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ABSTRACT

In this dissertation, we explored the fabrication of FePt nanoparticles and
nano-islands with the face-centered tetragonal (fct, L1o) phase prepared by both
chemical synthesis routes and physical vapor deposition. Microstructure and magnetic
properties characterizations were used to gain a fundamental understanding of the
nano-structure formation and atomic ordering behavior and determine the possible
applications in the next generation ultra-high density magnetic storage media.

FePt nanoparticles prepared by thermal decomposition of iron pentacarbonyl
[Fe(CO)s] have been widely investigated and by tuning the processing procedure
monodispersed FePt nanoparticles with good assembly can be obtained. The as-made
FePt nanoparticles are usually in the magnetically soft face-centered cubic (fcc) phase.
To transformation to the fct phase, post-annealing at above 600°C is needed which,
however, introduces undesirable agglomeration and sintering. To address this
problem, we used three different fabrication processes which are discussed below.

In the first fabrication experiment, the FePt nanoparticles were fabricated by a
novel environmental friendly method involving crystalline saline complex
hexaaquairon (I1) hexachloroplatinate ([Fe(H20)s]PtCls) with a special layered
structure. Then the precursor was ball milled with NaCl and annealed at temperatures
above 400°C under a reducing atmosphere of forming gas (95% Ar and 5% H>) FePt
nanoparticles were obtained after washing away NaCl with deionized water. This

method avoids the use of the very poisonous Fe(CO)s and other organic solvents such

XV



as oleylamine and oleic acid. Instead, environmentally friendly NaCl and water were
used. The size of FePt nanoparticles was controlled by varying the proportion of
precursor and NaCl (from 10mg/20g to 50mg/20g). Particles with size in the range of
6.2-13.2 nm were obtained. All the nanoparticles annealed above 400°C are in the
highly ordered fct phase with a coercivity range of 4.7 kOe to 10.7 kOe. Compared
with reported high annealing temperatures above 600°C, this fabrication process led to
a significantly decreased temperature to achieve the L1 phase FePt by 200°C. A
qualitative model was set up to explain the surprising low L1, phase achievement
temperature and the influence of annealing temperature on the microstructure and
magnetic properties was investigated.

Although FePt nanoparticles with high coercivity and small size were
successfully obtained by the first fabrication method, agglomeration happened during
the washing procedure due to the large inter-particle magnetostatic force caused by
their high magnetization. To avoid this agglomeration, exfoliated graphene was
introduced in the second preparation method to keep the nanoparticles separated.
Different from the traditional solvent-phase reaction to disperse FePt nanoparticles
onto the exfoliated graphene, a novel solid-phase reaction was used in this dissertation
involving the layered precursor [Fe(H20)s]PtCls molecule. The [Fe(H20)s]PtCle water
solution was mixed with exfoliated graphene oxide (GO) and then the top solution was
removed. Fe?* and Pt?* ions were absorbed onto the surface of GO. The remaining
product was annealed under a reducing atmosphere of forming gas at different
temperatures (500°C to 950°C). During the reduction process, GO was reduced to
“graphene” and FePt nanoparticles were formed on the surface of exfoliated graphene.

The separation effect by the exfoliated graphene increased the phase transformation

XVi



temperature to 600°C compared to the first method. However, even at an annealing
temperature as high as 750°C, we could still obtained separated, small size FePt
nanoparticles with coercivity of 8.3 kOe.

The third preparation method used in this dissertation is the traditional
magnetron sputtering with very short deposition time (10 s to 25 s) on heated MgO
(001) substrate to form separate nano-islands instead of continuous thin films. The
ordering of FePt nano-islands were studied by high resolution transmission electron
microscopy. Because of the low degree of atomic ordering of the as-prepared nano-
islands, post annealing at 700°C under an atmosphere of forming gas was introduced.
Ordering of nano-islands of as small as 3 nm was revealed. We discovered that in the
ordered FePt nano-islands, there are defects present. Particularly, we observed an
onion like structure in a FePt nano-island composed of c-domains perpendicular to
each other. These defects explained the low coercivity of the L10 ordered FePt nano-
islands, which was envisioned theoretically.

In summary, in this dissertation, novel solid-phase, environmentally friendly
synthesis methods to fabricate FePt nanoparticles and FePt nanoparticles on
“graphene” with high coercivity are first reported. Also, a special onion-like structure
was first discovered by high-resolution microscopy and theoretical simulation was

done with good agreement with the experimental results.
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Chapter 1

INTRODUCTION

Richard Feynman first gave his famous talk “There is Plenty of Room at the
Bottom” in 1959 which inspired the foundation of the concept of “nanotechnology”.
The invention of scanning tunneling microscope (STM) in 1980s has introduced the
boost of nanotechnology development. Nanotechnology also attracted great interest of
the scientists to apply it to magnetic materials which is called “nanomagnetism”. Ever
since the first half of the 20th century, magnetic nanostructures have been widely
investigated and there are plenty of present and emerging applications such as
magnetic recording media [1], soft magnets [2], permanent magnets [3], sensors [4]
and spin electronics [5].

There are several advantages of the magnets with nanostructures:

1. The key advantage of nanomagnets is their ability to have better

magnetic properties than naturally existed magnets. Nanostructured permanent

and soft magnets are the examples.

2. Nanomagnets can be fabricated with a variety of geometries such as

nanoparticles, nanotubes, nanowires, thin films and nano-islands. Great

progress has been made towards tuning the chemistry, crystallographic
microstructure and magnetic properties of a given geometry [6]. For example,
plenty of work has been done to obtain monodispersed magnetic nanoparticles,
nano rods and nanowires. Nanotubes can be produced as both hard and soft

magnets.



3. Nanomagnetism involves physics of a mixture of atomic-scale and

macroscopic effects. For example, the competition between relativistic

corrections (e.g. spin-orbit coupling) and electrostatic interactions (e.g.

exchange) in on a scale of a few nanometers which gives rise to a variety of

zero- and finite-temperature governing the static and dynamic behavior of the

nanostructures. [6]

To be specific, the fabrication process of high anisotropy magnetic
nanoparticles with uniform size distribution, good magnetic properties and without
post-annealing is widely discussed and investigated due to its potential application in
magnetic sensors [7], magnetic filter [8], high performance magnets as the building
blocks of the bottom-up approach [9] and catalysts in the oxygen reduction reaction
(ORR) [10].

The next generation ultra-high-density magnetic recording media requires the
size of the magnetic nanoparticles to be very small to include more bits in one disk to
increase the areal density [11]. However, the superparamagnetic effect has set up the
size limit. The most commonly used Co based alloy has reached its physical limit.
Binary alloys such as FePt [12], CoPt [13] and FePd [14] have been discussed widely
due to their high anisotropy energy which allow their superparamagnetic limit size to
be smaller than 3 nm.

In this dissertation, the fabrication approaches of FePt alloy nanoparticles have
been investigated. There are two major types of fabrication method widely used by the
scientists. One is the reduction of Fe salts and Pt salts in a chemical synthesis [15-17]
and the other one is physical vapor deposition (PVD) such as magnetron sputtering

[18-20]. Although plenty work has been done during the past twenty years, the



magnetically hard L1o phase and uniform size distribution is still a dilemma for
scientists.

To solve this problem, in the first part of this dissertation, a special layered
structured crystal precursor Fe(H20)sPtCle with alternative Fe and Pt layers was
introduced . This special layered structure significantly decreased the temperature (a
250°C decrease) to achieve the L1, phase of FePt nanoparticles. Planetary ball milling
technique was used to decrease the size of FePt from bulk to the nano-scale. Another
significant advantages of this fabrication method is that only environmental friendly
NaCl salt matrix and deionized water was used during the fabrication process instead
of organic solvents. Therefore, this method is called “green synthesis”.

Although well separated small FePt nanoparticles with reasonable coercivity is
successfully prepared, the problem of agglomeration and a wide size distribution still
exists due to the mechanism of planetary ball milling and the magnetostatic force
between the nanoparticles. To further improve the size distribution, exfoliated
graphene support was used. The significance of this work is that it has provide a new
routine to fabrication binary alloy nanoparticles on the surface of graphene. FePd,
CoPt etc. nanoparticles can also be made by changing the composition of precursor.
What is more important, is that well separated magnetically hard FePt nanoparticles do
not only have the application in ultra-high-density magnetic recording but also can be
used as very good catalysts for many reactions.

In the last part, magnetron sputtering was used to prepare FePt nano-islands.
Heated (001) MgO substrate was used to achieve an epitaxial growth of FePt nano-
islands in L1o phase. . Not very high coercivity was achieved even after high

temperature annealing. An ultra-high resolution transmission electron microscopy



(TEM) TEAM 0.5 which is one of the two best TEMs in the world was used. The
significance of this work is that the ultra-high resolution TEM has provided the
possibility to see the FePt nano-islands in atom scale. Ordered FePt nano-islands with
the particle size as small as 3 nm was found. Specially, an onion like structure was
first discovered. QSTEM modeling was used to simulate this structure and the phase

simulation results was in good accordance with the experimental results.



Chapter 2

PREVIOUS STUDY ON FePt NANOPARTICLES

2.1 Fundamental Properties of FePt Nanoparticles

2.1.1 Structure of FePt

As seen from Figure 1[16], stoichiometric FePt alloy has two phases one of
which is face-centered cubic (fcc) and the other one is face-centered tetragonal (fct) or
L 1o structure (shown in Figure 2[16]). In the disordered fcc structure, the probability
of face and corner sites being occupied by a specific type of atom is the same. L1o is a
crystallographic derivative structure of the fcc structure and has two of the faces
occupied by one type of atom and the corner and the other face occupied with the
other type of atom[21]. Therefore, L1o phase is usually called the ordered phase. The
disordered to ordered (fcc to L1o) transformation will introduce translational domains
(also called anti-phase domains, see Figure 3[21]), orientational domains (also called
variants or merohedral twins, see Figure 4[21]) and magnetic domains. The first two
type of domains are produced by the lowering of translational and point symmetry.
The magnetic domains are due to the transformation from paramagnetic to
ferromagnetic domains. The L1 phase of FePt is stable at the temperature less than
1300°C. The fcc to L1o transformation is a first-order transformation but the reaction
can happen homogeneously and continuously when the reaction temperature is away

from the equilibrium phase boundary and below the instability temperature.
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Figure 3 The two translational domains of the L1o structure along with its higher
energy anti-phase boundary[21]

Figure 4 The three orientational domains or variants[21]

2.1.2 Magnetic Properties of FePt

The fcc-structured FePt has a small coercivity and is magnetically soft. The
fully-ordered FePt with L1, structure has Fe and Pt atom layered alternating along the
[001] direction (the c-axis in Figure 2B). The anisotropy constant K measures the ease
of magnetization reversal along the easy axis. Compared to known rare earth elements
based alloys, FePt with L1, structure has a very high anisotropy energy (up to 6.6>10’
erg/cc) and high resistance to oxidation[15, 22]. The large anisotropy is due to Fe and
Pt interactions from the spin-orbit coupling and the hybridization between Fe 3d and
Pt 5d states. Meanwhile, the Fe-Pt interatomic interaction makes the FePt
nanoparticles more chemically stable compared with the common high-moment
nanoparticles of Co and Fe, as well as the large coercive materials of SmCos and

Nd2Fe14B.



2.2 Technological Applications-- Ultra-High Density Magnetic Recording

The first hard disk drive (HDD) was invented by IBM in 1953, with the
capacity of 5 MB using 50 magnetic disks[23] with a diameter of 24 in whose areal
density (number of bits per square inch of disk surface) was 2 KB/in?. For more than
five decades, HDD has been used as the primary storage device for computers. The
areal density of HDD experienced a rapid growth in late 1990s, reaching 100%
increase in some years [24]. In the year of 2011 an areal density of 744 GB/in? was
reported and it was predicted that the HDD areal density will be doubled in five years
according to a report from IHSi iSuppli Research [25].

The traditional magnetic recording devices were mainly longitudinal recording
where the easy axis of magnetization lies in the plane of the recording media as is
shown in Figure 5(a)[26]. However, since late 1990s, it has been known that the
superparamagnetic limit will prevent the increasing of areal density. Perpendicular
recording which was first proposed in the late 1970s with [27-29] the preferred axis of
magnetization is normal to the plane of recording film [30] (see Figure 5(b)), has been
considered as a promising method to further increase the areal density. HDD with

perpendicular recording media was first commercialized in 2007 [31].
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Figure 5 Schematic views of (a) longitudinal and (b) perpendicular magnetic
recording[26]



To further increase the areal density, the magnetic units have been made
smaller and smaller to keep a large signal to noise ratio (SNR) down to the smallest
possible units- grains. According to the discussion in the review by Rithter [30, 32],
the energy stored in one grain is KV, where K is the magnetic anisotropy energy
density and V is the volume of the grain. KV competes against the thermal energy ksT
where kg is Boltzmann constant and T is the temperature. Magnetic anisotropy energy
must be large enough to prevent spontaneous magnetization reversals which cause
undesirable thermal decays. In principle, to obtain a high SNR, a small volume of the
material is required which indicates a high K value. Higher anisotropy energy K
usually goes with higher anisotropy field Ha which demands a higher switch field.
However the switch fields are limited by the material to fabricate the magnetic poles.
Thus the design space is constrained by the so-called “trilemma’: thermal stability,
SNR and writing ability. To break or more precisely postpone the trilemma, there are
several ways such as perpendicular recording [33], heat-assisted magnetic recording
[34] and self-organized-magnetic-array (SOMA)-type bit patterned media [35].
However, all of these methods are based on the development of magnetic recording
materials. The materials should have high anisotropy energy and high coercivity (to
overcome the superparamagnetic limit), and also good thermal stability of itself at
room temperature. All of these requirements make FePt a promising candidate for

ultra-high density recording media.

2.3 Fabrication Approach of FePt Nanoparticles
One of the commonly used fabrication method is to use the vacuum-deposition
techniques (magnetron sputtering). The most popular sputtering equipment is shown in

Figure 6. An FePt target is used as the source of sputtering and the substrate (Si, MgO,



etc.) is placed at the top of the chamber. To achieve certain structure of the thin film,
the substrate can be heated. The as-deposited FePt films usually have a chemically
disordered fcc structure and are magnetically soft. Post-deposition annealing is
essential to transform the fcc structure into the chemically ordered face-centered
tetragonal (fct) (also called L1o) structure. However, random nucleation in the early

stage of growth leads to broad distribution of particle size.

