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Abstract

Ferromagnetic thin film samples were created through sputtering before being an-

alyzed using the transmission line technique via Vector Network Analyser and

electrical detection via Spin Rectification E↵ect to identify and quantify magne-

tization relaxation processes in ferromagnetic thin films. This was achieved by

using numerical analyses.

In the first type of thin film, Nickel Iron film with a bu↵er layer of Iron Cobalt, it

was found that the only type of magnetization relaxation process that di↵erenti-

ated the 4 thin film samples was spin pumping.

In the second type of thin film, Ferromagnetic/Antiferromagnetic (Nickel Iron /

Manganese Iridium) exchange-biased thin film, the magnetization relaxation pro-

cesses that di↵erentiated the 7 thin film samples were spin pumping, two-magnon

scattering and exchange coupling. It was attempted to quantify the contributions

of the di↵erent damping processes but this was hampered by the inaccurate Gilbert

damping constants obtained, which was due to the presence of two-magnon scat-

tering. However, relations were made to attempt to gauge the relationship between

thickness of the Manganese Iridium layer and the amount of spin pumping in a

thin film sample. It was also di�cult to calculate the exact two-magnon contribu-

tion in a thin film sample due to the great number of parameters that needed to

be fitted and the randomness of the defects. It was also attempted to estimate the

spin hall angle and di↵usion length of Manganese Iridium but once again, the task

proved challenging due to the inaccurate Gilbert damping constants obtained.
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Chapter 1

Introduction

In this chapter, I will illustrate the significance of my project and explain the

reasons for having undertaken this year-long project.

1.1 Background

Ferromagnetic resonance (FMR) was unknowingly first observed by V. K. Arkad’yev

in 1912, when he discovered that iron and nickel wires selectively absorb centimetre

radio waves, along with a change in magnetization. He hypothesized that the ap-

pearance of absorption bands in the magnetic spectrum was due to the resonance

response of elementary carriers of a magnetic moment, which was transferred from

the ferromagnetic to applied magnetic field.[1]

In 1923, Ya. G. Dorfman suggested that the optical transitions due to Zeeman

splitting could potentially be studied to find out more about the ferromagnetic

structure. In 1926, N. S. Akulov sent this field further in the right direction when

he brought up the question of the e↵ects of of perpendicular and parallel magnetic

fields on the magnetic spectra of ferromagnetism. In 1935, after investigating the

e↵ect of resonance and considering ferromagnetic domains, L. D. Landau and E.

M. Lifshitz came up with a general theory about how ideal uniaxial ferromagnetic

crystals behave when magnetic field is varied. This theory was modified by Kittel

in 1947 and is still widely used nowadays.[1, 3]

The first experimental discovery of FMR is by Gri�ths in 1946 when he discov-

ered ferromagnetic resonance absorption in pure metals.[2] Since then, interest

1



Chapter 1. Introduction 2

in FMR has increased significantly and has been a standard technique used to

study properties of magnetic materials in their ground states, especially magnetic

anisotropy. FMR has also been successful in measuring magnetic properties up to

the submonolayer sensitivity. The FMR technique has since expanded to measure

interlayer exchange coupling and magnetization relaxation processes in ultra thin

films and superlattices too.[11]

1.2 Motivations

The benefits from using magnetic thin films instead of bulk is evident from the

following two equations. Thin films follow Acher’s Law, given by [4]

(µs � 1)f 2
FMR = (µ̄4⇡Ms)

2, (1.1)

whereas bulk follows Snoek’s Law, given by

(µs � 1)f 2
r = (µ4⇡Ms). (1.2)

where µs is the low frequency permeability, fr is the resonance frequency, fFMR

is the ferromagnetic resonant frequency, µ is the magnetic permeability and Ms is

the saturation magnetization.

From these two equations, it is evident that thin films can give a higher perme-

ability than bulk can, provided that the same materials and frequencies are used

for both thin film and bulk. This shows that thin films can potentially be used

for lighter and more compact purposes.

Magnetic thin films have many uses in today’s technologically advanced world,

especially when it comes to data storage in gadgets such as hard disks. Magnetic

thin films, specifically ferromagnetic(FM)/antiferromagnetic(AF) thin films, are

already very useful in the field of spintronics and could potentially contribute

greatly to the research of high frequency devices based on magnetic thin films.[5]

By experimenting with di↵erent types of materials included in the thin films in

di↵erent configurations using the FMR technique, we can evaluate the damp-

ing in that particular thin film, with particular interest in the intrinsic damping,
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which is important for attaining high-speed magnetization switching for magnetic

random access memory (MRAM) and decreasing the critical current density for

spin-transfer-driven magnetic reversal.[6, 7] Therefore, looking into magnetization

relaxation processes of di↵erent thin films can help with compact applications in

data storage.

1.3 Project Objectives

For my project, I will be creating ferromagnetic (FM) thin film samples and ana-

lyzing them using the transmission line technique via Vector Network Analyser and

electrical detection via Spin Rectification E↵ect, as well as other numerical analy-

ses, focusing on identifying and quantifying magnetization relaxation processes in

FM thin films.

An FM material is made up of domains that align in the direction of the applied

magnetic field. Above Curie temperature TC , spontaneous magentization vanishes

and the material becomes paramagnetic. When a microwave magnetic field is

applied to a ferromagnetic material, this causes the magnetization in the material

to precess around the direction of the static magnetic field. However, when this

microwave field is removed, the magnetization relaxes back to the static magnetic

field direction.[10]

The types of ferromagnetic thin films that I will be looking at are as follow:

(1) NiFe film with a bu↵er layer of FeCo

(2) Ferromagnetic(FM)/Antiferromagnetic(AF) (NiFe/MnIr) exchange-biased thin

film

The first type will be a ferromagnetic thin film with a bu↵er layer. For this case, the

layer of Nickel Iron (NiFe), also known as permalloy (Py), will be constant at 50nm

for all 4 samples, with the bu↵er layer of Iron Cobalt (FeCo), varying from 0nm to

10nm for the di↵erent samples. The second type of ferromagnetic thin film that

I will be looking at is an exchange-biased ferromagnetic/antiferromagnetic film.

The ferromagnetic material will be NiFe, which will be 50nm for all 7 samples and

the antiferromagnetic Manganese Iridium (MnIr) layer will be varied from 0nm

to 12nm. Antiferromagnetic materials are materials that have neighbouring spins

aligned antiparallel to each other, leading to zero net moment at temperatures

below Neel temperature TN .
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Permalloy was a natural choice for the FM layer since it is a soft magnetic material,

with a high permeability and low coercivity. Iron Cobalt (FeCo) was chosen as the

second FM material as a previous experiment had been conducted in the CSMM

lab, with the permalloy layer as the bu↵er layer.[8] For my project, we attempted

to reverse the materials of the FM layers to determine what results we would

obtain. In addition, a bu↵er layer would enhance magnetic properties further.

MnIr is an AF material that has a very high Neel temperature, allowing the thin

films to have maximum exchange bias. In addition, it exhibits large Spin Hall

E↵ect (SHE).[36] Therefore, having an AF layer also allows the investigation of

the e↵ects of exchange bias, as well as to calculate the Spin Hall angle.



Chapter 2

Theory

This chapter illustrates the theoretical concepts necessary to my project. It con-

sists of identifying the di↵erent possible magnetization relaxation processes, the

Landau-Lifshitz-Gilbert and Kittel equations and exchange bias. The goal of this

chapter is to lay the groundwork to understand how certain useful equations come

about, which will be used to analyse the raw data, in order to find out about

damping in the two di↵erent types of thin films.

2.1 Damping in Magnetic Materials

Magnetization relaxation in magnetic materials is due to the damping of uniform

precession, though not all the magnetization relaxation processes are present in

one magnetic thin film sample. There are many magnetization relaxation processes

but they all generally follow three main methods.[10]

2.1.1 Energy Redistribution within the Magnetic System

Energy can be transferred by this method through three relaxation processes

though the energy stays within the magnetic system. When energy dissipates from

uniform precession to degenerate magnons, the process involved is two-magnon

scattering. Zero-wavenumber magnons with inhomogeneities are scattered, anni-

hilating the initial magnon and creating a new nonzero-wavenumber magnon that

5
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is degenerate in frequency. The inhomogeneities function as scatterers so as to

conserve the total momentum.[10, 13] This is an extrinsic damping process.[18]

When energy is passed from uniform precession to thermal magnons, the process

involved could be three-magnon scattering or four-magnon scattering. Three-

magnon scattering process involves the either the annihilation of two magnons

after scattering with each one another and the creation of a new magnon or the

annihilation of one magnon and the creation of two new magnons. Four-magnon

scattering process describes the annihilation of two magnons after scattering with

each one another and the creation of two new magnons.[10]

2.1.2 Energy Transfer from the Magnetic System to the

Non-Magnetic Systems

Some magnetization relaxation processes are also responsible for the dissipation

of energy from the magnetic system to a non-magnetic system. One example of

a non-magnetic system will be phonons. The magnetization relaxation process

responsible for this is magnon-phonon scattering. Energy is transferred from

zero-wavenumber magnons to phonons after the two di↵erent entities scatter with

each other. This process occurs in most magnetic materials.[10]

Another magnetization relaxation is eddy current, which involves the transfer of

energy of the uniform precession to the lattice through conduction electrons[10]

