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ABSTRACT

L1y CoPt nanoparticles have very high magnetocrystalline energy that makes them
potential candidate for high density recording media. In this study, I have investigated
the structural and magnetic properties of CoPt particles embedded in silver. The CoPt
nanoparticles were produced from CoPt/Ag multilayers. The thickness of CoPt layer
was kept the same, and the thickness of Ag layer was varied. The as-made samples
had the fcc structure. Particles with the ordered L1, structure were obtained by
annealing the multilayers at a high temperature. The highest coercivity and particle
size were found in samples with larger Ag layer thickness. Also, samples with larger
Ag layer thickness showed the ordering in lower annealing time and temperature.
Samples with smaller Ag layer thickness shows larger degree of ordering in

comparison with the ones with larger Ag layer thickness.
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Chapter 1

INTRODUCTION

1.1 Origin of Magnetism
To understand the magnetic behavior of any material, we need to study the

magnetic moment of each atom. The total magnetic moment of an atom is
_ e
Mutom = —Yatom E] (1.1)

Where gaiom 1S spectroscopic factor, m. is mass of the electron, e is electron charge and
J is the total angular momentum vector which is the sum of the spin angular
momentum, S, and orbital angular momentum, L.

J=S+1L (1.2)

The magnitude of the total magnetic moment of an atom comes from below equation

IMatom| = Gatom %TV]U +1) = gatom.UB\/]U +1) (1.3)

Where pg is Bohr magnetron. Depends on the value of J, atom can have zero or non-

. . . . 1
zero magnetic moment, and shows different magnetic behavior.

1.2 Magnetic Material’s Applications

Magnetic materials are having the broad applications. Magnetic nanoparticles
are used in medicine as a drug delivery, MRI contrast agents and to introduce
hyperthermia as a possible treatment for cancer. They are also used as catalysts.”
Another important application of magnetic material is in magnetic recording industry.

Writing head, reading head, and recording media are made of magnetic materials. >



Some common materials which are used in density recording media are cobalt-based
alloys with hexagonal structure. However, magnetic alloys with L1, structure like
CoPt and FePt and rare earth transition metals like CosSm are having much higher,
magnetocrystalline anisotropy, K,, and are more desirable for high density recording
media. *°

Hard magnetic materials with coercivity equal and greater than 400 kA/m are
used as refrigerator magnets, sensors, dc motors or generators, wind mills, and holding
devices, etc. Soft magnetic materials with coercivity of 10 kA/m or less is useful for

microwave applications, electrical steels and transformers, etc. °
1.3 Different Types of Magnetic Materials

1.3.1 Diamagnetic Materials

In these materials, since the atomic levels are full, J is zero, and there is no net
atomic magnetic moment. When these materials are placed in an external magnetic
field, they are repealed by it. It happens because an external magnetic field induces a
magnetic moment which is in the opposite direction of a magnetic field. These
materials have a very small and negative susceptibility. Diamagnetism is the
properties of the all the materials. But it is significant when a material does not show

any other magnetic behaviors.'

1.3.2 Paramagnetic Materials

In contrast with the diamagnetic materials, atoms in paramagnetic materials are
having nonzero magnetic moment. These magnetic moments are randomly distributed,
and result in zero net magnetization. These materials are having small and positive

susceptibility, follows by Curie law.



1=7 (1.4)
When these materials are placed on an external magnetic field, their magnetic
moments start to align themselves to the direction of a magnetic field, and they show a
non-zero net magnetization. When a magnetic field is removed, a material shows a

. . 1.6
zero magnetization.

1.3.3 Ferromagnetic Materials

Ferromagnetic materials are another type of the magnetic materials. Iron,
nickel, cobalt and their alloys belong to this group. In these materials, each atom has
nonzero magnetic moment and there is an exchange interaction between them, which
results in spontaneous parallel alignment of the magnetic moments inside each
domain. Therefore, in an absence of an external field, each domain has nonzero
spontaneous magnetization. In multi-domain ferromagnetic materials, domains are
aligned in a way that net magnetization will be zero without an external field.
Sufficiently large field can align all the magnetic moments in the direction of a
magnetic field. Despite the paramagnetic materials when field is removed,
ferromagnetic material can show a nonzero magnetization which depends on the
highest value of a field it experienced.

These materials show the ferromagnetic behavior when their temperature is
below the critical temperature, T.. Below critical temperature, they behave like a
paramagnetic material. These materials are having a large positive susceptibility that

obeys a Curie-Weiss law at a temperature larger than T. '



1= (15)

1.3.4 Antiferromagnetic Materials

In these materials, although each atom has nonzero magnetic moment,
neighboring magnetic moments have the same magnitude and are antiparallel due to
an exchange interaction between nearest and next nearest neighbors. Therefore, in an
absence of a magnetic field there is no net magnetization in these materials. Like,
paramagnetic materials, they are having small positive susceptibility. Below Neel
temperature, Ty, their susceptibility depends on the direction of an applied field, while

above Ty, they show paramagnetic behavior. '

1.3.5 Ferrimagnetic Materials

Their behavior is like the ferromagnetic materials. They are having large
positive susceptibility. Due to an exchange interaction, magnetic moments are parallel
in each sub lattice. But, they are antiparallel with the next sub lattice. Since, magnetic
moments in each sub lattice are having different magnitude, there is the net

magnetization.'