Cooling water
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motor N /
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Figure 6 Demonstration of typical sputtering system

To control the size and narrow the size distribution, two methods are
commonly used. One of the methods is to bury the vacuum-deposited FePt
nanoparticles in a variety of insulator matrices. Chih-Ming Kuo et al. fabricated
separated L1o FePt nanoparticles in SisNs matrix (see Figure 7) with a coercivity of 10
kOe after the annealing at 750°C for 30 min [36]. The composition is (FePt)7o—
(SisNa4)z0. C. P. Luo et al. successfully prepared separated FePt nanoparticles in SiO>
matrix [37] with 10 kOe coercivity after the annealing at 650°C for 30 min.
Researchers also tried the Al203 [38] and B2O3 [39] matrix to avoid the agglomeration

and sintering during the high temperature annealing but the size discrepancy of FePt
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nanoparticles is still large. The other method is the epitaxial growth of single crystal
FePt thin films [40-42] and isolated islands [43, 44] prepared by magnetron sputtering.
When grown on heated single crystalline MgO (001) substrates, FePt films have a
(001) texture with the magnetization preferred direction along c-axis. To obtain a high
chemical ordering, numerous studies have focused on the influence of different seed
layers [45], film thickness [46], Fe-Pt composition [47] and annealing on their
structure and magnetic properties [48]. Below a certain film thickness, FePt films
show an island-like morphology. Several reports have successfully made FePt islands
with high coercivity (over 100 kOe at 50K). However, most of the reports by now only
have managed to fabricate islands with the size of 50-100 nm (See Figure 8). This size

is too large for the ultra-high density magnetic recording.
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Figure 7 (a) Bright-field image and (b) electron diffraction pattern of (FePt)7o—
(SizNa4)3zo0 film[36]
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Another popular fabrication method is the solution-phase synthesis via thermal
decomposition of Fe(CO)s and reduction of Pt(acac).. Figure 9 [16] shows the
synthetic chemistry of FePt nanoparticles. In a typical fabrication process (shown in
Figure 10 [49]), Pt(acac)2, dioctyl ether and 1,2-hexadecanediol were firstly mixed in a
three-neck flask and stirred using a magnetic stirring bar. The mixture is heated to
100°C in an atmosphere of N> flow to remove oxygen and moisture. After oleic acid
and oleylamine were added, the mixture was further heated to reflux temperature
(297°C). The refluxing lasted for 30 min and the heating source was removed. The

black product is precipitated by adding ethanol and separated by centrifugation.
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Figure 9 Schematic illustration of FePt nanoparticle formation[16]
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Figure 10 A typical solution-phase synthesis of FePt nanoparticles[49].

The main advantages of this fabrication method are the ease to gain
monodisperse FePt nanoparticles and the easy control of particle size and shape. Sun
et al. [15] successfully fabricated monodisperse FePt nanoparticles with the size of 6
nm (shown in Figure 11). The size of the FePt nanoparticles can be controlled by the
molar ratio of the stabilizers to Pt(acac). and heating conditions. The shape of the FePt
nanoparticles is controlled by sequential addition of the surfactants. However, the as-
made FePt nanoparticles prepared by this method are also in the magnetically soft fcc
phase. Thermal annealing is required to make the transformation from fcc phase to L1
structure to obtain desired hard magnetic properties. The serious side effect of the
annealing is the deterioration of the monodispersity of the nanoparticles. Previous
studies by using the technique of in-situ TEM (shown in Figure 12) [50] and XRD
[51] revealed the coalescence of the FePt particles annealed at 600°C or above. Plenty
of studies have been done to solve this problem. S. Momose et al [52] embedded the

FePt nanoparticles in thick organic matrices, H. Zeng, C. Liu et al [53, 54] put the

13



FePt nanoparticles in robust inorganic matices. M. Mizuno et al assembled the FePt
nanoparticles on the surface of —Si-O- network to limit the mobility of the particles at
high temperature. Another solution is to dope FePt with another element (Cu, Ag, Au
etc.) to lower the structure transformation temperature. For example, both the
experimental results and first-principle band calculations revealed that the substitution

of Cu in Fe site which enhances the free energy between the ordered and disordered

phase and increases the driving force in the disorder-order transformation.
6 nm FePt Particles
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Figure 11 Monodisperse FePt nanoparticles with the particle size of 6 nm[15]
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Figure 12 FePt nanoparticles (a) before annealing and (b) after annealing
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Summarizing from the above fabrication methods, there is a need to explore a
fabrication method to directly prepare FePt nanoparticles in L1o structure with uniform
size distribution. In this thesis, a special layered crystal precursor [Fe(H20)s]PtCls was

used and applied in new fabrication approaches.
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Chapter 3

THEORETICAL BACKGROUND

3.1 Introduction to magnetism

The first magnet was discovered by Thales of Miletus in a city called Magnesia
around 500 B.C. The early magnetic device was a compass named “south pointer” and
was used for geomancy in China at the beginning of our era. It was carved in the shape
of a Chinese spoon and it turns to align its handle with the earth’s magnetic field.
Despite of such an early discovery and application of magnetism, it was not until the
mid-1920s that humans realized that the magnetic effect comes from the electrons

rotating around the nuclei and their own axis (orbital magnetic moment and spins).

3.2 Origin of Magnetism

Regardless of phase or atomic composition, all materials exhibit magnetic
properties which arise from the electron clouds of each atom and the way they interact
with the surrounding environment. According to response to an applied magnetic field,
magnetism can be classified as: diamagnetism, paramagnetism, ferromagnetism,
antiferromagnetism and ferrimagnetism.

Inside each atom, the electron possesses a spin which is equivalent to a
magnetic moment. According to Pauli’s principle, there are only two electrons with
opposite spins allowed for each energy state. For atoms with closed shells of electrons,

the spin magnetism is self-cancelled. Once a magnetic field is applied, a magnetic flux
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is induced which is countered by the external field. This is the origin of a diamagnetic
material whose magnetization is antiparallel to the direction of the applied field.

If there are unpaired spins inside some atomic shells, the atom will have a net
magnetic moment. But the magnetic moments cannot be aligned perfectly with the
magnetic field because of the thermal fluctuation. When the magnetic field is
removed, the magnetic moments become random again. This behavior is called
paramagnetism.

Ferromagnets consist of spontaneously magnetized magnetic domains which
are small regions inside the material containing parallel magnetic moments. The
spontaneous magnetization is due to unpaired electrons from partially filled electronic
shells. The strong exchange interaction makes these spins to be aligned parallel. As a
magnetic field is applied, the total magnetization will increase from zero to saturation.
However, if the magnetic field is removed, the magnetization will not become zero.
Instead, the material exhibit a behavior called hysteresis. Ferromagnets become
paramagnets above a certain temperature which is called Curie temperature, Tc.

In an antiferromagnetic material, there is an ordered arrangement of
antiparallel aligned spins on different sublattices, which causes a zero net spontaneous
magnetization. At the lower temperature, an applied external magnetic field faces
strong opposition because of the interaction between the spins, causing a decrease of
the susceptibility with temperature. However, above a certain temperature which is
called Neel temperature, T, the antiparallel alignment of magnetic moments will
vanish and become totally random. The antiferromagnetic material then will behave

like a paramagnet.
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To some extent, ferrimagnetism resembles the behavior of both
ferromagnetism and antiferromagnetism. In ferrimagnetic materials, the two
interpenetrating lattices have unequal antiparallel magnetizations which results in a
total non-zero, spontaneous magnetization. Similar to ferromagnets, the spin
arrangement will become random above the Curie temperature and ferrimagnets

become paramagnetic.

3.3 Hysteresis loops
The magnetic property of ferromagnetic materials can be demonstrated by the

M-H curve which is also called the hysteresis loop as is shown in Figure 13.
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Figure 13 Typical hysteresis loop of a ferromagnet[55]

When an external magnetic field is applied to a ferromagnetic material which
has never been magnetized before, the magnetization will follow the dash curve

(known as the initial curve) as H increases. At high fields, when all the magnetic
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domains are aligned as is shown at point (a), the material reaches its saturation
magnetization. Further increasing the external magnetic field will have little effect on
the magnetization value.

As H is reduced to zero, the magnetization value will move from (a) to (b) at
which point the magnetization value of the material is not zero. This value is called
remanence or remanent magnetization. To make the magnetization of the
ferromagnetic material become zero, an external magnetic field in the opposite
direction is needed (point (c)). This value of H is called coercivity or coercive field.
With the increasing of magnetizing force in the opposite direction, the material will
finally reach saturation in the opposite direction (point (d)). From point (d) to point
(@), going through point (e) and (f), the material behaves in a similar procedure like in
the upper part of the curve. At point (e), it has remanence and with the same coercive
field (point (f)), the magnetization becomes zero. A whole cycle of hysteresis loop

should be symmetric.

3.4 Exchange energy

According to Pauli’s exclusion principle, electrons in neighboring orbitals
cannot share the same orbital with the same spin (to avoid having the same quantum
numbers). Electronic spins will be either aligned parallel or antiparallel according to
the interaction. This exchange energy leads to the spontaneous magnetization and is a
quantum mechanics explanation of magnetization. For a pair of spins, the exchange
energy density is given by:

Eex = —2JexS;i - S
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where /., is the exchange integral and S; and S; are spin vectors. The specific
crystal structure determines the value and sign of the exchange integral. Exchange
energy is at its minimum when the electronic spins are aligned parallel or antiparallel.
For ferromagnetic materials, the exchange integral is positive which means the parallel
alignment of the spins is the minimum energy state. For antiferromagnetic materials,
the exchange integral is negative which means the antiparallel alignment of the spins

is the minimum energy state [56].

3.5 Magnetic anisotropy

The theory of ferromagnetism and ferrimagnetism is based on the electronic
exchange force which is so strong that these materials are spontaneously magnetized
even without an applied field. There are small sub volumes inside the ferromagnets
which are called domains. Each domain is spontaneously magnetized to saturation but
the direction of magnetization varies from domain to domain (is random). The net
vector sum of all the domains produces a zero total magnetization at zero applied field.
The dependence of the magnetic properties on a preferred direction is called magnetic

anisotropy. There are several different types of anisotropy which are listed in Table 1:

Table 1 Types and origin of anisotropy

Types of anisotropy Origin of anisotrpy

Magnetocrystalline crystal structure
Stress applied or residual stresses
Shape grain shape
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3.5.1 Magnetocrystalline anisotropy

The crystal structure usually dominates the magnetic energy for spherical
particles with low saturation magnetization or single-domain particles through the
magnetocrystalline anisotropy. Magnetocrystalline anisotropy comes from the spin-
orbit coupling. The spins are held in a specific direction by the strong coupling
between the spin and orbit which makes the switching of the magnetization difficult.
The crystallographic directions along which magnetocrystalline energy is at a
minimum are called easy directions of magnetization.

For Fe, which has a body-centered cubic structure, [100] are the easy
directions and [110] and [111] are hard directions. As is shown in Figure 14, the Fe
atoms arrange on the cube corners and at each cube center. The [100] directions are
along a cube edge, the [110] directions along a face diagonal and the [111] directions
along a cube body diagonal. Cobalt has a hexagonal closed-packed (hcp) structure
which has only one easy axis leading to uniaxial anisotropy. When the magnetization
is along the easy axis, the magnetocrystalline anisotropy energy is a minimum. When
the magnetization is at 90 to the easy axis, the magnetocrystalline anisotropy energy
IS a maximum.

Compared to cubic materials, the magnetocrystalline anisotropy energy is
much higher in uniaxial materials. The anisotropy energy is given by:

E, = K, + K;sin? 8 + K, sin* 9 + ---

Where K; is material-dependent anisotropy constant and 6 is the angle between
the easy axis and the magnetization. K, is the change in energy due to moment
rotations and exists in all materials. Thus it can be ignored. For a given crystal class
such as cubic structures, direction cosines («;) related to the cube edges are used to

define the direction of magnetization. The anisotropy energy is then given by:
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E, = K, (a?a? + a3a3 + a?a?) + Ky(a?aZa?) + -
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Figure 14 The crystal structure and magnetization loops For Fe, Ni and Co,
demonstrating the anisotropic nature of the magnetization process[13]

3.5.2 Stress anisotropy
Stress anisotropy is caused by the stress applied to a magnetic material. The
magnetic energy density due to the application of stress to a crystal can be given by:
E, = ;ZU sin? @
Where A is the magnetorestriction constant, o is the stress and 8 is the angle
between the stress and the easy axis. This effect can be usually seen in films due to

lattice mismatch between the magnetic thin film and the substrate.

3.5.3 Shape anisotropy
The third type of anisotropy is due to the shape of the material. Magnetic

charges or poles will be generated by a magnetized material at the surface. This
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surface charge is another source of a magnetic field, called demagnetizing field. The
direction of the demagnetizing field is opposite to the direction of magnetization field

(See Figure 15).
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Figure 15 (a) Magnetization produces apparent surface pole distribution (b)
Demagnetizing field due to apparent surface pole distribution

Take a long thin needle shaped grain for example, if the magnetization is along
the long axis, the demagnetization field will be smaller. This makes the long axis an
easy magnetization axis. The magnitude of shape anisotropy is dependent on the

saturation magnetization and it is much smaller than magnetocrystalline anisotropy.

3.6 Magnetism in small particles

Especially for small particles, the coercivity varies depending on the different
range of particle size. As is shown in Figure 16, when the particle size is above a
certain size Ds, known as the single domain particle size (different according to
different materials), the nanoparticles have multi-domain inside one single particle.
Domain wall motion changes the magnetization. The dependence of coercivity on
particle size for some, but not all, materials is given approximately by

H, = +b
C_a' D

Where a, b are constants and D is the diameter of the particle.

23



MD = multi-domain
SD =single-domain
SP = superparamagnetic

SD

MD

SP

Unstable

Stable

H;

c1

S AT

Particle diameter D

Figure 16 Dependence of intrinsic coercivity H, on particle diameter D

The particles become single domain below the critical diameter. The maximum
of coercivity can be reached in this region. When the particle size decreases below Ds,
the coercivity starts decreasing with decreasing particle size.

Below the superparamagnetic size Dy, the coercivity is zero because of the
thermal fluctuation which is strong enough for a spontaneous demagnetization. This
phenomenon is called superparamagnetism[57]. To be specific for FePt, the large
magnetic anisotropy energy of 7107 erg/cc[58] [35] allows the particle size to be as

small as 2.8 nm to overcome the superparamagnetic limit.

3.7 Thermal effects
For a single domain particle with uniaxial anisotropy, the relaxation of

magnetization can be described by an Arrhenius-type law [59]:
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t
M(t) = Myexp (— ;)
Where M, is the initial magnetization and  is the characteristic relaxation

time. The relaxation time is a function of the energy barrier and the temperature:

AE KV
T = Tgexp (kB_T) = Tgexp (kB—T>

Where kg is the Boltzmann constant, and z,, is inversely proportional to the
jump attempt frequency of the particle magnetic moment between the opposite
directions of the magnetization easy-axis; t, can be determined by experimental data
and theoretical calculation. Reported values of 7, are in the range of 107°~1071 s,

For a specific material, if the characteristic measuring time t,, (the time
window) > t, the relaxation is faster than the magnetization orientation observed in
this time window, which allows the system to reach thermodynamic equilibrium.
These nanoparticles are considered to be superparamagnetic. On the other hand, if
Tm < T, the system relaxation proceeds very slowly. The nanoparticles are in so-
called blocked regime. The temperature that divides these two regimes is called
blocking temperature Ty. Ty is related to the energy barrier and increases as the

particle size increases.

3.8 Superparamagnetism
As describe above, the magnetization as a function of time can be given by:
M(t) = Myexp (— ;)
The relaxation time is the time required for the remanence to decay to 1/e of
M,. T depends on the competition between magnetic anisotropy energy and thermal
energy. With zero applied field:

KV

T = Tg€exp (kB—T)
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For a typical measurement time of 100 sec,

25kzT = KV

Superparamagnetism occurs when the material is composed of very small
particles (1-10 nm). In a superparamagnetism, the thermal energy is sufficient to
change the direction of magnetization of the entire crystallite even though the
temperature is below the Curie or Neel temperature. The material behaves like
paramagnetic materials but the individual atom is independently influenced by an
external magnetic field. Compared to paramagnets, superparamagnets have larger
value of magnetic moment because the magnetic moment of the entire crystallite tends
to align with the magnetic field.

There exists a critical particle size smaller than which the particles are all in
the superparamagnetic regime. The critical particle size for superparamagnetism is
directly proportional to the temperature. If the particles has a grain size distribution, as
the temperature increases, more particles become superparamagnetic.

Superparamagnetism can be verified by plotting of M / M versesH /T' Above the
S

blocking temperature curves must superimpose [60].

