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ABSTRACT

In this master thesis we study experimentally the longitudinal spin Seebeck effect
(LSSE) in bilayers made of a ferromagnetic insulator (FMI) and a metallic layer (M).
We also present a theoretical model based on the spin current density J, carried
by a non-equilibrium magnon distribution, generated by a thermal gradient VT
across the thickness of the FMI. When js reach the FMI/M interface it is pumped
towards the M layer due to conservation of the angular momentum, so, the M
layer is essential for the LSSE existence. Here the FMI consists of a Yttrium Iron
Garnet (YIG) film, grown over a Gadolinium Gallium Garnet (GGG) substrate.
Different metallic materials were used as the M layer i.e. Pt and Ta that have normal
behavior and Py that is a ferromagnetic metal (FMM). The experimental procedure
consists of systematic measurements of the electric voltage Visyg, produced by J:,
through the Inverse Spin Hall Effect (ISHE) in the normal metal or (FMM) layer.
In YIG/Pt measurements were done in the temperature range from 20 to 300 K.
The experimental data are fitted to the proposed model for the LSSE and good
agreement is obtained. The results shows that the Py and Ta can be used to detect
the LSSE with the ISHE. The results of this master thesis have strong interest in
the area of spin caloritronics helping to the development of the field and to raise

possibilities of new spintronic devices.

Key-words: Spin Seebeck effect. Spin Hall effect. Magnon transport. Thin

films. Pure spin current. Spintronics.



RESUMO

Nesta disertagao é estudado experimentalmente o Efeito Seebeck de Spin Longi-
tudinal (LSSE), em bicamadas formadas por um isolante ferromagnético (FMI) e um
filme metalico (M). Também foi desenvolvido um modelo tedrico baseado na den-
sidade de corrente de spin J, que existe quando uma distribuicao de magnons fora
do equilibrio é gerada por um gradiente térmico VT aplicado na seccao transversal
do FMI. Quando J, chega na interface FMI/M é bombeada para a camada M satis-
fazendo a conservacao do momentum angular, assim que a camada NM é essencial
para ter um LSSE. Como camada FMI foi utilizada a granada de itrio e ferro (YIG)
crescida num substrato de (GGG). Diferentes materiais metalicos foram utilizados
como camada M, sendo Pt e Ta paramagnéticos e o Py ferromagnetico. O proced-
imento experimental consiste na medicao sistematica da voltagem elétrica Visyg,
que é produzida por .J, por meio do efeito Hall de spin inverso (ISHE) que ocorre na
camada M. As medidas em YIG/Pt foram feitas numa faixa ampla de temperatura
de 20 a 300 K. Os dados experimentais sao fitados com a teoria proposta para o
LSSE encontrando-se boa concordancia. Nossos resultados mostram que o Py e o Ta
sao bons candidatos para deteccao do LSSE. Esta dissertacao é de grande interesse
na area da caloritronica de spin, ajudando no desenvolvimento deste campo e na

concepcao de novos dispositivos tecnolégicos baseados na spintronica.

Palavras-chave: Efeito Seebeck de spin. Efeito Hall de spin. Transporte de

magnons. Filmes finos. Corrente pura de spin. Spintronica.
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1. INTRODUCTION

From the birth of electronics with the invention of the vacuum diode by John
Ambrose Fleming in 1904 and the vacuum triode by Lee De Forest in 1907, the
operation of the devices was based in the energy and information transport by the
charge of the electrons. This was done ignoring almost totally an intrinsic property
of the electron, its spin, because it is randomly oriented in the conventional devices,
hiding important phenomena. Electronics underwent a revolution with the discovery
of the transistor in 1947. Since then the field has been evolving constantly. The
development of the integrated circuits in semiconductor chips, doubling the number
of transistors and resistors in each unit area every 12-18 months (tendency predicted
by Gordon E. Moore, 19 April of 1965). In the last years this integration has reached
the nanometric scale, but a conventional transistor can not be smaller than an atom,
giving so, a natural limit to the electronic technology, as well as the difficulties that

come from the Joule effect and thermodynamic bottleneck [11].

These facts bring the need of new ways of generating, storing and processing
information. One possibility is to use a fundamental property predicted with the
establishment of relativistic quantum mechanics by Paul A. M. Dirac, namely that
the electron has an intrinsic angular momentum called spin, that is quantized and
has an associated spin magnetic moment. This was confirmed by Stern and Gerlach
in 1922 [12]. The new area of science and technology with information transport

based in this property is called today spintronics or magneto-electronics.

The birth of spintronics is referred to the works carried out Oby Johnson and
Silsbee in 1985 [13]. They showed experimentally, for the first time, the coupling
between charges and spins in the interface of a ferromagnetic material (FM) with a

paramagnetic metal (PM), achieving the injection and driving of spin in the latter.



Master Thesis

Study of the Longitudinal Spin Seebeck Effect ... 13

All this, based in a method described conceptually by Aronov in 1976 [14], where
a spin polarized current is emitted from the FM into the PM, taking advantage of
the half-metallic nature of the Fermi surface in the band structure of the FM, so
injecting in the metal a net magnetization that is proportional to the electric current
I.. Actually the Fermi surface has both types of bands, reducing the efficiency of

the process. The magnetization current is given by:

In = nuple/e (1.1)
where 17 < 1 is a phenomenological coefficient that describes the reduced efficiency of
magnetization injection and pp, and I, are respectively the Bohr magneton and the
electric current. In fact in 1976 Meservey et al., [15], had realized an experiment in
tunnel junctions made of a superconductor film, an oxide barrier and a ferromagnetic

metal, with 1 between 0.1 and 0.5 This was much larger than the one found by
Johnson and Silsbee with values of n = 0.060 4= 0.008 and 1 = 0.081 £ 0.010.

In 1986 Griinberg et al., (1986) observed for the first time the antiferromagnetic
coupling between Fe layers separated by non-magnetic layers of Cr and taking as
reference inter-layers of Au [16]. This sets the bases for the discovery of the giant
magnetoresistance (GMR), that was realized simultaneously by the research groups
of Griinberg (Binach et al., 1989) [17] and Fert (Baibich et al., 1988) [18]. This
discovery let them to be awarded the Nobel prize in physics of 2007. Magnetore-
sistance (MR) is the change of the resistance in a conductor when submitted to an
external magnetic field H. In the case of the FM’s this effect also depends on the
direction of H relative to the direction of I, thus, receiving the name of anisotropic
magnetoresistance (Thomson, 1856-1857) [19]. The effect is due to the spin-orbit
coupling (s-0) of the electrons. The changes in the resistance are generally small but
allow important technological advances, principally the development of the readout
heads for magnetic disks as a field sensors, the most important was the permalloy
FeygNigg (Py). In the 1980’s it was established that it was not possible to improve
the magnetic sensors based on MR. Then the discovery of GMR by Griinberg and
Fert made possible to overcome this limits reaching a decrease of almost 50% in
the resistance with Fe/Cr multilayers. The introduction of GMR revolutionized the
information storage techniques, the magnetic sensors and the research in magnetic
thin films.

1. INTRODUCTION Gabriel Andrés Fonseca Guerra
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In the last 10 years the frontiers for the development of spintronic devices have
been expanded, this because a set of new spin-related phenomena have been ap-
peared promoted by distinct advancements in both, nanolithography and measure-
ment techniques. The principal two new phenomena, that are directly related with
this dissertation, are the electrical detection of the spin Hall effects, and the discov-
ery of the spin Seebeck effect in metals, insulators and semiconductors. These effects
allow the control, injection and detection of pure spin currents in conventional ma-
terials even in insulators. In this master dissertation we study experimentally and
theoretically, the spin Seebeck effect in the longitudinal configuration in hybrid struc-
tures with yttrium iron garnet (YIG) and some metallic materials. Chapters 2-4 are
devoted to the review the state of the art of the branch of the spintronic that deal
with heat currents i.e. spin caloritronics. Due to the novelty of some phenomena,
instead of presenting a rigorous and formal mathematical developments, we prefer
to show the historical evolution that brought to us the problem of explaining the
Spin Seebeck Effect. The concepts of pure spin current, spin pumping, spin transfer
torque and spintronic trends and challenges are introduced in chapter 2. Chapter 3
is devoted to the Hall effects starting with the direct and anomalous and continuing
with the spin Hall effects. The central subject of this work is the Spin Seebeck Effect
that is studied in chapter 4, and in subsection 4.3.2 we introduce our theory for the
Longitudinal Spin Seebeck Effect LSSE. In chapter 5 the experimental methods and
procedures are described. The results so obtained are presented and analyzed in

chapter 6. Finally the conclusions of this work close the dissertation.

1. INTRODUCTION Gabriel Andrés Fonseca Guerra
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2. SPIN TRANSPORT

This chapter is devoted to introduce the basic concepts of spin transport that
will be fundamental for the development and understanding of this thesis. As we
saw above the electrons have an intrinsic angular momentum called spin that is rep-

resented by the quantum operator S and that has an associated magnetic moment:

= gugg = fyhg, (2.1)

where ¢ is the Landé factor, up the Bohr magneton, v the gyro-magnetic ratio and
we have considered plus sign for ji, although some authors prefer the minus sign
because the negative charge of the electron causes that the magnetic moment and
angular momentum have opposite directions. Now, if a virtual surface is traversed
by a net flux of angular momentum we can define a spin current in analogy with

the charge current as:

_ OnS
Ig, = — 2.2
Y (22)
and dividing by the area we have a spin current density:
- haS
Jgp = ——. 2.3
=T (2.3)

For understanding how Jg, could be produced on a physical system, remember
that in many body theory the Hamiltonian operator of a charged particle, under the

action of electric and magnetic fields, is given by:
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a4

(a) conduction-electron spin cur-
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(b) spin wave spin current
rent

Figura 2.1: Representation of spin currents [figure 3 of ref [1]].

