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ABSTRACT

This work is focused othe study of FePt and CoPt nanoparticles synthesized
by a chemical route, artleirternary alloysmade withsmall substitutions with Ni and
Bi. Chemially ordered L3 FePtand CoPt nanoparticles, with faestered tetragonal
(fct) phase structure have attracted extensive attention for potential applications in
ultrahighdensity magnetic recording media, magmne energy storage, and
electrocatalysis dcause of their large anisotropy constant (U X Merg/cc) In the
first part of the work, F€tNi nanoparticlevere synthesizetly the cereduction of
iron(iii) acetylacetonate (Fe(acay) platinum(ii) acetylaetonate (Pt(acag) and
nickel(ii) acetylacetonate (Ni(acak)in a standard soligin synthesis. Structural
analysisshowedthat Ni replaces Pt in the lattite form FePixNix. For low Ni content,
high chemical ordering was obtained after annealin@@tQ for at least 15 minutes,
with a coercivity of 10.7 kOe, compared to 14.9 k@elflo FePtAt higher Ni content
theL1o chemical ordering decreased, and this correlated with a decrease in coercivity.
However it was found that when Bi was used in grelgesis, it improved the chemical
ordering thel 1o orderingto the point that theoercivity in thew 18 nanoparticles
increased from 1.1 kOe to 2.8 kOe in one of the heat treated shinpldstitution led
to an increased saturation magnetization anddecrease in magnetocrystalline
anisotropy consistent with the decrease of co#ycivhis studydemonstratedhe
possibility of creatingernary L3 structure derived from Feftrough Ni substitution

of Ptand still retain thelesiredhard magnetic pzerties.The Ni and Bi substitutions

XXi



were performedvith CoPt, wheren one partNi was used tdorm CoP$Ni1x and in
another part, Bi was used in the synthesis to attempt to obtain thetrutture
However, it was found that Ni substitution does not work in the same way with CoPt,
resulting in a significant loss of the hard magnptmperties of CoPt.

In the secondpart of the thesis, FePhanoparticlesvere synthesizedsing
iodine as an intermealy in our reaction We found that iodine helgld formation of
theL1: FePt phase in the asynthesized particleand that the Lilordering was further
improved by heat treatment 20C°C. L1, FeP4 is artiferromagnetic belw 160K and,
whereas the dordered state is femmagneticat room temperaturelhe degree of
ordering of the L1 phase in the asynthesized nanoparticles could bontrolled by
modifying the reaction parameters. The structural and magnetic properties, including
antiferromagnetic rad ferromagnetic phase transitions, of the various nanoparticles
were studied.

In the final part of this work, different stages of thecfto Ll phase
transformation of FePhanoparticleswere studied, along with their effect on the
magnetic properties. hEr properties were compared to those ofoLCoPt
nanoaparticlesA ternary alloy of PtFeCo was synthesized and annealed, and its
trangormation to the L1lo stage and the resulting changes in magnetic properties
compared to those of CoPt and FeRie depadence of coercivity, anisotropy and
saturation magnetizations with temperature of samples of FePt, CoPt and PtFeCo at
various stages dfhe L1 transformation were also investigated and compared with

theoretical models.
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Chapter 1

INTRODUCTION

1.1 Scientific and Technological Importance of Magnetic Nanostructures

Magnetic nanopatrticles forms an area of study that is of high interest due to their
apdications in various fields such as biomedicine, catalysis and-hitjta density
storagdli 11]. The size of magnetic nanoparticles can be controlled to range from a
few nanometers to tens of nanometers, which is comparable to the size @indells
proteins. For biomedicine applications, this means that the maga@oparticles can
be brought close to the biological entities of interest and/or tag them there. Furthermore,
since the nanoparticles can be controlled by magnetic field which ¢aroggh human
tissues, the magnetic nanoparticles can be transpameédr immobilized near
magnetically tagged biological entities. This forms the basis of targeted drug delivery
inside the bodyl,2]. Another growing biomedical application of magnetic
nanoparticles is magnetic hyperthermia, which is a technique where the nanopatrticles
are heated when sjgloted to an alternating magnetic field, which may then be used in
targeted selective tumor killing in the treatment of cafdgs].

Catalysts are used to increase reaction rates, improve reaction yields and reduce
reaction temperatures. Using nanoparticle catalysts offer the adulefit béproviding
an increased surface area which allows for increased reaction&ats Magnetic
nanoparticles can be useful in this field simeagnetic catalysts can be immobilized

and recovered for later reusdtlwthe application of a magnetic figld3]. There is a



large interest in nanoscallapnumbased catalyst for oxygen reduction reaction (ORR)
and hydrogn evolution reaction (HER) to improve the efficiency of fuel cells. Using Pt
based alloys, rather than pure Pt, such as FePt and CoPt which are stable in acids will
also lead to a reduoh of cost{14i 16].

Another important application of magnetic nanoparticles isnatg storage
media. Over recent years, the aerial density of haibdiave increased from 1 TB/in
to 3-4 Tb/ir? with the help of heat assisted magnetic recording (HAMR) where the
magnetic media is heated close to its Curie temperature to read/witit& lo& smallest
unit of storage in a media, the bit, is made up of multiple magnetic grains/particles. The
storageof one bit may require up to 100 grains which represent a grain diameter of about
8 nm. To achieve a higher storage density, the size gjrthes/particles needs to be
reduced. This increases the likelihood of the reversal of the magnetic orientahen of
microscopic grains by the ambient temperature (the superparamagnetic effect). To avoid
this possibility, the magnetic materials need itave a high magnetocrystalline
anisotropy. This may be seen from the equation for the lifetime of the recordgedata

particle:

A L W
T TAGRS (1.1)

t is the relaxation time} is the time for the attempted reversal, is the
magnetocrystalline anisotropgpis the particle voluméeQ the Boltzmann constant and
"Ythe temperaturel w represents the energy barrier between the two magnetic

orientations.



FePt in the Ld phase is a good candidate for recogdimedia. It has a
magnetocrystalline anisotropy of 70 Merg/cc, resulting in a particle size of BGyh7i
19]. Other ongoing aspects are involved in creating and improving new types of
magnetic storage, which may incluldsvering of the Curigemperature in HAMR or
doping the FePt structure with a third element such d2G272].

Permanent magnets form another applicatiomen aspect of magnetic
nanoparticles. High performance permanent magnets are in deghand in
environmetally friendly technologies such as wind turbines and electric veljBs
The best perfaning permanent magreelike NdFeB or SmCo magnets are made up of
rare earth elements such as Nd and[34h and have high coercivitie® and
remanence. Because of the limited availability/distribution ofear¢h element25i

27], there is an increasing need to develop-ea¢h free alternatives.

1.2 Research Objectives
Our main goal in this work io study FePt, (@t and rare eartfree alloys
derived from them. The main objectives are:
1 Synthesize and characterize FeRiix nanoparticles and observe the effect of
Ni substitution of Pt on structural and magnetic properties.
1 Use of a small amountfdi in FePixNix synthesis to improve chemical
ordering, and the corresponding effect on magnetic properties.
1 Study CoPitxNix alloys, and how Ni substitution of Pt affects the magnetic
properties.
1 Synthesis of FeRtnanoparticles using an iodimeediaed method, and

chaacterization of the properties of the resulting nanoparticles.



1 Study the effects of processing FePt and CoPt and £6gs nanopatrticles at
different temperatures on their structural transformation (fcc & &dd their

resulting magnetic properties

1.3 Outline of Thesis Chapters

In Chapter 2, a brief description of types of magnetism, magnetic terms,
anisotropy and determing anisotropy is discussed. Chapter 3 covers the experimental
methods used to chemically synthesizenlnoparticles as well as ttigaracterization
techniques such as-pay diffraction, vibrating sample magnetometry (VSM) and
physical property measurement system (PPMS). Chapter 4 is focuseeP¢hiFend
Co-PtNi nanoparticles. It starts with the deption of the synthesis and
characterization of nanoparticles created by substituting Pt in FePt with Ni to ferm Fe
PtNi ternary alloy nanopatrticles. The effect of Bi addition to this ternary alloy on the
chemical ordering is also discussed next. Ni stuligtn of Pt in CoPt is alsdiscussed
in this chapter and comparisons are drawn with th@thé and FePtNi-Bi alloy
nanoparticles. Chapter 5 is focused on the use of iodine in the chemical synthesis of Fe
Pt alloy nanoparticles and the study of ttetructural and magnetic preyies. Chapter
6 discusses the effect of the structural transformation from fccdorthe magnetic
properties of FePt, CoPt and PiE€ws when processed/annealed at different
temperatures. The intrinsic properties utihg the saturation magnetizm,
magnetocrystalline anisotropy and Curie temperature of these nanoparticles have been
determined. The temperature dependence of coercivity and its relation to anisotropy and
particle size is discussed in selected sampié®Pt, CoPt and PtF€Cays. Chapter 7

gives a summary of the findings of this work and proposes suggestions for future work.
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Chapter 2

THEORETICAL BACKGROUND

2.1 Atomic Origin of Magnetism
Moving charges generate magnetic fields. In solids, magnetic fields are

produced due to the intrinsic spin and orbital motibelectrons about atomic nuclei.

The magnetic moment of an electron orbiting around a nucleus in terms of the quantized

angular nementL is given by

Q Q

— U — aa po
ca ca

(2.1)

Similarly, the magnetic moment due to the intrinsic spin in terms of the quantized spin

numberSis given by

Q, Q — 2.2)

The total magnetic moment ah atom foiboth orbital and spin moments can be

written as

(2.3)



In the first Bohr orbit, the magnetic moment due to spin and due to orbital motion are

equal. The total magnetic moment in that case is

(2.4)

‘* is called the Bohr magneton, a natural unit of magnetic mofhiEsjt For examp,

the magnetic momentper atom is 2.2 for iron, 0.6 for nickel and 1.7 for cobalt. If the
total magnetic moments of all the electrons are oriented such that they cancel one
another, the atom will have no net magnetmment. This leads to diamagnetistn

the other hand, if the cancellation of the electron moments is partial, the atom will be
left with a net magnetic moment. Substances composed of atoms of this kind gre para

ferro-, antiferre or ferrimagnetic.

