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ABSTRACT

Research carried out in the thesis basically focuses the studies on nano-magnetism in fine
particle systems of Fe, Co, Ni and Pt based metals and alloys. Recent literature reports on
magnetic nanoparticles confirm their unique magnetic properties and immense
technological applications. Materials under study include Fe, Co, Ni, Fe-Co, Co-Ni, Fe-
Ni-Co, Fe-Pt, Co-Pt and were selected based on literature survey and gaps in existing
research. These nanomaterials were synthesized via novel and modified chemical
reduction methods namely (i) sodium borohydride method, (ii) superhydride method and
(i) polyol method. Stabilization, controlled particle size and surface modifications of the
nanoparticles were achieved with the help of various capping agents or porous matrix

such as oleic acid, oleylamine, CTAB, PEG, PVP and silica matrix.

Modified NaBH, route in aqueous medium was used to synthesis PEG coated Fe, Co, Ni
and Fe-Co-Ni nanoparticles systems. Fe nanoparticles were found to be oxidized after
annealing. Co and Ni nanoparticles crystallize in pure fcc phases with crystallite sizes
equal to 42.6 nm and 29.1 nm, respectively. Size, shape and surface morphologies of
material were studied by SEM and TEM analysis. SEM micrograph shows the particle
sizes to be 62 nm and 54 nm whereas TEM studies confirm the sizes to be 43 nm and 48
nm for Co and Ni, respectively. Fe-Ni-Co alloys crystallize in pure fcc phases with
crystallite sizes are in the range of 22.8-27.5 nm. SEM particle sizes of Fe-Ni-Co alloys
were in the range of 59 nm to 75 nm. The values of saturation magnetization for Co and
Ni are 122 and 47 emu/g whereas the coercivity values are 111 and 84 Oe, respectively.
The observed values of saturation magnetization for Fe-Ni-Co alloys are in the range of
54.3-41.2 emu/g and coercivity values in the range of 170-122 Oe. These alterations of
magnetic characteristics were explained with the help of fine particle size, surface effects,
spin canting at the surface and presence of superparamagnetic fractions in the ultrafine

materials.

Superhydride reduction route, using oleic acid/oleylamine as capping agents, was used

for synthesis of Co, Ni, Fe-Co and Co-Ni nanomaterials. Co crystallizes in mixture of
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53% hcp and 47% fcc phases whereas Ni crystallizes in fcc phase. Average crystallite
sizes for Co and Ni were found to be 15 nm and 35 nm, respectively. Average TEM
particle sizes were equal to 11 nm and 10 nm for Co and Ni, respectively. Both Co and Ni
show ferromagnetic behavior at room temperature. The Ms values for Co and Ni are
found to be 64 and 29 emu/g, respectively. The Hc values for Co and Ni are 436 Oe and
148 Oe, respectively and indicate high magnetocrystalline anisotropy effect. FexCo100-x
alloys (x = 40, 60, 80) prepared via superhydride route crystallize in pure a-Fe-Co alloy
phase. The crystallite sizes were found to be in the range of 23-38 nm. Average TEM
particle sizes range from 10 to 51 nm. The values of the Ms for Fe-Co alloys range from
93.1-142.2 emu/g which are quite large for Fe-Co nanomaterials. Room temperature
Madossbauer studies show change in magnetic structure at the surface of the nanoparticles.
CoxNizgox alloys (x = 20, 40, 60, 80) crystallize in pure fcc phase. Average crystallite
sizes were found to be in the range of 8-11 nm. Average TEM particle sizes range from
7-11 nm with narrow size distributions. The Ms values for annealed Co-Ni alloys are
found to be in the range of 25-59.6 emu/g whereas Hc values were 52-314 Oe These
results were interpreted with the help of size effects, altered crystal anisotropies and spin

canting at the surface of nanomaterials.

