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ABSTRACT
OF THE 'THESIS OF

Khalil El Achi for Master of Science
Major: Physics

Title: Magnetization Dynamics of CoFe Thin Films Grown by Pulsed Laser Deposition

Magnetic damping plays a pivotal role in devices harnessing the electronic spin
degree of freedom, significantly influencing their energy efficiency and operational
speed. Despite its crucial role, the persistently high Gilbert damping in common
ferromagnetic materials, typically on the order of 1073, presents a challenge for ap-
plications in spintronics and spin-orbitronics that require materials with ultra-low
damping characteristics. Alternative materials, such as Heusler alloys and mag-
netic insulators, have showcased significantly lower damping coefficients below 1074,
primarily due to the absence of conduction electrons. Unfortunately, despite their
low damping attributes, these materials pose growth challenges and are incompatible
with the widely used Complementary Metal-Oxide-Semiconductor (CMOS) technol-
ogy, limiting their practical utility. Recent developments in material science search
for low-damping material, introduce promising prospects. Cobalt and iron binary
alloys, particularly CoggFegy, challenge the conventional limitations by exhibiting
relatively low damping coefficients. Theoretical predictions by Mankovsky et al.
propose a damping coefficient of 5 x 107* in CogyFegg, highlighting a unique band
structure with a sharp minimum in the density of states at the Fermi level. This
minimum aligns with the alloy concentration where the least magnetic damping oc-
curs. Subsequent experimental studies by Schoen et al. validate these theoretical
predictions, underscoring the potential of CoggFegy alloys as materials with minimal
damping characteristics. The focus of this thesis is to study the magnetization dy-
namics of CogygFeyo thin films prepared through Pulsed Laser Deposition (PLD). The
overarching goal is to develop high-quality nanometer-thick films. The investigation
kicks off by scrutinizing the characteristics of CoFe films under diverse deposition
parameters, manipulating laser energy and temperature to discern optimal condi-
tions. Once these optimal parameters are identified, a systematic exploration of
thickness dependence follows, encompassing variations in the CoFe layer thickness
within the range of 10 to 25 nm. Moreover, the study extends to exploring the
spin-pumping effect in bilayers of CoFe/Pt. In this aspect, the thickness of the Pt
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layer is systematically varied, enabling the calculation of the spin diffusion length in
Pt. This meticulous and systematic study aims to yield valuable insights applicable
to the realms of magnonics, spintronics, and spin Hall devices.

Keywords: CoFe thin films, Ferromagnetic Resonance, Lock-In Technique, Pulsed
Laser Deposition, Gilbert Damping Factor, Saturation Magnetization, Spin-Pumping,
and Spin Mixing Conductance.
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CHAPTER 1

INTRODUCTION

1.1 Introduction to Magnetization

The first chapter will discuss fundamental concepts in magnetism. First, a general
basis of the characteristics of magnetic materials will be discussed, with a special
focus on ferromagnetic materials. Second, we will describe the magnetization dy-
namics in thin films, which are governed by the Landau-Lifshitz equation of motion.
Then, we will discuss magnetization relaxation using the Gilbert formalism. Finally,
we will explain the spin-pumping phenomenon, which is a new concept in spintronics

that affects magnetic relaxation.

1.1.1 Magnetic Moment

Magnetic materials have been known for a long
time, dating back to the early days of Greece, N s
during which these materials were implemented
in the technology for finding directions. How-
ever, magnetism can only be explained based on

the foundation of quantum mechanics, where an

|
n|-h

electron can have two different magnetic states: *—
either spin up or spin down. The magnetism s

of materials is associated with a small current-
Figure 1.1: Schematic representa-

carrying loop known as magnetic moments as PR
tion of the electron magnetic spin

shown in figure 1.2. For example, the magnetic
moment of an electron orbiting around the nu-

cleus is defined as:

i = IdS (1.1)

11



Here, I is the current carrying loop, and dS

3l

is the normal vector. By definition, the mag-
netic moment is a vector quantity. In materials,
magnetic moments are added vectorially, where
the net sum is zero for normal materials or a
non-zero value for magnetic materials. Magnetic
moments can interact with an external magnetic
field or with another magnetic moment, as ex- I

plained below. However, a microscope quantity
Figure 1.2: Elementary magnetic

referred to as magnetization (M) is commonly
moment m

used and defined as the sum of the magnetic mo-

M:Z% (1.2)

Einstein de Haas experiment proves that the magnetic moment (m) is related to the

ment per unit volume (V)

angular momentum (L) through a fundamental constant the gyromagnetic ratio ()
[1] where
m =L (1.3)

1.1.2 Interaction of Magnetic Moment with an External Magnetic
Field

When a magnetic moment is placed in a mag-

netic field, it will rotate to align with the direc- A

Col

tion of the magnetic field vector, as illustrated
in Figure 1.3. This rotation leads to a change in

its energy, given by:

E=—-m.-B=—-mB cos(6) (1.4) m

0

Here, 0 is the angle between the magnetic mo-
ment and the applied field. It is minimum when Figure 1.3: Precession of a mag-

0 is 90° and maximum when € is 180°. netic moment 77 in a magnetic

field B

12



1.1.3 Types of Magnetic Materials
1.1.3.1 Diamagnetism

When a diamagnetic material is exposed to an external magnetic field, it weakly
resists the field and aligns its magnetic moment in the opposite direction to the
field. Diamagnetic materials do not exhibit magnetic properties due to the absence
of unpaired electrons. Elements that exhibit diamagnetic behavior include metals
and non-metals such as salts (NaCl, CaCl, ...), ions (Li", Ca*", ...), and noble gases

(He, Ar, ...), as well as superconductors, which are ideal diamagnetic materials.

1.1.3.2 Paramagnetism

Paramagnetic materials constitute another class of materials that exhibit a posi-
tive response to an applied magnetic field. These neutral materials can develop
an induced magnetic moment when subjected to an external magnetic field, a phe-
nomenon originating from the presence of unpaired electrons. The induced mag-
netization (M) is proportional to the strength of the applied field, expressed as
M = xH, where x is the susceptibility constant. For paramagnetic materials, y
is positive. Once the external magnetic field is turned off, the material loses its
induced magnetization and returns to its initial state. It is worth noting that the
majority of elements in the periodic table are paramagnetic, such as Cu, Pt, and

others.

1.1.3.3 Ferromagnetism

Ferromagnets are a select group of elements, such as Fe, Co, Ni, and their alloys,
that possess inherent magnetism. These materials exhibit a net spontaneous magne-
tization due to the presence of unpaired electrons, even in the absence of an applied
magnetic field. Within a ferromagnetic material, magnetic domains are formed
where magnetic moments are initially arranged in a random orientation. When a
magnetic field is applied, these materials respond positively, causing all magnetic
moments to align parallel to the magnetic field, resulting in an ordered state. Even
after the removal of the magnetic field, these materials retain their magnetic prop-
erties, as illustrated in Figure 1.4 [2]. Such materials find extensive applications in
various technologies, ranging from permanent magnets to data storage and memory

applications, as well as magnetic sensors [3].
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DIAMAGNETIC PARAMAGNETIC FERROMAGNETIC
H=0 H- H=0 H=> H=
‘4.’ -&> &> ," NN

> O ||V YV o

é," > |27 oo

Figure 1.4: Behavior of the individual magnetic moments in the absence and pres-
ence of a magnetic field for a Diamagnetic, Paramagnetic, and Ferromagnetic ma-
terial, taken from [/]

444
N‘P

1.1.4 Magnetic Hysteresis

Ferromagnets have a unique property called hysteresis which means that the magni-
tude of the magnetization changes depending on how the magnetic field is applied.
Figure 1.5 shows the trajectory of the magnetization by the application of magnetic
fields. In the absence of any magnetic field, the magnetization, that is the net mag-
netic moment in the sample is valued around the remnant magnetization £M,. As
one applies a magnetic field it drives the magnetic moment to positive or negative
saturation £M,.