2.2 Typesof Magnetism

2.2.1 Diamagnetism

Diamagretism is exhibited in a substance with filled electronic shells in the
presence of an externally applied magnetic field, giving it a negative moment.
Diamagnetism results from changes in the orbital motion of electronsh whent
themselves such thatraagnetic moment antiparallel to the applied field is produced.
Examples of diamagnetic materials are substances with closed electronic shells such as

the monoatomic rare gases and ionic solids



2.2.2 Paramagnetism

Paramagnetic merials have permanent magneticments. In the absence of
an externally applied field, the moments are oriented randomly due to thermal effects,
resulting in a net zero magnetic moment. When an external field is applied, the atomic
moments tend to orieirt the direction of the applieddid. In a paramagnetic material,

the susceptibility.. 0 T'Ois inversely proportional to the temperature:

J (2.5)
~

Cis known as the Curie constant. Equati on

2.2.3 Ferromagnetism

Ferromagnesim is a type of magnetism thatcurs even in the absence of any
external magnetic field due to the existence of spontaneous magnetization below a
temperature known as the Curie temperatéerromagnetic materials show parallel
alignment of moments whiatesults a large net magnetizatieven in the absence of a
magnetic field.Above the Curie temperaturthe thermal fluctuations overcome the
exchange interactions which resuitsno net momentThe presence of spontaneous
momens suggests that electropias and magnetic moments be@aligned parallel
to each other. Weiss explained this phenomenon in terms of an internal molecular field,
which is proportional to the magnetization of the mat¢8pIThe origin of this internal
field is the exchange interaction, which reflects the electrostatic Coulomb repulsion of
electrons on neighboring atomand the Pauli principleand it is described by

Heiserberg in the form of the following Hamiltonian

1C



© 0 9= (2.6)

0 is the exchange constant. It is positive for ferromagnets and negative for

antiferromagnetsYis a unit vector ofhe local spin moment andis the corresponding

spin of an adjacent atom. The susceptibility of a ferromagnetic materials as arfuncti

of temperature is given by the Cuki¢eiss law

8 2.7)

where C is the Curie constant—is norzero where neighboring magnetic moments
interact with each other— T1tfor ferromagnetic material and corresponds to the Curie
temperatureY. At this temperature, the saturation magnetization of the material goes

to zero. FofY Y, the sampleféectively shows paramagnetic behavior (Fig@r#).
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Figure 2.1: Magnetization of a ferromagnet as a function of temperature. Above the
Curie temperaturéy, it behaves likea paramagndgiadapted from Fundamentals and
Applications of Magnetic Materials KM Krishan[4]].

2.2.4 Antiferromagnetism

The atoms in such materials have permanent magnetic moments but with a
strong, negative interaction between theasulting in neighboring magnetic moments
preferring an antiparallel arrangement. Many of these materials are observed to be
paramagnetic atoom temperature. Below a critical temperattiné, the Néel
temperature, they show an abrupt change in susceptibility. Moreover, Bé|aive
susceptibility is orientation dependent: it varies depending on whether the field is
applied parallelg}- , or perpendicularg , to the preferd direction of the spin lattice

in this material (Figur@.2). CurieWeiss law for these kinds of materials is

8 8 2.7)
o Wy

12



where— Y.

A
bt 1/
H, bt A H,
4_..5'1:‘;:1 ‘1/ 1/
- - ]
RN A ) Hi
titd T'sT .
T<Ty =IN —/— >
N E‘:'Z—TN 1’}\' T

Figure 2.2: Magnetization behavior of an antiferromagnetic material as a function of
temperaturgadapted from Fundamentals and Applications @ighletic Materials KM
Krishnan[4]].

2.2.5 Ferrimagnetism

Ferrimagnetism is normally observed in metsrwith two or more magnetic
species occupying positions on different sublattices and possessing different magnetic
moments. A strong and negative interaction between the twiatides leads to an
antiparalel arrangement. Unlike antiferromagnetgsyrifeagnets exhibit spontaneous
magnetization below the Curie temperature, when the tweatutes are ordered

(Figure2.3).
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Figure2.3: Magnetization of a ferrimagnet as a ftino of temperaturgadapted from
Fundamentals and Applications ofalghetic Materials KM Krishan[4]].

2.3 Magnetization Curve and Hysteresis Loop

Hysteresis describes the fialdsponse of the magnetization in ferromagnetic
and ferrmagnetic materials. Figur2.4 shows an example of a hysteresis loop for a
ferromagnetic material. Although ferromagnets can be spontaneouglyetized, a
portion of a ferromagnetic material can be demagnetized because of férendif
alignments of its magnetic domains. If a field is applied and then reduced, in general the

magnetization will not return to its original value.
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Figure2.4: Typical hysteresis loop for a ferromageeanaterial, showing the points of
interest.

In the typical hysteresis loop shown in Fig@d, OA which represents the
initial magnetization @rve is reversible. In the region AB, there is significant and
irreversible domain walmotion. In the region BC, the domains rotate and align
themselves in the direction of the applied field direction, leading to complete saturation
magnetizationd . After the applied field is removed, the magnetization does not
decrease to zero. The magnetizatioiQat 1tis known as the remanence or remanent
magnetizatio . To reduce the magnetization to zero, a negative field must be applied.
Segment [E in the secod quadrant is known as a demagnetizing curve. The negative
value of the applied field for which T is called the intrinsic coercivity of the
material,"O . Magnetically hard materials, which can be used for permanent magnets
and recorchg media, usuall have a large remanence and high coercivity and

magnetically soft materials usually have a small coercivity.

15



2.4 Magnetic Anisotropy

Magnetic anisotropy is the dependence of the internal energy of a magnetic
material on the direction of sp@meous magnetization. As a result, the shape of the
hysteresis loop is affected by magnetic anisotropy. The magnetic anisotropy can be
related to he sample shape, crystal symmetry, stress, or symmetry breaking. In
ferromagnets, antiferromagnets and feagmets, the magnetization prefers to lie along
certain crystallographic directions. This effect is known as magnetocrystalline

anisotropy. Only magetocrystalline anisotropy is intrinsic to the material.

2.4.1 Magnetocrytalline Anisotropy

For a single crystathe direction in which saturation can be easily achieved is
called the easy direction or easy axis of the magnetization. The easy direction of
magnetization is the direction of spontaneous magnetization in the demagnetized state.
Conversely, the directi@along which it is hardest to magnetize the crystal are called
the hard directions. For example, in a single crystal of nickel (with face centdyed
structure), <111> is the easy direction of magnetization and <100> is the hard
direction[3]. Figure 2.5 shows the magnetization curves for fields applied along
different crystallographic direcns for (a) iron (bcc), (b) nickel (face centered cubic)

and (c) cobalt (hexagonal close packed).
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Figure2.5: The magnetization curves for fields applied along different crystallographic
directions for (a)e (bcc), (b) Ni (fcc) and (c) Co (hc@dapted from Fundamentals
and Applications of Mgnetic Materials KM Krishan[4]].
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The magnetocrystalline anisotropy energy is the energy storeck ioryistal
resulting from the work done by an external field in magnetizing the crystal at constant
temperature. It ithe energy required to move the magnetization vector away from the
easy direction to the hard direction and is determined by integragngréa between

the hard magnet magnetization curve and the easy magnetization curve:

(2.8)

The origin of magnetocrystalline anisotropy is the spinit coupling. The
orbits are coupled to the crystal lattice and preégtain directions due to the influence
of the electrostatic fields which are shaped by the symmetries afygtalcThus, if an
applied field tries to reorient the spin of an electron, its orbit resists this change and
work is required to break this sporbit coupling to magnetize the material.

Magnetocrystalline anisotropy may be further subcategorized inexiah
anisotropy (one axis of symmetry only) such as in Co (hcp) and cubic anisotropy like in
Fe (bcc) and Ni (fcc). Cubic anisotropy has thares of symmetry instead of just one.

The magnetocrytalline anisotropy energy density for cubic crystalstienvas

mh

O O U | | || | Ol | | (2.9)

where| A T -Gand—is the angle between the magnetization vector and'tes.
The anisotropy coefffigntsb ,u ,0 é are constants at a given
order terms may be neglected as they contribute litffe to 0 is in fact sometimes

neglecteddr the same reason. Typical room temperature values for Fe and[Blj are
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For hexagonamaterials, the anisotropy energy density is given by
0 o 0 OE}+ v OE} E (2.10)
where—is the angle between the c axis and the magnetization.

For tetragonal materials, the anisotropy energy density is given by

O U OEHR 0 OE}R 0 OEHOE%AT @ E (2.11)

2.4.2 Experimental Determination of Anisotropy Constants
There are few ways of measuring the anisotropy constangsxd0 which

appear in the expression for the anisotropy energy

Sucksmith-Thompson Method
By minimizing the anisotropy energy of a singtgstal with respect to the angle

between the magnetizatidf® and the easy axis, and correcting for the demagnetizing

field O 0 0, one may obtain an expression fgrwhereOis the effective fial:
O ¢ 100 (2.12)
0 0 0
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0 is the saturation magnetization. The above equation forms the basis for the
SucksmithiThompson method: a plot efversus)  will be a straight line, from which
one can find the anisotropy constants and 0 from the intercept and slope

respectivey [6].

Law of saturation method
In this technique, one measures the magnetizatias a function of the

appliedfield 'O[7]. Close to s@ration one may write

5 0 p % % x (2.13)
For our purposes, we will use

5o p % x (2.14)
where6 ——1[8]. A plot of 0 versuspXO for high field values will therefore be a

straight line with the satuiah magnetization equal to the intercept. may be

determined from the slope.