Other relaxation processes are charge transfer relaxation, which is the loss

of the energy due to jumping of a 3d electron from an iron ion to another when

the magnetic precession results in the breathing of energy levels of each site due

to spin-orbit coupling and slowly relaxing impurity which involves the loss of

energy when the two lowest energy levels split depending on the instantaneous

direction of magnetization, causing the rare-earth element impurity to hop from

one energy level to another. One last relaxation process that contributes to the

transfer of energy from the magnetic system to phonons will be rapidly relaxing

impurity. The rare-earth element impurities take in energy from precession,

causing them to jump from the ground state to an excited state.[10]

Another example of a non-magnetic system is free electrons. One of the magne-

tization processes accountable for this transfer of energy is spin-flip magnon-

electron scattering. This process entails the annihilation of a magnon as it
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scatters with a free electron, causing the energy to be passed from the electron to

the free electron and the spin of the free electron to be flipped. Another possible

magnetization process is breathing Fermi surface. Magnetization precession

modifies the free electron energy states through spin-orbit coupling, leading to the

formation of electron-hole pairs near the Fermi level. The energy of electron-hole

pairs is transferred to the lattice after scattering with it.[10]

2.1.3 Energy Transfer from the Material to External Sys-

tems

When the damping of uniform precession is due to energy passing out of the

material and entering the external system, the magnetization relaxation process

involved is spin pumping. This occurs for materials with a ferromagnet/normal

metal interface. Spin current moves from the ferromagnet to the normal metal due

to uniform precession, transporting angular spin momentum into the normal metal,

causing the spins in the ferromagnetic metal to lose angular momentum and thus,

damping to increase.[10, 18] This is an extrinsic damping process since another

layer is required to be in contact with the FM material for the FM precession

to be damped. However, it has the same form as Gilbert damping, which will

be discussed later, and thus, the Gilbert damping constant ↵ is a↵ected by spin

pumping.

2.2 Landau-Lifshitz-Gilbert Equation

An electron has a magnetic dipole moment m due to spin, which is given by[12]

m =
qh̄

2me

, (2.1)

where q is the electron charge and me is the mass of the electron.

The torque ⌧ is the rate of change of spin angular momentum and is given by

~⌧ =
d~s

d~t
= ~m⇥ ~Heff , (2.2)
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where ~s is the spin angular momentum, ~Heff is the e↵ective magnetic field and

gamma is the e↵ective gyromagnetic ratio of the electron given by � = m
s
= q

m
e

=

1.759 ⇥ 107 abC
g

(C.G.S.)

Therefore, the equation of motion of magnetic dipole moment ~m as it precesses

around e↵ective magnetic field ~Heff is[11]

d~m

d~t
= �� ~m⇥ ~Heff . (2.3)

A material is ferromagnetic when all of its magnetic dipole moments ~m positively

add to the net magnetization of a ferromagnetic sample ~M . At static equilibrium,
~M lies parallel to ~Heff . However, when excited by a microwave magnetic field,
~M precesses around ~Heff due to the torque acting on ~M by the ~Heff . This can

be described by Landau-Lifshitz (LL) equation,[11, 15] which is the combined

equation of motion for all the individual magnetic dipole moments ~m and given

by
d ~M

d~t
= � ~M ⇥ ~Heff . (2.4)

When there are magnetization relaxation processes that induce damping, a damp-

ing term is introduced in the equation, resulting in the Landau-Lifshitz-Gilbert

(LLG) equation [16], which is given by

d ~M

d~t
= ��( ~M ⇥ ~Heff ) + (

↵

Ms

)( ~M ⇥ d ~M

d~t
), (2.5)

where ↵ is the dimensionless Gilbert damping constant when it is small. The

second term in this equation is the damping term, which acts towards ~Heff and

causes ~M to precess inwards as well. The LLG equation can be illustrated in

Figure 2.1.

The LLG model can account for many magnetization relaxation processes but it

is unable to describe the two-magnon scattering process. Therefore, two-magnon

scattering is not accounted for in ↵, though the presence of two-magnon scattering

could cause the value of ↵ to be inaccurate due to the quasi-linear properties and

dependence on frequency.
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Figure 2.1: Precession in a ferromagnet. Figure not drawn to scale.

2.3 Kittel Equation

Considering a cubic ferromagnetic insulator in ellipsoidal form, with principal axes

parallel to x, y and z axes in the cartesian coordinate system, the components of

the internal magnetic field B in the ellipsoid are related to the applied field H

by[14]

Bx = Hx �NxMx, (2.6)

By = Hy �NyMy, (2.7)

Bz = Hz �NzMz. (2.8)

For an applied static field Hẑ, the components from equation 2.4 become[14]

dMx

dt
= �(MyBz �MzBy) = �[H + (Ny �Nz)M ]My, (2.9)

dMy

dt
= �[M(�NxMx)�Mx(H �NzM)] = ��[H + (Nx �Nz)M ]Mx. (2.10)
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It is set to dM
z

dt
=0 and Mz=M to first order. There are solutions with time inde-

pendence exp(�i!t) only if[14]

�����
i! �[H + (Ny �Nz)M ]

��[H + (Nx �Nz)M ] i!

����� = 0.

Therefore, the ferromagnetic resonance frequency in the applied field H is[14]

!2
0 = �2[H + (Ny �Nz)M ][H + (Nx �Nz)M ], (2.11)

where !0 is the ferromagnetic resonance frequency.

For a sphere, where Nx=Ny=Nz, !0 = �H.[14]

For a flat plate where H is perpendicular to the plate, Nx=Ny=0 and Nz=4⇡,

resulting in[14]

!0 = �(H � 4⇡M). (2.12)

For a flat plate with H parallel to the plane of the plate, Nx=Nz=0 and Ny=4⇡,

giving[14]

!0 = �[H(H + 4⇡M)]
1
2 . (2.13)

Equation 2.13 gives us the Kittel equation, which will be used to calculate the

parameters of the various thin film samples from the data obtained experimentally.

2.4 Relation to Magnetic Thin Films

For magnetic thin films at room temperature, the FMR linewidth has 3 major

contributions

�H = �HTMS +�Hmosaic +�HGilbert, (2.14)

where �H refers to the FMR linewidth signal when full width-half maximum

method is used, �HTMS is the two-magnon contribution to the linewidth due to

two-magnon scattering, which is dependent on frequency, and �Hmosaic refers to

inhomogeneity-caused line broadening, which is independent of frequency.
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�HGilbert is responsible for the intrinsic contribution to FMR linewidth and follows

the form ↵!
�
.

As briefly explained in subsection 2.1.1, two-magnon scattering occurs when zero

wavenumber wagons scatter with magnetic defects or inhomogeneities. These

inhomogeneities include grain boundaries and surface defects. To conserve mo-

mentum, the new magnon created has the same frequency as the initial magnon

but a wavenumber k, which is equal in magnitude to the wavenumber of the

defect.[10, 13] This process is illustrated by Figure 2.2.

Figure 2.2: Two-magnon scattering �HTMS process

Using the Arias-Mills formulation,[18, 19] the angular dependence of linewidth

HTMS is achieved by introducing an extrinsic-dependent scattering matrix into

the spin-wave Hamiltonian, resulting in [13, 20]

�HTMS =
⇢0

(HY +HZ)2
{H2

Y + [HY cos2 �H +HZ cos(2�H)]
2 ⇥ (ha

c
i � 1)

+ [HY sin2 �H �HZ cos(2�H)]
2 ⇥ (h c

a
i � 1)} sin�1

r
HY

HZ

,

(2.15)

where ⇢0 represents the strength of the two-magnon scattering along the principal

in-plane crystallographic direction and [13]

HY = H +Ha cos 2(�H � ⌘) +Hra +Heff
2 , (2.16)

HZ = H + 4⇡Meff +Ha cos
2(�H � ⌘) +Hra +Heff

1 , (2.17)
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where[13]

Heff
1 =

HW cos�AF cos(�H � �AF � �)�He sin
2(�H � �AF � �)

H
W

H
e

cos�AF + cos(�H � �AF � �)
, (2.18)

Heff
2 =

HW cos�AF cos(�H � �AF � �)
H

W

H
e

cos�AF + cos(�H � �AF � �)
. (2.19)

H is the strength of the applied magnetic field, Ha is the uniaxial anisotropy field,

He is the exchange coupling field, HW is the domain-wall e↵ective field, Meff is

the e↵ective magnetization, Hra is the rotatable anisotropy field and �AF is the

equilibrium angle of the antiferromagnetic magnetization. In these equations, the

easy axes of both the FM and AF layers are assumed to be oriented along the

angles ⌘ and � respectively, with respect to the direction of the applied magnetic

field during growth.[13]

The surface and interface roughness of the thin film samples causes two-magnon

scattering due to variation in the surface anisotropy. The defects are supposed to

be rectangular-shaped, with height b, lateral dimensions a and c.[13]

�Hmosaic is not a loss but the superposition of many local FMR shifted profiles for

various parts of the thin film sample as shown in Figure 2.3.[10] This could be due

to variation in magnetization, internal fields, surface anisotropy, magnetocrys-

talline anisotropy and film thickness, resulting in small di↵erences in resonance

fields for di↵erent local FMR profiles.[13]

Due to fluctuations in the uniaxial anisotropy field directions and exchange cou-

pling field strength He,[20, 21]

�Hmosaic = |@Hr

@⌘
�⌘|+|@Hr

@�
��|+|@Hr

@He

�He|, (2.20)

where �⌘ and �� denote the average spread of the direction of the easy axes of

the FM and the AF films respectively, Hr represents the resonance field and �He

represents the He strength variation at the FM-AF interface.

