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Résumé

L’interaction entre électrons de conduction itinérants et électrons localisés dans les
hétérostructures magnétiques est à l’origine d’effets tels que le transfert de moment
de spin, le pompage de spin ou l’effet Hall de spin. Cette thèse est centrée sur le
phénomène de pompage de spin : une couche ferromagnétique (FM) en précession in-
jecte un courant de spin pur dans les couches adjacentes. Ce courant de spin peut
être partiellement ou totalement absorbé par une couche, dite réservoir de spin, placée
directement en contact avec le matériau ferromagnétique ou séparée par une couche
d’espacement. L’absorption de la composante transverse du courant de spin induit une
augmentation de l’amortissement de la précession ferromagnétique de la couche libre.
Cet effet à été mesuré par des expériences de résonance ferromagnétique avec, pour la
couche en précession FM , trois matériaux ferromagnétiques différents (NiFe, CoFeB
and Co), et pour la couche de réservoir de spin, différents matériaux paramagnétiques
(Pt, Pd, Ru), ferromagnétiques et antiferromagnétiques. Dans un premier temps, nous
avons vérifié que le facteur d’amortissement non-local généré est de type amortissement de
Gilbert, et qu’il est inversement proportionnel à l’épaisseur de la couche en précession FM.
L’analyse de l’augmentation de l’amortissement a été réalisée dans le cadre du modèle
de pompage de spin adiabatique proposé par Tserkovnyak et al. Dans un second temps
et suivant ce modèle, nous avons extrait les paramètres de conductance avec mélange de
spin à l’interface g↑↓ pour différentes interfaces, ces paramètres déterminent le transport
du courant de spin à travers des interfaces ferromagnétique/métal non-magnétique. Un
troisième résultat important de cette thèse porte sur la longueur d’absorption du courant
de spin dans des matériaux ferromagnétiques et paramagnétiques. Celle-ci varie con-
sidérablement d’un matériau à l’autre. Pour les matériaux ferromagnétiques, la longueur
d’absorption du courant de spin est linéaire par rapport à l’épaisseur de la couche réservoir
de spin, avec pour longueur caractéristique ∼ 1.2nm. Ce résultat est en cohérence avec
les théories antérieures et avec les valeurs de longueur de déphasage de spin pour le trans-
fert de moment de spin dans les matériaux ferromagnétiques. Dans les paramagnétiques
tels que Pt, Pd, Ru, la longueur d’absorption est soit linéaire soit exponentielle selon que
le réservoir paramagnétique est directement en contact avec la couche en précession ou
bien séparé par une couche mince d’espacement en Cu. La longueur caractéristique corre-
spondante est inférieure à la longueur de diffusion de spin. Des mesures complémentaires
de dichröısme circulaire magnétique par rayons X ont révélé une induction de moments
magnétiques dans les matériaux paramagnétiques comme Pd, Pt, lorsque couplé directe-
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ment ou indirectement avec une couche FM. Ce résultat fournit une explication de la
dépendance en épaisseur linéaire observée dans les hétérostructures en contact direct.
Etant donné que le pompage de spin et le couple de transfert de spin (STT) sont des
processus réciproques, les résultats de cette thèse sur la conductance avec mélange de
spin, la longueur d’absorption de spin et les moments de spin induits sont également d’un
grand intérêt pour les études de transfert de moment de spin, ainsi que d’effet Hall de
spin, direct et inverse. L’avantage des études présentées ici réside dans le fait qu‘elles
sont effectuées sur des couches minces continues, sans aucune étape de nanofabrication.



Abstract

In magnetic heterostructures, the interaction between itinerant conduction electrons with
localized electrons is at the origin of effects such as the spin momentum transfer, spin
pumping or the spin Hall effect. This thesis is centered on the phenomenon of spin pump-
ing, which states that a precessing ferromagnetic (FM) layer injects a pure spin current
into its adjacent metallic layers. This spin current can be partially or fully absorbed
by a spin sink layer, placed directly in contact with the ferromagnet or separated by a
spacer layer. The absorption of the transverse component of the spin current results in an
enhancement of the effective damping of the precessing ferromagnet which we have stud-
ied using ferromagnetic resonance experiments for three different ferromagnets (NiFe,
CoFeB and Co) as the precessing FM layer and various paramagnets (Pt, Pd, Ru),
ferromagnets or an antiferromagnet as the spin sink layer. As a first step we have veri-
fied that the additional non-local damping is Gilbert type, and that it depends inversely
on the thickness of the FM precessing layer. The analysis of the enhanced damping
was done in the frame of an adiabatic spin pumping model proposed by Tserkovnyak et
al. Within this model we extracted as a second step the interfacial spin mixing conduc-
tance parameters g↑↓ for various interfaces, which determine the spin current transport
through FM/NM interfaces. A third important result of the thesis concerns the absorp-
tion length of spin currents in ferromagnets and paramagnets which we found can be very
different. In ferromagnets the spin current absorption is linear with the spin sink layer
thickness, with a characteristic length of ∼ 1.2nm. This is consistent with theory and
the spin dephasing length for spin momentum transfer in ferromagnets. In paramagnets
such as Pt, Pd, Ru, the spin current absorption is either linear or exponential depending
on whether the paramagnetic is directly in contact with the FM or separated by a thin
Cu spacer layer. The corresponding characteristic length is less than the spin diffusion
length. Complementary X-ray magnetic circular dichroism measurements revealed in-
duced magnetic moments in paramagnets like Pd, Pt when directly or indirectly coupled
with a FM layer. This provides an explanation for the linear thickness dependence for
the direct contact heterostructures. Since spin pumping and spin transfer torque (STT)
are reciprocal processes the results of this thesis on the spin mixing conductances, spin
absorption length scales and induced moments will also be of great interest for studies
on spin momentum transfer, Spin Hall effect and Inverse Spin Hall effect. The conve-
nience being that these studies can be done on continuous films and no nanofabrication
is required.
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Introduction

Magnetism and magnetic phenomena in nanostructures is a very active research area in

condensed matter physics and nanoscience. Considerable improvements in thin film de-

position technology and nanofabrication techniques in the late 1980’s gave a huge boost

to the research in magnetism, resulting in the discovery of various fundamental phe-

nomenons such as oscillatory interlayer exchange coupling of ferromagnetic/nonmagnetic

multilayer, Giant magnetoresistance, Tunneling magnetoresistance (TMR), Spin transfer

torque (STT) effects, etc. These fundamental phenomena also offer huge potential for

applications. This gave rise to the sub field of spintronics, where the idea is to control

and manipulate electron’s spins.

Nowadays, magnetic materials and spintronics concepts are well established in the

data storage technology. Other emerging application possibilities are magnetic logic

components, magnetic random access memory (MRAM), or microwave oscillators. It is

evident that, in order to improve the applications, an understanding of the fundamental

concepts is very important. Almost all of these applications are based on a spin polarized

current flow through the circuit. Therefore, it is very important to understand the

spin polarized current transport in these systems. In the 1990’s an important focus of

the studies was GMR, TMR, where current flow through these devices was controlled

by the magnetization direction. In the late 90’s a new phenomena was proposed and

later on confirmed which shows that the magnetization direction can be controlled by

a spin polarized current flowing through them. This has enabled current controlled

magnetization switching or current controlled steady state oscillation. The fact that the

magnetization state can be controlled by an electrical current, instead of an applied field

has opened new possibilities for device applications, or device architecture.

A reciprocal phenomenon of STT, where the precession of magnetization drives a

pure spin current into its adjacent metals was proposed in the last decade. This effect

was first studied in FM1/NM/FM2 type structures, where a broadening of the FMR

linewidth of the precessing thin ferromagnetic layer FM1, caused by FM2 was observed.
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Experiments were carried out by the groups of Heinrich et al. (2003) and Mizukami et

al. (2001) to verify this broadening of linewidth. A proper theoretical development for

this phenomenon was made by Tserkovnyak et al, based on a scattering theory approach,

using magnetoelectric circuit theory. Since the consequences of spin pumping leads to an

enhancement of the relaxation rate of the magnetization, this effect can be studied by

means of ferromagnetic resonance (FMR) linewidth measurements. This thesis work is

primarily based on the experimental study of spin pumping in magnetic heterostructures

using FMR.

Since spin pumping and spin transfer torque are reciprocal phenomena, the trans-

port related parameters are the same. They can be extracted easily from spin pumping,

which will be of use for STT. This will provide a much better understanding of these

two phenomena from a fundamental point of view. The magnetization damping is a very

important parameter to characterize, because STT induced switching or precession is

directly related to the relaxation of magnetization. In both cases, the threshold current,

which is called critical current, depends on the value of the damping parameter. Spin

pumping reveals that damping in a ferromagnetic layer can be caused by nonlocal con-

tributions, i.e. layers not directly attached to the FM layers but present in a magnetic

heterostructure. This is hence important for GMR and TMR based devices and a precise

determination of damping is even more important for the implementation of these novel

effects in magnetoelectronics.

In the first chapter of the thesis we will go through the basics for studying magne-

tization dynamics and discuss the mechanism involved in magnetization relaxation. In

the second chapter, we will introduce the phenomenon of spin transfer torque and spin

pumping and present the most important parameters that describe the transport of a

pure spin current or spin polarized charge current in magnetic heterostructures. In the

end of this chapter an overview of prior work on spin pumping will be presented to put

this thesis work into context. In the third chapter, we will discuss our experimental tech-

niques, and how we optimize our setup for a better characterization of the samples. We

will discuss about our most important characterization technique which is ferromagnetic

resonance and we will also discuss the basics of X-ray magnetic circular dichroism, which

will be used in chapter 6. In the fourth chapter, we will demonstrate the verification of

the spin pumping phenomenon in a broad range of ferromagnetic materials using various

spin sink layer metals. We will demonstrate that spin pumping is a general phenomenon

and that it is not restricted to certain materials. In the fifth chapter, we will use spin

pumping as a method to generate a pure spin current, which is then injected into various

nonmagnetic, ferromagnetic materials to study spin current decay/ absorption by differ-
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ent spin sink materials. In chapter 6, we will present our XMCD study, which provides

an explanation of some of our results in chapter 5, from a different point of view. The

thesis ends with a summary of our main results and presenting open questions.



Chapter 1

Basics of Magnetization Dynamics

In this chapter we go through the basics which are very important not only for studying

magnetization dynamics but for studying magnetism in general. In the first section we

recall the angular momentum associated with the electron’s spin and its orbital motion

and their coupling. Then we present different energy contributions associated with thin

magnetic film structures such as exchange energy, crystalline anisotropy energy, demag-

netization energy etc. Assuming the equilibrium condition we look at the minima of the

total energy and solve the Landau-Lifshitz-Gilbert equation (LLG), describing the mag-

netization dynamics. We look at the solution of the LLG equation for given boundary

conditions considering small perturbations (small angle precession) and concentrate on

its linear solutions. We look at the dynamic susceptibility and the resonance condition

for magnetization. At the end of this chapter we will go through the processes that are

involved in the relaxation of the magnetization and phenomena related to it.

1.1 Magnetic Moments

Ferromagnetism arises because of the exchange interaction between the neighboring spins.

To understand this phenomenon we recall the magnetic moments associated with the elec-

trons spin and its orbital motion. Electrons moving in an atomic orbit has orbital mag-

netic moment µL and spin magnetic moment µS; defined as: µL = γLL and µS = γLS,

where L is the total orbital angular momentum and S is the total spin angular momentum

with γL and γS being their respective gyromagnetic ratios. These gyromagnetic ratios are

defined in terms of Plank’s constant ( h ), Bohr magnetron (µB), and the gyromagnetic

splitting factor gLand gS as; γL,S = gL,S
µB

h
, µB = |e|h

2m
.

The total angular momentum is seen as: J = L+ S and the corresponding total

12



Chapter 1. Basics of Magnetization Dynamics 13

Figure 1.1: Precession of magnetic moment µj around the applied field H .

magnetic moment µJ = γJJ. γJ is known as the gyromagnetic ratio. If this total

magnetic moment is subjected to an external (time varying) magnetic field H, a torque

will act on the total magnetic moment, seen as: µJ × H. The equation of motion of

the magnetic moment is found by equating the applied torque to the rate of change of

angular momentum.

dµJ

dt
= −γJ (µJ × µ0H) (1.1)

µ0, is the free space permeability (µ0 = 4π10−7 H/m). This equation of motion

describes a precessional motion of the total magnetic moment around the external applied

field with a characteristic frequency f , known as Lamour frequency, defined as f =
1
2π

· eµ0H

me
= C ∗H , where C is a constant.

This total magnetization M = MSm is better known as spontaneous magnetization

for the magnetic system and the modulus of |M | is conserved so that it has two degrees

of freedom instead of three. The equation of motion for this magnetization can be

defined in a similar manner as in the case of a single magnetic moment. This describes

the fundamentals of magnetization precession around an effective field [1] (see Figure

1.1), which is also the basics of Brown’s equations [2] and the Landau-Lifshitz-Gilbert

equation[3, 4]:

dM

dt
= −γ (M× µ0Heff) (1.2)



Chapter 1. Basics of Magnetization Dynamics 14

Note that, we have used an effective field Heff , instead of just a bias field H. This

is because, in a thin magnetic field there are several energies which gives rise to a total

effective field. Therefore, Heff in the expression above is a combination of all these fields,

which are present in the magnetic system plus the applied bias field. The effective field

is related to the total energy in the magnetic system by the relation:

Heff = − 1

µ0MS

δetot
δm

. (1.3)

In the following section, we derive all the energy terms which are important for the

configuration of our interest, and determine the effective field for our system.

1.2 Different energy contribution in thin films

The total energy of a ferromagnetic system in an applied field is given by the sum of the

exchange energy eex, Zeeman energy ezee, anisotropy energies eani and demagnetization

edem as:

etot = eex + ezee + eani + edem.

This means that even in the absence of an external applied field (or the zeeman energy)

there is an effective field present and acting on the magnetization. With the application

of an external field, depending on the internal and external forces, different equilibrium

conditions for the magnetization can be obtained. According to micromagnetic theory

the magnetic equilibrium is a consequence of reaching the minimum energy state.

Exchange energy

The exchange interaction is a short range interaction between neighboring spins which

gives rise to the parallel alignment of the magnetic moments. The exchange interaction

is the strongest coupling occurring between two neighboring spins. The exchange energy

for a system of N atoms with spins Si,Sj, ...,SN is seen as:

eex = −
N∑

i,j

Jij(Si · Sj) = −2

N∑

i<j

Jij(Si · Sj)
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Figure 1.2: In plane magnetization of a ferromagnetic thin film.

where Jij is the exchange integral, whose value depends on the distance between the

interacting spins. When Jij is positive, the exchange energy minimum leads to a fer-

romagnetic order between the spins but when Jij is negative it leads to anti-parallel

(antiferromagnetic) ordering. Jij is related to the overlap of the electronic orbitals of ad-

jacent atoms and to the Pauli exclusion principle. This exchange interaction falls rapidly

with increasing distance and therefore the summation is limited to the nearest neigh-

bors only. This is due to the overlapping of wave functions (local) of nearest neighbors,

resulting in an energy contribution.

Zeeman energy

The interaction between the magnetization vector M and an external magnetic filed

Hext leads to an energy known as Zeeman energy. Zeeman energy is minimum when the

magnetization is along the direction of the external field. The Zeeman energy term is

expressed as:

ezee = −µ0(M ·Hext).

Magnetocrystalline anisotropy energy

The magnetization of a crystalline material will have an energetically preferred direction

depending on the crystalline structure and the symmetry. Certain factors like the charge

distribution of the ions in the crystal and the electrostatic interaction between the orbitals

of the electrons determining the magnetic properties can impose a certain direction to

M. The dependence of magnetic energy on the orientation of the magnetization with

respect to the crystallographic directions is called magneto-crystalline anisotropy. Certain

orientations of the magnetic moments are more favorable energetically than others. This
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preferred direction for the magnetization is called easy axis. The magneto-crystalline

energy is usually small compared to the exchange energy and it depends on the structure

of the crystal. The simplest case is the uni-axial anisotropy in which the energy expression

is

ekani = Ku
ani[1− (m · uk)

2].

Here uk is the unit vector along the direction of the easy axis andKu
ani is the anisotropy

energy constant expressed in the units of J/m3, and m is the unit vector along the direc-

tion of magnetization i.e. m = M/Ms. For simplicity we consider that the magnetization

is aligned along the uni axial anisotropy direction.

In case of ultrathin magnetic films several other anisotropy contributions such as

surface, interface, and exchange anisotropies can exist. This effect which is negligible

in bulk samples is attributed to the reduced symmetry of the atomic environment of

surface atoms. In case of surface (interface) anisotropy, this energy is described using

a phenomenological uni-axial perpendicular (surface) anisotropy parameter Kani acting

along the ẑ direction (see Figure 1.2). The surface anisotropy energy of a ferromagnetic

film of thickness t is viewed as:

esani =
Ks

ani

t
[1− (m · uS)

2].

The perpendicular anisotropy constant Ks
ani is in the units of J/m2.

Demagnetizing energy

In a uniformly magnetized sample, the magnetic poles appear on it’s surface, leading to

a demagnetizing field, Hdem. The energy contribution due to this demagnetizing field is

known as demagnetizing energy.

edem = −µ0

2
(M ·Hdem)

The demagnetizing energy contribution is found to be small compared to the exchange

energy contribution. This is a long range field and even though it has very little or

no influence on the parallel alignment of the neighboring spins, it influences the spatial

distribution of the magnetization vector. The calculation of Hdem is quite complicated

in general. But assuming an uniformly magnetized ellipsoid, it can be calculated as:

Hdem = − ¯̄NM, where ¯̄N is the demagnetizing tensor. If the co-ordinate axes are oriented
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along the principal axes of an ellipsoid then ¯̄N is diagonal and can be written as

¯̄N =




Nx 0 0

0 Ny 0

0 0 Nz




In case of very thin films, the thickness is much smaller compared to in-plane di-

mensions. When the magnetization lies uniformly in the plane the magnetic charges are

avoided which leads to the lowest energy configuration, with the demagnetization factors

as Nx = Ny = 0 and Nz = 1. With these we find the simplified form of the demagnetizing

energy as:

edem =
µ0

2
(ẑ ·M)2.

1.3 Energy minimization

As discussed earlier, the equilibrium position of the magnetization corresponds to the

energy minima. Therefore assembling all the energy terms derived above; the total

energy density for the simplest case of a uni-axial material is obtained as:

etot = −2
N∑

i<j

Jij(Si ·Sj)−µ0(M·Hext)+Ku
ani[1−(m·uk)

2]+Ks
ani[1−(m·us)

2]−µ0

2
(ẑ ·M)2

(1.4)

For the case of a perfectly homogeneous magnetized system the total exchange energy

is zero. Therefore we ignore the exchange energy term from the above equation. Also

we need to keep in mind that we have considered only the fundamental and basic en-

ergy contributions. Supplementary contributions arising from magnetostriction, surface

(important contribution for us, and we will measure this term) and shape anisotropies

or RKKY coupling might have to be taken into account. We also note that the magne-

tization when subjected to a small perturbation field will not strictly be aligned along

the x̂ direction but will also have small ŷ and ẑ component as: M = Msx̂+myŷ+mzẑ.

Following eqn 1.3, the effective field within the magnetic system is obtained by taking

the variational derivative of the total energy as:
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Heff = − 1

µ0MS

δ
(
−µ0(M ·Hext) +Ku

ani[1− (m · uk)
2] +Ks

ani[1− (m · us)
2] + µ0

2
(ẑ ·M)2

)

δm
,

or,

Heff = Hext +
2Ku

ani

µ0MS
(m · uk)

δ(m · uk)

δm
+

2Ku
ani

µ0MSt
(m · uS)

δ(m · uS)

δm
− (ẑ ·M)

MS

δ (ẑ ·M)

δm

or,

Heff = Hext +
2Ku

ani

µ0MS
mxx̂+

2Ku
ani

µ0MSt
mzẑ−mz ẑ. (1.5)

This is the expression for the effective field acting on the magnetization.

1.4 Dynamics of magnetization

Landau-Lifshitz-Gilbert (LLG) equation

In the last section, we have defined the total energy (at equilibrium ) of a thin magnetic

film and from that we have derived the effective field. But how does the magnetic system

reach equilibrium when an external magnetic field is applied to it? To see this, we

carry on from where we left in section 1.1 and start with eqn. 1.2. It was understood

that the magnetization’s gyroscopic motion around the applied field is governed by the

equation of motion 1.2. In this equation the field term H is replaced by Heff for a

ferromagnetic system. Such systems can be considered as a damped oscillator, meaning

the magnetization will not precess around the applied field for ever. Depending on

the system the magnetization precession decays and it relaxes along the applied field

(effective field). Therefore in the equation of motion of the magnetization, we introduce

a phenomenological damping term, and the equation of motion for the magnetization

from eqn. 1.2 becomes,

d

dt
M (t) = −γ (M (t)×Heff (t)) +

α

Ms

(
M (t)×dM (t)

dt

)
. (1.6)

The first term in this equation corresponds to a uniform precession for the magne-

tization, which is an ideal case where no damping in the system is present as shown in

Figure 1.3(a), and the second term is the phenomenological damping term with damping

parameter α. Damping acts perpendicular to the direction of motion (M(t)
Ms

× dM(t)
dt

) as rep-
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Figure 1.3: (a) Uniform precession of magnetization without any damping in the system.
(b) Damping acts ⊥ to the direction of motion of the magnetization M, and makes it
relax along the effective field Heff .

resented in Figure 1.3(b). This equation of motion is known as Landau-Lifshitz-Gilbert

(LLG) equation proposed in 1935[3, 4].

Bloch-Bloembergen formalism

Other than Gilbert damping, there is another formalism of introducing the phenomeno-

logical damping term. This was introduced by F. Bloch for nuclear magnetic relaxation

and later was adapted by N. Bloembergen in ferromagnetic relaxation[5]. With this

formalism the equation of motion for the magnetization is given as:

d

dt
M (t) = −γ (M (t)×H (t))− (x̂ ·M)

T2

x̂− (ŷ ·M)

T2

ŷ − (ẑ ·M)

T1

ẑ, (1.7)

where T1 is the longitudinal relaxation time, describing the relaxation along the equi-

librium direction towards the full magnitude of the magnetization (Ms), and T2 is the

transverse relaxation time which describes the relaxation of the magnetization in the

equilibrium direction and which reduces the magnitude of M(t) as shown in Figure 1.4.

However unlike the LLG equation this formalism doesn’t take the conservation on

magnetic moment into account. The magnitude of the magnetization in this Bloch-
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Figure 1.4: Position of magnetic moment at various stages of it’s relaxation process in
Bloch-Bloembergen formalism.

Bloembergen formalism is conserved only in case of small angle precession and T1 =
T2

2
.

This description of relaxation will be used to explain the relaxation phenomenon caused

by two magnon process.

1.5 Resonance condition and dynamic susceptibility:

In-plane field configuration

In the last few sections we have discussed about the gyroscopic precession of the mag-

netization and its relaxation by introducing a phenomenological damping term in the

equation of motion. The time scale for the magnetization relaxation is of the order of

nanoseconds, i.e. the magnetization relaxes very fast. One of the ways to study this

relaxation is by applying a high frequency pumping field perpendicular to the direction

of the external DC field. This high frequency pumping (driving) field pulls the magne-

tization out of its equilibrium position and tries to make it precess around the effective

DC field. However, like any damped oscillator system, this ferromagnetic system also has

it’s resonance condition determined by the applied DC field Hext acting on it and the fre-

quency ω of the applied microwave field. In this section we will determine this resonance

condition and the susceptibility of the magnetic system by solving the differential LLG

equation. Finding the solution of LLG in a generalized form is not very easy, therefore
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Figure 1.5: Ferromagnetic resonance configuration for magnetic film where the DC field
Hext is applied in the film plane an the microwave field hrf is ⊥ to the DC field.

we will make certain assumptions which are suitable for our system under study. We

assume that: (1) Hext is homogeneous where the sample is placed, and the magnetization

is aligned along it (x̂). We use the macrospin model of the magnetization in which no

spatial variation of M is taken into account. (2) Our sample is uniformly magnetized

and the in plane dimensions are much larger than the thickness. The magnetization lies

in plane and the magnetic charges are avoided to reach the lowest energy configuration.

Therefore the demagnetization factors become Nx = Ny = 0 and Nz = 1. (3) A uni-axial

perpendicular anisotropy caused by the two surfaces is present. This contribution is very

small compared to the demagnetizing field.(4) The high frequency magnetic field hrf is

applied along ŷ, which is perpendicular to the applied magnetic field Hext.