2.4.3 Magnetocrystalline Anisotropy in L1o Binary Alloys

In the facecentered cubi¢fcc or Al) structure, all faces and corner sites of unit
cell are occupied by the same atdmthe case of an alloy, each site atom of the alloy
has an equal likelihood of occupying one site. The hase is a CuAu prototype

structure in the P4/mmm spgroup with a Pearson symbol tP2 and has a tetragonal
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crystal structure. Thelg structure isa crystallographic derivative of the fcc structure
where atoms of one type occupy two of the faces and atoms of the other type occupy
the other remaining facesuch that the two types of atoms are arranged in alternate

layers.Thefacecentered cubic (I and L1 phases of FePt are shown in Figlré

@ Feor Ptatom ® Featom
C @® Ptatom
A1 (face-centered cubic) disordered phase L1, (face-centered tetragonal) ordered phase

Figure 2.6: Cubic (A1) disordered structure and tetragofialo) ordered structure of
FePt binary alloy. The lattice parametarand ¢ are shown.

L1o magnetic alloys have large magnetocrystalline anisotropy energies. Because
of this, L1o magnetic alloys may play an important role in magnetic recording ri@jdia

Table2.1lists typical bulk properties of some alloys IretL 1, structure.
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Table 2.1: Typical magnetic and structural properties of some bulk dttered

aloys [10i 12].
Lloalloy 0 0 "Y (K) ®(A) afA)
(10" ergkm?®)  (emu/cnd)

FePt 7.0 1140 750 3.85 3.71
FePd 1.8 1100 760 3.85 3.72
FeNi 1.3 1270 820 3.58 3.61
CoPt 4.9 800 840 3.80 3.70

560 650 3.94 3.58

MnAl 1.7

The chemical orderingS can be estimated based on the expertailgn

determined lattice parameters. The following equation may be used estimate the

chemical ordering i1 structures such dePt
(2.15)

o
Eichedgn

is the experimentally determined la#ticatio from Xray diffraction data and

o¥ey  corresponds to the expected fully ordered ratio (0.964 for Fefpt L1
2.5 Superparamagnetism
For a single domain ferromagnetic nanoparticle, the anisotropy energy is

proportional to the volume. Belowcaitical size of the nanoparticles, the thermal energy
is large enough to overcome the magnetocrystalline energy and reverse the
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magnetization. Therefore, the moments of these particles fluctuate with time. This effect
is referred to as superparamagneti3ime time for the magnetization reversal is known

as the relaxation time and is given by

30 0 (2.16)
t TA@BQTY TAQBQTY

wheret is the attempt frequency on the order of 1 GF&. Below a critical
temperature, the blocking temperatiye there is a rapid reduction in the magnetic
relaxation time. Superparamagnetic behavior can be experimentally determined by
performing zero field cooled (ZFC) and field cooled (FC) measengsto determine

the blocking temperature. The sample of fine particles is cooled from its
superparamagnetic state without applying any filed to a temperature that is low enough
to freeze the magnetic moments of the particles in random orientationsarmpkes

then warmed up in the presence of a small magnetic field, typically 100 Oe to 500 Oe,
to room temperature or some other temperature. As the sample is warmed up, some of
the moments of the nanoparticles align along the applied field and therentsease

in the magnetization. At a certain temperature, the thermal energy starts to overcome
the anisotropy energy barrier, causing the moments of the particles to be randomly
oriented again and leading to a drop in the magnetization. The nanopantelesn

cooled in the same applied field. As the temperature decreases, the thermal fluctuation
becomes less important and the particles get aligned in the direction of the applied field
as they get blocked. This causes an increase in the magnetizdtiacooling until it
reaches its saturation temperature. The blocking temperatdegined as the point at

which the ZFC curve deviates from the FC curve.
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Chapter 3
EXPERIMENTAL TECH NIQUES

3.1 Introduction

In this work, thenanoparticles were prepared using a solution based chemical
synthesis. Some samples were subjected to additional heat treatment. The nanomaterials
were characterized using the following toolsray diffraction (XRD),magnetometry
using a vibrating samplaagnetometry (VSM) and the physical property measurement
systems (PPMS), Modssbauer spectroscopy, and transmission electron microscopy
(TEM). In this chapter, the synthesis procedure and characterization methods are

discussed.

3.2 Synthesis of Magnetic Nanopadicles

Figure 3.1 shows the typical setup used. A thresck round bottom flask is
connected to a condenser. One side of the flask is connected to a source of forming gas
(95% Ari 5 % H). The chemicals and solvents are fed through the other end, which is
then sealed with glass stopper during reaction. A glasated magnetic stir bar is used
to continuously mix the solvent and precursor before and throughout the reaction. The
flask is placd on a heating mantle connected to a temperature controller used to set the

reacton tem perature.
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The details of the various synthesis are described in Chapters 4, 5 and 6. In
general, preletermined amounts of the precursors were added along withrthetzot
and the reducing agent, followed by the solvents. The mixture was mmkegurged
under forming gas before and throughout the reaction to reduce/eliminate oxygen
presence. The mixture was heated until the selected reaction temperature was reached
After the reaction has proceeded for a specified duration, the heating wesatfrand
the mixture allowed to cool to room temperature. Afterwards, the solution was washed
in ethanol and/or hexane to precipitate and separate the magnetic materighdrom
remaining organics magnetically. In some reactions, centrifuging was aksssaey to
improve the reaction yield. Further washing with ethanol and hexane, and
ultrasonicating at 50% amplitude for 20 seconds, were carried out to remove the

organics asnuch as possible.

27



Oil
bubbler

=
&

Gas in

thermocouple ; if\
Precursor
injection

Heating mantle

Figure3.1: Schematic diagram of the experimental setup used in the chemical synthesis
of the nanopatrticles.

The resulting powder was then dried in a desiccator. This unprocessedrpowd
is referred to as the @sade or asynthesized sample. Most of the times, a portion of
the asmade sample was hemeated (annealed) to study the structure transformation
resuling from heat treatment. To anneal thevede powder, it was placed ilgaartz
tube and connected to a rough pump and diffusion system to create a vacuum inside the

tube. After some time, usually around 25 minutes, the tube was filled with forming gas
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(95% Ari 5% Hp>) to further inhibit oxidation, sealed and placed in alpgated furnace
for the heat treatment of the powder.

The materials used in the synthesis are commercially available at a nominal
purity. The metal precursors used in this work aréodows: iron(iii) acetylacetonate
(97%) [Fe(acag], platinum(ii) acetjacetonate [Pt(acag) cobalt(ii) acetylacetonate
(97%) [Co(acae] and bismuth(ii) acetate (99.99%) [(@E1D,)3Bi], all purchased from
Sigma Aldrich. The reducing agent dh2xadecaediol (98%) was purchased from
Fischer Scientific. The surfactants palmiticid (99%) and oleic acid (99%) were
purchased from Sigma Aldrich. In our studies on iodmediated synthesis of FePt
discussed in Chapter 5, we also used elemental iodin@mambnium tetracholoro

platinate (i) [(NH4)2PtCL].

3.3 X-ray Crystallography

X-ray diffraction (XRD) is a measurement technique that can reveal information
such as crystallographic structure, crystallite size, chemical composition, stress, strain,
lattice spamg and lattice parameters about a sample. A typieedyXdiffractometer
consists of an Xay source, a sample holder, and ama¥} detector to collect the
diffracted rays. A cathode ray tube is used to produgayX which are filtered to
produce monoclamatic Xrays and collimated to produce a narrow beam which is
directed tovards the sample under study. A spherical wave is radiated whaysXre
diffracted by atoms from internal crystal planes of the sample. Spherical waves from

different scattering enters interfere constructively or destructively. Diffraction ef X

rays fa a particul ar sample occurs accordi

identification of unique crystal structurgs?2]:
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CQOE+ ¢ _ (3.1)

A visual representation 3@f Braggos | aw 1is

Figure3.2: lllustration of Bragg diffraction from crysiaie planes with a spaciri@

In equation 3.1, is the wavelength of the-Kays,Qthe interplanar distance,
the diffraction order and-the angle bs&teen the incident beam and the crystal plane.
By scanning the sample through a range-e&ingles, all possible diffraction directions
of the lattice can be obtained from the random orientations of the powder material

(Figure3.3).
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Detector

Figure3.3: Detection of reflected Xays inan X-ray diffractometer.

The Scherrer equation is used to approximate the crystallite size by relating the
width of the diffraction peaks to the sizetbé crystals in the samp[ld,4]. It is written

as

0 _ (3.2)
| AlT-©

T is the calculated crystallite size&) a dimensionless shape factor which is
approximately 0.9 for sphieal particles,] is the full width half maximum of a
diffraction peak and is a correction factor for instrumental broadening. The Scherrer
equatian has a few limitations. In a polycrystalline sample, the relative intensities due
to the larger partiels dominate the signal and the Scherrer equation would be slanted
towards the larger sizes. In the case of smaller particles sintered together from
annaling, the Scherrer equation may again overestimate the size if the aggregates form

coherent planes. Thecherrer formula gives a good estimate mostly in the case of a
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sample made of uniform, monodisperse single crystal nanoparticles. For these reasons,
the Scherrer size should be considered as an approximate method to qualitatively
compare samples.

In this work, a Rigaku Ultima IV diffractometensing CuKg radiation (

p® 1 pBYwas used to characterize the samples.

3.4 Transmission Electron Microscopy

Thetransmission electron microscope (TEM) is used to study the structure and
microstructure of nanomatelsaand bulk materials. Compared to optical microscopes
which can reach a resolution of 300 nm, electron microscopes can attain resolutions as
low as 2 A Transmission electron microscopes can be used to determine the size and
morphology of nanometer scalaaterials. A TEM can also be used to directly
determine the crystal lattice spacing through selected area diffraction, in which case, the
atomic spacig act as diffraction gratings for the electron interacting with the sample.
The image formed in this casan either be spots or a series of rings, depending on
whether the sample is a single crystal or numerous single crystals with different
orientationsThe rings or spots can be related to a specific atomic spacing in the crystal
lattice, which allows forthe identification of the crystal phags. High resolution
electron microscopy (HREM) can also be used to directly image the lattice planes.

The main parts of the TEM are: (1) an electron gun, which generates a
stream of electrons, and a system afdenser lenses which focus the electrons on the
sample, (2) the imageroducing system, consisting of the objective lens, a movable
sample holder, andiiermediate and projector lenses, which focus the electrons passing

through the specimen to form a rehighly magnified image, and (3) the image
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recording system consisting of a fluorescent screen for viewing and focusing the image
and a digital cameraf recording the image. In addition, a vacuum system is required
for the electrons to travel without asgattering from the source to the sanipl&].