For my project, the magnetization relaxation processes that I will be looking more

into are two-magnon scattering and spin pumping.
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Figure 2.3: Inhomogeneous broadening �Hmosaic process

2.5 Exchange Bias

Exchange bias takes place between an ferromagnetic (FM) and antiferromagnetic

(AF) layer. Due to the exchange bias coupling between the FM and AF layer, the

AF layer ”pins” a certain thickness of the interfacial FM layer, with the rest of the

FM layer free to rotate in the magnetic field. An FM hysteresis loop is symmetrical

about the origin, suggesting two equivalent favoured directions, along easy axis.

Easy axis is the direction inside a crystal, which only requires a small applied

magnetic field to reach saturation magnetization. Hard axis, on the other hand,

is the direction inside a crystal, which needs a large magnetic field applied in that

direction to reach saturation magnetization.[13]

However, when the AF layer is grown on the FM layer in the presence of an

external magnetic field, the hysteresis loop, also known as a magnetization-applied

magnetic field (M-H) loop, is shifted, indicating a preferred easy magnetization

direction for the FM layer. This is the direction that the FM spins are pinned by

the AF layer. The shift in the hysteresis loop is shown in Figure 2.4, where the

hysteresis loop now has an exchange bias field and an increase in coercivity Hc,

relative to an FM hysteresis loop.[22, 23]

According to a model proposed by Stiles and McMichael, the presence of grains

that are large enough to stabilize AF order results in the existence of uniaxial

anisotropy.[24] When the grains are small, the AF magnetization is immobile while
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Figure 2.4: Hysteresis loop in an exchange-biased thin film sample

the FM magnetization rotates, resulting in hysteretic behavior and the horizontal

loop shift in the resonance field during FMR measurements. Thus, the easy axis

of these grains is usually set in the FM magnetization direction, resulting in the

system being at a lower-energy state.[13]

It has been observed that there is a critical thickness for the AF layer, at which

below it, there is no exchange bias, and thus, no exchange bias field He given

by[32, 33]

He =
JE

MFM tFM

, (2.21)

where JE is the exchange coupling constant, MFM is the magnetization and tFM

is the thickness. The reason that there is no exchange bias field below the critical

thickness of the AF layer is due to the insu�cient AF spins to pin the FM layer. AF

grains are freely rotatable and exchange coupled to FM grains. It is also expected

that the rotatable anisotropy field Hra is at its peak at the critical thickness.

However, once the critical thickness of the AF layer has been passed, exchange

bias field sets in and rotatable anisotropy field decreases. This is due to the fact

that the thicker the AF layer, the higher the AF domain wall energy and therefore,

the more di�cult it is to rotate the AF grains.[13]



Chapter 3

Experimental

In this chapter, the general working principles of the di↵erent equipment used in

this project will be explained. The radio-frequency sputter-deposition system was

first used to create the magnetic thin film samples. The MH Loop Tracer was then

used to conduct a quick check if the thin film samples were usable and to find out

the entropy of each sample. The magnetic thin films were then analyzed using the

transmission line technique via Vector Network Analyzer and electrical detection

via Spin Rectification E↵ect.

3.1 Sputtering

The thin film can be created by the use of sputtering. The depositing of a thin

film of material onto a substrate or another thin layer of material is called thin

film deposition. The thin film deposition process can be split into three cate-

gories: thermal evaporation, cathodic sputtering and chemical deposition. The

radio-frequency (rf) deposition process falls under cathodic sputtering and is the

preferred method by the CSMM laboratory.[25]

The sputtering power source used is of the model ST30-UBQD. The purpose is

to support the target and create the RF source for plasma. The RF power gen-

erator is of A600RF model, whose purpose is to generate the RF power for the

sputtering power source. The RF Auto Tuning and power controller is the model

A600MU and regulates the RF power generator and the tuning between the power

forward and the reflection power. All three components are manufactured by AJA

15
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International Inc. In figure 3.1 is displayed the sputter-deposition system whereas

figure 3.2 shows the inside of the vacuum chamber.

Figure 3.1: RF sputter-deposition system

Sputtering is a momentum-transfer process. A radio-frequency sputter-deposition

system is used with a base pressure at 7⇥10�7 Torr and ambient temperature in the

vacuum chamber. The alloy target is the cathode as it is connected to the negative

terminal of an RF power supply. A glow discharge, which is made up of plasma,

is maintained between the electrodes. An external magnetic field of 200 Oe was

applied during deposition to induce uniaxial anisotropy. The argon pressure was

sustained at 2⇥10�3 Torr during the entire deposition process by allowing argon

gas to enter the vacuum chamber at a flow rate of 16 SCCM (Standard Cubic

Centimeters per Minute).

When positive argon ions collide with the target to eject neutral atoms through

the transfer of momentum, this causes atoms from the target material to be ejected

and propelled through the plasma towards the grounded Si(100) substrates, which
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Figure 3.2: Inside the vacuum chamber of the RF sputter-deposition system

are facing the alloy targets. The substrates are of length 10 mm, breadth 5 mm

and height 0.5 mm. Therefore, a thin film is deposited onto the substrate and

held firmly by mechanical forces.[25] When the alloy targets were not being used

to sputter into the substrates, they were covered with the shutters.

It should be noted that an AC signal is applied to the electrodes. Above a threshold

frequency, two important e↵ects take place. Electrons oscillating in the plasma

region acquire enough energy, resulting in ionizing collisions. This reduces the

necessity of having secondary electrons to sustain the discharge. Next, RF volt-

ages can be coupled through any impedance. Therefore, it is unnecessary that

the electrodes be conductors and any material can be sputtered, regardless of its

resistivity.[25]

A huge benefit of this method is that the thickness of material deposited can be

easily controlled by coordinating the duration of time that an alloy is sputtered

from the alloy sample onto the substrate and by maintaining the deposition rate.

[5, 26] Other benefits include a high uniformity of the thickness of the deposited

films, good adhesion to the substrate and reproducible thin film samples.[25]
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3.1.1 NiFe film with a bu↵er layer of FeCo

The targets used in this fabrication are 3-inch Fe70Co30 and Ni80Fe20 alloy targets.

While the thickness of the layer of NiFe was maintained at 50 nm for all samples,

the thickness of the bu↵er layer FeCo was varied with the chosen FeCo thicknesses

being 0nm, 2.5 nm, 5 nm and 10 nm. This resulted in 4 di↵erent thin film samples.

The thin films samples were not coated with a layer of SiO2 so that certain future

measurements could be conducted on the samples. Not coating the thin film

samples with SiO2 did not a↵ect the measurements we wished to obtain, as NiFe

is relatively resistant to oxidation. An external magnetic field of 200 Oe was

applied during deposition to induce uniaxial anisotropy. A thin film sample when

the FeCo layer is not 0 nm, is shown in Figure 3.3.

Figure 3.3: NiFe(50nm)/FeCo(tnm) thin film sample

3.1.2 Ferromagnetic/Antiferromagnetic (NiFe/MnIr) exchange-

biased thin film

The targets used in this fabrication are 3-inch Mn75Ir25 and Ni80Fe20 alloy tar-

gets. For this type of ferromagnetic thin film, the middle portion of the silicon

substrates, of about length 6 mm, was covered with paper before being sputtered

with copper to form 2 mm-wide copper contacts at opposite ends of the substrate

for electrical contact. The copper contacts are higher in height compared to the

rest of the thin film sample. The copper contacts were then covered by paper and

the middle portion of the substrate uncovered to allow a 50 nm layer of NiFe to be
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sputtered onto the substrate. A layer of MnIr was then sputtered onto the NiFe

layer. The MnIr layer thickness varied from 0 nm to 12 nm for the 7 samples, with

values consisting of 0 nm, 1 nm, 2 nm, 4 nm, 6 nm, 8 nm and 12 nm. Finally, the

MnIr layer of each sample was coated with SiO2 of layer 10nm in situ to protect

the samples from oxidation. An external magnetic field of 200 Oe applied during

deposition to induce uniaxial anisotropy, was also used to induce external bias

here. Figure 3.4 illustrates how a sample should look like when the layer of MnIr

is not 0 nm.

Figure 3.4: NiFe(50nm)/MnIr(tnm) thin film sample

3.1.3 Sample Quality

Sample quality was not a problem for my project. The radio-frequency sputter-

deposition system used for my project has a very good sputtering base vacuum of

7⇥10�7 Torr whereas the argon pressure is almost 3000 times that. This shows

that it is highly unlikely that there will be impurities that will a↵ect the magnetic

properties of the thin film samples.

A protective oxide layer, SiO2, was used to coat the MnIr layer to prevent ox-

idation. Therefore, even if measurements are conducted on di↵erent days, the

condition of the thin film samples should not change and the results that we ob-

tain should be largely due to the di↵erence in thicknesses of the bu↵er layers.
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Although the thicknesses of the bu↵er layers might be small, they are still large

enough to ensure that the previous layer is entirely covered by the material sput-

tered onto it. The spacing between atoms is about 1 to 2 ⇥ 10�10 m. Therefore,

even the 1 nm MnIr layer has about 5 to 10 monolayers.

The targets used are of high purity standard and they are much larger than the

size of the substrate so as to improve the uniformity of the film.

My colleagues at the CSMM laboratory have used the radio-frequency sputter-

deposition system numerous times and have used X-ray di↵raction to measure the

sample quality, as well as a thickness profile meter to measure the thickness. They

have yet to experience problems with the sputter-deposition system.[5, 26]

3.2 Vector Network Analyzer

The Vector Network Analyzer (VNA) used in the CSMM lab is of the Agilent

Technologies N5230 model. The VNAmeasures incident, transmitted and reflected

energy at high frequencies. While there are two ports on the VNA, we only used

one port to measure the phase and amplitude information of the reflected wave,

which is then expressed as a vector. The signal generator was responsible for

sweeping the thin film sample with microwaves of a range of frequencies. The

set-up is shown in Figure 3.5.