In order to define the resonance condition we consider that the magnetization makes

only a small deviation from its equilibrium. As shown in Figure 1.5, the magnetization

when subjected to the rf field hrf , it will have a small y and z component, but it will have

small variation along the x direction. Therefore with these assumptions the magnetization

is written as: M = Msx̂ +myŷ +mzẑ. The effective field acting on this magnetization

is given by eqn. 1.5. We rewrite the effective field after some simplification by defining

Huni =
2Ku

ani

µ0MS
mx, and Meff =

(
Ms − 2KS

ani

µ0MSt

)
. After adding the high frequency rf field hrf

to the effective field term, the new expression of the effective field is seen as:

Heff=(Hext+Huni) x̂+ hrf ŷ − Meff

Ms
mzẑ. (1.8)

Using the above form of magnetization and the effective field acting on it, we seek the

solution of the LLG equation, which is the equation of motion of a system of two coupled

equations for my and mz.
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d

dt
M (t) = −γ0 (M (t)×H (t)) +

α

Ms
M (t)×dM (t)

dt



dMs

dt
dmy

dt
dmz

dt


 = −γ




x̂ ŷ ẑ

Ms my mz

(Hext+Huni) hrf −Meff

Ms
mz


+

α

Ms




x̂ ŷ ẑ

Ms my mz

dMs

dt
dmy

dt
dmz

dt


 (1.9)





0 = −γ
(
my

Meff

Ms
mz −mzh

rf
)
+ α

Ms

(
my

dmz

dt
−mz

dmy

dt

)
for x̂

dmy

dt
=− γ {mz (Hext +Huni) +Meffmz} − α dmz

dt
for ŷ

dmz

dt
= −γ

{
Msh

rf −my (Hext +Huni)
}
+ α dmy

dt
for ẑ

(1.10)

In order to solve these linearized set of equations we assume a harmonic time de-

pendence of hrf = Re
(
h̃rfeiωt

)
and my,z = Re (m̃y,ze

iωt). The terms which contain the

product of hrf and my,z will be dropped in order to ignore the second order contributions.

After linearization, from the second line of 1.10, we obtain:

iωmy = −γ {mz (Hext+Huni) +Meffmz} − αiωmz

iωmy= {−γ (Hext+Huni +Meff )− αiω}mz

0 = iω
γ
my +

(
A+ iαω

γ

)
mz

(1.11)

We choose to set A = Meff + Hext + Huni in order to simplify eqn. 1.11. From the

third line of 1.10 we get:

iωmz=− γ
{
Msh

rf −my (Hext+Huni)
}
+ αiωmy

iω
γ
mz = −Msh

rf + (iαω
γ
+Hext+Huni)my

Msh
rf = −iω

γ
mz +

(
B + iαω

γ

)
my

. (1.12)

Here again we set B = Hext+Huni in order to simplify eqn. 1.12. Eqn. 1.11 and 1.12

can be written in matrix form as

(
hrf

0

)
Ms =




(
B + iαω

γ

)
−iω

γ

iω
γ

(
A+ iαω

γ

)


(

my

mz

)
. (1.13)

Since hrf is applied in the y direction we are more interested in my, which is in the

plane of the magnetic film . Writing eqn. 1.13 in terms of my:
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hrfMs = my



(
B + iα

ω

γ

)
−

(
ω
γ

)2

(
A + iαω

γ

)


 = my




(
A+ iαω

γ

)(
B + iαω

γ

)
−

(
ω
γ

)2

(
A+ iαω

γ

)


 .

The susceptibility tensor as described by Polder [6], which relates magnetization com-

ponents and hrf is seen as:

(
my

mz

)
= χh =

[
χyy χyz

χzy χzz

](
hrf

0

)
. (1.14)

In our configuration the microwave field hrf is applied in the y direction, therefore the

χyy component of the susceptibility tensor is important for us.

χyy = χ′
yy + iχ′

yy =
my

hrf
= Ms

(
A+ iαω

γ

)

(
A+ iαω

γ

)(
B + iαω

γ

)
−

(
ω
γ

)2 (1.15)

my

hrfMs
=

(
A+ iαω

γ

)

[
AB −

(
ω
γ

)2

(α2 + 1) + iαω
γ
(A+B)

]

my

hrfMs

=

(
A+ iαω

γ

)[
AB −

(
ω
γ

)2

(α2 + 1)− iαω
γ
(A +B)

]

[{
AB −

(
ω
γ

)2

(α2 + 1)

}2

+
{
αω

γ
(A+ B)

}2
] (1.16)

Resonance condition and Kittel law

The resonance condition for the magnetization is obtained when the denominator of eqn.

1.16 becomes minimum, i.e., when my becomes maximum for a given hrf . Therefore we

can write

{
AB −

(
ω

γ

)2 (
α2 + 1

)
}2

= 0

Since α ≪ 1 ; α2 can be ignored, which leads to
(

ωres

γ

)2

= AB. Replacing A and B

with their original form:
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(
ωres

γ

)2

= (Meff +Hext +Huni) (Hext +Huni) (1.17)

This equation is known as the Kittel resonance formula. We note that this resonance

condition is determined for the condition when the magnetization and the applied mi-

crowave (driving) field hrf are in the film plane. In this thesis work we are interested in

the resonance condition for this kind of configuration.

Real and imaginary parts of susceptibility

From eqn. 1.16 we determine the real component of χyy:

χ′
yy = Ms

(
A

{
AB −

(
ω
γ

)2
}
+
(
αω

γ

)2

B

)

[{
AB −

(
ω
γ

)2
}2

+
{
αω

γ
(A+B)

}2
]

Since A ≫ α2B; the real part of χyy is simplified as:

χ′
yy =

MsA

{(
ωres

γ

)2

−
(

ω
γ

)2
}

[{(
ωres

γ

)2

−
(

ω
γ

)2
}2

+
{
αω

γ
(A+B)

}2
] (1.18)

The imaginary component is written as

χ′′
yy = Ms

[
αω

γ

{
AB −

(
ω
γ

)2

(α2 + 1)

}
− αω

γ
(A+B)A

]

[{
AB −

(
ω
γ

)2
}2

+
{
αω

γ
(A+B)

}2
]

χ′′
yy =

−α
(

ω
γ

)
Ms

{
A2 +

(
ω
γ

)2
}

[{
AB −

(
ω
γ

)2
}2

+
{
αω

γ
(A+B)

}2
] (1.19)

χ′
yy is the real component of susceptibility which is associated with the dispersive

magnetic response and χ′′
yy is the imaginary component associated with absorptive or

irreversible process in the magnetic system which arise from energy dissipation in the

system (see Figure 1.6). The real part χ′
yy represents the component of my which is in
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Figure 1.6: Real (blue dashed) and imaginary (red line) part of the complex susceptibility
χ′
yy and χ′′

yy.

phase with hrf , while χ′′
yy is the component which is delayed by a phase angle of 90◦ from

hrf . Therefore, at ωres; χ
′
yy(ωres) = 0 and χ′′

yy is max.

Susceptibility and absorption of power

In the last section we have determined the resonance condition, now we look at the energy

that is absorbed to reach the resonance. The total magnetic field acting on the magne-

tization is seen as HTot = (Hext+Huni) x̂+ hrf ŷ − Meff

Ms
mzẑ. Only hrf = Re

(
h̃rfeiωt

)
in

this equation is time varying. With the application of the time varying perturbation field

hrf (microwave field) the magnetization can be written as M = Meff x̂+my ŷ. The m̂z

component is ignored since it’s magnitude is much smaller compared to the other ones.

When this magnetization is subjected to an external magnetic field, the time varying

Zeeman energy is defines as:

dǫzee
dt

= −µ0(
dHTot

dt
·M+HTot ·

dM

dt
) ⇒ −µ0(my

dhrf

dt
+ hrf dmy

dt
)

my can be written as: my = Re
(
χyyh

rf
)
= (χ′

yy + iχ′′
yy)(h

rf cosωt + ihrf sinωt) =

χ′
yyh

rf cosωt − χ′′
yyh

rf sinωt. Therefore the above equation for the Zeeman energy be-

comes dǫzee
dt

= −µ02my
dhrf

dt
). The instantaneous absorbed power, assuming positive for

work done on the system and lowering its energy is seen as: P (t) = dǫzee
dt

= −µ02my
dhrf

dt
).

We arrive at
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P (t) = −2µ0h
rf
(
χ′
yy cosωt− χ′′

yy sinωt
) dhrf

dt
= 2µ0

(
hrf

)2
ω
(
χ′
yy cosωt sinωt+ χ′′

yy sin
2 ωt

)
.

The average absorbed power can be calculated over one cycle T = 2π
ω

using the mean

value theorem,

〈P 〉 = ω

2π

 2π
ω

0

P (t)dt ⇒ µ0ωχ
′′
yy(h

rf )2. (1.20)

We see that the absorbed power contains only the imaginary part of the susceptibility

which is a Lorentzian.

Linewidth: By performing ferromagnetic resonance measurements, power absorption

characteristic can be obtained which is Lorentzian in nature. The full width half maxima

(FWHM) △H1/2 gives the linewidth of the Lorentzian which contains information about

the relaxation of the magnetic system. However, it is found that experimentally it is

often easier to measure the differential absorption ∂χ′′
yy/∂H . Therefore the measured

absorption characteristics is a derivative of Lorentzian, with positive and negative ex-

trema at the inflection points and zero at the peak of χ′′
yy(H). The peak-to-peak spacing

in χ′′
yy(H) is measured as ∆Hpp . The FWHM of the conventional Lorentzian △H1/2

relates to the peak-to-peak linewidth △Hpp through: △Hpp = 1√
3
△H1/2. Since sample

inhomogeneity can also contribute to damping, it needs to be separated from the Gilbert

damping, which can be done by using the relation[7]:

∆Hpp(ω) = ∆H0 +
(
2/
√
3
)
αω/|γ|. (1.21)

The primary consequence of Gilbert damping is that the linewidth△H is proportional

to the frequency, with proportionality given by the damping α.

1.6 Relaxation mechanisms

The introduction of damping in the last section was phenomenological and it’s origin

wasn’t discussed. In fact the clear understanding of the origin of Gilbert damping in the

metallic systems is still under debate, and there are many possible phenomena, which

might contribute to it. In this section we will go through several of those possible phenom-

ena which could contribute to damping. First of all we should keep in mind that damping

of a thin magnetic layer is very much sample dependent. It is considered to have intrinsic
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and extrinsic contributions. The intrinsic contribution comes from the scattering of spin

waves with electrons and phonons. Since electrons and phonons are an integral part of

the system, the intrinsic contribution in damping is very much unavoidable. Whereas

the extrinsic contribution in damping are made by structural defects, interfacial effects,

compositional defects, nonlocal effects. Also there are nonlocal phenomena which can

contribute to damping. In this thesis work we are primarily interested in the study of

nonlocal damping contribution.

1.6.1 Intrinsic Damping

Intrinsic damping depends very much on the ferromagnetic material. It can have con-

tributions coming from eddy currents, scattering of conduction electrons with magnons,

phonon drag. Since phonons and magnons are an integral part of a magnetic system, at

finite temperature the presence of phonons and magnons can’t be avoided. Also in case of

alloys, there is a presence of inhomogeneous electron potential. All of these perturbations

affect intrinsic interactions such as exchange couplings, dipole-dipole interactions, hence

magnetic properties (anisotropy) are affected. Since all these components are very much

an intrinsic part of a magnetic system, these contributions to the relaxation process are

treated as intrinsic processes. Therefore, under a well defined thermodynamic condition,

the smallest measured damping should be treated as intrinsic. Unfortunately, performing

experiments to measure true intrinsic damping it quite difficult since creating an ideal

sample or an ideal environment is very difficult, but within a vary small error range this

can be done.

Scattering with itinerant conduction electrons: Spin flip

For metallic systems, the main contribution in intrinsic damping comes from the incoher-

ent spin flip scattering of itinerant conduction electrons, caused by phonon and magnons.

The presence of itinerant conduction electrons, in metallic ferromagnets, are primarily

responsible for metallic ferromagnets to have larger damping compared to their insulating

counterparts. There are two mechanisms which could give rise to this type of scattering.

(a) It is thought that (Kambersky) single-electron spin-flip scattering contributes most

in intrinsic damping. This process involves scattering of itinerant electrons with energy

E(k, ↑) with magnon of energy !ωq. For uniform ferromagnetic resonance, a finite cone

angle θ is the expression of a finite number of uniform-mode q = 0 spin waves (magnons)

excited in the system (see Figure 1.7). Each magnon annihilated by a collision with a



Chapter 1. Basics of Magnetization Dynamics 28

Figure 1.7: A spin wave with energy E
∣∣k, 1

2
↑
〉
collides with an electron in state M |q, ↓〉

changing its spin and momentum state to E
∣∣k + q, 1

2
↓
〉
.

mobile electron in the ferromagnet will close down the cone angle and gradually cause

M to align with H . Since the energy of magnons (!ωq = 4.1µeV/GHz × f) is quite

small compared to that of splitting of spin up ad spin down band (˜ 1eV), conservation

of energy is not possible in this process. This eventually results in flipping the spin of

the itinerant conduction electron and reaching the final energy E(k+ q, ↓). Therefore, it
is lost for the precession motion. This is possible due to the spin-orbit interaction, which

creates a non-zero scattering probability between the two spin states[8]. This process is

believed to be a dominant contribution in metallic damping and also known as spin-orbit

damping. The spin flip rate which is defined as the inverse of spin flip time reads as

1/τflip = (gL − 2)2/τorb, where τorb is the orbital relaxation time and gL is the Lande

g-factor[9]. As the Lande g-factor depends on the ratio of spin to orbital momentum[7],

this indicates the importance of the spin-orbit coupling for damping in metals.

(b) It is known that the shape of the Fermi surface in a ferromagnetic metal changes

with the change of direction of the magnetization [8]. Therefore a magnetization under

precession causes a periodical variation of the Fermi surface due to spin-orbit coupling,

which is also known as breathing of Fermi surface[10]. The process of itinerant electrons

adapting to the changed Fermi surface all the time is a dissipative process, since it in-

troduces a dephasing between the magnetization precession and the periodical variation.

Therefore the re-population of the Fermi surface leads to relaxation for the scattered itin-

erant electron. Note that, this contribution is ’Gilbert’ like contribution to the damping,

which also depends on the spin-orbit coupling and is proportional to τorb(gL − 2)2. This

is in contrast to the case above, which is proportional to the resistivity. Therefore, this

contribution is conductivity like as it is proportionality to τorb. Since this contribution
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depends on the conductivity, the effect is more dominant at low temperatures.

Seeking examples for this two mechanism, we have found that at low temperatures,

the above mentioned conductivity like mechanism (b) causes appreciable contribution

in damping for Ni and Co, while for Fe or its alloys this was not observed [11]. At low

temperature this contribution is dominant as it is conductivity like. It is thought that for

NI, Co; near the Fermi energy EF , degeneracy due to band-crossing exist, which are lifted

by the spin orbit interaction, hence contributed strongly to damping. For Fe, this special

feature is missing in its band structure, and therefore this type of contribution in damping

wasn’t observed at low temperatures. For, alloy’s the absence of this contribution could

be interpreted based on their reduced mean free path (short spin diffusion length) [11].

In summary, the two processes (a) and (b) both lead to a Gilbert-like damping term,

i.e. to an α which is constant with resonance frequency. However, depending on tem-

perature (a) and (b) do not necessarily contribute equally to the relaxation, as (a) is

proportional to the resistivity, while (b) is proportional to the conductivity. This is

demonstrated in [12], where the temperature dependence of the relaxation is examined,

as the orbital relaxation time τorb is temperature-dependent. A more detailed discussion

can be found in [13].

Magnetic relaxation caused by Eddy Currents

It is observed that Eddy currents affect magnetic damping in metallic films, especially

when it is thick. It starts to a play role when the thickness of the ferromagnetic layer is

comparable to its skin depth. By integrating Maxwell’s equation across the film thickness

t, the contribution due to this effect can be evaluated. In the presence of Eddy currents

the damping can be estimated by measuring the effective Gilbert damping rate (Geddy)

of a magnetic substance as given by Heinrich et al.[13]:

Geddy

(MSγ)
2 =

1

6

4π

c
2σt2

where σ is the electrical conductivity and c is the velocity of light in free space. This

type of contribution to damping depends very much on the material of the ferromagnet. It

turns out that when the ferromagnetic layer becomes thicker than 50nm, this contribution

might become comparable to the intrinsic damping.
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1.6.2 Extrinsic Damping

The contributions in relaxation could also arise from structural defects and complex

geometrical features. The contributions are known as extrinsic contribution.

Two-Magnon Scattering

An important extrinsic contribution to damping comes from two magnon scattering,

which arises due to structural defects. This process was studied in detail decades ago, for

ferromagnetic insulators. In metallic films, this process is analog to the elastic scattering

of electrons in metals by lattice defects. In two magnon scattering processes, a magnon

corresponding to an uniform precession (k = 0) is annihilated and another with k 1= 0

is created. Since this is a spin-spin process the total number of magnons is unchanged.

However for k 1= 0 magnons the spins are not parallel to one another. The excitations of

such magnons reduces the length of the magnetization. This process is better modeled

with Bloch-Bloembergen (BB) (see eqn. 1.7) than with the LLG-equation which con-

serves the magnetization. The spin dephasing mechanism is described by the transverse

relaxation time T2 (Figure 1.4). The k 1= 0 magnons relaxation to the lattice, leads to an

independent relaxation time T1. The damping contributed by a two-magnon scattering

process is not Gilbert-like, i.e. it is not proportional to the resonance frequency. It can

easily be confused with a finite zero frequency linewidth, which is usually accounted for

the sample inhomogeneity as shown in eqn. 1.21.

1.6.3 Nonlocal Damping

This type of damping contribution was first observed in magnetic double layered struc-

ture like NM/FM1/NM/FM2/NM . The magnetization of FM2 layer is assumed to

be fixed, i.e. pinned and FM1 is considered to be a free layer. Berger, included magnon

occupation number explicitly for the precession of FM1, in his treatment[14]. This treat-

ment assumes that the itinerant electrons which enter FM1 do not assumes immediately

the instantaneous direction of the precessing magnetization. This therefore leads to an

exchange torque, confined to the vicinity of the FM1/NM interface, directed towards

the equilibrium axis. This resulting relaxation torque contributes an additional FMR

linewidth for FM1; seen as △Hadd ∼ (△µ+ !ω), where △µ = △µ↑ − △µ↓ is the dif-

ference in the shift of spin up and spin down electrons at the Fermi level. !ω, where ω

is the angular frequency of the microwave (pumping field for FMR), represents interface

Gilbert damping. This interface torque is shared by all atomic layers for ultrathin mag-
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netic films[15, 16]. It follows that the additional FMR linewidth is inversely proportional

(1/tFM) to the thickness of the ferromagnetic layer tFM . Later on this nonlocal damping

was studied rigorously by Tserkovnyak et al. using magnetoelectric circuit theory. This

nonlocal additional damping is attributed to an effect called spin pumping. This thesis is

based on studying this type of nonlocal damping and the details of this type of damping

is discussed in Chapter 2.



Chapter 2

Spin pumping a reciprocal effect of

Spin transfer torque

Current induced magnetization dynamics, where a spin polarized current is used to switch

the magnetization or to create steady state precession[17] of the magnetization, has be-

come one of the major sub-fields in present day spintronics research. Number of issues in

this domain have attracted physicist all over the world. This has offered very interesting

physics along with the application prospects and played a vital role in bridging fundamen-

tal research with application. This field was pioneered by Berger[14] and Slonczewski[18]

who have introduced the concept of spin polarized current transferring angular momen-

tum to the magnetization by giving a torque, better known as spin transfer torque (STT).

The fact that the magnetization state can be controlled by an electrical current, instead

of an applied field has opened new possibilities for device applications. Experiments were

carried out, in order to confirm STT effect in magnetic heterostructures [19, 20], and the

importance of this concept was soon realized.

The concept of a reciprocal effect of spin transfer torque was proposed by Berger

in 1996 [14]. This effect was first studied in FM1/NM/FM2 type structures, where

broadening of FMR linewidth (caused by FM2 ) of the precessing thin ferromagnetic

layer FM1 was observed. Experiments were carried out by groups of Heinrich et al.

(2003) and Mizukami et al. (2001) to verify this broadening of linewidth. However, each

group had interpreted this effect differently, as no concrete theory was existing at that

time. A rigorous theoretical development of this phenomenon, which is known as spin

pumping, was provided by Tserkovnyak et al. [21, 22], for magnetic heterostructures. A

direct experimental demonstration of pumped out spin current is a little challenging. A

possible way to detect this is by the Inverse spin Hall effect [23]. Since the consequences

of spin pumping lead to the enhancement of the relaxation rate of the magnetization, this

32
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Figure 2.1: Spin accumulation in a nonmagnetic metal, adjacent to a ferromagnet. The
d.c. component of spin accumulation corresponds to static magnetization, whereas the
a.c. component of spin accumulation corresponds to the dynamic magnetization.

effect can also be measured, by means of measuring the broadening of FMR linewidth.

In this thesis study we deal a lot with Ferromagnetic/nonmagnetic bilayer structures.

It is important for us to realize that from transport point of view, a nonmagnetic metal

under normal circumstances is different than when it is in contact with a ferromagnetic

layer. In Figure 2.1, using schematics, we demonstrate this effect. We know that the

density of states (DOS) for spin up and spin down electrons at the Fermi level is different

in the ferromagnet, which is also known as the imbalance of chemical potential (△µ).

In case of a normal metal under normal circumstances, the DOS for spin up and spin

down electrons is same. hence △µ = 0. However, when this normal metal is in contact

with the ferromagnet, we find that just at the interface △µ 1= 0. In fact △µ stays

non zero within the normal metal over certain thickness range. Although this thickness

range is not very well known. This chemical imbalance in the normal metal (shown by

the blue lines), in contact with the ferromagnet creates a spin accumulation which can

be indirectly measured. Since the chemical imbalance in the normal metal is created

by the static magnetization, it is also known as the d.c. part of chemical imbalance

in NM. For a dynamic magnetization, another component, which is known as the a.c.

component of chemical imbalance (shown by the red lines) needs to be considered on

top of the d.c. contribution, which is also measurable. Our study of spin pumping

basically takes into account this a.c. component of chemical potential in NM. However,

we will not quantify this component via electrical measurement, rather we will study the

magnetization dynamics of the ferromagnet which is affected by this.

In this chapter, we will first introduce some fundamental concepts such as spin and
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charge accumulation, Sharvin resistance, spin mixing conductances etc, which are nec-

essary to understand spin current transport in magnetic heterostrutures using magne-

toelectric circuit theory. Then we will present the phenomenon of spin transfer torque.

We will go through the derivation of different current components following the magne-

toelectric circuit theory of Tserkovnyak & Brataas [22, 24, 25]. In the following section,

we will introduce the reciprocal effect of STT, spin pumping, and follow the descrip-

tion of Tserkovnyak & Brataas et al.’s work. This will present the principle idea of spin

pumping, and how to quantify several spin current transport related parameters. We will

consider different types of magnetic heterostructures like: FM/NM , FM1/NM/FM2,

FM/NM1/NM2, and show the predicted effects according to the spin pumping model.

In the end of this chapter we will present an overview on the state of the art, both

theoretical and experimental.

Spin & charge accumulation

In a general manner spin bias or spin accumulation VS is defined as the (electrical)

potential difference between spin up and spin down electrons. In terms of the chemical

potential µi =
∂F
∂ni

, where F is the Helmholtz free energy, the spin accumulation is given

as:

eVS =
1

2
(µ↑ − µ↓)n,

where e is the electronic charge and n is the direction of the net spin accumulation.

Usually in the NM side there is no spin bias butVS
N can be created artificially by creating

an imbalance in the population of the spin up and spin down electrons.

The regular voltage bias (or charge bias) V C is a scalar quantity and it is determined

by the net charge flow in a particular direction, which is defined as:

eV C =
1

2
(µ↑ + µ↓).

On the FM side,VS
F is aligned with m (we have assumed that m is aligned in the z

direction); VS
F = V S

F m. It is assumed that the magnetization m of FM is along the z

direction and the interface normal is along x and the interface is lying in the y− z plane

and the charge accumulation is viewed as V C
F (see Figure 2.3(b)).
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Figure 2.2: Spin dependent conductance for FM/NM bilayer structure.

Spin mixing conductance

In spin current transport, it is known that the conductivity is spin dependent. This spin

dependent conductance becomes a bit complicated while studying transport in a FM/NM

bilayer structure or ferromagnetic heterostructures. In these type of structure a term

known as spin mixing conductance is more used than just spin dependent conductance.

For us, it is a little difficult to release this term for FM/NM bilayer structure without

much theoretical basics. However, we would like to understand this term in a very crude

manner. For this we consider a FM/NM bilayer in Figure 2.1, which is very similar to

Figure 2.1.

We use the concept of induced chemical potential in the NM by FM we write from

Figure 2.1. The spin current for this FM/NM bilayer can be written in terms of a potential

difference (△V ) created by spin accumulation and a conductance matrix: I = △V gss.

This conductance matrix can be written as:

gss =

(
g↑↑ g↑↓

g↓↑ g↓↓

)
.

Here, g↑↑and g↓↓are the spin dependent conductances, which are to be used for collinear

cases, i.e. when the spin current traveling from FM side to NM side are parallel or

antiparallel to the local spin accumulation in NM. Whereas g↑↓and g↓↑ are used for non

collinear cases. When the magnetization is dynamic, this two spin mixing conductances

becomes very important. In this chapter, while going through the basics of spin transfer
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torque and spin pumping, we will see that the non collinear cases are the one which

basically drives these two phenomenons.