1.4 Hysteresis Loop

Ferromagnetic materials show the hysteresis behavior. In this loop, M; is called
remanence magnetization which is magnetization that material shows after an external
field is removed. Coercivity or coercive field, H, is the field required to demagnetized
the sample after it is magnetized. Magnetization at point C is saturation magnetization,
M;, and it happens when all the magnetic moments are along the magnetic field’s

direction. The squareness of any hysteresis graph is defined by M,/M; and it can be



used to show the relative direction between an applied magnetic field and the easy
axis. 'OA segment of the magnetization is reversible. At irreversible AB, the domain
walls are moving , and finally at BC segment of the loop, the domain walls start to

rotate to align themselves to a magnetic field. "*

F

Figure 1.1: This figure shows magnetization and hysteresis loop for a ferromagnetic
material. OABC is the magnetization loop, and CEFGC is hysteresis
loop. ®

1.5 Domains and Single Domain Particles
In the bulk ferromagnetic materials, there are the regions within which

magnetic moments of atoms are parallel together. These regions are called domains,



and the boundary between each domain is called domain wall. Domains are created in
a ferromagnetic material to reduce demagnetization inside a material. In the absence of
a magnetic field, domains are oriented in such a way that the net magnetization of a
bulk material is zero. Within each domain wall, the magnetic moments are rotating
either in plane or out of plane. Domain wall thickness is determined by the
competition of two energies: exchange energy which likes to make domain wall as
thick as possible, and anisotropy energy which likes to make the wall as thin as
possible. Domain wall thickness and energy can be obtained by minimizing sum of

these two energies.

6wall = Tc\/ A/Ku (16)
Vo = 270/ AK,, (1.7)

where 4= JS?/a. Here 8.y is a wall thickness, yway is a wall energy and it is minimum
when an anisotropy energy and an exchange energy are equaled together. A is called
exchange spring constant, and J is exchange integral.

While by adding more domain walls to each grain, demagnetization energy is
reduced, at the same time a new domain wall energy is added to the system. We are
having single domain particles when the domain wall energy and demagnetization
energy become comparable. Therefore, below this size, the particle can have only one
domain and there is no domain wall. This particle is called a single domain particle.

For uniaxial material, this size can be obtained with following equation: ’

1.4
Dgp = ~lwall (1.8)



1.6 Magnetization Behavior of a Single Domain Particles in Presence of a
Magnetic Field

The magnetization of the single domain particles is based on coherent rotation,

1.1° In the absence of an external

and can be described with Stoner-Wohlfrath mode
magnetic field, spontaneous magnetization, M;, is directed in the direction of the easy
axis. When an external field is applied, M; starts to rotate itself to be aligned with a
magnetic field. For a uniaxial single domain particle shown in the figure 1.2,
magnetocrystalline energy is equaled to

E, = K, sin? 0 (1.9)
And since the particle is placed under a magnetic field, H, it has Zeeman energy

equals to

En = —u,HMscos (a — 0) (1.10)

a

/ M, H
Easy
axis i 4

Figure 1.2: This figure shows a uniaxial particle, with Mg makes an angel ® with the
easy axis, and a magnetic field makes an angel o with the easy axis. '

And the total energy of this particle is the sum of these two energies.

E; = K, sin* 6 —u HM;cos(a—6) (1.11)



Here, Zeeman energy wants to orientate M, along a magnetic field, and
magnetocrysalline energy wants to keep M along the easy axis. At equilibrium, this

total energy should be minimum, so 0E/00=0, and we have
sin 6 cos § — 22" sin(0-6) = 0 (1.12)

By defining the reduced field, h=H/Hx, where Hy is anisotropy field, we can rewrite
(1.12) equation

sin 6 cos 8 —h sin(a—0) = 0 (1.13)
Reduced magnetization is defined by m=M/M;, where M is the magnetization and is
equaled to M=M; cos(a—0). Equation (1.13) shows that depending on the direction and
the strength of a magnetic field, different hysteresis loop can be obtained. Figure 1.3

shows different loops for different angels between a magnetic field and the easy axis.

oa=0° :
1.0— ﬁ o
0.5 )O
0
T 0 ; 7
0.5 [t TOW A Aot
4l '////
~1.0 =} — j
- 20°
| |5 | \

-1.0 -05 0 05 1.0
h

Figure 1.3: This figure shows reduced magnetization versus reduced field for
different angels between a field and the easy axis. '



When an external field is perpendicular to a magnetic field, m=h and there is
no coercivity. If a field and an easy axis have the same direction, a square shaped
hysteresis occurs. Here, there is no torque from a magnetic field to rotate the
magnetization. Magnetization rotation happens at the coercive field. At this field, the
energy barrier between up and down magnetization becomes zero, and magnetization
can reverse itself. In this case magnetization switches its direction suddenly, while for
other angels, magnetization rotates gradually. Figure 1.4 shows the energy barrier for

magnetization reversal at different applied field. "’

Figure 1.4: This figure shows the energy barrier for different values of a magnetic
field. When h=0, there is no external field and the energy barrier is
symmetric. And when h=h,, energy barrier will be zero and
magnetization reversal happens. '



If instead of one single domain particle or assembly of parallel single domain
particles, there is an assembly of randomly oriented particles, hysterics loop has the
shape of figure 1.5. In this case, coercivity will be equaled to .96K /M. And for the
randomly oriented spherical particles with cubic crystalline anisotropy, coercivity is

equaled to He=".64K,/M,.*

1.0

0.5 . / ............ 1/ _— H—
0

-0.5 J/ l

R

m

Figure 1.5: In this figure, the solid line shows hysteresis behavior of randomly
oriented single domain particles, while dashed line shows the hysteresis
behavior of single domain particle or an assembly of parallel single
domain particles with their ¢ axis parallel to a field.'

