parallel and antiparallel
states of about 0.15 Q. The measurements were carried out at room temperature by sweeping
the magnetic field from negative to positive (black curve) and from positive to negative (red
curve) values. The sharp steps we notice at the rising edges of the GMR ramp (at +100 mT),
correspond to the switching of the free layer (the thinner layer) from parallel to antiparallel
configuration. At higher fields, the gradual decrease of the resistance is associated with the
fixed layer undergoing a reorientation, along the external magnetic field, of its magnetization
until saturation is reached, i.e. when we pass to a parallel configuration. This progressive edge
is reversible, i.e. the measurements stay on the same curve when doing minor loops in this
region, while the sharp edge is characterized by a hysteresis when doing minor loops.

The two bottom traces of Figure 6.3 represent the lock-in signal as a function of the applied
magnetic field, measured across the same spin valve and obtained by switching on and off the
light of the lasers. The upper one is measured when the light is shone on the top electrode,
while the lower trace is recorded when we heat the bottom side of the membrane. As expected,
the temperature oscillation of the spin valve is about 10 times smaller when the light heats up
the thick Au contact.

The response of the resistance to a heat current has been expressed by Equation 6.1: the first
term is what causes the baseline of our measurements, i.e. the thermoelectric power, while the
second term is what gives rise to the peaks occurring at about +125 mT, in correspondence of a
reversible transition of the GMR. These peaks have been already observed before in [125, 126].
From a comparison of the two traces we notice that when we reverse the direction of the heat
current the peaks change sign. This means that if in one case the heat current increases the
resistance, when flowing in the other direction it decreases it.

The small steps in AR occurring at +£100 mT, i.e. when the free layer switches its direction,
are attributed to the spin-dependence of the thermoelectric power that is known to depend
on the magnetic configuration of the to layers [121]. Furthermore, we notice other peaks
in the AR response occurring at about +25 mT which apparently do not correspond to any
evident changes in resistance. Like the others, these peaks change in sign when the sense of
the heat current is reversed. Nevertheless, a careful examination of the GMR data reveals the
presence of small steps barely distinct from the noise near the same value of fields where these
peaks occur. The low value of field at which these peaks occur suggests that they are probably
produced by the motion of a domain wall in the 30 nm thick cobalt layer.

At this point we quantify the effect we observed by modelling the peaks associated to the
switching of the magnetization. A simple model for the magnetoresistance is given by Equation
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Figure 6.3: GMR and heat induced lockin voltage of a Co/Cu/Co spin valve. Magnetore-
sistance of a single nanowire containing one spin valve (top). Lock-in detected amplitude
oscillation of the resistance when light heats up the thin Au layer (middle), or the thick one
(bottom); data treated with a 10-point Savitzky-Golay filter. Colors correspond to the sense of
the ramp indicated by the arrows. Image adapted from [122].
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Figure 6.4: Data and simulation of the GMR and heat induced lockin voltage of a Co/Cu/Co
spin valve. Simulation (solid lines) for the magnetic field dependence of the GMR and
the lock-in detected voltage (dashed lines) for a given spin torque. The parameter is the
angle between the magnetic field and the anisotropy axis. The fit uses Hj = 125.2 mT, and
H; =2.15mT. Image taken from [122].
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(5.2) in Section 5.1.1.

The magnetic field dependence of the magnetization response to a charge-driven spin torque
was already observed in ref. [127]. By analogy, we assume a torque proportional to the heat
current acting on the the magnetization of the free layer (of thickness d). In order to quantify
the effect of a heat-driven spin torque, we consider the Landau-Lifshitz equation for the unit
vector § parallel to the magnetization. Using the notation of ref. [128], we write:

ds

i 8§ x (—lyglto) (Heff+

bjo .
o 63

The torque T, = b j$ x S is field-like (see Section 5.1.2), and its magnitude is equivalent to
a field Hy = —b j4/(uoM;d) in the direction S of the magnetization of the thick layer. The
effective field Hegr includes the applied field and a uniaxial anisotropy characterized by the
field Hj.

We can express the linear response to the torque (normal to the plane of the layer) T, by the
angular deviation d¢ of the magnetization M with respect to its equilibrium orientation in a
given external applied field. The angle of rotation 6¢p = AM/ M, is given by :

H; singy

S5p= (6.4)
H|| COS(Z(,D()) + Happ cos(® — g[)())

where ¢ gives the orientation at equilibrium of the magnetization with magnitude M; in
the applied magnetic field H,pp, whereas O is the angle between H,p, and the axis of the
anisotropy of magnitude H ﬁm in the plane of the free layer. The angle ¢ is given by expression
that denotes the equilibrium condition:

Hﬁm sin¢g cos g — Happ sin(® — ) =0 (6.5)

According to Equation (6.2) and Equation (6.5), we calculate the response to a given torque
T, as a function of the applied magnetic field and we plot it in Figure 6.4 along with the
data for the GMR and one of the peaks in AR. From the GMR curve, and in particular from
the switching field of the magnetization, we get the value for the anisotropy field Hy = 125.2
mT and we find that the heat current jg associated with the temperature difference of 5 K
induces a torque which is equivalent to the one that would be obtained by applying a field
Hy=2.15mT.