2.1 Spin Transfer torque

The dynamics of the magnetization is governed by the Landau-Lifshitz-Gilbert (LLG)

equation (see Chapter 1). The first term describes the precession of the magnetization

around the effective field Heff and the second term represents the damping (α is the

damping parameter) in the system which brings it back to equilibrium (discussed in

Chapter 1):

dm

dt
= −γ (m×Heff ) + α

(
m× dm

dt

)
. (2.1)

In 1996 Berger and Slonczewski predicted that a dc current can excite and even reverse

the relative magnetization of a magnetic layer. This could be understood by taking into

account the coupling of spin polarized electrons and the magnetization. According to

this effect, when a spin polarized current enters a ferromagnet, if it is non collinear

to the magnetization of the ferromagnet then it transfers angular momentum to the

magnetization of the ferromagnet. This angular momentum transfer is transverse to

the magnetization direction. The thickness range, within which the transfer of angular

momentum takes place, is very short[26, 27].

For better understanding of this effect, we consider a spin polarized current IS (di-

rected of this vector is along the net spin polarization) incident on theNM/FM interface,

coming from the NM side as shown in Figure 2.3. The loss of the transverse component

of spin angular momentum at the normal metal/ ferromagnet interface can be written

as [IS − (IS ·m)m] = − (m× (m× IS)). This torque will be shared between all the

magnetic moments or MsV of the ferromagnetic layer of volume V . This exerted torque

on the ferromagnetic layer is equal to the rate of change of the total magnetic moment

of the ferromagnetic layer ∂(mMSV )/∂t |STT , seen as[18]:

τSTT =

(
∂m

∂t

)

STT

= − γ

MSV
(m× (m× IS)) . (2.2)

So far we haven’t discussed how IS is generated. First of all, IS can be a charge

current with net spin polarization (called spin polarized charge current), or it can be a

pure spin current (which has no net charge flow but a net spin flow only). There are

several ways to generate these two types of current. The usual method to generate spin

polarized charge current is by applying a bias voltage in a FM1/NM/FM2 system,
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Figure 2.3: Schematic illustration of the spin transfer torque in layered NM/FM structure.
Spin accumulation VS

N in the NM induces a spin-transfer torque τ
bias
STT on FM.

where FM1 is a highly coercive magnetic layer known as polarizer and FM2 is a free

magnetic layer [28, 18, 29]. When charge current is passed through a polarizing FM1

layer, it becomes spin polarized with the polarization parallel to the magnetization of

FM1. This spin polarized charge current when passed, through the free layer FM2, will

exert a torque on FM2. This induces reversal or oscillation of the magnetization.

For the generation of pure spin current, spin pumping method can be used. In this

method, precession of magnetization drives a pure spin current into the adjacent normal

metals[30, 21]. We are using this mechanism to generate a pure spin current and inject

it into the layers adjacent to the precessing ferromagnetic layer.

For the normal metal (NM)/ Ferromagnet (FM) system (see Figure 2.3(a)), Brataas

et al. have done their calculation for a net charge current flowing in the circuit by

using magnetoelectric circuit theory. This theory is based on Kirchhoff’s theorem for

electrical circuits, where the main idea is to understand a complicated electrical circuit

in terms of current-voltage across a single resistance (or impedance) element. In this

theory, the central idea of Kirchhoff’s is generalized for electronic circuits incorporating

ferromagnetic and nonmagnetic metals.

Spin current components for STT

Brataas et al. [24] have simplified the derivations, for spin current components in

NM/FM structure, shown in Figure 2.3, by assuming a non-equilibrium magnetization
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or spin accumulation VS
N and a charge accumulation V C

N already existing in the normal

metal layer. We will come back to the point of already existing spin accumulation VS
N ,

while discussing spin pumping in the next section. We define, the spin up current I↑

(parallel to m) and spin down current I↓ (anti-parallel to m) flowing in the circuit.

The total charge current (a scalar quantity) is simply defined as IC = I↑ + I↓, which is

continuous across the interface and reads as: ICN = ICF = IC . The spin dependent interface

conductances (for NM/FM interface) for spin up and spin down electrons are defined as

g↑, g↓. We note that the spin current flowing fromNM to FM has a longitudinal (parallel

to m) ISN ‖ and a transverse (perpendicular to m) component ISN ⊥[24]. It is considered

that VS
N and VS

F are non collinear. Therefore the current which flows from NM to FM

can be decomposed into three polarization components. These components are:

(1) longitudinal component, which is collinear to VS
N (see Figure 2.3(b)),

(2) transverse component, which is perpendicular to VS
N in the plane of m and VS

N

(this plane is defined as the perpendicular plane to the direction m×VS
N) or,

(3) transverse component, lying in the plane m×
(
m×VS

N

)
) (see Figure 2.3(b)).

The longitudinal component of the spin current ISN ‖=
(
I↑ − I↓

)
m is found to be:

ISN ‖= m
[
g↑

[(
V C
N − V C

F

)
+m ·VS

N

]
+ g↓

[(
V C
N − V C

F

)
+m ·VS

N

]]
. (2.3)

The longitudinal component do not contribute to the spin transfer torque, but the trans-

verse components do. However, since the transverse component is absorbed within a

very short length after entering the ferromagnet, and not continuous across the leads, it

cannot be calculated using Ohm’s law. In the next section we discuss the absorption or

loss of spin current in the vicinity of the interface.

Spin dephasing

To understand the transverse component of spin current moving into the ferromagnet,

we have to realize that a spin state which is not collinear to the magnetization is not

an eigenstate of the ferromagnet (for both majority and minority spins). However, with

arbitrary spin direction a Bloch state can be considered as a coherent linear combination

of spin eigenstates that are associated with different Fermi wave vectors k↑
F and k↓

F at

the Fermi energy level [24]. Defining k↑
F, x and k↓

F, x as the components of spin-dependent

wave vectors perpendicular to the interface, it was shown that the spin up and spin

down electrons oscillate as a function of x as cos
(
k↑
F, x − k↓

F, x

)
x[31]. This can be simply

viewed as a precession of the spin states in the exchange field of the magnet with period

2π/|k↑
F,x − k↓

F, x|[31, 32]. Realistically, incident electrons, which are coming from various

directions correspond to states from all parts of the Fermi surface. Spins which travel

different paths would have precessed by different angles around the z axis, which will
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mean that their x and y components will not add constructively, resulting in classical

dephasing, which is equivalent to the absorption of the transverse component within a

length scale known as transverse spin-dephasing length (or magnetic coherence length)

given as λC∼π/|k↑
F,x − k↓

F, x|. Using first principle calculations this length was predicted

to be few atomic lattice constants of the ferromagnet[31, 32]. Although experimentally

this length scale was never probed accurately. One of our central results for this thesis

work deals with the study of this transverse spin-dephasing length (see Chapter 5) for

various ferromagnets (NiFe, CoFeB, Co), and anti ferromagnet (MnIr). We use spin

pumping mechanism for creating pure spin current, injecting them into these materials

[33, 34], and study it’s absorption.

Torque term

We have seen above that the transverse component is not conserved across the normal

metal–ferromagnet interface as it vanishes inside the ferromagnet. Therefore Brataas et

al. have evaluated the transverse spin current on the NM side of the interface [24]. They

have calculated themagnitude of the transverse spin current ISN ⊥ assuming the electronic

structure of the majority spin of the FM is matched to that of the NM. As mentioned

in one of the previous sections, the transverse component of spin current in the normal

metal can either be in the plane given by the magnetization and the spin accumulation

vector
(
m×VS

N

)
, or normal to this plane, m×

(
VS

N ×m
)
. Considering an ideal NM/FM

interface, the transverse spin-current is determined using these two terms, combined with

the real and imaginary part of the spin-mixing conductance g̃↑↓(= g̃↑↓r + ig̃↑↓i ) as:

IS, biasN ⊥= −2g̃↑↓r m×
(
m×VS

N

)
− 2g̃↑↓i

(
m×VS

N

)
. (2.4)

For the details of how the spin mixing conductances (g̃↑↓r , g̃↑↓i ) are related to spin

dependent conductance (g↑, g↓), we refer to [24]. For convenience we denote the spin

current as IS, biasN ⊥ since it is driven by the voltage VS
N , which is applied (created)

externally and not existing naturally in the nonmagnet. On the ferromagnetic side of the

interface at a distance larger than λC : ISF ⊥= 0. As discussed earlier the divergence of

transverse component of spin current at the interface gives rise to the torque

τ
bias
STT = − γ

MSV

[
g̃↑↓r m×

(
m×VS

N

)
+ g̃↑↓i

(
m×VS

N

)]
. (2.5)

The first term which is proportional to m ×
(
m×VS

N

)
corresponds to the torque

term introduced first by Slonczewski. The second term, proportional to
(
m×VS

N

)
, acts

as an effective magnetic field on m. In a metallic system the real part of spin mixing

conductance dominates over the imaginary part g↑↓i ≪ g↑↓r making the Slonczewski torque
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term more dominant. Adding this torque to the Landau-Lifshitz-Gilbert equation leads

to the Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equation:

dm

dt
= −γ (m×Heff ) + α

(
m× dm

dt

)
+ τ

bias
STT (2.6)

The phenomenon of spin transfer torque was just one side of the coin. Since spin

current can move magnetization it is evident to consider a reciprocal effect where moving

magnetization is able to generate pure spin current. This phenomenon is known as spin

pumping and this thesis deals with studying and verifying this effect and its consequences.

Note that the we have not yet discussed the origin of VS
N . We move forward to the next

section which will provide a basis to understand the origin of this spin accumulation.

2.2 Spin pumping: Dynamic coupling

Since spin currents can rotate (move) magnetization, it is quite natural to consider

it’s reciprocal effect, i.e. the generation of spin current by the movement (precession) of

magnetization. In the 1970’s, it was recognized that the dynamics of spin is associated

with spin currents in a normal metal. The work presented by Janossy et al. and Silsbee

et al, predicts a coupling between the magnetization and the spin accumulation in it’s ad-

jacent normal metal [35, 36]. However, a good theoretical understanding was missing at

that time. More recently, an additional, nonlocal damping term has been identified theo-

retically by Tserkovnyak, Brataas, Bauer, and co-workers at Delft, and experimentally by

the groups of Mizukami (Tohuku) and Heinrich (Simon Fraser) indicating the coupling of

magnetization and spin accumulation in its adjacent normal metal[30, 21, 37, 38, 39, 27].

A detailed theoretical explanation was sought using scattering theory for spin currents

induced by magnetization dynamics by Tserkovnyak et al.[22], based on the idea of adi-

abatic quantum pumping[40], hence the name “spin pumping”. This effect is viewed as

a reciprocal effect of spin transfer torque. In this process, pure spin currents are driven

(“pumped”) out of the ferromagnet to its adjacent normal metal. This pumping of spin

current is associated with the loss of angular momentum by the ferromagnet which shows

off in it’s damping, as discussed below in more detail.

In Figure 2.4, we consider a FM/NM bilayer without any voltage bias. As no bias

is applied and the magnetization is static, no spin or charge current flows in the circuit.

If the magnetization starts to precess (e.g. driven by a microwave field), a spin current

IS, pump
N is pumped out of the ferromagnet into the NM layer[22]. This pumped out spin

current is given as[21, 30]:

IS, pump
N =

!

4π
(g↑↓r

(
m× dm

dt

)
+ g↑↓i

dm

dt
), (2.7)
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Figure 2.4: Schematic illustration of spin pumping in a FM/NM system, where the
precession of magnetizationm in the ferromagnet drives spin current Ipump

S into the normal
metal. Due to this non equilibrium spin accumulation is built in the normal metal, which
either relaxes by spin-flip scattering or flows back into the ferromagnet as IbackS . This spin
accumulation µS(x) is a vector quantity and is position x dependent.

where g↑↓r and g↑↓i are the real and imaginary part of the transverse conductances

which are material (interface) dependent. The pumped out spin current, which corre-

sponds to a angular momentum loss, flows perpendicular to the FM/NM interface with

a polarization direction m×dm
dt
.

While discussing the STT effect in the last section, it was assumed that the spin

accumulation VS
N already exist in the normal metal. As we see that spin pumping creates

a spin accumulation in the adjacent nonmagnetic metals of a precessing ferromagnet, we

think this could be used as the origin of VS
N in the normal metal. This picture could be

realized by adding Figure 2.4, from the left side of Figure 2.3, as shown in Figure 2.5.

This pumped out spin current in the normal metal can be absorbed, causing a perma-

nent loss of angular momentum to the ferromagnet FM1 , which is equivalent to a torque

acting on its magnetization, seen as τS = −IS. When spin current is driven back to FM1

(back flow of spin current), there is no net loss (or little) of angular momentum. We need

to be careful about the sign of IS, pump
N , we assume it to be negative which implies angular

momentum loss. Therefore, for
∣∣dm
dt

∣∣ 1= 0 replacing IS, biasN by IS, pump
N for the torque term

in equation 6 we find:

dm

dt
=− γm×Heff + αm×dm

dt
+

γ!

4πMSV
(g↑↓r

(
m× dm

dt

)
+ g↑↓i

dm

dt
). (2.8)
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Figure 2.5: Typical FM1/NM/FM2 structure, where spin current is driven into NM
by precessing FM1 layer, by spin pumping mechanism. This spin current traverse to
FM2, where it is absorbed by STT effect.

Since g↑↓r ≫ g↑↓i , we ignore the imaginary term added in eqn. 2.8. The term containing

g↑↓r which survives in eqn. 2.8, has the formm×dm
dt
, similar to that of the Gilbert damping

term. Therefore this term can be treated as an additional damping: △α = γ!g↑↓r
4πMSV

, acting

on the precessing ferromagnet caused due to spin pumping effect. We must take a little

note here. Spin pumping might not always lead to an additional damping, because a

back flow of spin current from the adjacent metals to the ferromagnet might exist as

well, which shows off in the magnitude of △α. We discuss about this in one of the

upcoming subsections.

One important consideration made while deriving eqn. 2.8, is the reciprocity of the

interfacial spin mixing conductances g↑↓r and g↑↓i , meaning that these parameters are

assumed to be the same for STT and spin pumping effect. Below, we look into the

reciprocity statement for these quantities.

2.2.1 Reciprocity relations for spin mixing conductance:

The interfacial spin mixing conductance g↑↓ determines how much spin current is

passed through the interface. It was shown by Onsager reciprocity relations that in a

thermodynamically reciprocal process the conductance parameters, if properly normal-

ized, must be identical [24]. Since spin pumping and spin transfer torque are thermo-

dynamical reciprocal processes, it was shown that the real and imaginary parts of spin

mixing conductance used for STT in eqn. 2.4, and for spin pumping in eqn. 2.7, are the

same, i.e. g↑↓r = g̃↑↓r and g↑↓i = g̃↑↓i [41]. There are two other important properties of spin

mixing conductance as observed by Brataas[24]:
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 g↑↓ rotates spins around the magnetization axis of the ferromagnet, and

 g↑↓r is generally larger than the average of the longitudinal spin-dependent conduc-

tances: g↑↓ ≥ 1
2

(
g↑ + g↓

)
.

As g↑↓r and g↑↓i are identical for both STT and spin pumping, one can character-

ize these quantities accurately using either the spin pumping or spin transfer torque

effect. However, it is seen that quantifying these parameters using the STT effect is

quite challenging. On the other hand, using spin pumping, by exciting the homogeneous

FMR mode, the transverse spin mixing conductance g↑↓r and, g↑↓i can be measured with

enough accuracy. Therefore rather than measuring these parameters from current in-

duced dynamics study, the values g↑↓r and g↑↓i , as measured from spin pumping study

can be directly used while analyzing more complex magnetization phenomena. This will

be shown in Chapter 4 and 5, where we will extract the real part for different materials

combination.

2.2.2 Back flow of spin current

As discussed above the pumped out spin current from the ferromagnet can be (1)

fully absorbed by the adjacent metal, (2) fully diffused back to the ferromagnet, and (3)

partially absorbed and partially diffused back to the ferromagnet. The above derived

eqn. 2.8 holds good when the pumped out spin currents are fully absorbed. This was

determined by Tserkovnyak et al. by considering an ideal spin bath attached to the

ferromagnet, which shows the full absorption of spin current leads to additional damping

△α = γ!g↑↓r
4πMSV

.

However, a second case could be considered where a nonmagnetic metal of finite

thickness, which is a poor spin sink, is attached to the ferromagnet from one side. For

simplicity we don’t consider anything attached in the other side of the ferromagnet.

Tserkovnyak et al. have shown that the spin accumulation is an equilibrium property of

the FM/NM system[22]. Assuming the magnetization m(t) starts precessing around the

effective field Heff at time t. After a short time interval δt, the magnetization slowly

(i.e. adiabatically) changes to m(t+ δt) = m(t) + δm. For the above mentioned case of

large but finite nonmagnetic reservoir, which does not flip the spin currents, a spin accu-

mulation µS(x) = µ↑(x)−µ↓(x) which is a function of the distance x from the FM/NM

interface, is induced. Since the adiabatic assumption means the system is always in the

stationary state, for a slow variation of m(t), this non equilibrium spin imbalance must

flow back into the ferromagnet, and cancel any spin current that is generated by the

magnetization precession. It was found (ref. [22]) that the non equilibrium spin accu-

mulation for such a case is µS = !γHeff = !ω, where γ is the absolute gyromagnetic

ratio of the ferromagnet and ω is the Larmor frequency of precession for the m(t) in
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Heff . Therefore we see that the spin up and spin down chemical potentials are split by

an energy µS = !ω, which corresponds to the precessional frequency (or frequency of the

perturbation/pumping field).

It was shown by Brataas et al, [27, 24] using magnetoelectric circuit theory, that

the back flow of spin current which satisfies the above condition has to be equal to the

pumping current, i.e. IbackS = Ipump
S :

IbackS =
!

4π
(g↑↓r

(
m× dm

dt

)
− g↑↓i

dm

dt
).

This adiabatic pumping case is not the whole story, since a spin flip process is an

integral part of magnetoelectric circuits. So far we have considered two extreme situations

where adjacent (to the ferromagnet) nonmagnet is either an ideal spin sink (IbackS ∼ 0)

or it provides no spin flip (IbackS ∼ Ipump
S ).

The third situation that we consider is when the nonmagnet is not an ideal spin sink

neither it has zero spin flip rate. Therefore it provides diffusive transport to the spin

current. In this case, the spin accumulation in the normal metal (following ref [22]) will

read as iωµS = D∂2
xµS −µS/τsf . where ω is the precession frequency, τsf is the spin flip

rate and D is the diffusion coefficient of NM . After applying the boundary conditions,

that at x = 0 the spin current is 0 and at x = L (where L is the thickness at which spin

current vanishes) the spin current vanished, leads us toµS(x) =
cosh k(x−L)

sinh kL

2Ipump
S

!NSDk
, where

k =

√
(1+iωτsf )

λsd
is the wave vector and λ =

√
Dτsf is the spin diffusion length. This spin

accumulation drives some part of the spin current back (IbackS ) to the FM. In a generalized

form this back flow of spin current is denoted as IbackS ∼ β
(
g↑↓r Ipump

S

)
, where β is the back

flow factor. Therefore the net spin current loss by the FM is IS = Ipump
S − IbackS .

The quality of spin sink material is primarily determined by three factors, (1) the

character of the electron (s, d, f) in its conduction band, (2) the electron number Z

of the material, (3) the spin diffusion length of the material. It is found that lighter

elements like Al, Cu, Cr and heavier elements like Ag, Au, are less effective spin sinks

since they only have s electrons in their conduction band. However, heavier elements like

Pt (Z = 78), Pd (Z = 46), which have d electrons in their conduction band, are quite

efficient in terms of their spin flipping ability[22].

2.2.3 Additional damping by spin pumping for various mag-

netic heterostructures

The expression for additional damping with an ideal spin sink attached to the ferro-

magnet is given as △α = γ!g↑↓r
4πMSV

. The spin mixing conductance term, when determined

experimentally are normalized to the cross sectional area. We thus rewrite the additional
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damping as:

△α =
|γ| !
4π

1

MS

(
g↑↓eff
S

)
1

tFM
. (2.9)

The effective spin mixing conductance g↑↓eff depends on all layers and interfaces the

spin current traverses on it’s path, and is a function of the layer configuration. We note

two important properties of this additional damping caused due to spin pumping:

• The additional damping △α should be Gilbert type damping, and

• The additional damping △α has a linear dependance on the inverse of thickness of

the ferromagnetic layer, i.e. △α ∝ 1/tFM .

The spin pumping damping parameter can alternatively be defined in terms of a

Gilbert relaxation rate G (= γαMS). Following eqn. 83 of ref. [22], we can write:

△G = |γ|2!
4π

(
g↑↓eff
S

)
1

tFM
. Using γ = gLµB

!
, the expression for G can be rewritten as:

△G tFM =
(
gLµB

!

)2 (gLµB

!

)
[1
2

(
G0

2

)(g↑↓eff
S

)
]. The term G0 is the fundamental quantum

conductance defined as: G0 = 2e2

h
= 7.748 × 10−5Ω−1, and G0

2
is the conductance per

spin. In Ref [31] spin mixing conductances are given in terms of the conductance per

spin,
Geff

S
= G0

2

g′eff
S

in units of 1015Ω−1m−1.

2.2.4 Forms for effective mixing conductance

2.2.4.1 FM/NM heterostructures

As mentioned earlier for a ferromagnetic heterostructures the effective spin mixing

conductance could be a parallel combination of conductances coming from all the inter-

faces and in some cases from the bulk part as well. In the simplest case of a FM/NM

structure, assuming NM is an ideal spin sink, all the pumped out spin current from FM

is absorbed in NM . For this structure the effective spin mixing conductance is just the

characteristic spin mixing conductance of FM/NM interface seen as:

g↑↓eff
S

=
g↑↓FM/NM

S
. (2.10)

2.2.4.2 FM/NM1/NM2 trilayers

In this case, we consider ferromagnetic spin pumping into a bilayer NM1/NM2

normal-metal system. We assume that the spin current is driven through the first normal

metal NM1, which offers quasi-ballistic transport to the spin current. The thickness of

NM1 is smaller compared to it’s spin flip diffusion length i.e., tNM ≪ λSD, and is a light

element (small atomic number). From NM1, the spin accumulation can diffuse back into

the ferromagnet, or it can traverse to reach the NM2. It is considered that NM2 is an
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ideal spin sink, therefore spin current, which reaches NM2, is either relaxed immediately

by spin-flip processes or is carried away before diffusing back into NM1. For such a case

the effective spin mixing conductance parameter can be written as:

(
g↑↓eff
S

)−1

=

(
g̃↑↓FM/NM1

S

)−1

+RN +

(
g̃NM1/NM2

S

)−1

, (2.11)

where, RN = 2e2

h
tNMρ is the resistance (per spin, in units of h/e2) of the NM1

layer, and g̃NM1/NM2 is the effective spin conductance of the NM1/NM2 interface. We

consider an example to look at the contribution from the bulk resistance of the NM1

layer. Considering a case of the Cu layer of tNM = 3nm, which has typical resistivity at

room temperature about ρ = 20Ω · nm, the contributed RN is ∼ 1/215nm 2. This is

much smaller compared to the other terms, indicating that Cu is a very good material

for this purpose. As we are dealing with these microscopic electrical circuits, we need to

realize that as spin current flows from ferromagnets to nonmagnet, or one nonmagnet to

another one, the spin current faces different resistances compared to charge currents. In

this regard, we have to consider a further resistance known as Sharvin resistance.
Sharvin resistance

Conventional circuit theory and Kirchhoff’s laws were developed for macroscopic elec-

trical circuits where the circuit components like resistances, inductances were distinguish-

able elements. For instance a single resistor could have been assumed to be two resistors

with half resistance in series. In nanoscopic structures, devices where electrons propa-

gate ballistically and/or when the wave character comes into play, conventional circuit

theory considerations are often not valid. A thin ballistic wire can be taken for an ex-

ample where the resistance does not depend on its length [24] and is purely geometrical.

Most electrons in such a case are reflected from the lateral boundaries, which gives rise to

Sharvin point contact resistance. As the constriction goes wider in dimension the Sharvin

resistance becomes smaller and negligible in the bulk limit. However, in the intermediate

case like ours, the total resistance under approximation is a summation of Ohmic and

Sharvin resistance.

Therefore, the re-normalized conductances g̃NM1/NM2 are related with the bare single

spin resistance and the Sharvin resistance coming from both sides of the NM1/NM2

interface and can be viewed as (see eqn. 32 of [22]):

1

g̃NM1/NM2

=
1

gσσ
′

NM1/NM2

− 1

2

(
1

gShNM1

)
.