1.7 Coercivity Dependence on the Grain Size

Size of the particle is one of the factor that coercivity depends on it. Below
figure shows the grain size dependence of the coercivity. In this figure, SP means
superparamagnetic, S-D means single domain, and M-D represents multi-domain

particles. When the size of the particle is below D,, particle is in superparamagnetic

10



region and its hysteresis shows no coercivity. By increasing the size of the grain,
coercivity increases until it reaches its maximum value. After that by increasing the
grain size, coercivity decreases. Coercivity has its maximum value when the grain has
the maximum possible size for a single domain particle.

Below equation shows the coercivity as a function of particle size, for field

applied parallel to the anisotropy axis.

=y (1— (2) = 11— (%)) (1.14)

N—

Where V,, and D,, are critical volume and size for superparamagnetism. bo

[
Y

SP

Unstable

Y

-

Stable

ci

> T
@ i y

Particle diameter D

Figure 1.6: This figure shows the grain size dependence of the coercivity. In the
figure, SP means superparamagnetic, S-D means single domain, and M-D
represents multi-domain particle."'
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1.8 Cobalt-Platinum

CoPt has a L1 structure that makes it suitable candidate for ultra-high density
recording. L1, structures are having very high magnetocrystalline anisotropy energy
which makes them more thermally stable.” As a result of high magnetocrystalline
energy, they show high coercivity.'> Also, cobalt-platinum alloys have a high

. . 13
COrTosion resistance.

1.8.1 Phase Diagram of Cobalt-Platinum

Figure 1.7 shows the phase diagram of the cobalt-platinum system at

equilibrium.
Wt. % Co
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1800 i 2 1 ] 3
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Figure 1.7: Equilibrium phase diagram of cobalt-platinum system. '*
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Based on the phase diagram, CoPt with the composition near 50-50% can have either
disordered face centered cubic, fcc, or ordered face centered tetragonal, fct, structure.
In CoPt, L1, phase is formed by transition from high temperature disorder fcc phase.
L1, phase in CoPt is stable below the critical temperature which based on the phase
diagram is 833°C. ° Besides CoPt superstructure, CoPt; is also a stable superstructure.
'* Below its critical temperature CoPt; has a structure of ordered fcc with the cobalt
atoms sitting on the corners and platinum atoms sitting on the faces. '*

FePt has a similar phase diagram. L1, FePt below the critical temperature
which is 1300°C is stable, and above this critical temperature it is disordered fcc.

In general, for fcc alloys, the probability of each atom of each kind occupy
each site is the same. > Fcc structures usually show low coercivity, and are
magnetically soft. For L1y structure, the probability of each atom of each kind to
occupy each site is not the same. In this case, one kind of the atom is occupying the
corners and two faces, and another kind of the atom is occupying the rest of the faces.
Therefore, the symmetry of the structure decreased. In L1y structure, c/a is usually less
than 1. Based on the phase diagram, L1, structure is low temperature phase, and is
having lower entropy. For L1 structure, magnetization vector is usually along the c
axis or [001], while the easy axis for fcc CoPtis [111]. ° For fully ordered CoPt and
FePt c/a is equaled to 0.973 and 0.964. "Below figures show the cell structure for

disordered fcc and ordered fct.

13
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Figure 1.8: Left figure shows the disordered fcc structure with Co/Fe and Pt
particles occupying each site with the same probability. Right figure
shows ordered fct, with Co/Fe atoms sitting on the corner and two faces,
and Pt atoms sitting on the rest of sites. During ordering c axis shrinks to
make c/a less than one."'

The dependence of the lattice parameters of the bulk cobalt-platinum alloy can
be obtained from the below graph. Based on this graph, cobalt-platinum with the

composition of 50-50% has a lattice parameter equals to 3.78 A."
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Figure 1.9: Dependence of the lattice parameters of the cobalt-platinum alloy. '
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Also it has been shown that the fully ordered CoPt shows higher coercivity in

comparison with mixed ordered and disordered phase.

1.8.2 Applications of Cobalt-Platinum in High Density Recording

In high density recording media, to increase an areal density, the grains size
must be decreased. Decreasing the grains size results in thermal instability. It means
that in operating temperature, thermal energy can compete with magnetic energy of
each grain, and magnetic moments can change their directions. So, in order to use
small grains and solve thermal instability problem, we need to use materials with high
magnetocrystalline anisotropy energy.’

L1y CoPt and FePt with their easy axis along [001] have very high
magnetocrystalline anisotropy energies which are around 4.9%10” erg/cm’ and 7*10’
erg/cm’ respectively'®, in comparison with disordered fcc CoPt and FePt that have
anisotropy constants equal to -6%10° erg/cm’ and 10* erg/cm’ ', Their curie
temperature are 840K and 750K for L1y CoPt and L1¢ FePt*. Therefore, L1, CoPt and
FePt can be very good candidates for ultra-high density recording media. Because of
their importance in high density recording media, controlling the size distribution,
particle size and coercivity in L1y CoPt and FePt are very important. In high density
recording, besides using particles with high anisotropy constants, it is important to
increase the signal to noise ratio in media. One way to do this is to fabricate isolated
particles to decrease the interaction between particles. ' '*

Based on the below equation to satisfy the ten-year relaxation time for grains
which is required in high density recording media, L1y CoPt and FePt nanoparticles

should have minimum size of 4nm and 2.6-3.2 nm respectively . ‘¢ *

t = fy lexp(—Eg/KT) = f; exp(—K,V/KT) (1.16)

15



Here in this formula, f; is attempt frequency which is around 10 for cobalt alloys. k is
Boltzmann constant and T is operating temperature. Ep is the energy barrier between
two up and down magnetization. V is volume of each grain and K, is uniaxial

anisotropy constant. v

1.8.3 Previous Studies on Cobalt-Platinum Nanoparticles

Because of the importance and promising future of CoPt and FePt
nanoparticles in high density recording, different studies have been done on them. To
fabricate CoPt and FePt nanoparticles that have desirable size and magnetic properties,
and narrow size distribution, different methods can be used.