Before carrying out measurements, calibration was conducted using the calibration

kit. The open port load (Z=1), short port load (Z=0⌦) and broadband load

(Z=50⌦) were fixed to the end of the thick coaxial cable, allowing the VNA receiver

to be calibrated to the correct overall wave impedance at di↵erent frequencies.

It is necessary to measure FMR for a range of frequencies to find out the intrin-

sic and extrinsic contributions to FMR linewidth separately.[31] The permeability

spectra of the di↵erent samples were measured from 10 MHz to 10 GHz, by us-

ing a homemade microstrip fixture, as seen in Figure 3.7, and the transmission

line perturbation method with the VNA. For the CSMM setup, an external in-

plane magnetic field was applied using a Helmholtz coil. Permeance of a magnetic

thin film is measured. Permeance refers to the average permeability over the cross

section of the thin film times the film thickness. Complex permeability of the mag-

netic thin film can be obtained from its permeance value when the film thickness
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Figure 3.5: VNA experimental set-up

is known. From the permeability spectra extracted from the shorted-microstrip

measurement, the resonance frequency was obtained from Lorentz fitting of the

imaginary permeability spectra.[26]

To obtain the permeability spectra for analysis, some concepts first have to be

understood. The VNA makes use of the transmission-line perturbation method.

There are two types of transmission line perturbation methods: coaxial line and

planar transmission line. For a planar transmission-line perturbation method, the

magnetic thin film sample under observation is inserted into a segment of planar

transmission line. In doing so, he boundary conditions of the transmission line

are changed and thus, the characteristic parameters of the transmission line are

changed. From the changes in the transmission-line characteristic parameters, the

complex permeability of the thin film can be attained, where it is in the form

µr = µr0 � jµr00, along with the electromagnetic properties of the magnetic thin

film. It should be noted that the propagation mode in the transmission line should

not be changed when the sample is inserted.[30]
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The characteristic parameters usually used in deriving materials properties are

impedance Z, propagation constant �, e↵ective permittivity ✏eff , and permeability

µeff where[30]

Z = Z0

r
µeff

✏eff
, (3.1)

� = j
!

c0

p
µeff✏eff , (3.2)

where Z0 is the impedance of free space, c0 is the speed of light in free space, and

! is the angular frequency.

Figure 3.6: The reflection approach for characterisation of magnetic thin films

Focusing on the reflection approach as shown in Figure 3.6, the transmission line

is short circuited. The magnetic thin film is positioned closely to the shorted end

of the transmission line, where magnetic field dominates. Due to the presence of

the magnetic thin film sample, the characteristic parameters of the portion filled

with the thin film are discontinuous and di↵er from the characteristic parameters

of the empty portion. These discontinuities a↵ect the reflection coe�cient S11 of

the one port used. In addition, the magnetic permeability of the thin film can be

obtained from reflection measurements.[27]

In Bekker’s model,[27] the complex permeability of a magnetic thin film is calcu-

lated from the change in the e↵ective permeability µeff when the magnetic thin

film is inserted. Before the thin film is inserted, µeff = 1 . However, both µeff

and ✏eff of the transmission line are changed after the insertion of the thin film.

At the area where the thin film is positioned, the electric field is perpendicular to

the thin film. Due to the small thickness of the thin film, any change of ✏eff of
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the transmission line due to the insertion of the thin film is taken to be negligible.

Therefore, since e↵ective permittivity calculated from reflection measurement of

the transmission line without the thin film is taken to be the same as the value of

e↵ective permittivity of the transmission line loaded with the thin film, µeff of the

transmission line loaded with the thin film can be calculated from the reflection

measurement. From the value of the µeff of the transmission line loaded with the

thin film, then the permeability of the thin film can be derived.[30]

The shorted transmission line consists of two portions: the empty portion without

thin film and the sample portion where the sample is placed. The ✏eff of the

transmission line before a thin film is inserted can be attained from the reflection

coe�cient measured at starting point of the transmission line [30]

✏empty
eff (f) = (

jc0 ln[�Sempty
11 (f)]

4⇡f(lempty + lsample)
)2, (3.3)

where S11(f) is the reflection coe�cient before the insertion of the thin film, lempty

is the length of the empty portion, lsample is the length of the sample portion, and

f is the measurement frequency. After the thin film is inserted, assuming that the

✏eff of the transmission line does not change, the e↵ective permeability µeff of the

perturbed transmission line is given by[30]

µeff (f) = (
jc0 ln[�Sfilm

11 (f)]

4⇡flsample

q
✏empty
eff (f)

� lempty

lsample

)2, (3.4)

where Sfilm
11 (f) is the reflection coe�cient after the thin film sample is inserted.

This is the permeability spectra that will be used for further analysis.

3.3 Spin Rectification E↵ect

The Spin Rectification E↵ect (SRE) method is to the generation of DC voltages

through nonlinear couplings between the microwave excitation fields, spins preces-

sion and induced oscillating charge currents[28, 29]

It can be derived from the generalized Ohm’s law,[34] which is given by

J = �✏0 �
��⇢

M2
(J ·M)M + �RHJ ⇥Heff + �REHJ ⇥M, (3.5)
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where � is the material’s conductivity, �⇢ is the change in resistivity due to

Anisotropic Magnetoresistance (AMR) and RH and REH are the respective ordi-

nary and extraordinary Hall coe�cients.

Considering a time-varying current and resistance,

I(t) = I0 cos(!t), (3.6)

R(t) = R0 cos(!t+ �), (3.7)

where I0 is the initial current, R0 is the initial resistance, ! is the frequency, t is

the time and � is the phase di↵erence.

This results in a time-varying voltage given by,

V (t) = I0R0 cos(!t) cos(!t+ �)

=
1

2
I0R0[cos(2!t+ �) + cos(�)],

(3.8)

where cos(2!t+ �) is the AC component and cos(�) is the DC component.

The AC component in equation 3.8 will time-average to zero whereas the DC

component in the same equation is dependent on the phase.

In a magnetic material, in the absence of electric bias,[17]

~V (t) = ~IDC = ���⇢

M2
0

[h~j⇥ ~mi⇥ ~M0+h~j · ~mi ~M0]+�RHh~j⇥~hi+�REHh~j⇥ ~mi, (3.9)

where the first, second and third terms are the AMR, Ordinary Hall E↵ect (OHE)

and Anomalous Hall E↵ect (AHE) respectively.

When

~M(t) = ~M0 + ~m(t), (3.10)

~J(t) = ~J0 + ~j(t), (3.11)

~H(t) = ~H0 + ~h(t), (3.12)

where ~M(t), ~J(t) and ~H(t) are magnetization, current and magnetic field respec-

tively. The oscillating quantities of ~j, ~h and ~m couple nonlinearly to produce a DC
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voltage from microwave excitation, which is strongly dependent on their relative

phases.

SRE measurement is an electrical method, as opposed to the transmission line

technique used by the VNA. The configuration used for SRE measurement com-

prised of a 50 ⌦ microstrip line to match the test port of the VNA. The space

between the upper line and ground plate was left empty so that a thin film sample

could be inserted. Therefore, the substrate of the microstrip fixture is air. The

width and height of the upper line were chosen to be 5.16 mm and 1.05 mm re-

spectively. The length of the microstrip line in the fixture was chosen to be 9 mm

as the length should be less than a quarter wavelength of the highest measurement

frequency, which is 4.5 GHz in this case. This is so as to avoid possible resonance

in the fixture. The ground plate of the fixture is made of a grounded brass casing,

with one side of the microstrip shorted to the casing. The upper line is made from

a piece of TMM10i laminate. The TMM10i laminate has a thickness of 0.635 mm,

a dielectric constant of 9.8 and a loss tangent of 0.002 at 10 GHz. In addition, it

is plated with a layer of copper 37 µm thick, which faces the ground plate in the

microstrip fixture.[29, 30] The microstrip fixture can be seen in Figure 3.7.

Figure 3.7: Homemade SRE Microstrip from reference [29]

Between the line and ground existed an air gap is where the thin film sample can

be positioned along the fixture length. The magnetic thin film should be cen-

tered between the upper line and the ground plate so as to increase measurement

sensitivity. A microwave generator, made up of a SMB100A Rohde and Schwarz
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analogue signal generator via SMA (subminiature assembly) connector, will pro-

duce ~h in-plane and along the breadth of the microstrip line, the main excitation

field for SRE. This is perpendicular to the AC microwave current ~j, which is gen-

erally along the length of the microstrip line. An in-plane external bias field ~H

can be applied once the sample has been inserted, with the help of a Helmholtz

coil. The function of a Stanford DS335 function generator is to provide amplitude

modulations at 10 kHz, which modifies SRE voltages. These modified SRE volt-

ages are then identified by a Stanford SR830 lock-in amplifier, while power is kept

constant at 18dBm.[29] The entire SRE home-made experimental set-up can be

seen in Figure 3.8.