B Flux Densit!
Y Saturation

Retentivity

N

Coercivity

N

H

Magnetizing Force

-H
Magnetizing Force
In Opposite Direction

Saturation & Flux Densit
In Opposite Direction —B. In Oppostte Direction

Figure 1.5: Magnetic Hysteresis Loop showing the variation of the Magnetic Flux
Density B as a function of the Magnetic Field H

The effect of the magnetic field can be visualized through Figure 1.6. Once all the

magnetic moments become parallel to the applied magnetic field, the magnetization

of the material will be maximized achieving the saturation.
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No Magnetic Field Applied Magnetic Field

XS K T > /> >

Spontaneous Magnetic Moment Saturated Magnetic Moment

Figure 1.6: Representation of the magnetic moments in a Ferromagnet in the absence
and presence of a Magnetic Field

1.2 Magnetic Interaction

Now, let us discuss the interaction between adjacent magnetic moments.

1.2.1 Magnetic Dipolar Field

Consider two magnetic dipoles m; and my separated by a distance r, these dipoles
will interact with each other where the energy formed between them is described by

Ho 3

= 103 [meme = T—Q(ml.r)(mg.r) (1.5)

The magnetic dipolar energy is proportional to the degree of alignment of the
magnetic moments and their perspective separation. This interaction is described

as a long-range interaction.

1.2.2 FExchange Interaction

Two adjacent magnetic moments can interact with each other over a short length.
This interaction is known as exchange interaction. The exchange interaction is
responsible for the alignment of magnetic order in ferromagnets. It originated from
the Pauli exclusion principle, stating that two electrons with the same spin cannot
occupy the same quantum state simultaneously. The exchange energy (Eeschange)

can be described using the Heisenberg model, which is commonly expressed as:
Eea:cahnge - _JZ S’LSJ (16)
(]

Where J is the exchange constant eluding to the magnitude of the interaction, and

S; & S; are the perspective spin vectors of the magnetic moments. For a positive J

15



the exchange energy is minimized when neighboring spins are aligned parallel to each
other i.e. forming a ferromagnetic state. However, for a negative J the exchange
energy is minimized when neighboring spins are aligned antiparallel to each other

i.e. forming an antiferromagnetic state.

1.2.3 Magnetic Anisotropy in Ferromagnets

Anisotropy refers to the reliance of a material or object’s characteristics on the angles
formed between the applied field directions and certain preferred orientations. These
orientations may be dictated by the material’s structure, the shape of the object, or
(when considering properties in alternating current fields) the orientations of specific
external constant fields.

Two anisotropic dependence emerge in these materials:

e Shape Anisotropy: This type of anisotropy is associated with the shape of a
magnetic object. For example, a long, thin magnetic particle will have different

magnetic properties along its length compared to its width.

e Crystalline Anisotropy: This is related to the crystal structure of a material.
In crystalline materials, the arrangement of atoms and the symmetry of the
crystal lattice can affect the preferred direction of magnetization. Different

crystallographic directions may have different magnetic properties [5].

1.3 Magnetization Dynamics in magnetic thin films

1.3.1 Landau-Lifshitz Equation of Motion

When a magnetic film is placed in a magnetic field, the static magnetization follows
an equilibrium direction. The magnetization can be derived out-of-equilibrium by
external sources such as light or radio-frequency waves. These excitations can emit
microwave oscillations with frequencies ranging from a few Megahertz (MHz) to
hundreds of Gigahertz (GHz) with a time scale that spans nanosecond to picosecond.
The magnetization dynamics is described by the Landau-Lifshitz [0], where the

evolution of the magnetization with time is represented by

oM

v = —YM X Hcyss (1.7)
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Where v is the gyromagnetic ratio and H.y; is the effective field which is the sum
of all magnetic fields: the dipolar, the exchange, and the anisotropy fields,

oU

o (1.8)

Hepp = —

By solving this differential equation one can find the eigenstates and the eigenvalues
of the oscillations. One can obtain the dispersion relation of the magnetic excitations
while considering the effective field and its relative orientation to the magnetization.
Below we will derive the dispersion relation for two cases while the external magnetic
field is applied in-plane and out-of-plane. In this thesis, our magnetic films have no
anisotropy and we neglect the exchange interaction as we did not observe a higher
order of the oscillations. Hence the effective magnetic field is dominated by the

external field mainly.

1.3.2 Solution of the LLG Equation

To start by solving the LLG equation let’s consider a ferromagnet in the presence
of an internal ac magnetic field with an oscillating magnetization as explained in
Gurevich et al. [7].

Then when factoring both the constant and alternating components of the mag-

netic field and the magnetization the following can be written:

H=Hy+h (1.9)
M = My+m (1.10)

When only factoring in the constant terms and omitting the alternating contribution,

plugging the magnetic field and magnetization into eq. 1.7 one gets:
MO X HO =0 (111)

This represents that the magnetization and Magnetic field vectors are parallels which
is the equilibrium direction of the magnetization.
When reconsidering the ac contribution and taking 1.11 consideration, the lin-
earized equation of motion becomes:
om

r +ym x Hy = —yMy x h (1.12)

To solve the above equation, consider the ac contribution of the magnetic field A

17



and magnetization m are sinusoidal time-dependent:

h = het (1.13)
m = me™" (1.14)
(1.15)

Plugging those back into 1.12, the linearized equation becomes:
iwm +ym x Hy = —yMy x h (1.16)

After undertaking the cross products and projecting the magnetization and mag-
netic field vectors into the perspective Cartesian coordinate system, a set of three

equations is deduced:

iwmy + yHom, = vMoh, (1.17)
—vHomy + iwm, = yMoh, (1.18)
twm, =0 (1.19)

Solving the set of equations to get the components of the magnetization in terms of

the magnetic field components as such:

My = Xhe + iXahy (1.20)

my = —iXahy + Xhy (1.21)

m, =0 (1.22)

Where wy = vHy, x — ZJ%_“:J’;’, and y, = U}A{O‘:"Q The solution 1.20 can be written in
tensor formalism: ! !

m = xh (1.23)

Where y is the magnetic susceptibility and is written in the form of

X ixXa O
X=|-iva x 0 (1.24)
0 0 0

18



1.3.3 Generalized Case of an Ellipsoid

To understand the impact of an externally applied field, take a small ellipsoidal
region which is a generic case to study, that can be used to describe more specific
cases later on.

Without solving boundary condition, the relationship from magnetostatics can

illustrate that the magnetic field is written by:

H=H. + Hgy = H, — NM (1.25)

Where H, is the external magnetic field and Hyg., is the demagnetization contribu-
tion which can be written in the form of the demagnetization tensor Hye, = —NM.
The tensor N includes the demagnetization factors N, Ny, N, which are the
perspective axes of the ellipsoidal shape previously taken. With that, one can assume
that N, + N, + N, = 4m.
Then one can rewrite the constant and alternating contribution with the addition

of the demagnetization terms:

HO - HeO - NMO (126)
ho = heO — NTTLO (127)

Then we will use these correction factors back in the solution of the section 1.3.2.
Recall the equilibrium condition in eq. 1.11, adding the correction term it then

becomes:
My x (Hyg — NMy) =0 (1.28)

Then plugging the correction terms into the linearized solution in 1.12 it becomes:
iwm + ym(Hyo — NMy) +v(NMy) x My =0 (1.29)

To proceed with solving this equation, lay out the demagnetization tensor as

Nxz Na:y N:(;z
N=|N, N, N,. (1.30)
N:Ez ny sz
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One gets two linear equations:

(iw + YNy Mo)my + y(Heor — NzzMy + Ny Mo)m, =0 (1.31)
—¥(Heos — NzzMo 4+ Ny Mo)my + (iw + YNy Mo)my, =0 (1.32)

To ensure that these equations are set to be compatible, the condition for the fre-

quency of the eigenoscillations is as such:
wy = (wg 4+ YNaaMo) (wi + YNy Mo) — N2, M (1.33)

Where as defined above wy = vHy = y(He — N M)

The frequency that governs the maximum absorption of the electromagnetic en-
ergy is set to be the ferromagnetic resonance frequency. Simplifying the relationship
of 1.33 by assuming that the external field is applied along one of the axes of the
ellipsoid, reduces N to a diagonal matrix. Then the Kittel equation is obtained [3].
Which takes the following form:

wg = y*(Heo + (Ny — N,)Mo)(Heo + (N, — N,) M) (1.34)

Taking the condition that the sample is an infinitely long thin plate, the magneti-
zation direction can be aligned either tangential to the film or normal to it.