The bare single spin resistance 1

gσσ′

NM1/NM2

, of the all-normal interface is corrected for the
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NM1/NM2 2AR (fΩm2)(exp) g̃/S (nm 2) (exp)

Cu/Pt 1.5 17.2
Cu/Pd 0.9 28.7
Cu/Ru 2.2 11.7

Table 2.1: Conductances gN1/N2/S as calculated from experimental resistance-area prod-
ucts 2RA tabulated in Ref. [42]

drift effect by subtracting the Sharvin contribution from the NM1 side. Note that NM2

is considered as an ideal spin sink. Therefore the Sharvin conductance corrected form of

the effective spin mixing conductance is seen as:

(
g↑↓eff
S

)−1

=

(
g↑↓FM/NM1

S

)−1

− 1

2

(
g↑↓NM1,Sh

S

)−1

+
2e2

h
tNM1ρ+

(
g̃NM1/NM2

S

)−1

. (2.12)

This form of the effective spin mixing conductance will be used for our data extraction

in Chapter 4.
Interfacial resistance

The spin conductances g̃
S
for NM1/NM2 layers can be converted into an interfacial

resistance RA in fΩm2 by multiplying by the conductance quantum G0 (=
2e2

h
= 7.748×

10−5Ω−1) as:

RA =
1

G/S
=

1

G0

(
g̃

S

)−1

. (2.13)

For example, considering g/S = 10nm 2, we get

2RA = 2.582 fΩm2

(
10nm2

g/S

)

Tabulated values for interfacial resistances 2AR (as cited) have been given by Bass

et al. [42]. We convert them into spin conductance as shown in Table 1.

In table 2 we convert the Sharvin conductance values given in units of nm 2 from

Tserkovnyak et al. [22], into (fΩm2)
−1
.

2.2.4.3 FM1/NM/FM2 trilayers

For this type of heterostructures with two magnetic layers, the spin current traverses

an intermediate NM layer to reach the second ferromagnet FM2. Assuming that FM2

randomizes the spins over the short spin coherence length λC , the effective spin mixing
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NM Metal gSh/S (nm 2) gSh/S (fΩm2)
−1

Cu 15.0 0.58
Ta 25.0 0.97
Pd 16.0 0.62
Pt 17.6 0.68

Table 2.2: Single-layer Sharvin conductances in nm 2 and Siemens/area, tabulated
in [22] and [31], respectively. Values are related through e2/h, the one-spin conduc-
tance/channel.

conductance for the whole structure can be written as:

(
g↑↓eff
S

)−1

=

(
g̃↑↓FM1/NM

S

)−1

+
2e2

h
tNMρ+

(
g̃↑↓FM2/NM

S

)−1

. (2.14)

The g̃ refer to re-normalized spin mixing conductances, which is taken from Tserkovnyak’s

work (eqn. 33 of [22]), and could be written as:

1

g̃σσ
′

FM/NM

=
1

gσσ
′

FM/NM

− 1

2

(
1

gShNM

+ δσσ′

1

gShFM

)
,

where gσσ
′

FM/NM is the bare spin mixing conductance for the FM/NM interface and,

gShNM , gShFM are the Sharvin conductances of the NM and FM layer, respectively. As the

ferromagnets are considered as ideal spin baths for the spin currents the δ term is zero,

leaving,

1

g̃↑↓FM/NM

=
1

g↑↓FM/NM

− 1

2

1

gShNM

. (2.15)

Considering a special case when FM1 = FM2, we obtain:

(
g↑↓eff
S

)−1

= 2

(
g↑↓FM/NM

S

)−1

−
(
gShNM

S

)−1

+
2e2

h
tNMρ (2.16)

2.3 Literature Review:

In the introductory section the dynamic coupling between a precessing magnetic

layer and itinerant electrons in a FM/NM system was independently interpreted by

Berger in 1996 [14] and Tserkovnyak et al. in 2002 [21]. Berger’s interpretation of

the enhanced Gilbert damping of the FM layer in FM/NM system was based on an

elementary quantum process of magnon annihilation which is associated with spin flip.

This idea was verified by Urban et al. via the study of enhanced Gilbert damping in
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Figure 2.6: Damping parameter α of NiFe as a function of Cu spacer thickness, with,
and without Pt overlayer, as observed by Mizukami et al. [46].

magnetic double layer structures FM1/NM/FM2 [43]. In order to quantify properly

the additional damping due to dynamic coupling, FMR linewidths for the heterostruc-

tures GaAs/Fe(16)/Au(40)/Fe(40)/Au(20) and GaAs/Fe(16)/Au(20) was measured.

All thicknesses are presented in terms of monolayers (ML). Note that in the first struc-

ture it was made sure by introducing the Au(40ML) layer that there is no RKKY coupling

between Fe(16) and Fe(40) and the second structure is a reference to the first one which

gives the damping without the dynamic coupling effect. Their observation shows that

for the double magnetic layered sample the measured damping for Fe(16) is much higher

compared to the reference structure. The explanations were sought based on the quan-

tum mechanical picture of magnon creation and annihilation. It was thought that due

to the uniform precession of Fe(16), a magnon is annihilated and its energy !ωq is trans-

ferred to a conduction electron, which traverses the Au spacer and reaches the Fe(40)

layer. The magnon is transferred from the conduction electrons to Fe(40) layer and this

effectively causes an additional damping to the precessing Fe(16) layer.

Tserkovnyak et al. took a different approach to interpret the dynamic coupling. This

approach was based on the formalism of parametric pumping by Büttiker et al. [40],

which was later on developed by Brouwer [44], in the context of mesoscopic scattering

problems. In a more recent work, a linear response formalism has been put forward by

Šimánek and Heinrich [45].

Other well known experimental studies in this domain, were performed by the group

of Mizukami, who has done some pioneering experiments (see Figure 2.6). They have

performed FMR measurements to extract the linewidth of the Permalloy (NiFe) layer
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sandwiched between two nonmagnetic layers, where the nonmagnets were Pt, Pd, Ta,

Cu [46, 37, 38]. It was shown that nonmagnets like Pt, Pd, which has stronger spin orbit

coupling, caused much broader linewidth compared to Ta, Cu. However, the reason of

damping enhancement was not precisely understood by this group, and at that time the

theoretical development of spin pumping was not established yet. The explanations for

this damping enhancement as sought by Mizukami et al. was based on the increase of the

Lande g-factor gL with decreasing NiFe thickness, since the intrinsic damping α, caused

due to spin orbit is proportional to (gL − 2)2. There are few other groups who have also

observed this enhanced damping [47, 48] in magnetic heterostructures but none of these

effects were analyzed clearly based on spin pumping models proposed by Tserkovnyak.

Even though these alternative models to describe the additional damping are quite

familiar to the magnetism community and might be easier to understand conceptually, for

a quantitative comparison we find Therkovnyak’s model of spin pumping is more suited.

Therefore we will present our experimental study, mainly based on the spin pumping

model proposed by Tserkovnyak et al. Our experiments concerns mainly two types of

studies, (1) we verify the spin pumping model for different ferromagnets and nonmagnets,

and (2) we use spin pumping as a method of generation (precessing ferromagnet) and

injection of pure spin current. These two types of studies will be presented in Chapter 4

and Chapter 5. The central parameter of our interest is the enhanced Gilbert damping,

from which we will extract the spin mixing conductance(FM/NM) and spin conductance

(NM1/NM2) parameters for different interfaces. An advantage of these type of measure-

ment is that it doesn’t require device nano-fabrication, they are rapid compared with STT

device measurements for a given film configuration, allowing a larger number of layers to

be characterized in finite time. Finite-size magnetostatic [49] and activation volume [50]

effects do not enter in the measurement, hence interpretation becomes easier.
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Experimental methods

In this chapter we present the experimental method that we employ for the growth

and characterization of our samples (magnetic heterostructures). In the first part we talk

about the film growth technique in ultra-high vacuum (UHV) system using magnetron

sputtering deposition technique. In the second and third part we discuss about the mag-

netic property characterization. This thesis work is primarily focused on the study of the

magnetization dynamics. Ferromagnetic resonance measurements are carried out in the

field range of 0-0.5T and in the frequency range of 0-24 GHz for the characterization of

the dynamics properties. The resonance linewidth is related to the dynamic susceptibility

of the magnetic material, which we will discuss in section 2 of this chapter. The oper-

ational principle and the component details of our inductive FMR spectrometer, which

is capable of characterizing thin (as low as 2.5 nm) films will be discussed. In section 3

of this chapter we will introduce the X-ray magnetic circular dichroism (XMCD) tech-

nique. This spectroscopic technique is employed in order to observe induced magnetism

in nonmagnetic metals by direct exchange coupling and indirect exchange coupling with

a ferromagnet. XMCD is used to support our FMR characterization results.

3.1 Sample preparation: Magnetron sputtering de-

position

Our thin films were prepared by magnetron sputtering deposition, using an Actemium

sputter deposition machine. This technique is widely used for the production of thin

films on the order of few nm to microns. This offers certain advantages over other

deposition methods like Molecular beam epitaxy (MBE), Pulsed laser deposition (PLD),

Chemical vapor deposition (CVD). Notably it allows the deposition of a wide range of

materials such as metals, alloys and dielectrics in a relatively short time scale with a

fairly good precession in controlling the thickness and maintaining homogeneity over

51
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Figure 3.1: Schematic diagram of Magnetron Sputtering deposition system. Energetic
ions sputters materials from the target which diffuse through the plasma towards the
substrate where it is deposited.

large enough substrates. Sputtering deposition takes place in an ultra high vacuum

chamber where both the target (material which is to be deposited) and substrate (on

which the material is deposited) is placed. A vacuum level of 10−7 to 10−9 mbar is

necessary to have good deposition, which is reached by using cryogenic pumps and water

pumps. An inert gas Argon (which is the most commonly used), which possesses high

sputter yield (ionized/sputter atoms) for most metals, is introduced in the deposition

chamber (see Figure 3.1). The other reason for using Ar is that it is in-toxic and less

expensive compared to other inert gases. To create a plasma in between the cathode

(target) and the anode an electrical discharge is created by applying negative voltage to

the cathode (target), with respect to the anode and the shielding. The Argon atoms are

ionized by means of collision with the electrons as an effect of this electrical discharge. A

magnetron is installed inside the cathode, which allows the plasmas (Ar+ ions, electrons)

to concentrate near the surface of the target. Positive atoms (Ar+) traverse towards the

target and collide with it (known as bombardment) to eject materials from the target.

This ejected material which carries a huge kinetic energy reaches the substrate gets

deposited on it (see Figure 3.1).

The quality of sputter films depends on several parameters such as the vacuum level,

deposition rate, substrate temperature, surface energy of the substrate and the nature of

the material which is to be deposited. Reaching a certain vacuum level and maintaining it
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throughout deposition is very important in obtaining good film quality. If the vacuum is

too low the sputtered atoms undergo collisions with plasma species and cannot condense

on the substrate. Whereas, if the vacuum level is very high, the number of collisions

between ions and the target is insufficient to have material ejection from the target. In

between these two limits the deposition rate is maximum. The sputtering rate depends on

the DC voltage and can modify micro-structural properties of the material. Using a high

sputtering rate one can obtain polycrystalline growth. The thickness of the deposited

layer is determined by the exposure time of the substrate above the plasma. A cache

located between the target and the substrate can control this time of exposure.
Thickness calibration:

The thickness calibration was done by depositing 40nm to 80nm of the material on

a Si/SiO2 native oxide substrate. The thickness is obtained by the reflectivity measure-

ment using grazing X-ray. With this soft resonance X-ray scattering Kiessing fringes are

obtained, which enables the estimation of the sample thickness with very good precession

( tolerance level is about 0.5nm)
Deposition parameters for our samples:

All of our samples were deposited using the above mentioned Actemium DC mag-

netron sputtering Machine. Si/SiO2 native oxide substrates have been used for all

our samples. The base pressure was 2 × 10−7Torr, whereas the working pressure was

1.5mTorr of Argon (Ar) gas. The deposition rate was ∼0.24nm/s for Cu and ∼0.1nm/s

for the other layers. Most of our samples were seeded with Ta(5nm)/Cu(5nm) bilayers,

capped with 2nm or 3nm of Aluminum (Al) layers, which then naturally oxidized in

air. In Table 2. 1 we present all our deposited heterostructures (seed and cap layers are

not shown). In column 1, we refer to the chapters where the dynamics characterization

of the corresponding samples are presented, by mentioning the type of study in column

2. In column 3 the central part of the heterostructures is given. Note that the reference

layers presented in column 4, are very important for the kind of study that we are doing.

We needed these layers in order to quantify pure spin pumping effect accurately.

3.2 Transmission electron Microscopy:

Bright field (BF) and dark field transmission electron microscopy has been carried

out by using FEI Titan operating at 300 kV . This images ware taken by Eric Gautier.

Cross sectional specimen are prepared by first bonding the surface with permanent glue

followed by mechanical thinning and ion miling (using 1 KeV Ar ions) for final electron

transparency. These experiments were carried out in a scanning transmission electron

microscope (STEM) mode and the high angle annular dark field (HAADF) and BF

image. Cross sectional TEM images near the substrate-film interface show the presence
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Chapter: Set Study Heterostructures Reference

Chapter 4: I
Spin pumping using
Pt spin sink, indirect
contact with FM

Py(t)/Cu 3/Pt 3 Py(t)/Cu 3
CoFeB(t)/Cu 3/Pt 3 CoFeB(t)/Cu 3
Co(t)/Cu 3/Pt 3 Co(t)/Cu 3

Chapter 4:II Pt in direct contact

with FM

Py(t)/Pt 4 Py(t)/Cu 3

Chapter 4:
III

Verification of spin
pumping with FM
overlayers

Py(t)/Cu 5/CoFeB Py(t)/Cu 3
Py(t)/Cu 3/Co Py(t)/Cu 3

CoFeB(t)/Cu 3/Co CoFeB(t)/Cu 3

Chapter 5: I
Penetration depth of
spin current in FMs
& AFM

Py 10/Cu 5/Co(t) Py 10/Cu 5
Py 10/Cu 3/MnIr(t) ”
Co 8/Cu 5/CoFeB(t) ”
Co 8/Cu 5/NiFe(t) ”

Chapter 5: II
Penetration depth of
spin current in NM’s

Py 10/Cu 5/Pt(t) Py 10/Cu 3
Py 10/Cu 5/Pd(t) ”
Py 10/Cu 5/Ru(t) ”

Chapter 5:
III

NM’s in indirect
contact with FM

Py 10/Pt(t) Py 10/Cu 3
Py 10/Pd(t) ”

Chapter 5:
IV

Quantifying interface

resistance

NiFe 8/
[Cu(6/n)/Al(6/n)]n

NiFe 8/ AlO

NiFe 8/
[Cu(6/n)/Al(6/n)]n/ Pt

3
NiFe 8/ Cu 12/ Pt 3
NiFe 8/ Al 12/ Pt 3

Chapter 5: V
Quantifying spin

current reflection

Py 10/Cu 3/Pt(t)/Co8 Py 10/Cu 3
Py 10/Cu 3/Pd(t)/Co8 ”
Py 10/Cu 3/Ru(t)/Co8 ”

Chapter 6:I XMCD measurement

Py5/ Cu 3/ Pd 2.5/ Cu
3

Py 5/ Pd 2.5
Py 5/ Cu 3/ Pt 1/ Cu 3

Py 5/ Pt 1

Table 3.1: List of heterostructures grown using our Actemium DC magnetron sputtering
Machine on Si/SiO2 native oxide substrate.
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Figure 3.2: Bright-field cross-sectional TEM images for (a)
seed/Ni81Fe19(10nm)/Cu(3nm)/P t(0.5nm)/AlO(3nm) and (b)
seed/Ni81Fe19(10nm)/Cu(3nm)/P t(1.2nm)/AlO(3nm) .

of amorphous oxide at the interface.

In Figure 3.2, we present bright-field cross-sectional TEM images for (a) seed/Ni81Fe19(10nm)/C

and (b) seed/Ni81Fe19(10nm)/Cu(3nm)/P t(1.2nm)/AlO(3nm) heterostructures. We

see that the growth is quite good. Some roughnesses is observed at the top of the het-

erostructures. We find, even the 0.5nm of Pt layer is seemed to be have a continuous

coverage. It is hard to distinguish Cu/NiFe, as they have very similar atomic number.

3.3 Ferromagnetic resonance (FMR) measurement

(inductive technique)

Ferromagnetic resonance is a very well known technique and has been extensively

employed for the study of magnetization dynamics since many decades. Fig 2.2. shows

a schematic illustration of this technique, that we use. We consider a magnetic thin film

where the magnetic moments are confined in the film plane by the act of demagnetizing

field. A DC bias field (HB) is applied along the film plane, which aligns the magnetiza-

tion of the film M along HB. If M is now subjected to a perturbation, it will experience

a torque that results in a gyroscopic motion of M around HB. The presence of damping

will make it relax and it will be finally restored along the bias field again. This funda-

mental phenomenon i.e gyroscopic motion and relaxation of magnetization is the basis of

ferromagnetic resonance. The perturbation of the magnetic moment is created by a high
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frequency (GHz) electromagnetic (microwave) field hrf , which is applied perpendicular

to the bias field HB, in order to have a continuous torque to the magnetization M . This

microwave field hrf drives the magnetization into precession around HB. Corresponding

to a particular value of HB, the resonance of this precessional motion occurs at a specific

frequency of hrf , or vice verse. This resonance phenomenon is known as ferromagnetic

resonance.

At resonance, the absorption of the microwave field by the magnetization is max-

imum. The absorption characteristics has a Lorentzian lineshapes and the line width

contains information about the relaxation of the magnetization. The line position i.e.

the resonance position contains information about the saturation magnetization, surface

anisotropy etc. Note, that in our case considering an in plane bias field geometry is more

suitable, which makes the characterization of certain parameters, of our interest, much

easier. The field-frequency relation for the ferromagnetic resonance absorption is known

as the Kittel relation which was discussed in Chapter 1. Note, that FMR measurements

can be performed in two ways: (1) by keeping the bias field HB constant and sweeping

the frequency of the microwave hrf and (2) by keeping the frequency of the microwave

hrf constant and sweeping bias field HB . Our FMR spectrometer is capable of working

in a broadband frequency range of 0-24 GHz and a field range of 0-0.8T. Since we use

a co-planner waveguide along with several microwave components to transmit the mi-

crowave signal, using frequency swept method might be less sensitive as the circuit can

have slightly different responses at different frequencies. However, since all of these cir-

cuit components were nonmagnetic; fixed frequency field swept FMR seemed a preferable

choice for us. Therefore, all of our magnetization dynamics characterizations were done

using a typical field swept fixed frequency FMR at different frequencies in the broadband

range of 2− 24GHz.

FMR Spectrometer

Fig 1 shows the schematics of our inductive FMR spectrometer. A Rohde & Schwarz

zva24 vector network analyzer is used as a source for the microwave signal hrf ; capable

of producing the signal in the frequency range 10Mhz − 24GHz. This microwave sig-

nal is transmitted through a double ground plane coplanar waveguide (CPW), which is

50Ω impedance matched. The details about this CPW, which is placed in between the

magnetic poles (gap of 20mm), is discussed later. The sample is placed on top (up side

down) of the CPW. The microwave input power was kept at 15dBm to ensure a linear

response. The static magnetic field was applied in the plane of the film, perpendicular

to the microwave field, as shown in Figure 3.3 and 3.4(a). The transmitted signal, as

received, is passed through a Schottky diode detector which converts the electromagnetic
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field into voltage. To enhance the signal to noise ratio, phase sensitive lock-in detection

is employed (this will be discussed more details in a later part of this section). The pro-

cessed signal as received from the lock-in amplifier is a derivative of the absorbed power

(in principle Lorentzian) versus field profile. We put the sample on the CPW where the

field is homogeneous. The derivative of the absorption signal (Lorentzian) is plotted after

the dispersion correction. From this plot the resonant field corresponding to the fixed

frequency and the linewidth is extracted.

Figure 3.3: Schematic diagram of the FMR spectrometer. Microwave radiation is trans-
mitted through a CPW, located between the pole pieces of the electromagnet. Trans-
mitted power is converted into voltage using a Schottky diode and used as the Lock-in
Amplifier input.

CPW design and Field direction

The coplanar waveguide (CPW) used by us consists of a central strip conductor of

width w = 375µm surrounded by two co-planer ground planes in each side. The gap

between the central line and the ground planes is 140 µm. The substrate used here is

Rogers-RO4350 high frequency circuit material. The thickness of the substrate is 10mil

or 0.254mm and the dielectric constant is 3.66. Cr/Au is used as the metallic conductor

deposited on the substrate for microwave propagation. Our CPW is specially designed

so that the bottom part of the substrate is also Gold plated and grounded as shown in
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Figure 3.4: Cross sectional diagram of a coplanar waveguide (CPW) showing the rf filed
(hrf) configuration. hrf is considered approximately parallel to the plane of the CPW,
except in the middle of the gap. The magnetic sample is placed on top of it.

Figure 3.4(b). The ground planes on the two sides of the substrate are connected via

several holes (shown in Figure 3.4(b). It is slightly easier to fabricate a CPW compared

to other transmission lines, like the microstrip lines which consist of metallic layers in

planner form, requiring more processing steps for the development. Our CPW is capable

of working at the frequency range of 0 − 50GHz, but above this, the wave propagation

mode becomes non-TEM[51].

Figure 3.4(b) shows a schematic (holes connecting grounds of both sides of the sub-

strate are not shown) of the CPW and the magnetic field lines for it. The magnetic field

lines which are of primary interest, turn around the central conductor as it does in the

case of a coaxial line. But since the central conductor has a rectangular shape, where

it’s width is much greater compared to it’s thickness, the magnetic field lines, just on

top of the conductor, are parallel to the surface. In the gaps the magnetic field turns out

of plane. However this contribution is neglected as the parallel contribution dominates

over this perpendicular contribution.

Lock-in Modulation technique: Field modulation, Frequency mod-

ulation

In FMR, the power absorbed by the magnetic sample can be directly measured in

order to extract parameters from the linewidth. However, measuring the power directly

is not always useful as sometimes the signal to noise ratio can be poor. One way of

improving the signal to noise factor is by employing the method of modulation (applied

field or frequency) and using a Lock-in amplifier to perform a phase sensitive detection

of the signal. Two coils in Helmholtz configuration have been used to modulate the DC
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Figure 3.5: (a) Sample Lineshape obtained by our FMR spectrometer. (b) peak-to-
peak linewidth △Hpp obtained at different microwave frequencies are plotted. Damping
parameter α obtained from the slope of the plot. (c) Resonance fields Hres are plotted
as a function of applied microwave frequencyω (Kittel plot).

field with amplitudes varying from 2Oe - 20Oe at a constant frequency of 201Hz. This

field is controlled by the Lock-in amplifier which sends an a.c. voltage to the Kepco

power amplifier which runs the modulation coils. The transmitted high frequency signal

is converted into voltage by a Schottky diode and given to the input of the Lock-in

amplifier. In this method, we are in fact measuring the slope of the absorbed power with

respect to DC magnetic field HB. This bias field HB is then swept to obtain different

slopes as a function of HB (see Figure 3.5(a)). This measurement is referred to as fixed

frequency (microwave) swept field FMR.

Lineshape characterization

It was discussed in Chapter 1 that the imaginary part of the susceptibility is respon-

sible for the absorption of the microwave energy in the magnetic system (see eqn. 1.20 of

Chapter 1). As the imaginary part of the susceptibility is a Lorentzian, absorbed power

in principle is also a Lorentzian. However, as we are using Lock-in phase sensitive de-

tection, our spectra is a derivative of Lorentzian. Therefore we extract the peak-to-peak

linediwth △Hpp, from this derivative curve, which is related to the original Lorentzian

linewidth △H as: △H =
√
3△Hpp

2
. As our spectrometer is capable to do the measure-

ment in a broad field and frequency range, we extract the field linewidths at different

frequencies. In Figure 3.5(b) ∆Hpp is plotted as a function of microwave frequency ω.

The damping parameter α is extracted from the slope of a linear fit (△H vs. ω). Note

that there are several mechanisms which can cause relaxation in a ferromagnetic sample

(see the last section of Chapter 1). The Gilbert type relaxation (in LLG) is linear. It

is noted that sample inhomogeneity can also contribute to damping, it needs to be sep-

arated from the Gilbert damping, which was possible by using the well-known relation:

∆Hpp(ω) = ∆H0 +
(
2/
√
3
)
αω/|γ|[7]. The advantage of performing FMR measurement

in a broadband frequency range over a single frequency measurement is that the error
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in α can be minimized since it is averaged over many frequency points and also the

inhomogeneous contributions in linewidth can be separated.

3.4 X-ray magnetic circular dichroism (XMCD)

X-ray resonant absorption can be described in a simplified manner by considering a

core electron, after absorbing photon energy, excited into an unoccupied electronic state.

Since the magnetic properties of transition metals (Fe : 4s23d6, Co : 4s23d7, Ni : 4s23d8)

are usually governed by their d electrons, we are therefore more interested in X-ray res-

onant absorption involving d electrons. For these materials we consider the X-ray ab-

sorption for the L− edge, where the electron from the “initial” spin-orbit split 2p3/2 and

2p1/2 levels are excited to the “final” valance d states (3d or 4d) after absorbing photon

energy. However, this one electron transition picture is sometimes misleading since it

depicts the spin–orbit splitting of the p core shell as an “initial state” effect. Also, it is

found that, the the spin orbit coupling constant ζ for the core 2p shell is considerably

larger (of order 15 eV) compared to that of valence 3d shell ζ (of the order of 50 meV).