Figure 3.8: Home-made SRE set-up

A benefit of this method is that this method is non-destructive as it is unnecessary

for the thin film sample to be fused with the microstrip transmission line before

sample-microwave coupling occurs, allowing the thin film samples to be used for

other measurements. In addition, this method allows for easier sample preparation

as lithographic techniques are rendered unnecessary.[29]

There are two types of SRE measurements: angular-dependent and frequency-

dependent. However, the sole purpose of these two measurements are the same,

which is to determine magnetic properties of thin film samples.
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3.3.1 Frequency-Dependent Spin Rectification E↵ect

For measurement of frequency-dependent SRE, a frequency sweep is carried out

from 2 GHz to 4 GHz for the NiFe/FeCo samples and from 2.5 GHz to 4.5 GHz

for the NiFe/MnIr samples at a constant power of 18 dBm. For each of the 21

di↵erent chosen frequencies, the external magnetic field is swept from 300 Oe to

0 Oe. The voltages of the 21 frequency sweeps were then taken out for further

analysis.

3.3.2 Angular-Dependent Spin Rectification E↵ect

For angular-dependent SRE measurement, the frequency-dependent SRE data was

studied. A frequency that has its peak roughly in the middle of the spectrum and

that was not too high so as to avoid there being too much background noise, was

chosen to be the fixed frequency of about 3 GHz. An SRE measurement was then

taken every 10 degrees, between the range of 0 degrees to 350 degrees, with the

extreme values included for measurement too. The voltages of the 36 frequency

sweeps were then taken out for further analysis.

3.4 Magnetic Hysteresis (MH) Loop Tracer

The Magnetic Hysteresis Loop Tracer used in the CSMM laboratory is made by

Hayama Inc. of Japan. The entire MH Loop Tracer set-up is made up of Helmholtz

coils, an integral amplifier, a field controller and a computer. After a thin film

sample is placed between the Helmholtz coils, the MH loop tracer is operated

by applying an AC magnetizing field, generated by the Helmholtz coils, to the

sample. The response signal of the sample to the applied magnetic field is then

monitored by a pickup coil surrounding the sample. The response signal is sent

to the integral amplifier before being sent to an attached computer where the plot

of this response results in a hysteresis loop.[25]

The MH loop tracer is used to trace the M-H loops of the samples to conduct

a quick check if the thin films were usable after sputtering. This is achieved by

checking if there were any horizontal shifts of the M-H loops and if there were, if

they were in line with theory or with previous results. Another use of the MH loop
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tracer was to find the coercivities of the di↵erent thin film samples. The set-up

can be seen in Figure 3.9.

Figure 3.9: MH Loop Tracer Set-Up
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Analysis

This chapter focuses on explaining how the data obtained from experimental meth-

ods can be analyzed and manipulated to obtain results that we want, related to

damping. From this chapter, di↵erent parameters and results can be found. How-

ever, the parameters that I am most interested in are �H0, ↵, as well as He

and Hra to find out the critical thickness and determine the presence of exchange

bias. In addition, I am interested in finding the presence of extrinsic damping

contribution, the presence of spin pumping, as well as ✓SHE and �d of MnIr.

4.1 Vector Network Analysis

Only the Lorentzian-shaped, complex component was kept for further calculations.

Using OriginPro software by OriginLab, the data points from the curve were fitted

to a Lorentz function. The parameters attained from the fitting are the o↵set of

the curve, the FMR frequency !0, the full width at half maximum (FWHM) �f

and the area under the curve A. By taking the square of the FMR frequency as

the y-axis and the applied field H as the x-axis, the saturation magnetization Ms

and uniaxial anisotropy Hk were found from the following equation,

!0 =
�

2⇡

p
(H +Hk)(H +Hk + 4⇡Ms), (4.1)

where � = 1.759 ⇥ 107 and H is the applied magnetic field. Equation 4.1 is adapted

from equation 2.13, which is the Kittel equation.

29
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The FWHM �f values are then converted to �H using

�H =
@H

@f
�f. (4.2)

Taking the �H values as the y-axis and the FMR frequency as the x-axis, the

Gilbert damping constant ↵ and �H0 were attained from equation 4.3, [13]

�H = �HGilbert +�H0, (4.3)

where �H represents the peak-to-peak FMR linewidth signal, �HGilbert=
2↵!
�

and

[13]

�H0 = �HTMS +�Hmosaic, (4.4)

4.2 Spin Rectification E↵ect

4.2.1 Frequency-Dependent Spin Rectification E↵ect

The magnitude of the voltage was used for further calculations. Using OriginPro,

the data points from the magnitude of the voltage were plotted against the applied

magnetic field H according to the equation 4.5 [29]

VDC =
2AD�H(H �Hr)

�H2 + 4(H �Hr)2
+

AL�H2

�H2 + 4(H �Hr)2
+ y0. (4.5)

The parameters gotten for each frequency from equation are AD which is the mag-

nitude of the dispersive lineshape, AL is the magnitude of the Lorentzian lineshape,

�H is the FMR linewidth, Hr is the resonant field and y0 is the background noise.

Equation 4.5 was adapted from equation 3.9.

The values of �H are plotted against their respective frequencies according to

equation 4.3.

The values of the square of the di↵erent frequencies are also fitted to equation 4.1

against their respective Hr values.
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4.2.2 Angular-Dependent Spin Rectification E↵ect

Using OriginPro, the data points from the magnitude of the voltage at each angle

�H were plotted against the applied magnetic field H according to the equation

4.5. The parameters obtained for each angle are AD which is the magnitude of

the dispersive lineshape, AL is the magnitude of the Lorentzian lineshape, �H is

the FMR linewidth, Hr is the resonance field and y0 is the background noise.

The values of Hr were then plotted against their respective angles according to

equation 4.6, so as to tell the di↵erent components of the magnetic field H.

Hr =

s
!

�

2
� ab+

a+ b

2

2

� a+ b

2
, (4.6)

where

a = Ha cos(2�H � 180) +He sin�H +Hra, (4.7)

b = 4⇡Meff �Ha cos
2(�H) +He sin�H +Hra, (4.8)

where Ha is the uniaxial anisotropy field, He is the exchange field and Hra is the

rotational anisotropy field.

Figure 4.1 displays the directions of Ha, He and Hra in a thin film sample.

Figure 4.1: Directions of Ha, He and Hra in a magnetic thin film sample

Next, adapted from equation 4.3,

�H = �HGilbert +�HTMS +�Hmosaic. (4.9)
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While equation 4.9 is essentially equation 4.3, the di↵erence between these two

equations is that equation 4.9 is used to fit �H values against their respective

angles. Since�HTMS and�Hmosaic are dependent on the angle at which frequency

is swept, the components of �HTMS and �Hmosaic can be found from equations

2.15 and 2.20 respectively and more parameters can be obtained from equation

4.9 than in equation 4.3.

4.2.3 Using SRE to Measure Inverse Spin Hall E↵ect (ISHE)

SRE only measures rectified voltages in the FM NiFe and FeCo layers since there

is no net magnetization in the AF MnIr layer. Spin current js is pumped from

the FM layer to the neighbouring layer, causing the FM layer to lose angular

momentum and thus, damping increases. This causes a charge current jc in the

FM layer through Inverse Spin Hall E↵ect (ISHE), which is then converted to give

the electric voltage from ISHE contribution. This electric voltage is measured to

give VISHE. This is illustrated in Figure 4.2 where we shall use the NiFe thin film

with a bu↵er layer in the example. For Figure 4.2, although there is spin pumping

in both directions since there are two FM layers, only spin pumping from FeCo

bu↵er layer to the NiFe layer is illustrated for easier understanding.[10]

Figure 4.2: The directions of js, jc and M in an NiFe(50nm)/FeCo(tnm)
sample. Figure not drawn to scale.
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From Figure 4.2,[34]

jc =
2e

h
✓SHE[js ⇥

M

| M | ], (4.10)

js / �↵(M ⇥ dM

dt
), (4.11)

R(t) = R0 cos(!t+ �), (4.12)

where ✓SHE is the spin hall angle. Spin is related to charge current e�ciency.

Therefore, VISHE can be calculated based on Figure 4.3.[34]

Figure 4.3: Vectors in an NiFe(50nm)/FeCo(tnm) sample. Figure not drawn
to scale.

Since

VDC = ALL+ ADD, (4.13)

where

AL = �VAMR sin� sin(�H) cos 2�H � VAHE cos� sin�H + ISHE sin3 �H , (4.14)

and

AD = VAMR cos� sin�H cos 2�H � VAHE sin� sin�H , (4.15)
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by simultaneously manually fitting the angular dependences of AL and AD,[34]

the presence of spin pumping can be determined by a non-zero value of VISHE.

However, the values of VISHE here do not allow for much comparison among sam-

ples due to the di↵erent amounts of total voltage passed through each sample.

Therefore, from this method, it is di�cult to determine which thin film sample

has more spin pumping than another.

To compare the amounts of spin pumping among di↵erent thin film samples, Spin

Hall E↵ect (SHE) needs to be considered. SHE has intrinsic and extrinsic ori-

gins. Its intrinsic origin is the e↵ective gauge field which is due to spin-dependent,

intrinsic spin-orbit interaction. Its extrinsic origin involves side jump and skew

scattering mechanisms, which are mediated by spin-orbit interactions with mag-

netic impurities.[37]

VISHE can be calculated from[37]

VISHE =
l

�NiFetNiFe + �MnIrt
{✓SHE�d(

2e

h̄
) tanh(

t

2�d

)js}, (4.16)

where g"# = 2
p
3⇡MstNiFe(↵NiFe/MnIr�↵NiFe)/µB is the spin mixing conductance,

� and t are the respective conductivities and thicknesses of the corresponding

layers, h̄ is Planck’s constant, e is electron charge and µB is the Bohr magneton

and

js =
g"#�

2h2h̄l[4⇡Ms� +
p
(4⇡Ms�)2 + 4!2]

8⇡↵2
NiFe/MnIr[(4⇡Ms�)2 + 4!2]

(4.17)

4.2.4 Using Electrical Method to Measure Spin Hall Angle

By doing a fitting of microwave power P against t, spin hall angles ✓SHE and

di↵usion length �d of MnIr can then be calculated using equation 4.18[37]

P = VISHE(
h̄

2e
)
8⇡↵2

NiFe/MnIr(�NiFetNiFe + �MnIrt)[(4⇡Ms�)2 + 4!2]

g"#�2h2h̄l[4⇡Ms� +
p
(4⇡Ms�)2 + 4!2]

= ✓SHE�d tanh(
t

2�d

).