3.9 Law of approach to saturation
In the high-field region, domain rotation is the predominant effect. The relation
between M and H in this region is called the law of approach to saturation and is

given by [61]:
The first term a/  can be explained as a result of stress field caused by

dislocation, non-magnetic inclusions or voids. This term is usually not included in the

calculation. b and c are interpreted by the crystal anisotropy and related to the
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saturation magnetization and anisotropy constant of the material according to the

following expressions for uniaxial materials [62]:

4 16K, K?
b= _(1 )_
15 7K, M?
_ 16 <1+8K2+ >K13
EETA T ANV
In the case of strong uniaxial materials, K, = 0
4 K2
b=——
15 M2
_ 16 K7}
‘=105 M3

The last term xH represents the field-induced increase in the spontaneous
magnetization of the domains and « is called the high field susceptibility. At

temperature below Curie temperature, this term is very small and can be neglected.
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Chapter 4

CHARACTERIZATION TECHNIQUES

In this thesis, different techniques were used to characterize the properties of
the particles. Transmission electron microscopy (TEM) was used to characterize the
size and crystal structure of the nanoparticles through electron diffraction. Scanning
electron microscopy (SEM) was used to determine the surface morphology of the
particles. Structural studies were carried out by X-ray diffraction (XRD)
measurements. Vibrating sample magnetometer and physical property measurement

system (PPMS) were employed for the magnetic characterization of the nanoparticles.

4.1 Electron microscopy

Electron microscopy is a very important technique to analyze the morphology,
size and structure of nanoparticles. Electron microscopes generate images with much
higher resolution than light microscopes due to short wavelengths of the accelerated
electrons. The resolution of transmission electron microscopes can be below angstrom
if lens aberrations can be minimized. Two main different types of electron
microscope, TEM and SEM, are commonly used. SEM is mostly used to characterize
the surface and subsurface of nanostructured systems. TEM is used for the imaging the

internal microstructure of ultrathin specimens and nanoparticles.

4.1.1 Electron-Specimen Interactions
Figure 17(a) demonstrates various signals generated by the electron-specimen

interactions in the SEM. Different interaction volumes and penetration depths which
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generate different signals are calculated. The interaction volume is the volume that
95% of the electrons are brought to rest by the scattering and it has a typical teardrop
shape as is shown in Figure 17(a). The penetration depth and lateral width are roughly
proportional to V2 and V3/2, where V is the accelerating voltage. High atomic number
materials will have decreased penetration depths and increased lateral spread

compared with lower atomic number materials.
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Figure 17 Electron-specimen interactions in (a) a thick specimen and (b) a thin
specimen [63]

Figure 17(b) shows the signals generated by TEM imaging process in thin

specimens. The transmitted beam (unscattered electrons), the elastically and
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inelastically scattered electrons are usually examined for thin specimens. Transmitted
beam is composed of incident electrons transmitted through the thin specimen without
any interaction. Thicker specimens will have fewer transmitted electrons and weaker
transmitted beam so that the images look darker. For thinner specimens, more
transmitted electrons will go through the specimen and stronger beam can be detected
so that the images are brighter. The elastically scattered electrons are the electrons that
scattered by the specimen atoms and there is no loss of energy. These electrons follow
Bragg’s law A = 2d sin 6 where A is the wavelength, d is the space between the atoms
in the specimen and 6 is the angle of scattering. All the electrons scattered by the same
atomic spacing will have the same angle. These electrons can be collated using
magnetic lenses to form a pattern of spots. Each spot corresponds to a specific plane
giving the information about the orientation, atomic arrangements and corresponding
phases. Inelastically scattered electrons are the electrons that interact with the
specimen atoms with an energy loss. These electrons can be used by the ways listed
below:

Kikuchi pattern: patterns of alternating light and dark lines that are formed by
inelastic scattering interactions. Kikuchi pattern is related to the atomic spacing and
the width of Kikuchi pattern is inversely proportional to atomic spacing.

Electron Energy Loss Spectroscopy (EELS): the loss of energy of the
inelastic scattered electrons is characteristic of involved elements. Therefore, EELS

can be used to achieve the information of composition and bond.

4.1.2 Transmission Electron Microscopy
As is shown in Figure 18 [63], similar to a transmission light microscope,

TEM has the following five parts along the optical path which are light source,
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condenser lens, specimen stage, objective lens and projector lens. However, instead of
using a visible light and glass lenses, TEM uses an electron beam and electromagnetic
lenses. Meanwhile, TEM has more intermediate lenses and more apertures (e.g.
selected area aperture). A typical TEM constitutes of the following parts: two or three
condenser lenses to focus the electron beam on the sample, an objective lens to form
the diffraction in the back focal plane and the image of the sample in the image plane
and some intermediate lenses to magnify the image or the diffraction pattern on the
screen. A vacuum environment is need due to the use of electron beam for TEM to
avoid collisions between high-energy electrons and air molecules which will

significantly absorb electron energy.
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Figure 18 Light and transmission electron microscopes [63].
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There are two most commonly used imaging modes in TEM: bright field (BF)
mode and selected area electron diffraction (SAED) mode. An objective diaphragm
is inserted in the back focal plane to select the transmitted beam in order to obtain an
amplitude-contrasted image (shown in Figure 19(a)). The crystal parts which are in
Bragg’s direction will show dark in the image and the crystal parts which are not in
Bragg’s direction and the amorphous part will show bright in the image. This image
mode is called bright field mode. For the SAED mode, a selected area diaphragm
(shown in Figure 19(b)) is used to select only part of the specimen (e.g. a particle or a

precipitate). Crystal structure information can be obtained from SAED image.
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Figure 19 (a) The bright-field mode and (b) selected area electron diffraction (SAED)
mode [63]

4.1.3 Scanning electron microscopy

The scanning electron microscope (SEM) examines microscopic structure by
scanning the surface of materials and is the most widely used electron microscope. An
SEM image is obtained by the scanning over the surface area of a specimen by a

focused electron beam.

33



o electron source

s— anode
= gun align coils

= lens |

= lens?

. a

— electron beam

o« scan & stig coils

./ lens 3
r’/ collector system

secondary electrons

W

electron beamn
impact area

s spedmen (thick)

[ 3

— YaCuum

s———— turbo[diff pump

= roughing line

Figure 20 The SEM microscope [63]

As is shown in Figure 20, there are several electromagnetic lenses, including
condenser lenses and one objective lens, in the optical path of SEM. Different from
TEM, the electromagnetic lenses are used for electron probe formation in SEM instead
of image formation directly. In the optical path, the electron beam crossover diameter

is reduced by the two condense lenses and then is focused by the objective lens with a
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diameter of nanometer scale. There is a deflection system inside the SEM which
moves the scanning probe over the specimen surface along a line. The detector
collects the electrons emitted by the specimen and then the signal is amplified, and

used to reconstruct an image [64].

4.1.4 Energy Dispersive X-ray Spectroscopy

One important issue during the characterization of the specimen is the element
composition. The energy disperse X-ray spectroscopy (EDS) is the commonly used
technique to determine the element composition of the phase. In the discussion of
electron-specimen interaction part, we know that inelastic interactions between
electrons and specimen generate different kinds of signals: secondary electrons, Auger
electrons, X-rays, light and lattice vibrations. Among all these signals, X-ray relates to
the two energy level difference of the electron cloud of an atom (K, L.). Once this
energy is quantified, we can characterize the specific elements. There are two parts in
the EDS spectrum one is the background produced by the Bremsstrahlung X-rays and
the other is the characteristic peaks of the specific elements. If the peaks do not

overlap, the identification is straightforward except the element of carbon.

4.2 X-ray diffraction

Crystals are made of an orderly arrangement of planes of atoms. The discovery
of X-ray by Conrad Roentgen in 1895 has given the scientist a very powerful tool to
further investigate the structure of crystals.

When the X-ray goes into the atom planes, it will interact with the atoms
behaving like waves reflected by the atom planes. This procedure is shown in Figure

21. Consider two X-ray beams enter the crystal and 6 is the angle between the beam
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and the atom plane; d is the spacing between the atomic planes. Ray 1 reflects off the
upper atomic plane with the same angle 6 (between the beam and the atom plane). Ray
2 has the similar reflect with the lower atomic plane. If the distance 2a is equal to an
integral number of wavelength, Rays 1 and 2 will have constructive interference. On
the other hand, if the distance 2a is not equal to an integral number of wavelength,
Rays 1 and 2 will cancel each other. Therefore, the condition for constructive
interference is:

nA = 2a = 2dsin©

This is Bragg’s law in X-ray diffraction.

gtomic planes
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Figure 21 Scheme of the diffraction geometry of X-ray from atomic planes [65]

Experimentally, if we know the wavelength of the X-ray A and measuring 6 we
can know the atom plane spacing d. By knowing d, the crystal structure and phase can
be identified.

Another application of XRD is to estimate the particle size by using Sherrer’s

formula [66]:
0.914

t=
B cos @
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where S is the half maximum width of the peak in radians, A is the wavelength

of the X-ray and 0 is the corresponding constructive interference angle.

4.3 Vibrating sample magnetometer
The vibrating sample magnetometer (VSM) is based on Faraday's law [49]. It
states that a field will be generated in a coil when there is a change in the flux. For a

coil with n turns:

Ve o 4B
= nadt

If the coil is in a magnetic field (B = uyH), after we put a sample with a
magnetization of M, the field will be:
B =puo(H + M)
Then the corresponding flux change is:
AB = pu,M
Combining the above two equations, we get:
Vdt = —nauM
Therefore, the output signal of the coil is proportional to the magnetization.
As is shown in Figure 22, during a measurement of VSM, we put the
magnetized sample in a coil and subject it to a sinusoidal motion with a frequency of
v. The corresponding voltage induced from the stationary pick-up coils. The electrical
signals of the pick-up foil also have a frequency of v, and the intensity of the output
signal is proportional to the magnetization of the sample.
In this thesis, we use a Quantum Design's VersalLab VSM, is a cryogen-free
cryocooler-based VSM with a sensitivity of better than10~° emu. This 3-Tesla VSM

works under a temperature range of 50 to 400 K.
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Figure 22 Schematic diagram of a Vibrating Sample Magnetometer [49]

4.4 Physical Property Measurement System

The Physical Property Measurement System (PPMS) used in this thesis is from
Quantum Design. The measuring theory is the same as what we discussed in the VSM
part. Different from the low magnetic field of 3 Telsa, the Quantum Design PPMS
consists of a 9 Tesla superconducting magnet in a helium dewar with sample
temperature range of 1.9-400K (shown in Figure 23). During the measuring procedure,
the samples are put in a sample rod and the magnetic response signal is measured by

the two pick-up coil. This machine has a sensitivity around 10~5 emu.
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Chapter 5

A LOW-TEMPERATURE AND SOLVENT-FREE CHEMICAL SYNTHESIS
FEPT NANOPARTICLES BY BALL MILLING

5.1 Introduction

Magnetic nanoparticles have been attracting a great attention recently, due to
their potential application in different fields such as magnetic filters [68], data
storage[69], permanent magnetic hanocomposites[70, 71] and biomedicine.[72]
Magnetically soft nanoparticles are currently applied for cancer treatment as a targeted
drug carrier and for cancer detection as a contrast enhancer (e.g. MRI[73]. [22, 73].

As mentioned before, in the FePt L1, alloy, a face centered tetragonal (fct)
structure is formed by two different atoms (big atoms such as Pt or Pd and smaller
ferromagnetic atoms such as Fe or Co) occupying alternatively the lattice sites. Due to
spin-orbital coupling between the alternate planes of the metals, the L1o structure has a
high magnetocrystalline anisotropy. For this reason such materials have a great
importance in the magnetic applications. In recent years, L1o FePt nanoparticles are
considered as one of the most promising candidates for future magnetic recording
media with areal density larger than 1 Tbit/in? due to their large magnetic anisotropy
energy of 7x107 erg/cc[58] [35] (which allows stable ferromagnetic particles with size
as small as 2.8 nm), their resistance to oxidization and their stability at room
temperature.[43]

Fabrication of well-separated, single crystal nanoparticles with moderate

coercivity plays a key role in the development of high density recording media.
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Currently, there are two major methods for fabricating FePt nanoparticles. One
method is to deposit films or nano-islands of FePt through physical vapor deposition
(PVD) techniques such as sputtering. Usually substrates with certain type of texture,
for example MgO (001), are used to obtain an epitaxial growth of the FePt films or
islands [43, 44, 74]. However, the FePt islands reported with a high coercivity usually
have a particle size as large as 50-100 nm which is certainly undesirable for magnetic
recording. Also, to get the L1o structure, very high substrate temperatures up to 800 C
are used which are not environmental friendly. Another very popular method is the
chemical synthesis of FePt nanoparticles based on the reduction of mixed metal salts
(Fe(CO)s and Pt(acac)z) in the presence of a long chain carboxylic acid and primary
amines in organic solvent which was first reported by Sun et al [15]. To obtain
nanoparticles, organic solvents and surfactants are used. This together with the use of
the dangerous and hazardous compound Fe(CO)s make this synthesis not
environmental friendly. Furthermore, the as-made FePt nanoparticles are in the fcc
phase and more energy (annealing higher than 650 <C) is needed for the phase
transformation from the fcc to fct which usually introduces uncontrolled
agglomeration and sintering of the particles [16, 75, 76]. For this reason, many
attempts have been made in order to decrease the annealing temperature required for
the phase transformation. Nakaya et al. [77] reported a phase transformation
temperature of 300 <C under pure Hz environment. Another method reported is the use
of metals as catalysts for the fcc-fct transformation. [78] Other new chemical routes
for direct synthesis of L1o FePt nanoparticles have been proposed [79, 80], but the

fraction of the ordered phase obtained is usually small [81].
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A direct chemical synthesis of FePt nanoparticles in L1o phase was reported in
reference [82]. In this thesis, we report a new environmental friendly approach for the
direct synthesis of FePt nanoparticles, starting from the same polycrystalline
molecular compound [Fe(H20)e]PtCls, in which the Fe and Pt atoms are arranged on
alternating planes resembling the order they have in the fct FePt structure. Mixtures of
this compound with NaCl were milled by planetary ball milling and then the mixture
was annealed under an atmosphere of forming gas (5% H. and 95% Ar) at 400<C for
2h. After washing the annealed products, L1 FePt nanoparticles with controlled size
were obtained. Similar mechanochemical synthesis procedure has been applied to
fabricate other magnetic nanoparticles such as Nd-Fe-B and Sm-Co [83, 84]. In this
green synthesis method, unlike the previously reported methods, no organic solvents
are used but only FeCl, and H2PtCls(H20) in stoichiometric amounts to fabricate
precursors, the environmentally friendly and low cost NaCl to mill and water to wash.
Furthermore, also in this case the temperature to obtain a highly ordered, magnetically
hard phase was reduced by about 250 <C to as low as 400 <C compared to the

annealing needed in the case of various nanoparticles synthesis.
5.2 Experimental Procedure

5.2.1 Synthesis of [Fe(H20)s]PtCles

All the reagents used were purchased from Aldrich. To synthesize the starting
polycrystalline complex [Fe(H20)s]PtCls, a 0.5 M solution containing equal atomic
concentration of H2PtCls * 6H20 and FeCl, » H20 was prepared using distilled water.
The acidity of the solution of H2PtCls * 6H,0 (pH = 1) prevented the Fe?* to Fe®*

oxidation. The reaction begun immediately after mixing the reactants, with the
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production of HCI gas, as proved by the white AgCI precipitation obtained when the
vapor was reacted with an AgNOs solution. After a slow evaporation of the solvent at
room temperature, a yellow precipitate of hexagonal crystals was collected. The only
safe way to increase the reaction velocity was to remove the vapor by a nitrogen flow
or to work under vacuum conditions (10~ mbar); since both H2PtCls * 6H.0 and
Fe(H20)ePtCle are thermolabile compounds, the temperature should be kept under
50<C to avoid the reduction of Pt. The hexagonal crystals were then purified by
recrystallization in ethyl alcohol.