One common way to fabricate CoPt and FePt nanocomposites is to use
sputtering. In this method, either multilayers of CoPt or FePt and another material is
sputtered on the substrate or CoPt and another material are co-sputtered at the same
time. Then by annealing at proper temperature, L1, CoPt and FePt nanoparticles are
fabricated. Different materials can be used as a matrix. For example for FePt, by using
C and BN, FePt nanoparticles with size ranging from 3-20nm and Hc ranging from 2
to16kOe was fabricating. *°

Also, same studies have been done on CoPt/C. Using C as a matrix results in
fabrication of CoPt nanoparticles with average size of 7-20nm and coercivity between
3-12kOe. This study shows increasing C concentration decreases the particle size and
coercivity. Carbon also can be used to reduce interaction between grains, which results
in less media noise and it is very important factor in high density recording. '° '’
Using Ag in CoPt results in ordering happens in lower temperature and

enhance (001) orientation in CoPt. '* Also, fct CoPt in Ag matrix was fabricated with
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CoPt nanoparticles with size and coercivity ranging from 7-100nm and 1-17kOe
respectively. ’
Besides sputtering, different synthesis methods can also be used to fabricate

CoPt nanoparticles.
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Chapter 2

EXPERIMENTAL METHODS

The focus of this chapter is on the methods used to prepare and characterize

the samples.

2.1 Magnetron Sputtering Machine

Magnetron sputtering was used to prepare samples. During the sputtering,
positively argon ions with sufficient energy hit the target (cathode), and eject target’s
atoms. These ejected atoms then move toward the substrate. Large magnet is placed
under the target to create magnetic field to confine secondary electrons that are created
when Ar ions hit the target. Confining these electrons near cathode increases the
chance of ionization of Ar atoms, and subsequently, it results in system to operate in
lower voltage.

High deposition rate, high quality film, easy use for metals and their alloys,

etc. are some of the advantages to use magnetron sputtering.”’

2.1.1 Sample Preparation

Sample were prepared by sputtering targets on the Si wafer with (100)
orientation coated with one micron SiO,, and TEM grids coated with carbon. Targets
which used here are CoPt alloyed target with four Cobalt chips on its surface to get
desirable composition and silver. To making sure composition and thickness
uniformity on the sample, the size of the sample prepared is less than 30% of the size
of the target. Mask were used to control the area of the sample to be coated.

The below figure shows the sputtering chamber used in this study. There are

three guns that can be ignited at the same time. The cooling water pass through guns
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and sample holder to cool them down. Stepper motor which is controlled with the
software allows the sample holder rotates and stands at the top of each gun for certain

amount of time.

Cooling water
Stepper

motor N /

E Sample holder

AT

Figure 2.1: This schematic shows the sputtering chamber. "'

After placing targets and samples into the chamber, the chamber was pumped
down and purged with nitrogen for couple of times, before opening the chamber to the
high vacuum. To decrease water vapor and achieve higher vacuum, chamber was
backed for 2 hours. High vacuum in the chamber can achieve to 8.8*10” Torr. High

purity Argon gas with working pressure of 5 mTorr was used to sputter targets. Power
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for CoPt target was 22watt and for silver was 11watt. The thickness of layers was
controlled with the sputtering time.
To have CoPt and silver multilayers, the substrate swiping the guns at the

specific time duration.

2.2 Heat Treatment
The as-deposited sample has the structure of fcc CoPt and fcc Ag. To get fct
CoPt according to the phase diagram, it is crucial to do heat treatment on the sample.
The heat treatment was done by sealing the sample in the glass tube and
placing it in the oven. The usual annealing temperature used was between 600°C and
750°C. During the heat treatment for sufficient time and at right temperature, CoPt

nanoparticle with L1, phase are formed.

2.3 Sample Characterization
After preparing the sample, it is crucial to characterize the sample. For this

purpose, different techniques were used.

2.3.1 X-ray Diffraction

X-ray diffraction(XRD) is to determine composition of the sample, phase and
lattice constant, and degree of the ordering of L1, phase.

XRD Rigaku Ultima IV diffractometer was used to study samples. This
diffractometer produces Cu Ka radiation with wavelength 1.5406°A.

When x-ray radiations are incident on crystal lattice, some of them will be
reflected from the surface of the crystal, while others penetrate through the crystal, and
reflected from inner plane of crystals. When the difference of the path length of two

reflected waves is equaled to integer number multiplied by x-ray wavelength, we have
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constructive interfere, and Bragg’s peak in the spectrum is seen. This concept is
expressed by Bragg’s law:

2dsinf = nl (2.1)
In this formula, d is the spacing between lattice plane, 2dsin® is path difference
between two waves undergoing the interfere, A is x-ray wavelength, n is integer
number and © is scattering angel (Figure 2.2). **Since each lattice has different d

spacing, Bragg’s peak for each lattice occurs at different angels.

Reflection

—— ———————

Figure 2.2: Bragg’s diffraction from atoms of crystal. d is the distance between the
crystal’s plane. >

Also, there is the selection rule that prohibit some of the peaks that the Bragg’s
law allows them to occur. For example, peaks allowed in fcc structure should have
miller indices of all odd or even. While mixed miller indices of (hkl) can be observed
in the ordered structure. Those peaks that emerged in only ordered structure are called

superlattice peaks. **
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2.3.2 Vibrating Sample Magnetometer

Vibrating sample magnetometer (VSM) is used to measure magnetic properties
of the sample.