In this work, a JEOL 3010Qltrahigh resolution analytical electron microscope
was used to study the particle morphology and to perfonase analysis of select

samples.

3.5 Magnetomery Measurements

A vibrating sample magnetometer(VSM) was used to measureeth
magnetic and thermomagnetic properties of the samples. The VSM used in this work is
a Quantum Design VersaLab with a maximum 3 Tegbplied fied, with low
temperature capacities down to 50 K. The VSM is also equipped with a high temperature
oven attacment, which allows for magnetic measurements up to 950 K to investigate
high temperature properties of the samples.

The VSM is basedn Faraday's lawit operates by applying a constant
magnetic field within the sample chamber. The sample is placechveiéinising coils,
and then vibrated in a sinusoidal motion which introduces perturbations in the external
magnetic field. This change iflux causes a current in the sensing coil that is
proportional to the magnetic moment of the sample, allowing for measmts of
magnetization versus applied magnetic field, or measurements of magnetization versus
temperature in a constant magnetic figd

In a typical measurement, dried powder is placed in a Teflon holder, and covered

with melted wax, ensurg there are no air bubbles which could cause the rotation of the

powder in the magnetic fieldfter the wax has cooled and soliddiéo seal the powder
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in place the Teflon sample holder is placed in the VSM and the measurement is
performed. For higheimperature measurements, the poedesamplels mixed in
zirconium cement, and the mixture is placed on the high temperaturel$taatement
is dried using hot aiand wrapped around with copper foil to ensure uniform heating
during measurement. Theeasirementtemperature is controlled by a thermocouple.
Based on nickel calibration measurements, the error in VSM measurements i® taken t
be approximately 1%.

A Quantum DesigrPhysical Property Measurement SysteniPPMS)
was also used to study magnetic gharansitions in select samples. The PPMS used
can perform high magnetic field measurements with an applied maximum field of 9
Tesla ad at temperatures as low as 4.2 K. In a few of oursFsetples (Chapter 5),
we measured the AC susceptibility, whiclvelves measuring the magnetic moment of

sample exposed to an oscillating external magnetic field.

3.6 Mdossbauer Spectroscopy

Mossbauer sgrtroscopy is based on the recoilless, resonant absorption and
emission of gamma rays in solids. The most commarieus used in this technique is
Fe’. In a typical setup, the gamma rays are emitted by the source that moves towards
and away from a sampé velocities in the mm/s rand®]. The isotopes in the source
emitting the gamma rays are the same as the isotopes in the sample absorbing them. The
gamma rays thapass through the sample are detected by a radiation detector. The
relative motion between source and sample results ineagyeshift, due to the Doppler
effect. In the resulting spectrum, the gamma ray intensity is plotted as a function of

source veloity. At velocities corresponding to the resonant energy levels of the sample,
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some of the gamma rays are absorbed, and &assgpknown as a peak) is observed in
the spectrum. The minimum peaks produced in the spectrum are used to characterize
the mateml.

Because of the high sensitivity of the measurements in this technique,
Mossbauer spectroscopy permits the distinctionveeh compounds usually not
possible by other means such asaX diffraction. For example, @4 and FeOs, which
typically cannobe distinguished by Xay diffraction measurements, can be identified,
and have their phase percentages quantified usinglddes spectroscopyn this
work, Mossbauerspectroscopywas used to characterize some samples of FePtNiBi

alloys to identify theron-based phases (such as the oxides) present inseséu@ples.
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Chapter 4

STRUCTURAL AND MAGNETIC PROPERTIES OF L1 oFePtNi ALLOYS
AND CoPtNi ALLOYS

4.1 Introduction

L1, FePt nanoparticles have been chosen as the ideal candidate for theffuture
ultra-high density recording edia due to its high magnetocrystalline anisotropy energy
of 70Merg/cc[1,2]. However, the media must be heated close to the Curie temperature
for the writing and reading of bits. Producingoldlloys with highthermal stability,
while reducingthe Curie temperature is critical for the development of heat assisted
magnetic recording media, and has led to the exploration of third element doping into
L1, FePt[1]. Additionally, substituting platinum with nickel while retaining the desired
magnetic properties would lead to an overall reduction of recording media cost.

A plethora of techniques &st for the synthesis of FePt nanoparticles including
coreduction of precursors, single source molecular precursors, andstabdid
reactiond3i 12]. However,few have considered ternary alloys with &al Pt. Most
reports focus on the addition of a thietement dopant keeping the stoichiometry
between Fe and Pt fixed with the purpose of reduandering the ordering
temperaturg¢l3i 19].

FeNi prepaed in the L3 phase has been suggested as a potential candidate for
a rare eartliree permanent magnet with theoretical energy product predictions of up to

42 MGOe comparable to some of the commercially available sintered NdFeB
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magnetg20]. The phase trafigrmationto the LY structure in FeNi is significantly
more sluggish compared to its FePt countenphrth untilrecently has only been found
naturally occurring in meteoritésrmedover millionsof yearg21,22]. The first report
of bulk L1o FeNi was fabricated by produngy an amorphous alloyhich was then
crystallized at a temperature close to the ordering ¢eatpre of L3 FeNi of about
320°C [23).

To our knowledge only one other study considered the chemical synthesis of an
Fe-PtNi alloy, in which (FePt)xNix hanoparticles were obtained. It was shown that the
addition of Niin an FePphase suppresses the transformation from the disordered fcc
to the ordered fct Lolphase, up to eertain Ni content, beyond which nanoparticles in
the L1 phase are obtaingd4].

In this study, we report the effect of Ni substitution of Pt on the development of
L1, structureof FePt nanoparticles synthesized chemically. We study samples with
nominal Ni compositionsfax = 0.2, 0.30.4 in FePt.xNix nanoparticles. We also report
the effect of annealing at 7800 ondegreeof ordering and magnetic properties of the
FePi.xNix nanoparticlesln another project of this study, we introduce a small amount
of Bi to the FeRit«Nix structureand nvestigate the effect Bi addition has on chemical
ordering and magnetic properties, most notably, the coercivity and Curie temperature.

In the final part of this chapter, we discuss the effect of Ni substitution of Pt and
Bi addition to a CoPt lattigegoform CoPi.xNix and CoPtxNix (+10% Bi), and highlight
the differences in properties of the Cdfdsed nanoparticles and the FbB$ed

nanoparticles.
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4.2 FePtNiAlloys

4.2.1 SamplePreparation

Fe-PtNi ternary nanoparticles of differembmpositions were synthesd by
the chemical reduction of Fe(acgdpt(acac) and Ni(acac) 0.25 mmol of Fe(acag)
were mixed with praleterminedamounts of Pt(acacand Ni(acac)to obtain FeRt
«Nix alloyswith x = 0.2, 0.3, 0.4. The precursors warged in a 3stopper flak with 1
mmol of 1,2hexadecanediol, the reducing agent, 200 mgpaifnitic acid, the
surfactant, and 20 ml of trioctylamine, as solvent. To avoid oxygen contamination, the
flask was comstantly purged with forming gas (5% H95% Ar) before and throughout
the whole reactionThe refluxing temperature was set to be“83r 1 hour. After the
solution was cooled to roortemperature, the resulting solution was washed with
ethanol and hexan The black resulting matekiavas isolated from the solution
magnetcally before being dried in a desiccator at room temperatheeassynthesized
particles were annealed at 7Q0for different times The samples were sealed in quartz
tubes using a ragh pump and diffusion pump, filled with forming gas (5% H295%
Ar), and then subjected to heat treatment.

The crystal structure of the-agnthesized and annealed ReRiix samples was
analyzed using-ray diffraction (XRD) and the magnetic propertissre measured
using a vibrating sampimagnetometer (VSM). Two of tl@mpositions (x = 0.2, 0.4)
were also analyzed using a JEGD10 transmission electron microscope (TEM).
Crystal size waslso calculated for the asynthesizechanoparticles from the -Xay

diffractondaa usi ng the Scherreroés formul a.
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4.2.2 Characterization of FePtxNix Nanoparticles

Figure4.1(a)shows the Xray diffraction data for the asynthesizee@quiatomic
Fen.sPis, FePixNiy, and Fe4Pt s alloys alongwith the reference peaks of b FePt.
The Fe.4Pte composition was ltosen as comparison to the FaRio4 since both
alloys have the same percentagérafsition metal relative to Pt. The purpose of this
was to determine whether Ni isibg substitutedor Pt in the lattice, or if the ternary

alloys with Ni are just in@asing therelative percentage dhe magnetic transition

metal.
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Figure4.1: X-ray diffraction of (a) asynthesized &Pt and FePtNi alloys, and (b) after
annealing at 700 for 15 minutes. Th®2a n d ongthe XRD pattern of the annealed
FePb.eNio.4 indicates the low intensity (001) and (100) peaks.

The assynthesized FgPt s alloy shows the presence ofddtructure but with
a low degree df 1o ordering, as evident biaé low intensity (001) and (110) superlattice
peaks. In the asynthesizedernary nanoparticles the degree of ordering decred@tes

increasingNi content,with the FeR{7Nio.3 and FeRisNio.4 alloys havinganearly pure
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fcc cubic structure. Additionlgd, increasing the overgllercent of Fe has a similar effect
with the Fe 4Pt alloy being purely fcc cubic as well. Figufel (b) shows the alloys
after 15minute annealing at 70Q. After the heat treatment, theoEBh s alloy converts
to a highly ordered L10 structure, as is evident by the observed splitting of the (200)
and (002) fundamental peaks and the increase in supeelafigak intensities,
respectively. The low nicketontent sampleso T andw T& show a similar
transformation with differentiation between (2Gf)d (002) peaks being evident but
less intense relative to the pure Féio s alloy. In the case ahe annealed FePR#Nio.4
alloy low intensity (001) and (110) peaks are present suggesting trsituttare has
transformed to an Lglstructure. Comparison with the =t 6 alloy shows that it has
remained mostly cubic.