Direct annealing of the Fe(H20)sPtCls will form bulk porous L1 FePt solids.
Annealing was performed on the as-made samples in order to investigate the
temperature needed to obtain the L1o phase.. The orange crystal Fe(H2O)ePtCle was
annealed under the atmosphere of forming gas (5% Hydrogen and 95% Argon) at

temperatures of 300°C, 350°C, 400°C, 450°C and 500°C for 30min.

5.2.2 Synthesis of L1o FePt Nanoparticles

Although direct annealing of the crystal precursor Fe(H20)ePtCls can produce
L1o FePt solids, the bulk FePt is not what we need. To prepare L1o FePt nanoparticles,
ball milling technique was introduced. Figure 24 demonstrates the planetary ball
milling process. The relatively large size material was put in a grinding jar with
encapsulated balls. The grinding jar was continuously shaking until a fine powder is
produced. In a planetary ball milling process, the vial will not only rotate about its
own axis but also rotate about the so-called sun-wheel. The grinding balls in the
grinding jars are subjected to superimposed rotational movements which are called

Coriolis forces. There is a difference in speeds between the balls and grinding jars
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which produces an interaction between frictional and impact forces releasing high

dynamic energies. This energy will significantly reduce the size of the material.

Horizontal Section v

Movement of the
supporting disc

Centrifugal
force

Rotation of the grinding bowl

Figure 24 Demonstration of the planetary ball milling process

The precursor Fe(H20)sPtCls was mixed with NaCl in different proportion
(50mg/20g, 25mg/20g, 10mg/20g) and milled in a planetary milling using a jar (50
mm diameter; 50 mm height) with 6 ZrO balls (10 mm diameter). After milling, a
uniform light-yellow mixture containing NaCl and separated nanocrystals of the
precursor was obtained. Then, the powder was heated (heating rate = 5 K/min) at
different temperatures in a horizontal furnace under a reducing atmosphere of 0.1
L/min flow of 5% H> and 95% Ar. Then the samples were kept at the final temperature
for 2 h. The following reduction reaction takes place:

[Fe(H20)6]PtCls + 3H2 — FePt(L1o) + 6H20 + 6HCI.

After cooling down, a pale-grey powder was collected, and washed with water.
The L1o FePt nanoparticles were collected by magnetic separation using a magnetic

field generated by an electromagnet, until the test on the washing water with AgNO3,
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very sensitive to the presence of CI~, became negative. The theoretical mass yield of
our method is 43% (after elimination of H2O and CI). Actually, we observed a yield of
35%, due to the loss of the smallest size nanoparticles during the washing step. The
whole fabrication process can be demonstrated in Figure 25.
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Figure 25 Demonstration of fabrication process of FePt nanoparticles

The FePt particle size and size distribution were determined by transmission
electron microscopy (TEM) (JEOL JEM-2010) with a voltage of 200 keV. The crystal
structure was determined by both selected area electron diffraction (SEAD) and X-ray
diffraction (XRD) patterns (Ultima IV with Cu Ko radiation) using a conventional 6-
20 plane reflection geometry. In the structural study, XRD data were collected at room
temperature on an Oxford Diffraction Xcalibur S CCD system with X-ray wavelength
A = 0.71073A4 . The structure was solved by direct methods and refined using
SIR2008 program (part of “IL MILIONE” structure determination and refinement

package). Of the 4032 reflections which were collected, 610 were independent.
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Magnetic properties were measured by a Versa Lab vibrating sample magnetometer

(VSM) (Quantum Design).

5.3 Results and discussion

5.3.1 Structure information of layered precursor [Fe(H20)s]PtCls
Crystal and data collection details together with structure refinement are
summarized in Table 2. All of the data was collected from the newest PDF database.

Figure 26 demonstrate the XRD spectra of Fe(H20)sPtCle.

Table 2 Crystallographic information of [Fe(H20)s]PtCle

Fomula
Molecular weight
Crystal system

Lattice parameters

Space group

Calculated density

ClsFeH1206Pt
571.65

Trigonal
a=10.485(2)4
b =10.485(2)4
c=10.901(2)4
o =90’

B =90

y =120

R3

2.744g/cm3
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Figure 26 XRD spectra of Fe(H20)sPtCls

Single crystals of [Fe(H20)s]PtCls, characterized by a perfect hexagonal shape,
were obtained by re-crystallization of the crude product (see experimental section for
the synthesis). The crystal structure of [Fe(H20)s]PtCls has been reported.[85] A view
of the crystal packing is shown in Figure 27, representing octahedral [PtCls]* and

[Fe(H20)s]?* ions linked together through a network of hydrogen bonds [86].
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Figure 27 (a) Octahedral ions of Fe and Pt, (b) crystal structure of Fe(H20)sPtCls
where alternate plans of Fe and Pt are visible

The FePtClge6H,0 crystallizes in the trigonal R3 space group and its
asymmetric unit consists of Pt, Cl, Fe, O, H1 and H2. The atomic coordinates with
isotropic displacement parameters are listed in Table 3[85]. There are [Fe(H20)s]**
cations and [PtCls]? anions in the crystal which show an octahedron structure as is

shown in Figure 28.
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Table 3 crystal data and structure refinement[85]

Atom x/a y/b z/c Ueq(A?)
Pt 0 0 0 0.0138(1)
cl 0.0264(2) 0.1934(1) 0.1224(1) 0.0264(3)
Fe 0 0 0.5000 0.0184(3)
o) 0.1682(5) 0.1637(5) 0.3871(4) 0.0300(12)
H1 0.16360 0.20840 0.3080 0.0390
H2 0.23270 0.12190 0.36860 0.0390

The [Fe(H20)s)?* cations and [PtCls]? anions are linked by hydrogen bonds
involving chlorine atoms and water molecules. There two types of hydrogen bonds
one of which involves the H1 atoms and forms a triple bridge between adjacent
[Fe(H20)s)?* and [PtCls]? . This chain-like structures are shown in Figure 28. The
other type of hydrogen bond involves the H2 atoms forming single bridges that links

[Fe(H20)s]?* and [PtCls]? ions belonging to different chains.
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Figure 28 Geometrical representation of hydrogen bonding system of (a) intra chains
of O-H1---Cl (b) intra chains of O-H2---Cl (c) molecular packing view
along c-axis[85]

The hydrogen bonding system described above forms alternate layers of Pt and
Fe atoms as is shown in Figure 29. The Pt atoms occupy the planesz = +1/6 and
z = 1/2, while Fe atoms occupy the (011) planes and form a second layer. Along the
direction of diagonal of bc planes, the interplanar distance of Fe atoms is 3.78 4
which is almost equal to the length of c-axis for FePt in L1o phase. Thus, the alternate
layered structure of Pt and Fe atoms, which usually exists in the L1o phase FePt, is
obtained in the R3 space group. The R3 space group has three-fold symmetry which

allows two monoatomic family planes in the same unit cell.
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Figure 29 Monoatomic alternating Fe and Pt layers staking along (a) the [001] and (b)
[011] directions[85]

5.4 Direct annealing of layered precursor [Fe(H20)s]PtCls

Since the crystal [Fe(H20)s]PtCle has a layered similar to L1o FePt, direct
annealing under the reduction atmosphere will produce FePt alloy in the L1, phase.
The reduction was done under the atmosphere of forming gas with different
temperatures varying from 300°C to 500°C. Figure 25 is the XRD pattern of the FePt
annealed at 500°C for 2h. This pattern fits well with the standard PDF data (PDF 43-
1359). To be specific, for FePt alloy in fcc phase, the first allowed peak is the (111)
peak and only the peaks with all even or all odd index numbers are allowed ((200) and
(220)). For FePt in L1, phase, due to the slightly difference between c and a
(c/a=0.97), the diffraction waves of (001) no longer cancel each other thus the first
allowed peak will be (001) instead of (111). This peak is called supperlattice peak.
Meanwhile, the distortion of the cubic lattice will decrease the symmetry and cause
the splitting of (200) and (002), (220) and (202) peaks. Figure 25 is a typical XRD

pattern of L1o FePt. According to Sherrer’s formula [66]:
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= 0.94
" Bcosb

(where g is the peak width in radian, A is the wavelength of the X-ray and 6 is
the corresponding constructive interference angle), sharper diffraction peaks (smaller
B) means larger grains. The diffraction peaks in Figure 25 are very sharp which
means, that the FePt obtained from direct reduction of [Fe(H20)s]PtCls has very large

grain size. This is confirmed in the following discussion of the morphology.

250

a1 L1, bulk FePt

200 4
150 -

100 A (200)

(001) (110)

50 4 (220) (202)
(002) (201) 112) 55
(221)(310)

0 4

T T T T T
20 30 40 50 60 70 80

20

Figure 30 XRD pattern of bulk FePt from direct reduction of [Fe(H20)e]PtCle

5.4.1 Effect of annealing temperatures

To investigate the lowest temperature needed to get the L1o FePt, different
annealing temperatures (300°C, 350°C, 400°C, 450°C and 500°C) were used. Figure 31
are the images of FePt samples obtained at different annealing temperatures. From the
images we can see that the FePt is porous bulk alloy due to the HCI gas generated
during the reduction reaction:

[Fe(H20)s]PtCls + 3H2 — FePt(L1o) + 6H20 + 6HCI

The morphology of FePt annealed at 300°C is like rods with the length of

several hundreds of nanometers and connected to each other to form the bulk material.
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With increasing annealing temperature, the rods become shorter and agglomerate.
With an annealing temperature of 450°C, the morphology of FePt has changed from

rods to porous bulk.

Figure 31 SEM images for bulk FePt from direct annealing of the precursor

Figure 32 shows the XRD pattern of bulk FePt annealed at different
temperatures. With annealing temperatures higher than 350°C, the characteristic (100),
(110), (201) and (112) superlattice peaks are clearly seen in the XRD pattern. This
means that at 400°C, the bulk FePt obtained is in the L1o phase. At the annealing
temperatures of 400°C, 450°C and 500°C, splitting of (200) and (002), (220) and (202)
peaks is very clear. At 350°C, the split cannot be seen but the shift of the (200) and
(220) can be observed compared to the peak positions of the sample annealed at
300°C. This means that the degree of L1o ordering is relatively small with the

annealing temperature of 350°C. As the annealing temperature increases, there is also a
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shift of (111) peak to higher angles. However, at 300°C there are no visible
characteristic peaks of L1o phase FePt. Due to the broadness of the peaks, we cannot

say that there is no L1, phase FePt especially when the degree of ordering is very low.
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Figure 32 XRD patterns of bulk FePt annealed at 300°C, 350°C, 400°C, 450°C and
500°C

Figure 33 demonstrates the hysteresis loops of bulk FePt annealed at different
temperatures. The annealing temperature varies from 100°C to 500°C and the
hysteresis loops were measured at room temperature. Table 4 lists the coercivity data
of these samples. With the increase of annealing temperature, the coercivity increases.
At annealing temperatures lower than 300°C, the coercivities are smaller than 1 kOe
which means the chemical degree of ordering of L1o FePt phase is very low. At
annealing temperatures higher than 400°C, the coervities are higher than 10 kOe. The
coercivity data agrees with the XRD pattern shown above very well. Beginning at

350°C, the clear sign of L1o FePt can be seen with the emergence of (001) and (110)
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peaks and split of (200) and (002) peaks. At 300°C only broad peaks can be seen and
no superlattice peaks are observed which means that most of the FePt bulk annealed at
300°C is in the magnetically soft fcc phase; the presence of the L1, fct with very low
degree of ordering cannot be excluded.

But from the enlarged image of the loops for the sample annealed at 300°C and
200°C, a coercivity of around 1 kOe can be observed which is much higher than the
coervity of pure fcc phase FePt. . According to DTA-TGA data in Figure 35 which
will be discussed later, the loss of H.O molecules, Cl atoms and formation of ordered
structure happened at the same time. Therefore, even at the very beginning of the
reaction a small amount of L1o FePt is formed. This would explain the reason why
with the annealing temperature as low as 200°C, there is still some coercivity which is
higher than the coercivity of fcc FePt phase. Another possibility is that the L1, FePt
formed at low annealing temperature has a very low degree of ordering but this low
degree of ordering which cannot be detected from the XRD pattern because of the
broad peaks.

According to Sherrer’s formula [66]:
0.94

t=
pB cos @

where £ is the XRD width in radians, A is the wavelength of the X-ray and 6 is
the corresponding constructive interference angle. For the 350°C annealed sample ,the
grain size calculated is 6.6 nm which is very small explaining the broadness of the
diffraction peaks.

At 350°C, the characteristic superlattice (100) and (110) peaks are broad and
weak and there is no obvious split of (200) and (002) but the higher angle shoulder of

this peak indicates the presence of of a small amount of (002). . Compared to the
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sample at 300°C, the chemical degree of ordering is higher and therefore, this sample
has an intermediate coercivity of 5.4 kOe. For the most commonly used chemical
synthesis, to get ordered L1o phase FePt nanoparticles, post annealing with
temperatures higher than 600°C is needed. In the green synthesis procedure used in
this thesis, even at the temperature as low as 350°C, a relatively high chemical
ordering of L1o and coercivity were obtained. This significant decrease of the
temperature to obtain L1o FePt is due to the special layered structure of alternating

planes of Fe and Pt atoms of the crystal precursor [Fe(H20)s]PtCls [82, 87].
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Figure 33 RT hysteresis loops of bulk FePt annealed at different temperatures

Table 4 Coercivities of bulk FePt annealed at different temperatures

Temperature/°C 100 200 300 350 400 450 500

Coercivity/kOe 0.3 1.0 0.8 5.4 9.7 12.4 135

As reported in the literature, the annealing temperature for initiating the fcc to
fct transition in a bulk FePt system is about 800-850 <C, and it can be decreased to

around 650<C in nanoparticles prepared by chemical route.[16, 75, 76] In sputtered
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FePt films a transition at lower temperature (T = 500<C) was observed.[88] Nakaya et
al.[77] reported that the use of pure H> during the annealing treatment leads to a
decrease of the transformation temperature to 300 <C, attributing this result to the
higher mobility of Fe and Pt atoms due to hydrogen diffusion in interstitial sites. A
more remarkable temperature reduction (down to 275<C) was observed in FePt
epitaxial films obtained by the alternate layer growth of Fe and Pt.[89] In both films
and nanoparticles the starting alloy completes the phase transformation in a
temperature range and a well-defined transition temperature is hardly identified. The
presence of random starting configurations in particle systems and different degrees of
order achieved in the different preparation processes can explain the spread of
transition temperatures reported in the literature. Indeed, it is generally agreed that a
higher percentage of chemically ordered Pt and Fe atoms in the starting material is
associated with a decrease of the phase transformation temperature.[90] Song and co-
workers published a work about the utilization of a single organometallic compound
(CO)sFe(-Ph2PCH2PPh,)(-CO)PtCI2 containing Fe and Pt atoms inside the same
molecule.[91] After reduction and annealing at 550 <C partially ordered FePt
nanoparticles were observed.