1 e 2
H:;%(B—EA[,) +;v;,j, (2.4)
where m, e and P, are respectively the electronic mass, charge and momentum
operator, c is the speed of light, A, is the spin-dependent vector potential operator
with o =1, | the spin polarization, and V; ; electrostatic potential operator. For this
Hamiltonian the velocity operators can be defined as [11]:

1 e c OH
e (A=) =—Con (2:5)
With the eigenvalues E(A4, A;) the electronic current is:
OE  OFE
Ie = — = — _— - 2-
G(VT—FVO e(&AT+8A¢> ( 6)

Let us consider two extreme cases, when vy = v, all the electrons are moving

2. SPIN TRANSPORT Gabriel Andrés Fonseca Guerra
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in the same direction regardless of the spin directions, thus I, = —2ev; and Ig = 0.
This is the common situation in conventional devices where the spins of electrons
are oriented randomly and then the net flux of angular momentum is zero. A unique
situation occur when v = —v|, that is, electrons with opposite spins are moving in
opposite directions. In this case I, = 0, but I, = g’(VT —vy) = hvy # 0 the reason is
that an up-spin moving to the right is equivalent to a down-spin moving to the left,
giving rise to a pure spin current, a schematic representation of this effect is in Fig.
2.1 (a) [20, 21]. The latter effect appears in metals and semiconductors, although
this is not the only situation that satisfies, Is # 0. Another possibility is when the
angular momentum is carried by collective spin precessions called spin waves, so
that even in insulating materials can exist a spin transport. When some material
presents a ferromagnetic nature (FM), even being insulator (without free electrons),
its ions on the crystalline lattice have uncompensated spins, and in consequence a

net magnetic moment, the volume average of this /i is called magnetization:

—

"_Zilzi_ ZiSi
M = AV =h AV (2.7)

where AV is the volume of the FM, then we can define a magnetization current

density:
Jur = Js. (2.8)

A more useful equation for Jy; can be found. The magnetization dynamics is
governed by the Landau-Lifshitz equation, when we consider only the torque caused

by an external magnetic field:

OM

675 = ’}/M X Heff, (29)

where FIe 7 is an effective molecular field. The relation 2.7 into 2.9, leads to:
) .S S8 R
h h H,
a(’y Av> (7 AV)X 11

> 0 2 -
AV athS Av,ul X Heff (210)

2. SPIN TRANSPORT Gabriel Andrés Fonseca Guerra
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Here we can remember that a torque is defined as the temporal variation of

angular momentum i.e. 7 = %—f. Then with 2.10, we have a spin torque equation:

oS H, (2.11)

Using the divergence theorem we have the relation:

av (oM s =

and then: Y,
=V 2.13
5 =7V s (2.13)
using 2.8, we obtain the continuity equation:
oM -
— - n=-=V-Jy. 2.14
g "=V (2.14)

This is a conservation equation that shows that the temporal variation of M lead to
the generation of a magnetization or spin currents carrying information. Including
the effects of Jj; in L-L equation 2.9:

—

oM - -
E: MXHeff—VJM (215)
On the other hand we can consider the exchange energy of the spin-spin interac-
tion, that tray to keep any spin parallel to each other, L-L equation with exchange

1s written as:

M - — D — —
88_t = YM X Hepp — 777 M x VM, (2.16)

where D is the intraexchange stiffness parameter. Comparing 2.15 and 2.16 we note
that:

M x V2M (2.17)

and we can write:

2. SPIN TRANSPORT Gabriel Andrés Fonseca Guerra
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. D - .
Ja =757 (M x VD). (2.18)

Additionally, the collective spin precessions or the magnetization dynamics on a
FM, can be treated in terms of spin waves whose quantum is a pseudo particle
called magnon and whose energy is determined by a wave vector k related to the

frequency wy through a dispersion relation that in our case can be written as:

wy = vH + yDE%. (2.19)

Conventionally the magnon system is approached with a second quantization
formalism of Holstein Primakoff, then the number of magnons n; in an statistical
distribution is written in terms of the magnon creation and annihilation operators,

cJ,L and c. Then, expressing M as:

—

M(F,t) = 5M + Gmy (7, t) + jmy (7, 1) (2.20)

we make the transformation:

mE(7,t) = mg (7, ) £ imy (7, 1). (2.21)
Thus 2.18 take the form:
7D
JE, = —Z;W( ~V,m* — m*V,m~) (2.22)

this equation allow the recognition of m! as a wave function due to the similarity

of 2.22 with the probability flux equation in quantum mechanics i.e. j(7,t) =

— (7, ) VU (7, t) — (7, t)VU*(7,¢)]. Thus we can make the transformation:

9y hM\ 2 . INEM\ 2 A
mtT = (%) Zemrck m- = (%) Ze‘””cl, (2.23)

k k

and is easily shown that

2. SPIN TRANSPORT Gabriel Andrés Fonseca Guerra
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- 29Dvh -
Iy = % Z clerk (2.24)
or in terms of the group velocity of the magnons v}, = dwy/0k = QVD%:
= ]TL =, B
Jy = 77 zk: Ny U, or J: = v zk: N U (2.25)

from statistical mechanics point of view ny is a distribution function and then 2.25
describe the spin transport on the FM, the spin current carried by spin waves is

schematically represented in Fig. 2.1.

When we consider more than one material, and the spin currents reach the in-
terface between adjacent materials, the transfer of spin will depend of the electric
and magnetic nature of each material, In this master dissertation we will use the
interface between a ferromagnetic insulator (YIG) and a normal (Pt, Ta) or ferro-
magnetic (Py) metals. If the spin current is generated on the FMI a spin pumping
effect will occur at the interface, this phenomenon was described by Y. Tserkovnyak
et al., in 2002 [22]. They use a NM/FM/NM junction and showed that when the
magnetization in the FM starts precessing the Gilbert damping constant is enhanced

when a spin current is pumped out of the ferromagnet [23]:

- h dm dm
pump _ 7 A
reme — gy (Arm X — A; o ) . (2.26)

Here A = A, +1A; is a complex value parameter i.e. the spin-pumping conductance,
we can write A = g™ — t™¥, that depends on the scattering matrix of the FM. The

dimensionless dc¢ conductance matrix is:

97 = Z[‘Snm - Tfnn(Tfnln)*] (2.27)
and
=) () (2.28)

where 7 (r} ) is a reflection coefficient for spin-up (spin-down) on the NM, and

1 and ¢t are the transmission coefficients for spin electrons across the FM film.

2. SPIN TRANSPORT Gabriel Andrés Fonseca Guerra
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3. HALL EFFECTS

The development of the spintronics technology requires the existence of a bridge
between the conventional electronics and those based on the spin, either for inclusion
of spintronics sub-systems on the actual electronic devices, or for codification be-
tween both information systems. Also, as the research is conducted with electronic
systems, we need a method for detect and inject spin currents from electric charge
ones. This features are reached with the use of the Spin Hall Effect (SHE) and
Inverse Spin Hall Effect (ISHE). In this chapter we will review the set of Hall effects
and their importance to study the LSSE. We give a brief account of the historical
developments that lead to the discovery of SHE and the ISHE. In this thesis the
ISHE was fundamental to detect the pure spin current generated through the LSSE
in the YIG/NM (NM= Pt, Py and Ta) structures.

3.1 Hall Effect and Anomalous Hall Effect

When Edwin H. Hall was reading the Maxwell’s work on electricity and mag-
netism, he felt uncomfortable about the explanation of the effect of external mag-
netic fields on electric currents carried by conductors. So, in 1879 [24], he carried
out experiments passing electric currents in a gold strip, mounted on a plate of glass
between the poles of an electromagnet with the force lines orthogonal to the strip
plane. He used a galvanometer to measure the existence of an electric potential
generated transverse to the electric current, finding what today is known as con-
ventional Hall Effect (HE), that has its origin on the Lorentz force of H over the
conduction electrons. Subsequently he found this effect also in Ag, Sn, Pt, Fe and
Ni, with the interesting result that the sign of the Hall voltage is inverted in some

samples, in particular in the strong magnetic metals Fe and Ni. The exploration of
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these phenomena gave rise to studies in Co and Ni showing that in ferromagnetic
materials the HE had a strong contribution from the magnetization of the samples.
This effect was called Anomalous Hall Effect (AHE) [25]. An empirical equation for
the two Hall effects is:

Eh = R()H + RlM, (31)

where Fj, is the Hall electric field, H the applied magnetic field, M the magnetization

and Ry and R; are respectively the ordinary and anomalous Hall constants.

3.1.1 Intrinsic and Extrinsic Phenomena

The first quantum theoretical treatment of the origin of the AHE, was presented
in 1954 by R. Karplus and J. M. Lutthinger who proposed that the root of the phe-
nomenon arises from the spin-orbit coupling [26]. They used a hamiltonian with a
periodic electric potential and included spin orbit interaction, considering interband
matrix elements on the electronic band structure through time-dependent methods.
They found a left-right asymmetry of the average velocity of the electron distribu-
tion, and use stationary states that was expressed as Bloch wave functions. Although
these authors reached a good agreement with experiments, as shown by J. Smit [27],
for have stationary current in presence of s-o interaction, lattice imperfections had
to be introduced, and then the effect caused by the electric field is exactly canceled
by the opposite action of the collisions against the imperfections. J. Smit showed in
1958 [27], that the AHE is caused by skew scattering.

In 1970 L. Berger postulated another mechanism for the AHE [28], taking into
account that an electron involved in a s-o scattering could have a discontinuous
and finite sideways displacement Ay, that through several interactions can become
significant. The skew scattering and the side jump mechanisms are called extrinsic
mechanisms because they occur during the s-o interactions. Recently it was proposed
a universal intrinsic mechanism that exists even in a perfect lattice [29]. The central
idea is that in the absence of scattering, it is possible to the s-o coupling to generate
a spin-dependent anomalous velocity based only in the electronic band structure
[29, 30, 31, 32, 33]. An important feature that allows the test of the emerging theories
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(a) SHE (b) ISHE

Figura 3.1: (a) A schematic illustration of the direct spin-Hall effect. Jc, Js, and o
denote a charge current, the spatial direction of a spin current, and the
spin-polarization vector of the spin current, respectively. (b) A schematic
illustration of the inverse spin-Hall effect. FEisyg, Js, and o denote
the electromotive force due to the inverse spin-Hall effect, the spatial
direction of a spin current, and the spin-polarization vector of the spin

current, respectively. [ref.[2]]

is the high dependence of the AHE with the temperature, generally associated with
the resistance. In addition Y. Tian et al., found an empirical expression for the

anomalous Hall conductivity [34]:

ol = — ( < 4 2i> o2, — b, (3.2)

Oz20  Ogz0
here 0., is the charge conductivity and o,,¢ is its contribution from residual impu-
rities at low temperatures. Through this, they pointed out that the contribution
from the three AHE mechanisms could be separated by the temperature scale, so
the constants a, 5 and b corresponds respectively to the skew scattering, side jump

and intrinsic contributions.
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3.2 Direct and Inverse Spin Hall Effects (SHE-ISHE)

The theoretical understanding of the origin of the AHE through the skew scat-
tering, allowed D’yakonov and Perel in 1971 [35] to predict that in a non-magnetic
metals, some effect similar to the AHE can occur, However, as the spin moments
are compensated, the charge carriers are deflected equally to both sides of the metal
strip, then do not create a charge imbalance. The electrons at opposite sides have
opposite spin polarities, which is interpreted as spin accumulation at the extremes of
the strip. Thus, we can generate a pure spin current through a pure charge current.

Formally we have the drift diffusion equations for charge and spin currents:

- ynE + DVn, (3.3)
e
Jij OP;
Y — nEP + DS, 3.4
h K / + 81’j ( )

where p is the electron mobility, E is the electric field, n is the electron density,
D is the electron diffusion constant and j; is the spin current tensor, with the j
component of the spin polarization density P flowing in the direction i. For materials

with inversion symmetry we can define spin and charge currents from 3.3 and 3.4 to
be:

s C

‘% = ynE + DVn + Ogyu(E x P) + OgyD(V x P) (3.5)
= —unb,P;+D— — €, | © B, +OggD— ). 3.6
5 pnt; Py + oz, €ijk | Osapnly + Osy Dy (3.6)

These equations are coupled in a way that in 3.5, the third term describes the
AHE in the presence of a net spin polarization P and the fourth term give the
inverse spin hall effect (ISHE), i.e., the generation of a charge current through a
spin current. Here Ogpy is the spin Hall angle defined as the ratio of the spin and

charge conductivities:
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O.S
Ogn = —2<, (3.7)
o, h

where by definition of, = nep and similarly o, = nhu©sy. The most common

equation used for experiments with ISHE is [36]:

— 2 —
I, = @SH%aJS X 0. (3.8)
For obtain the equations 3.5 and 3.6 is used the continuity equation for the spin

density S

oS 0 S
o5 Ko | 28 _ (3.9)
ot 0z, Te
where 75 is the spin relaxation time and g, g is the spin flux density tensor, indicating

the flux of the S-component of the spin in the « direction:

oS
QOé,ﬁ = _bSEOéSB - dsa_xﬁ + /Bsneaﬁ'yE'y, (310)

or
7= —bnE—éVxﬁ—ﬁ[ﬁxg], (3.11)

with E the electric field, n the electronic density and €, is the Levi-Civita tensor.
In this equations the constant b, is the spin mobility and its term describes the drift
of spin caused by E , d, is the spin diffusion and [, is the spin-electric coefficient, its

term take account of the transverse spin flux caused by the s-o interaction or AHE.