The degree of ordering was calcuhted for alloys to better quantify the

structural transformation after annealing. The followioignulais used foIS[25]:

‘DFO 'O ¥O (4.1)

Y oro © 70

‘Oand O are the measured peak intensities of &x@erimentalsuperlattice and
corresponding fundamental peakspesively, andO and ‘O are the corresponding
intensities for the ordered phase. We used the ratio &@tHEO peak intensities from

our XRD signals after correcting for the background signal and performing a fit on the
data.Figure4.2 shows detailed ay diffraction data of the FefNio.4 sample, with

fit allowing for quantification of chemical ordering.
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Figure4.2: Measured and fitting of Xay dffraction data of annealed FeRNio 4 after
background subtraction.

For our reference sarte, we usedO 7O for Llo-FePt[26]. Y p for
complete ordering an8= 0 forthedisordered cubic structure.

Figure4.3 shows the degree of orderir®as a function of Ni contentanging
from Fey sPi.sto FePgeNioscompositions. The kaPt.e composition is excluded due
to being mostly cubic, which leads to difficulties in properly quamigy® when the
value approaats 0. The degree of chemical orderlBidecreases with increasing Ni

content, as qualitatively observed.
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Figure4.3: Crystal size and chemical orderiB@s a function ok, for assynthesized
FePi.xNix alloys (red circles) and for ifinute annealed at 700 FeP1ixNix alloys
(blue squares).

The crystal size of the nanopartigleéso shown in Figuré.3was determined
by the Scherrerequationand was found to decrease with reasing nickel content.
Figure4.4shows the TEMmagedor the assynthesized samples with & andw
m&. The nanoparticles appear as clustered aggregates when depoditell gmids,
and the particle size decreaseth increasingNi content in agreement with the crystal

size calculated from the Scherrer equation.
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Figure 4.4: TEM images for the asynthesized (a), (bfePt.gNio> and (c), (d)
FePb.eNio.4 alloys.

The structural transformation of the alloys with annealing time was also

investigatedor an annealing temperature of 700°QyU¥e4.5shows the XRD data for

the FeRisNio.2 sample.

44



] A A “ = N 2 hours
S ] |
& L
. —
=
i _M “ 30 minutes
o M Py
et
- ,A\ A
_-% A 415 minutes
tw as-made
1 M P~
] 8 5 N ’gsi S B —LioFe
= ° - S = Z  emmmfccFe
% |I 5 I 'l 1 E I B IV|' 'I A I B 1
20 25 30 35 40 45 50 55 60

20 (degrees)

Figure 4.5: XRD data of FeRitgNio.> nanoparticles annealed at 700°C for different
durations. The amade data is includddr comparison.

The XRD pattern shows that the splitting of the (200) and (082ks generally
increases with annealing duration, indicating an increasing transformation towards the
ordered L3 phase. Annealing foa much longer time than 2 hours did rwtng in a
noticeably larger separation. The FeRlios and FeRieNio.s samples were also
annealed at 700°C for up to 2 hours, andga}( diffraction measurementsere

performed on them.
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Figure4.6: XRD data for FeRtNio.3 annealed at 700°C for different durations. The
peakmarked by @bn the 2hour pattern represents (311) peak afdagits main peak
in the plotted range aff values

From the XRD data in Figuré.6, anneling for longer time increases the d_1
orderingin the FeRi7Nio.3 sample. A Zhour annealing time was sufficient to create a
complete separation of the (200) and (002) peaks. On the other hand, the XRD data for
FePt.eNio.4 (Figure4.7) shows more sluggish transformation towards the fully ocere
L1, phase. Annealing at 700°C for any duration produced the lower angle peaks (001)
and (110) indicating the onset of thepldhase transformation. Our data suggests that
a combination blonger annealing time and higher temperature may be required to

transform the FePtNi alloys with higher Ni content into the fitiase.

46



M 2 hours
8
> 30 minutes
— - Sl o~
(7))
c
o 7 .
c 15 minutes
— _ o atiiie Y Y
_-M as-made
; (= = E E ~ g =3 ~ @ 1, FePt
i S = = = o L o Q  ammmfcc FePt
= S SILE =
= | 1=
E I E I # I 5 I % I J I : I > I
20 25 30 35 40 45 50 55 60

20 (degrees)

Figure4.7: XRD data for FeRtsNio.4 annealed at 700°C for diffaredurations.

The transformation to the tetragonal structure was also investigated by
calculating the lattice parametexsindc from the XRD data. The following equation

was used27]:

p Q Q « (4.2)
Q I 5y

‘Q is the plane separation matching the Milledices(hkl) and is found from the
Bragg conditioncQ O E+ _. The following equation can also be used to quantify

the chemical ordering in a tetragonal struc{@&:
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0 (4.3)

Y

oy

Ei€ie

- isthe ratio for perfect ordering. As a referencectheatio of theperfectlyordered

L1, FePt structure is 0.926]. Table4.1 lists the sizes estimated using the Scherrer
equation, lattice parameteasndc, and thec/aratio of the different samples annealed

under different conditions.

Table4.1: Estimated size, lattice parametérandd) ando¥coratio of different samples.

Sample Annealing Estimated  $(A) 1:A) T+
duration size (nm)

FePbtsNio.  As-made 7 3.814 3.756 0.985
15 minutes 31 3.824 3.705 0.969
30 minutes 34 3.822 3.697 0.967
1 hour 37 3.821 3.705 0.970
2 hours 42 3.830 3.702 0.967
16 hours 44 3.833 3.699 0.965

FePtNioz As-made 7 3.792 3.706 0.977
15 minutes 24 3.797 3.690 0.972
30 minutes 25 3.808 3.692 0.970
1 hour 27 3.795 3.690 0.972
2 hours 35 3.826 3.675 0.961

FePbteNios  As-made 3 3.752 3.779 1.000
15 minutes 13 3.730 3.742 0.997
30 minutes 14 3.738 3.709 0.992
1 hour 12 3.723 3.709 0.996
2 hours 14 3.742 3.711 0.992

For eat alloy, the reference sample should be the alloy itself annealed at least
a high enough temperature and l@rgpughduration to obtain a complete splitting of

the (200) and (002) peaks in their XRD data (near perfect ordering). We are comparing
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thechangdn ordering qualitatively for the samples with the same Ni content annealed
under different times, instead of comparing samples of different Ni content. From
equation (4.3), a lower/a ratio indicates a higher degree of ordering. For all alloys,
Table 4.1 shows that generally, annealing for longer time increases the degree of
ordering. In the case of the FeRio.4 the chemical ordering is found to change by
very little with annealing time of up to 2 hours, again sugggstigher temperatures
and/or longer annealing time may be required to get the ordesesdrudture when the

Ni content is high.

4.2.3 Magnetic Properties of FePtxNix

The room temperature hysteresis loops for theyashesized alloys are shown
in Figure4.8(a) The FeR{sNio.2 shows a high magnetization with a coercivity of 1.4
kOe, consistent with the low Lglordering. The FeBtNio.3, FeP¢eNio.s,and Fe Pl
alloys show a smaller magnetization with no significant coexciWe telieve the
reduction in magnetization of the-agnthesized FeP&Nio.4nanoparticles at 3 T is due
to both a smaller particle size and to nonmagnetic organic material left on the particle
surfaces from the synthesis. Figdr&(b shows that such an effect is not observed in
the annealed sample due to decomposition of organics and increase in particle size

because of the high temperature heat treatment.
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Figure4.8: Room emperatire hysteresis loops of (a)-agnthesized FePt and{P-Ni
alloys, and (b) after annealing at 700°C for 15 minutes.

Field cooledFC) and zero field cooleZFC) experimeng were performed on
the assynthesizedrePb.eNio.sasample to verifysize effecreduction of magnetization at
room temperaturdue to superparamagnetishigure4.9shows a blocking temperature
at approximately240K, estimated from the bifuraction point on the ZFC/FC curves,
suggesting superparagreetic behawr at room temperature leading in part to the lower

magnetization observed in the sample.
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Figure 4.9: Field cooled and zero field cooledeasurementsn the assynthesized
FePt.eNio.4 at 1000e appliedield.

Figure 4.8(b) shows the room temperature hysteresis loops aftanihbte
annealing at 70, with all the alloys apart from the £t .6 composition showing
ferromagnetic behavior with significant increase in coergifrtm the assynthesized
alloys. Coercivity decreased from 14.9 kOe in FePt tdb&®e in FePteNio.4 with
increasing nickel content. The magnetization at 3 T increases with increasingeyitcont
from 48 emu/g in FeRb 88 emu/g with thEePb.eNio.4alloy. The decrease in coercivity

is consistent with the percentage ofolstructure quantified in Figurd.2 with the
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chemical ordering. The result clearly shows thise partial Pt substitution by Ni in the
FePt alloys can lead a ternary material that keepstrongmagnetically hard behavior

up to an alloy composition oFePp7Nio3 with a simultaneous increase in the
magnetization value.

At higher percentageof Pt substitution, the result of primary interest is the
difference in magnetic properties observed betweelr & eNio.sandFerL 4Pt s alloys
suggesting that Ni substituted for Pt in the lattice leads to a different behavior than
simply increasinghte overall percentage of magnetic transition metal. Bothy BBk
andFeL 4P 6 alloys after annealing result in similarly high values of magnetization at 3
T, however, only with Ni substitution does the alloy retain hard magnetic properties.

We alsainvestigated the effect of Ni content on the saturation magtietiza
and anisotropy constant on the samples annealed at 700°C for 15 minutes. The law
of approach to saturation was used (Chapter 2). The magnetik&ticas converted
from emu/g toemu/cnd by first estimating the densities of the alloys amdltiplying
the densities by the values of magnetic moments per gram. The volume of the
conventional unit cell was found using the lattice parametensdc. The mass of a
conventional unit cellvas estimated by multiplying the mass of each atom typePti-e
Ni) by the number of atoms in that cell. was then plotted vs¥'O using high field
values which would produce an accurate linear fit (typic@ly ¢ ukOe values were
chosen). Figure 40 shows one example of such a plot with the linear fitting, for the
FePb.eNio. sample. The slope dhe straight line is used to determine the anisotropy
constant and the extrapolation to ze#O gives the magnetizatial . These values
for FePtsNio2 are 1090 emu/ctand 1.64x10erg/cn¥. For comparison, the room
temperature value af for L1o FePt is about 70 Merg/chil,2,29].
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Figure4.10: Example ofd versuspX'O graph for FeRtsNio»annealed at 700°C for 15
minutes.