Thus, in the case of In-Plane (IP) magnetization, either N, or N, would be equal
to 4m and N, = 0.

The Kittel equation for IP mode will then be written as:

wi = v Hoo(Hyo + 47 M) (1.35)

In the case when the magnetization is perpendicular to the surface, or in Out-of-
plane (OOP) mode, Both N, = N, = 0 and N, = 47. And the Kittel equation for
OOP mode will then be written as:

wo = Y(Heo — 4 M) (1.36)

1.3.4 Gilbert Damping Term

The oscillations of magnetizations are accompanied by the dissipative of energy to
other degrees of freedom in the system such as the phonons, magnons, and thermal

energies. In this section, we will describe the dissipative term phenomenological as
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described by the Gilbert damping coefficient. An additional dissipative term should
be added to LL equation to account for magnetic losses. The equation of motion is
written as

88_]\754 = —YM X Hepy — 7—/\M X (M X Hesy) (1.37)
where A is the dissipation parameter with the same units of the magnetic field. In the
previous equation the M x H.ss term can be replaced by —’y%—]\f which allows us to
introduce the Gilbert damping factor which is a dimensionless parameter: ag = %
Therefore, the equation of motion is reduced to the Landaue-Lifshcitz-Gilbert (LLG)
equation

oM (67¢ oM
O M x Hopp+ M (MR
o YM X Heps + oM % ( 5 )

where the term to the left describes the evolution of the magnetization vector with

(1.38)

time, the first term to the right hand describes the precessional motion of the

magnetization and the second term to the right characterizes the damping term.

Steady- State precession

1.3.4.1 Sources and Mechanism of Damping . 5 ag - dM
——=—YM X Hepp+—M X —
dt ey dt

The Gilbert damping characterizes the dissipa- Heff  Dissipative Damping

tion energy associated with the magnetization.

It can be originated from several sources and ac- M

tive mechanisms in transition metals ferromag-

nets. Below we will briefly explain these mecha-

nisms. Figure 1.7: Representation of the

I- Magnon-electron collision: Berger has pro- LLG equation for the precession
and damping of magnetic mo-

vided a simple picture of spin-wave relaxation
ment

in ferromagnetic metals [9]. In this conceptual

framework, a magnon with energy F(q) = hw

collides with an electron of energy € s where s

denotes its spin. The magnon is annihilated during the collision, and the electron is
transferred from one energy band to another with higher energy. Two cases could be
distinguished. In the first case, the magnon-electron interaction conserves spin an-
gular momentum (e.g., s-d exchange interaction), and the electron must flip its spin
during the collision. In the second case, the interaction does not conserve spin mo-
mentum (e.g., spin-orbit coupling). The magnon relaxation time in both processes
relies on the overlap between the spectral density of the occupied and unoccupied

states around the Fermi level. The relaxation time exhibits a linear increase with
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frequency w, with a constant factor.

II- Elliot-Yafet mechanism: magnon-phonon scattering In this scenario, magneti-
zation relaxation occurs due to the interaction between a magnon and lattice vibra-
tions. The process involves the destructive of spin precession by a phonon, assisted
by a spin flip of the electron state. This interaction is facilitated by the spin-orbit
interaction. In the presence of spin-orbit interaction, electron wavefunctions are a
mix of spin-up and spin-down states, leading to finite spin-flip probabilities induced
by phonon scattering.

[TT-Kambersky’s torque model explains the intriguing relationship between tem-
perature and damping in transition metals like Fe, Co, and Ni [10]. In this model,
the damping of a uniform precession is shaped by both spin-orbit coupling and
electron-lattice scattering. The process involves two steps: first, a uniform magnon
transforms into an electron-hole pair due to spin-orbit coupling, and then this pair
is scattered by lattice vibrations. In the Landau-Lifshitz formulation, the magne-
tization’s magnitude remains constant, but its direction changes. The spin-orbit
interaction causes the precession of magnetization to coincide with variations in the

energy of electron states and transitions between these states.

1.3.4.2 Breathing Fermi Surface

The initial component of the effective field accounts for the change in spin-orbit
energy concerning the magnetization’s orientation. This element induces a modifi-
cation in the Fermi surface [I1]. Consequently, certain occupied states below the
Fermi level are elevated above it, while other unoccupied states above the Fermi
level are shifted downward. The resulting distribution of out-of-equilibrium elec-
trons is restored to equilibrium through intraband transitions caused by scattering.
This phenomenon is commonly referred to as a breathing Fermi surface [12]. In re-
cent studies, various theoretical investigations have been conducted to calculate the
Gilbert damping parameter for different 3d transition metallic ferromagnets, includ-
ing Fe, Co, and Ni, as well as their respective alloys such as CoxFel — z, CoxNil — x,
and NizFel — = using first-principle calculations [13], [14]. These calculations pro-
vide precise values of a by considering the impact of spin-orbit coupling and the
breathing Fermi surface model. It is noteworthy that the transition of a across dif-
ferent concentrations of atoms in binary ferromagnetic alloys exhibits similar trends

in both Mankovsky et al. and Turek et al.’s calculations.
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1.3.5 Spin Hall Effect and Spin Pumping

Consider a charge current transverse a conductor in the longitudinal direction. When
it is exposed to a magnetic field, oriented perpendicular to the film, a Lorentz force
acting on the flow of the electron causes it to deflect along the transverse direction.
This motion of charges causes an accumulation of positive and negative charges
across the conductor resulting in an electric field along the transverse direction.
This induced voltage is known as Hall voltage. A similar process could be observed
in conductors with heavy metals known as the spin Hall effect (SHE), illustrated in
figure 1.8. Consider a conductor with a strong spin-orbit coupling such as platinum,
tungsten, or other spin Hall material. When a current passes through the conductor
the spin-orbit coupling leads to a split of electrons according to their spins such that
spin-up and spin-down electrons will be deflected along opposite surfaces. This im-
balance of charges results in a voltage known as spin Hall voltage. While this process
does not require an external magnetic field it is strongly observed in materials with
a high atomic number of strong spin-orbit coupling. This process has been observed
recently which represents an innovative method to create pure spin-polarized and

found several applications in the field of spintronics and magnonics.

,/""l1¢¢¢¢¢¢¢¢¢¢¢¢¢

Figure 1.8: Schematic representation of the Spin Hall Effect Polarization, taken from

[15]

Consider a heavy metal deposited on top of a ferromagnetic layer. A precessing
magnetization in the ferromagnet will pump spins into the adjacent heavy metal.
Due to the spin-orbit coupling the pumped spins are mixed to create a voltage known
as an inverse spin hall voltage. Spin pumping phenomenon enhances the damping
of the bilayer as the heavy metal acts as an effective spin sink leading to a faster

decaying of the magnetization dynamics. Which is illustrated in 1.9.
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Figure 1.9: Spin Pumping Mechanism between a Ferromagnetic and a Non-magnetic
interface, taken from [10]
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CHAPTER 2

EXPERIMENTAL PROCEDURE

In this chapter, we will discuss the experimental techniques that have been used
during the thesis work. First, we will introduce the Pulsed laser deposition and the
sputtering techniques that were used for the preparation of thin films. Second, we
describe a homemade broadband ferromagnetic resonance experiment that was used
to study the magnetization dynamics of the thin films. Then we end this chapter
by discussing the scanning electron microscope (SEM) which is used for surface
imaging, the Energy Dispersive Spectroscopy (EDX) for element specification, and

finally the profilometer for the thickness measurements of the films.