After this theoretical achievement N.S. Averkiev and M.I. D’yakonov proposed
in 1983 [37] an experimental approach to detect the ISHE, following this proposal
Bakun et al., published, in 1984, the experimental achievement [38]. Thus, in the
n-type direct-band semiconductor Gag r3Alg 27 As, the orientation of electron-spins,
through the interband absorption of circularly polarized light from an helium-neon
laser, generate a gradient in the spin density, giving rise to a diffusion spin flux
away from the surface. This spin current is asymmetrically scattered by charged
impurity centers originating a electric current. This was the first observation of the
ISHE effect. The names of Spin Hall Effect (SHE) and Inverse Spin Hall Effect
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(ISHE) was coined by J. E. Hirsch who without knowledge of the D’yakonov and
Perel works, made a theoretical deduction of the effects in 1999 [39].

In 2004 Y. K. Kato et al., [40], use the Kerr rotation microscopy to observe the
extrinsic SHE in series of semiconductors samples fabricated from n — GaAs and
n—1Ing07Gagg3As films grown on (001) semi-insulating GaAs substrate by molecular
beam epitaxy. additionally was found that strain modifies spin accumulation at zero
magnetic field and the weak dependence on crystal orientation for the strained sam-
ples, reveal that is the extrinsic spin Hall effect the principal mechanism. The next
year Azevedo et al., [41] made the first electrical detection of the ISHE in metals us-
ing ferromagnetic resonance (FMR) in FM/NM/FM trilayers of Py/NM /Fes,Cosg
where NM = Cu, Pd, Ta and W. They found that the ISHE increases with the
atomic number of the element used for the NM layer. In the following year Saitoh
et al., showed similar measurements in FM /NM bilayers and interpreted this obser-
vations in terms of spin pumping and spin Hall effects [36, 42, 43, 44]. In the same
year J. Wunderlich et al., [45], observed the SHE in a two-dimensional s-o coupled
semiconductor which is part of a p-n junction light emitting diode with a co-planar
geometry. Using quantum transport calculations it was suggested that the effect
is of intrinsic nature. In 2006 Valenzuela and Tinkham realized direct electronic

measurements of the SHE with a tunnel barrier to inject a spin-polarized current in
Al

One of the initial limitations of these effects is that the efficiency of inter-
conversion was in the best cases a few percent [46] although recently studies in
tantalum and tungsten apparently show a high improvement of efficiency [47, 48].
An interesting advance was published by B. F. Miao, namely, the existence of ISHE
in a FM metal i.e. Permalloy in the system YIG/Py with the Py presenting a large
spin Hall Angle [42]. Thus, one of the great advantages of the SHE is the possibility
of injection of spin currents and manipulation of the magnetization, even in insu-
lator materials as these can not be made with electrical injection [49].thus the spin
Hall effects allow the active use of the non-magnetic metals in spintronics devices.

A very good review in this topic was published by Axel Hoffmann in ref. [50].
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4. SPIN CALORITRONICS

The endeavor to control the heat transport in nano- and micro-structures are
summarized in the term caloritronics, that comes from “calori- 4 electronics”. When
this thermoelectric transport exists in systems with non-equilibrium spin popula-
tions, one has what is called Spin Caloritronics. This research field was formally
stated and reviewed in references [1, 51, 52]. Due to the experimental difficulties for
the control of heat flows, this thermoelectric spintronics took time to gain strength,
although the technological implication in information processes and storage systems

is huge and have a environmentally friendly character.

In thermoelectrics is stated that in a diffusive metal the electrical and thermal

forces are related through [53]:
E
Q

where E is the electric field, Cj is the heat current, o, is the electric conductivity, T

1/o. S
I =«

Je
-V, T

, (4.1)

the temperature and x the heat conductivity. The coefficients II and S are respec-
tively the Peltier and Seebeck coefficients that quantified the transformation of E
into @ and vice versa. In 1931 Lars Onsager published his reciprocal relations for
irreversible processes, in essence he demonstrated that the matrix of phenomeno-
logical coefficients L,g for transport phenomena is a positive semi-definite matrix
and is also symmetric. This allow to demonstrate the second Thomson relation, i.e.
I = ST, being the Seebeck and Peltier effects reciprocal. In a FM material the
thermoelectric properties have to consider conductivities that depend of the spin,

so the charge conductance is:
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and the Seebeck coefficient become:
Mg 4 gtgW
_g +o ’ (4.3)
O'(T) + O'l’
then the Eq.4.1 can be extended to include spin transport [54]:
J. 1 P S Apefe
J,|=c| P 1 PS||Ap/el|, (4.4)
Jo ST P'ST kjo| | —AT

where u. and pg are respectively, the charge and spin chemical potentials, P and P’

are the spin polarization of the conductivity and its energy derivative:

o _ o
== e
J(Po)
P = 5B |Bp - (4.5)

The symmetry of the spin-dependent thermoelectric matrix 4.4 is in accordance
with the Onsager’s reciprocity relations, and so the interconvertion between charge,
spin and heat currents is allowed, actually this is the challenge of the Spin caloritron-

ics.

The origin of spin caloritronics goes back onto the year of 1987 with the Johnson
and Silsbee works of non-equilibrium thermodynamics of spin, charge and heat in
metallic hetero-structures [54]. Thereafter, in 1991 Junji Sakurai et al., measured
effects of the magnetic field, H , on the thermoelectric power (TEP) of GMR-metallic
multilayers, finding large magneto-thermopowers MTP [55]. Jing Shi et al., in 1996
searching the underlying mechanism behind the GMR, presented measurements of
its dependence with H , and the correlation with the thermal conductivity and TEP
on multilayers and granular systems [56]. They also proposed a model in which the

resistivity p and TEP are dominated by the scattering of the non-magnetic s bands
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into the magnetic d bands. In 2003 M. Johnson presented a thermodynamic study
of spin injection and Charge-Spin Coupling at a FM/NM interface [57]. Two years
later Akio Fukushima et al., studied the cooling power, through the Peltier effect,
in metallic GMR trilayers with the current parallel to the plane [58].

Oleksandr Tsyplyatyev et al., in 2006 showed that thermally excited spin currents
appear in metals with embedded ferromagnetic nano-clusters, with the spin currents
observed via a giant MTP [59]. This same year, Laurent Gravier et al., studied
the spin-dependent heat and charge transport in Co/Cu multilayers carrying a dc
electric current through the sample, and measuring the ac voltage resulting from a
thermal small oscillation [60]. This work showed a magnetic response 50% larger
than GMR, introducing a new experiment, that they called magneto-thermogalvanic
voltage (MTGYV). They explained the results reducing the number of free parameters
with the Onsager reciprocal symmetry relations and using a three-current model i.e.

spin up, down and entropy currents.

In 2007 Moosa Hatami et al., predicted that in metallic spin valves, a spin-
polarized thermoelectric heat current could produce a magnetization reversal from
spin transfer torque (STT) [61]. In 2008 K. Uchida et al., discovered the Spin
Seebeck effect (SSE) also called by some authors thermo spin effect. The discovery
gave rise to a large number of works in this subject, but as the central phenomena
involved in this master thesis, we procrastinate the next sections for a more complete
study of the SSE.

On the other hand Moosa Hatami et al., studied theoretically in 2009 the See-
beck and Peltier thermoelectric effects in magnetic multilayer nanostructures [62].
For this, they used classical approaches for thermoelectrical transport including spin
relaxations, predicting the magneto-Peltier effect in spin valves. In the same year
Alexey A. Kovalev and Yaroslav Tserkovnyak suggested that magnetic texture dy-
namics could generate a cooling effect [63]. In 2010, with the aim of enlarge the
efforts to search the missing answers in spin caloritronics and generate realistic ap-
plications to devices, a complete volume of the Solid State Communications journal
was devoted to Spin caloritronics. Our references [52], [64, 65, 66, 67, 68, 51, 69,
70, 71, 72, 73, 74, 75, 76, 77, 78], belong to this volume and some are summarized
below, the others are included in the SSE section (3.3.1).
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One of the important topics is the adaptation of the experimental approaches
to the novelty of the recent discoveries. With this motivation, R. Huber et al.,
introduced techniques to explore the coupling between different degrees of freedom in
spin caloritronics and magneto-mechanics, with all-electrical spectroscopy, allowing
the study of the phonon-magnon interaction [64]. Another progress was made by B.
L. Zink, who developed a thermal micro-machined platform capable of measuring

both, thermal conductivity, Seebeck coefficient, and electrical conductivity [65].

Another experimental achievements was conducted by T. Seki et al., who report
experimental evidence for thermal spin-related Hall effects in multi-terminal devices
consisting of a FePt/Au hetero-structures [66]. B. Balke measured the Seebeck coef-
ficient, from low to room temperatures, for C'oy based Heusler compounds and were
discussed as potential materials for spin voltage generation [79]. In 2010 Heming
Yu et al., reached the generalization of heat and spin transport to non-collinear
configurations. They showed the experimental evidence in Co/Cu/Co spin valves
and suggested a technological alternative to the reverse of the magnetization using

external magnetic fields in high density and low power magnetic memories [80].

On the theoretical side, through the Rashba s-o interaction was predicted an
intrinsic thermo-spin Hall effect, or spin Nernst Effect, i.e., a transverse spin current
generated by some VT and a heat current in a disorder-free two-dimensional electron
gas (2DEG). The problem was studied analytically and numerically in absence of
a external H. The interplay between the spin Nernst effect and the Seebeck effect
was also investigated in ref’s [67, 68]. To describe the spin-transfer effect, Wegrowe
et al., extended the Johnson-Silsbee approach to non-collinear magnetic structures,
and give a study of the irreversible process present in spintronic devices, clarifying
the nature of the power dissipated in metallic ferromagnets when contacted to a
electric generator [69]. The analysis is of statistical mechanics nature, and present

a generalization of the Landau -Lifshitz equation to spin-accumulation.

Kjetil M. D. Hals et al., [70] used scattering theory in the ferromagnetic semi-
conductor (Ga, Mn)As for study the domain wall motion (DWM) induced by a
AT and the reciprocal effect of heat currents pumped by a DWM. Here a VT =
100—1000 K /pm generates a Vpyr = 10m/s and a Vpyr = 10m/s pumps ~ 0.2w/m?,
although they found that this DW system is not useful for cooling, A.A. Kovalev
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and Y. Tserkovnyak in 2009 [63], propose theoretically the construction of magne-
tocaloritronic nanomachines for cooling and power generation, suggesting that FM
insulators could give better efficiencies than the FM metals. The thermal fluctua-
tions of this DW in terms of Brownian motion generate a spin motive forces that
could be characterized through the noise spectrum in the induced current. Exper-
imental results in this topic were obtained by magneto-optical Kerr-microscopy in
2010 [71], generating a field-induced DWM and pinning in Py microwires under
the influence of VT'. W. Jiang et al., in 2013, used the same technique to observe
the phenomenon with spatio-temporal resolution in samples of YIG /Pt finding that
the DW moves towards the Hot regime and that exist a threshold for the VT that
causes DWM [81]. Z. Yuan et al., used the Landauer-Biittiker formalism to do a
first principles determination of the STT caused by this thermal induced DWM [72].