In general, alloys with larger Ni content have highervalues but loweb as
seen in Figurd.11 This again correlates with a higher degreehemical ordering at

low Ni content.
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Figure4.11: Variation of saturation magnetization and anisotropy constant with
nickel content for samples annealed at 700°C for 15 minutes.

The variaion of coercivity with annealing time wasdso investigated for each
alloy. The hysteresis loops for FeRMix with &0 T®& i@ are shown in Figures
4.124.14
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FePb.gNio2 annealed at 700°C for different durations.

55



Wo~—r————

I . I
1— as-made
80 1—— 15 minutes -
—— 30 minutes e
60—_ w1 OGN // ]
40 4— 2 hours Al -
_— 7 ' -
9 204 / -
g 0 —
= 204 | N
) . ‘ L ]
) e
' 77 57 6. e
2| ____Zév/ ——Hc=7.15kOe 1
| e ———H_=7.98 kOe ]
- ——H_=9.58 kOe |
-100 T ! T J T ' ' T I T ' T
-30 -20 -10 0 10 20 30
H (kOe)

Figure 4.13: Room temperature hysteresis loams assynthesized FePNio3 and
FePt.7Nio.z annealed at 700°C for different durations. The shoulder for-tieug data
is due to the presence of the magnetically safOkphase.

56



(a) (b)
100{— as-rr'\ade ) 100 as-ma.de
80 1—— 15 minutes 80 {—— 15 minutes
60 {— 30 minutes 60 4— 30 minutes
404" -1 hour 40 =1 hour
g) 20 gﬁ 20 2 hours
§ 0 § 0
= -201 ——H.=0.01 kOe | = -20 ——H,=0.01 kOe -
40 ——H_=0.85 kOe . -40 - — = H.=0.85 kOe 4
604 ——H,=1.09 kOe | -60 ~——H_=1.09 kOe |
-80+ «H,=0.89 kOe | .80+ ~——H,=0.89 kOe |
-100+ ——H=1.36 kOe | -100- ——H_=1.36 kOe |
-30 -20 -10 O 10 20 30 -10 -5 0 5 10
H (kOe)

H (kOe)

Figure4.14: (a) Roomtemperature hysteresis loops orsgathesized FeR#Nio.4 and
FePb.eNio.sannealed at 700°C for different durations. (b) Expanded view to better show
variation of coercivity with annealing temperature.

In general, the coercivity increased with annegpliime, which is again
indicative of an ongoing transformation to theplphase. A plot of coercivity versus
annealing time further reveals that at an annealing temperature of 700°C, the
transformation towards a fully orderedoydhase is less complete foigher Ni content

for annealing times up to 2 hours (Figdré5.
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Figure4.15: Variation of coercivity with annealing temperature of the different FePtNi
alloys.

Thermomagneticmeasurements were performed at high temperatures to
investigate the effg the Ni content has on the temperature of the phase transformation
from ferromagnetic to paramagnetic state (the Curie temperature). All alloys were
annealed at 700°C for 30 minutd$e measurements were done at an applied field of
500 Oe. The samplesane heated from 300 K to 900 K, and then then cooled back to

300 K. Figure4.16(a)shows the thermomagnetic measurements on the) f&b4
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nanoparticles. gure14.16(b)shows the corresponding plot of gmetization squared

as a function of temperatunehich shows how the Curie temperature was determined.
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Figure4.16: (a) Thermomagetic measurements of FeRltlio.2> annealed at 700°C for

30 minutes and (b) the corresponding magnetization squared versus temperature
showing how the Curie temperature was determined.

For alloys with a higher Ni to Pt ratio, the Curie temperature deact@asshown
in Figure4.17.
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Figure 4.17. Thermomagnetic measurements of (a) k@W¥it: and (b) FeRtsNio.a
Both samples are annealed at 700°C for 30 minutesD&héhe thermamagnetic data
for FePt.7Nio.zindicates the presence of:Ba.

In our FeP47Nio.3 sample, the presence of arsBgphase was indicated by the
presence of a secondary Curie tempegsafbove 850 K in the thermomagnetic data.
The presence of the &, phase was especially visible in the FeRio.3 nanoparticles
annealed for 2 hours. Its XRD data in Figdréhas a peak around 36°, which coincides
with the bcation of the main peak of #& in this range of—values the (311) peak

The shape of its hysteresis loops in Figdr&3 also shows the presence of a soft

magnetic phase.
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Figure 4.18: Curie temperature vs Ni content for x0=(FePt), 0.2, 0.3 and 0.4. All
samples were annealed at 700°C for 1 hour.

For comparison, we cheqally synthesized Lgl FePt nanoparticles and
annealed them at 700°C for 1 hour. Their Curie temperature was found be around 727
K. Figure 4.18 shows that adding a small amount of Ni in the lattice to form the
FePb.eNioo drasticaly increases the Curie temperature. However, subsequent Pt

substitution by Ni decreases the Curie temperature (x = 0.3 and 0.4).
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4.3 FePtNiBi Alloys

4.3.1 Structur al Properties of FePtNiBi Alloys

Our earlier studies showed that the addition of a small amountasdsits the
ordering to the L4 structure in FePt nanoparticlgZ0]. Therefore, we decided to
investigate this effect on the FePtNi particles we synthesized. The procedure used to
obtain FePtNiBi nanoparticles was similar to the oredu® produce FePtNi alloys,
with the modification that 0.025 mmol of bismuth(ii) acetatlded to the mixture. XRD
data in Figuré.190f the asmade nanoparticles shows that Bi addition to 10% the molar
amount of Fe does not prack the L3 phase in the asiade state. The maind& peak
appeared around 36° and wa®st prominent in the FefANios (+10% Bi) and

FePb.eNio.4(+10% Bi) particles.
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Figure4.19: XRD data of asnade Fet.xNix (+10% Bi) particles. The XRD of as
synthesized FeR#Nio.2is included for corparison.

Upon annealing at 700°C for 30 minutes, the pfiase wasormed, as shown

by the XRD pattern in Figur¢.20 Bi also introduced adtibnal phases, as seen by the

presence of additional peaks.
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Figure4.20: XRD data for FeR&Nix (+10% Bi) annealed at 700°C for 30 minutes.

The introduction of Bin the structure has a noticeable effen the ordering

parameter. The addition of a small amount of Bi in@edkhe chemical ordering. This

is seen by a bigger splitting of the (200) and (002) peak and also by the@argé€y

peak intensity ratio, compared to when no Bi was ymediously. To better quantify

the L1 ordering, thedXc ratio of FePtNix(+10% Bi) nanoparticles were found and

compared to the correspondidfic ratio of the corresponding FeRMix samples for

the same, for the case of samples annealedCG°C for 30 minutes. The results are

listed in Tabled.2 The change in lattice parameters is mainly due to the higher degree

of ordering caused using Bi because Bi does not enter the unit cel
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Table4.2: Lattice parameters;¥cratio, and estimated sized of samples annealed at
700°C for 30 minutes. The sizes were estimated using the Scherrer equation.

Sample Estimated size  a(A) c(A) T
(nm)

FePb.sNio.2 34 3.822 3.697 0.967
FePt.gNio.2 (+10% Bi) 45 3.844 3.688 0.9%59
FePb.7Nio.3 25 3.808 3.692 0.970
FePb.7Nio.3 (+10% Bi) 23 3.823 3.673 0.961
FePt.eNio.s 14 3.738 3.709 0.992
FePb.eNio.s (+10% Bi) 18 3.803 3.668 0.964

From equation (4.3) for ordering parametér

(4.3)

<
o
Ei€rie

the ordering parameter is higher whdfidis lower. The actual values dfwere not
computed owing to the difficulty to comparing the ordering parameter across samples
with differentusing a unified reference sample with lattice parameter réfi® .

Like in the case of FeRiNix previouslydescribedthe reference sampétould be one

with the same value of which has been heat treated under the correct temperature and
time conditions that give a fully ordered structure. Usually tlgaises annealing at

high temperatures (at least 700°C for beRio.> and possiblyhigher for the higher Ni
content) for long periods of time. From Ta#lg, the calculated¥cyvalues support the

fact that that for the same Sompositionx, Bi enhances the bbrdering.
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The XRD patterns of both the-asade ad annealed nanoparticles also reveals
that the 10% Bi addition introduces other phases in the samples, which we will
demonstrate to have an effect on their magnetic ptiepeBased on the XRD pattern
of the FeRiNiosheat treated at 700°C for 2 howkere it is clear that there was:Be
present, the (311) peak around 35° is suspécéed eventually confirmedto be that
of FesO4. To verify this, we prepared a sal@mpising 30% less Fe precursor to produce
an alloy with a lower concentration of Fép.7Pt.7Nio.3(+10% Bi)and its XRD pattern

was compared to that of a FeMio3 (+10% Bi) sample annealed under the same

conditions (Figuretl.21).

Feq 7Pty 7Nig 5 (+10% Bi)
-‘J—&J‘L‘NJL«M
5 A
S — ' -
< S = FePt,,Niy 5 (+10% Bi)
> e =
c o S S S S
g | ; 88 B
£ MI_;_JJQ A7 X
1 § § ~ o~ o c.0
= B 2l 22 ~ s~ ]
S N 2 o B = -
S ¥ N. ] 8238 ® .83
—_— "3 '\)
¢ 11 ISl 7887 8 523
. T T T T T v : . : : |
20 25 30 35 40 45 50 o &
20 (degrees)

Figure4.21: Comparison of XRD patterns of FeRtlio.3 (+10% Bi) and Fe7Pt.7Nio.3
(+10% Bi). Both samples are annealed at 700°C for 30 minutes. The stronger peaks of
FesO4 are marked bypandtlto s e of Bi by ¢. T hestrgngeatk mar k

peak of PtBi in this range of P. The L1 peaks are also indexed in black in the
FePb.7Nio3 pattern.