A sample is placed between detecting coil and starts oscillating. Because of
this oscillation, magnetic flux is changing, and it results in inducing voltage which is
proportional with magnetic moment of a sample.

Quantum design verlab VSM was used to study the magnetic properties of

samples.

2.3.3 Transmission Electron Microscopy

Transmission electron microscopy (TEM) used to study microstructure as well
as structure of a sample. Jeol JEM-3010 Transmission Electron Microscope used to
study this work.

From tungsten filament, electrons are emitted, hit the very thin specimen, and
interact with it by elastic or inelastic collision. The image mode and the diffraction
mode are two operation modes of Transmission electron microscopy. In image mode,
a focused electron beam penetrates through a sample and form an image. There are
two different imaging kinds: Bright field and dark field. In bright field, a central
transmitted electron’s beam is used and the image shows particles with all
orientations. Dark field is obtained by diffracted electron’s beams and shows particles
with specific orientation.

Selected area diffraction (SAD) can be also obtained with TEM. SAD is very

useful to determine the structure and phase of a sample.''**
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Chapter 3

RESULTS AND DISCUSSIONS

3.1 CoPt Thin Film

The focus of this section is on the single CoPt thin film with thickness 100 nm.
The XRD pattern of the as-deposited sample shows the clear disordered fcc structure
with the broad (111) Bragg’s peak at 40.5 degrees. This broad peak looks like an
amorphous structure and shows that the as-deposited sample consists of very fine
particles. Also (200) Bragg’s peak is very broad and overlapped with (111) CoPt peak.
One important information that can be obtained from any XRD pattern is the lattice
parameters. Therefore, by using the XRD pattern of the as-deposited CoPt, we can
find the lattice parameter of disordered fcc structure. Comparing this lattice parameter
with the Figure 1.9 gives us the composition of the CoPt sample. Because (111) peak
is very broad for this as-deposited sample, this method cannot be used. To solve this
problem, the as-deposited CoPt was annealed at 900°C for 30 min. Since 900°C is
much higher than CoPt ordering temperature, no transformation from fcc to fct can
happen. The XRD pattern of annealed sample at 900°C shows very sharp and intense
peak along (111) direction. This sharp peak shows the appearance of the large single
crystal particle instead of very fine particles. Also, very short peak along (200)
emerged after annealing at 900°C. The lattice parameter obtained from this pattern is
a=3.768A . Based on Figure 1.9, the atomic composition of the CoPt is 54 percent

Cobalt and 46 percent Platinum which is very close to equiatomic composition.
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Figure 3.1: The XRD pattern of as-deposited, annealed at 900°C, and 700°C CoPt
single film. The sharp peak around 33 degrees is from the Si substrate.

To obtain the L1y structure, the CoPt single film was annealed at 700°C for 60
min. The XRD pattern shows emergence of superlattice peak, (001), and the splitting
of (200) and (002) peaks which suggest the transformation from disordered fcc to L1y
phase. The lattice parameter of this L1, is a= 3.767A, c= 3.668A, ¢c/a=0.9736.
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In this pattern, the (111) peak is much more intense than (001) peak, and it
suggests a single crystal along (111) direction.

Also, the hysteresis loop for the as-deposited film shows very low coercivity
(figure 3.2). This low coercivity suggests that the as-deposited CoPt film is a soft
ferromagnetic material because the cubic structure has a low anisotropy. This low H,
supports the XRD conclusion that the as-deposited film has the disordered fcc
structure. Annealed film at 700°C shows very high coercivity, 9.2 kOe, that originates

from its high anisotropy energy due to the fct structure.

CoPt Film
0/0003

oo ] /ﬂ//”.?”—‘
0/0001 | ‘
|

0/0000

Moment (emu)

-0/0001

-0/0002

annealed 700C 60min
-0/0003 4 - As-deposited

T T T T T T T
-30000 -20000 -10000 0 10000 20000 30000
H (Oe)

Figure 3.2: The hysteresis loops for as-deposited and annealed CoPt thin film. The
as-deposited CoPt thin film shows very low coercivity, while the
annealed CoPt thin film shows very high coercivity.

3.2 As-deposited and Annealed CoPt/Ag
The multilayer technique is used to fabricate the CoPt nanoparticles with L1,
structure. In this study, the thickness of CoPt layer and total thickness of the samples

were kept the same, and the effect of silver layer thickness was studied. CoPt layer has
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a thickness of 5 nm, and silver layer has different thickness varying from 0.6nm, 2nm,
Snm, and 10nm. The samples were prepared all with the same condition, the same
sputtering power, high vacuum pressure, Argon flow and pressure, substrate

temperature, and post annealing conditions.

3.2.1 Structural Properties of the As-deposited and Annealed CoPt/Ag

The XRD pattern of all the as-deposited and annealed samples are shown in the
figure 3.3.

Because of the absence of superlattice peaks and the splitting of (200) and
(002) peaks in the XRD patterns of all as-deposited CoPt/Ag multilayer films, we can
conclude that the as-deposited CoPt/Ag films have the disordered fcc structure like as-
deposited CoPt single film. Low coercivity of these multilayers is also another
indication of the disordered fcc structure. The satellite peaks around the Bragg’s peak
indicates a high degree of roughness in the multilayer structure of the as-deposited
film.”

After annealing at 700°C, the superlattice peaks emerged and the (200) peak
separated to the (200) and (002) peaks which indicate the presence of the L1,
structure. The peaks at 38° and 44° are (111) and (200) silver.