In this thesis, we successfully obtained the fct FePt at an annealing
temperature as low as 350 <C due to the ordered starting precursor. From a
thermodynamic point of view, in our synthesis an energetically favored starting point
for the transformation to the tetragonal phase is presented. Figure 29 shows a
qualitative thermodynamic diagram for the fcc/fct phase transformation for both
amorphous and ordered crystalline precursors. In the case of an amorphous precursor

(Figure 34(a)) a low energy is needed for the salt reduction (the reduction easily
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happens in solution, as in the Sun’s synthesis)[15]. This step brings to the crystalline
but chemically disordered fcc phase. However, a much higher energy (proportional to
the decrease of the entropy S) is required to induce the disorder-order transition where
the atoms re-arrange by diffusion onto alternate single metal layers. When using a
crystalline layered precursor, the energy balance for the reaction is more favorable, the
entropic contribution is minimized (see Figure 34(b)) and less energy is required for

Fe and Pt reduction (the reduction in this case occurring in the solid/gas interaction).
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Figure 34 Qualitative thermodynamic reaction paths in the case of amorphous or
crystalline precursors

Thermal analysis is shown in Figure 35. The heating process of
[Fe(H20)6]PtCls powder was monitored by a thermogravimetric and differential
thermal analysis (TGA-DTA) under the reductive atmosphere of forming gas
performed up to 700°C with a heating rate of 5°C/min. In the TGA curve, there are four
well distinct weight losses during the heating: below 100°C (= 4%), 120°C (= 28%)),
200°C (= 16%) and 230°C (= 10%). The total loss of weight is about 56% which is

related to the expected loss of 6 H.O molecules and 6 Cl atoms. According to the DTA
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curve, the process is partially overlapped and it is not possible to isolate and
characterize each single step. A reasonable sequence under the thermogravimetric
experimental condition is proposed in the paper [82] as follows: The first broad weight
loss under 100°C is likely due to the water desorption. The drop at 120°C is related to
the elimination of 6 H.O molecules linked to Fe atoms and 2 Cl atoms according to
the following reduction reaction:

[Fe(H20)6]PtCls + H, — FePtCls + 6H,0 + 2HCI

At the temperatures above 200°C, there is a wide temperature range for the
elimination of the remaining 4 Cl atoms. The small DTA bump at 450°C is due to the
structrural rearrangement after the loss of Cl atoms is complete. At the temperatures
higher than 450°C up to 700°C, there is no weight loss and not any signs of phase
trasition in the DTA curve. All of the discussion above indicates that the L1o FePt
alloy is obtained after the elimination of Cl atoms. To verify this result, low
temperature annealing (400°C, 350°C, 300°C, 200°C and 100°C) was performed and the
XRD pattern and hysteresis loops are shown in Figure 32 and 33. Results reveal that
even with the annealing temperatures lower than 300°C, there is still some coercivity
around 1 kOe which can not be achieved in the isotropic fcc phase. The magnetization
at 30 kOe decreases with the decrease of annealing temperatures. This means the
elimination of Cl atoms and the formation of L1o FePt happened simutaneouly. With
the annealing temperature lower than 300°C, the energy is not enough for the
elimination of all Cl atoms and only partial of the crystal is reduced to FePt. As the
annealing temperature increases, the portion of reducted FePt alloy increases which
can explain the increase of magnetization at 30 kOe. At 400°C, the elimination of Cl

atom is almost finished and there is a large portion of reduced L1, FePt alloy.
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Therefore, the coercivity increases to 9.7 kOe. There is no evidence of the fcc-fct
phase transition and it is related to the ordered arrangement of Fe and Pt irons on the

alternating atomic planes in the [Fe(H20)e]PtCle crystals.
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Figure 35 TGA-DTA of [Fe(H20)s]PtCle under flux of forming gas[82]

5.5 L1o FePt Nanoparticles Fabricated by Ball Milling of the Precursor with
NaCl

Although L1o FePt alloy was successfully obtained at the temperature as low
as 400°C, the SEM images in Figure 26 showed a porous bulk structure which is not
what we want for the ultra-high density magnetic recording. To get small L1, FePt
nanoparticles, NaCl matrix and planetary ball milling techniques were introduced. The

mechanism of planetary ball milling was discussed above (see the experimental

details).
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The main difference of the synthesis proposed in this thesis compared to the
synthesis already discussed [82] is the type of additive used in the ball milling step. In
the previous synthesis the intermediate products were FePt nanoparticles mixed with
silica oxide, which had to be eliminated using HF, and therefore, the procedure could
not be considered environmentally friendly. In the present synthesis we replaced SiO>
microparticles by NaCl.

NaCl was chosen because its crystals are hard enough to break the crystals of
the starting salt without destroying the crystalline structure. Moreover, after heating
and cooling procedures in reducing atmosphere, NaCl can be easily removed using

deionized water and the L1o FePt nanoparticles can be collected.

5.5.1 Effect of annealing temperature

To investigate the temperature to obtain the L1o FePt particles made by our
method, different annealing temperatures were used in the range of 350°C to 500°C.
The hysteresis loops in Figure 36 and coercivity values in Table 5 revealed that at
around 400°C, the elimination of Cl atoms was partial with the particles showing room
temperature (RT) coercivity of 4.9 kOe. At 450°C, the coercivity is further increased
up to 10.9 kOe at RT which is large for chemically synthesized FePt nanoparticles.
Also, there is a significant increase of the magnetization at 30 kOe. This large
coercivity and increase of magnetization revealed that the chemical reaction finished
at 450°C and the L1, phase FePt nanoparticles were obtained. The XRD patterns in
Figure 37 also showed the characteristic (001), (110) peaks of fct phase and the
splitting of (200) peaks in the samples annealed at 450°C and 500°C. However, for the
400°C sample, the (111) and (200) peaks are broadened and shifted towards the angle

of fct phase; however, the (001) and (110) peaks are so weak and broad that can’t be
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seen clearly in Fig 37(b). The lower coercivity values at 400°C indicate an incomplete
L1o phase formation. Also, Figure 36 shows a magnetization increase as the annealing
temperature is increased which can also be explained by the degree of phase formation

increasing which increases with higher annealing temperature.
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Figure 36 RT hysteresis loops of FePt nanoparticles annealed at different temperatures

Table 5 Coercivity and magnetization values at 30 kOe of FePt nanoparticles annealed
at different temperatures

Annealing 350 400 450 500
temperature(°C)

He (KOe) 0.5 49 9.2 10.9

M (emu/g) 3.7 0.7 28.4 34.9
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Figure 37 XRD patterns of FePt nanoparticles annealed at (a) 350°C (b) 400°C (c)
450°C (d) 500°C

5.5.2 Effect of ball milling conditions

5.5.2.1 Effect of precursor/NaCl ratio
To investigate the influence of different precursor/NaCl ratio, one set of FePt

nanoparticles was fabricated as listed in the summary Table 6.

Table 6 Summary of structural and magnetic data for the samples with different
precursor/NaCl ratio

Label S50 S25 S10
Precursor/NaCl ratio 50mg/20g 25mg/20g 10mg/20g

Ms at RT (emu/qg) 35.4 20.6 14.7

Hc at RT(kOe) 10.9 5.2 4.7
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Mr/Ms at RT 0.67 0.59 0.56

Average Size (nm) 13.2 12.1 6.2

Standard Deviation of Size (nm) 5.6 4.6 2.6

The XRD patterns reported in Figure 38 show the presence of the peaks
characteristic of the L1o phase. For sample S50, the characteristic (001), (110), (201)
and (112) peaks are easily observed and as well as the splitting of peaks (002) and
(200), (220) and (202). Both S25 and S10 samples show broader diffraction peaks,
which are attributed to the presence of very small particles/grains However, the
broadened and asymetric (200) and (220) peaks also suggest the presence of the L1o
phase.

The degree of chemical ordering of FePt nanoparticles can be quantified by the
long-range ordering parameter S, which can be calculated by the following formula

[92]:

1

> Kloﬁ) () LXAXDUTE g (Lon’
Ipoz/ \F;,/ (LXAXD)s| = Loo2

Juy

where I, is the integrated intensity, F the structure factor, L the Lorentz
polarization factor, A the absorption factor, D the temperature factor, and the
subscripts f and s refer to the fundamental and superlattice peaks respectively.[92]
According to the formula, the ordering parameter for sample S50 is 0.75, which is
high for chemically synthesized FePt nanoparticles. For samples S25 and S10, the
ordering parameter is 0.75 and 0.53, respectively. Theoretically, the fully ordered fct
phase FePt should have a chemical degree of order of 1.0. A degree of ordering lower
than 1.0 indicates a not fully ordered fct phase. The positions of fcc and fct (111) and

(200) peaks in the XRD are very close and the width of the peaks makes it impossible
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to eliminate the possibility of a small portion of fcc phase FePt nanoparticles.
Moreover, the defects inside the FePt nanoparticles may generate partial disordering

inside the FePt nanoparticles which will also decrease the degree of chemical ordering.
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Figure 38 6-20 XRD pattern of FePt nanoparticles with different precursor/NaCl ratio

The TEM images of FePt nanoparticles are shown in Figure 39. For the sample
S50 the bright-field images show a size distribution (see Figure 39az) in the range 5 -
35 nm (Figure 39az). All the observed nanoparticles are single crystals as shown from
the high-resolution TEM (HRTEM) images in Figure 39a,. Some coalescence exists,
indicating that the concentration of [Fe(H20)e]PtCle in NaCl was too high for this
sample to ensure a good separation of the nanocrystals. The (100) and (110))
characteristic superlattice rings in the SAED pattern (Figure 39a4) confirmed that the

FePt nanoparticles have the fct structure. By decreasing the content of the precursor
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(sample S25) (Figure 39b1) a narrower size distribution (5-23 nm) was obtained
(Figure 39b3). Actually, the majority of the nanoparticles have a size in the range 5-15
nm and only a few nanoparticles larger than 20 nm were observed. Some coalescence
phenomena were also observed (Figure 39bs, Figure 39bs). In this sample, the
nanoparticles are also single crystals (Figure 39b2) and with the fct structure. Better
results were achieved in sample S10. In Figure 39c: we can see well-separated
nanoparticles in the range 3-6 nm with only few nanoparticles out of it. In this sample
we did not observe coalescence phenomena, the nanoparticles remaining always well
separated. The HRTEM images (Figure 39c»>) always confirm the presence of single
crystal nanoparticles and SAED pattern (Figure 39cs) together with XRD (Figure

38s10) confirmed the fct structure.
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Figure 39 (a1) bright-field image of sample S50 (a2) high resolution image of sample
S50 (a3) size distribution of sample S50 (a4) diffraction pattern of S50
(b1) bright-field image of sample S25 (b2) high resolution image of
sample S25 (bs) size distribution of sample S25 (bs) diffraction pattern of
S25 (c1) bright-field image of sample S10 (c2) high resolution image of
sample S10 (c3) size distribution of sample S10 (c4) diffraction pattern of
S10
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Figure 40 shows the hysteresis loops of the three samples. The magnetization
value at 30 kOe (maximum field used) is far from the saturation value because of the
large magnetocrystalline anisotropy of the fct FePt phase and the randomness of the
particles. The highest coercivity is obtained in the sample S50 with the largest average
grain size of 13.2 nm. As expected, the coercivities are larger at lower temperature
because of thermal activation. The coercivty increases from 10.9 kOe (RT) to 15.7
kOe (50 K) for sample S50 (Figure 40a), from 4.7 kOe (RT) to 4.8 kOe (50K) for
sample S10 (Figure 40c) and the largest variation is from 5.2 kOe (RT) to 10.3 kOe
(50 K) for sample S25 (Figure 40b). According to Figure 16, for small particles with
the size decreasing from the multidomain regime (bigger particles) toward smaller
particles, the coercivity first increases to a maximum (with the particle size equals the
single domain size Ds), and then decreases with size reduction because of thermal
effects. Below a critical size, different for each material, the coercivity becomes zero
and the system enters the so-called superparamagnetic state, where thermal effects are
predominant making the magnetization unstable. For L1, FePt nanoparticles the
superparamagnetic critical size at room temperature (RT) is 2.8 nm. We can argue that
in our nanoparticle systems there are two main contributions to the magnetization
reversal: one is the predominant portion of single domain ferromagnetic fct
nanoparticles and the other is the partially ordered nanoparticles with the mixture of
fcc phase and fct phase (the possibility of a pure fct phase but with low degree of
atomic ordering cannot be excluded). The decrease of coercivity observed going from
sample S50 to sample S10 can be explained by the particle size reduction below the
single domain region. The kink in the second quadrant of sample S25 and S10 could

be due to the presence of a magnetically soft phase which as we explained before can
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be attributed to the presence of some fcc FePt nanoparticles or to some nanoparticles
with a low degree of atomic ordering. Solid conclusions cannot be made because of
the limitation of the characterization methods. However, in the discussion of Chapter 8,
the ultra-high-resolution HAADF images revealed several kinds of defects in the
nano-islands fabricated by magnetron sputtering. Even inside a single nanoparticle
with the size of several nanometers, there are several kinds of defects leading to local
disorder (we can also say partial fcc phase). Therefore, we can argue that in the
nanoparticles fabricated by this green chemical method, there is a high possibility that
the nanoparticles are composed of predominant portion of fct phase and a small
portion of fcc phase or fct with very low degree of ordering Moreover, from the bright
field images of Figure 39, we can find some very small nanoparticles with the particle
size smaller than 2.8 nm which are superparamagnetic nanoparticles. Because the
lowest testing temperature of the VSM used is 50K which is higher than the blocking
temperature of small FePt nanoparticles, no significant difference of the coercivities
can be observed. The different coercivities obtained can be explained by the different
degree of atomic ordering.With the decrease of particle size, surface effects play a
more important role during the ordering. R. Wang et al[93] reported that for very
small nanoparticles, surface is an important defect to decrease the degree of ordering.
Therefore, for smaller nanoparticles, the degree of ordering decreases with the
decreased size. Sample S10 shows the highest percentage of smaller nanoparticles and

smallest coercivity compared to the other two samples.
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Figure 40 Hysteresis loop of the samples (a) S50, (b) S25 and (c) S10 at room
temperature and 50K
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5.5.2.2 Effect of ball milling time

To further investigate the influence of ball milling conditions on the
morphology and particle size, bright-field TEM images of FePt nanoparticles with
different milling times are shown in Figure 41. Because the nanoparticles were
collected using a magnetic field, there is agglomeration of the nanoparticles. As the
milling time is increased from 2h to 15h, there is an obvious trend of particle size
decrease from 28.2 nm to 8.7 nm as shown in Table 7. According to the hysteresis
loops shown in Figure 42, in the samples milled for 1h, 2h and 10h, shoulders are
observed on the demagnetization part of the loops which are attributed to the presence
of a soft phase, possibly the FePt fcc phase/low degree of ordering fct as discussed
before. However, there is no such shoulder in the 5h sample. This inconsistency is
probably due to the control of reaction conditions which in this case were ideal for the
formation of mostly magnetically hard fct particles with no evidence of fcc/low degree
ordered fct .. Moreover, the ball milling process introduces defects to the nanoparticles
such as surface and local disordered regions which also contribute to the shoulder in
the loops. Furthermore, the XRD patterns shown in Figure 43 suggest that the sample
milled for 5 h has the highest degree of ordering as indicated by the stronger
superlattice peaks. It may be also possible that at long milling times, the energy
introduced into the ball milled material transforms some of the fct phase back to the

fcc phase.