2.1 Depositon Techniques

We used two different deposition techniques for thin film depositions, first the pulsed
laser deposition (PLD) for the growth of magnetic thin films made of CoFe alloy
and the sputtering for the deposition of the Platinum layer.
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2.1.1 Pulsed Laser Deposition

2.1.1.1 Description of PLD Setup

Vacuum Chamber

[ | Heating Lamp

- Plasma
Plume

Alignment
Lens

Substrate /

-\\ Plasma Plume
Target < h / . ’
\_ v

CoFe Target

S

Rotating
Motor

(a) (b)

Figure 2.1: (a) Schematic representation of the PLD setup. (b) Picture of the
Plasma Plume created from the CoFe target

The Pulsed Laser Deposition (PLD) is a thin-film deposition technique that uses a
high-intensity laser to ablate a certain material, in this case, we use a target of CoFe
with a stoichiometry of 60% Co and 40% Fe. Then the ablated material is deposited
onto an adjacent substrate forming a thin film. This method is widely used in various
scientific and technological applications due to its precision and versatility. As seen
in figure 2.1a, the PLD setup used at our facility consists of a vacuum chamber
reaching pressures of ~ 1076 mbars, a high energy laser beam generated by KrF
gas with parameters A = 248nm, T = 20ns. The laser energy can be varied up to
650 mJ with a repetition rate between [1-10 Hz]. It can house four targets sitting
on a rotating platform. A substrate holder is directly placed above the target. A
micrometer manipulator allows one to control the distance between the substrate
and the target. The system is equipped with a lamp to control the temperature of
an annealing process of the substrate which could increase up to 1000°C'.

In the thin film deposition process, silicon (Si) (100) wafers are initially pre-

pared by cutting them into a square of 1em x 1lem and were cleaned with acetone,
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ethanol, and isopropanol. These cleaned substrates are then mounted on a holder
using a rod, leaving a designated area free from deposition for subsequent thickness
measurements. This is illustrated in figure 2.2. The alignment of the substrate to
the target is critical and is achieved by placing the substrate orthogonally above
the target while using a plexiglass disk for laser marking. The vacuum chamber is
subsequently closed, and an ultra-high vacuum is established. The deposition phase
involves activating the laser with varying energies on a rotating target, initially keep-
ing the substrate shutter closed for around 3 minutes to clean impurities from the
surface of the target. Then the shutter is open and the deposition starts for a finite
time that is determined based on the desired thickness. After the deposition is done,
the vacuum chamber is vented, and upon removal of the target and substrates, a
noticeable discoloration appears on the substrate. This systematic approach ensures

a consistent and controlled process for thin film preparation.

Figure 2.2: Illustrating the substrate when mounted on the holder of the PLD

2.1.2 Sputtering

We use the sputtering technique to deposit a layer of heavy metal of Platinum
(Pt) on top of the CoFe layer to study the spin-pumping effect. The sputtering
chamber setup is illustrated in Figure 2.3. Following the affixing of the film onto
the substrate holder using carbon tape, the chamber undergoes a vacuum process
reaching approximately 10~* mbars. Subsequently, Argon gas is introduced into the
chamber. Upon activation of the cathode node, the plasma is generated, and Pt
atoms are deposited onto the substrate, forming a continuous layer. The machine

halts automatically once the desired thickness is attained.

27



Sputtering Chamber

Cathode Target Holder

- ® .
T‘ Pt Target
el 7 9
. Substrate
/’
Ag:: Substrate
holder
Anode

Figure 2.3: Schematic representation of the Pt sputtering apparatus

2.2 Broadband Ferromagnetic Resonance

The magnetic properties of the CoFe films are measured using a homemade broad-
band ferromagnetic resonance (B-FMR). This is a versatile technique that allows us
to study the magnetization dynamics over a wide frequency range. This technique
consists of two main components: (i) microwave excitation which is done using a
coplanar waveguide (CPW) and (ii) signal detection using a lock-in amplifier. The

block diagram above visualizes the FMR setup showing all the components.
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2.2.1 Setup Explanation

Radio Frequency
Synthesizer
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Coils | Coplanar
Waveguide

v
Computer

v

Signal

Figure 2.4: Schematic Representation of the BFMR setup using the Lock-in tech-
nique

2.2.2 Microwave FExcitations and Detection

When a magnetic sample is placed under a magnetic field, its magnetization will
align itself parallel to the field direction setting the equilibrium position of the mag-
netization. In the setup, we use large coils that are connected to a DC power supply
and can produce a large IP field (H;p) up to 0.7 T. As discussed above in section
1.3.4 and illustrated in figure 1.7, the magnetization will precess around the equilib-
rium direction once a small Radio Frequency (RF) field is applied perpendicular to
the direction of the static field. In our setup, the excitation of the dynamics is done
using a Coplanar Waveguide (CPW) where the sample is flipped over. The CPW

has two ports and is designed to have very low microwave losses up to 40 GHz. It
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can excite waves with an infinite wavelength A\ or zero wave number corresponding
to the ferromagnetic resonance mode. The input port of the CPW is connected to
an RF frequency synthesizer for the excitation. The frequency synthesizer can pro-
duce an RF frequency ranging from 10M Hz to 19GH z with a variable input power
between -20 dB to 20 dB. The resonance condition is achieved when the frequency
of the magnetic oscillation in the films matches the RF frequency and a maximum
absorption of the RF power is detected and the absorption will eventually decrease
to zero away from the resonance condition. From the absorption curve, one can de-
termine the resonance condition and subsequently extract the magnetic properties
of the film. The second port of the CPW is connected to a lock-in amplifier for
signal detection. An RF diode is connected between the second port and the lock-
in amplifier used to amplify the signals. As we used a lock-in technique Helmholtz
coils are used for modulation which are also connected to the lock-in at the reference
channel. We modulate the signal at a low frequency of 860 Hz. The power supply

and the lock-in amplifier are controlled using a Labview program.

2.2.3 Measurement Procedure and Signal Analysis

The ferromagnetic resonance measurement is carried out at a constant RF frequency
while sweeping the static magnetic field. At the resonance condition, i.e. the match-
ing between RF frequency and the ferromagnetic resonance frequency, a dip in the
absorbed power is measured, an example of a resonance curve is plotted in figure
2.5 in black. As we have seen in the first chapter theoretically the resonance curve
is described by a negative Lorentzian curve. In our setup, we detect the absorbed
power using a lock-in technique. For this purpose, we connect the Helmholtz coil to a
low-frequency function generator that provides a square wave signal of 860H z, with
a small amplitude of the oscillating magnetic field H. of a few Oersteds. Therefore
an additional AC modulation field, he™! is added on top of the static field, Where
w is the frequency of the modulated field. Then the microwave signal includes the

first two terms of Taylor’s expansion:

. od
k(H + he™) = k(H) + iwhetwt 2 (2.1)
dH
where the first component represents the microwave signal due to the DC field, this is
primarily filtered out by the Lock-In amplifier. The Lock-In Amplifier measures the
imaginary part of xk which is the derivative of the power with respect to the applied

field, %. Therefore the signals that are detected in our setup are the measurement
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of the variation of the absorbed power as we change the magnetic field. Hence the
detected curves resemble a derivative of a Lorentzain as shown in the red curve in
2.5. However, since the magnetic films are metallic, this causes an asymmetry in
the Lorentzian curve related to the dispersion. To compensate for this effect we fit
the FMR spectra with an asymmetric derivative of a Lorentzian which accounts for
the absorption and dispersion. The equation that will govern our fit is represented

as such:

—8A-AH? - (H — Hys) + B-AH - (AH? — 4(H — Hyes)?)
(4(H — Hyes)? + AH?)?

+C-H+D (22)

Where H,., is the midpoint between the two peaks, and AH is the line width of the
curve i.e. the distance from peak-peak. This is illustrated in figure 2.5. The other
parameters A and B are amplitude control parameters, and C and D are shifting

parameters.