Integrated intensities ratio of Igo1)/I(111) indicates the degree of (001)
orientation of a sample.'> Comparing this ratio for the CoPt single film and the
CoPt/Ag shows that this ratio is higher for the samples with larger Ag layer thickness
(Figure 3.4).
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Figure 3.4: This figure shows the integrated intensities ratio of Iipo1)/I(111) for
annealed [(CoPt)5nm/(Ag)t]n sample with t=0, 2, 5 and 10 nm.
Annealing was done at 700°C for 60 min.

3.2.2 Magnetic Properties of As-deposited and Annealed CoPt/Ag

3.2.2.1 Hysteresis Loop of CoPt/Ag

Figure 3.5 shows the hysteresis loops for all CoPt/Ag with different layer
thickness for silver. Here, the as-deposited CoPt/Ag sample is a soft magnetic material
with very low coercivity. The annealed CoPt/Ag sample is a hard magnet with very
high coercivity.

The shoulder that appears in the hysteresis loops for the annealed (5/5) nm*15

samples, the annealed (5/10) nm*10 for 120min and the annealed (5/.6) nm*26 for 15
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min suggests the presence of two different soft and hard phases. Soft phase is

attributed to fcc CoPt.
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Figure 3.5: This figure shows the hysteresis loops for the as-deposited and the
annealed [(CoPt)5nm/(Ag)t]n samples with t= 0.6, 2, 5 and 10 nm .

3.2.2.2 Dependence of Coercivity on Annealing Time

The below figure shows the coercivity versus annealing time for (5/10) nm*10,

(5/5) nm 15, (5/2) nm* 21 and (5/.6) nm* 26, annealed at 700°C. This graph suggests

that for samples with thickness of Ag layer of 10nm and 5nm, the coercivity increases

with annealing time, reaches its maximum value, and then decreases. Coercivity
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depends on the particle size, the degree of ordering, and the interaction between
particles, with the first two as the main contributions. The defects and impurities are

other factors that can affect coercivity.
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Figure 3.6: Coercivity versus annealing time. Annealing was done at 700°C.

TEM results from (5/10) nm* 10 sample suggests that the particle size increases by
annealing time, and has its maximum value after 60 min annealing, and decreased

after 120 min annealing. While the trend in the particle size agrees with the trend in
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the coercivity, it cannot be the only factor to be responsible for this change in
coercivity.

Figure 3.7 shows the c/a versus annealing time. A fully ordered sample has the
minimum possible value for c/a."” Also, the more ordered the sample is the higher the
magnetocrystalline anisotropy which results in higher coercivity. Figure 3.7 shows the
c/a for the (5/10) nm*10 sample is minimum after 30min and 60min annealing, and its
value increased after 120 min annealing. The increase of the c/a after 120min
annealing can be explained by the formation of the fcc CoPt phase. The shoulder in
the hysteresis loop of this sample suggests the presence of the soft phase along with
the hard phase. Because the XRD peaks of the fcc phase overlaps with L1y CoPt, it is
hard to observe them in the XRD or the SAD patterns. It is also worth to mention that
these coercivities were measured by applying the in-plane field. The integrated
intensities ratio of Iio1y/I111) which indicates the degree of (001) orientation was found
for the (5/10)*10 samples annealed for 60 min and 120 min to be 3.2 and 4,
respectively. Based on these values, if we apply the out-plane magnetic field,
measured coercivity will increase for both samples annealed for 60 min and 120 min.
Since the I(oo1y/I(111) ratio is larger for the sample annealed for 120 min, the increase in
the coercivity will be larger than the one annealed for 60 min. In other words, the
difference between these two values of coercivity will be decreased, if the out-plane
field is applied.

For the (5/5) nm*15 sample, the c/a is minimum after 30 min annealing, and it
increased after 60 min annealing. This increase in the c/a after 60 min annealing can
be explained by oxidization of cobalt during annealing. The XRD pattern of this

sample shows a small peak of CoO. CoO results in less ordering in the sample, also it
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can act as an impurity and results in higher coercivity due to pinning of the domain’s

walls. The presence of the shoulder in all the hysteresis loops of this sample suggest

the existence of soft and hard phase, and it can explain why the (5/5) nm* 15 sample is

less order in comparison with (5/10) nm*10.

For the (5/2) nm*21 and (5/.6) nm*26 samples, figures 3.6 and 3.7 shows the

increase of the coercivity by annealing time due to the decrease of the c/a by annealing

time.
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Figure 3.7: This figure shows the lattice parameters and the c/a for the samples
annealed at 700°C. a and ¢ were found from d spacing of (200) and (002)

peaks, respectively.
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Also, the figure 3.7 suggests that the samples with lower silver layer thickness
is more ordered in comparison with the ones with larger silver layer thickness. The
lowest value for c/a belongs to (5/.6) nm *26 after 240 min annealing.

The figure 3.8 compares the coercivity with silver layer thickness for two
different annealing times. This figure suggests that the larger silver layer thickness
results in higher coercivity at shorter annealing time. Also, the highest value for
coercivity belongs to the sample with higher silver layer thickness which can be
because of larger CoPt nanoparticles size.

In summary, the trend for the coercivity observed in the Figure 3.6 can be
explained by the trend of the c/a. Based on the figures 3.6 and 3.7, for each sample, H,
increased, When the c/a decreased. It is because the coercivity is proportional to the
magnetocrystalline anisotropy, and the magnetocrystalline anisotropy is larger when
the c/a is smaller. The only exception was the annealed (5/5) nm*15 sample for 60
min. In this sample H, is maximum after 60 min annealing, while its c/a is also
maximum. This behavior can be explained by the formation of CoO. CoO acts as an
impurity and increases the coercivity, while it decreases the degree of ordering. Also,
because Ag makes diffusion harder, the samples with smaller Ag layer thickness are
more ordered. Although the samples with smaller Ag layer thickness are more
ordered, they have lower coercivity in comparison with the samples with larger Ag
layer thickness. It can be because of the larger particle size of the samples with larger
Ag layer thickness. Moreover, larger Ag layer thickness results in higher coercivity at

shorter annealing time.
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Figure 3.8: This figure compares the coercivity with the silver layer thickness for
two different annealing times.