It was realized theoretically that the spin caloritronic transport is affected by
inelastic scattering. Thus electron—electron interaction induce spin thermalisation in
quasi-low-dimensional spin valves [73]. Yonatan Dubi and Massimiliano Di Ventra
studied SSE in a nanojunction composed of two ferromagnetic leads attaching a
quantum dot [82]. The nanojunction can be tuned to supply pure spin currents.
Founding the Seebeck coefficient, S, and the figure of merit. They suggested that
the spin and charge Seebeck coefficients are of the same order of magnitude, while
the measures of ref [83] measure a Ss with four orders of magnitude lower than S..
On the other hand, M. Hatami et al., showed that use of a simple semi-classical
theory of spin diffusion, based on the Boltzmann equation, do not explain the SSE
in a ferromagnetic metal [74], lacking a full theory for SSE.

Chih-Piao Chuu et al., [75] provide a semi-classical approach, from the Dirac
electron model, for understand dynamics and transport phenomena related to spin
in solids, as well as the fundamental nature of the electron spin, the so obtained
Berry curvature introduce anomalous velocities and so the spin Nernst Effect and
the SHE’s. Other examples of useful first principle calculations and computational
methods for spin caloritronics are found in ref’s [72, 76, 84]. Finally, an interesting
feature of the spin caloritronics, is that could be extended beyond the solid state

structures, being predicted in cold atomic gases [85].
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4.1 Spin Seebeck Effect in Ferromagnetic Metals

Paramagnetic
metal

Ferromagnet

Figura 4.1: Transverse Spin Seebeck Effect configuration [Fig. 3 of ref [37]].

In 1821 Thomas Johann Seebeck discovered the thermoelectric effect that today
has his name (SE), and that consists in the generation of an electric voltage when two
dissimilar metals are joined in one extreme and a gradient of temperature is applied
between the ends of the junction [86, 87, 88, 89]. At that time Seebeck explained his
observation as a thermomagnetic effect without considering an electric current, but
today the thermoelectrical nature of the experiment is well established [90]. The SE

is quantified by a Seebeck coefficient S, that is the ratio of the electric voltage to

AV

the temperature difference that generate this voltage, S = 3%.

In 2008 K. Uchida et al., published the first observation of the spin-dependent
thermoelectrical phenomena that they called spin Seebeck effect (SSE), because of
the similarity with the classical thermoelectrical SE [83]. This time the temperature
gradient produce a spin voltage on the extremes of the metal strip, through spin
pumping, this system can inject a pure spin current Jf; in an adjacent material.
The system used by K. Uchida et al., was a metallic ferromagnetic film of Py with
a wire of Pt sputtered on one end. The sample was submitted to an in-plane static
magnetic field parallel or anti-parallel to VT which is perpendicular to J&| in this
geometry, called transverse configuration (TSSE), see Fig.4.1, the Nernst effect is
avoided. The Pt wire works as a sensor through the ISHE, since a spin current
is injected from the Py and converted in a transverse electric current read by a
conventional nonovoltmeter. Initially they use a phenomenological explanation using

the concept of electrochemical potential for spin-up and spin-down electrons, u 1
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and p |, and consider the fact that different scattering rates could generate different
spin-dependent driving powers. They state that the spin voltage at the hot end of the
sample that have a temperature difference AT at its extremes is given byV, = (u 1
—n ) = eSsAT /2, where S; is the spin Seebeck coefficient. A relevant characteristic
is that Jg inside the magnet is produced over long distances and without electric

currents.

4.1.1 Phenomenological Analysis of the Spin Seebeck Effect In

Metallic Ferromagnets

The next year they proposed a thermodynamic phenomenological analysis for
SSE in metallic magnets ref [91]. Two features have to be reproduced by the model.
First, The spin voltage have (V;) opposite signs at the ends of the FM and second,
the value of V; varies linearly along the direction of AT. The explanation is based
in the concepts of electrochemical potential for conduction electrons u,, where o is

the polarization of the spins, thus we have:

Vi = — . (4.6)

cause the spin movements characterized by the spin-diffusion length A\. The equation
for the spin diffusion was found by T. Valet and A. Fert [92]:

V(4 — 1 4) = 5 — ), (4.7)

but this equation had to be extended for account for the SSE observations. We need
a equation that take in account the non-steady states created by V7T'. Equation 4.7

was derived from:

1
Vi, = —Vn, —eVo, (4.8)
No
where N,, n and ¢ are respectively the spin- dependent density of state, carrier den-

sity, and the electrostatic potential. In 4.8 was considered that u, is non dependent
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of the entropy S. And for explain the SSE K.Uchida et al., include the contribution
of S expanding the gradient of u, in the form:

_ [ Oug Opig 3
Vi, = ( aT) VT + (an(,) Vn, —eVo (4.9)
_ (Oug _
= (8_T) VT + V[Lo—, (410)

the three terms of this equation represent the entropy, carrier-density and electric

field contributions, in our case VT is uniform so 4.10 become:

orT

where C is an integral constant. This expression allow to expand the Valet-Fert

8 [
= ( “") (VT)z + fiy + C, (4.11)

equation to:

1
V(= ) = 55 (m= ) = 355(VT)a, (4.12)

where S is the spin Seebeck coefficient:

g — 1 s B o
7 \e oT ” o),

and determine the efficiency of the spin voltage induced thermally. The solution of
4.12 have the form:

, (4.13)

pr — pp = eSs(VT)x + Asinh(x/N), (4.14)

where A = —eA[Ss — (S — 5))|VT/cosh(L/2)), the used boundary conditions were
jo(z = £L/2) = 0, being L the length of the FM. In this way is found:

Js = %F(l —p2)[Ss — (Sp — S))]. {1 - %

where o = 04 + 0, and p. = (o4 — 0})/(0y + ;). If the condition L >> X\ is

} VT (4.15)

satisfied, as conventionally, the equations 4.15 and 4.14 transformed into:
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pr — py = eSs(VT)a (4.16)
Jo= 21— p?)[S, — (S; — S)|VT. (4.17)

2

Then the expansion of Valet-Fert equation to include the entropy effects lead to the
equations. 4.17 that describe well the experimental features of the SSE.

4.2 Spin Seebeck Effect in Ferromagnetic Semiconductors
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Figura 4.2: Spin Seebeck effect in Semiconductors. Figure taken from ref’s [3], [4]
and [5]

In 2010, Jaworski et al., reported the existence of SSE in the ferromagnetic semi-

conductor Gay_sMnsAs grown on a (001) semi-insulating GaAs [3]. This material
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have interesting advantages, as, measure in the magnetic phase transition, large
spin polarization and flexible design of M directions (this direction can be designed
using epitaxial strain to have M in plane or out of plane). Here, the spatial dis-
tribution of the spins caused by the SSE follows a Sinh(z) law, another important
discovery was that even scratching the sample the effect remains, demonstrating
that the SSE don’t need charge/spin carriers. The geometrical configuration of the
montage were identical to that of the TSSE and also used a Pt wire as spin current
detector Fig4.2 f). The out of plane M configuration allow the measurement of the
voltage due to the transverse Nernst-Ettingshausen effect that, in contrast with the
SSE, don’t change with the longitudinal position of the Pt wire on the sample, reaf-
firming that effectively exist the SSE. All measurements was made under the curie
temperature T, of each sample, the lower temperature was 40 K and the higher 165
K. The next year, the same group studied the FM semiconductor GaMnAs over
an extended range of temperatures below T, Fig. 4.2 a) [4]. Thus, was character-
ized the T-dependence of the spin Seebeck coefficient (S,,), of M and of the TEP
in the FM, alongside the specific heat and thermal conductivity of the substrate.
The results give rise to the conclusion that the spin redistribution is driven by the
phonons. Thus, they propose a phenomenological theory based on phonon-magnon
drag (PMD). The Fig4.2 b) show the temperature profile of phonons and magnons
and c¢) shows the difference, the change in the magnetization due to phonon drag
across the temperature gradient appear in d) and hysteresis loops representing the
transverse voltage detected on the Pt strips in each x position are schematized in
e). In this works was observed that the SSE effect disappear when 7' > T, and the
semiconductor is paramagnetic. The conventional order of magnitude of V;sgg on
the NM was a few pV'.

Finally in 2012 it was reported a giant SSE with the values of V;gy g on the order
of mV. The samples were Te-doped InSb of the n-type Fig. 4.2 g), this system was
selected because phonon-electron drag (PED), spin polarizability, and s-o coupling
are maximized. The phenomenological proposed explanation, was that the effect is
mediated by a large PED that modifies the Zeeman spin-splitting energy through

the s-o interaction [5].
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4.3 Spin Seebeck Effect in Ferromagnetic Insulators

Paramagnetic
metal

Ferromagnet

Figura 4.3: Longitudinal Spin Seebeck Effect configuration [Fig. 3 of ref [37]].

In 2010 K. Uchida et al., discovered the existence of the SSE in magnetic insu-
lators, first in LaY2Fe;O12 (La:YIG) [13], and then reported the existence of the
SSE in a different geometrical configuration called Longitudinal (LSSE) in YIG/Pt
samples. The geometry of the LSSE is shown in Fig. 4.3, where VT and J? are
parallel to each other [93]. They also reported the LSSE in poly-crystalline in-
sulating magnets, such as (Mn, Zn)FeyO4 [94]. To explore another samples 2012
K.Uchida et al., measured both geometrical configurations of SSE in Py/Pt, YIG/Pt
and La:YIG/Pt [95], and also they studied LSSE in various garnet ferrites of the
form: Y3 ,R,Fes_,M,012 (R = Gd,Ca; M = Al, Mn,V,In, Zr) [96], founding an
improvement of the LSSE with the Fe concentration that corresponds to a change

in g™ of the interface with a Pt layer.
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4.4 Recent Works on TSSE and LSSE in Metals and Insulators

Brief Review of works on Ferromagnetic Metals

The discovery of the SSE strengthened and motivated several works. In 2010
A. A. Tulapurkar and Y. Suzuki realized that a pure spin current can be generated
with a VT, from the spin-dependent SE that should be distinguished from the SSE
[78]. For the computation they solve the Boltzmann equation including electron-
magnon scattering. Also was obtained the need temperature gradient to switch the
magnetization of a nano-magnet by means of a spin current, being about 2.3K /nm
at room temperature. This same year A. Slachter et al., reached the spin injection
from a FM into a NM using the spin-dependent SE (not the SSE) with a non-local
spin-valve in lateral geometry, instead of the perpendicular one [97]. The phenomena
is an alternative to the electrical injection and is based on a heat current flowing
at the FM/NM interface and not at the bulk. This was explained with a diffusive-

transport theory.