(4.18)

High ✓SHE imply that the particular material can be used as an e�cient source of

spin currents, so as to manipulate magnetization.[37]
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Therefore, equation 4.18 is used to estimate the values of ✓SHE and �d so that the

amount of spin pumping in each sample can be calculated using equation 4.16.



Chapter 5

Results and Discussion

This chapter focuses on the results obtained after analysis was conducted on ex-

perimental data, as well as discusses the results obtained. In this chapter, the

di↵erent magnetization relaxation processes in the two types of thin films were

identified and I attempted quantifying them. Although spin pumping is an extrin-

sic damping process, I shall not include it when referring to extrinsic contributions

to damping in this chapter, since it was accounted for in ↵.

5.1 NiFe Film with Bu↵er Layer of FeCo

5.1.1 Ruling out Extrinsic Contribution to Linewidth

Considering the data from VNA, when the data was fitted using equation 4.3,

the parameters obtained were �H0, which is made up of the inhomogeneous line

broadening �Hmosaic and the two-magnon scattering contribution �HTMS, and

Gilbert damping constant ↵.

The frequency sweep is carried out in one of the directions of the easy axis, at �H =

90 degrees. Looking at frequency-dependent SRE data, the same parameters were

gotten when the FMR linewidth �H was plotted against frequency for the 4 thin

film samples according to equation 4.3. From the apparent linearity of the graphs,

as shown in Figure 5.1, and seeing how the graphs fit so well with equation 4.3, it

suggests that the contribution to the FMR linewidth is mainly intrinsic. This is

supported by the coe�cients of determination of the 4 graphs, which are all above

36
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0.962, suggesting that the magnetic dissipation was mainly intrinsic and that there

was negligible extrinsic damping, and thus, negligible two-magnon scattering.

Figure 5.1: Graphs of NiFe(50nm)/FeCo(tnm) samples when data was fitted
to equation 4.3

VNA SRE
Thickness of FeCo layer (nm) 0 2.5 5 10 0 2.5 5 10

�H0 -0.348 0.0727 0.108 0.399 -4.399 -3.054 -2.463 -2.870
Gilbert Damping Constant ↵ 0.01091 0.01018 0.01007 0.01047 0.01201 0.01129 0.01120 0.01115

Table 5.1: Parameters of NiFe(50nm)/FeCo(tnm) samples when data was
fitted to equation 4.3

The values for �H0 are stated in Table 5.1. From the low values of �H0 that

we obtain of the samples from the transmission line method via VNA, this sup-

ports the above conclusion that two-magnon scattering is a negligible source of

magnetization relaxation process in the magnetic thin films. However, the �H0

values obtained from the electrical detection method via SRE are relatively high.

Therefore, this method is not the most accurate in determining the presence of

two-magnon scattering.

Any deviations from the best fit curves could be due to inhomogeneities in the

samples. However, as the data points are almost all approximately close to the

best fit curves, this shows that the samples are largely homogeneous. In addition,
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the discrepancies that we see in the values of the parameters attained using the two

di↵erent methods, could be due to the di↵erence in the strengths of magnetic fields

applied. However, the trends for the di↵erent parameters for the two methods are

roughly the same.

A more accurate method to determine the existence or non-existence of extrinsic

contribution would be to fit the angular-dependent SRE data with equation 4.9.

When this was conducted, there results further suggests that there is negligible

two-magnon scattering contribution. Although the fitting in Figure 5.2 is not

good, the best fit does give approximately a straight line, which would suggest

that contribution from two-magnon scattering is negligible. Unfortunately, it was

impossible to exactly quantify the extrinsic contribution in the samples due to the

large number of parameters that needed to be fitted, as well as the randomness of

the defects in the samples, instead of them being rectangular-shaped.

Figure 5.2: Graph attained from NiFe(50nm)/FeCo(10nm) samples when data
was fitted to equation 4.9
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5.1.2 Spin Pumping

Analyzing data from VNA and frequency-dependent SREmeasurements, the Gilbert

damping constants ↵ were attained for all 4 thin film samples and can be seen in

Table 5.1. While each thin film sample has two di↵erent values due to the two

methods employed to get the values, the trend is evident for both methods. The

Gilbert damping constant is highest for the single layer of NiFe thin film sample.

However, when the FeCo bu↵er layer is added to the thin film sample, the Gilbert

damping constant drops. The Gilbert damping constant then stays relatively con-

stant for the di↵erent thicknesses of the FeCo bu↵er layer.

As can be seen from Figure 5.3, there is a small increase in ↵ for the SRE method

from an FeCo thickness of 5 nm to 10 nm. This is at odds with the trend observed

for the VNA method, which continues its decreasing trend. However, it is likely

that this small increase is possible as well. Permalloy is known to have low ↵ due

to its low anisotropy in comparing with FeCo. Therefore, it is possible that ↵

were to increase slightly as FeCo thickness increases. However, we are unable to

determine with certainty if this increase does occur as FeCo thickness increases due

to the di↵erence in data. What we can determine is that the ↵ values is highest

for the single layer of NiFe thin film sample before decreasing and stabilizing with

increasing thickness of the FeCo layer.

A possible reason for the drop in Gilbert damping constant could be due to the

spin pumping damping process. Spin current pumped from either NiFe layer to

FeCo bu↵er layer or vice versa is converted to a charge current due to ISHE,

which can be measured as a DC voltage.[35] Since both layers are ferromagnetic

materials, net spin current in either direction is possible. From fitting the data

for the NiFe(50nm)/FeCo(5nm) and NiFe(50nm)/FeCo(10nm) thin film samples

with equations 4.14 and 4.15, it was found that there was Inverse Spin Hall E↵ect

(ISHE). This means that there was net spin pumping from the NiFe layer to the

FeCo bu↵er layer or vice versa. The values of the di↵erent parameters of equations

4.14 and 4.15 for the thin film samples with bu↵er layers of 5 nm and 10 nm are

listed in Table 5.2.

The fittings of equations 4.14 and 4.15 with the data from the NiFe(50nm)/FeCo(10nm)

thin film sample can be seen in Figure 5.4. As the fittings are close to the data

points, the parameters obtained are highly accurate.
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Figure 5.3: Gilbert damping constant ↵ values of NiFe(50nm)/FeCo(tnm)

NiFe (50nm) / FeCo (5nm) NiFe (50nm) / FeCo (10nm)
ISHE (µV) 0.025 0.15
AMRx (µV) 0.82 0.9
AHE (µV) 0.055 0.09

Table 5.2: Determining the parameters for NiFe(50nm)/FeCo(5nm) and
NiFe(50nm)/FeCo(10nm) samples when data was manually fitted to equations

4.14 and 4.15

5.2 NiFe/MnIr Exchange-Biased Thin Film

This entire experiment was carried out twice. All results stated here are from

the first batch of thin film samples, unless otherwise stated. While the trend

was relatively the same for both sets of thin film samples, there are also some

di↵erences. The di↵erences can be attributed to di↵erent sputtering conditions or

some thin film samples being defective. However, these di↵erences do not a↵ect

the overall trends or results of my project. Since the trends obtained for the ↵

values of the NiFe/FeCo thin film samples were relatively the same for the VNA

and SRE methods, I only used the SRE method for the measurements of the

NiFe/MnIr thin film samples.
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(a) Data fitted to equation 4.15 (b) Data fitted to equation 4.14

Figure 5.4: Plots of NiFe(50nm)/FeCo(10nm) sample when data was manually
fitted to equations 4.15 and 4.14 to determine the presence of ISHE

5.2.1 Structure of NiFe(50nm)/MnIr(xnm)

MnIr is an antiferromagnetic, face-centered cubic (fcc) crystal with Mn atoms on

3 out of 4 cubic sublattices. The Mn sublattice can be seen as made up of 2-

dimensional kagome lattices stacked along the (111) direction. The Mn moments

have strong 3-sublattice triangular (T1) magnetic order and a high magnetic tran-

sition temperature due to inter-kagome coupling and strong magnetic anisotropy.

This leads to a non-zero net intrinsic AHE. The structure of MnIr can be seen in

Figure 5.5.[36]

Figure 5.5: Structure of MnIr[36]

MnIr has been found to exhibit large Spin Hall E↵ect (SHE).[36] For my project,

I will characterize SHE detection of MnIr in relation to exchange bias since both
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are highly dependent on interface.

5.2.2 Typical VDC Spectra

When the data of the thin film samples from angular-dependent SRE measure-

ments were fitted to equation 4.5, an example the graphs obtained is as shown

in Figure 5.6, where the NiFe(50nm)/MnIr(12nm) sample at �H=90 degrees was

used as an example. This spectra is typical of a VDC spectra and the other spectras

are similar to the spectra displayed in Figure 5.6.