Meaning that 2p shell is more compact and also the 2p “splitting” dominates over the

splitting of d states. Therefore for the proper description of the X-ray absorption process,

it is more convenient to consider a hole transmission from “initial” d state to “final” 2p

state. The X-ray absorption can be calculated using the time dependent perturbation of

the sample by an electromagnetic field, which induces transitions between an initial state

|ψi〉 to the final state|ψf 〉 . The transition probability, by considering an interaction or

perturbation Hamiltonian H int as given according to the Fermi golden rule:

Wfi =
2π

!

∣∣〈ψf |H int |ψi〉
∣∣2 δEf−Ei−!ω

X-ray magnetic circular dichroism (XMCD) measures the dependence of X-ray Ab-

sorption on the helicity of the x-ray beam by a magnetic material. This type of X-ray

absorption process is spin dependent and the intensity sum rule for the number of holes is

applicable here. Therefore it is possible to measure an intensity difference corresponding

to the number of spin-up or spin-down holes, which is the basics of XMCD spectroscopy.

With this method X-ray absorption spectra are obtained in a magnetic field; one with

left circularly polarized light and another with right circularly polarized light. The dif-

ference spectrum is measured, which can provide information about spin and/or orbital

magnetic moment of the atom. In order to obtain maximum XMCD effect it is necessary

to have the angular momentum of the photon Lph collinear with the magnetization M of

the sample. The dichroism effect is measured as the difference in the intensity of p → d

transition (X-ray absorption), measured for photons with positive angular momentum
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Figure 3.6: Schematic of X-ray magnetic circular dichroism (XMCD) effect for L-edge,
with LCP and RCP X-rays. This figure was taken from ref. [52].

(q = +1, Lph points in direction of wave vector k) and negative angular momentum

(q = −1, Lph points in direction of wave vector −k) aligned along the fixed magnetiza-

tion direction M of the sample. Equivalently, by switching the magnetization direction

while the X-ray photon spin direction (polarization or helicity) is fixed, this effect can be

observed. To understand this phenomenon for transition metals we consider a two step

model.

This model was proposed by Stöhr and Wu in order to understand XMCD at the

L-edges of 3d transition metals. In the first step, the circularly polarized X-ray interacts

with the electrons in the p (core) shell and excites spin-polarized electrons (see Figure

3.6). This core p shell is viewed as a localized “source” of spin-polarized electrons.

The spin-polarization of the excited electron depends on the L-edge (2p3/2 → L3 and

2p1/2 → L2) and on the helicity of the X-ray. At the L3 edge (lower energy), the LCP

X-ray beam excites 62.5% of spin up electrons and 37.5% spin down electrons, while

the RCP X-ray does the opposite. Whereas at the L3 edge (higher energy), the LCP

X-ray excites 25% of spin up electrons and 75% spin down electrons, while the RCP light

does the opposite. For a nonmagnetic material the total transition intensity, i.e. spin

up plus spin down intensity are same for LCP and RCP light. But, for ferromagnetic,

paramagnetic or nonmagnetic materials, where there is an imbalance in the number of

available empty spin up and spin down states, the absorption of the two polarizations

becomes different. This difference is opposite at the L3,2-edges. In the second step,
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the spin-polarized electrons are analyzed by a spin-resolving detector consisting of the

exchange split d final state. Note that, in order to have a complete description of X-

ray dichroism in the one-electron model, one need to include spin-orbit coupling in the

d-band.
Sum rules of XMCD

The intensity sum rules has been developed by Thole et al.[53] at the beginning of

the 1990’s. We note that the total number of empty d states above the Fermi energy EF ,

which is nothing but the number of valence holes represented by Nh, is simply the number

of spin up plus down states. Considering one electron model the core p state is spin orbit

spitted into 2p3/2 and 2p1/2 states, which gives rise to L3 and L2 edge spectra, respectively.

The intensity sum rule states that the transition intensity is proportional to the total

number of empty d states Nh, when we sum over the 2p3/2 and 2p1/2 contributions.

Intuitively this is seem to be correct as the intensity should increase if more empty final

stated are made available for the transition. Applying the sum rule, the ground state

expectation values of the spin magnetic moments 〈Sz〉, and orbital magnetic moments

〈Lz〉 can be obtained. The sum rules have been in the origin of a strong development of

XMCD, which has now become a very strong technique for studying magnetic properties

in thin magnetic films.



Chapter 4

Spin pumping in magnetic

heterostructures

This chapter of the thesis concerns the verification of the spin pumping phenomenon

in a broader range of ferromagnetic materials using various spin sink layer metals. We will

demonstrate that spin pumping is a general phenomenon and that it is not restricted to

certain materials. In section 1, we will describe the basis of our characterization method.

In section 2 of this chapter we will present the results for spin pumping in magnetic

heterostructures of the form FM/Cu/Pt, using three structurally distinct ferromagnets

{FM = Ni81Fe19 (“Py”), Co60Fe20B20 (“CoFeB”), pure Co} and Pt as the spin sink

layer. In section 3 of this chapter we study the additional damping caused due to fer-

romagnetic overlayers in FM1/Cu/FM2 heterostructures, using different ferromagnet

combinations. In section 4 we will discuss the spin pumping for the case when paramag-

netic spin sink Pt is deposited directly on top of the Py. For all these measurements the

central parameter of our interest is the additional damping and from that we will extract

the interfacial spin mixing conductance (g↑↓) and the spin conductance (g) parameters.

Our results will be compared to theoretically and experimentally published ones.

4.1 Ferromagnetic resonance measurement and ex-

traction of parameters

The FMR spectrum contains a line position and a line-width, both of which, in our

case, are determined in terms of field (Oe). In Figure 4.1, a typical FMR spectrum as

obtained by our spectrometer, at microwave frequency of 12 GHz, is shown. Since we

perform phase sensitive lock in detection, our spectrum is a Lorentzian derivative. The

black squares represent the line shape for 6 nm of NiFe and the red dots represent the

lineshapes of 6 nm of CoFeB. Both of these ferromagnetic layers were embedded in dif-

63
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Figure 4.1: lineshapes and fits for films with (filled circles) and without (open squares)
Pt overlayers, FM=Ni81Fe19 (red, right), CoFeB (blue left)

ferent magnetic heterostructures with seed and cap layers. We observe some asymmetry.

We suppose that this asymmetry arises from the coupling between the magnetic layer

and the CPW, which can partly mix the real and the imaginary part of the susceptibility.

A phase factor is therefore considered, while extracting the peak to peak linewidth, to

take care of this phase mixing, as shown in APPENDIX I. We fit these lines to extract

the peak-to peak linewidth △Hpp and the resonance field Hres corresponding to a partic-

ular frequency of hrf . Below we discuss the static and dynamic information (parameter)

that can be extracted using the line position and the line width. We separate the pa-

rameter characterization into two parts, (1) Characterization using line position:

This will include the extraction of the effective saturation magnetization Ms and sur-

face anisotropy energy Ks, effective in-plane anisotropy HK and (2) Characterization

using linewidth: To extract the Gilbert damping parameter (relaxation) of the magne-

tization. In this first section, the data that we present are for magnetic heterostructures

without any spin sink layers, but seeded with bilayer Ta (5nm)/Cu (5nm) and capped

with AlO. Information about the samples can be found in the fourth column of Table

3.1 (reference layers for Chapter 4: I).

4.1.1 Characterization using line position:

Kittel relation: The resonant fields Hres, as extracted from the FMR spectra, are

plotted as a function of microwave frequency and fitted by the Kittel relation (as shown
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Figure 4.2: Fields for resonance ω(HB) for in-plane FMR, FM = Ni81Fe19, 2.5nm ≤
tFM ≤ 30.0nm; solid lines are Kittel fits.

in Figure 4.2, see eqn 1.17):

ω(HB) = |γ|
√(

H
‖
B +HK

)(
4πMeff

s +H
‖
B +HK

)
. (4.1)

Note that the Kittel relation here is defined for an in-plane bias field (H
‖
B) configuration.

The effective saturation magnetization Meff
S and the effective field for in-plane anisotropy

HK are extracted from fitting these lines, whereas γ is used as a fixed parameter. In Figure

4.2, field-for-resonance data for NiFe(tFM) are presented. It is noted that there is a size

effect in ω(HB): the thinner films have a substantially lower resonance frequency. For

tFM = 2.5nm, the resonance frequency is reduced by ∼5GHz from that of tFM = 30nm,

at HB≃4kOe. Similar size effects were observed for the other two ferromagnets CoFeB

and Co as well (not shown here). The induced anisotropy field HK was found to be less

than 10Oe in all layers for Py and CoFeB, and HK didn’t seem to follow any particular

trend for different ferromagnetic layer thickness (therefore, we don’t show it). However

some of the films with Co showed a greater HK value. For all our characterization the

gyromagnetic ratio γ, which is related to the Lande g-factor gL as[7]: gL/2 = |γ|/(e/mc),

|γ| = 2π·(2.799Mhz/Oe)·(gL/2), was assumed to be constant for each of the ferromagnets

(for all thicknesses). The assumed gL values are shown in Table 4.1. below.

Effective saturation magnetization: The effective saturation magnetizationMeff
S ,
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Ferromagnet gL[54, 55, 7] 4πMeff
s (kG) KS(erg/cm

2)

Ni81Fe19 2.09 10.7 0.69
Co60Fe20B20 2.07 11.8 0.64

Co 2.15 18.3 1.04

Table 4.1: gL is used as a constant parameter for the three Ferromagnets, 4πMeff
s and

KS are extracted from Kittel fits.
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Figure 4.3: 4πMeff
s for all three FM/Cu, with (filled circles) and without (open squares)

Pt overlayers. Left figure shows the variation of 4πMeff
s as a function of thickness of

FM, and the right figure shows the same variation in inverse FM thickness.

as extracted from fitting the Kittel line, are plotted as a function of the ferromagnetic

layer thickness shown in Figure 4.3(a). It is observed that Meff
S depends on the thickness

of the ferromagnetic layer, and this dependance is very similar in nature for all three fer-

romagnets (NiFe, CoFeB, Co). This variation in effective magnetization as a function

of ferromagnetic layer thickness indicates that surface anisotropy plays a role. Therefore,

following section 3 of chapter 1 (although we are using c.g.s. units here) we have fitted

the effective saturation magnetization as: 4πMeff
s (tFM) = 4πMs − (2Ks/Ms) t

−1
FM [56].

These fits are shown in Figure 4.3(b). This allows the extraction of the bulk magneti-

zation 4πMs and surface anisotropy Ks. We tabulate all the extracted (and assumed)

parameters from line position characterization in Table 4.1. The 4πMs(bulk) values are

taken to be size-independent and are in good agreement with bulk values: extracted

4πMs values are slightly larger (by 2-9%) than those measured by calibrated VSM in

separate depositions of thick films. The extracted surface anisotropies are much higher

than some of the published works [56]. We note that the presence of the Pt overlayer in
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the heterostructures does not affect the effective magnetization of the ferromagnet.

4.1.2 Characterization using linewidth:

In Figure 4.4, we present our linewidth data. We show the linewidth variation

as a function of microwave frequency, for different thicknesses of each of three fer-

romagnets. We have mentioned in Chapter 1 and 3, that the damping parameter

α is separated from inhomogeneous broadening (if at all present) using the relation

∆Hpp(ω) = ∆H0 +
(
2/
√
3
)
αω/|γ|[7]. We observe that the slope of the linear fit in-

creases as the ferromagnetic layer thickness goes down (see Figure 4.4). This means that

there is a ferromagnetic layer size effect on α, especially when the layers are thin (below

10 nm). The data for Py and CoFeB show very good proportionality, with negligible

inhomogeneous component ∆H0 ≤ 4Oe even for the thinnest layers, facilitating the ex-

traction of the intrinsic damping parameter α (see Figure 4.4(a) and 4(c)). However for

Co films a larger inhomogeneous linewidth ∆H0 is observed whose value increases with

decreasing thickness. For the thinnest Co layer it was observed to be 20Oe − 30Oe.

However, the linearity of linewidth vs. frequency is still maintained (see Figure 4.4(e)).

The plots in the right side of Figure 4.4(b), (d) , (f) show the extracted α’s a function

of the ferromagnetic layer thickness. The extracted damping for NiFe, as extracted

αPy
0 = 0.0067 for the thickest films (tFM = 30.0nm) to α = 0.0092 for the thinnest

films (tFM = 3.0nm), increases by a factor of ∼ 0.4. The same size effect was observed

for CoFeB, where we find αCoFeB
0 = 0.0065 for the thickest films (tFM = 30.0nm) to

α = 0.0102 for the thinnest films (tFM = 2.5nm), an increment of about factor ∼ 0.5.

These size effects are discussed below.

The variation of damping for the Co films are little different compared to that of

NiFe and CoFeB. We find αCo = 0.0084 for 10nm of Co and below this thickness the

damping increases like it does for NiFe and CoFeB, and we see αCo = 0.0101 for the

thinnest films (tFM = 2.5nm). But, above the thickness of 10nm, the damping for Co

increases (unlike NiFe or CoFeB) as the thickness increases, and we find αCo
0 = 0.0092

for the thickest films (tFM = 30.0nm). The reason for this type of anomaly is not really

clear to us. A possible explanation would be that surface Eddy currents might playing a

role here.

We have tried to fit all of these damping values shown in Figure 4.4, with the equation

α(tFM) = ktnFM + C. But we find n 1= −1, meaning this damping do not have inverse

ferromagnetic layer thickness dependence. In fact this thickness dependence of damping

was not found to follow any particular form. As we are characterizing the damping

parameter, we note that sometimes it is preferred to express the damping in the form

of the Gilbert damping rate G(= γαMS). We have presented both of these parameters
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Ferromagnet α0 G0 = γα0MS(MHz)

Ni81Fe19 0.0067 105
Co60Fe20B20 0.0065 111

Co 0.0092 234

Table 4.2: Damping parameter α0and Gilbert damping G0 is presented for the thickest
layer for three FM materials. The subscript (0) is used to indicate that these values are
close to the bulk values.

in Table 4.2, for the thickest ferromagnetic layers which we assume are close to bulk/

intrinsic values.

Discussion of ferromagnetic layer size effect in damping:

We observe that damping in these heterostructures increases by an amount 20-50%

from the thickest measured film to the thinnest one. We propose an explanation for

this based on surface scattering for electrons. We find these results are analogous to

the assumption made for electron scattering in the Fuchs-Sondheimer theory of surface

scattering[57]. When the thickness of the ferromagnets goes down, the surface to volume

ratio becomes important. More diffuse surface scattering, for thinner films, increases

the resistivity, which for the short spin diffusion length (λsdl ) FM materials, increases

damping. It is known that the spin diffusion length λsdl for Py and CoFeB are of the

same order but for Co it is an order of magnitude higher. Our observed effect is stronger

for Py and CoFeB, and roughly of the same magnitude, but not as much for Co, which

validates the argument based on electron scattering from surfaces. This discussion will

be continued in the last part of the next section.

4.2 Spin pumping & additional damping

One of the consequences of spin pumping is that the Gilbert damping parameter is

affected by it, since it represents a loss of angular momentum. This loss mechanism

and the related fundamentals were discussed in chapter 3. Here we present our experi-

mental results and start by verifying certain theoretical predictions[22]. For this study

heterostructures of the form FM(t)/Cu/SS were chosen, where the damping of the pre-

cessing ferromagnet (FM) is studied as a function of its thickness, while the spin sink (SS)

layer thickness was kept constant. The SS layer absorbs the pumped current from FM by

means of spin flip processes or spin dephasing. Different ferromagnets Py, CoFeB and

Co were tested for the purpose of generating a spin current and for the spin sink SS layer,

first we use Pt is used in the first series of measurement. The spin flip processes in Pt,

causes the spin current absorption. Next, we use a second ferromagnet FM2 instead of Pt

in the magnetic heterostructures FM1(t)/Cu/FM2. Here the spin dephasing mechanism



Chapter 4. Spin pumping in magnetic heterostructures 69

 ! " "! # #!

 

# 

$ 

% 

& 

"  

 ! " "! # #!

 

# 

$ 

% 

& 

"  

 ! " "! # #!

 

# 

$ 

% 

& 

"  

"# 

"$ 

 !"

 #"

 $" $"

 %"

 &"

 '"

 ! " "! # #! ' 

 (  )

 ( " 

 ( ""

 ( "#

 ( "'

() *"

*

+,

- ./"

 ! " "! # #! ' 

 (  %

 (  &

 ( " 

 ( "#

 ( "$

 ( "%

 01

23

+#

34

 *"

*

+,

- ./"

  !"#

!$%&!"#

!'!"#

!()!"#

!(*%&!"#

! )!"#

 

!
!

"
#
$
%

 567"

01

23

+#

34

 *"

 '"

 ! " "! # #! ' 

 (  %

 (  &

 ( " 

 ( "#

 ( "$

 ( "%

 ( "&

-()

89

+#

:9

;

:9

 *"

*

+,

- ./"

()

89

+#

:9

;

:9

 *"

! !"#

!$%&!"#

!'!"#

!()!"#

!(*%&!"#

! )!"#

 

!
!

"
#
$
%

 567"

()- *"

!+%&!"#

! %&!"#

!$%&!"#

!'!"#

!()!"#

!(*%&!"#

! )!"#

 

!
!

"
#
$
%

 567"

Figure 4.4: In the left side, Frequency-dependent peak-to-peak FMR linewidth ∆Hpp(ω)
for FM = Ni81Fe19, tFM as noted, films with Pt overlayers. In the right side the
extracted damping α form the linear fit.
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in the second ferromagnet FM2, causes the spin current absorption. Based on the theory

of spin pumping the damping parameter of the ferromagnetic layer which loses angular

momentum to the spin sink is written in a generalized form as α (tFM) = α0+△α (tFM),

where α0 is the intrinsic part of the damping of the ferromagnetic layer (extracted in the

previous section) and △α (tFM) is the additional term contributed due to absorption of

the spin current, by a nonlocal spin sink layer. The Gilbert damping G, (G = γαMS)

therefore can also be expressed as G(tFM) = G0 +△G (tFM).

Theoretical predictions on spin pumping

There are mainly two theoretical predictions of spin pumping by Tserkovnyak et.

al.[22], which was discussed in chapter 2:

• The additional damping △α should be a Gilbert type damping, because in the LLG

equation, this additional damping term has a similar form as the Gilbert damping term.

This can be verified by checking the linearity of ∆Hpp(ω) as a function of ω.

• The additional damping △α has a linear dependance on the inverse of thickness of

the ferromagnetic layer, i.e. △α ∝ 1/tFM .

4.3 Spin pumping in FM/Cu/Pt heterostructures

For the verification of spin pumping in FM/NM1/NM2 heterostructures, six series

of heterostructures were deposited as listed in Table 3. 1 (in Chapter 3). For the FM

layers: NiFe, CoFeB, and Co were tested and their thicknesses were varied from 2.5nm

to 30nm. More information about the growth and material composition of these het-

erostructures can be found in chapter 3. For each ferromagnetic layer type FM , one

thickness series tFM was deposited with the Pt (3nm) overlayer (separated from FM by

NM1 = Cu spacer) and one thickness series tFM without the Pt overlayer. This makes

it possible to record the additional damping ∆α (tFM) introduced by the Pt (3nm) over-

layer alone, independent of size effects present in the FM/Cu/AlO layers as discussed

in the last section (see Figure 4.4). The thickness of Cu is chosen to be 3nm which is

much smaller compared to it’s spin flip diffusion length i.e., tCu ≪ λCu
SD, and it does not

contribute to spin flip. The spin pumped current which is injected to Cu reaches the

NM2 = Pt layer, where it is absorbed. Ideally one would like to have the NM2 = Pt

layer to be an ideal spin sink. A brief discussion on spin sinks was done in chapter 2, and

we find, in practice it is hard to determine a material which is an ideal spin sink. How-

ever, Pt is an already tested material to be a good spin sink and 3nm thick Pt should be

good enough spin sink [38]. The underlayer Ta (5nm)/Cu (5nm) was necessary for the

growth of Co to make sure that it always grows in the same crystalline phase. In order

to have a good comparison of all there ferromagnetic layer types, the same underlayer
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was also used for Py and CoFeB structures.

∆α Gilbert type: To verify the additional damping ∆α is Gilbert type, we first

start with the question, what is Gilbert type damping? In the LLG equation the damping

term is α
(
m× dm

dt

)
, better known as Gilbert damping term. In a magnetic system

when the damping is purely Gilbert damping (because damping can also be caused due

to two magnon scattering process, or other processes as well, see chapter 1), then the

FMR linewidth ∆Hpp varies linearly with frequency ω, and the damping parameter α

is extracted from the slope of the line. From the theory of spin pumping (discussed

in chapter 2), we find the additional term, due to spin pumping (loss of spin current),

added to the LLG equation, given (in a simplified form) as: ∆α
(
m× dm

dt

)
. Therefore,

according to the theory, if the additional damping is caused due to spin pumping, then

the linewidth which contains α + △α, should be linearly varying with the microwave

frequency ω, which will lead to the conclusion that △α is Gilbert type damping. To

verify this, we have plotted our linewidths ∆Hpp as a function of frequency ω, shown

in the left column of Figure 4.5, for the three FM layer materials, in heterostructures

where a Pt (spin sink) overlayer is used. It is clearly seen for all the samples, that ∆Hpp

varies linearly with frequency ω, leading to the conclusion that △α is Gilbert type and

not caused by any other processes.

1/tFM dependance of ∆α: The damping parameters, as extracted from the slope

of the linear fit of linewidth vs. frequency (as shown in Figure 4.4), are plotted as a

function of the FM layer thickness, shown in the right column of Figure 4.5. Black squares

representing damping for structures without the Pt overlayer, and the red dots represent

the ones with Pt overlayer. It is clear from these figures that the introduction of Pt in

these structures enhances the damping of the FM layers. The effect is more prominent

for thinner FM layers. We seek all our interpretation of this nonlocal damping size

effect based on spin pumping models presented by Tserkovnyak et. al.[21]. An explicit

prediction of Tserkovnyak’s model is that the magnitude of the nonlocal relaxation rate

△α is only weakly dependent upon the FM layer type. The effect has been calculated

following section 2.4 of Chapter 2 as [22]:

△α =
|γ| !
4π

1

MS

(
g↑↓eff
S

)
1

tFM
, (4.2)

where the effective spin mixing conductance g↑↓eff/S is given in units of channels per area.

In order to check for the thickness dependance (△α ∝ 1/tFM), we take the difference

∆α(tFM) for identical FM(tFM)/Cu(3nm)/AlO(3nm) depositions with and without the
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Figure 4.5: The one’s in the left side represents ∆Hpp(ω) as a function of ω for NiFe,
CoFeB and Co heterostructures with the Pt overlayer. The one’s in the right side are
the contributed Gilbert damping ∆α(tF ) = αPt(tF )− αnoP t(tF ) for NiFe, CoFeB and Co
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express the power law exponent n = −1.03± 0.04.

insertion of Pt(3nm) after the Cu deposition, i.e. subtracting the black squares from the

red dots. In this way the effect of the Pt overlayer i.e. the pure effect of spin pumping on

the FM damping is isolated. This method will be followed for all measurements of spin

pumping in this thesis. This additional damping ∆α(tFM) is plotted as a function of the

ferromagnetic layer thickness in Figure 4.6; (a) in a linear scale, (b) in a log-log scale, for

all three ferromagnets. Figure 4.6(b) shows that ∆α(tFM) is linear in tFM for all three

ferromagnets. All these data are found to obey a power law ∆α(tFM) = ktnFM , with

n = −1.02 ± 0.05. This is in excellent agreement with an inverse thickness dependence

∆α(tFM) = k/tFM , where the pre-factor clearly depends on the FM layer type, highest

for Py and lowest for Co. This 1/tFM dependance of ∆α leads to the conclusion that

the nonlocal damping caused to the ferromagnet is due to spin pumping.

Figure 4.6(a) shows the ∆α(tFM) variation with tFM in linear scale, for three different

FM layer materials. These lines are fitted with eqn. 4.2, and MS, γ are used as constant

fitting parameters (bulk values) taken from Table 4.1. From these fits of Figure 4.6(a),

the effective spin mixing conductance per interfacial area
g↑↓eff
S

for FM/Cu/Pt structures

were extracted and are listed below in Table 4.3. Note that this effective spin mixing

conductance for FM/NM1/NM1 structures (adapting to FM/Cu/Pt) is a combination

of several interfacial spin conductance terms and bulk terms as discussed in Chapter 2.