In 2011 S. Bosu studied the SSE in the half-metallic Heusler compound C'o, Mn.S4
[98]. This year, K. Uchida et al., discussed the long-range nature of the SSE, demon-
strating that a Py/Pt bilayer is sensible to the position over a sapphire substrate
which have an in-plane gradient [78]. In the same work they introduce the acoustic
spin pumping, that is the generation of a spin current through the FM/NM inter-
face with a sound wave excitation driven by the substrate, in this case the sample is
YIG/Pt fixed to a piezoelectric actuator as lead-zirconate-titanate (PZT) ceramic.
Another interesting feature of the SSE is that the effect of the substrates in the
SSE measurements is very important, introducing asymmetries in the transverse
and longitudinal thermal voltage with respect to the V' direction, this was realized
first by S. Y. Huang et al., [99]. With this motivation they studied the intrin-
sic spin-dependent thermal transport on substrate-free samples, presenting angular

dependence of the form cos?f where @ is the angle between H and VT.

In 2011 Marius V. Costache developed a device that contains a set of FM wires
connected electrically in series and thermally in parallel [100]. The whole system is
placed between a hot and a cold source. The control of the successive orientation

of M in pairs of wires allow the independent study of the magnon drag and the
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thermoelectric effects (electron and phonon drag) at low magnetic fields ~ 0,17.
Application of this magnon drag thermopile-like device to a NiFe demonstrates the

existence of the magnon drag mechanism in this system.

Brief Review of Works on Ferromagnetic Insulators

T. Kikkawa et al., demonstrate that the LSSE in Au/YIG and Pt/Cu/YIG
exist even when the Anomalous Nernst Effect, brought by the proximity effect, is
fully removed [101]. They concluded that the ANE contribution is negligibly small
for the conventional YIG/Pt, the use of Cu and Au is because Au and Cu are far
from the Stoner ferromagnetic instability. Maybe the most valuable feature of the
existence of SSE in insulators is that conduction electrons are not necessary for the
SSE, shown also that the SSE is a universal phenomenon for magnetic materials.
Due to the existence of the Anomalous Nernst effect, the LSSE configuration, is
practical specially for insulators. In the TSSE M and VT are collinear, then even
in metals the TSSE is not distorted.

The discovery impulse several researches in the later years. In 2012 Lei Lu Yiyan
Sun et al., using a GGG/YIG/Pt films achieve by the first time the control of FM
relaxation with spin transfer induced thermally through the SSE, the process is
detected measuring the line-width of the spin wave resonance [102] and the magne-
tization dynamics was measured by microwave detection. But secondary spin waves
(SW) with much higher wave vectors can be excited by two magnon process, [103],
[104] and the process contribute to the spin pumping, but is not detected by spin
wave resonance, this motivate in 2013 M.B. Jungfleisch to make spin pumping mea-
surements in YIG/Pt hetero-structures [105]. They introduce a method to identify,
in the Visyp, SP from coherent magnons and SSE from incoherent magnons, and
demonstrated that a spin pumping process in which a microwave drive the coherent
magnetization precession, is accompanied by heating. These facts has been explored
in the work of 2013 of T.An. [106], in which was realized that the excitation of a
SW, at one side of a YIG strip, generate a heat flow heating the opposite end of the
sample and that can be controlled magnetically. The SW /heat conversion is related
to the damping, then using a YIG of low damping coefficients a remote heating was

detected up to 10 mm away from the microwave excitation.
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Bjorn Obry et al., in 2012 [107] studied the behavior of a coherent spin wave
excited by microwaves on an magnetic insulator wave guide of YIG, presenting a
continuously varying temperature, interestingly the local temperature is followed by
a systematic variation of the spin wave wavelength, that is detected through phase-
resolved Brillouin light scattering interference measurements. Was also saw that a
forbidden spatial region is created by VT causing a reflection of the SW’s. In this
way [108] R. O. Cunha reported the action of the LSSE spin currents on the relax-
ation rate of the SW excited on a YIG/Pt system by microwave techniques. One of
the remarkable results is that changes in damping were observed only with the pres-
ence of the Pt layer, the change depend of the sign of V7', amplifying or attenuating
the SW. The Pt presence is need as a source and sink of angular momentum. The
same year G. L. da Silva et al., [109], realized that an enhancement of the SW modes
excited in YIG/Pt FMR experiments, is achieved with the application of VT, if the
gradients is reversed the SW is attenuated. Theoretical studies in this phenomena
was conducted by Sylvain D. Brechet et al., [110], who presented evidence for a
magnetic Seebeck effect i.e. the induction of a magnetic field produced by SW in
presence of a VT'. They established a formalism for the irreversible thermodynamics
governing a continuous medium with magnetization explaining how the modification
of the Landau-Lifshitz equation generate contribution to the dissipation that is lin-
ear in VT'. On the other way the name magneto-Seebeck effect was used to explain
a change in the Seebeck coefficient due to the magnetic response of nanostructures
[111]
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5. RESULTS ON THE LSSE

For the study of the LSSE in hybrid structures we have carried out several mea-
surements and a magnon spin current theory for the LSSE was developed to explain
the experimental results, that are described in this chapter and then the analysis
will be made in the chapter 6. We separate our measurements in those carried at

room temperature, and the ones at low temperature for a better understanding.

5.1 LSSE at room temperature

5.1.1 Samples Details

For the LSSE study at room temperature, the FMI material is a pure single
crystal YIG, and the NM material is a thin metallic layer of Pt, Py or Ta. The
selection of these metals is because the Pt is known to have reasonably large values
for the spin orbit interaction and g™ with YIG, being widely used in experiments
involving ISHE, the Ta because was reported the existence of the giant ISHE in
this system [47], and the Py because was detected the existence of ISHE in this
ferromagnetic metal. The single crystals used in this chapter were prepared by Prof.
Antonio Azevedo at Carnegie Mellon University by Liquid Phase Epitaxy ref [112].
The nanometric films deposited on the surfaces of the crystals were prepared by DC
magnetron sputtering, the noble gas used to eject the atoms from the target was high
purity argon (99.999%) and the vacuum chamber is prepared with ultrahigh vacuum
< 3 x 1077 torr, but after the Ar injection the pressure arise to ~ 3 x 1073 torr. The
deposition rate of our equipment is regularly calibrated using a profilometer, thus

the thickness of the films is determined with the deposition time and is typically
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a few nanometers per minute. The first set of samples consisted of three strips
of single crystal YIG (111) film grown by liquid phase epitaxy onto a 0.5 -mm-
thick [113]-oriented Gd3Gas;012 (GGG) substrate. Growth was made at a constant
temperature in supersaturated solutions using a PbO — By(Os-based flux by the
horizontal dipping technique. The strips are 7.0 mm long and 2.0 mm wide, and
the YIG film is 6 um thick, with the thickness measured directly with a scanning
electron microscope. Each YIG strips is covered respectively with a Pt (6 nm), Ta
(2nm) or Py (10 nm) layer deposited by magnetron sputtering. To achieve the low
temperature measurements, a second sample of YIG /Pt is prepared similarly to that
above but with the dimensions 10.0 mm long, 2.3 mm wide, and the thickness of
the YIG film being 8 um.

Taking into account that the predicted magnon diffusion length for YIG is 26 um,
and with the aim of study the behavior of the LSSE with an abrupt change in the
YIG layer thickness, we have also investigated a 1-mm-thick single-crystal YIG slab
with the dimensions 10 mm length, 3 mm wide and 1 mm thick, cut with faces
along (111) from a boule grown by the Czochralski method. The faces are optically
polished, and one of them is fully covered with a 6-nm-thick Pt layer.

5.1.2 Home Made LSSE Measuring System

We characterized the existence and behavior of the LSSE at a constant base
temperature, that we set at room temperature, and for all the five samples the
following procedure was applied. We have used an arrangement similar to those of
Uchida et al. [15, 16, 40] and Kikkawa et al. [41], as illustrated in Fig. 5.1 (a).

Here, the sample is placed between the poles of an electromagnet that produces
a nearly homogeneous and uniform magnetic field Hy at the sample position. A
commercial Peltier module is used to heat or cool the metallic side of the bilayer,
while the insulating side of the sample is in thermal contact with a copper block
which is maintained at room temperature, using the metallic structure of the elec-
tromagnets and supports as a thermal bath Fig. 5.1 (b). In this configuration the
temperature gradient VT is parallel to the pump spin current J¢’. Two Cu wires

attached with silver paint to the ends of the metallic layer are used to measure the
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= g
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electromagnets

Figura 5.1: Homemade setup for the LSSE measurements.

dc ISHE voltage directly with a nanovoltmeter. The temperature difference across
the sample is calibrated as a function of the current in the Peltier module by means

of two thermocouples attached to thin copper sheets one placed between the Peltier
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module and the sample and the other between the cooper block and the sample. We
fabricated the support in a way that allowed us to study the angular dependence of
the Visg e as a function of the angle between Hy and J.. This dependence eliminate

discrepancies about the magnetic origin of the electric signals.

5.1.3 LSSE at Room Temperature Detected with Non-magnetic
and Ferromagnetic Metals: Pt,Ta and Py
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Figura 5.2: Variation of the dc ISHE voltage V created by the spin Seebeck effect
with the temperature difference AT for H = +1.0 kOe.
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The Fig. 5.2 shows the results of the measure V;sy g, for the four samples with
the YIG in film, setting the magnetic field at the constant value of H = +1.0 kQOe
and varying the temperature difference from ~ —6 K to ~ 12 K the reason for
the asymmetry in the AT values is that the cooler power of the Peltier module
is decreased by the Joule heating when the electric current in it is greater than
0.5 A. We see that the sign of Vigyg is inverted for the Ta with respect to the
other metals, as the geometrical configuration is identical, we can conclude that
the Ogy has opposite sign for this material. Although we expect large values for
the signal from the YIG/Ta system, Fig. 5.2 (¢) shows that the intensity of the
signal is comparable with those of the YIG/Pt. The reason for this may be that
the ISHE in our system is inside a thermal gradient and then the origin of the
Visue could be intrinsic and then do not depend on the sample resistance as the
extrinsic Hall effects, that could be dominant in the experiments of ref. [48]. The
FM Py effectively works well as ISHE detector as reported by Miao et al., . ref
[114], although the signal is ~ 35% lower than those of Pt, this is caused because
the resistance of the Py R = 1102 is lower than those of the Pt Rp, = 208€2. The
high symmetry of the signals in Fig. 5.2 with respect to the temperature and field
reversal is a clear evidence that the phenomenon has a thermomagnetic nature. Also
as mentioned in chapter 4, T. Kikkawa et al., demonstrate that in YIG/Pt in the

LSSE configuration, the anomalous Nernst effect contribution is negligibly small.
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Figura 5.3: Variation of the dc ISHE voltage V created by the spin Seebeck effect
with the intensity of the magnetic field H for AT = +12 K.

The magnetic field dependence of the LSSE for the same samples with a constant
temperature difference of 12 K is shown in Fig. 5.3. It is verified that in the absence
of the external magnetic field the signal disappear, and is activated progressively for
a few Oe up to overcome the demagnetization energy. Over ~ 50 Oe the Visyp is
constant with H and as expected, the signal for YIG/Ta has opposite polarization
than the other systems. The Fig. 5.3 (b) shows the Visyg vs. H variation for three
values of AT ie. 4K, 8 K and 12 K. Thus, independently of the temperature,
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the application of an external magnetic field is fundamental for the existence of the
LSSE, and as the effect of AT is only to increase the saturation value of V;gy g, but
does not modify the shape of the curve. We argue that the V;gyp arises totally from
the effective pumped spin current in the interface. The change in the sign of the
voltage with the reversal of the direction of the magnetic field is due to the change

in the sign of the spin polarization, some of these results were included in ref. [115].
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Figura 5.4: Variation of the dc ISHE voltage created by the spin Seebeck effect with
(a) the temperature difference AT for H = +1.0 kOe and (b) the inten-
sity of the magnetic field H for AT = +12 K.