3.2.2.3 Coercivity as a Function of Temperature

The value for coercivity depends on temperature. Figure 3.9 shows the
hysteresis loops for the (5/10) nm*10 sample annealed for 1h at 700°C. These loops
show the coercivity is lower at higher temperature. Temperature dependence of
coercivity is used in the high density recording to write on the media with high
coercivity.’

In the presence of an external field, magnetization reversal energy barrier is
given by equation 3.1, where Hy is the intrinsic switching field. In the absence of an
external field, Ep is K.V, and its value is zero, when H=H,. Therefore, increasing field

from zero to Hy results in reduction of the energy barrier.
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Ep(H,V) = K, (T)V (1 - Hio)l'5 (3.1)

In this equation K, depends on temperature, and its value decreased by
increasing temperature. Therefore, energy barrier becomes smaller when temperature
increases. For finite temperature, Eg should be compared with the thermal activation
energy, kpT. * Magnetization will be revered, when kgT is enough to overcome this
energy barrier. When temperature is increased, the thermal activation energy is also
increased. Therefore, kgT can overcome larger energy barrier. Also, based on the
equation 3.1, the magnitude of the energy barrier depends on the magnitude of an
applied field and temperature. Therefore, increasing temperature results in the thermal
activation energy overcomes the smaller energy barrier at a lower applied field. In
other words, increasing temperature results in lowering the coercivity.

Figure 3.10 shows the coercivity as a function of temperature which shows

linear behavior.
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Figure 3.9: This figure shows the hysteresis loops for the (5/10) nm*10 sample
annealed for 1h at 700°C. Coercivity increased when measurement done
in lower temperature.
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Figure 3.10: Coercivity as a function of temperature for the (5/10) nm*10 sample
annealed at 700C for 1h.
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3.2.3 Annealing Temperature Effects on the Structure and the Magnetic
Properties of CoPt/Ag

The figure 3.11 shows the XRD pattern for the (5/10) nm*10 and (5/2) nm*21

samples annealed at 600°C, 700°C and 750°C for 60 min. The XRD patterns of the

samples annealed at 700°C and 750°C show the same behavior. For the (5/10) nm*10

annealed at 600°C, (002) and (200) peaks are not completely separated from each

other, and more time is required for this sample to become ordered. For the (5/2)

nm*21 sample annealed at 600°C for 60 min, (200) disordered fcc peak broadened to

become (200) and (002) peaks, while (001) superlattice peak is just emerging.

(5/10)*10 Annealed for 1h at different T

(5/2)*21 Annealed for 1h at different T

65

20 25 30 35 40 45 50 55 60 65 20 25 30 35 40 45 50 55 60
1800 750G T T T T T 750C T |(111') T T 17
1350 |- ‘ () J 9 | I«(oon i J
(001) ‘ ‘ 1 002) ‘l 002)
900 |- ' 4 e6f ! .
f\ | " [ l (-
2000 '_‘le JJ. uu\-ﬁj\-‘ 0 1 1 1 ‘WL‘MW MW
—— 700C - |==r00c|
— Q
& 1500 | —48 189} | .
s | 2
-‘g 1000 '(l \ ﬁ {2 s} ‘}‘ i
@ ’ ‘ S ‘
£ 500 “"i ‘ | ]n || - 63 J| “ !| ‘ \Jl i
Il bl Y]
—— 600C ‘ —— 600C]|
1500 |- | { =} _
1000 | - 66 |- P !\ T
i 1 | A I !
500 - /‘ll | l‘I\ | 4 & \ A .
0 M‘/ w b Jl \~ ] b L
20 25 30 35 40 45 50 55 60 65 20 25 5 60 65
2theta (degrees) 2theta (degrees)
Figure 3.11: XRD patterns for the (5/10) nm and (5/2) nm samples annealed at

600°C, 700°C and 750°C for 60 min.
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The figure 3.11 suggests that the sample with smaller silver layer thickness
needs higher temperature or more annealing time to become ordered. It suggests larger
layer thickness for silver in the CoPt/Ag can lower the activation energy required for
CoPt to do transformation from the fcc to the fct structure. Previous studies found that
adding silver in CoPt reduces the activation energy and increase degree of ordering'”.
However, when the temperature is high enough for the (5/2) nm sample to order, its
degree of ordering is higher in comparison with the (5/10) nm sample. It is because

more silver makes diffusion harder, and decrease the degree of ordering.

—a— (5/10)*10
———————— (5/2)21

T T T T T T T T
580 600 620 640 660 680 700 720 740 760
annealing T (C)

Figure 3.12: This figure shows c/a found from (002) and (200) peaks for (5/10)
nm*10 and (5/2) nm*21 samples annealed for 60 min at three different
temperature.

The figure 3.12 also shows there is no significant change in the degree of

ordering of the (5/2) nm*21 sample annealed at 700°C and 750°C. However, the
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(5/10) nm*10 sample annealed at 750°C is less ordered than the one annealed at
700°C. CoO peak was observed in the XRD pattern of this sample and it can be the
reason for lower degree of ordering of this sample compared with the one annealed at
700°C. The presence of CoO can change the composition and result in the formation
of the fcc phase. The shoulder in the sample’s hysteresis loop shows the presence of
the fcc structure. The presence of CoO can also explain high coercivity of this sample,
since CoO can act as an impurity by pinning the domain walls.