We compare now the heat-driven and the charge-driven spin currents that produce torques
on the free layer. We proceed as in ref. [104] to evaluate the effect of a heat-driven spin current
on magnetization switching, and we use the same approach of ref. [107] for the analysis of
the experimental demonstration of heat-driven spin torque dynamics. According to the three-
current model presented in Section 1.1.1, the spin current obtained by a charge current or a
heat current, scales like VV'/(SVT), with S being the effective Seebeck coefficient. Therefore,
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the change in resistance ARcharge and ARpeat caused by the charge and the heat driven spin
currents js charge and js heat iS given by:
ARcharge _ js,charge \YA%4

5 - 6.6)
ARheat Js,heat SvVT

From the data contained in [127] and considering a value of about 10~7 Qm for the resistivity
of the electrodeposited cobalt, we estimate VV =~ 10° V/m and ARcharge of about 30 mQ. The
data reported here show a resistance change ARy, of about 3 mQ. The temperature gradient
VT is estimated from the temperature difference AT and from the heat conductivity of Cu
Kcu, since the nanowire is almost entirely made of copper. Applying Fourier law to the cobalt
layer, we find

Kcy AT
VI=-—22

) 6.7

o L (6.7)
where L is the length of the nanowire and k¢, the heat conductivity of cobalt. With the
numerical values reported here we found an effective Seebeck coefficient S of about 27 pVv/XK,
which is a very reasonable value for electrodeposited cobalt [121].

6.3 Conclusions

In summary, we used single Co / Cu / Co electrodeposited spin valves embedded in Cu nanowires
to investigate the effect of a heat current on the magnetization dynamics. We studied the
quasi-static response of the magnetization to a heat current generated by two laser diodes,
heating either one end or the other of the sample. We observed a variation in the resistance
induced by a heat-driven spin torque, represented by peaks occurring in correspondence
of the GMR transition. By conducting quantitative analysis we evaluated this effect and we
compared it to the spin transfer torque previously observed in the same structures. We found
that a temperature difference of the order of 5 K is sufficient to produce a thermal spin torque
equivalent to the effect of a field of about 2 mT.
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In thesis we investigated the effect of a heat current on the magnetization dynamics in two
types of materials and configurations: magnetic insulators and metallic nanostructures.

In the first case we conducted studies on yttrium iron garnet (YIG) samples subjected to
a temperature gradient. The formalism newly developed by the group that describes the
irreversible thermodynamics predicts a new effect that can be described as a magnetic field
induced by a thermal gradient. By analogy to the well known Seebeck effect we suggest to refer
to it as magnetic Seebeck effect (MSE).

By conducting transmission measurement in a thin slab of single crystal of YIG in presence
of a thermal gradient, we observed that magnetostatic wave propagating from the cold to
the hot side were less attenuated than when travelling in the opposite direction. With this
experiment we provided evidence for the MSE and we showed that it can modulate the
magnetic damping depending on the direction of the propagating magnetostatic modes with
respect to the temperature gradient. To investigate further the MSE we conducted FMR studies
on normally magnetized YIG disks subjected to a temperature gradient. Although we observed
the excitation of azimuthal modes in presence of a temperature gradient, we were not able to
reproduce the same effect by using a different resonant system.

In the second part of this thesis we focused our investigation on metallic nanostructures
subjected to a heat current, hence we moved from insulators to a conductive materials and
from macroscopic to nanoscopic scale. We fabricated Co / Cu/ Co asymmetric spin valves
placed in the middle of copper nanowires by using a porous template membrane and a
conventional electrodeposition process. Thanks to an original design for contacting these
samples, we were able to carry out high frequency electrical measurements and we showed
that the laser modulation technique can be a very sensitive tool to conduct FMR studies on
these samples.

The three-current model (current of entropy, of spin up and spin down electrons) predicts
that in a metal a heat current induces a spin current which can influence the magnetization
dynamics like a charge-driven spin current would. We reported the observation of a heat-
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driven spin torque by measuring electrically the quasi-static magnetic response of a spin
valve when subjected to the heat current, generated by two laser diodes heating the electrical
contact at one end or the other of the nanowire. We observed a variation in the resistance
induced by this heat-driven torque, represented by peaks in the response versus magnetic
field. These peaks occurred at the GMR transitions. By conducting quantitative analysis we
evaluated this effect and we compared it to the spin transfer torque previously observed in
the same structures. We found that a temperature difference of the order of 5 K is sufficient to
produce a thermal spin torque equivalent to the effect of a field of about 2 mT.

In conclusion, we demonstrated experimentally that the application of a heat current can
influence the spin dynamics in different ways depending on the nature and the structure of the
material. In case of insulator it modifies the damping positively or negatively, depending on
the sense of propagation with respect to the direction of the temperature gradient. In metallic
spin valves, it produces a spin current that in turn exerts a torque on the magnetization of the
free layer.
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