For the case of the bulk system YIG(1mm)/Pt, the Visyg vs. AT and Vispyg
vs. H curves are shown respectively in figures 5.4 (a) and 5.4 (b), Figure 5.4 (a)
is similar to those for the samples with 8— and 6 — um-thick YIG. However Fig.
5.4 (b) presents a hysteresis-like loop not observed in the other samples. To explore
the origin of this phenomenon, we take a measurement of Visyg, fixing AT and
H , and changing every 15 degrees the angle between the sample axes and the H
direction the result is shown in Fig. 5.6. The expected situation considering the eq.
3.81ie J, = @Sy%jS X 0, is a maximum signal when the longitudinal axis of the
sample and the magnetic field are parallel to each other and a null signal when are
perpendicular. This behavior appears in all the other samples, but in the current
one, the sinusoidal cycle is distorted appearing expanded between -90 and 45 and

compressed between 45 and 90. In a first view it is a very strange dependence, then,
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we make a measurement of the magnetization hysteresis loop for longitudinal and
transversal axes (0 and 90 degrees) with a vibrating sample magnetometer as shown
in Fig. 5.5. Here clearly the black curve shows that exists an anisotropy in the
magnetization for the transverse field, the magnetization is saturated in ~ 500 Oe
that is the approximately the same position for the remnant Visyg in Fig. 5.4
(b). These facts lead us to conclude that there exists a demagnetization energy
coming from the shape factor that make the easy axis of magnetization rotate 45
degrees from the longitudinal axis of the sample. This was confirmed with carefully
hanging the sample between the electromagnets with a thin thread. Varying the field
intensity it was observed the orientation of the sample. For high fields the sample is
oriented parallel to H but under ~ 4 Oe the sample axis stays 45 degrees rotated.
Thus, we determined an unexpected feature of the LSSE/ISHE phenomenon that has
to be considered when the FMI layer have bulk dimensions i.e. The shape anisotropy
generates a strong remnant V;sgy g, remembering a hysteresis loop, although the eq.
3.8 has not to be modified, to satisfy a distorted angular dependence, we argue that
being a bulk sample of YIG, the proximity effect came stronger and make o feel the
combined effect of the magnetization of the insulator and of the external magnetic
field, so we have to take care in the interpretation of ¢ term in eq. 3.8 as the real spin
polarization and not as the H direction. In fact the distortion in Fig. 5.6 together

with eq. 3.8 could determine the spin polarization at each angular position.

Since the thicknesses of the Pt/YIG/GGG structures and of the Pt/YIG slab
are 0.5 and 1.0 mm, respectively, for a given T , the temperature gradient AT is
twice as large in the former in comparison with the latter. One important conclusion
drawn from the data of figures 5.2 (a), (b) and 5.4 (a) is that the voltage due to the
SSE spin current in an 6 — pum-thick YIG film is comparable to that in a 1-mm-thick
YIG slab. In other words, for a fixed temperature gradient, V is nearly independent

of the FMI layer thickness in the thickness range of the measurements.

5.2 LSSE at low temperatures

The LSSE measurements at room temperature shows that Pt is the most stable

material to be used as ISHE sensor in the low temperature measurements. This is
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Figura 5.5: Magnetometer analysis for the YIG(1mm)/Pt sample. We consider
transverse magnetic field when it is perpendicular to the longitudinal
axis of the sample and longitudinal field for the parallel case, in both

situations the field is applied in-plane.

in agreement with the fact that the Pt is known to have reasonably large values for
the spin-Hall angle and spin mixing conductance with YIG. Actually, the samples
with Py and Ta needed special care to avoid parasitic signals. Then, we selected the
YIG(8um)/Pt system for investigate the low temperature features of the LSSE.

5.2.1 Measurement Technique: Displex Closed Cycle Cryostat

For the measurements of the V;sgg as a function of the base sample temper-
ature, The Y IG(8um)/Pt system was mounted directly on the copper base of a
Displex closed cycle cryostat, Fig. 5.7 and glued with General Electric varnish.
The temperature gradient is created by heating the Pt side with a heater, made
of a resistive wire in zigzag between two sheets of Kapton (polyimide), while the
opposite GGG side is maintained at the base temperature T}, of the cryostat. The
temperature difference AT across the Pt/YIG/GGG structure was measured with

a Cu-constantan-Cu differential thermometer made of two thermocouple junctions,
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Figura 5.6: Angular dependence of the dc ISHE voltage generated in a Pt layer
through the longitudinal spin Seebeck effect of a YIG slab with AT =
12 K and H = 1kQOe. The green and red arrows represent respectively

the sample axes and the magnetic field direction

one in contact with a thin copper strip placed between the heater and the Pt layer
and the other in contact with the base. The calibration curve of the thermocouple
junctions is shown in Fig.5.8 and the calibration parameters are tabled in the ap-
pendix. The Pt/YIG temperature used to plot the data is T'= T, + AT , where Ty,
is the cryostat base temperature. The ISHE voltage was measured with a nanovolt-
meter by means of two Cu wires attached with silver paint to the ends of the Pt
layer. The Cu wires were also used to measure the resistance Ry of the Pt layer as

a function of temperature.

5.2.2 LSSE at Low Temperatures in YIG/Pt Bilayers

The measurements from the setup of the last section are represented in Fig.
5.9, the red and blue spheres are the ISHE voltage measured respectively fixing
the value of AT to 3 K and to 7 K while the sample temperature is varying and

a transverse magnetic field of H = 1kQOe is applied. The external circuits and
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Figura 5.7: Displex closed cycle system

pickup give a residual contribution to the signal that was removed by subtracting the
voltages measured with the fields in opposite directions. For the theoretical analysis
of the LSSE, the resistance of the Pt layer was recorded for each temperature, the
result is shown in the inset of Fig. 5.9 and the least-square fit reproduce Ry (7T") =~
Rx(300)[0.740.3(7'/300)]. The curves in Fig.5.9 were calculated with the theoretical
model of the next chapter through Eq. 6.55. Thus the great agreement of with the
experiments allow-us to validate our magnon spin current theory for the longitudinal
spin Seebeck effect. The dotted lines represent the mechanism of interfacial thermal

spin pumping falling off with temperature much faster than with the data.
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Figura 5.8: Calibration curve for the Cu-Constantan-Cu thermocouple.
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Figura 5.9: Comparison of the experimental data with calculated temperature de-
pendence of ISHE voltage V created by the longitudinal spin Seebeck
effect in yttrium iron garnet/platinum. The symbols represent the volt-
age measured with 3 K (blue) and 7 K (red). The dotted lines are
calculated with the thermal spin pumping mechanism while the solid
lines are calculated with the magnon spin current model presented here.
The inset shows the measured resistance of the Pt layer and the linear
fit used in the calculation of the voltage.(ref. [6])
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6. ANALYSIS AND DISCUSSION

6.1 The Magnon Spin-Current Theory for the LSSE

For explaining the experimental results of the last chapter and in the lack of a
satisfactory explanation for the LSSE, recently our group has proposed an alternative
model for the origin of the LSSE published with some results of the current work
in ref [6] . For the development of this theory, we have to consider an FMI/NM
bilayer, Fig 6.1, in which we define the coordinate system in a way that the film lies

in the x-z plane.

The sample is under the effect of a static and uniform external magnetic field H
in the z direction, and a temperature gradient in the y axis, V1. The spin current
inside a magnetic insulator is carried by magnons with a defined wave vector k
and energy e, = huwy, [116, 117, 118, 119, 72|, when the system is in equilibrium
before thermal excitation the number of magnons is governed by the Bose-Einstein

distribution as:

1
ny = ——. (6.1)

ﬁwk
eksT — 1

After excitation, the number of magnons is increased by dny = ny — ng with ny the

actual number of magnons, the density of magnons, én,, = dn;/V, is also called



Master Thesis

Study of the Longitudinal Spin Seebeck Effect ... 55

yEpy =0 Y=ty

Figura 6.1: FMI/NM bilayer used to investigate the LSSE. (a) illustration of the
conversion of the spin into the charge current by the ISHE in the NM
layer. (b) Coordinate axes used to calculate the spin currents generated

by a temperature gradient perpendicular to the plane of the bilayer.

magnon accumulation [116, 117], and can be expressed as:

1 1 .
0Ny, = V%&nk = v?(nk —ny),

or,

/ Bh(ng — n?). (6.2)

B 1 3 B 1
0Ny = CE /d kony, = CE

The collective spin precessions generate a magnetization current ff/[ and so a
magnon spin current density J: &= %, here 7 is the gyro-magnetic ratio. Through

—

a distribution function f(k,7) we can write [116, 117]:

Ts = g zk: £k, )i, (6.3)
but in thermal equilibrium:
Z Jolk, ™), =0
K
= T = SUED = 7lF A (6.4
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here f(k,7) = ny, and in integral form:
oo N /d3k6k(nk —n?) (6.5)
S (2m)3 ko '

as this current is carried by pseudo-particles the transport caused by the thermal

gradient obeys the Boltzmann equation:

f(kaf)_f0<kvm +17k_vrf<g77?)+ VEf(E,F) :07 (66)

Tk

St

where 73 is the k-magnon relaxation time. For n; number and without external

forces F' =0 giving :

n(F) = nj = =78, - Vg (F)
(6.7)
or
ng(7) — nf = =10y - Vnp(7) — 70 - Vng(7) — ni (7)), (6.8)
substitution in 6.5 gives:
—»Z h 37 — — 0 — 0/
Js = ok Pk, (=TT - Vi (F) — 70 - V[ng(7) — ni (7))
= j:éVT + jgéna : (6.9)

where we define the contributions of the temperature gradient and of the magnon

accumulation as:
h on?