Table 7 Particle size of FePt nanoparticles with different milling times

Milling time(h) 10 5 2 1
Particle size(nm) 8.7 12.8 16.7 28.2
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Figure 41 Bright-field images of FePt nanoparticles with milling times of (a) 1h (b) 2h
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Figure 42 Hysteresis loops of FePt nanoparticles with different milling times
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Figure 43 XRD patterns of FePt nanoparticles milled for (a) 1h (b) 2h (c) 5h (d)10h

5.6 Conclusions

In this chapter, we introduced a green synthesis of FePt nanoparticles with the
magnetically hard L1o structure. To the best of our knowledge this is the first time that
magnetically hard nanoparticles are synthesized using only environmentally friendly
chemical products like water and sodium chloride. We used the [Fe(H20)s]PtCle as the
precursor which has a special layered structure with Fe and Pt atoms alternatively
layered inside the crystal. Different annealing temperatures varying from 100°C to
500°C are used to determine the L1o phase formation temperature. The XRD spectra
and hysteresis loops revealed that at temperatures as low as 350°C, this layered
structure can react with Hz and form L1, FePt. This temperature is 250°C lower than
typical phase transformation temperature. DTA-TGA analysis demonstrated the

reaction process and a qualitative model was used to explain the significant decrease
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of L1o phase formation temperature. By the planetary ball milling of the precursor and
NaCl and subsequent annealing at 400 <C in a reducing atmosphere (5% H> and 95%
Ar), we obtained FePt L1, nanoparticles with selected size as a function of
[Fe(H20)6]PtCls / NaCl ratio. By varying this ratio, we were able to avoid the
coalescence phenomena and obtain single crystal nanoparticles with size around 6 nm.
The influence of ball milling time on the particle size and magnetic properties was
also investigated. With longer ball milling time, the average particle size decreased
significantly. There was not much difference in the coercitives with the change of ball
milling time. But there were shoulders in the second quadrant of the hysteresis loops.
There are two possible reasons: one is the mixture of fct/fcc particles and the other one
is the defects introduced by the ball milling which bring local disorder inside the
nanoparticles. This method in principle could be used, starting from other bimetallic
salts, to carry out environmentally friendly synthesis of many other bimetallic
chemically ordered alloys as AuCu, CoPt, etc. applicable in fields as magnetism and

catalysis.

5.7 Proposed future work

Although we successfully obtained FePt nanoparticles with the acceptable
coercivity of 4.7 kOe and average size of 6.2 nm, most of the samples have the
problem of agglomeration which is certainly undesirable for ultra-high density
magnetic recording. To solve this problem, two possible methods can be used.

The first technique is spin-coating. Figure 44 demonstrates the mechanism of
spin-coating. Porous membrane such as Al>Os templates can be used to hold certain

amount of [Fe(H20)e]PtCle solution. High speed spinning can help to disperse the
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solution evenly into the pore of the template. After the spinning, annealing can be

applied to finish the reaction and form L1 FePt.

« Spinning D

e Sol
particle

Figure 44 Mechanism of spin-coating

In the other technique demonstrated in Figure 45, a 2D functionalized nano-
perforated film is used in the dip coating process with a controlled withdraw speed.
Certain amount of [Fe(H20)e]PtCle solution will be trapped in the film. After the post
annealing under reduction atmosphere, the FePt nanoparticles can be collected by

removal of the film.
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Chapter 6

SOLID STATE FABRICATON OF L10 FEPT NANOPARTICLES ON
EXFOLIATED GRAPHENE FROM LAYERED PRECURSOR

6.1 Introduction

In Chapter 5, a novel green chemical synthesis fabrication method of L1o FePt
nanoparticles was introduced. Well separated FePt nanoparticles with average size of
6.2 nm and room temperature coercivity of 4.7 kOe were obtained. However, most of
the FePt nanoparticles prepared have the problem of agglomeration and relatively
wide size distribution. The use of electromagnetic field to collect the FePt
nanoparticles causes the agglomeration and the planetary ball milling technique
introduces a wide particle size distribution. To solve this problem, exfoliated graphene
support is used during the fabrication process and a novel solid state fabrication of L1
FePt nanoparticles with uniform size distribution and high coercivity is described in
this chapter.

Graphene (G), a two-dimensional single layer of carbon atoms with p-electrons
fully delocalized on the graphitic plane, has a large surface area, good chemical
stability, very high electrical conductivity and strong mechanical properties which
make it an excellent supporting materials in the application of molecular electronic
devices, energy transfer and storage and fuel cell catalysts [10, 94-96]. G is often used
as a support for certain functional particles with special features useful in optical [97],
electrical catalysis and so on [98]. Graphene can maximize the surface area of
nanosized electrocatalysts, facilitate electron transport, promote mass transfer at the
electrode surface and keep a stable catalyst structure [99]. Among the methods to

prepare G, thermal reduction of graphene oxide (GO) is a promising approach for
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large-scale production [100-104]. GO is a strongly oxidized layer of carbon material
which can be easily exfoliated into thin-layer sheets dispersed in water[105]. The
existence of sp? domains and oxygen-containing groups allow the bonding interactions
between GO and a wide range of materials which makes GO an ideal substrate to hold
inorganic nanoparticles for a wide range of applications[106]. Due to the VVan der
Waals interactions, the as-dispersed GO sheets tend to agglomerate again. The
existence of inorganic nanoparticles will prevent the agglomeration of G sheets during
the reduction. The specific area of the inorganic materials can be kept at a high level
which is required for adsorption, catalysis and other applications [107, 108].

One of the most commonly used techniques to deposit FePt nanoparticles onto
G is to firstly fabricate monodisperse FePt nanoparticles with the particle size around
6 nm and then disperse the FePt nanoparticles with hexane into the DMF solution of
GJ[10]. To prepare the monodisperse FePt nanoparticles, the method of chemical
reduction of platinum (11) acetylacetonate (Pt(acac)2) and iron pentacarbonyl
(Fe(CO)s) is used [109]. However, there are several disadvantages of this method one
of which is the surfactant used in the fabrication process of FePt nanoparticles which
decreases the contact between the FePt nanoparticles and the reaction solution. What
is more problematic, is the FePt nanoparticles fabricated by this method are usually in
the face centered cubic (fcc) phase. To obtain the ordered structure of FePt
nanoparticles, post annealing is required which however will destroy the assembly of
FePt nanoparticles and cause undesirable sintering and agglomeration. In this thesis, a
novel solid state fabrication method of FePt nanoparticles on G is introduced. A
solution of precursor of [Fe(H20)s]PtCls was dispersed into a water solution of GO

and after the mixture of [Fe(H20)s]PtCls and GO was precipitated, water was
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removed. Post annealing was introduced for this mixture under the atmosphere of
forming gas (5% hydrogen and 95% argon) at different temperatures varying from
600°C to 950°C. FePt nanoparticles in the fct phase with a uniform size distribution
were fabricated. Even under an annealing temperature as high as 750°C, the FePt

nanoparticles still maintain a small and uniform size as well as high coercivity.

6.2 Fabrication and Characterization of FePt Nanoparticles on the Surface of
Exfoliated Graphene

6.2.1 Fabrication of FePt Nanoparticles on the Surface of Exfoliated Graphene

To synthesize the [Fe(H20)e]PtCls precursor, 0.5 M H2PtCls*6H20 (Aldrich)
and FeCl.+4H>0 (Aldrich) water solution were mixed to form the equal atomic
solution of FePtClg*6H>0O. The acidity of the solution was kept at pH=1 to prevent the
Fe?* to Fe** oxidation. The reaction to form FePtClg*6H,0 began immediately after
mixing of the reactants with the production of HCI gas.

Figure 46 shows the fabrication process of FePt nanoparticles on the graphene.
40mg GO sheets were exfoliated in water solution by sonication pulses (5s sonication
with 15s interval) forming a grey mixture of exfoliated GO and deionized water. The
FePtCls*6H-0 solution was then added to the above mixture with magnetic stirring.
The new mixture was kept magnetically stirred for 15 min. After the GO with
FePtClee6H-O was precipitated, the top solution was removed and the water was
evaporated. The product was then annealed under the atmosphere of forming gas (5%
hydrogen and 95% argon) for 30 min at temperatures within the range of 600°C to
950°C. Two reactions happened during the annealing, one of which is the reduction of
GO to G under the reducedatmosphere at high temperature. The other reaction is the

following:
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[Fe(H20)6]PtCls + 3H2 — FePt (L1o) + 6H.0 + (6HC|
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Figure 46 Demonstration of the fabrication process of FePt nanoparticles on the
graphene

6.2.2 Characterization of FePt Nanoparticles on the Surface of Exfoliated
Graphene

The morphology of FePt nanoparticles on the G sheet, the size and size
distribution of FePt nanoparticles were determined by transmission electron
microscopy (TEM) (JEOL, JEM-3010) with a voltage of 300 keV. The composition of
FePt nanoparticles was determined by X-ray energy dispersive spectrometry (EDS)
equipped with the JEM-3010. The crystal structure was measured by both X-ray
diffraction (XRD) (Ultima IV with Cu Ka radiation) using a conventional 6-2 6 plane
reflection geometry and selected area electron diffraction (SAED) (also equipped with
JEM-3010). A Versalab vibrating sample magnetometer (VSM) (Quantum Design)

was used to measure the magnetic properties of the samples.
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X-ray photoelectron spectroscopy (XPS) measurements were performed under
ultrahigh vacuum conditions with a base pressure of 5 <101 mbar in a SPECS GmbH
instrument equipped with a monochromatic MgKa source (hv = 1253.6 eV) and a
Phoibos-100 hemispherical analyzer. Pulverized samples were dispersed in toluene (1
wt%), and after short sonication and stirring, a minute quantity of the suspensions was
drop cast on evaporated gold films supported on mica substrates and left to dry in air
before transfer to ultrahigh vacuum. The energy resolution was set to 0.3 eV and the
photoelectron take-off angle was 45 “with respect to the surface normal. Recorded
spectra were the average of 3 scans with energy step set to 0.05 eV and dwell time 1
sec. All binding energies were referenced to the C1s core level at 284.6 eV. Spectral
analysis included a Shirley background subtraction and peak deconvolution employing
mixed Gaussian—Lorentzian functions, in a least squares curve-fitting program
(WinSpec) developed at the Laboratoire Interdisciplinaire de Spectroscopie
Electronique, University of Namur, Belgium.

Raman spectra were recorded with a micro-Raman (x-Raman) Renishaw
RMZ1000 system using a laser diode excitation line at 532 nm in the frequency range of
200-3500 cm™L. Raman scatter was collected by means of an Olympus optical
microscope, equipped with 50> and 100 lenses. Using the 50 lens, the probing spot
was about 2 um in diameter, while laser was operated at 20 mW unless
photodecomposition occurred and power was decreased. The spectrometer was
calibrated by recording the spectrum from a Si sample with characteristic Raman peak
at 520.7 cm™1. Raman spectra were obtained from samples in the form of drop casted

films onto glass substrates. The reported spectra are an average of 3-5 scans.
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6.2.3 Advantages of the Fabrication Method

The main advantage of this fabrication method is to avoid the use of any
solvent except deionized water. So there is not any surfactant or organic solvent
surrounding the FePt nanoparticles which will improve the contact between FePt
nanoparticles and the reactants. The other advantage of this method is that FePt
nanoparticles in fct phase were prepared directly from the reduction of crystalline
precursor without any intermediate process. A uniform particle morphology and size

distribution can also be controlled.

6.3 Results and discussion

6.3.1 One typical example

Figure 47 shows a typical sample of FePt nanoparticles on the G which was
annealed under the atmosphere of forming gas at 750°C. The bright-field images
Figure 47(a) and 47(b) showed that the FePt nanoparticles are located on the surface
of G separately with average size of 8.5 nm. In the most commonly used fabrication
method of FePt, annealing at the temperature as high as 750°C will lead to severe
sintering and agglomeration. In the fabrication process demonstrated in this paper, the
existence of G successfully prevented the agglomeration of FePt nanoparticles and the
size distribution is narrow (shown in Figure 48). The high resolution image Figure
47(c) revealed that the FePt nanoparticles are single crystals and the atomic
composition of FePt nanoparticles is FesgPtss which is within the composition range of

fct phase.
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Figure 47 (a) (b) Bright-field images (c) high-resolution image (d) EDAX spectrum of
FePt nanoparticles on the G annealed at 750°C
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Figure 48 Size distribution of FePt nanoparticles on the graphene annealed at 750°C

In the XRD spectra of Figure 49, the high broad peak at 18 degree is the peak
of GO which showed that the reduction of GO to G is not complete at the temperature
of 750°C. At 25 degree, a clear peak of G is shown. In fact, the complete reduction
from GO to G requires temperatures higher than 1000°C which will destroy the fct
structure of FePt nanoparticles. At 750°C, the characteristic superlattice peaks of
(100), (110) and (201) are clearly shown in the XRD pattern as well as the split the
peaks of (200) and (002), (220) and (202). All these characteristic peaks showed that
the FePt nanoparticles are fabricated in in fct phase. The hysteresis loop in Figure 50
is also a proof of the magnetically hard fct phase of the FePt nanoparticles. With the
annealing temperature of 750°C, the FePt nanoparticles have a coercivity of 8.3 kOe.
The magnetization value is low (10 emu/g) because the G sheet has a very large
surface and the FePt nanoparticles only occupy a small portion of the surface area. The

non-magnetic G increases the sample mass.
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Figure 49 XRD spectrum of FePt nanoparticles on the graphene annealed at 750°C
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Figure 50 Hysteresis loop of FePt nanoparticles on the graphene annealed at 750°C

The XRD findings for the incomplete reduction of GO towards R-GO are
further verified by XPS and Raman spectroscopies. C1s core level XPS spectrum and

Raman of FePt nanoparticles on the G annealed at 750°C are shown in Figure 51.
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After deconvolution with mixed Gaussian—Lorentzian functions, the C1s spectrum
consists of five components. The first component, recorded at a binding energy of
284.6 eV, corresponds to C-C and C-H bonds and contributes a 20.0% to the total C1s
intensity. The main peak at 285.6 eV, representing 42.2% of the total C1s intensity, is
attributed to hydroxyl C-O bonds, while the third peak at 286.5 eV (23.8%) is assigned
to C-O-C epoxide/ether groups. The peak at 287.4 eV (11.7%) originates from the
carbonyl functional groups (C=0), whereas the higher binding energy contribution
located at 288.7 eV (2.3%) is associated with carboxyl groups (O-C=0) [110, 111].
Shape and deconvolution of the C1s XPS spectrum strongly suggest that graphene
oxide undergoes partial reduction upon annealing at 750°C. This behavior is
commonly found with thermal annealing in a reducing Ar/Hz atmosphere [112].
Although oxygenated groups and mainly C-O still dominate the C1s spectrum,
reduction is exposed by two facts; a noteworthy contribution from the C-C bonds
arises at lower binding energy and the shape of the spectrum exhibits easily visible
differences compared to relevant pristine GO C1s XPS spectra where the C-C bond
usually has minor contribution while more oxidized species as carboxyl and carbonyl
groups dominate [110, 112]

On the other hand, Raman spectrum of FePt nanoparticles on the G annealed at
750°C exhibits both G- and D-bands at 1583 and 1349 cm™, respectively. The G-band
at 1583 cm™ which is associated with sp? hybridized carbon atoms is asymmetric and
shifted compared to the G-band of GO, near the relevant peak of graphite which is
positioned at ~ 1580 cm™ [113, 114]. As better observed at the inset of Figure 52, G-
band consists of two different peaks, the one derived by pristine GO at ~ 1600 cm™

and a minor sharper one arising from reduced GO at ~ 1580 cm™. In addition, while
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GO does not have significant peaks in the 2D region [115], a broad peak arises at 2690
cm™ in the Raman spectrum of the 750°C annealed sample. This is ascribed to the 2D
vibrational mode (overtone of the D peak) and has roughly half the intensity of the G-
band [113, 114]. According to literature, the red shift of G-band, the enhanced
intensity of the 2D peak as well as its shift below 2700 cm™ are clear evidence of R-
GO presence and few layers formation [110, 113, 116]. Unfortunately, in our case the
exact number of stacked graphene layers cannot be estimated but due to the
broadening of the 2D peak it is rational that there should be a wide distribution

concerning the number of the stacked layers.
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Figure 51 C1s core level X-ray photoemission spectrum of FePt nanoparticles on the
G annealed at 750°C
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Figure 52 Raman spectrum of FePt nanoparticles on the G annealed at 750°C. Inset of
(b): zoom in on the region of the G-band

6.3.2 Effect of annealing temperatures

The annealing temperature has a significant influence on the morphology, size
and magnetic properties of the FePt nanoparticles. To further investigate the influence
of annealing temperatures, samples with different annealing temperatures of 500°C,
600°C, 750°C and 950°C were prepared. Figure 53 showed the morphology, size and
crystal structure of the FePt nanoparticles prepared. From the bright field images of
FePt nanoparticles from Figure 53(al) to Figure 53(d1) and Table 8, a clear trend of
increasing particle size could be observed. The particle size distribution data from
Figure 53(a2) to Figure 53(d2) was obtained by counting the size of 200 particles
(More than one bright field images were used for counting) from the bright field TEM
images. The FePt nanoparticles annealed at 600°C and 750°C have a similar average
particle size around 8 nm. The FePt nanoparticles annealed at 500°C have the smallest
particle size of 4.6 nm. All of these 3 samples maintain small and uniform size and the

particles are separated without any agglomeration. However, when the annealing
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temperature is as high as 950°C, the particle size increases significantly to the average
size of 29.8 nm and some very large particles as large as 100 nm are observed. The
annealing temperature of 950°C is too high that causes the growth of particle size
(shown in Figure 54). As mentioned before, complete reduction from GO to G
requires temperature higher than 1000°C. To maintain a small and uniform size
distribution of FePt nanoparticles, annealing temperatures lower than 950°C are
needed which means we can only get a mixture of G and GO. The size distribution of
Figure 53(a2) to 53(d2) showed that the 500°C and 750°C samples have a narrower
size distribution and the 950°C sample has a bad size uniformity. The high resolution
images of Figure 53(a3) to 53(d3) showed that all the samples made are single
crystals. However, due to the limitation of the resolution of TEM, we cannot rule out

the defects and possible disorder inside the nanoparticles.