Figure 5.6: Graph of NiFe(50nm)/MnIr(12nm) sample at �H=90 degrees

The unusually steep slope that is seen in Figure 5.6 from 0 Oe to 20 Oe is a hys-

teretic feature, which come about from static magnetization. During that magnetic

field range, the spins in the FM layer flip abruptly for all the di↵erent frequencies

measured due to the fact that exchange bias is independent of frequency.
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(a) NiFe(50nm) sample (b) NiFe(50nm)/MnIr(4nm) sample

Figure 5.7: M-H loops of thin film samples

5.2.3 Evidence of Exchange Bias

From the M-H loops of the easy axes of the first batch of di↵erent thin film samples

obtained from the MH loop tracer, it can be confirmed as expected that the M-H

loops are shifted after a certain thickness of the MnIr layer. The hysteresis loops

for the single layer NiFe(50nm) sample and NiFe(50nm)/MnIr(4nm) sample are

shown in Figure 5.7 to demonstrate the horizontal shift in the M-H loops. Any

vertical shift in the hysteresis loops are disregarded as the MH loop tracer had not

been calibrated for the vertical axis.

In addition, the coercivity values also increase when the MnIr layer has a thickness

of 2nm. These coercivity values, obtained from the M-H loop tracer, are also listed

in Table 5.3.

Thickness of MnIr layer (nm) 0 1 2 4 6 8 12
Coercivity Hc (Oe) 1.769 2.440 12.017 2.745 3.965 1.586 2.623

Table 5.3: Coercivity Hc of NiFe(50nm)/MnIr(tnm) thin film samples

After fitting the data of the di↵erent samples from angular-dependent SRE mea-

surements with equation 4.6, the values of exchange bias field He, anisotropy field

Ha and rotational anisotropy field Hra were obtained for each sample and can be

seen graphically in Figure 5.8.

From Figure 5.8, it is evident that when the AF layer thickness tAF < 2 nm,

the exchange bias field He is almost zero. The rotatable anisotropy field Hra

increases sharply from tAF=1 nm to tAF=2 nm. The increase in Hra is due to

the establishment of AF order of the MnIr layer. However, we can determine that

AF order is still in the rotatable AF grain regime and are thus, unstable, as He
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Figure 5.8: Exchange bias field He, anisotropy field Ha and rotational
anisotropy field Hra of NiFe(50nm)/MnIr(xnm) samples

is almost zero. It was also observed that Hra is maximum at tAF =2nm before

decreasing at tAF > 2 nm. On the other hand, He increases and saturates once

tAF > 2 nm. The opposing trends of He and Hra at tAF > 2 nm can be attributed

to an increasing number of rotatable AF grains becoming stable. This suggests

that the critical thickness of the MnIr layer is 2 nm and that exchange bias only

sets in when tAF > 2 nm.

These trends are supported by the second batch of thin film samples.

Since it has been found that there is exchange bias in thin film samples with tAF

> 2 nm, there is possibly exchange coupling in these samples. Exchange coupling

is an extrinsic magnetization relaxation process. When the AF spins are pinned

to the FM spins at the interface, the AF spins drag the FM precession, causing

damping in the sample.

It was also decided to attempt to sputter without an external magnetic field to

obtain samples without exchange bias so as to determine the e↵ects of exchange

bias on the thin film samples. However, I was unable to achieve this because there



Chapter 5. Results and Discussion 45

was still a stray field in the sputtering chamber, resulting in exchange bias in the

samples.

5.2.4 Extrinsic Contribution to Damping

The frequency sweeps are carried out in both directions of the easy axis, at

�H=90 degrees and �H=270 degrees. From the frequency-dependent SRE data,

when �H was plotted against frequency for the 7 thin film samples according

to equation 4.3, it is possible that there is extrinsic contribution to damping,

unlike the previous type of thin film. The graphs attained from equation 4.3

for the NiFe(50nm)/MnIr(1nm) and NiFe(50nm)/MnIr(12nm) samples are dis-

played in Figure 5.9. Compared to Figure 5.1, the graphs do not fit as well with

equation 4.3. It can be seen that the graph from the frequency sweep of the

NiFe(50nm)/MnIr(12nm) when �H=270 degree direction is slightly curvy, which

is consistent with two-magnon scattering.

Figure 5.9: Graphs of NiFe(50nm)/MnIr(tnm) samples when data was fitted
to equation 4.3

The values for �H0 are stated in Table 5.4. From the quite high values of �H0

that can be seen for the thin film samples MnIr layers of 1 nm, 2 nm, 6 nm, 8 nm

and 12 nm, this supports the above theory of extrinsic damping. In addition, the

↵ and �H0 values in both directions are inconsistent for their respective samples,
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further suggesting that there could be extrinsic magnetization relaxation processes

present in at least a few of the samples. However, an anomaly to be noted is that

there is a huge di↵erence in ↵ values for the single layer NiFe sample, which should

not be the case since there is no MnIr layer in contact with NiFe. In addition, the

parameters obtained when the data for these samples were fitted with equation 4.3

are not accurate as equation 4.3 is assumed to be linear. Therefore, equation 4.3

is no longer a good fit when there are extrinsic damping magnetization processes,

such as two-magnon scattering and exchange coupling, in the sample. However,

I was unable to determine the exact contributions of two-magnon scattering and

exchange coupling.

Thickness of MnIr layer (nm) 0 1 2 4 6 8 12
↵ at �H=90 degrees 0.0111 0.0130 0.0135 0.0158 0.0148 0.0152 0.0139

�H0 at �H=90 degrees -0.0364 2.28 2.79 -0.619 -0.385 -4.59 3.33
↵ at �H=270 degrees 0.0137 0.0124 0.0152 0.0160 0.0140 0.0151 0.0127

�H0 at �H=270 degrees -4.02 1.91 0.390 -0.925 1.63 -2.90 3.78

Table 5.4: Values of ↵ and �H0 of NiFe(50nm)/MnIr(tnm) samples when
�H=90 and �H=270 degrees

The best method to determine if there is extrinsic contribution to damping is to fit

the data from angular-dependent SRE method with equation 4.9. The damping is

largely intrinsic, with negligible extrinsic damping, if the fitting is approximately

a straight line. Once again, it was impossible to exactly quantify the extrinsic

contribution in the samples due to the large number of parameters that needed to

be fitted, as well as the randomness of the defects in the samples, instead of them

being rectangular-shaped.

From fitting the angular-dependent SRE data with equation 4.9, it can be deter-

mined that while it appears to be that the single layer NiFe sample has negligible

extrinsic damping since the fitting is approximately a straight line, similar to what

was seen in Figure 5.1, this is not the case for the other samples. This can be seen

in Figure 5.10, which is of the NiFe(50nm)/MnIr(2nm) sample. The best fit at-

tained for that sample is not a straight line but a curved one, thus suggesting that

there are two-magnon scattering and exchange coupling contributions. This is the

same for other samples with tAF�1nm. Therefore, there is non-negligible extrinsic

damping for samples with tAF�1nm.
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Figure 5.10: Graphs of NiFe(50nm)/MnIr(10nm) samples when data was fit-
ted to equation 4.9

5.2.5 Spin Pumping

The Gilbert damping constants ↵ are inaccurate as we can see from the subsection

5.2.4, since �H0 was assumed to be frequency-independent due to the negligence

of two-magnon scattering. However, since there is non-negligible two-magnon

scattering, �H0 is thus frequency-dependent. Therefore, the best way would be

to use angular-dependent SRE data since frequency was kept constant for that

experiment. Due to non-negligible two-magnon scattering contribution, the ↵

values are di↵erent in both the �H = 90 degree and �H = 270 degree directions.

Since the ↵ values are still of importance, the e↵ective ↵ values are listed in Table

5.5 and displayed in Figure 5.11. However, it should be noted that caution should

be taken when using these values.

Thickness of MnIr layer (nm) 0 1 2 4 6 8 12
Gilbert Damping Constant ↵ 0.0124 0.0127 0.0144 0.0159 0.0144 0.0152 0.0133

Table 5.5: Values of ↵ for NiFe(50nm)/MnIr(tnm) samples
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Figure 5.11: Graphical representation of ↵ for NiFe(50nm)/MnIr(tnm) sam-
ples

From Table 5.5 and Figure 5.11, we can see that the values of ↵ are low and

relatively constant when tAF  1 nm. From tAF = 1 nm to tAF = 2 nm, the value

of ↵ increases. There does not appear to be a trend when tAF � 2 nm, except

that the ↵ values when tAF � 2 nm are larger than the single layer of NiFe. This

could be due to the inaccurate values of ↵ since there are extrinsic magnetization

relaxation processes in the films where tAF � 2 nm. However, these values can

still be used to look out for trends.

A possible reason for the increase in Gilbert damping constant ↵ could be due

to spin pumping. Spin current moves from the FM NiFe material to the AF

MnIr material, transporting angular spin momentum into the MnIr material. This

causes the spins in the NiFe layer to lose angular momentum. Therefore, damping

increases in a sample when a MnIr layer is placed on a NiFe layer, which is in line

with what we see from Table 5.5, regarding the increase in ↵ values as tAF � 2

nm.

The angular-dependent SRE data for the thin film samples were manually fitted

with equations 4.14 and 4.15. An example of the graphs obtained when these
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(a) Data fitted to equation 4.15 (b) Data fitted to equation 4.14

Figure 5.12: Data manually fitted to determine the presence of ISHE

fittings were done are displayed in Figure 5.12 for the tAF=8nm sample. The

other samples also displayed similar fittings after the data had been manually

fitted.

From the fittings of the data, it was found that there was Inverse Spin Hall E↵ect

(ISHE) for tAF � 1 nm since the values for VISHE for these samples were non-zero.

This means that there was spin pumping from the NiFe layer to the MnIr layer.

The values of the di↵erent parameters of equations 4.14 and 4.15 for the thin film

samples are listed in Table 5.6 and shown in Figure 5.13.