Jsvr = =gy oT
B 0

h ng .,
~ — (271')3 ZTka—jkavk.VT, (610)
k
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and:

. h o B
Jésn = — 2m)? /d3k7kvk(vk.v5nk(r))

h - ,
~ _W ZTkvkvk.Vénk(r). (6.11)
k

Eq.6.10 has the same form as the charge current that is generated from a Seebeck
effect:

oT
Ji=—SiVT = —Si——. 6.12
S S Say ( )

With T, the average temperature that is the same for magnons and phonon

systems [120], and using Eq.6.1 for 7 with x = ;& we have:
h e'x
SE = Pkl . 6.13
S (27T)3T / Tkvky (em _ 1)2 ( )

On the other hand Eq.6.11 give account of the nonuniform external means i.e.
boundary conditions or temperature gradients. In the linear response theory n; can

be expanded as n plus a small deviation from the equilibrium in the form:

ak(7) = i+ S ) + 3 () Palcosd) (6.14)

where the chemical potential p,,(y) is the n = 0 component of the small deviation
and 6 is the angle between k and the y axes. P, is the Legendre polynomial of order

n that satisfies the orthogonality relation:

1
2
/ = /. .1
/_1 duPp (u) P, (u) T 1(571,,1 (6.15)

With 6.14 and 6.15 in 6.2 we have:
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1 on? -
S = PPk i " (y) Py(cost
= o | PEGebn) + 30 Pucond)]
1 on?
= Brk=Lu,,
o | Gl
(6.16)
that can be written as:
0nm (y) = lopim(y)- (6.17)
In a similar way we obtain:
: Lyaes
JSSsn(y) = 5119 (y), (6.18)
with: . .
I, = Ry 6.19
(27)3 / Yk Dk (6.19)
Refs. [116, 117] deduce a diffusion equation for the magnon accumulation:
0%0nm(y) _ Onm(y)
= 2
that have the solutions:
t
g, (y) = Acosh[W] + Bsinh[(y + trar)lm], (6.21)
where [, is the diffusion length. They also shown that Jgsn(y) is given by:
. 0
where the diffusion parameter is:
Tm]2
D,, = 6.23
3L, (6.23)
and:
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Substitution of 6.21 in 6.22 get:
Dy t D, t
Jéon(y) = hl_A sinh {@—;—FM)] + hl—B cosh {M} . (6.25)

Thus from 6.9 the total y component of the z-polarized magnon spin current density
in the FMI is:

(y +trum)

m

Dy, . t Dy,
J§(y) = =S5V, T + h= " Asinh {@”Z—FM)} + h=" B cosh { 1 . (6.26)
When J&(y) reach the FMI/NM interface a spin pumping process exist and the
magnetic moment pass to be carried by the conduction electrons of the NM, the

spin current pumped is [22, 121]:

- hgt) (- oM
JFot _ (g, M x — 6.27

s'(07) 47 M? ot |’ ( )
being g+ the real part of the spin mixing conductance. As the NM layer is of a few
nanometers, part of the spin current reach the boundary and generate a backflow
spin current J°/ that is injected into the FMI, decreasing the effective j;p . The spin
current is polarized in the z-direction, then:

—k

oM R Ay rdmy

= fszmy = WpMmy (629)
— = —vH m, = —wpym,, 6.30
ot (6.30)

then:

(M X %—{g) = Zwk(mi —m?) = Zwk(m:m;), (6.31)
i

6. ANALYSIS AND DISCUSSION Gabriel Andrés Fonseca Guerra




Master Thesis

Study of the Longitudinal Spin Seebeck Effect ... 60

where we use the circular polarized transverse components of the magnetization

associated with the magnon k:

m* =m, +im, and m- = mg — 1My,
+ - + _ -
= my = % and my = % (6.32)
With 6.31 on 6.27:
75 eff
JEON) =575 Zwk mimy), (6.33)

here g;%f is the real part of the effective spin mixing conductance that include the
effects of the spin pumped as well as the backflow spin currents. Considering the

linear approximation:

2M
mimg =m2 —m? = M* — M2 ~ 2M(M — M,) = %&’k (6.34)
6.33 can be expressed by:
K2 N 2 N
o by g 1
5P+ L0 Teff 5 z(0+ eff Blwnd
J&'(07) = 5V Zwk ne or Ji07) = om0 (2n) / wrong. (6.35)
As in 6.16:
h29 1 on?
zZ(n+\ __ eff 3 k
1507) = 5 s [ P e O] (6.36)
(6.37)
using 6.17
YL 1 Snm(0) on?
zZ(n+\ __ eff m 3 k
JE(0T) = — M @ o /d kwk—aEk, (6.38)
(6.39)
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with x = hwy,/kgT and 6.1:
ong 1 on} € 1 (6.40)
OE, kT 0x  (e® —1)2kpT '
(6.41)
and so:
JZ(O+> _ _f)/hgz]%f 1 6nm(0) /dgkhw _LL (6 42>
ST oM (203 P\ (e = 1)2 kT ‘
~ hgliy an(0) / (¢ (6.43)
- 2rM ((27)31)) (er —1)2 kgT '
N
7hgeff 4
= — 0N (0) kT —, 6.44
2 M nm(0)ks Co ( )
where we did:
B 3 re” B 3 e’

Eq. 6.44 relates the spin current in the NM to the magnon accumulation at
the interface. The next step is to find the coefficients of 6.21, and the magnon
accumulation at the FMI/NM interface on,,(0), in terms of the thermal gradient
VT. The conservation of angular momentum flow on the boundaries require the
continuity of the spin currents at the interfaces [116, 117, 22, 121, 122]. Based on
the figure 6.1:

Ji(y = —tru) =0, (6.46)
and
Ji(y=07)=Ji(y=0") (6.47)
(6.48)
Through 6.46 in 6.26 we have:
Szl

B==2"VT. 4

thV (6.49)
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With substitution in Eq. 6.21:
A= - =2 tanh | — 6.50
cosh thM hD,, an < m ( )
and through 6.47 together with Equations 6.26 and 6.44:
1 —cosh™ (’%‘4)
Inm(0) = ; o SgVT, (6.51)
a tanh (%) + b9, 5,
where: D KEBTC
m 7 1
== d b= —w—-. .52
a I an 2 C, (6.52)
When the condition a >> bgy | is satisfied, as in the YIG ferrimagnet, then:
b N
J2(0) = — 2L gor, (6.53)
a

So, we have clearly shown that the generated spin current depends not only of VT,
but explicitly also of gZ}f, this result shows that the NM layer in contact with the
FMI film is essential for the existence of the spin current, explaining the experimental
fact that a Pt layer in contact with films of YIG is necessary for using the SSE to
control the relaxation rate of the magnons in the YIG [102, 105, 108].

In 6.53, p is a layer thickness parameter given by:

cosh <M> -1

lm

M
sinh (7—1‘4)

thus, for tpy >> [, p = 1 and for tpy, << [,,, p = 0. Once the spin current is

p= (6.54)

pumped on the NM will exist a transverse transformation on a charge current as
J. = @SHQ—;fg x &, explained in the chapter 3 [36]. With the actual geometrical
configuration, J. is between the ends of the NM layer, if Ry, ty and w are the
resistance, thickness, and width of the NM strip, integrating J. along x and y is
obtained:
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2 /
V = Rywy —Ogy tanh |~ ) JZ(0). (6.55)
1 2

Equation 6.55 is the measured voltage of Fig. 5.9, so using the correct parameters
is possible to fit the experimental data and test the theory as will be shown in the

next section.

6.2 Testing The Magnon Spin-Current Theory for the LSSE

At this point where we have an analytic expression for Visgg we need to find
the appropriate form of 6.55 for the YIG(8um)/Pt system. The missing parameter
of 6.55 is JZ(0) given by eq. 6.53 that depends of S eq. 6.13 ,which is an integral
in E, and b eq. 6.52 that include the value of the integral C', eq. 6.45. Thus, our
problem is reduced to calculate these integrals through a dispersion relation between
the spin-wave angular frequency wy and the wave number k. Fig. 6.2 shows how the
common quadratic dispersion relation of eq. 2.19 overestimate wy for high values
of E, as our experiments include magnons on the extreme of the Brillouin zone, is

expected to Eq. 2.19 overestimate the value of V;sgr. We obtain from Eq. 6.13:

k.5/2T3/27m
z _ B
SS - 05/26772h3/2(’)/D)1/27 (656>
where Cj /5 is a parameter given by
e’ 3
Cs2 = / mx(m — xg)2dx, (6.57)

where xy = hwo/kpT. The lower limit of integration is xy , the minimum normalized
spin-wave energy, determined by the magnetic field. The upper limit is the maximum
energy at the Brillouin zone boundary. If we set (o = 0 and consider the upper limit

infinity, since the integrand vanishes for large values of x, it can be shown that:

Cs/a = T(7/2)C(5/2) ~ 4.46, (6.58)
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where I'(z) and ((z) are the gamma and Riemann zeta functions, respectively.

30

N
o

—_
o

Frequency w/2r (THz)

0‘ 2 M 2 2
0.0 0.5 1.0 1.5 2.0 2.5

Wave number k (10" cm™)

Figura 6.2: Spin-wave dispersion in YIG. The upper (blue) solid curve is calculated
with quadratic dispersion. The dotted curve is calculated by Ref. [7] for
k along a [111] direction. The lower (wine) solid curve is calculated with

the linear approximation used to calculate the integrals. Figure from ref.

[6]

For fields up to a few kOe, xq is small and the numerical integration of Eq.
6.14 gives a value close to the ones above. One can show that with the quadratic

dispersion relation, the diffusion parameter in Eq. 6.23 becomes

4ka}BT’}/D03/2
D,, = : 6.59
3hCl/2 ( )
where
4 e™(x — x0)2
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and
" (z — 102
If we set xy and consider the upper limit infinity it can be shown that:
Cs0 =1(5/2)((3/2) =~ 3.4. (6.62)

For xy # 0, numerical integration shows that this value changes little for fields of
a few kOe. The situation is different for /5, because the integration diverges for
19 = 0. Considering H = 1000e, zy = 4.2 x 107°, numerical integration gives
Ch/2 = 250. Using:

(6.63)

and SZ given by Eq. 6.56, the spin current at the interface in Eq. 6.53 becomes, for
p=1

J5(0) =

(kpT)(37s1.7m)? (03/2

1
C g™ kYT, 6.64
4 MD672h 01/2> 5/20ei 1KY (6.64)

Here, we introduce the parameters corresponding to YIG found in ref. [123]:
v =176 x10"s7!, D = 54 x 107°0Ocem? 4nM = 1.76 kG, 15, ~ 107 %s, and
T ~ 107195, which is an approximate average value for the magnon lifetime as
calculated in the [6].

The reported [72, 82, 83, 74, 75, 76] values for the spin mixing conductance g?f

in YIG/Pt vary from 2 x 102 cm ™2 to 4 x 10 em™2. Considering g;icf = 10" em=2,
we find from Eq.6.64 for AT = 300 K/em and T = 300 K a spin current density
at the interface Js(0) ~ 10~%erg/cm? . Using for Pt [65, 74, 75, 76, 84, 85, 86, 87
Ay = 4nm, Ogy = 0.08, and conductivity op, = 2.4 x 10°Q~tem ™!, the resistance
of a Pt strip with typical dimensions [ = 0.6cm, w = 0.2¢m, and ty = 6nm is
Ry = 2082, and we obtain from Eq. 6.55 an ISHE voltage of V' ~ 40mV'. This is
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more than three orders of magnitude larger than the experimental values of chapter
5 and of ref’s. [15, 16, 40]. So as expected we need a more suitable form of wy (k).