Table 8 Average sizes of FePt nanoparticles annealed at different temperatures.

Annealing temperature(°C) 500 600 750 950
Average size (nm) 4.6 8.1 85 298

89



10
Particle size (nm)

Figure 53 Bright-field images of FePt nanoparticles on the G annealed at (al) 500 °C
(b1) 600 °C (c1) 750 °C and (d1) 950°C, size distribution of FePt
nanoparticles on the G annealed at (a2) 500 °C (b2) 600 °C (c2) 750 °C
and (d2) 950°C, high-resolution images of FePt nanoparticles on the G
annealed at (a3) 500 °C (b3) 600 °C (c3) 750 °C and (d3) 950°C
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Figure 54 Average particle size of FePt nanoparticles on the graphene as a function of
annealing temperature

Figure 55 shows the XRD pattern of the FePt nanoparticles on G with different
annealing temperatures. The peaks at around 25 degree with a square mark are the
graphene peaks. They are broad and there is a shift of these peaks because the
annealing temperatures are not high enough to completely transfer the GO to G which
makes a mixture of GO and G. The peaks with star sign are FePt peaks. The XRD
pattern of the sample annealed at 500°C demonstrates typical fcc phase pattern which
is in accordance to the reported phase transformation temperature of FePt
nanoparticles from fcc to fct (higher than 600°C). When the annealing temperature was
increased to 600°C, the (200) peak shifts to higher degree which is also the evidence of
larger portion of fct phase. From the XRD pattern of 750°C and 950°C samples, the
supperlattice peaks of (001) and (110) can be seen and the original (200) splitting to
two separate peaks of (200) and (002). All of the above observations are clear signs of
face tetragonal phase. For the 950°C sample, the split of (200) and (002) are more

obvious and there is one more superlattice peak of (201) which means there is a larger
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portion of fct phase at higher annealing temperatures. The degree of ordering increases
with the increase of annealing temperature. Since the size of the nanoparticles is small
and there is a width of the peaks, there are possibilities of partial disordering inside the

nanoparticles and a small portion of fcc/lower degree of ordering fct nanoparticles.
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Figure 55 XRD spectrums of FePt nanoparticles on the graphene annealed at 500°C,
600°C, 750°C and 950°C

Raman spectra of FePt nanoparticles on the G annealed at all four temperatures
are presented in Figure 56. As seen there, the D-band is recorded at 1349 cm™ in all
cases, whereas the G-band appears at 1593 cm™ except for the 750°C sample as
discussed previously. Moreover, samples at 500°C, 600°C and 950°C do not exhibit
any important peak in the 2D region in contrary to the 750°C sample. These two

observations, the position of the G-band and the lack of any major 2D peaks, suggest
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that the annealing process in the reducing atmosphere did not lead to relevant
reduction of GO for the rest samples as for the one annealed at 750°C. This conclusion
comes in full agreement with the XRD patterns and XPS spectra. Furthermore, the
ratio of the D- to G-band intensities (Io/lg) is increasing with higher annealing
temperatures. Ip/lg is equal to 0.88 for the first two samples where the temperature
variation is small, but reaches 0.99 for the FePt nanoparticles on the G annealed at
750°C and 1.06 for the FePt nanoparticles on the G annealed at 950°C. This is
expected and well documented in literature since together with the restoration of the
sp? graphene lattice, defects and vacancies are also formed, and the same time the full

width at half maximum of the D-band is decreasing [112, 117].
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Figure 56 Raman spectra of FePt nanoparticles on the G annealed at 500°C, 600°C,
750°C and 950°C

Figure 57 shows the hysteresis loops of FePt nanoparticles with different

annealing temperatures. As discussed before, the annealing temperature of 500°C is
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not high enough to form fct phase FePt nanoparticles. The sample is in the fcc phase
which is in agreement with the very low coercivity of 0.4 kOe. With the increase of
annealing temperature, the coercivity increases since the degree of ordering is higher.
Table 9 lists the coercivity of the four samples with different annealing temperatures.
When the annealing temperature is higher than 750°C, the samples have high
coercivity of 8.1 kOe and 9.9 kOe which agrees with the XRD pattern showing that
most of the samples are in the fct phase. The magnetization is low because the weight

of non-magnetic G and GO is also counted.

Table 9 Coercivity of FePt nanoparticles annealed at different temperatures

Annealing temperature(°C) 500 600 750 950

Coercivity (kOe) 0.4 3.7 8.1 9.9
15 T T T T T T 1 v T

L = 500°C
10} © 600°C

Moment (emu/g)

-30 -20 -10 0 10 20 30
Magnetic Field (kOe)

Figure 57 Hysteresis loops of FePt nanoparticles on the graphene annealed at 500°C,
600°C, 750°C and 950°C

94



6.4 Conclusions

In this chapter, we described a fabrication method to directly prepare FePt
nanoparticles in the fct phase on the surface of R-GO (Reduced Graphene oxide). To
the best of our knowledge, this is the first time that magnetically hard nanoparticles on
G are synthesized by a solid phase reaction. After mixing the layered precursor
Fe[(H20)6]PtCls with GO, separate FePt nanoparticles in magnetically hard fct phase
were obtained by annealing under the reduction atmosphere (5% Ha, 95% Ar). The
influence of annealing temperature on the morphology, size, structure and magnetic
properties was investigated. With an annealing temperature higher than 600°C, the
transformation from fcc phase to fct phase began. For annealing temperatures as high
as 950°C, the particle size increases significantly to 29.8 nm and the size distribution
becomes wider. The 750°C is an optimum annealing temperature to maintain a small

particle size of 8.5 nm and high coercivity of 8.1 kOe.

6.5 Proposed future work

We successfully fabricated well separated FePt nanoparticles with high
coercivity on graphene surface. However, the results discussed in this thesis are only
prelimimary results and much work remains to be done.

1. This fabrication method can also be used to prepare CoPt and FePd

nanoparticles on the surface of graphene by simply changing the starting salts

to prepare layered precursor
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2. The reason for the separated nanoparticles needs to be figured out. The
influence of the coverage of the precursor on the graphene surface requires
further investigation.

3. There is a difference of the temperature to obtain L1, phase FePt
nanoparticles compared to the fabrication method in Chapter 5. The ordering

behavior of FePt nanoparticles needs to be investigated.
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Chapter 7

ORDERING OF FEPT NANO-ISLANDS EPITAXIALLY GROWN ON MgO

7.1 Introduction

Development of ultrahigh capacity magnetic storage technology requires
media with high areal density. The major challenge for the hard drive industry is that
the current Co based alloy is reaching its theoretical limit, which means with
decreasing grain size the thermal energy at room temperature can demagnetize the
small grains and result in the loss of stored information[118]. As mentioned before, in
the search for substitute materials, L1o magnetic alloys have been attracting intensive
attention due to their large magnetocrystalline anisotropy energies (MAE) and better
corrosion resistance compared with rare-earth based alloys The high MAE density
ensures that the FePt units (grains, particles) with stable magnetization at room
temperature can be as small as 2.5 nm.

A large amount of research has been conducted in the fabrication of FePt and
CoPt nanoparticles and nano islands. Different techniques have been reported in the
synthesis of the nanostructures including wet-chemistry, evaporation, sputtering, and
gas-phase deposition [15, 119-124]. Recent efforts have been focused on decreasing
the size of the particles for magnetic storage media with terabit/in? density. However,
with decreasing particle size, it was found that even after long annealing, the
coercivity of the nanoparticles was still low. In the past few years, the size-dependent
ordering effect has ignited intensive experimental and theoretical studies on the

ordering and phase transformation of FePt nanoparticles to reveal the origin of the low
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coercivity of the small particles [125-131]. Microstructural investigation has been
done to study the size and the ordering of the nanoparticles. Surface segregation has
been reported to be one of the possible causes of the reluctance in ordering[123].

Recent studies suggest that the annealing temperature for the ordering is size
dependent [122, 124]. Particularly, with decreasing particle size, difficulties in
acquiring ordered L1o FePt or CoPt nanoparticles were reported. It has also been
reported that no ordering takes place upon annealing nanoparticles with a diameter
smaller than 4 nm [132]. Theoretical calculations show that at a typical annealing
temperature of about 600°C, highly ordered L1o nanoparticles with a diameter of 3.5
nm can be achieved [129]. Miyazaki’s experimental work put this size limit down to 2
nm [43]; however more recent work demonstrates that ultra-small (~2 nm) FePt
nanoparticles can also be fully transformed to the L1, phase [133, 134]. These varying
and sometimes contradictory results reflect the complexity of the issues surrounding
the FePt L1o ordering or the nano-phase transformation.

In this chapter, we studied the microstructure of FePt nano-islands sputtered on
MgO(001) substrate utilizing Cs corrected (both probe and image corrected)
(Scanning) Transmission Electron Microscope ((S)TEM). Different from the
nanoparticles synthesized with chemical methods or deposited on amorphous
substrates, the epitaxial relationship between the substrate and the nanoparticles
ensures that for most nanoparticles, the (001) plane is parallel to the beam direction
during the cross-sectional TEM observation. This is the ideal orientation to
unambiguously determine the ordering. In addition, other than determining the atomic
ordering from a diffraction pattern which averages among different particles, the Cs

corrected (S)TEM provides the opportunity for direct observation of atomic scale
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information inside individual nanoparticles with unprecedented resolution and

accuracy. The effect of substrate is also evaluated.
7.2 Experimental Methods

An alloy target with composition of FesoPtso was used to fabricate the FePt
islands. Samples consisting of FePt nano-islands with size varying from 5 to 20 nm
were prepared by annealing DC magnetron sputtered FesoPtso thin films on MgO(001)
substrate. The sputtering base pressure and Ar sputtering pressure used were 3x10”
Torr and 5 mTorr, respectively. The substrates were one-side polished MgO (001)
single crystals, which were heated up to 500°C-700°C before sputtering to ensure
cubic-cubic epitaxial growth of the FePt thin films. Film growth rate was 0.15 nm/s.
Different sputtering times from 5 to 25s were applied to investigate how different
sputtering conditions influence the size and structure of the FePt islands. The as-
sputtered samples were annealed at 600 <C for 30 min to obtain L1o ordered FePt
islands.

The island size was determined by transmission electron microscopy (TEM)
(JEOL JEM-3010) with a voltage of 300 keV. The morphology and magnetic domains
were made by atomic force microscopy (AFM) and magnetic force microscopy
(MFM), respectively using an NT-MDT unit. The actual elemental composition of
FePt islands was quantified by energy dispersive X-ray spectroscopy (EDS) (JEOL
JEM-3010). The structure and chemical ordering parameter was determined from X-
ray diffraction (XRD) spectra (Ultima IV) by using a conventional 6-26 plane
reflection geometry with Cu Ka radiation. Magnetic properties were measured by

vibrating sample magnetometer (VSM) from Quantum Design.
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Atomic scale observation of the ordering of annealed FePt nano-islands was
carried out on the TEAM-0.5 microscope, a double-aberration-corrected (scanning)
transmission electron microscope (STEM/TEM) capable of producing images with 50
pm resolution. TEAM-0.5 is equipped with a monochromator and two CEOS
hexapole-type spherical aberration correctors for probe and imaging corrections
separately and is capable of producing images with 50 pm resolution. For aberration-
corrected high-angle annular dark-field imaging in STEM mode, in order to decrease
the beam damage to the particles, which may lead to particle degradation, the
microscope was set to work on 80 kV at the sacrifice of image quality. However, a
charging effect was observed at such a low voltage due to the non-conductive MgO
substrate. Phase contrast high resolution TEM (HRTEM) images and images for
focal-series reconstruction were taken at 300 kV. Although the image interpretation
for the phase-contrast imaging is usually not as straightforward as for the Z-contrast
imaging, the reconstructed phase images are not affected by lens aberrations and
defocusing, which make it possible to eliminate the imaging artifacts that may
complicate the interpretation of HRTEM images. Furthermore, the phase-contrast
image has the advantages of more accurate determination of atomic positions. The
reconstruction of the focal-series of Cs-corrected HRTEM images was performed
using MacTempas software. For reconstruction, 50 successive images were selected

from 100 focal-series images taken at Cs=-0.1 pm with a focus step of 1 nm.
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7.3 Results and discussion

7.3.1 Epitaxial growth and morphology of L1o FePt islands

Figure 59 shows the planar-view bright-field image of FePt islands deposited
at the substrate temperature of 600°C for 10 s. With a deposition rate of 0.15 nm/s, the
nominal thickness of this sample is 1.5 nm. The image demonstrates well separated
nano-islands. Figure 59(b) and 59(c) are high-resolution and bright-field images of the
cross-section view of FePt islands with the same deposition condition. Together with
the selected area electron diffraction (SAED) pattern, where both fct-FePt(001) and
fct-FePt(110) spots are shown, these images give a direct evidence of epitaxial growth
of L1, FePt islands where the surface energy of (001) plane is the lower. When the
island size is small, the surface and interfacial energies are larger than the volume free
energy, and therefore it is relatively easy to form epitaxial texture. The stripe contrast
observed in Figure 59(a) is the Moire pattern resulted from the lattice parameter
difference between FePt (arert=0.40 nm) and MgO(001) (amgo=0.42 nm). This
mismatch of lattice parameters is also demonstrated in Figure 59(b) where plane
distortions are observed showing that the fabricated FePt islands are not perfectly

ordered.
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Figure 58 TEM pictures of FePt islands deposited at 600°C for 10s (a) planar-view
bright-field image, (b) high resolution cross-sectional image, (c) cross-
sectional view bright-field image and (d) selected area diffraction pattern
of cross-sectional FePt islands