Fe-Pt and Co-Pt alloys were synthesized via superhydride reduction route. FesoPtso and
FessPtss alloys have been coated with oleic acid/oleylamine (route-1) and oleic
acid/CTAB (route-2), respectively. The as-prepared Fe-Pt alloys have disordered fcc
phase with crystallite sizes of 2.3 nm and 6 nm transformed to ordered fct phase with
crystallite sizes of 21nm and 19.5 nm for route-1 and route-2, respectively. SEM studies
confirm spherical shape morphologies with SEM particle sizes of 24 nm and 21 nm for
route-1 and route-2, respectively. As-prepared Fe-Pt alloys are ferromagnetic with
presence of superparamagnetic fractions and average magnetic moments per particle were
found to be 753 pg and 814 pg, for route 1 and 2, respectively. The values of saturation
magnetization for annealed Fe-Pt alloys were 4.4 emu/g and 29.6 emu/g whereas
maximum values of coercivity were 10000 Oe and 10792 Oe for route-1 and route-2,
respectively. CosgPts; and CogoPtso alloys have been coated with CTAB (route-1) and

oleic acid/CTAB (route-2). Disordered fcc phase of Co-Pt alloys was transformed to
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ordered fct phase after annealing at 600°C. SEM studies show that annealed Co-Pt
nanoparticles have spherical shape morphologies with SEM particle sizes of 38 nm and
59 nm for route-1 and route-2, respectively. The values of Ms and maximum value of Hc
for Co-Pt(route-1) are found to be 31.4 emu/g and 1728 Oe, after annealed at 600°C/2h.
The values of Ms for Co-Pt(route-2) are found to be 26.9 emu/g, and 22.5 emu/g whereas
Hc values are 2525 Oe, and 5027 Oe, for annealed at 600°C/2h, and 600°C/12h,
respectively. The observed magnetic properties Fe-Pt and Co-Pt alloys have been
interpreted with the help of crystallite sizes, order parameters, size, surface, and

composition effects of the nanostructured materials.

Modified polyol method was used for synthesis of Co, CosoNisy and Co-Pt alloys, and
annealing was carried out via route-1 (without NaCl matrix) and route-2 (with NaCl
matrix). Co(route-1) crystallizes in hcp phase with crystallite size of 16.4 nm while
Co(route-2) crystallizes in fcc phase with crystallite size of 37.1 nm. A TEM micrograph
shows that Co(route-1) has chain-like nanostructures whereas Co(route-2) shows nearly
spherical morphologies. Ms values of Co(route-1) were 162.7 and 167 emu/g at RT and
100K, respectively. Mg values of Co(route-2) were 29.7 emu/g and 35 emu/g at RT and
100K, respectively. These alterations in the magnetic properties show effects of size,
shape, spin canting at the surface, altered crystal anisotropies etc. The Hc values at 100K
of Co(route-1) and Co(route-2) were found to be higher than that of RT and indicate the
presence of thermal effects. Co-Ni(route-1) and Co-Ni(route-2) crystallize in pure fcc
phase with crystallite sizes of 28.1 nm and 30.4 nm, respectively. TEM studies of Co-
Ni(route-2) shows spherical morphologies with particle size of 8 nm. Ms and H¢ values
Co-Ni(route-1) were found to be 116.2-110 emu/g and 93-86 Oe at RT-100K,
respectively. Ms and Hc values Co-Ni(route-2) were found to be 45.6-47.4 emu/g and
214-324 Oe at RT-100K, respectively. These magnetic properties show fine particle size
effects, anisotropy effects and temperature effects in the materials. After annealing at
700°C, Co-Pt(route-1) possess disordered fcc structure whereas (Co-Pt)route-2 shows
ordered fct (L1o) phase. SEM studies confirm spherical shape morphologies with SEM
particle sizes of 41 nm and composition as CosgPts,. The values of Ms and Hc for Co-

Pt(route-2) are found to be 24 emu/g and 6050 Oe, respectively. The observed magnetic
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properties have been interpreted with the help of crystallite sizes, order parameters, and
composition effects.