Then we use for the magnon dispersion relation [6] the form:

wk
Wp = Wyzp <1 — COSW) , (6.65)

m
where wyzp is the zone boundary frequency and k,, is the value of the maximum
wave number. Eq.6.65 was also plotted in Fig.6.2. being a better approximation for
the magnon dispersion over the whole Brillouin zone. Also, we take into account
that the magnon lifetime is a strong function of the wave number [6]. With the

dispersion in Eq.6.65. The group velocity becomes:

WzBT . wk
UV = St —.
M ok, T 2k,

(6.66)

Writing the magnon lifetime as 7, = 79/n,, where 7y is the lifetime of magnons
near the zone center (k ~ 0) and 7, = nx/n0 is an adimensional relaxation rate,
Eq. 6.13 leads to

=T P
1 T
. mq e
BS = / dq ¢*sin® (—) _—, 6.67
0 2/ ng(e” —1)? 667

where ¢ = k/k,, is a normalized wave number. In Eq. 6.67, we consider spherical
energy surfaces and integrate over a sphere of radius km = /3 x 2.5/a;, a; being
the lattice parameter. One can show that with the dispersion relation in Eq. 6.65
and the wave number-dependent magnon relaxation rate, the diffusion coefficient in
Eq. 6.23 becomes:

Tom w5 B2

D, = — )
12k2, B0 (6.68)
while the parameters in Eq. 6.52 are:
hrom?w? ; B2 hkpT B1
o = om Wzp DLy — 1B (6.69)

12521, B0~ 27M BO’
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where . )
e” xe’
By= | d¢¢>*— B, = [ dg®— 6.70
o= [, e = | (10
and .
B,— [ d 2'2<lq)e—. 6.71
o= [ aadsint (5) o= 11

Using Egs. 6.67-6.71 in Eq. 6.53, we obtain the following expression for the spin-
current density at the FMI/NM interface:

Ji0) = = P Ol ke VT, (6.72)

The integrals in Eqgs. 6.67, 6.70, and 6.71 were evaluated numerically for YIG
with the dispersion relation in Eq. 6.65, where x = wy/(kpT), with wzp = 6 X
10* 571, corresponding to the zone boundary frequency of 9.5THz in Fig.6.2. In
the integral in By , we consider a minimum normalized wave number ¢, = 1073
determined by the boundary conditions imposed by the contact with the Pt layer
[124]. We also use for YIG a lattice parameter a; = 1.23nm, which gives km =
2 x 107em ™!, and the normalized magnon relaxation rate due to 3- and 4-magnon

processes:

Ny =% =1+ (0.5¢ +5.1¢% — 3.25¢°) x 10%. (6.73)

To
Hence, we find for T = 300 K, Bg = 2.2 x 1074, By, = 282, B1 = 0.55, and
By = 5.1 x 1073, With these values and 70 = 0.5 x 10~ s, we obtain a diffusion
coefficient Dm = 6.6 cm?/s. Considering [117] 751, = 107% s, we find from Eq. 6.23 a
magnon diffusion length [,,, = 26pum. The use of all these parameter give a Vigyp of
a few puV ;| as shown in the fits of Fig. 5.9. so we have used the current analysis to fit
the experimental results where we have considered also that the magnon relaxation

rate varies with 72 and that the magnetization depends of the temperature through:

M(T)/M(0) = 1.0 — 0.3(7/300)?, (6.74)

which represents well the experimental data for YIG [125]. In both cases, the magnon

spin current vanishes at 7" = 0 because the thermal magnon population vanishes.
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Since the magnon population decreases, whereas the lifetime increases, as 1" is low-
ered, the competition between the two factors results in the peak 30 K, which
is a characteristic feature of our model. As will be shown later, the temperature

dependence of the Pt layer resistance attenuates the peak somewhat.

An important signature of a theoretical model for transport phenomena is the
temperature dependence of physical quantities of interest. Figure 6.4 shows curves
for the temperature dependence of the spin currents calculated with various models
relative to their values at 7" = 300 K. The lower solid curve (wine) corresponds
to Eq. 6.64 calculated with the quadratic dispersion relation and setting infinity
for the upper limits of the integrals. In this case, the parameters in Egs. 6.57 and
6.60 do not depend on the temperature and the spin current varies with 72. The
solid curve in the middle (red) represents a T'/? dependence, which applies to the
mechanism of interfacial thermal spin current, Eqgs. (12) and (15) of Ref. [10], that
was used to interpret the experimental data obtained with transverse SSE in FMI

layers.

The results of the calculation with Eq. 6.72, considering that [,,aD,,, as in Eq.
6.23, are plotted in two ways: (1) the dotted curve (blue) is obtained assuming that
the magnon relaxation does not vary with temperature, and (2) the upper solid curve
(blue) was calculated considering that the magnon relaxation rate varies with 72
[6], and the temperature dependence of the magnetization, given by M (T")/M(0) =
1.0 — 0.3(7/300)?, which represents well the experimental data for YIG [125].

The linear dependence of V on T of Fig. 5.2 is well explained by Eqgs. 6.55
and 6.72.Also the data of Fig. 5.3 show that for a fixed field direction, V does not
depend on the value of the magnetic field, in agreement with the model. The result
of different YIG thickens for the systems of YIG/Pt 5.2 (a), (b) and Fig. 5.4 seems to
contradict the predictions of the model in Eq. 6.72, since sample A has tpy << I,
and the factor expressing the influence of FMI thickness in Eq. 6.54 is p << 1,
while sample B has tpy; >> [, and consequently p ~ 1. However, we can see
the Figure 6.3 that shows the data of Ref. [9] for the LSSE measured by the ISHE
voltage in three series of YIG /Pt bilayers with varying YIG thickness normalized to
the corresponding values at large thicknesses. This normalized quantity corresponds

precisely to the thickness factor p of our model. We have used the same symbol to
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represent the data obtained with the three series of sample. The solid line in Fig. 5
represents a least-square deviation fit of Eq. 6.54 to the data, which yields a magnon

diffusion length Im = 70 nm.

The possible explanation for this small diffusion length compared to the one cal-
culated before with Eq. 6.16 is that its relation with the diffusion coefficient should
involve the magnon lifetime and not the spin-lattice relaxation time. In fact, with
l;m = 70nm and D,, = 6.6 cm?/s, we obtain [2,/D,, ~ 0.7 x 10719 s, which is on the

same order of magnitude of the averaged magnon lifetime.

1.2

Thickness factor p

£ = = R B e
o N B O ® O

Figura 6.3: Symbols represent data of Ref. [8, 9] for the normalized LSSE for three
series of YIG(tgM )/Pt bilayers. The solid line is a least-square deviation
fit with Eq. 6.54.

Now we can use Eq. 6.72 to calculate the spin-current density created by a given
temperature difference AT across a YIG /Pt bilayer. For T' = 15 K in a sample that
is 0.5 mm thick, the temperature gradient is AT = 300K /cm. Using [, = 70nm,
km =2x107em™!, Bg =22 x 1074, B1 = 0.55, B2 = 5.1 x 1073, 47 M = 1.76kG,
v =1.76x10"s'0Oe~! | and gmf = 2x 10" em™2, for tppr >> lmand T = 300 K, Eq.

e
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6.72 gives a spin-current density JZ(0) ~ 10—8erg/cm?

. Using this value for the
spin-current density in Eq. 6.55; the parameters for Pt of AN = 4nm, sy = 0.08,
and w = 0.2c¢m; and the measured resistance Ry = 166¢), we obtain a voltage
V = 5uV, which is on the order of magnitude agreement with the experimental
values. And for comparison of the data of Fig.5.9 with the results of the model,
it was necessary to take into account that the Pt layer resistance and the spin-
Hall angle vary with T . Since there are no systematic data for the temperature
dependence of the spin-Hall angle [50], we consider that the origin of Ry and the
ISHE rely on the scattering of the conduction electrons in Pt and assume that
Ospu(T) follows the same T dependence as Ry (7). The diffusion length Ay also may
vary with temperature. However, in the thickness range of our experiments, Ay in
the numerator of Eq. 6.55 approximately cancels out the one in the denominator of
the tanh function.
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Js (T)/Js (0)

0 100 200 300
T(K)

Figura 6.4: Temperature dependence of the spin current in the LSSE calculated with
various models. The lower solid curve (wine) represents a 7% dependence,
as in Eq. 6.64. The solid curve in the middle (red) represents a 7" /2 de-
pendence, predicted by the mechanism of interfacial thermal spin current
[10]. The dotted and upper solid (blue) curves correspond to Eq. 6.72,

calculated without and with, respectively, a temperature dependence in
the magnon lifetime
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7. CONCLUSIONS

We have presented an study of the thermal and magnetic field dependencies of
the longitudinal spin Seebeck effect (LSSE) in the systems, YIG/Pt, GGG/YIG/Pt
GGG/YIG/Ta and GGG/YIG/Py. The experimental results together with the the-
oretical model show that the mechanism behind the LSSE observed in bilayers made
of a ferromagnetic insulator and a paramagnetic or ferromagnetic metal relies on the
bulk magnon spin current created by the temperature gradient across the thickness
of the insulator. The spin current pumped into the metallic layer provides continu-
ity for the spin current at the interface, and it is essential for the existence of the
SSE and its detection by the voltage created by the ISHE. It was observed that the
LSSE do not depend of the intensity of the magnetic field when the ferromagnetic
insulator is in the micrometric scale. However, when the thickness is large enough
to give rise to a demagnetization energy the angular dependence of inverse spin hall
effect in the metallic layer is governed by the magnetization of the FMI and there is
a hysteresis-like behavior in the Vigyp vs. H curve. The dependence of the LSSE
with the temperature difference is linear. When the base temperature varies in a
large range, the competing contributions of the magnon accumulation and relaxation
rate produces a bump in the temperature dependence.
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Here, we present parameters for the calibration of the thermocouple junctions
for the Cu-constantan-Cu differential thermometer. The first derivative of the cali-

bration curve shown in Fig. 5.8 was fitted to the equation:

V(mV)=A+Bl*T'+ B2+ T? + B3+ T° + B4« T*, (.1)

the tables below show the parameters corresponding to each temperature range as
defined by the colors of Fig. 5.8.

Range: (3.15-19.15) K
Residual Sum of Squares 5.768.002

Adj. R-Square 0.99995
Parameter Value Standard Error
1st Deriv A -7,57E4+14  2,79E+414
1st Deriv B1 -4,59E+14 1,79E+14
1st Deriv B2 -1,04E+14 4,31E+13
1st Deriv B3 -1,04E+13 4,61E+11
1st Deriv B4 -3,89E+11 1,85E+11

Range: (20,15-136,15) K
Residual Sum of Squares 251.856

Adj. R-Square 0.99994
Parameter Value Standard Error
1st Deriv A -569.477.359 21.214.341
1st Deriv B1 -346.841.229 1.628.468
1st Deriv B2 -7.112.657 466.864
1st Deriv B3 -5.185.991 592.468
1st Deriv B4 -0.47607 0.28083
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Range: (137,15-270,15) K

Residual Sum of Squares

Adj. R-Square

1st Deriv
1st Deriv
1st Deriv
1st Deriv
1st Deriv

0.02288
0.99999
Parameter
A

B1

B2

B3

B4

Range: (271,15-404,15) K

Residual Sum of Squares

Adj. R-Square

1st Deriv
1st Deriv
1st Deriv
1st Deriv
1st Deriv

0.00164
0.99999
Parameter
A

B1

B2

B3

B4

Range: (405,15 -538,15) K

Residual Sum of Squares

Adj. R-Square

1st Deriv
1st Deriv
1st Deriv
1st Deriv
1st Deriv

3,89E4-01
0.99999
Parameter
A

B1

B2

B3

B4

Value
2.553.301
-225.088
-0.3139
-0.15502
-0.00204

Value
2.588.816
-141.584
0.08519
2,71E+01
-1,31E+01

Value
2.464.362
-0.92064
0.03408
-6,32E4-00
-2,26E+00

Standard Error
0.01011
0.03002
0.02669
0.00894
1,00E+4-02

Standard Error
0.00167
0.00422

0.0031
8,27E+401
7,21E+00

Standard Error
0.11284
0.05121
0.00854
6,21E+01
1,66E+4-00
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Range: (539,15-673,15) K
Residual Sum of Squares 8,97E+00

Adj. R-Square 1
Parameter Value Standard Error
1st Deriv A 1.953.917  0.38166
1st Deriv B1 0.06003 0.09235
1st Deriv B2 -0.02623  0.00832
1st Deriv B3 8,82E+01 3,30E+01
1st Deriv B4 -6,44E-01  4,89E-01
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