Figure 60(a) and 60(b) show the 2-dimensional and 3-dimensional morphology
of FePt islands deposited at 600°C for 10s. The average roughness calculated is 0.483
nm which means that the surface of the prepared FePt islands is rather smooth. This
conclusion also is in accordance with Figure 59 (b) where the FePt islands show a flat
morphology. The area peak-to-valley height is 5.3 nm which also agrees with the
cross-sectional image showing that the nominal thickness of FePt islands is around 4-5
nm. Cross-sectional data of 3D AFM images reveal that the grain size is between 15-
20 nm which is in agreement with the size distribution in Figure 61. From the 2D and
3D MFM images in Figure 60(c) and 60(d), the sharp black and white color contrast
shows that the easy axis of FePt islands is out-of-plane (along the c-axis). The 3D
image also reveals the inter-connection of FePt grains which is also observed in plane-

view images.
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Figure 59 AFM and MFM images of FePt islands deposited at 600°C for 10s (a) 2D
AFM image, (b) 3D AFM image, (¢) 2D MFM image and (d) 3D MFM
image

7.3.2 Influence of Deposition Conditions on the Morphology, Structure and
Magnetic Properties

Figure 61 shows the planar-view bright-field TEM images and size distribution
of FePt islands deposited for 10s at different substrate temperatures: (a)(d) 500°C,
(b)(e) 600°C and (c)(f) 700°C. With the increase of substrate temperature from 500°C
to 700°C, the grain size increases from 14 nm to 22 nm. Some very small particles
with size below 5 nm are observed in all the three images. For substrate temperature
from 500 to 600°C, the amount of particles below 5 nm decreases and the islands
become more inter-connected. The particles with size larger than 30 nm account for
the inter-connected islands. However, when the substrate temperature rises to 700°C,
because of the higher diffusion coefficient, the islands have a more uniform shape and

there are some larger separated particles with size larger than 30 nm. Figure 62 shows
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planar-view bright-field TEM pictures of FePt islands sputtered at 600°C with
different deposition time, (a) 10s, (b) 15s and (c) 20s. As expected, as the sputtering

time increases, the islands become more inter-connected.
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Figure 60 Planar-view bright-field images of FePt islands deposited for 10s at (a)
500°C, (b) 600°C and (c) 700°C. Size distribution of FePt islands
deposited for 10s at (d) 500°C, (e) 600°C and (f) 700°C
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Figure 61 Planar-view bright-field images of FePt islands deposited at 600°C for (a)
10s, (b) 15s and (c) 20s.
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Figure 62(a) shows the XRD spectra of FePt islands deposited at different
substrate temperatures from 500°C (c) to 700°C (a). The sample deposited at 500°C has
a very weak fct-FePt (001) peak. With the increase of substrate temperature, the (001)
peak becomes sharper and stronger indicating grain growth and improvement of
ordering. Also, a shift of fct-FePt (002) peak to higher angle between 45° and 50° is
observed. As the c-axis of fct-FePt phase is smaller than the a-axis, the shift of the
peak suggests that the islands become more ordered. The degree of chemical ordering
of FePt islands can be quantified by the long-range ordering parameter S which can be

calculated by the following formula:
1

> I(Iﬂ) (I;_:)ZM * 085 (I‘ﬂ)z

[y

lyo2 (LxXAXD); lyo2

Where I, is the integrated intensity, F the structure factor, L the Lorentz
polarization factor, A the absorption factor, D the temperature factor, and the
subscripts f and s refer to the fundamental and superlattice peaks respectively.[92]
Figure 62 (b) shows the ordering parameter S as a function of substrate temperature.
As the substrate temperature increases, the degree of ordering increases which agrees
with the shift of the fct-FePt (002) peak between 45° and 50°.

XRD patterns are shown in Figure 63(c) for FePt islands deposited at 600°C for
different times (from top (a) to bottom (d) are 10s, 15s, 20s and 25s respectively). A
clear increase of the intensity of fct-FePt (001) peak can be found indicating that
longer deposition times can improve the ordering of FePt islands. The calculated
ordering parameter also shows the same tendency of increasing from 0.6 to 0.7 as the

sputtering time extends from 10 to 25 s.
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Figure 62 6-20 XRD pattern of FePt islands deposited at (a) different substrate
temperatures and (c) different sputtering times. Ordering parameter of
FePt islands deposited at (b) different substrate temperatures and (d)
different sputtering times

The highest coercivity observed is 5kOe for the sample prepared at 600°C for
25 s as is shown in Figure 63. There are several possible reasons for the relatively low
coercivity. The most important one is the imperfect epitaxial growth of FePt islands
which is demonstrated in Figure 59(b) due to the crystal mismatch between MgO
substrate and FePt. Also, the deposition rate is 0.15 nm/s which is relative high for
epitaxial growth of thin films with good perpendicular structure.[135] The deposition
time is less than 25s which is too short for the energy transfer for the diffusion to re-

order the atoms. From the discussion below with the ultra-high resolution TEM and
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HAADF images, different types of defects were found in the fabricated nano-islands
which significantly decrease the degree of ordering and a local mixture of order-
disorder phase are observed. This type of defects is most probable the reason for the
low coercivities. Another possible reason is the wide size distribution of FePt islands
introduced by the growth mode of magnetron sputtering. The dominating mechanism
in small single-domain particles is the rotation of the magnetization including
incoherent process such as buckling. But for the inter-connected islands, whose sizes
are over 30 nm, nucleation of reversed magnetic domains becomes significant
resulting in decrease of coercivity due to a low resistance to movement of the

nucleated domain walls within the inter-connected regions[42].
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Figure 63 Hysteresis loop of FePt islands deposited at 600°C for 25s

7.3.3 Ordering Study of the Annealed FePt Nano-Islands

Because of the epitaxial growth of FePt nano-islands, coercivities higher than
10 kOe are expected. However, the highest coercivity we obtained in our as-made
samples is only 5 kOe. To improve the magnetic properties, post annealing at 600°C

for 30 min was introduced. The XRD profile of the sample after annealing at 600°C
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for 30 min shows epitaxial growth of FePt. The strong (001) superlattice diffraction
indicates the transition from the disordered fcc to the ordered fct phase (Figure 65).
The shoulder next to the right of this peak is strain induced (001) peak from MgO
substrate. Planar view TEM bright field image reveals the formation of islands. The
size of these islands ranges from 3 nm to 7 nm with an average size of about 5 nm.
The composition of the particles is FesoPtso with a dispersion of 6%. The hysteresis
loop observed at room temperature confirms the ordering of the FePt islands, but the
shape of the loop indicates an inhomogeneity of the sample (Figure 66). The loop
shows clearly the presence of magnetically soft and hard phases in the magnet as

indicated by the kink in the second quadrant of the loop.
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Figure 64 XRD pattern of the FePt nano islands annealed at 600 °C. The inset shows
the TEM bright field image from the planar view of the sample
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Figure 65 Magnetic hysteresis loop of the sample at room temperature

For the investigation of atomic ordering of the particles, cross-sectional TEM
observation is precisely suited for this work considering the epitaxial growth of the
nano-islands has an inherent orientation reference offered by the interface or the
substrate. Both HRTEM and HAADF (high angle annular dark field)-STEM were
employed. The advantage of HRTEM is its uniform and lower dose associated with
less likelihood of beam damage and phase transition. Particularly, here HRTEM image
is reconstructed from focal series images, and during reconstruction, the artifacts that
interfere with phase interpretation can be removed. The Cs corrected HRTEM image
shows an FePt island with a diameter of about 6 nm (Figure 67). The fast Fourier
transform of the particle image reveals the fct ordering (Figure 67(a)). From the
reconstructed image, the phase profile along the atomic column shows alternate phase
change, which is the evidence of ordering along the c-axis of the fct FePt particle

(Figure 67(b) and 67(c)).
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Figure 66 (a) Cs-corrected HRTEM image of the islands, the inset being the fast
Fourier transform of the island; (b) Phase image of exit-wave
reconstruction result of a FePt nano island. (c) Profile of shell-wise
oscillatory contrast variation extracted from the atomic columns marked
with arrows

Ordering of FePt nano-islands as small as 3 nm was discovered both in
HRTEM and HAADF-STEM observations (Figure 68). It is interesting to notice that
in Figure 68(b), the c-axis of the islands is parallel to the substrate surface. On the
surface of the island shown in Figure 68(b), the lower contrast between Fe and Pt layer
indicates a lower ordering near the surface of the island. In the STEM observation, it is
noticed that near the surface of the island, there are two continuous Pt layers along the
c direction (Figure 69). It means even though ordering was detected from the XRD

pattern, there are defects in the islands that may affect their anisotropy field.
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Figure 67 (a) HRTEM image of an ordered FePt island; the inset fast Fourier
transform showing the c-axis parallel to the substrate surface; (b)
HAADF-STEM image of a FePt nano island

Figure 68 HAADF-STEM image of a FePt nano island, the arrows indicating two
continuous Pt atomic layers

Significantly, a unique structure was observed as shown in Figure 70. In this
image, orthogonal double periodicity appears on the surface of the particle, which is

the evidence of fct ordering. However, the c-axis of the ordered domains in either the
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left or the right side of the particle is not perpendicular to the substrate, but instead
parallel to the surface of the substrate. Therefore, the particle is surrounded by (001)
planes from all directions. From a symmetry consideration, it is plausible to assume
that in the other two directions perpendicular to the paper, a similar phenomenon
happens. Due to the interference among these domains, the center of the island shows
a complicated pattern. Similar phenomenon was reported in CuAu nanoparticles, but
in FePt system, to the best of the authors’ knowledge, this is the very first time to
reveal such a structure [93]. The structure consists of six domains and these domains
are perpendicular to each other and form an intermetallic onion as detailed in Figure
71(a)-(d). At the interface, each domain is sharing the planes with two other adjacent
domains to form c-domain boundaries as shown in Figure 71(b). To confirm the
structure of this particle, a structure model was constructed in Figure 71(c). The cross-

section of this model is shown in Figure 71(d).

Figure 69 HAADF-STEM image of a FePt nano island, the insets showing Fast
Fourier Transforms corresponding to different regions in the island
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(c)

(b) (d)

Figure 70 Atomic model of (a) L1o FePt; (b) c-domain boundaries, the arrows labeling
the c-domain boundaries; (c) a particle of the onion like island shown in

Figure 5, and (d) the cross section of (c)

An HR-STEM image was simulated suing QSTEM software based on the
model (Figure 72). All the experimental parameters are used as input for the image
simulation process. The simulated image shows excellent match with the experimental
image except for the global shape difference. Near the center of the island, the
interference between the different domains leads to the deviation of the contrast of the
STEM image from that of fct FePt image. While near the surface of the island, along
the beam direction, there is no domain overlapping and the simulated image shows
exactly what is revealed by the HR-STEM image perpendicular to the c-axis of fct

FePt in individual domains with different c-axis orientations (Figure 70).
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Figure 71 Simulated HAADF-STEM image based on the model shown in Figure 7(c),
the unit for both axes is A

During the transformation from disordered fcc to fct (L1o), any of the three
<010> axes of the cubic matrix may be taken as the tetragonal c-axis, which leads to a
complex hierarchic arrangement of the microstructure. A variety of planar defects
have been reported in FePt bulk alloys and nanoparticles [136-138]. The slight
difference in lattice parameters of the fcc and L1o phases causes strain at the interfaces
of the domains with different orientations. The energy increase may be compensated
by a decrease in surface energy due to the unique structure of the island. Theoretical
calculations show that the surface energy in (001) and (100) facets is much lower than
in (110) and (011) facets, and is slightly higher than in the (111) facet of L1, FePt

[139]. Multi-twinned structures are theoretically favorable and have been observed in
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experimental work [134, 140, 141]. The c-domain boundary is also predicted to be the
lower energy planar defect in L1o FePt [93, 142]. The MgO substrate in current work
also restricts the types of the planar defects that may occur in the islands. For example
although the (111) twins and multi-twinned decahedral structure may be energetically
more favorable on free-standing particles as they have been widely discovered, these
defects may increase the interface energy between the islands and the MgO substrate.
Therefore, in the current work, we did not even find any of such defects in our sample.
All the defects discovered in the present work may substantially affect the
magnetic performance considering the size of the particles. The deviation of the
atomic position from the ideal structure changes the anisotropy field of the particles,
and thus the coercivity. The onion like particles formed from perpendicular c-domains
may not even show any hard-magnetic behavior considering the different orientations
of different domains and the lattice distortion extended from the domain boundaries

[143].

7.4 Conclusions

In summary, different defects have been revealed through Cs-corrected
(S)TEM in FePt nano islands on MgO(110) substrate. Despite the fact that X-ray
diffraction shows atomic ordering in the islands, the lattice distortion, atomic
segregation and planar defects in these islands possibly lead to deteoration of the hard
magnetic properties. Although there has been long term disputing regarding the size
effect on the ordering, our work shows that the fcc to fct transformation does happen
in particles as small as 3 nm. However the defects in the ordered L1o particles can

substantially decrease the coercivity.
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Chapter 8

CONCLUSIONS

In this dissertation, we have investigated different fabrication methods to
prepare FePt nanoparticles/nanostructures in the magnetically hard L1o phase. Two
novel chemical synthesis routes and the traditional physical vapor deposition
technique were used for the synthesis. The structural, microstructural, magnetic
properties and the chemical ordering behavior of the synthesized FePt nanoparticles
were investigated.

To be more specific, both of the two novel chemical synthesis methods involve
a crystal molecular precursor Fe(H20)s]PtCls which has a special layered structure
with Fe and Pt planes layered alternatively. This structure is the similar with the
structure of L1o phase FePt alloy which is studied in this dissertation. Due to the
structural similarity, significant lower temperature (400°C compared to the commonly
used 600°C) is needed to obtain the L1, phase. A qualitative model was introduced to
explain the temperature decrease.

However, direct annealing the precursor produces porous bulk FePt which is
not desirable. Two techniques were applied to decrease the sample size from bulk to
nanoscale. The first technique is planetary ball milling. By ball milling of the
[Fe(H20)6]PtCls precursor in a NaCl matrix and annealing at 400 <C in reducing
atmosphere, we obtained FePt L1o nanoparticles with different [Fe(H20)e]PtCle / NaCl
ratios. By varying this ratio, we were able to obtain single crystal nanoparticles with

size around 6 nm.
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The second technique is to introduce exfoliated graphene support. We prepared
FePt nanoparticles in L1o phase on the surface of reduced graphene oxide through
solid-state reaction. After mixing the layered precursor Fe[(H20)s]PtCls solution with
exfoliated graphene oxide, separate FePt nanoparticles in L1o phase were obtained by
annealing under the atmosphere of forming gas. With an annealing temperature higher
than 600°C, the transformation from fcc phase to fct phase took place. Even with an
annealing temperature as high as 750°C (at this temperature, severe agglomeration and
sintering usually happened using the common fabrication method), we succeeded to
maintain a small particle size of 8.5 nm and high coercivity of 8.1 kOe. When the
annealing temperature was further increased to 950°C, the particle size increases
significantly to 29.8 nm and the size distribution becomes wider.

Besides novel chemical synthesis method, traditionally sputtering was also
used in this dissertation to investigate the ordering behavior of FePt nano-islands. FePt
nanoislands were deposited on a heated MgO(001) substrate The influence of different
deposition times, substrate temperatures was investigated. Epitaxial growth of FePt
nano-islands was observed but the degree of ordering of the nano-islands was low.
Ultra-high resolution (S)TEM was used to investigate the reason for the low ordering.
Despite the fact that X-ray diffraction shows atomic ordering in the islands, the lattice
distortion, atomic segregation and planar defects in these islands possibly lead to
deteoration is this the correct spelling of the hard magnetic properties. What is more
interesting is that the transformation from fcc to fct was observed in particles as small
as 3 nm. For the first time, a unique onion-like structure was discovered and
simulations of the phase formation was in good accordance with the observed

structure.
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