" 1 i 1 " 1 " 1 i I " 1 L 1 a L x 1 x
AH — Signal
—— dP/dH

Power !

Signal (a.u) f

Figure 2.5: Power Signal at resonance, and its perspective derivative as a function
of Magnetic Field Strength H

2.2.4 Magnetic Field Calibration

The flowing DC current in the coils produces a static magnetic field in our setup. We
place a Tesla meter at the center of the coil to measure the conversion between the
current and the generated magnetic field. The current is swept iteratively through

the coils over a full range from -7TA to TA while we record the resulting magnetic
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field. The relation between the static field and the current is shown in figure 2.6
where we notice a linear relation between Hpe and I. The linear relationship is
given by:

poH(mT) = 61.28385 I(A) + 7.7290 (2.3)

uoH (mT)
o

=200

=400 -

= Data Points| |
Linear Fit

-600

8 -6 -4 -2 0 2 4 6 8
Current | (A)

Figure 2.6: Measurement of the Magnetic Flux Density poH (mT) at the center of
the CPW as a function of the Current I (A). Red line showing the linear fit

The value of the magnetic field at I = 0 represents the contribution of the

remnant field of the poles.

2.3 Other Characterization Techniques

To check the quality i.e. the topology and the stoichiometry of the deposited layer,
we employ scanning electron microscopy (SEM) and energy dispersive spectroscopy
(EDX). While for the thickness a profilometer is used. Below we will discuss these
techniques briefly.

2.3.1 Scanning FElectron Microscope (SEM)

An SEM is a powerful imaging instrument used in various scientific and industrial
fields for high-resolution imaging of surfaces. Unlike optical microscopes that use

light to magnify images, SEMs use a focused beam of electrons to achieve much
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higher resolution. Figure 2.7 shows the working principles of the SEM along with
the machine that will be used.

The SEM will be used to study the film’s topology. This way one can measure
the size and diameter of the metallic CoFe droplets that were deposited on the
substrate via the PLD along with their quantity and how close or far off they are
spaced. Since CoFe is already conducting, the SEM will show a clear image of the

droplets without needing to sputter on any conducting layer.

|

W

magnetic lens

backscattered

electron detector
secondary
electron detector
specimen stage
© 2012 Encyclopeedia Britannica, Inc.
(a) (b)

Figure 2.7: (a) Schematic representation of the working principle of the SEM. (b)
Picture of the SEM machine used in our experiment

2.3.2 Energy Dispersive X-ray (EDX)

Energy Dispersive X-ray (EDX), also known as Energy Dispersive X-ray Spec-
troscopy (EDS) or Energy Dispersive X-ray Analysis (EDXA), is a technique used
in conjunction with electron microscopes to analyze the elemental composition of
a sample. EDX provides information about the characteristic X-rays emitted by
a material when it is irradiated with a high-energy electron beam. The energy-

dispersive detector generates a spectrum that represents the intensity of X-rays at
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different energy levels. Each peak in the spectrum corresponds to a specific element
in the sample. By analyzing the peaks in the spectrum, one can determine the ele-
mental composition of the sample. The position and intensity of the peaks provide
information about the types and amounts of elements present.

By measuring the atomic percentage of the film, one can measure the concen-
tration of Co and Fe and compare them with the target. This way one can draw a
connection between the atomic stoichiometry of the film and its perspective mag-

netic properties.

2.3.3 Swurface Level Profilometer

A surface profilometer, or surface profiler, is an instrument used to measure the
three-dimensional (3D) profile of a surface. It provides information about the thick-
ness, surface roughness, and texture. Surface profilometry is crucial in various fields,
including materials science, engineering, and manufacturing, where the surface qual-
ity of a material or product is essential.

The one that will be used in this experiment is a contact profilometer. These
instruments use a stylus or a probe that physically contacts the surface to measure its
profile. The stylus moves along the surface, and the vertical movement is recorded to
create a profile. As shown in figure 2.8, the stylus starts on the substrate and moves
up towards the CoFe layer. The vertical step height is recorded by the software and
is registered by the perspective thickness of the film.

=

Stylus

Figure 2.8: Drawing representing the mechanism of the Surface Level Profilometer
*Not to Scale*
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CHAPTER 3

RESULTS & ANALYSIS

3.1 Introduction

The importance of magnetic damping is critical for devices utilizing the electronic
spin degree of freedom, impacting energy requirements and operational speed. How-
ever, in common ferromagnetic materials, the Gilbert damping remains high in the
order of 1072. This challenge hinders various applications in spintronics and spin-
orbitronics, particularly those reliant on materials with ultra-low damping [17], [18].
The conventional belief is that the high damping in metallic ferromagnets is dom-
inated by the scattering of magnons by conduction electrons. On the contrary,
Heusler alloys and magnetic insulators have shown extremely low damping coeffi-
cients below 10™* due to the absence of conduction electrons [19], [20]. Despite their
low damping yet, the growth of these materials is very challenging and they are not
compatible with the CMOS technology. However, recent works show that cobalt
and iron binary alloys challenge this limitation and show a relatively low damping
coefficient. Indeed, theoretical predictions proposed by Mankovsky et al.[l3] showed
a damping coefficient of 5 x 107* could be achieved in CogyFegy due to a unique
band structure, featuring a sharp minimum in the density of states at the Fermi
level, corresponds to the alloy concentration where the minimum magnetic damping
occurs. Later, Schoen et al. [21], [22] carried out a detailed study and showed indeed
a minimum damping in CogyFegq alloys confirming the theoretical predictions.

In this chapter, we aim to study the magnetization dynamics of CoggFeyq thin
films prepared by the PLD. Our first aim is to achieve high-quality nanometer-thin
films. To achieve this we study the characteristics of CoFe films prepared at different
deposition parameters where we vary the laser energy and the temperature. Once

the optimal deposition is determined, we perform a thickness dependence study
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where the thickness of the CoFe layer is varied between 10 and 25 nm. Finally, we
study the spin-pumping effect in bilayers of CoFe/Pt where we varied the thickness
of the Pt layer to calculate the spin diffusion length in Pt. This systematic study

will be useful for magnonics, spintronic, and spin Hall devices.

3.2 Variation of Growth Parameters

In this study, we prepared films in the following series:

S1 series: This series aims to find the best deposition temperature of the CoFe films.
To achieve this, the films were prepared at different deposition temperatures ranging
from 300K to 573 K. These films were grown at similar deposition parameters where
the laser energy is 400 mJ, with a repetition rate of 10 Hz and the deposition time
is 90 mins resulting in a film thickness of ~ 20nm.

S2 series: This series aims to study the thickness dependence study and achieve
good films with a nanometer range. We vary the laser energy between 300 mJ and
450 mJ resulting in film thicknesses between 10nm and 25 nm.

S3 series: This series aims to study the spin-pumping effect in CoFe/Pt bilayers,

where a Pt layer is deposited with different thicknesses ranging between 0-6 nm.

3.3 Thin Film Characterization

In this section, we will discuss the surface imaging of thin films that is done using
scanning electron microscopy, the stoichiometry of the deposited layers using EDX,
and the film thickness using the profilometer.

3.3.1 SEM and EDX Results of the Films

3.3.1.1 Surface Imaging

Figure 3.1 shows the film being held vertically to show a side profile of it. The bright

small layer on the substrate shows the deposited CoFe layer.
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SEM HV: 10.0 kV WD: 415 mm I I MIRA3 TESCAN

View field: 754 pm Det: SE 200 pm
SEM MAG: 275 x | Date(m/dly): 11/11/23 AUB-CRSL

Figure 3.1: Vertical alignment of the film showing the crossectional side of the
substrate and the perspective deposited film

Figure 3.2: A Reference sample help vertically under the SEM

The growth of metallic films using the PLD technique is usually associated with
the formation of droplets on top of the surface. We used the SEM to look into the
formation of droplets or islands on the surface of the magnetic films and check their
formation at different growth conditions. Figure 3.3, shows images taken for samples
grown at different laser energy between [300-500 mJ]. One can observe discontinuous
droplets which spread over the film surface. The radius of these droplets varies with
the laser energy. We report a general increase in the droplet size with the increase
of the laser energy. For example, the droplet size is around = 270nm at 300 mJ
and it increases to &~ 1800nm for films prepared at 450 mJ i.e. by a factor of 6.