66



The main (311) F©4 peak is not visible in the XRD pattern of the et Nio 3
(+10% Bi), suggesting less Fe was available to be oxidized:@ kethis sample. In
contrast, the more intense peaks ofdzeare seen in the XRD pattern of Fefio.3
(+10% Bi) sample. These XRD data suggest that it may be possible to resl&eh
content formed in the FePtNi samples synthesized with Bi addition by controlling the
Fe precursor amount. More studies are needed to find the right precursor ratieslrequi
to decrease as much as possible the amoungOk Feour samples.

To identify other Fe related phases present, we perform@éssbauer studies on
these two samples, both in theraade and the annealed states. TlisdWauer spectra
of the Fe 7P 7Nio.3 (+10% Bi) and FeRtNio.3 (+10% Bi) are shown in Figures22
and4.23
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Figure4.22: Mossbauer spectra of (a)-amde and (b) annealedoRBt.7Nio3 (+10%
Bi) nanoparticles.
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Figure4.23: Méssbauer spectra of (a)amde and (b) annealed Feio.z (+10% Bi)
nanoparticles.

A detailed analysis reveals that no iron oxide is detectable astmade sample
of Fe).7Pt.7Nio.3 (+10% Bi). The annealed samples have approxima@dy FeO4 and
3% FeOs. In the case of FefiNio3 (+10% Bi), the approximate E®B4/FeOs oxide
ratio in the as made sample is 27%: 9% and 28%:3% in the annealed $tispdebe
noted that these ratios are approximate, and one source of uncentguntifying the
oxide content arises from the relatively low mass of samples used in those
measurements. The main qualitative results of thisdidauer studies are thdtet
Fen.P1.7Nio.3 (+10% Bi) sample have less oxides than itsriEle counterpart, agn
suggesting the possibility of controlling the amount of oxides formed in the sample by

tuning the Fe:Pt precursor ratio used in the synthesis.
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To further investigatehe origin of FeOs in our FePtNiBi samples, we
synthesized another sample using thime procedure as before, but without any Pt, Ni
and Bi precursor, which we will label as Fg¥t (+0% Bi). The XRD patterns of FePt
oNio (+0% Bi) in both agnade and arealed (at 700°C for 30 minutes) states in Figure
4.24 show that R©4 is present. Weonclude that R4 is formed by the reduction of

the Fe(acag)precursor by 1:hexadecanediol, the reducing agent used in the synthesis.
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Figure4.24: XRD pattern of agnade and annealed Felib (+0% Bi), revealing the
presence of E®4 as a byproduct of the synthesis.
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4.3.2 Magnetic Properties of FePtNiBi Alloys

The effect of Bi addition on coercivity was investigated by measuring
magnetization as a function of applied field at room temperaturderi-eéPitxNix
(+10% Bi) nanoparticles annealed at 700°C for 30 minutes. The hysteresis loops are
shown in Figureg.251 4.27and include the corresponding data for the EdRf with

the same Ni content anred under the same condition for comparison.
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Figure 4.25. Room temperature hysteresis data of the ¢\¥i> (+10% Bi) and
FePb.sNio.2 nanoparticles annealed at 700°C for 30 minutes.
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Figure 4.26: Room temperature hysteresis data of the #&®Rss (+10% Bi) and
FePb.7Nio.3 nanoparticles annealed at 700°C for 30 minutes.
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Figure 4.27. Room temperat@r hysteresis data of the Fefios (+10% Bi) and
FePb.eNio.4 nanoparticles annealed at 700°C for 30 minutes.

Forw & andw 1@, Bi addition leads to a decrease in coercivity in these
samples despite the improvement in theig afddering as discues earlier. The shapes
of their hysteresis loops in Figuré25and4.26 suggest the presence of soft phases.
As discussed earlier, one of these phases ¥asFahich is ferrimagnetic and
magnetically softThe XRD pattern in Figur¢.21also shows that minority phases such
as Bi and PtBialso emerge when Bi is used in the nanoparticle synthesis. These soft
phases cause an overall decrease in the coercivity, as compared totkidiksfnples

synthesized without using Bi for upéo 1.
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In contrast, an increase in coercivity is observeddbor m@. This may be
explained by two competing effects. Firstly, the replacement of Pt by Ni in FePt
decreases the chemical ordering ajmusly described. Bi addition on the other hand
improves the chemical ordering. Foo 1@, the XRD data in Figure 4.20 for the
annealed FeR#Nio.4 (+10% Bi) shows a more complete splitting of the (200) and (002)
peaks, compared to the correspondinig dar FePieNio.4in Figure 4.7, where the two
peaks ag not yet resolved. For this sample, the enhancement of gretrugture from
Bi addition is more important than the decrease in ordering from a higher Ni content,
leading to an overall increasednercivity.

We also studied the effect of Bi addition Guarie temperature. The magnetic

moment of the annealed samples (700°C, 30 minutes) was measured at an applied field

of 500 Oe. Only the heating curves are shown in Figdr&8 and4.29 The Curie
temperatire was determined as explained before, from a plot of the magnetization

squared versus temperature (see Figuté).

74



1 ' I ' I v I ' I ' I ' 1

——FePt;;Niy 3

Te~T20K |

300 400 500 600 700 800 900
Temperature (K)

M (normalized)

1 L | , I v I . I " I - |
300 400 500 600 700 800 900
Temperature (K)

Figure4.28: Thermomagnetic measurement on beRio.3 (+10% Bi). The inset shows
the corresponding data for FeMio .
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Figure4.29: Thermomagnetic measurement on b@Rio.4 (+10% Bi). The inset shows
the corresponding data for FeBMio.a.

The presece of FgO4 is again seen from a transition around 850 K in both
Figures4.28and4.29 As far as the importance of the presence of Bi is concerned, the
addition of Bi to FeRtxNix considerably decreasdsetCurie temperature in the case of

w 1@ (by about 90 K). The decrease is smallerdior & .

76



4.3.3 Effect of Modifying The Bi Content on Structural and MagneticProperties
of FePb.7Nio3

Since Bi clearly enhances the formation of the pliase, we also explored the
effect of varying the amourof Bi inserted in the FePt alloys on the magnetic
properties of the FeRiNix alloys. We prepared samples with twice and three times the
amount of Bi used previously (20% Bi and 30% Bi), dor T@. These samples were
annealed at 700°C for 30 minutésgure4.30shows the XRD patterns of the-emde

samples.

FePt, ,Nig 5 (+30% Bi)

FePt, ,Ni, 5 (+20% Bi)

FePt, Ni 5 (+10% Bi)
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n = =T e Bles o ' PiBi,
1 3 - R SERaT < CRNES
@ EllECeq"ne & =28
] : ! | . : 8 '|| " : r“.l‘ Il T’I
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Figure 4.30: XRD data of FeRtNios (+aP Bi), for & p ft fo mFor clarity, the 2
strongest peaks of k@4 which d not appreciably overlap with other phases in the
samples are shown on the 20% Bi sampl e
and (333) peaksespectively.
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Increasing the ammt of Bi did not introduce splitting of the (200) and (002)
peaks, the lad peaks indicating a small particle size. This indicates that increasing Bi
content alone will not form amade nanoparticles in the ddtructure. The XRD data
in Figure4.30also shows that increasing the amount of Bi enhatieedresence of the
Bi and PtB} phases, as seen by more intense peaks of these phases in dhdifePt

(+20%) and FeR#Nio3 (+30%) samples. Figurd.3l shows the XRD data of the

annealed samples.

FePt, -Ni, 5 (+30% Bi)
- o\
3_‘ FePt, ,Ni; 5 (+20% Bi)
s
S #
.‘% | L A R J\../\ N
8 = = FePt, ;Niy 5 (+10% Bi)
[= _ o = - -~ =
| £ SLr B i
| s /\.../L X
8] = _ Bi
] N ~ o ~ ) PtBi,
1 S ; = \ 2 B3 g T N
3 3”;:55,5 RR3
| T — T T T T |I - l T = T - TI
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20 (degrees)

Figure 4.31: XRD data of FeRtNios (+dP Bi), for & p ft fo mfor the samples

annealed at 700°C for 30 minutes. The peaks of thg@hAase are indexed on the XRD
pattern of FeRtNio.3 (+10%).
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When more Bi is used in the sys#is, the elemental Bi (012) peak becomes
more intense, indicating a higher elementat&atent in these annealed samples. The
PtBi. phase increases for the 20% Bi case, but decreases for the 30% Bi sample. This
means that the minority Belated phases ithe annealed samples are mostly elemental
Bi. In the FeRf7Nio.3 (+10% Bi), a homegigible amount Bi is present as seen from
XRD in relation to the Ldphase. Even when more Bi is used in the synthesis, there was
no visible improvement in thielo ordeing, as characterized by the unchanged splitting
of the (200) and (002) peaks. Since tfemical ordering in FefNio.3 improves
considerably when as little as 10% Bi is used, compared to the chemical ordering in
FePb.7Nio.3 nanoparticles, the XRD dain Figure4.31suggest that it may be possible
to obtain L3 ordering with even a smaller quantity Bi used in the synthesis. Finding the
optimum amount of Bi which reduces the amount of secondary phase while still

producing a higly ordered L3 phase is the subject of future work.

Table 4.3: Lattice parametergj¥c ratio, and estimated size of samples annealed at
700°C for 30 minutes.

Sample Estimated size  a(A) c(A) e
(nm)

FePb.7Nio.3(+10% Bi) 40 3.823 3.668 0.958

FePb.7Nio.3(+20% Bi) 49 3.834 3.663 0.955

FePb.7Nio.3 (+30% Bi) 43 3.823 3.673 0.961

Table4.3shows the lattice parameters and the particle size found using the XRD

data usinghe Scherrer equation. Quantifying the chemical ordering is difficult because
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we do not have a common reference sample for these samples. Fra¥itraios
being close to each other, we estimate the chemical ordering of the samples with
different Bi percentage to be about the same. Any change in the magnetic properties
described below would therefore be mostly due to the additional phases cetidgiu
Bi.