Thickness of MnIr layer (nm) 0 1 2 4 6 8 12
VISHE (µV) 0 0.18 0.057 0.16 0.1 0.14 0.093
VAMR

x

(µV) 1.2 0.91 0.86 1.15 0.85 1.1 0.7
VAHE (µV) 0.24 0.15 0.26 0.2 0.13 0.17 0.1

Microwave Phase � (degrees) 60 60 60 61 62 57 60

Table 5.6: Determining the parameters for NiFe(50nm)/MnIr(tnm) samples
when data was manually fitted to equations 4.14 and 4.15

From Table 5.6 and Figure 5.13, we can see that the contribution from AMR to

total voltage is much larger than the contributions from AHE or ISHE, which are

about the same. In addition, from Table 5.6, the microwave phase � is about 60

degrees for all 7 samples. The microwave phase � is similar for all the samples as

the samples are made of the same materials and thus, the microwave propagation

properties are similar.

Now, I shall attempt to quantify the amount of spin pumping in each sample by

using equation 4.16. However, to be sure that the increase in Gilbert damping
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Figure 5.13: Graphical representation of the parameters for
NiFe(50nm)/MnIr(tnm) samples when data was manually fitted to equa-

tions 4.14 and 4.15

constant alpha is purely due to spin pumping, �H0 has to be fitted to be small

so that we can neglect the two-magnon scattering contribution. This was not

the case as we found out from subsection 5.2.4, where it was found that there

was non-negligible two-magnon scattering from samples where tAF � 1 nm. In

addition, since Gilbert damping constant alpha is not very accurate due to the

contribution to damping due to extrinsic contribution, this method to quantify

spin pumping is unusable. Therefore, it is also not possible to calculate ✓SHE and

di↵usion length �d using equation 4.18 when a fitting was conducted of microwave

power P against thickness of MnIr t. It was expected that theoretically, a high

value of ✓SHE would be obtained due to the T1 MnIr structure.[37] Therefore, the

amount of spin pumping in each sample also cannot be calculated using equation

4.16 as ✓SHE and �d cannot be estimated.

Another possible method to analyze spin pumping in this type of magnetic thin

film is by considering the percentage of the total voltage of each sample that is

contributed by VISHE. This can be seen in Table 5.7.

It would be expected, that the higher the percentage of VISHE compared to total

voltage, the higher the contribution of spin pumping and thus, the higher the

Gilbert damping constant ↵. Ignoring the tAF = 1 nm and tAF = 12 nm samples,
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Thickness of MnIr layer (nm) 0 1 2 4 6 8 12
Gilbert damping constant ↵ 0.0124 0.0127 0.0144 0.0159 0.0144 0.0152 0.0133
Percentage of VISHE (%) 0 14.5 4.84 10.6 9.26 9.93 10.4

Table 5.7: Percentage of VISHE in comparison with total voltage for
NiFe(50nm)/MnIr(tnm) samples

(a) Graph of ↵ against tMnIr
(b) Graph of percentage of VISHE against

tMnIr

Figure 5.14: Plots of ↵ and percentage of VISHE against thickness of MnIr
layers

it is evident that the trends for Figures 5.14a and 5.14b are about the same. For

example, when there was an increase in ↵ for the samples tAF = 2 nm to tAF =

4 nm, there was also an increase in percentage of VISHE for the samples tAF =

2 nm to tAF = 4nm. Therefore, an increase or decrease in ↵ corresponds with

there being a larger or smaller contribution from spin pumping for most samples..

However, this method is also not very accurate as the values of ↵ are also quite

inaccurate in the first place, which could be why the tAF = 1 nm and tAF = 12

nm samples did not follow the trend.

5.3 Reasons for Elimination of Other Magnetic

Relaxation Processes

There are many relaxation processes that can be ruled out to exist in the thin film

samples.

Charge transfer relaxation is only present in ferrites.[10] Since neither permal-

loy, FeCo or MnIr is a ferrite, this process does not exist in the thin film samples.

For the next two processes, they only exist if there are rare-earth elements, such as

scandium and yttrium, in the thin film samples.[10] Since there are no rare-earth
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elements present in the materials used to make up the thin film samples, slowly

relaxing impurity and rapidly relaxing impurity are no possibility of being

present in the samples.

Damping due to eddy current decreases exponentially in a range of 1 micron,

which is the skin depth. Since the samples are in the range of 50 to 70 nm, the

di↵erence in damping due to eddy current between the samples is negligible, thus

resulting in negligible contribution to Gilbert damping constant for all thin film

samples.[10]

Three-magnon scattering and four-magnon scattering do not take con-

tribute to damping in the thin film samples due to the field/film configuration.

The occurrence of these scattering processes depends on the availability of degen-

erate spin-wave modes. The number of the degenerate modes by conducting FMR

measurements with a static magnetic field perpendicular to the film plane.[10]

Therefore, these two processes can be rules out.

However, there are a few damping processes that are actually present in the thin

film samples for both types of thin films, However, only the magnetization relax-

ation processes mentioned earlier in Chapter 5 are responsible for the di↵erences

in intrinsic and extrinsic damping between the di↵erent samples.

Spin-flip magnon-electron scattering and breathing Fermi surface are pro-

cesses that are present in materials with free electrons.[10] Since there are free elec-

trons in the permalloy and FeCo layers, these magnetization relaxation processes

exist in all the thin film samples fabricated throughout my project. These two

processes are dependent on temperature. As temperature increases, the electron

lifetime decreases. This causes the electron Fermi level to broaden, resulting in

the magnon-electron scattering probability increasing and thus, damping increas-

ing due to spin-flip magnon-electron scattering.

An increase in electron lifetime, on the other hand, due to the increase in temper-

ature causes the system to move further away from equilibrium. Therefore, more

energy dissipation to the lattice due to breathing fermi surface and thus, damping

increases. However, since temperature is maintained throughout all the experi-

ments, these two magnetization relaxation processes will be constant in all the

samples fabricated and are not responsible for any di↵erences in damping among

the samples.
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Magnon-phonon scattering is a process that takes place in practically all mag-

netic materials. However, since temperature and the range of magnetic field ap-

plied to the di↵erent thin film samples are the same, the di↵erence in damping

between the di↵erent samples is not due to magnon-phonon scattering and can be

neglected.[10]



Chapter 6

Future Work

There are many possible ways to follow up with the results from my project.

One idea to insert a copper spacer in between the NiFe and MnIr layers. By

doing so, there shall not be any exchange bias e↵ect and thus, negligible extrinsic

contribution, as the NiFe and MnIr layers are no longer in contact. Therefore, it

is possible to focus purely on the spin pumping contribution to the samples. The

values of ↵ will be more accurate and it will be possible to use equation 4.18 to

calculate ✓SHE and �d of that particular type of thin film.

Another way could be to determine the e↵ects of exchange bias and magnetiza-

tion relaxation processes when temperature is varied by attaching a heater during

VNA measurement. It has been found that many parameters such as saturation

magnetization Ms, dynamic magnetic anisotropy field Hdyn
k and Gilbert damping

constant ↵ could change with the e↵ect of temperature.[5] It would be interesting

if this applied to this type of thin film too and how the damping processes would

vary when temperature was varied.

It would also be interesting to consider how damping changes when there is an

oblique angle. An oblique angle occurs when substrates are at di↵erent angles

during the sputter deposition process. Magnetic thin film samples fabricated with

oblique angles have strong uniaxial anisotropy and tilted columnar grain structures

are grown with respect to substrate. There are two main e↵ects, shape anisotropy
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and magnetocrystalline anisotropy, which both contribute to the observed mag-

netic anisotropy of the films.[13] Therefore, it is probable that magnetization re-

laxation processes vary when thin film samples are grown at an oblique angle for

these materials.

Since some of the layers in the thin film samples are quite thin like tAF = 1 nm,

better results might be obtained if the power sputtering was lowered and thus, a

longer deposition time was given to sputter the material onto the substrate, so

that the thicknesses of each material are closer to the desired thicknesses.



Chapter 7

Conclusion

In this report, di↵erent types of magnetic thin films were fabricated using radio-

frequency sputtering and studied using the VNA, Magnetic Hysteresis Loop Tracer

and SRE method. The two types of thin films that were fabricated was a NiFe

film with a bu↵er layer of FeCo, as well as an exchanged-biased ferromagnetic/an-

tiferromagnetic NiFe/MnIr film. The thickness of the FeCo bu↵er layer and the

antiferromagnetic MnIr layer was varied to produce multiple thin film samples.

Numerical analyses was then used to identify and attempt to quantify the di↵er-

ent magnetization relaxation processes present in the di↵erent samples.

It was found that for the NiFe film with a bu↵er layer of FeCo, the only magnetiza-

tion relaxation process that di↵erentiated in amount among the samples was spin

pumping, which caused the Gilbert damping constant ↵ to vary from the single

layer NiFe ↵ value. There was found to be no extrinsic damping after the data

was fitted with equations adapted from various papers.

As for the ferromagnetic/antiferromagnetic NiFe/MnIr film, there was found to be

exchange bias after the critical thickness of 2 nm for the MnIr layer, was passed.

The values of ↵ also increased once this critical thickness was reached and stayed

constantly higher than the single layer NiFe ↵ value. This increase was attributed

to spin pumping from the NiFe layer to the MnIr layer. However, it was found

that the values of ↵ attained were not very accurate due to the presence of two-

magnon scattering and exchange coupling, which did not cause the ↵ values to

systematically increase or decrease but did a↵ect their accuracy.
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