Whilst in films prepared with lower laser energies the films look more continuous
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where droplets are unevenly distributed.

. L1 =824 nm

. L1 =269 nm

SEM HV: 7.0 kV WD: 13.95 mm L |1 MIRA3 TESCAN
View field: 4.87 pm Det: SE
SEM MAG: 42.6 kx  Date(m/dly): 10/30/23 AUB-CRSL

SEM HV: 7.0 kV WD: 14.20 mm MIRA3 TESCAN

View field: 8.44 pym Det: SE 2 pm
SEM MAG: 24.6 kx Date(m/dly): 11/29/23 AUB-CRSL

(a) Film at Laser Energy 300 mJ (b) Film at Laser Energy 400 mJ

L3'= 2180 nm

L1=1243 nm

SEMHV: 10.0 kV WD: 14.31 mm | | | MIRA3 TESCAN

View field: 37.7 pm Det: SE 10 pm
SEM MAG: 5.50 kx  Date(m/d/y): 10/04/23 AUB-CRSL

(c) Film at Laser Energy 450 mJ (d) Film at Laser Energy 500 mJ

SEM HV: 7.0 kV WD: 14.20 mm MIRA3 TESCAN

View field: 6.32 pm Det: SE 2 pm
SEM MAG: 32.8 kx Date(m/dly): 11/29/23 AUB-CRSL

Figure 3.3: Progressively increasing CoFe droplet sizes as a function of Laser Energy

3.3.1.2  Atomic Composition

The stoichiometry of the films is measured using the EDX equipped with the SEM.
After scanning a large area of 1 x 1mm?2, we measured the composition of Co-Fe

within this area and we repeated this for different regions. An example of the EDX
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results is shown in 3.4, where several peaks are detected that are mainly the Si related
to the substrate and the Co and Fe atoms representing the film. The sample shows
that the atomic composition is roughly 66 % of Co and 34 % of Fe which resembles
the the target composition as shown in 3.5. We perform EDX measurements for
all samples of S1 and S2 series. We notice that the atomic composition is weakly
affected by the deposition temperature or the film thickness. In general, we can
conclude that the change in the stoichiometry of the films is marginal around 65 %
of Co and 35 % of Fe as shown in figure 3.6.
3.4.

spectrum 1

0 2 4 B g 10 12 14 16 18
Full Scale 2141 cts Cursor 8085 6 cts) ke

Figure 3.4: EDX intensity spectrum with their perspective atomic composition

Co Fe

Figure 3.5: Quantitative results for the Atomic % of the sample from the EDX
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Figure 3.6: EDX of S1 and S2 films

3.3.2 Thickness Measurements

The thickness measurement is done using the profilometer. As the stylus is stationed

on the substrate and moves above the film, a step height is seen which represents the

thickness of the sample. Two examples are shown below for samples of thicknesses

13 and 10 nm figure 3.7. One can notice a sharp increase in the step height when the

stylus jumps over the CoFe film. In this work, the thickness of the films is measured

using a profilometer.

(a) Profilometer step height of a sample with thickness 13 nm
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(b) Profilometer step height of a sample with Thickness 10 nm

Figure 3.7: Surface Level Profilometer Results

3.4 Broadband FMR Analysis

As we have discussed in section 2.2, the magnetic properties of the magnetic films
are determined using a broadband FMR setup. Our measurement procedure is that
we set a constant microwave frequency ranging between 4 and 19 GHz while we
sweep the magnetic field puoH at each frequency. Using the lock-in amplifier we
measure the change of the absorbed power with respect to the field (%) vs. puoH as
shown in 3.8. We fit these signals with an antisymmetric Lorentzian function from

where we extract the resonance field (p9H,es) and the full width at half maximum
(FWHM) (noAH).
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Figure 3.8: % Signal as a function of pgH with an Antisymmetric Lorentzian Fit
in red

A full spectrum of the resonance curves measured at an input power of 10 dB
and for 6-19 GHz frequencies for a single sample are shown in figure 3.9. Note that
the resonance curves shift to higher magnetic fields as the frequency increases. This
mode correspondence to the FMR mode. The amplitude of the FMR-peaks varies
at each frequency due to the microwave losses within the microwave circuit (CPW,
cables, rf-diode, etc..). We analyze each curve independently to extract poH,.s and

oA H as summarized in the table 3.1.
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Figure 3.9: Full signal spectrum of all permissible frequencies for a reference sample

Frequency (GHz) H,es(mT) AH(mT)
6 31.78242  27.42605
7 40.68007  28.52325
8 50.26532  28.68306
9 60.7947  30.35642
10 72.97478  30.8542
11 85.80327  31.75181
12 100.42268  33.43313
13 115.34517  35.17017
14 130.86218  36.62433
15 146.67431  40.02677
16 160.57858  38.6669
17 178.02672  39.76655
18 196.8329  41.78401
19 215.42723  42.94184

Table 3.1: FMR analysis of a reference sample

The injected power improves the signal-to-noise ratio (SN) during the excitation

of the FMR mode in thin films. While we aim to improve the SN ratio, we ensure to
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excite the linear mode and avoid excitation of non-linear dynamics. For each sample
at a single frequency, we do acquisition at several injected power between [-20 and
20 dB] as shown in 3.10. Note that with the increase of the injected power H,..s
and AH remain constant. Thus the power of the RF field doesn’t interfere with the
experimental data. Note that, for consistency for each sample the full spectra are

done at a single, same input power at all frequencies.

—P-1dB

N

dP/dH(a.u.)
e

-

2

4 . . —
0.0 0.5 1.0 1.5

uoH (MT)

Figure 3.10: Reference signal measured over 4 different powers of the RF synthesizer

For each film, we extract the saturation magnetization M, from the plot of the

frequency vs. poH,es as shown in 3.11, and by fitting it to Kittel’s equation:

f = 3= oHres? + (o Hyes) (o Ms) (3.1)
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Figure 3.11: Plot representing the data points in black and the Kittel Equation fit

in red

By following the full width at half maximum AH vs. the frequency as shown in

50 100 150 200 250 300 350 400

3.12, the Gilbert damping « of the films is extracted using

Ao
poAH = Tf + oA Hy

where « is the total intrinsic damping calculated from the slope and while the

inhomogeneous broadening pgAHy is extracted from the y-intercept.
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Figure 3.12: Variation for FWHM as a function of RF frequency and the linear fit
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3.4.1 Radiative Damping

An additional factor contributing to damping is the inductive interaction between
the Coplanar Waveguide (CPW) and the sample, known as radiative damping. The
value of o4 is directly influenced by the coupling between the magnetic film and the
CPW and can be reasonably approximated using the formula proposed by Schoen

et al. :

= YMgpidtl

Orad = =
d 16Z()’U)CC

Here, v represents the gyromagnetic ratio, Mg is the saturation magnetization,

(3.3)

o is the magnetic permeability, ¢ is the thickness of the thin film, [ is the sample
length, w.. = 200um is the width of the CPW, and Z; = 50€) is the impedance.
For precise Gilbert damping measurements, we computed the radiative damping for
each film and subtracted it from the total damping: ag = ayor — Qraq, as elaborated
later.

It is important to highlight that the contribution to damping from eddy currents

[21] is negligible in our films due to their thickness of 50, nm; hence, eddy currents
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do not play a noticeable role in ag.