We estimated the percentage composition eDkand the other known phases
in the annealed FePNios ( ab Bi) from our XRD pattern using a computational
method requiring the software Powder CEl1]. The known phases that were input
were FeOs, Bi, PtBk and LL FePt to represent the ¢ btructure, which is an
approximation. The latticparaneters were adjusted in the simulation to get a good fit
as much as possible. It must be noted that while this method of finding composition may
be approximate, it still provides a means to qualitatively compare the composition of
different phases asfanction of Bi content. An example of such a fit is shown in Figure

4.32, for FePgNio 3 (+30%) annealed at 700°C for 30 minutes.
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Figure4.32. XRD pattern of FeRBtNio.3 (+30%Bi) annealed at 700°C for 30 minutes,
and a fit of four phases assumed to be present in the sample, along with their calculated
percentage composition.

Table4.4 summarizes the percentage composition of the different phraaés

FePt.7Nio3( &b Bi) annealed at 700°C for 30 minutes.
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Table4.4: Percentage compositions of various phases calculated from the XRD patterns
of FePt.7Nio.3 (+0P Bi) annealed at 700°C for 30 minutes.

Sample L1o structure | FesOa4 Bi PtBi2
FePbtNioz (+10% | 45.0% 49.5% 4.4% 1.1%
Bi)
FePt./Nios (+20% | 48.7% 36.9% 10.3% 4.2%
Bi)
FePbtNioz (+30% | 47.1% 31.3% 19.3% 2.4%
Bi)

Table4.4shows that adding more Bi increases the amount of elahi&nnh the
sample. The amount of PtRloes not increase monotonically with Bi addition however.
FePb.7Nio.3 (+20% Bi) has more PtBithan FeRi7Nio.3 (+30% Bi). This tend is also
seen from the XRD data in Figu#e31 where moe intense peaks reflect a higher
percentage composition. Regarding® its percentage composition is observed to

decrease when more Bi is present in the synthesis.
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Figure 4.33. Room temperature hystsis loops of FeRtNios (+abP Bi) for a
p Tt to Ttannealed at 700°C for 30 minutes.

The introduction of soft phases due to the increased Bi content in the synthesis
was also reflected in thehoulder observed in theysteresis loops for the annealed
samples taken at room tempera Figure 4.33. Besides the ingular shape of the
curves which is typical for mixtures of hard and soft magnetic materials, the coercivity
of the samples also decreased+20% and +30% Bi content. This also highlights the
difficulty in determining the magnetization as the measured wiathe samples always

include other phases suchzBg and Bi related phases. Using less Bi (less than 10%)
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may reduce the number of soft phases while retaitivegdesiredhard magnetic

propertes
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Figure4.34: Thermomagnetic measurements at an applied field of 500 Oe on annealed
nanoparticles of (a) FePNios (+10% Bi), (b) FeRt:Nios (+20% Bi) and (c)
FePt.7Nio.3 (+30% Bi). TheDindicates the F€4 phase.

Thermomagneticneasurements were performed on the annealed samples with
different Bi contentFigure4.34). The results show that the Curie temperature decreases
by about 40 K when Bi is increased from 1092@8% but remains about the same when
Bi is 30%. Possibly, the abrupt decrease at the 20% Bi content could be related to the
higher proportion of PtBiphaseOne of the main results of this study remains the fact
that Bi addition to FeRkNix decreases ehCurie temperature significantly foertain

Ni content. Future work wilinvolve working with Bi content lower than 10%

4.4 Structural and MagneticProperties of Chemically Synthesized CoP1-xNix
CoPt in the fct (L3) phase is stable and its magnetic props make it

potentially suitable forapplications in ultrahigh magnetic stord@&i 34]. As
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synthesized CoPt is usually in the chemically disordered fcc (Al) phase. Heat treatment
is required toform the ordered Liphase. Higheannealingtemperatures have been
reported to improve the coercivifyd5,36]. However, high annealing temperatures may
also lead to growth in grain sizes, lattice deformation and a reversal formetplalse
to the dsordered fcc phad&7i41]. One means of avoiding this difficulty @oPt
nanoparticles is to create core/shell structures with CoPt embedded-magoetic
matriceg42].Third element addition, such as the introductibAg, B and C in CoPt,
has also been explorgti8,43,44]. In some cases, this lead to a significant decrease in
ordering temperature and improvement in coerciji§44]. In this work, we
investigate the effect of substituting Pt with Ni in CoPt to form €@¥% and compare
the structural and magnetic properties of these nanopatrticles /NPt

CoPtxNix nanoparticles were chemically synthesized gisirsimilar procedure
to that used to produce FeRMlix. In a threeneck flask, 0.25 mmol of cobalt(ii)
aceylacetonate was mixed with pdetermined amounts of Pt(acaapd Ni(acac)to
form compounds of the desired stoichiometric ratio. 1 mmol ehéxadecanediol was
used as the reducing agent and 200 mg of palmitic acid as the surfactant. 20 ml of
trioctylamine was used as the solvent for the reaction. The mixture was purged between
60°C and 80°C for 30 minutes under forming gas (5% B5% Ar), andthen heated
to 330°C. The reaction ran for 1 hour at this temperature after which, the mixture was
allowed b cool to room temperature, and the nanoparticles were washed and separated
as before.

The first sample we produced was CoPt. This sample wasladra& 00°C for

1 hour also. The XRD data (Figu4e35 shows that the amade nanparticles are in
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the disordered fcc stage. After annealing, thefdliase was formed, with a high degree

of ordering, although the splitting of ti200) and (002) peaks are not complete.
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Figure 4.35. XRD data of asynthesized CoPt nanoparticles and CoPt annealed at
700°C for 1 hour.

The room temperature hysteresis loops in FiguB® also reflects the phase
transformation from fcc to Lol The coercivity increases from 0.2 kOe for theresde
CoPt to 10 kOe for the annealed CoPt, thereby indicating that annealing is required to

obtain the ferromagnetic state.

86



60

I ! I ' I ' ' | ' I I
as-made
annealed
40 - -
20 - .
o
= ] ]
§ o
= ] ]
-20 - =
407 —H=02kOe
] —H=10.0 kOe |
-60 — — T
-30 20 1D 0 10 20 30

H (kOe)

Figure4.36. Room temperature hysteresis orsgathesized CoPt and CoPt annealed
at 700°C for 1 hour.

CoPb.gNio.2was prepared and annealed at 700°C for different time periods. The
XRD data in Figuret.37 for the asmade and annealed samples show that, in contrast
to FeP§.sNio.2, the L phase is not fully formed in the heat treated samples, despite

annealing for up to 16 hours.
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Figure4.37: XRD data of asynthesized CoR#Nio.2and CoRfsNio.2annealed at 700°C
for times ranging from 1 hour to 16 hours.

The magnetization of the CaRNio.2 nanoparticles annealed at 700°C were also
measured as a functiohapplied magnetic fieldt 300 K (Figuret.38. The CoRigNi.
o.2sample annealed for 1 hour has a much lower coercivity (0.12 kOe) compared to the
CoPt sample annealed under the same conditions (10.0 kOe). Successively doebling t
annealing time up toneannealing time of 16 hours caused the coercivity to increase and
the magnetization at 3 T to decrease, however these changes are very small. Effectively,
the addition of Ni into the CoPt lattice to produce G@Rio. greatly iribits the
formation of he L1 phase, which is in sharp contrast to what was observed in

FePt.gNio.2 nanoparticles.
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Figure4.38. Room temperature hysteresis loops on gt > nanoparticles annealed
at 700°C for different dations.

To better understand any significant phase transformation that may occur as a
result of heat treatment, we also annealed thedgNRL nanoparticles at temperatures
below and above 700°C, namgefit 600°C, 650°C and 800°C. The XRD data in Fegur

4.39show that the structure is again mostly cubic.
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Figure4.39: XRD data of asynthesized CoRfgNio.2 and CoR#sNio.2 annealed under
different conditions (listed on the gtap

The hysteresis loops of the annealed samples in Fgd@shows that
the coercivity of th&€€oPb eNio.2samples annealed at the temperatures studied above are
lower than those annealed at 700°C as seen from FgB8The highest coercivity in
this part of the study was observed when the £ sample was annealed at 650°C
for 8 hours (0.08 kOe). This is the closest the coercivity amed the coercivity of
CoPt.aNio2 annealed at 700°@f 1 hour (0.12 kOe). The coercivity dropped down to
approximately half this value when thermade sample was heat treated at 800°C. The
structural and magnetic data suggests a phase transfornatiard$ the Ld state,

occurring between 650°C and 800Hbwever, the transformation to thedhase is
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still slow in CoP4.gNio.2 compared to what was observed in beRtio.» as the (200) and

(002) peaks are not separated yet in the XRD patterns.
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Figure4.40: Room temperature hysteresis loops on annealed,@iPt. The annealing
conditions are indicated in the figure.

Since substituting less Pt with Ni in FeRMix was found to produce more highly

ordered structures, we performed the same proceduneGeiPtxNix by synthesizing
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an alloy withx = 0.1. The XRD data of the-@sade and annealed CoBMlio.1 are shown

in Figure4.41
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Figure4.41: XRD data of asynthesized CoBR$Nio.1 and CoRtoNio.1 annealed under
different conditions (listed on the graph).

For the samples annealed at 700°C, the emergence of the (001), (100) and (201)
peaks indicates that the d.s present to some extent. Like in the case of E&Rt
using less Ni helps in the formation of a more ordered €@t structures, after
annealing under the appropriate conditions. The intensity of the superlatticeapeaks
considerably diminished when CaRlio.1 is annealed at 800°C. The studies on heat

treaing both CoRyeNio.> and CoRtdNio.1 indicate that a phase transformation into the
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L1, state is not enhanced Bymply increasinghe annealing temperature. Rat, the
transformation, even if not complete, is favored by heat treatment at a temperature
between 650°C and 800°C in CoBMlio.and CoRfoNio.1. Room temperature hysteresis

loops on the annealed CoRMlio.1 also provides evidence of the increasentering in

the samples annealed at 700°C, and the phase transformation towards a less ordered

phase after annealing at 800°C (Figdr42).

Figure 4.42 Room temperature hysteresis loops onsgathesized and annealed
CoPb.oNio.1. The annealing conditions are listecthe figure.
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