We can write the effective spin mixing conductance as:
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FM/Cu/Pt
g↑↓eff
S

(nm−2) FM/Cu g↑↓FM/Cu (nm−2)

Py/Cu/Pt 9.54 ± 0.24 Py/Cu 13.25
CoFeB/Cu/Pt 9.34 ± 0.38 CoFeB/Cu 12.87
Co/Cu/Pt 7.63 ± 0.25 Co/Cu 9.8

Table 4.3: First two columns: effective spin mixing conductance g↑↓eff for FM/Cu/Pt
combinations, extracted from the data in Figure 4.6; second two columns: interfacial
spin mixing conductance g↑↓F,N from g↑↓eff . See text for details.

(
g↑↓eff
S

)−1

=

(
g↑↓FM/Cu

S

)−1

− 1

2

(
g↑↓Cu,Sh

S

)−1

+
2e2

h
tCuρ+

(
g̃Cu/P t

S

)−1

, (4.3)

where g↑↓FM/Cu is the interfacial spin mixing conductance of the FM/Cu interface,

g↑↓Cu,Sh is the Sharvin conductance of Cu, and g̃Cu/P t is the interfacial spin conductance

of Cu/Pt interface. For the bulk contribution of the 3nm Cu spacer, we consider at

room temperature ρCu = 20Ω · nm, and obtain: 2e2

h
tNM1ρ ∼ 1/215nm−2[58]. We can

assume the Sharvin conductance contribution of Cu as g↑↓Cu,Sh/S = 15.0nm−2, in order to

extract the few unknown parameters. Therefore we are left with four unknown quantities

now, which are g↑↓FM/Cu for three FM/Cu combinations and g̃Cu/P t. But, we have three

equations from three different series of measurements. Therefore we assume one more

quantity which is g̃Cu/P t/S = 17.2nm−2 from Table 3. 1 ( in Chapter 3). Inserting all

these parameters we extract g↑↓FM/Cu/S for three FM/Cu combinations, which are shown

in column 4 of Table 4.3. We see that our extracted g↑↓FM/Cu/S [58] values are slightly

lower compared to the calculated ones (from Table 1 of ref. [22] we find g↑↓Co/Cu/S =

14.1nm−2 and experimentally measured by us, which will be discussed in the next section

[33]. This small discrepancy could be due to slightly different values assumed for certain

parameter(s).

Expressing now the additional Gilbert relaxation rate as ∆G(tFM) = |γ|Ms∆α(tFM) =

|γ|MsKFM/tFM , we plot ∆G · tFM in Figure 4.7. We find ∆G · tPy = 263 ± 30Mhz,

∆G · tCoFeB = 258±35Mhz, and ∆G · tCo = 216±40Mhz, as shown by the dotted lines.

The similarity of values for ∆G · tFM is in good agreement with predictions of the spin

pumping model expressed by the equation: ∆G · tFM = |γ|2!/4π
(
g↑↓eff/S

)
, given that

interfacial spin mixing parameters are nearly equal in these systems. The ferromagnetic

layer thickness dependance of nonlocal damping has been reported in the past by several

groups [38, 39, 47], but interpreted based on different mechanism, which we have already
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relaxation rate - thickness product ∆G · tFM for Py, CoFeB, and Co. Inset: dependence
of ∆G · tFM on spin diffusion length λSD as tabulated in ref. [42].

discussed in the last section of Chapter 2. In one such work, the nonlocal damping was

interpreted based on a “resistivity-like” mechanism by Ingvarsson et. al. [47]. Below, we

discuss Ingvarsson’s interpretation and why we believe that spin pumping is causing this

nonlocal damping and discard the “resistivity-like” mechanism.

Additional damping: Spin pumping or Resistivity?

The nonlocal size effect in damping, which we claim, is due to spin pumping, is also a

strong reminiscent of the electrical resistivity in ferromagnetic ultrathin films. Electrical

resistivity ρ is size-dependent and it varies in a similar manner as the nonlocal damping

does for a similar range of tFM . Also it is known that the resistivity ρ(tFM) is nonlocal

and it depends on layers which are not in direct contact with the ferromagnet [59, 60].

Therefore, it is plausible that the nonlocal damping and nonlocal electrical resistivity

share a common origin in momentum scattering (with relaxation time τM) by overlayers.

While discussing the possible origins of intrinsic damping in Chapter 1, we have

discussed two mechanisms based on scattering of itinerant electrons with phonons and

magnons, which leads to spin flip. In those two mechanisms, we have found there are

ferromagnets like Fe and few alloy’s, for which damping is ’resistivity’ like. For alloy’s,

it is thought that their short spin diffusion length λsdl, makes them falling into this

category and for them the damping is thought to be inversely proportional to the orbital

relaxation time: i.e. τ−1
orb (ref. [8]). However, metals like pure Ni or Co with a long λsdl,the
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Figure 4.8: On the left damping α and resistivity ρ for disordered Permalloy (d-Py) and
ordered Permalloy (o-Py) are plotted as observed by Ingvarsson et. al[47]. On the right,
correlation between α and ρ is shown (top), and the effect of Pt, Nb layers (in direct
contact with Py), on Py damping is shown (bottom).

relaxation is found to be either nearly constant with temperature or “conductivity-like”,

scaling as τorb.

The claim for “resistivity-like” damping has been made explicitly for Ni81Fe19 by

Ingvarsson et. al. [47], based on Fuchs-Sondheimer theory of electron scattering from

surfaces. They have studied damping (intrinsic + nonlocal) and resistivity as a function

of NiFe layer thickness, which is shown in Figure 4.8. Resistivity ρ and damping α

is found to vary quite similarly with tPy, for the same tPy range. In our study of spin

pumping the ferromagnets, Py, CoFeB and Co, that are used have different spin diffu-

sion lengths λPy
sdl = 3 − 5nm, λCoFeB

sdl = 4 − 6nm, λCo
sdl = 38 − 58nm [61, 62, 42, 63]. In

Figure 4.7, inset, we show the dependence of ∆G · tFM upon the tabulated λsdl of these

layers. It can be seen that λCo
sdl is roughly an order of magnitude longer than it is for the

other two FM layers, Py and CoFeB, but the contribution of Pt overlayers to damping

for these three ferromagnets are very close to their average. However, if the nonlocal

damping arises from nonlocal scattering τ−1
orb, there should be a marked dependence on

the ferromagnetic material. Since under the resistivity mechanism, only Py and CoFeB

should be susceptible to a resistivity contribution in ∆α(tFM), and Co should be suscep-

tible to a conductivity contribution, the results imply that the contribution of Pt to the
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nonlocal damping size effect has a different origin, which is spin pumping.

Summary:

To summarize, we have presented a common methodology, by taking into account

damping size effects (without spin sink), of studying spin pumping in magnetic het-

erostructures using different ferromagnets. In prior work, study of nonlocal damping has

been reported for different ferromagnets: Py [64, 37, ?], CoFeB [65] and Co [66, 67].

However, we find that the nonlocal damping in these studies were interpreted based on

different mechanisms. Therefore, the numerical comparison of the results obtained by

them becomes difficult and sometimes problematic as these experiments do not share

a common methodology. Note that, many times the analysis to some extent can be

model-dependent [49]. In our experiments, we have taken care to isolate the nonlocal

damping contribution due to Pt overlayers only, controlling for growth effects, interfacial

intermixing, and inhomogeneous losses. The only variable in our comparison of nonlocal

damping ∆α(tFM), to the extent possible, has been the identity of the FM layer. We

have observed that the additional damping contributed due to spin pumping is Gilbert

type. We observe, for Cu/Pt overlayers, the same power law in thickness t−1.02±0.05, and

very similar materials independence. The rough independence of the FM spin diffusion

length, shown here for the first time, argues against a resistivity-based interpretation for

the effect.

4.4 Spin pumping and enhanced damping in Py(t)/

Pt structures:

As an extension of our spin pumping study for FM(t)/Cu/P t heterostructures as

presented in the last section, we present here a specific case where the spin sink is in

direct contact with the ferromagnet. We have used Py(t)/P t heterostructures and the

reference structure Py(t)/Cu for this study, and in both these cases the seed layer and the

cap are the same as before (for more details see Table 3.1 in Chapter 3). Note that unlike

the last section where in all the cases the precessing ferromagnet was always surrounded

by Cu from both the sides, in this case we will have Pt in one side, however for the

reference structure it is still Cu. Since our data extraction and interpretation depends

a lot on comparison of structures with and without spin sink, we must be careful and

consider it is not exactly the same here.

The verification of Gilbert type damping (linewidth ∆Hpp(ω) is linear with microwave

frequency ω) was done for Py(t)/P t structure (not shown here). The damping param-

eter α(tPy) as extracted from the slope of ∆Hpp(ω) vs. ω plot, is presented in Figure

4.9(a) Py(t)/P t and Py(t)/Cu structures. It is clearly observed that the enhancement
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in damping by the addition of Pt directly on top of Py is much more prominent as com-

pared to Py(t)/Cu/P t structures as presented in Figure 4.5. The additional damping

△α is plotted as a function of tPy in Figure 4.9(b) in a linear scale, and 9(c) in a log-log

scale. From the linear scale plot, we fit the curves using eqn. 4.2, which enables us to

extract the spin mixing conductance per interfacial area for the Py/P t interface, which

is
g↑↓
Py/Pt

S
= 30.67nm−1. From the log-log plot we verify the second prediction of spin

pumping that △α varies as ∆α(tFM) = ktn; finding the power of t as: n = −0.987. Our

extracted spin mixing conductance parameter is in good agreement with the observation

of Mizukami et. al.[46, 64]. Note that when the Cu spacer is introduced in between

Py and Pt layer, the interfacial spin conductances are added in parallel, reducing the

effective value for the whole structure.

4.5 Spin pumping in spin valve FM1(t)/ Cu/ FM2

structures

In this section we discuss our study of spin pumping in FM1(t)/NM/FM2 “spin-

valve” structures. The sample preparation method was the same as before and the

complete heterostructures list is given in Table 3.1 (in chapter 3). The FM1/FM2

combinations chosen were Py/CoFeB, Py/Co, CoFeB/Co, which was done keeping in

mind the separation of FMR of the FM1 and FM2 layers. A discussion on separating

resonances in this type of structure will be presented in Chapter 5. The Cu spacer, which

separates FM1 and FM2, was chosen to be 5nm to be sure about the absence of the

RKKY exchange interaction. Like the last section here also for each of the FM1 type one

layer was prepared with, and without FM2 ferromagnetic overlayer, and the thickness

of FM1 was varied between 3 − 30nm. The additional damping caused purely due to

the FM2 overlayers have been extracted in a similar manner as discussed in the previous

section. A sample data of NiFe(t)/Cu5nm/Co5nm, showing the linewidth variation

with frequency ω, is presented in Figure 4.10(a). This shows that the nonlocal additional

damping is Gilbert type. Figure 4.10(b) shows the extracted damping α of NiFe(t) ; red

dots represents αFM2(tFM1) (with FM2 = Co as overlayer) and black squares represents

αnoFM2(tFM1) (without the FM2 = Co overlayer) as extracted from the slope of ∆Hpp

vs. ω plot. It is clearly observed that the addition of the FM2 layer, enhances the

damping of FM1, and this effect is more dominant for thinner FM1 layers.

The difference ∆α(tF1) = αFM2(tF1) − αnoFM2(tF1) which isolates the sole effect of

FM2 in the damping of precessing FM1, is plotted in Figure 4.11; (a) in a linear scale, (b)

in a log-log scale, for all three ferromagnets. For the verification of the second prediction

of spin pumping, we look at the slope of the line plot in log-log scale (Figure 4.11), which
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shows ∆α(tFM1) = KtnFM1, with n = −1.07 ± 0.05. For power-law, this is in excellent

agreement with the inverse thickness dependence of contributed damping predicted from

spin pumping; ∆α(tFM1) = |γ|!/4πMsg
↑↓
eff/tFM1.

The effective spin mixing conductance per interfacial area
g↑↓eff
S

, for our heterostruc-

tures are extracted from fitting our data in Figure 4.10(a) by eqn. 4.2. These parameters

are listed in the second column of Table 4.4. As discussed in Chapter 2, the effective spin

mixing conductance parameter for the FM1/NM/FM2 structures, after considering the

Sharvin conductance of NM and ignoring the bulk resistivity term, can be written in the

form:

(
g↑↓eff
S

)−1

=

(
g↑↓FM1/NM

S

)−1

− 2 ·
[
1

2

(
gShNM

S

)−1
]
+

(
g↑↓FM2/NM

S

)−1

, (4.4)

where
g↑↓
FM1/NM

S
,

g↑↓
FM2/NM

S
are the interfacial spin mixing conductances for FM1/NM ,

FM2/NM interfaces and 1
2

(
gSh
NM

S

)
is the Sharvin conductance term coming from the Cu

side, for each of the FM/Cu interfaces[22]. Assuming the Sharvin conductance value

for Cu to be gS,N = 15.0nm−2[22], the effective spin mixing conductance for each of the

three different FM/Cu interfaces are extracted in the following manner. Three linear

equations for
(
g↑↓eff/S

)−1

can be written in terms of two values of
(
g↑↓FM1,2/Cu/S

)−1

each;

the system is solved for the three unknown interface values g↑↓FM/Cu/S. The “bare” spin

mixing conductances g↑↓FM/Cu/S are tabulated in column 4 of Table 4. 4, for comparison
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FM1/NM/FM2
g↑↓eff
S

(nm−2) FM1/Cu (analyzed)
g↑↓
FM/Cu

S
(nm−2)

Py/Cu/Co 15.0 ± 1.5 Py/Cu 14.4 ± 1.4
Py/Cu/CoFeB 15.3 ± 1.5 CoFeB/Cu 16.0 ± 1.6
CoFeB/Cu/Co 16.8 ± 1.6 Co/Cu 15.7 ± 1.6

Table 4.4: First two columns: effective spin mixing conductance g↑↓eff for FM1/Cu/FM2
combinations, extracted from the data in Figure 4.10; second two columns: interfacial
spin mixing conductance g↑↓FM,NM from g↑↓eff . See text for details.

with calculated values.

We highlight the close agreement of the three polycrystalline interfacial spin mixing

conductances with each other and with theory. The three g↑↓FM/Cu/S values found from

measurements of ∆α all agree with the theoretical g↑↓FM/Cu/S[22] for alloyed Co/Cu,

14.6nm2, within 10%. The measurements presented so far strongly support the idea

that the interfacial damping in FM1/Cu/FM2 arises from the spin pumping effect.

4.6 Summary

The primary motivation of this chapter was to verify the spin pumping mechanism

for different ferromagnets using different spin sink materials. This was to show that

spin pumping is not a material specific phenomenon, rather it is a general spin current

transport related phenomenon. This effect has always been existing in ferromagnetic

heterostructures whenever there is precession of magnetization. However in the past

this effect as observed by others, was understood and interpreted differently [38, 39, 47].

In this chapter of the thesis, we have presented a systematic experimental study by
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considering a common methodology, and have tested several materials. Our experimen-

tal method of broadband field swept ferromagnetic resonance is a very well established

method and quite simple to use. Broadband FMR measurement has it’s merit over the

single frequency FMR (cavity) measurements, as the the extracted data is averaged over

many points, the error is minimized. Because these measurements do not require device

nanofabrication, they are rapid, allowing a larger number of layers to be characterized in

finite time. In prior experimental work, studies on spin pumping has been reported, but

this is the first time the subtraction method is employed to extract nonlocal additional

damping (∆α(tFM) = αSS(tFM)− αnoSS(tFM)) caused due to spin pumping effect. For

most of our studies (other than Py(t)/P t series), the ferromagnet under investigation

(precessing layer) was always surrounded by Cu from both the sides, to avoid the effects

of any different interface, that makes the comparison more difficult. For all our studies

we have verified two main predictions of spin pumping, which are (1) additional nonlocal

damping caused due to spin pumping is Gilbert type, and (2) the additional nonlocal

damping is inversely proportional to the ferromagnetic layer thickness. The rough inde-

pendence on FM spin diffusion length, shown here for the first time, argues against a

resistivity-based interpretation for the effect. Our study of nonlocal additional damping,

enabled us to characterize a very important spin current transport related interfacial

parameter
g↑↓eff
S

. This parameter known as spin mixing conductance has been character-

ize for the whole magnetic structure, due to the combination of different FM plus NM

materials in the heterostructures, it was possible under some approximation, to isolate
g↑↓eff
S

for three particular FM/Cu interfaces. It was shown in chapter 2, that these spin

mixing conductance parameters are the same for STT and spin pumping. This makes,

the characterization of this parameter, even more important and the technique that we

have shown here is quite convenient, rapid and a very reliable method.



Chapter 5

Spin injection in FMs, NMs and

AFM

As demonstrated in Chapter 4, precession of magnetization of a ferromagnetic (FM)

layer can be used to generate a pure spin current into it’s adjacent metallic layers, via

the spin pumping effect. This pure spin current can be injected into the other metallic

layers, present in the magnetic heterostructures, which can be a nonmagnetic metal or

a second ferromagnet or an antiferromagnet, separated by a spacer (nonmagnets can be

used in direct contact with the ferromagnet) [43, 39]. This offers an alternative means

for the study of spin current transport in metals, where a precessing ferromagnet is used

as the source of pure spin current. This type of spin injection has been used to study

the inverse spin hall effect (ISHE) [23]. In this chapter we focus on the spin current

decay/ absorption by different spin sink materials. Mesoscopic transport using charge

currents or spin polarized charge currents (i.e. spin current coupled to charge current),

has been an important field of study in nanoscience in the last two decades. However,

the realization of pure spin currents and it’s impact on magnetic structures is relatively

recent, and is currently studied in many experiments. Our detection technique for spin

current (absorption) is indirect. as we study the enhancement of FMR linewidth. This

is somewhat different compared to spin polarized charge current transport, as we do not

use any external bias voltage or current.

The schematic in Figure 5.1 shows pure spin current generation by ferromagnet and its

injection and absorption in a ferromagnet (antiferromagnet) or nonmagnet (paramagnet).

The precessing ferromagnet (FM1, FM) generates a pure spin current in Cu, which

results in an imbalance in the chemical potential △µ = µ↑ − µ↓ at the vicinity of the

ferromagnet/Cu interface. Since Cu has a large spin diffusion length λsdl [42], it is

considered that a very thin layer of Cu (3− 5nm) does not flip the injected spin current.

83
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Therefore, the injected spin current after traversing through the Cu (tCu ≪ λsdl:Cu)

spacer, reaches the spin sink (FM2 or AFM or PM) layer, where it is absorbed. We note

that the pumped out spin current traveling perpendicular to the FM/Cu interface, has a

transverse and a longitudinal component (see Chapter 2, and ref. [22]). Considering small

angle precession, only the transverse component contributes to the additional damping

△α. In this chapter, △α, which is a measure of transverse component of spin current

loss, is studied as a function of thickness of various spin sink materials. This study will

enable us to understand, mainly, how the transverse component of the spin current decays

in various materials and the length scales of the decay. Since the spin current absorption

mechanism in different spin sinks (ferromagnets, antiferromagnets and paramagnets) are

different, it is expected to observe different absorption characteristics and length scales

for different materials. Throughout this chapter we will present the consequences of

these different absorption mechanisms and we will try to address certain fundamental

questions related to pure spin current absorption. Similar type of studies has been

reported by Taniguchi et al. [34] for the ferromagnetic spin sink absorber, Foros [68]

and Mizukami [38] for paramagnetic absorbers. However, our results with ferromagnetic

spin sink absorber is not quite in agreement with Taniguchi et al. Even though, our

results with paramagnetic spin sink layers agrees with Foros et al. and Mizukami et al.’s

work, the model that they have used for their interpretation, is something that is less

convenient for us.

5.1 Spin current absorption by spin sink metals

In this section we will discuss briefly the mechanisms involving spin current decay/

absorption in ferromagnets and nonmagnets (paramagnets). The schematics shown in

Figure 5.1(a) demonstrates spin current decay in ferromagnets, and (b) shows the same

in nonmagnets (or paramagnets). In our discussion of spin transfer torque in chapter

2, we have already mentioned that when spin polarized current enters a ferromagnet

through a NM/FM junction, the transverse component of it precesses around the ex-

change field of the ferromagnet which eventually results in classical dephasing of the

transverse component. The length scale is set by the transverse spin coherence length,

given to first order by λJ∼π/|k↑
f −k↓

f | where k
↑(↓)
f are the majority (minority) Fermi wave

vectors[31], or equivalently ∼hvg/2∆ex, with vg as the spin-averaged group velocity and

∆ex the exchange splitting[69]. This quantity is estimated at 1 − 2nm near the Fermi

energy in 3d ferromagnets[70]. The functional form predicted for the total transverse spin

current absorption approximates an algebraically decaying sinusoid about a step function

[32, 71], with differences depending upon the Fermi surface integration[70, 31, 32, 72].
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Figure 5.1: Pure spin current emitted from the precessing ferromagnet traversing through
Cu spacer to (a) ferromagnet (b) paramagnetic spin sink layer where it is absorbed.

Experimental results in the regime t ≤ λJ exist only for hot electrons E − EF ≥ 5eV ,

injected and detected from vacuum using Mott polarimetry[69, 73].

Prior magneto-transport measurements have indicated the existence of a character-

istic length for spin current absorption near the Fermi energy in 3d ferromagnets. An

exponential decrease of spin polarized current density with increasing depth z in the ferro-

magnet as exp−z/λsdl, was revealed by giant magneto-resistance measurements[74, 75],

where λsdl is the spin diffusion length. The exponential depth dependence reflects a

Poisson process for spin relaxation: spin-flip scattering events are uncorrelated over a

distance with a uniform probability depth distribution. However, we find all of these

measurements refer to the longitudinal component of spin, parallel and anti-parallel to

the direction of magnetization m of FM, whereas we are interested in the absorption

of the transverse component. Even though this decoherence length for the transverse

component has been calculated theoretically, not much of experimental evidence exist

to support this. Therefore, studying this spin dephasing phenomenon in terms of spin

current absorption in ferromagnets and characterizing the length scale was one of our

primary interest. In the following section of this chapter, we will present our study of

the spin dephasing length in various ferromagnetic (NiFe, CoFeB, Co), and one anti-

ferromagnetic (MnIr) spin sink.

The spin current absorption by nonmagnets (or paramagnets) could be understood

by their spin flip mechanism. The paramagnetic spin sinks chosen by us (Pt, Pd, Ru)
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are known to have a large spin relaxation rate or relatively short spin diffusion lengths.

As discussed in chapter 2, the spin flip efficiency and the length scale depends primarily

on three factors, (1) it’s spin diffusion length, (2) availability of p or d electrons in

it’s conduction band and (3) its atomic number Z. It is also noticed that the spin-

flip efficiency of a dirty metal could be determined by defects and impurities as well.

The injection of a spin current at the Cu/PM interface decays over the paramagnets

spin diffusion lengthλsdl. We study spin current absorption in various nonmagnets (or

paramagnets) and compare our results the predictions [22], and with others work[38,

68]. While studying the spin current absorption by paramagnets we will consider two

types of structures, (1) when these above mentioned spin sink layers are separated from

the ferromagnet with a Cu spacer, and (2) when they are in direct contact with the

ferromagnet.

5.2 Spin injection FM1/ Cu/ FM2(t) structures

In this section we present our study of spin injection in ferromagnets and antiferromag-

nets using a spin-valve structures FM1/NM/[FM2(t) or AFM ], where the precessing

layer FM1 sources (“pumps”) a spin current across the NM(Cu) and into FM2 or AFM

, where it is absorbed after transferring momentum. We have used three structurally di-

verse ferromagnets (Ni81Fe19 (“Py, ”), Co60Fe20B20 (“CoFeB”), pure Co and one anti-

ferromagnet (Ir80Mn20 (“IrMn”)) as a spin current absorber. The thickness-dependent

onset of the enhanced damping has been used as a measure of spin current absorption.

The additional damping ∆α contributed by the ferromagnet FM2 or AFM to the pre-

cessing ferromagnet FM1 is the parameter of our interest. The thickness ranges used for

the spin sink FM2, AFM layer were; tF2,AFM = 0.5−15nm. Three series of heterostruc-

tures were deposited using FM1 | FM2 (tFM2) combinations as: Py(10nm) | Co(t),

Co(8nm) | CoFeB(t), and Co(8nm) | Py(t). Details about the heterostructures can be

found in Table 1 of Chapter 3. Care has been taken in the deposited sample series to

isolate the effect of these covering layers (to extract ∆α) alone by preparing one sample

without the spin sink overlayer coverage. The technique is the same as was presented in

Chapter 4.