3.5 S1 Series - Effect of Deposition Temperature on the
Film Quality

As a first step in growing CoFe films, we search for the optimal deposition temper-
ature at which we could achieve magnetic thin films with good and reproducible
quality. We grow a series of S1 films in which we vary the deposition temperature
between 300 -580 K where all samples were deposited with a laser energy of 400 mJ
for 90 minutes. Once the desired temperature is attained, deposition takes place.
By the end of the deposition, films are annealed at the set temperature for an addi-
tional two hours. Subsequently, the sample is cooled overnight under a vacuum to
prevent oxidation of the CoFe film. As previously mentioned the film thickness is
around 20 nm and the atomic composition is weakly dependent on the temperature

as summarized in.

Sample Substrate Temp (K) Th(lﬁl;l)ess Co % Fe% Spectrum
S6 Si 573 K 20 nm 68.45 31.55 Ala
ST Si 473 K 18 nm  63.11 36.89 A.1b
S9 Si 373 K 22 nm 61.35 38.65 A2a
S10 Si 300 K 21 nm 61.09 38.91 A.ld

Table 3.2: Growth parameters and film characteristics of S1 Series films under vary-
ing annealing temperatures

The magnetic properties of S1 samples are extracted following the same proce-
dure as discussed above. Figure 3.13a shows the variation of the f vs. poH,.s and
the FWHM vs. frequency for samples prepared at different temperatures along with

the respective fits.
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Figure 3.13: BFMR Results of the S1 Series along with corresponding fits

Sample Temperature [K] poMs [T]  ag  pwoAH, [T]

S6 573 0.483 0.0468 0.0100
ST 473 0.613 0.0273 0.0108
59 373 1.542 0.0184 0.0164
S10 300 1.297 0.0170 0.0255

Table 3.3: Perspective magnetic properties of the S1 Series

Figure 3.14 shows the variation of the Mg with the deposition temperature (Tyep).
We note an increase in Mg as the Ty, increases forming a peak around 373 K with
Mg of 1.6 T and decreasing to 0.5 T at higher temperatures. A low Mg of 0.5 T is
also measured for films prepared at high temperatures with higher laser energy of
550 mJ. Liu et al. [25] also noted a similar correlation between magnetization and
deposition temperature. This relationship is ascribed to lattice structure disorder,
potentially resulting in a mixed regime between BCC and FCC structures [22], [26]-
[28].
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Figure 3.14: Variation of the Mg as a function of the annealing temperatures

Figure 3.13b shows the variation of the Gilbert damping vs. the Tg.,. We note a
large increase of the damping from 0.017 to 0.047 as the temperature increases from
300 to 573 K. This could be thermal disturbances and phase transitions at higher

temperatures causing misalignment and disorders to the relative magnetic moments.
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Figure 3.15: Variation of ag as a function of the annealing temperatures

We conclude room temperature is an appropriate deposition temperature that
allows us to achieve films with high magnetization and low Gilbert damping. We
achieve magnetic films with a value of Mg similar to the bulk value, around 1.6 T,

and a reasonable value of the Gilbert damping a¢ although it deviates from the
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bulk value by a factor of 2. Which is similar to what was predicted in Thonig et al.
1]

Finally, we note a significant reduction in inhomogeneous broadening, oA Hy,
with increasing deposition temperature, as depicted in Fig. 3.16. Specifically,
oA Hy decreases from 0.02546 T to 0.01005 T over the temperature range of 300 to
570 K suggesting that the films prepared at elevated temperatures are magnetically

more homogeneous than films grown at lower temperatures.

0.030 . T T .

0.024

0.018

HoAH,

0.012

0.006

300 350 400 450 500 550 600
Temperature T(K)

Figure 3.16: Inhomogeneous Linewidth Intercept ugAH, as a function of annealing
temperatures

3.6 S2 Series - Effect of Film Thickness

In this thesis, we aim to grow magnetic films with a nanometer thickness using
the PLD technique. For this purpose, we prepared a S2 series of films with different
thicknesses ranging between 10 and 22 nm. We grow these films at room temperature
while we changed the laser energy between 300 and 440 mJ and annealed them during

deposition and 120 minutes after deposition at Ty, = 373K, as summarized in 3.4
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Thickness

Sample Substrate Energy (mJ) (nm) Co % Fe % Spectrum

59 Si 440 22 61.35 38.65 A2a
S11 Si 400 17 66.23 33.77 A2b
512 Si 350 12 69.67 30.33 A2c
S13 Si 300 10 63.27 37.73 A.2d

Table 3.4: Growth parameters and film characteristics of S2 Series films under vary-
ing thicknesses

The magnetic characteristics of S2 samples are determined using the same pro-
cedure as discussed above and are summarized in 3.2. Figure 3.20 shows the full
range of experimental data extracted from the broadband FMR measurements for
all films. It shows the frequency-field dependence and the change of the FWHM vs.

frequency along with the corresponding fits.
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(a) Frequency-field dependence (b) FWHM vs. frequency

Figure 3.17: BFMR Results of S2 Series along with corresponding fits

Sample Thickness (nm) poMg (T) e Qrad puoAHy (T)
S9 22 1.544 0.017 6.31 x 107* 0.0191
S11 17 1.458 0.018 4.61 x 10~ 0.0241
S12 12 1.213 0.0275 2.71 x 1074 0.0152
S13 10 1.092 0.0387 2.03 x 10~* 0.0175

Table 3.5: Perspective magnetic properties of S2 Series Samples
Using the Kittel fits, we extract M, vs. thickness as shown in Fig. 3.18. We

measure an increase of M, with the film thickness. It increases from about 1.1 T

to 1.55 T as the thickness varies from 10 to 22 nm. For thick films, Mg approaches
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the bulk saturation magnetizations. The reported trend of M, vs. t is in agreement

with other studies Yan et al. [29], Ranjbar et al. [30], and Belmeguenai et al. [31].
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Figure 3.18: Variation of pigMg vs. the thickness t of the Sample
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Figure 3.19: Variation of the pyMg vs. the inverse Thickness % of the sample. Red
line representing the linear fit

Figure 3.19 illustrates the relationship between magnetization and inverse of the

film thickness %, which is governed

1
poMs = —8.57 x 1077 x ;195 (3.4)
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Where M, and t are measured in Tesla and meters, respectively. Extrapolating
this relationship to infinity, representing the bulk regime, results in Mg approaching
1.95 T. This value aligns closely with the predicted magnetization value for CogoFeyq
[32]. Considering the saturation magnetization of Co and Fe, approximately 1.75 T
and 2.22 T respectively, one can calculate an expected magnetization value to the
first order, yielding approximately 1.938 T.
ufl\]}s the surface field anisotropy factor. This field
is due to surface effects. In addition to the dipolar in-plane field, a surface anisotropy

Additionally, the slope is & to

field will force the magnetic moments out of the plane. This effect reduces as the
films get thicker.

Then, we discuss the dependence between the Gilbert damping and the film
thickness as plotted in figure 3.20a. We observe an exponential decrease in « as the
film thickness increases. For the 10 nm film, we report a large damping of 0.04 and
then it reduced by a factor of 2 for the 20 nm film. These values are well compared
to the results of Yan et al. [29], Sharma et al. [33], and Barati et al. [31]. By

plotting, o vs. 1/t we observe a linear dependence that can be expressed as
91 -3
ag =0.26 x 1077 x " +4x 10 (3.5)

It clearly shows that surface effects play a major role in the large increase of the
damping for thin films. When the thickness approached the bulk value, an extremely
low value of a of magnitude 4 x 1073 could be achieved. A similar value of 5 x 1073

has been reported in the literature Schoen et al. [22] .
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Figure 3.20: Variation of the Gilbert Damping coefficient as a function of the (a) t
and (b) 1/t. Red lines represent the linear fits
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3.7 Spin-Pumping in CoFe/Pt bilayers

The last aim of this thesis work is to study the spin pumping effect, a recent con-
cept in spintronics, which is realized when a heavy metal is deposited on top of a
ferromagnetic. For this purpose, we use the sputtering machine to deposit a few
nanometers of Pt on top of the CoFe films forming bilayers of CoFe/Pt over the
sample S16. The sample is grown using Laser energy 400 mJ at room temperature
for 90 minutes with a thickness of about 18 nm. Initially, one sample was cut in
half and a layer of 5nm of Pt was sputtered on top. Then, a full FMR analysis is
done as discussed to determine the impact of the Pt layer on the magnetic prop-
erties. Figure compares the results of two films with and without Pt. The results
are summarized in Table. 3.6. Notice that the saturation magnetization is identi-
cal for both films. However, a noticeable increase in the FWHM is observed for the
CoFe/Pt bilayer. Therefore, the Gilbert damping coefficient is mainly affected when

we measure an increase of 20% from 0.015 to 0.019. The contribution of the spin

pumping (aspmpumping) 18
U spinpumping — O5C0Fe/Pt — QleoFe

which is about 0.004 for this film.