The figures 3.13 and 3.14 show the hysteresis loops and coercivity versus
annealing temperature. For the (5/2) nm*21 sample, H, increased significantly by the
annealing temperature from 600°C to 700°C. This increase can be explained by the
increasing of the degree of ordering of the sample. While the degree of ordering did
not change by annealing at 750°C, the coercivity decreased. It can be because of the
particles with the sizes below and above the single domain particle size. The shoulder
in the hysteresis loop of this sample supports this possibility.” The (5/10) nm*10
sample annealed at 700°C has higher H, in comparison with the one annealed at
600°C which is because of the higher degree of ordering. The presence of CoO in the
annealed (5/10) nm*10 at 750°C results in lowering the degree of ordering and

increasing the coercivity.
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Figure 3.13: Hysteresis loops for (5/10) *10 and (5/2) *21 samples annealed for
60min at different temperatures.
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Figure 3.14: H, versus annealing temperature.

3.2.4 Microstructure of As-deposited and Annealed CoPt/Ag

The below figure shows the microstructural of the as-deposited CoPt/Ag
sample and the annealed CoPt/Ag samples. The as-deposited CoPt/Ag sample shows
the uniform structure with very small particles. The same behavior was observed in its
XRD pattern. Also, the selected area diffraction pattern (SAD) shows the fcc structure
for CoPt and silver. No presence of the superlattice peaks or the splitting of (200) and
(002) peaks are observed in the as-deposited CoPt/Ag. This result confirms the results
from the XRD pattern and H vs M graph that as-deposited CoPt/Ag has the fcc

structure.
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After annealing, the L1y nanoparticles with larger size were developed. The
SAD patterns show the presence of the fct structure. The TEM studies for most of the

samples show that increasing silver layer thickness results in larger nanoparticles.

Figure 3.15:  (a) As-deposited (5/2) nm. SAD pattern shows fcc structure for CoPt
and Ag. (b) (5/10) nm annealed at 700°C for 15min. The average particle
size is 79.7nm+/- 25nm. (c¢) (5/10) nm annealed at 700°C for 60min with
average particle size of 93nm-+/- 23nm. (d) (5/10) nm annealed at 700°C
for 120min. The average particle size is 87nm+/- 42nm. (e) (5/2) nm
annealed at 700°C for 15min with average particle size of 51nm+/-
22nm. (f) (5/2) nm annealed at 700°C for 60min with average particle
size of 26nm+/- 14nm. (g) (5/.6) nm annealed at 700°C for 15min with
average particle size of 28nm+/- 22nm. (h) (5/.6) nm annealed at 700°C
for 120min with average particle size of 27nm+/- 11nm.
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Chapter 4

CONCLUSION

The structural and magnetic properties of the as-deposited and annealed
CoPt/Ag were studied in this thesis. L1y CoPt nanoparticles embedded in silver can be
a potential candidate for high density recording media. Due to their tetragonal
structure, L1 nanoparticles have very high magnetocrystalline energy that makes
these particles thermally more stable.

The effect of silver layer thickness on the structure, degree of ordering,
magnetic properties and particle size were investigated. For this, different CoPt/Ag
multilayer samples were prepared with the same CoPt layer thickness, and different
Ag layer thickness. Magnetron sputtering was used to fabricate the multilayers. XRD
and SAD patterns and hysteresis loops for all as-deposited CoPt/Ag show that they
have the fcc structure and are magnetically soft. The same behavior was observed in
the CoPt single thin film.

Heat treatment is required for the Co and Pt atoms to diffuse and form the
ordered L1 structure. CoPt/Ag annealed at 700°C shows very high coercivity and
their XRD and SAD patterns show the L1, phase. It has been found that samples with
larger Ag layer thickness can have larger coercivity, and their ordering is achieved at
lower temperature and shorter annealing time in comparison with the ones with
smaller layer thickness for silver. However, samples with lower Ag thickness are more
ordered than the ones with larger Ag thickness. Also, the effect of annealing
temperature was investigated here. The (5/2) nm*21 and (5/10) nm*10 samples
annealed at three different temperatures for 60 min. The results show that annealing at

600°C for 60 min is not enough to order the samples, and longer annealing time is
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required. Also, (5/10) nm sample annealed at 600°C is more ordered than (5/2) nm
sample annealed at 600°C. This confirms the result of previous section that ordering
for samples with larger Ag thickness happens at lower temperature and shorter time.
This indicates that Ag lowers the activation energy required to transform the fcc to fct
phase. The (5/2) nm sample annealed at 700°C and 750°C for 60 min shows higher
degree of ordering in comparison with the (5/10) nm sample annealed at the same
temperature and time. Again, it confirms that for high enough temperature and
annealing time, the sample with less silver is more ordered than the one with larger
Ag. TEM results show that increasing silver layer thickness results in larger
nanoparticles. This result can be the reason for higher coercivity in samples with
larger Ag layer thickness.

For future works, to increase an areal density in the high density recording
media, the size of the particles should be decreased. Therefore, it is important to
fabricate L1y CoPt nanoparticles with smaller size. To do this, Ag layer thickness
should be decreased. However, higher Ag layer thickness helps to lowering the
activation energy required for the transformation from the fcc phase to the fct phase.
Therefore, it is better to not only decrease the Ag layer thickness, but also decrease
CoPt layer thickness. Also, using two different matrixes like C/Cu and Ag can be

interesting.
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