Studies of magnetic exchange and dipolar interactions of the embedded and coated
nanoparticles system such as Ni/silica, CosoNisg/silica, Co-Ni, Co, Ni, Fe-Co and Fe-Ni-
Co. Ni/silica and CosgNise/silica with various loading (4-12 wt%) have been synthesized
by superhydride reduction route. XRD studies and TEM studies confirm that the
materials were embedded in amorphous silica matrix. XRD crystallite sizes for Ni/silica
and CosgNiso/silica are in the range of 6-10.5 nm and 13.6-16.3 nm, respectively. TEM
particle sizes were estimated to be 13.6 nm and 8.9 nm for pure CoNi and 8 wt%
CoNi/silica, respectively. Enhancements in the values of magnetizations of Ni/silica and
CoNi/silica compared to that of pure materials have been observed. FC/ZFC studies
indicate alterations in magnetic structure. These magnetic characteristics have been
explained on the basis of fine particle size, surface effects and dipolar interparticle
interactions. FC/ZFC measurements of CoxNijgox alloys coated by oleic acid and oleyl
amine confirm the presence of magnetic irreversibility and superparamagnetic blocking
of nanoparticles due to strong dipolar interactions and particle size distribution. Also,
magnetic interactions in Co, Ni, Fe-Co and Fe-Ni-Co alloys coated by carbonaceous
matter have been studied. FC/ZFC studies of Co and Ni show the wider size distributions
and result in shifting of blocking temperature value above 300 K. FC/ZFC magnetization
measurements of Fe,Coip0-x alloys show magnetic irreversibility and blocking of
nanoparticles due to strong dipolar interparticle magnetic interactions. Fe-Ni-Co alloys
show thermo-magnetic irreversibility below 300 K and blocking temperature
approximately at 300 K. FC and ZFC magnetic characteristics of Fe-Ni-Co alloys are

interpreted on the basis of interparticle interactions among magnetic nanoparticles.
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CHAPTER 1

Introduction

1.1 Transition metals and alloys

Transition metals and their alloys have tremendous technological applications in various
fields such as catalysis, optoelectronic, magnetic and biomedical etc. [1-3]. Recently,
transition metals are widely used in the pharmaceutical industries as catalysts for the
preparation of various important drugs [1]. Metals and alloys having magnetic
characteristics are extensively used for the purpose of magnetic recording, magnetic
sensors, high density magnetic storage devices etc. [2]. Newer applications include their
use in the field of biomedicine for bio-diagnostics, hyperthermia, drug delivery and

magnetic resonance imaging technique [3].

In periodic table, elements present in the group 3 to 12 are referred as transition elements
or transition metals. All these transition metals possess partially filled d-subshell in
elemental or ionic form, and hence they are also known as d block elements [4]. Typical
representation of some selected transition metals is shown in Table 1.1. Transition metals
show various attractive properties due to presence of unpaired d electrons in partially
filled d shell. More importantly, they can form solid solutions, interstitials and
compounds with other metals or non-metals (alloys) which improve the metallic
properties for particular applications. Alloy formation in transition metals takes place due

to similar atomic sizes and can exchange atomic positions in crystal lattice.

Table 1.1 List of some important transition metals capable of forming alloys.

Group number
3 4 5 6 7 8 9 10 11 12
Period4  Sc Ti \Y Cr Mn Fe Co Ni Cu Zn
Period5 Y Zr Nb Mo Tc Ru Rh Pd Ag Cd
Period 6 Hf Ta W Re Os Ir Pt Au Hg
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1.2 Important properties of transition metals/alloys
1.2.1 Electronic and optical properties

Transition metals are well known for showing interesting electronic and optical
properties due to the presence of free moving valence electrons. However, local
electronic structures in the materials change according to chemical and morphological
variations [5]. Further, variations in electronic and optical properties are observed for
nano-sized metals and alloys arise from size, shape and surface effects. Shape effects on

the optical responses are also observed which is known as surface plasmon resonance [5].
1.2.2 Magnetic properties