18 40-
16 36+

141 =

g 12 f‘ 2]

*~ 10/ T 281
8- 1 24 - ]
6. = W/o Pt = W/o Pt

e With Pt 204 e With Pt
o 50 100 150 200 250 4 6 8 10 12 14 16 18 20
poH (mT) f(GHz)

(a) Frequency-field dependence (b) FWHM vs. frequency

Figure 3.21: BFMR Results of the samples with and w/o the sputtered Pt layer
along with the corresponding fits
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Sample poMs (T)  ag  peAHy (T) Spectrum
W/o Pt 1.537 0.015 0.014 A.3a
With Pt 1.566 0.019 0.016 A.3b

Table 3.6: Perspective magnetic properties of the samples with and w/o Pt
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0.018 - 4

0.016 -

0.014 -
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Figure 3.22: ag of a Sample with and w/o Pt

The change in a¢ is attributed to the spin pumping effect that is explained in
1.3.5.
Furthermore, we want to study the characteristics of the spin pumping mecha-

nism relative to the thickness of the Pt layer on top of the film.

3.7.1 S3 Series - Effect of Platinum Thickness

The CoFe/Pt bilayers are characterized by two key parameters: (i) the efficiency
of the spin transport across the CoFe-Pt interface denoted by ¢™, and (ii) the
spin diffusion length Ap; in the Pt layer. We can determine these parameters by
performing a series of CoFe/Pt bilayers while varying the thickness of Pt. We do
this, by cutting the sample S9 into three similar pieces where 3 nm and 6 nm of Pt
layers are sputtered on each piece. As discussed above, we perform the broadband-
FMR measurements on these samples, where we notice no change in the saturation
magnetization. On the contrary, we report an increase in the damping coefficient

with the increases of Pt thickness due to the spin pumping as summarized in 3.7.
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Sample  puoMs (T)  ac  poAHy (T) Spectrum

W/o Pt 1.544 0.0187 0.0191 A2a
Pt - 3 nm 1.534 0.0210 0.0171 Ada
Pt - 6 nm 1.531 0.0209 0.0199 A.4b

Table 3.7: Perspective magnetic properties of S3 Series
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Figure 3.23: FWHM vs. frequency for three samples with different Pt thicknesses

In these films, the total damping is decomposed into two factors, the intrinsic

Gilbert damping (ap) and the spin pumping (ay,) contributions written as
Ay = ot — Qg (3.6)
The spin pumping contribution can be expressed in terms of g™ and Agp[37]

gusg™ ( fﬂ)

Oéspi 1—e¢ *sp

B 47TMStCOF€ (37)

Where g is the spectroscopic factor, up is the Bohr Magneton, g™ is the spin
mixing conductance, and Agp is the spin diffusion coefficient of Pt.

Figure 3.24 shows a plot of oy, vs. the Pt thickness, which shows an increase of
the spin-pumping contribution to the damping and saturation at the thick Pt layer.
By fitting this data to 3.7, we estimate the characteristics of CoFe/Pt bilayers g™ of
5.28 x 10¥m =2 and Agp of 2.25mm. These parameters are in close agreement with

other reported values in the literature by Keller et al. [35].
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Figure 3.24: Variation of o as a function of Pt thickness layer ¢p;
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CHAPTER 4

CONCLUSIONS AND FURTHER STUDIES

In conclusion, we have performed a comprehensive study on the characteristics of
CogoFeyo thin films prepared using the Pulsed Laser Deposition (PLD). A set of
techniques are used to characterize these thin films such as Scanning electron mi-
croscopy, element dispersive spectroscopy, and the profilometer. The magnetic char-
acteristics of these thin films were mainly accessed from a broadband ferromagnetic
resonance measurement. The results of this work can be summarized:

1- The fabrication of thin films at different annealing temperatures revealed a
maximum saturation magnetization (Mg) was achieved at 7' = 373K. This phe-
nomenon can be attributed to phase transitions around that temperature, optimiz-
ing the summation of the magnetic moment. Furthermore, a direct relationship
between temperature and the Gilbert damping parameter () was established. As
annealing temperatures increased, there was a pronounced escalation in precessional
damping. These findings contribute valuable insights into the effects of annealing
temperatures on film properties, particularly concerning magnetic characteristics
and precessional damping.

2- While increasing the laser energy, nanometer-thick films were successfully
produced within the range of 10 to 22 nm. An investigation into the thickness
dependence of magnetization and damping revealed a discernible pattern: thicker
films exhibited higher magnetization (1.6 T) and lower damping (« of 0.017). Im-
portantly, the findings underscored the significant contribution of surface effects to
both saturation magnetization (Mg) and the damping factor ().

3- We explored the phenomenon of spin pumping by employing the sputtering
technique to deposit a 5 nm Platinum (Pt) layer on top of the CoFe layer. This
bilayer configuration yielded a notable increase of 20% in the damping parameter

(a). This observed increase in the damping parameter was attributed to the influence
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of the spin-pumping mechanism induced by the Pt layer.

4- Moreover, we explore the effect of depositing platinum (Pt) with varying
thicknesses, to determine the key parameters characterizing the spin dynamics in
the CoFe/Pt system. Specifically, we determined the spin mixing conductance (g™),
revealing a value of 5.3 x 10¥m=2.

length of Pt, denoted as A\sp, which was found to be 2.25 nm.

Additionally, we calculated the spin diffusion
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APPENDIX A

SIGNAL SPECTRUM

This Appendix will mainly be used to visualize the different signals computed for
each sample at different frequencies. This is done to declutter the thesis and have
the reader look at the difference in signal and spectrums at ease.

Initially, the first stack of spectrums will belong to the 4 samples grown at

different temperatures that were analyzed in section 3.5. Their full BFMR signal

spectrum is plotted below in A.1.

3 3
s S
I I
5 5
o o
S S
100 200 300 400: 500 100 200 300 400
uH (mT) uH (mT)
(a) The full spectrum of S6 (b) The full spectrum of S7
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Figure A.1: The full spectrum of the samples that were referenced in 3.5

The second batch of spectrums will belong to the samples grown in a variation
of thicknesses, analyzed in 3.6. Their perspective BFMR spectrums are illustrated

below in A.2.

dP/dH(a.u.)
dP/dH(a.u.)

1 50 100 150 200 250 Z 50 100 150 200 250 300
uH (mT)

uH (mT)

(a) The full spectrum of S9 (b) The full spectrum of S11
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(d) The full spectrum of S13

Figure A.2: The full spectrum of the samples that were referenced in 3.6

Regarding the two samples discussed in 3.7, the samples’ perspective spectrums

can be illustrated here:

dP/dH(a.u.)

50

(a) Full Spectrum W /o Pt Layer

100 150
uH (mT)

200

250

dP/dH(a.u.)

60 120 180 240
wH (mT)

(b) Full Spectrum With the 5 nm Pt Layer

Figure A.3: The full spectrum of the samples that were referenced in 3.7

Afterward, the sample was cut into three parts and Pt layers of different thick-

nesses were sputtered to study the effect of Pt thickness layer on the spin-pumping

contribution. Their spectrums are as follows:
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Figure A.4: The full spectrum of the samples that were referenced in 3.7.1
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