Since for this study, two ferromagnets have been used, special care has been taken so

that the resonances of the two ferromagnetic layers stays apart. This was done by choos-

ing suitable combinations and thicknesses of the precessing layer FM1. However, for

frequencies below 6GHz resonance separation wasn’t possible and all our data obtained

for this study was therefore in the range 6−24GHz. A sample data is presented in Figure

5.2(a) showing field-swept FMR spectra at 16GHz for Co(8nm)/Cu(5nm)/CoFeB(tCoFeB),
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Figure 5.2: Isolation of contribution to Gilbert damping in FM1/Cu/FM2(tF2), FM1 =
Co(8nm), FM2 = CoFeB(tCoFeB). (a) Derivative FMR spectra, 16GHz, tCoFeB =
0.5nm, 3.0nm, and 10.0nm. Note the increase in linewidth for the Co resonance (low
field) as a function of tCoFeB. (b) separation of intrinsic and extrinsic damping for
different tCoFeB.

tCoFeB = 0.5, 3.0, and 10.0nm. Resonances are well-separated (through the choice of

FM1, FM2 combinations) and the low-field Co(8nm) resonance is monitored as a func-

tion of CoFeB coverage. The effect of CoFeB thickness increment from 0.5nm to 10nm

is clearly seen as the linewidth of Co increases from 58.2Oe to 69Oe. From this we see

that it is possible to detect the effect of angstrom-scale coverages of CoFeB (FM2) on

the low-field Co resonance (FM1). Even as the CoFeB resonance itself is at the thresh-

old of visibility, not observed at 0.5nm and eventually observed at 3.0nm, the spin

current absorption in CoFeB can be measured through an increase of the Co linewidth

by∼ 10Oe (19%). In Figure 5.2(b), the linewidth of FM1 is plotted as a function of

the microwave frequency ω for the three samples. The slope of the fitted lines gives the

effective damping. The separation of the inhomogeneous part and the extraction of ad-

ditional damping was carried out in the same manner as done in chapter 4. The linearity

of linewidth vs. ω, a primary requisite for spin pumping, was verified for all the cases

(not shown here).

We present our central result for this section in Figure 5.3. The spin current absorp-

tion property of four spin sink (FM2, AFM) overlayers are measured through the addi-

tional damping △α = |γ|!
4πMstFM1

(
g↑↓eff/S

)
contributed to FM1 as a function of tFM2,AFM .

We find striking similarity in the spin current absorption property of these spin sinks.

For the ferromagnets CoFeB, Py, and Co, △α increases linearly as a function of tFM2

, rising to a maximum value and cutting off and quite sharply at a critical thickness

t = λC , λC = 1.2 ± 0.1nm. Above this critical thickness of tFM2, △α remains constant.

The nature of the absorption curve for the antiferromagnet IrMn is very similar to that
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Figure 5.3: Gilbert relaxation rate - FM1 layer thickness product contributed by ul-
trathin ferromagnets CoFeB, Py, and Co and antiferromagnet IrMn to to the FM1
layer resonance in FM1/Cu(5nm)/FM2(tFM2)orAF (tAF ). Saturation level converts to
∆α = 1.9 × 10−3 for Co(8nm) (∆H = 0.73Oe/Ghz), ∆α = 2.7 × 10−3 for Py(10nm)
(∆H = 1.1Oe/Ghz).

of the ferromagnets but the critical length λC is found to be bit higher, about 1.7nm.

The three FM2 layers that we use for this study are structurally diverse, with FCC

order for Py, mixed FCC/HCP for Co, and disorder likely for CoFeB. Nevertheless,

the onset of spin current absorption is identically proportional to thickness in these lay-

ers, which highlights the correlated nature of transverse spin-current absorption, which

is more of a dephasing mechanism and not material dependent, as predicted by theory.

In prior works, a thickness-proportionality of transverse spin current rotation about the

magnetization m in the hot-electron polarimetry measurements was observed in case of

transmission [69] as well as in reflection [73]. Our observation shows linear convergence,

as a function of tFM , towards the saturation value of the spin mixing conductance g↑↓.

The net transverse spin current absorption does not result from a Poisson scattering

process of uncorrelated spin-flip scatterers, but rather an angular average of continuous

spin rotations for each electron wave vector in FM . Tight-binding calculations [76, 72]

have predicted that point-defects (Fe in Ni80Fe20) are fully effective in suppressing os-

cillations predicted for Cu/Ni; a very similar tF/λC to cutoff dependence is predicted

with λC∼0.7nm for (100) and ∼1.1nm for (111) structures [72]; the latter is close to our

result for the FM layers. The longer value of λC found for the bulk antiferromagnet is
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Figure 5.4: The FM2 thickness dependence of the line width of the FMR power absorp-
tion spectra for FM1/Cu/FM2 structure, as observed by Taniguchi et al. [34]. Materials
of the FM2 layer are (a) Ni80Fe20, (b) Co75Fe25 and (c) Co40Fe40B20, respectively.

consistent with weakened exchange; IrMn is nearer its Curie point of ∼400◦C.

Prior work, by Taniguchi et al. [34], who have made the observation of spin current

absorption in three different ferromagnets: NiFe, CoFe and CoFeB, is shown in Figure

5.4 for comparative understanding. We find our measurements are inconsistent with their

experimental reports of an exponential onset of spin current absorption in these FM2

layers. These results differ significantly to the predicted theory of algebraic functional

form of spin current decay in ferromagnets. Moreover, the characteristic lengths for spin

current absorption for these ferromagnets, as found by them were: 3.7nm for NiFe,

2.5nm for CoFe and 12nm for CoFeB, which are much higher than what we have

found and the predicted scale of spin dephasing lengths.

5.3 Spin injection in FM1(t)/ Cu/ NM(t) structures

We extend our study of spin current injection as we move on from using ferromag-

nets and antiferromagnet as spin sinks to nonmagnetic or paramagnetic spin sink. The

mechanism of spin current absorption by paramagnets are assumed to be distinctly dif-

ferent compared to that of ferromagnets and the antiferromagnet. In the introduction of

this chapter this mechanism was discussed. For this study, the paramagnets chosen were
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Pt, Pd and Ru, which was done based on their relatively short spin diffusion lengths

as reported from studies in ref. [42]. We note that there are some key factors which

differentiate a good spin sink from a poor one. It is found that a normal metal, which

has a high spin-flip probability is good spin sink. Lighter metals such as Cu, Al, Cr and

heavier metals such as Au, Ag, which have s-electrons in their conduction band are poor

spin sinks. These metals have fairly small spin orbit coupling typically corresponding

to ǫ ≤ 10−2[77, 74], where ǫ is the ratio of momentum to spin flip flip scattering time

ǫ = τ
τsf

, which is an important parameter in this regard. On the other hand, the heavier

elements (atomic number Z) with p or d electrons in their conduction band, are very

good or nearly perfect spin sinks since they have ǫ ≥ 10−1[77]. However there are cases

where the value of ǫ doesn’t explain everything. We will find this out in the discussion

at the end of section 4 in this chapter.

The other aspect of using these materials is that they are often used in spintronics

devices, and in terms of spin polarized current transport studies, these are very well

studied materials. Spin polarized current transport in these materials are known to be

diffusive in nature, meaning, the injected spin accumulation (imbalance of spin up and

spin down electron population) is diffused over the length scale corresponding to their

spin diffusion length. Therefore, it is very interesting to study the spin current transport

in these materials and compare that with existing and well established methods[42].

We will consider two types of heterostructures for this study; (1) In which a 3nm Cu

spacer will be used to separate the paramagnetic spin sink layers from the ferromagnet,

will be discussed in this section, and (2) the paramagnetic spin sink layers will be directly

in contact with the ferromagnet, which will be discussed in the next section. The idea

behind using these two types of heterostructures is that, inserting the nonmagnetic Cu

in between the ferromagnet and the paramagnets, introduces an additional interfacial

conductance (g↑↓Cu/NM) which adds in parallel with the other interfacial terms, reducing

the effective value. Note that paramagnets like Pt, Pd are known to induce some per-

pendicular anisotropy when they are in direct contact with the ferromagnet (Co/P t are

very well known for this). Also in case of direct contact with a ferromagnet, magnetic

moments could be induced in these paramagnets (This will be discussed in the next

chapter in greater detail)[78]. These studies, with both the indirect (FM/Cu/NM) and

direct contact (FM/NM) heterostructures, brings open questions which requires a rig-

orous study of the transport (emphasized on decay) of transverse component of pure spin

current in these paramagnets.

Spin current absorption for heterostructures of the form FM/Cu/[Pt, Pd, Ru] is

presented in this section. For the details of the full sample structures, we refer to Table
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Figure 5.5: Frequency-dependent peak-to-peak FMR linewidth △Hpp(ω) for
Ni81Fe19 (10nm), plotted as a function of ω, for various thicknesses of spin sink Pd
overlayer.

1 of chapter 3. The extraction of additional damping △α and data analysis method

is the same as presented in the last section. In Figure 5.5, the frequency ω dependent

peak-to-peak FMR linewidth △Hpp(ω) for NiFe (10nm) for various thicknesses of a Pd

overlayer, in NiFe(10)/Cu(3)/Pd(t) heterostructures, is shown as a sample data. It

is clearly visible that as the thickness of the Pd layer increases the slope of the lines

increases, and above a certain thickness (about 8nm) the lines merge on top of each

other. The linearity of the data confirms the additional damping is Gilbert type, which

was verified for the other two paramagnetic spin sink metals Pt, Ru as well, but not

shown here.

In Figure 5.6, the central result for this section is presented, where △α, which is a

measure of spin current absorption is plotted as a function of tNM . The precessing ferro-

magnet is 10nm of NiFe and the NM overlayers are Pt, Pd, and Ru. We find that the

absorption characteristics for these materials are very different in nature compared to

that of the ferromagnets and antiferromagnet as seen in the last section. These param-

agnetic layers show an exponential depth dependence of spin current absorption, similar

to that observed by others [68, 79] as 1 − exp(−2t/λC); λC is a characteristic length

for spin relaxation in the NM. We also observe two distinct features of these absorption

characteristics; (a) the depth (threshold) inside the paramagnets, where the spin current

absorption reaches maximum, are different for different NMs, and (b) the level of absorp-
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Figure 5.6: Additional damping △α for 10nm of NiFe, caused due to the nonmagnetic
(paramagnetic) overlayers, plotted as a function of tNM ; NM = Pt, Pd, Ru.

Sample g↑↓eff/S (nm−2) λC (nm) △α|NiFe 10nm

NiFe/Cu/P t 8.52 λPt
C = 1.38nm ∆αPt = 0.00154

NiFe/Cu/Pd 7.86 λPd
C = 4.7nm ∆αPd = 0.00142

NiFe/Cu/Ru 6.5 λRu
C = 4.4nm ∆αRu = 0.00113

Table 5.1: Effective spin mixing conductance g↑↓eff/S for NiFe(10n)/Cu(3)/PM(t) struc-
tures are given in column 2. In column 3 the characteristic length λC as extracted for
different NM . In column 4, the maximum additional damping contributed by the NM
overlayers are listed.

tion maximum or the absorption saturation is also different for different NMs used. Our

data is fitted with: △α = |γ|!
4πMstFM

(
g↑↓eff/S

)
(1−exp(−2tNM/λC)), where MS is the bulk

saturation magnetization used from our previous measurements and g↑↓eff/S is the effec-

tive spin mixing conductance parameter for the whole structure. λC is the characteristic

length for the NMs which determines the depth in the NMs where the threshold of ab-

sorption maximum (saturation level of absorption) is reached. A factor 2 in the exponent

is considered to take care of the effective thickness that the spin current traverses in the

nonmagnet before returning back to FM . Parameters like the characteristic lengths λC ,

effective spin mixing conductance g↑↓eff/S, which are extracted from the fits are tabulated

in Table 1.

Explanations for different penetration depths for spin current in these paramagnets,

were sought based on their spin diffusion lengths. Unlike the spin dephasing in ferro-
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Table 5.2: Spin diffusion length λsdl for nominally pure nonmagnetic Pt, Pd, Ru, as
found in Table 2 of ref. [42].

magnets, the spin current absorption process in these paramagnets are govern by spin

flipping mechanism. The paramagnets, which have a short spin diffusion length λsdl, ab-

sorb the spin currents within a very short depth as the injected spin relaxes immediately

very close to the interface. Those with longer spin diffusion length λsdl, the spin cur-

rents traverses some length in the paramagnets before being completely absorbed. Our

extracted values of the characteristic length λC for these paramagnets are much shorter

compared to their bulk spin diffusion lengths as listed in Table 5.2 below (from ref. [42]).

However we find from previous experimental studies, very similar characteristic lengths

for Pt, was observed by Mizukami et al, using Cu/NiFe (3nm)/Cu (10nm)/P t(t)/Cu

heterostructures [38], and for Pd; Foros et al. [68] have observed this characteristics

length about 9nm, using epitaxial Pd(t)/(001)Fe(16ML) films. In both these cases the

absorption characteristic (see Figure 5.8(a), (b)) is very similar to what we observe. The

consistency in the observation of much shorter characteristic lengths for spin current ab-

sorption λC for the paramagnets under consideration, compared to their respective spin

diffusion lengths, reveals that there is a possible ground to re consider the absorption

mechanism for the transverse component of pure spin current in these paramagnets.

The explanations for the variations in the saturation value of △α for the three NM

layer coverages can be interpreted through different interface conductances gCu/NM/S for

the three Cu/NM interfaces[58]. These parameters govern the spin injection into NM

through the Cu/NM interface. We will also have a discussion and comparison on these

issues at the end of section 4.

5.4 Spin injection in FM1(t)/ NM(t) structures

In this section our depth dependance spin current study is performed in heterostruc-

tures, where the paramagnetic spin sink layers are in direct contact with the precessing

ferromagnet. In Figure 5.7, we have plotted △α as a function of paramagnetic coverage

(tPM), for the two paramagnets Pt and Pd. For a better understanding and comparison,

we have added data from the last section as well. In the plot, black squares present

the data for structures with Cu spacer i.e. for (Ni81Fe19/Cu/P t or Pd), and the red

circles present data for structures without the Cu spacer, i.e. for (Ni81Fe19/ P t or Pd).
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Figure 5.7: △α for 10nm of NiFe as a function of tPM for (a) Pt, (b) Pd. Red circled
represents the data for structures where Pt or Pd are in direct contact to NiFe, and
black squares represents where 3nm of Cu spacer separates NiFe from Pt or Pd.

Two features are common to both Pt and Pd layers, shown in Figure 5.7(a) and (b),

respectively. First, the thickness dependence of the damping enhancement △α(tNM) is

little different for Pt and Pd, when they are in direct contact with NiFe (we will refer

to them as direct contact layers), compared to when they are separated from NiFe by

with Cu(3nm) (we will refer to them as indirect contact layers). Direct contact Pt,

Pd layers, exhibit a broad range of linear increase in ∆α, up to a cutoff thickness

tPt
c ∼2nm for Pt and tPd

c ∼4.5nm for Pd, fitted well by △α(tN)≃△αmaxtN/tc. Whereas

the indirect contact layers, exhibit an exponential approach to saturation, fitted well as

△α = △αmax(1− exp−2tNM/λα), as discussed in the last section.

Second, for both Pt and Pd, the saturation level △αmax is significantly higher for

the direct contact case, compared with indirect contact case. For Pt (Figure 5.7(a)), the

difference in saturation level is roughly a factor of four: △αmax = 1.5× 10−3 for indirect

contact samples and 5.8 × 10−3 for direct contact samples. For Pd (Figure 5.7(b)), the

levels are △αmax = 1.4 × 10−3 and 2.7 × 10−3, respectively. The direct and indirect

contact layers have △α(tNM) tangent at the origin for Pd, but for Pt, the increase in

damping is more rapid near tPt = 0, i.e. in the regime of direct exchange coupling with

NiFe.

First, we consider the data in terms of spin pumping with diffusive transport in

the paramagnets. This model was first identified in ref. [21, 22], and applied very

recently to inverse spin Hall data for Ni81Fe19/P t [23], for thick Pt layers, tPt ≥ 10nm.

Here the (exponential) characteristic length for spin current absorption λC is the spin

diffusion length λsdl, which by definition exceeds the electronic mean free path λM . We

find that this model is not applicable given our measured resistivity for Pd and Pt of
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ρPd = 18µΩcm, ρPd = 20µΩcm 1. The tabulated (see Table 2. of ref. [42] ) resistivity-

mean-free-path products ρ·λM for Pt, Pd layers of 200 µΩ·cm·nm imply λM∼10nm. This

exceeds λα for Pt and Pd of 0.67nm and 2.3nm, when extracted using the model described

above. This inequality was first pointed out in [68] for Pd but is more pronounced in Pt.

For the direct contact structures, Ni81Fe19/NM(tNM), shown in Figure 5.7(a) for

NM = Pt, and in Figure 5.7(a) for NM = Pd, the damping enhancement △α is

proportional to thickness tNM over a broad range up to cutoff thickness tc, after which

it remains constant. The linearity is accurate to ∆α∼70 − 80% of saturation. This

dependence is characteristic of pumped spin current into ferromagnetic layers, as seen

for several FM1/Cu(5nm)/FM2(t) structures in the second section of this chapter,

ref [33]. We fit the data to △α(tNM) = △αmaxtNM/tc, finding tc(Pd) = 4.5nm and

tc(Pt) = 1.9nm. Using the maximum value of△α,which is△αmax, we have extracted the

effective spin mixing conductances per interfacial area for these structures as:
g↑↓
NiFe/Pt

S
=

32.0nm−2,
g↑↓
NiFe/Pd

S
= 15.22nm−2. These data, of effective spin mixing conductance,

show a good agreement with ref. [64, 37]. In order to understand the difference we

have sought arguments based on atomic number of Pt and Pd. We find that the atomic

number Z of Pt is 78 and its electronic configuration is : [Xe] 6s1 4f14 5d9. For Pd,

the atomic number is Z = 46 and the electron configuration is : [Kr] 5s1 4d9. For both

Pt and Pd, the conduction band is hybridized with d orbitals, which makes them good

spin sinks. But since the atomic number of Pt is much higher (almost double) than

that of Pd, the damping saturation △α0 caused by Pt is also much higher than Pd, for

the direct contact samples[22]. Based on this argument we see that
g↑↓
NiFe/Pt

g↑↓
NiFe/Pd

∼ 2.1, and

ZPt

ZPt
∼ 1.7. This is a very intuitive way of understanding the differences in the interfacial

spin mixing conductances.

Comparison with prior works and discussion

We compare our spin current absorption characteristics in paramagnets with few prior

works. In Figure 5.8(a) we present Mizukami’s study of NiFe (3nm) linewidth variation

as a function of Pt overlayer thickness in sputter deposited Cu/NiFe(3nm)/Cu(10nm)/P t(d)/Cu

films [38] . FMR measurements were carried on using a X-band (9.77GHz) ESR spec-

trometer and a TE 102 cavity. The observation they made regarding the effect of Pt

layer thickness is very similar to our study that is presented in Figure 5.5. In both these

cases spin sink Pt is separated from the ferromagnet by a Cu spacer (in our case 3nm,

and in Mizukami’s case 10nm). We note that the length scale at which the damping

(linewidth) reaches its saturation is very similar to what we observe in our study. The

1The resistivity was measured using four probe method, at room temperature.
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Figure 5.8: (a) △Hpp as a function of Pt layer thickness (in figure shown in Å units)
forCu/NiFe(3nm)/Cu(10nm)/P t(d)/Cu films as measured by Mizukami et al. [38].
(b) Additional damping contributed by Pd layer, in Pd(t)/Fe(16ML) heterostructures,
plotted as a function of Pd layer thickness, as measured by Foros et. al. [68]. (c)
Inverse Spin Hall Voltage (V ISHE) measured as a function of Pt layer thickness for
Pt(d)/NiFe(10nm) heterostructures, as observed by Nakayama et. al. [23].
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percentage change in linewidth in their observation was found 50% for 3nm of NiFe

and in our case this percentage change was 20% for 10nm NiFe layer. Normalizing for

the thickness of the NiFe layer we find our observation (200% per nm of NiFe) is in

relatively good agreement with Mizukami’s one (150% per nm).

In a different work presented by Foros et al. (Figure 5.8(b)) on MBE grown Pd(t)/(001)Fe(16ML

heterostructures on GaAs(001) substrates, FMR measurement at 24 and 36GHz show

similar additional damping caused due to Pd layer as observed by us ( presented in Fig-

ure 5.6(b)) [68]. In both these cases the spin sink Pd layer is directly in contact with the

ferromagnet (Fe for Foros et al. and NiFe for us). They have estimated the character-

istic length for spin current absorption in Pd about 9nm, which is about the double to

what we estimate.

Figure 5.8(c) is more recent, inverse spin Hall effect (ISHE) study for NiFe/P t

structures[23]. Spin accumulation is created in Pt using spin pumping via precession

of NiFe. This spin accumulation creates a flow of charge and creates voltage drop across

Pt, which is measurable. In Figure 5.8(c) we show this inverse spin Hall voltage V ISHE,

measured across Pt layer, as a function of Pt layer thickness. The variation in V ISHE as

a function of Pt layer thickness is an exponential characteristic, from which characteristic

length ( spin diffusion length, as this corresponds to charge current) for Pt was extracted

as 9nm[23]. These comparisons hints at possibly different length scales for pure spin

current absorption and charge current (or spin polarized charge currents) absorption in

these strong spin-orbit materials like Pt, Pd.

5.5 Impact of interface resistance in spin pumping

In this section we present our study on the effect of interfacial resistance coming from

nonmagnetic metals which are not spin sinks. Materials like Cu, Al are known as poor

spin sinks. We create a magnetic heterostructures in which the spacer layer, separating

the spin sink Pt from NiFe, is Cu plus Al. When pumped out spin current flows from

Cu to Al, it faces an interfacial resistance (for spin). As none of Cu, and Al are spin

sinks, this study provides a means to study this interfacial resistance.

For the samples, we have chosen NiFe 8nm as the precessing ferromagnet and Pt 3nm

as spin sink, capped with 2nm of AlO. The spacer layer between NiFe and Pt, which is

of our primary interest, is a Cu/Al multilayer of the form [Cu (6/n)nm/Al (6/n)nm]n,

where n = 1, 2, 3, 4, 6. The total thickness of the spacer (Cu + Al) is chosen to be

12nm, which was kept constant. Our observable parameter is the damping parameter

α of NiFe 8nm as a function of the number n of Cu/Al interfaces, as shown in Figure

5.9. We observe that the damping for structures with Pt spin sink layer (red circles),
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Figure 5.9: Effect of interfacial resistance, coming from Cu/Al spacer layer, in damping
of FM layer in FM 8nm/[Cu (6/n)nm/Al (6/n)nm]n/P t 3nm heterostructures.

and without Pt spin sink layer(black squares), do not differ much. Moreover, no clear

(striking) variation of α as a function of n was observed, and it is found to be very much

constant throughout the span of n.

Comparing the damping α for the structures with 12nm of Cu (only) spacer, and

12nm of Al (only) spacer, we find for the Cu case, α for NiFe is much higher than

for the case of Al. This indicates that Al is blocking the spin current to pass through

it, in other words it is more resistive to spin currents and prevents spin current from

reaching the Pt overlayer. This causes less loss of spin current (the blue circle and the

green triangle is very close), hence less damping contributed. We conclude form these

measurements that bulk Al offers a lot of resistance for the spin current flowing through it.

Therefore even if the Cu/Al interfacial resistance exists, it is dominated by Aluminum’s

bulk resistive effect.

5.6 Spin current reflection form NM1/NM2 inter-

faces

We have observed in Figure 5.6, that different NM layers (Pt, Pd, Ru), even when

not in direct contact with NiFe, but separated by Cu, causes different damping sat-

uration maxima △αmax. We have interpreted this differences on the basis of different

interface conductances gCu/PM/S for spin current for different Cu/NM interfaces. In

order to quantitatively study the spin current back flow from bulk NM1, or reflection

from the NM1/NM2 interface, in these FM/NM1/NM2 heterostructures, we are pre-
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Figure 5.10: Qualitative study of spin current back flow from bulk NM1, or reflection
from NM1/NM2 interface, in a FM/NM1/NM2 heterostructures.
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senting a series of measurements, which we have termed as reflection measurement. In

Figure 5.10(a) the blue triangle represents the absorption characteristics obtained for

NiFe (10nm)/Cu (5nm/Co(t), which shows larger △αmax compared to the paramag-

netic spin sink of indirect contact cases. Therefore we have decided to use Co(8nm) on

top of the paramagnets i.e. the heterostructures for this series of measurements are of the

form Ni81Fe19 (10nm)/Cu(3nm)/NM(t)/Co(8). We have expected that △α= △αmax,

for this series would be flat, and the value of △αmax will be very much the same as

without the Co(8) layer.

In Figure 5.10, this study of ours is presented for three NM2 layer types. The flatness

of the absorption characteristics is observed which reveals that whatever spin current is

penetrated through the NM2, is absorbed by Co(8) layer. We find, △αmax is not the

same, for the same NM layer type, with and without the Co(8) layer, as a shift is

identified. This shift was noticed for all three studies (Figure 5.10(a), (b), (c)). We do

not have a very good understanding for this shift of △αmax, when the top Co(8) layer

is added. We seek interpretation for this using our XMCD measurement (presented in

the next chapter). It is observed that there is surprisingly a large interfacial moment

in Cu/Pd, and Cu/Pt. This suggests an interfacial susceptibility very much larger

than the bulk and we think that the major contribution to spin current scattering in

the paramagnet is localized near the Cu interface and not in the bulk. The energy

for the interfacial moment is very close to kBT , however, so it should be subject to

thermal fluctuations. Since its spin direction is not constant it could scatter spin current

effectively, and with the very short characteristic length we see. The saturation level

of damping enhancement does not correspond to a full randomization of spin current

inside of the NM layer. Rather, it corresponds to a maximum effect of this interfacial

spin fluctuation, the magnitude for which does not need to be the same for Cu/Pt,

Cu/Pd, and Cu/Ru. We had interpreted this variation of the saturation level as a finite

conductance at the Cu/NM interface, but we haven’t been able to validate that with a

known interfacial resistance in the absence of spin fluctuations.

5.7 Summary

The central motivation of this chapter was to characterize the spin current absorption

length (spin dephasing) in different ferromagnetic and paramagnetic spin sink layers.

The observed spin current absorption length and algebraic form of decay in ferromagnets

were in accordance with the theoretical predictions. We find, the onset of spin current

absorption is identically proportional to thickness in these layers, which highlights the

correlated nature of transverse spin-current absorption, which is more of a dephasing
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mechanism and not strongly material dependent. The dephasing length found for three

structurally distinct ferromagnets (NiFe, CoFeB, Co) is λC = 1.2± 0.1nm. Moreover,

the algebraic functional form of this type of decay was verified in all these cases. The

same length for the antiferromagnet IrMn is found to be slightly higher λC ∼ 1.7nm,

interpreted based on weakened exchange coupling.

The spin current absorption length for the paramagnetic Pt, Pd, Ru was found

to be much shorter than their respective spin diffusion lengths. The comparison with

some of the prior work based on nonlocal damping measurement (related to transverse

component of spin current), in this regard, shows similar shorter length scales. These

studies (comparisons) provide a basis to think about considering slight modifications or

incorporating certain assumptions in the spin pumping model, for the heavy spin orbit

metals like Pt, Pd. Note that, for the case of inverse spin Hall effect [23], spin pumping

created spin accumulation induces charge flow in Pt, which leads to V ISHE across Pt.

The length scale observed in this measurement is much higher compared to our results.

The similar length scale was observed in the direct contact cases as well. We believe this

is due to the fact that in these measurements, the characteristics for charge current are

measured while we are dealing with pure spin current. A possible explanation for these

could be that the longitudinal relaxation time T1 for spins current in these heavy spin

orbit materials like Pt, Pd is greater than the transverse spin relaxation time T2 (BB

formalism), i.e. T1 > T2. Even though for normal metals it is known that T1 = T2, a

more detailed study on this topic is required.

The studies for the interface resistance effect in damping with Cu/Al multilayer struc-

ture, does not show a clear indication of the impact of interfacial resistance effect on

damping. We believe the choice of Al was perhaps not the best, as it provides lot of bulk

resistance when spin current traverses through it. Replacing Al by Au, might show some

clear indication.



Chapter 6

Role of induced Pt and Pd moments

in spin pumping

In the last two chapters, we have observed that the paramagnetic spin sink layers

(Pd, Pt) caused significantly larger nonlocal damping to NiFe layer, when they are in

direct contact with NiFe layer compared to when they are separated from NiFe via a

Cu spacer. Mainly two differences were noticed for this direct contact samples from that

of the indirect contact ones. (1) The maximum value of additional damping △αmax is

much higher for the direct contact case, and (2) in the low tNM regime, △α has a linear

onset for the direct contact samples, instead of an exponential increase, which is seen

for the indirect contact ones. The arguments for the former case was sought based on

the atomic number (Z) for Pd and Pt. However, the linear onset for the spin current

absorption in Pd, Pt which are directly coupled to NiFe cannot be understood using

that argument. Therefore, it required us to investigate this problem using a different

experimental means, which will be discussed in this chapter. We have performed X-ray

magnetic circular dichroism (XMCD) measurement to show that, when Pt and Pd are

in direct contact with NiFe, the formation of induced interfacial magnetic moments in

these paramagnets, could cause spin scattering near the interface.

Direct exchange interactions from 3d ferromagnetic moments are known to induce

sizable local moments on Pd atoms. Neutron diffraction [80] shows up to 0.4µB/Pd

atom in Pd3Fe. Pd moments of similar magnitude are also induced by direct exchange

at interfaces with Fe in ultrathin Pd/Fe super-lattices[78]. However, indirect exchange

interactions have not yet been shown to have an effect on the magnetism of Pd or Pt.

These materials are among very few 3d, 4d, or 5d transition normal metals (or para-

magnets) through which no oscillatory interlayer exchange coupling (IEC, or RKKY-

like[81]) between adjacent ferromagnets (FM)[82] has been observed in a FM/NM/FM

102
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structure[83]. The tendency towards ferromagnetic order in Pd and Pt might explain

the absence of antiferromagnetic coupling in FM/(Pd or P t)/FM multilayer, but it

might also seem to predict the possibility of ferromagnetic order induced through a

FM/NM/(Pd or P t) structure. In this Chapter, we report evidence of direct and indirect

static exchange coupling acting on Pd, Pt moments in FM/[Cu/]Pd and FM/[Cu/]Pt

super-lattice using XMCD measurements. These XMCD measurements and the data

analysis, were done by F. Wilhelm and A. Rogalev, at the European Synchrotron Radi-

ation Facility (ESRF).

6.1 Experiment

Four multilayer structure; two for Pd and two for Pt, were prepared. Each multilayer

was deposited with buffer layers of Ta(5nm)/Cu(3nm) to promote fiber texture[84], and

was capped with Py(5nm)/Cu(3nm)/Ta(5nm). Each of the multilayer structures con-

sisted of 20 repeats, as substrate/seed/[repeat]20/cap. For the investigation of direct ex-

change with Pd and Pt , the repeat unit was [Py(5nm)/Pd(2.5nm)] and [Py(5nm)/P t(1nm)].

We will refer to this sample as “Py/Pd”, and “Py/P t”. For the sample in which we

investigate induced moments by indirect exchange with Pd and Pt, the repeat unit was

[Py(5nm)/Cu(3nm)/Pd(2.5nm)/Cu(3nm)] and [Py(5nm)/Cu(3nm)/P t(1nm)/Cu(3nm)].

We will refer to this sample as “Py/Cu/Pd” and “Py/Cu/P t”. The total Pd thickness

in each multilayer was thus 50nm; each Pd layer consists of roughly 22 monolayers,

assuming the bulk FCC lattice constant of 3.89 Å. Whereas for Pt the total thickness

in each multilayer was 20nm, and in each of the Pt layers, about 4.5 monolayers was

present, assuming the lattice constant of bulk FCC Pt as 3.92 Å.

The L-edge XMCD for both Pd and Pt was measured at Beamline ID-12 at the

European Synchrotron Radiation Facility (ESRF)[85]. The first harmonic of the helical

undulator HELIOS II was used to provide circularly polarized X-rays in the energy range,

between 3.15 and 3.37 keV for Pd, and between 11.52 and 13.37 keV for Pt. At these

energies, the Bragg angle of the Si 〈111〉 double crystal monochromator is close to the

Brewster angle of 45◦, with a consequent reduction of the circular polarization rates

from 97% to about 12.6% at the Pd L3 edge (3165 eV) and 21.9% at the Pd L2 edge

(3323 eV). The samples were mounted in a vacuum chamber inserted between poles of

an electromagnet generating a magnetic field of 0.6 T, and the chamber was kept at

room temperature. The incident X-ray beam was parallel/antiparallel to the direction

of applied magnetic field, while the angle of incidence at the sample was ∼15◦. Our

spectra were recorded in total fluorescence yield detection mode (TFY). XMCD signals

were recorded by flipping the direction of magnetic field at each energy point of the
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spectra. The XMCD spectra were measured for both the opposite (LCP, RCP) helicities

of X-rays.

For quantitative analysis, the XMCD spectra were corrected for incomplete circular

polarization and normalized, setting the x-ray absorption above the L3 edge equal to

unity and to 0.5 above the L2 absorption edge. To derive the spin and orbital moments

carried by the Pd 4d electrons, and Pt 5d the so-called magneto-optical sum rules were

applied to the normalized XMCD spectra, using[53, 86]:

〈Sz〉 =
3

2
(A3 − 2A2)(nqd/σtot)−

7

2
〈T z〉 , (6.1)

and

〈Lz〉 = 2(A3 + A2)(nqd/σtot). (6.2)

where A2 and A3 denotes the integrated XMCD intensities at the L2 and L3 edges,

respectively. nqd is the number of holes in the qd shell; q = 3, 4, 5. For Pd (q = 4), n4d is

the number of hole in 4d state , and for Pt (q = 5) n5d is the number of hole in 5d bands.

σtot is the total absorption cross-section corresponding to 2p → 4d(Pd), or 2p → 5d(Pt)

transitions, and 〈T z〉 is the expectation value of the spin magnetic dipole operator. In

the analysis, the contribution of the spin magnetic dipole, 〈T z〉, was neglected.
Estimation of number of holes:

The number of holes can be estimated following the well established procedure in

ref.[78]. The normalized X-ray absorption cross-section per number of qd holes , nqd/σtot

, was determined, for Pd (see Figure 6.1(a)), by subtracting the Ag ([Kr] 5s1 4d10)-foil

L2,3 spectra from the experimental Pd L2,3 spectra measured on the pure Pd (not shown)

and taking the theoretical value for the difference in the 4d holes equal to 0.92. For Pt

(see Figure 6.1(b)), this was done by subtracting the Au ([Xe] 4f14 5d10 6s1)-foil L2,3

spectra from the experimental Pt L2,3 spectra measured on the pure Pt (not shown)

and taking the theoretical value for the difference in the 5d holes equal to 1.018. The

same procedure was applied to estimate the number of holes nqd on Pd, Pt atoms in the

multilayer structures.

6.2 Results

L2,3-edge x-ray absorption near-edge structure (XANES) and x-ray magnetic circular

dichroism (XMCD) spectra are shown in Figure 6.1(a) for Pd and in 6.1(b) for Pt. The

XANES spectra for Ag ([Kr] 5s1 4d10) is also shown in Figure 6.1(a) for comparison with

Pd, similarly XANES spectra forAu ([Xe] 4f14 5d10 6s1) is shown in Figure 6.1(b) for

comparison with Pt. Figure 6.1(a) show that at Pd L3, L2-edge (3173 eV and 3331 eV )

the absorption for the Py/Pd sample (black lines) is higher compared to the Py/Cu/Pd
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sample (red lines). This is attributed to a difference in the number of Pd 4d−holes, as

indicated in Table 6.1, larger in the case of Py/Pd. The difference can be attributed to

charge transfer from the Cu layer into Pd, where sp electrons from Cu fill some of the

4d holes near the interface with Pd. According to the analysis described in the previous

section, we estimate a difference in the number of Pd 4d−holes as n4d = 1.36 for the

Py/Pd sample and n4d = 1.33 for the Py/Cu/Pd sample. The same is observed (see

Figure 6.1(b)), at the L3-edge (11572 eV) of Pt, when the XANES spectrum for the

Py/P t sample is compared to the Py/Cu/P t. But not much difference, is observed for

these two XANES spectra, at the Pt L2-edge (13282 eV). For the case of Pt L3-edge, the

difference is attributed to a difference in the number of Pt 5d−holes, indicated in Table

6.1, larger in the case of Py/P t.

At the L3 edge, typical negative magnetic circular dichroism (XMCD) spectra, at the

L2 edge, positive magnetic circular dichroism, for both Pd and Pt is clearly seen for the

Py/Pd and Py/P t multilayer. For Py/Pd, a maximum XMCD of ∼ − 10% at the L3

edge and ∼+8% at L2 and for Py/P t a maximum XMCD of ∼−7.2% at the L3 edge and

∼+ 3.3% at L2 is observed. According to eqn. 6.1 and 6.2, the imbalance in integrated

intensities at the L2,3 edges indicates a nonzero orbital moment mL/mS.

In Figure 6.2 the XMCD spectra for the direct contact super-lattices are compared

to the indirect contact super-lattices. In Figure 6.1, it is seen that the magnitude of

XMCD spectra for the Py/Cu/Pd and Py/Cu/P t multilayer structures are quite small,

therefore they needed to be rescaled for a better comparison. This is done by multiplying

the XMCD of Py/Cu/Pd by a factor of 30 and that for Py/Cu/P t by a factor of 100,

which are presented in Figure 6.2. As we compare the XMCD signals for the direct

contact (black line) and indirect contact (red line) structures, we find that the XMCD

signal is clearly present (Figure 6.2(a)) in the Py/Cu/Pd super-lattice, roughly 3% in

magnitude that observed for Pd in the Py/Pd super-lattice. It is also apparent in the

spectra that the relative weights of the Pd L3 XMCD is reduced and the Pd L2 XMCD

is increased, respectively, through addition of the 3nm Cu spacers. This reduces the

asymmetries between the integrated intensities of L2,3 edges, indicating a more nearly

pure-spin type moment in Pd for the indirect exchange-coupled sample. However, the

rescaled XMCD for Py/Cu/P t, presented in Figure 6.2(b), shows a high noise level, and

a clear conclusion can not be drawn from this figure.
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Figure 6.1: X-ray absorption near-edge structure (XANES) and x-ray magnetic cir-
cular dichroism (XMCD) for (a) direct exchange-coupled [Py(5nm)/Pd(2.5nm)]20
and indirect exchange-coupled [Py(5nm)/Cu(3nm)/Pd(2.5nm)/Cu(3nm)]20 with Ag
XANES (b) direct exchange-coupled [Py(5nm)/P t(1nm)]20 and indirect exchange-
coupled [Py(5nm)/Cu(3nm)/P t(1nm)/Cu(3nm)]20 samples, with Au XANES reference.
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Figure 6.2: XMCD spectra for (a) direct exchange-coupled [Py(5nm)/Pd(2.5nm)]20 and
indirect exchange-coupled [Py(5nm)/Cu(3nm)/Pd(2.5nm)/Cu(3nm)]20 samples (mag-
nified by a factor of 30). (b) direct exchange-coupled [Py(5nm)/P t(1nm)]20 and indirect
exchange-coupled [Py(5nm)/Cu(3nm)/P t(1nm)/Cu(3nm)]20 samples (magnified by a
factor of 100).
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Sample mtot
NM(µB/atom) mL/mS nh,4d/at

Py/Pd +0.116± 0.0007 0.0485± 0.002 1.36
Py/Cu/Pd +0.0037± 0.0007 0.028± 0.08∗ 1.33
Py/Pt +0.27± 0.007 0.176± 0.014 −

Py/Cu/Pt +0.001 − −

Table 6.1: Pd-site total magnetic moments mtot, ratio of orbital to spin moments mL/mS,
and number of d−holes extracted from Pd L− edge XMCD measurements.

Analysis:

As mentioned earlier, these analysis of the XMCD spectra were carried out by F. Wilhelm

and A. Rogalev, at the ESRF. The extracted moments using intensity sum-rules are

presented in Table 6.1. For the direct exchange coupled multilayer, the estimated orbital

to spin moment ratio for Pd is found to bemL/mS = 0.0485±0.002 and for Pt: mL/mS =

0.176±0.014. For the indirect exchange coupled case the moment induced in Pd through

Cu is weaker by a factor of 30, but clearly visible in the spectrum, which corresponds

to an effective field acting on Pd of ∼2T . Sum-rules analysis indicates that mL/mS =

0.028, with a reduced fraction of the moment coming from the orbital component. The

greater spin-type component is consistent with RKKY-type exchange through Cu, which

possesses induced spin moments with negligible orbital components[87], acting on Pd.

Error bars are large on the estimate due to the small magnitude of the moment, but the

relative increase of the L2 dichroism for the indirect contact (exchange) sample is clear

in Figure 6.2(a). However, poor signal to noise ratio makes this analysis impossible for

the indirect contact Pt multilayer structure.

6.3 Discussion:

The XMCD measurements were performed, partly to support and provide more in-depth

understanding of our spin pumping studies presented in Chapter 5. Therefore, we would

like to re-address some of the issues that we have discussed in section 4 of Chapter 5.

In nonlocal damping (spin-pumping) experiments, the thickness-dependent, spin sink

induced damping enhancement ∆α(tNM ) is found to be linear with cutoff thickness tc

in direct-exchange coupled Ni81Fe19 (10nm)/ [Pd, P t](t), contrasting with the known

exponential onset in indirect-exchange coupled Ni81Fe19 (10nm)/Cu(3nm)/ [Pd, P t](t).

The linear depth dependence of damping, at lower thicknesses, for the Pt and Pd in

direct contact samples is very similar to what was shown in section 3 and 4 of Chapter 5
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Structure λJ(nm) Aex(erg/cm
2)

FM1/Cu/FM2 1.2 1250
Py/Pt(t) 1.9 177
Py/Pd(t) 4.8 457

Table 6.2: Interfacial exchange energy ∆Aex, as calculated using the induced moment
from XMCD measurement and the Stoner enhancement factor from ref [88].

(see Figure 5.7 in Chapter 5), for the ferromagnetic spin sink layers. Therefore for these

direct contact samples, this linear depth dependence of damping, has been identified as a

hallmark of spin-splitting in the spin sink layer near the interface in these paramagnets.

For the spin current absorption in FM1/Cu/FM2(t) structures (see section 2 in Chapter

5), we have suggested that the cutoff thickness λc for linear spin current absorption is

on the order of λJ = hvg/2∆ex, where vg is the electronic group velocity at the Fermi

level and ∆ex is an exchange splitting energy. Electrons which enter the spin sink (Pt

and Pd) at EF do so at a distribution of angles with respect to the interface normal,

traverse a distribution of path lengths, and precess by different angles (from minority to

majority or vice verse) before being reflected back into the ferromagnet. For constant vg,

it is predicted that λJ ∝ ∆−1
ex , the exchange energy.

These paramagnetic (PM) layers Pt and Pd in direct exchange with Ni81Fe19 through

the induced magnetic moment, we can estimate an interfacial exchange energy as: ∆Aex(=

∆extPM). This interfacial exchange can be represented as ∆Aex = MtPM/2µB N0 F ,

whereµB is the Bohr magneton per atom, F is the Stoner enhancement factor, N0 is the

single-spin density of states, M is the magnetic moment averaged over the paramagnetic

layer thickness tPM . Note that, in ferromagnets the exchange splitting are assumed to be

constant as a function of depth in the ferromagnet. This might probably be not true for

the above mentioned paramagnetic cases, as most of the spin current absorption might be

occurring close to the FM/PM interface. Therefore we assume the interfacial exchange

∆Aex to be a reasonable representation of ∆ex (bulk exchange) i.e. ∆Aex ∼ ∆ex.
Taking parameters from the tables in [88], we calculate the interfacial exchange for

a ferromagnetic case and the above mentioned bilayers of Py/P t and Py/Pd. These

calculated interfacial exchange energies are tabulated above. With the above mentioned

approximation one can write λJ ∝ 1
∆Aex

, which lead to tc ∝ 1
∆Aex

. This relation shows

very good agreement to our observation with Pt and Pd as we find (see section 4 of chapter

5): tPd
c

tPt
c

∼
∆APt

ex

∆APd
ex

∼
5
2
. For a better understanding we plot tc as a function of 1

∆Aex
for Pt,

Pd and a typical ferromagnet as shown in Figure 6.3. We see that the obtained critical

depths from spin pumping measurement are very much in agreement with calculated
1

∆Aex
using XMCD studies, as the three points falls on the same straight line which
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Figure 6.3: The cut off thickness extracted from spin pumping studies is correlated with
the interfacial exchange energy calculated using XMCD study.

passes through zero. This tells us that for direct exchange contact samples (see Figure

5.7 in Chapter 5) the linear onset (like ferromagnet) for spin current absorption, could

be caused by the induced moment in Pd, Pt (inducing some ferromagnetic character),

in direct contact with NiFe.



Conclusion

Here we will summarize our major results, and pose open questions that came out from

our study. First of all, we want to emphasize on the approach that we took compared to

previous studies on spin pumping and damping enhancement in magnetic heterostruc-

tures. In particular we have adapted a common methodology for studying the nonlocal

damping caused due to spin pumping. In a variety of magnetic and nonmagnetic ma-

terials, this is the first time the subtraction method is employed to extract nonlocal

additional damping (∆α(tFM) = αSS(tFM) − αnoSS(tFM)) caused due to spin pumping

effect. This method has enabled us to subtract out other contributions in damping in a

magnetic heterostructure. For most of our studies (other than the direct contact samples)

the ferromagnet under investigation (precessing layer) was always surrounded by Cu from

both the sides, to avoid the effects of different interface, that makes the comparison much

more easier and reliable.

In chapter 4, our main results include the verification of two predictions of spin

pumping, which are (1) the additional damping△α caused due to spin pumping is Gilbert

type, which was verified by checking the linearity of ∆Hpp(ω) as a function of ω, and (2)

△α is linearly dependent on the inverse of thickness of the precessing ferromagnetic layer,

i.e. △α ∝ 1/tFM . Also for the first time we show that the damping for a ferromagnet

is roughly independent of it’s spin diffusion length. This argues against a proposed

resistivity based mechanism for the observed nonlocal additional damping in magnetic

heterostructures. From the spin pumping caused additional damping characterization,

we have extracted interfacial spin mixing conductance parameters
g↑↓eff
S

, which play an

important role in spin current transport. Using spin transfer torque (STT) method,

these parameters are hard to characterize, but spin pumping offers a much easier means

of characterization. As these two fundamental processes are reciprocal, the spin mixing

conductance parameters are the same for STT and spin pumping. This makes, the

characterization of these parameters, even more important. The main open question that

remains in the study presented in chapter 4, is the origin of the damping enhancement

of the ferromagnetic layer, when it’s thickness decreases, in magnetic heterostructures

111
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without spin sink.

In chapter 5, we have used spin pumping as a method of pure spin current generation

and then injected it into several ferromagnetic, antiferromagnetic, and paramagnetic

spin sink layers. The algebraic functional form of this type of decay was verified in all

these cases. The spin dephasing length found for three structurally distinct ferromagnets

(NiFe, CoFeB, Co) is λC = 1.2±0.1nm. The same length for the antiferromagnet IrMn

is found to be slightly higher λC ∼ 1.7nm, interpreted based on weakened exchange

coupling. The similarity of spin current absorption characteristics in FM and AFM ,

reveals a very similar dephasing mechanisms is present in antiferromagnet. This is a

direct evidence of a possible STT effect in antiferromagnets.

The absorption of spin current in paramagnetic Pt, Pd, Ru layers are found to follow

an exponential characteristic length dependance, when they are separated by a spacer.

The obtained length scales for absorption in these paramagnetic Pt, Pd, Ru was found to

be much shorter than their respective spin diffusion lengths. Intuitively, we have argued

that the absorption lengths for pure spin current and charge current might be different.

These studies brings an open question on the difference of pure spin current transport

and charge current transport.

In chapter 6, XMCD measurements on FM/NM multilayers, were performed to

partly support our studies in chapters 4 and 5 were discussed. These measurements

show that when the paramagnetic Pt, Pd are in direct contact with the FM layer NiFe,

magnetic moments are induced via direct exchange coupling. For Pd evidence of indirect

exchange coupling via 3nm of Cu was found.

For direct contact samples, this linear depth dependence of damping, has been iden-

tified as a hallmark of spin-splitting in the spin sink layer near the interface in these

paramagnets. The character of spin current absorption in the ultrathin paramagnets Pd

and Pt is modified by direct exchange with ferromagnetic Ni81Fe19 . The range of linear

increase is observed to be inversely proportional to the exchange energy, inferred through

induced Pd and Pt moments measured by XMCD.

APPENDIX I

Complex Susceptibility is given as χ = χ
′

+ iχ
′′

. Let us assume that there is a phase

mixing between these two parts. Therefore we have to introduce a phase factor eiδ. Where

δ denotes the mixing angle between dispersive and absorptive components. So, new

susceptibility will be χeiδ =
(
χ

′

+ iχ
′′)

(cos δ + i sin δ) = (χ
′

cos δ−χ
′′

sin δ)+ i(χ
′

sin δ+
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χ
′′

cos δ).

As discussed in chapter 3; The FMR spectrum that we observe is the imaginary

part (χ
′

sin δ+χ
′′

Cosδ) which is responsible for absorbing the electromagnetic radiation

(power) applied to it. Therefore we have

χ
′

sin δ ∼
(H −HFMR) sin δ

(H −HFMR)2 + (△H)2

and

χ
′′

cos δ ∼ △H cos δ

(H −HFMR)2 + (△H)2

So, the absorption spectra after taking the the phase mixing into account reads:

f (H) ∼
(

(H −HFMR) sin δ

(H −HFMR)2 + (△H)2
+

△H cos δ

(H −HFMR)2 + (△H)2

)

The function that we fit is the derivative of f (H) with respect to H . And the

linewidth that we measure is △Hpp, which is the peak to peak linewidth and related to

△H as: △H =
√
3△Hpp

2
. Therefore the derivative spectra, that we observe, reads as:

df (H)

dH
∼




−
√
3△Hpp (H −HFMR) cos δ +

{(√
3△Hpp

2

)2

− (H −HFMR)
2

}
sin δ

[
(H −HFMR)

2 +
(√

3△Hpp

2

)2
]2



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