Transition metals show interesting magnetic properties due to presence of resultant
magnetic dipoles. Transition metal compounds and complexes are paramagnetic in nature
when they have one or more unpaired d-electrons. Some compounds are diamagnetic due
to pairing of all electrons. Some metals (e.g. Fe, Co and Ni) and their alloys show
ferromagnetism [6]. Ferromagnetism occurs when magnetic moments of individual
species, such as atoms/ions etc. are aligned parallel to each other in a crystalline material.
There are few more types of magnetism observed depending on alignment of magnetic

moments such as anti-ferromagnetism, ferrimagnetism, superparamagnetism etc.
1.2.3 Catalytic properties

Transition metals and their compounds are used for homogeneous and heterogeneous
catalytic activity [1]. These activities are related to their ability to adopt multiple
oxidation states and to form complexes. Catalysts in solid form (nanomaterial-based
catalysts) involve the formation of bonds between reactant molecules and atoms of the
surface of the catalyst. This will lower the activation energy of the reaction and increases

the rate of reaction.
1.2.4 Metallic and physical properties

In addition to above, transition metals possess metallic and physical properties, e.g.

conductors of electricity and heat, high density, high melting points and boiling points
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[7]. These properties are due to metallic bonding by delocalized d-electrons, leading to
cohesion which increases with the number of shared electrons.

However, the research work presented in this thesis is focused on few transition metal
nanoparticles (i.e. Fe, Co, Ni and Pt) and their alloys in the form of nanomaterials.
Hereafter, more detail discussion will be presented about these nanomaterials in further

sections of this introduction chapter.
1.3 General methods of synthesis of Fe, Co, Ni and their alloys nanoparticles

Synthesis of transition metals and alloys nanoparticles can be achieved by two
approaches, namely, (i) top-down approach and (ii) bottom-up approach. In top-down
approach, bigger particles will breakdown into nanomaterials of desired sizes in the range
of 1-100 nm. Here, nanomaterials are obtained using high energy particles, deposition
techniques, ball milling method and high frequency sonication [8-11]. However, top-
down approach has some disadvantages which include possibility of presence of internal
stress, surface defects and impurities etc. In bottom-up approach, nanomaterials
(nanoparticles or nanostructures) can be precipitated out directly from the solution
containing desired metal ions. Bottom-up approach has advantages in synthesis of
nanocrystalline materials with fewer defects, homogeneous composition and better short
or long range ordering. Synthesis of nanomaterials by bottom-up approach mainly
includes chemical synthetic routes which are explained in the following paragraphs.

In chemical synthesis routes, metallic or alloy nanoparticles were obtained by
precipitation from the solution. Morphologies of the final products (e.g. size, size
distribution and composition) were controlled with the help of various stabilizing or
protecting agents [5]. The typical mechanism involved in the chemical routes can be
understood with the help of LaMer diagram, i.e. plot of concentration of atoms vs.
reaction time [12] as shown in Figure 1.1. The change in phase occurred from
homogeneous (solution) to heterogeneous (liquid and nanoparticles) leads to formation of
energy barrier. To overcome this barrier, chemical synthesis passes through following
three phases (Figure 1.1).
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Figure 1.1 LaMer diagram representing different phases involved in chemical routes; phase I,
phase Il and Phase I11. Phase Il corresponds to nucleation period [12].

(1) Phase I: Initiation phase - In this phase, concentration of atoms increases with time
beyond supersaturation limit to reach energy barrier where spontaneous nucleation

occurs.

(if) Phase I1: Nucleation phase - When the degree of supersaturation is higher than
energy barrier, nucleation process starts. Here, the formation of stable nuclei of the
product and their growth take place. Due to occurrence of simultaneous nucleation and
growth, the concentration of atoms decreases up to the level where the nucleation rate

becomes zero.

(iii) Phase 111: Growth phase - In this phase, the growth of the particle continues till the

solution becomes supersaturated with the final product.

The particle sizes and size distribution strongly correlated to phase Il where the formation
of nanocrystals and nucleation occur together [13]. It shows that kinetics of above
processes can be controlled by changing various experimental conditions such as nature
of metallic precursor, temperature, pressure, reducing agents or capping agents etc.
Accordingly, there can be various chemical synthesis routes developed for the
preparation of transition metals/alloys nanoparticles. A few important synthetic routes are

described in the following sub-section.
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1.3.1 Sol-gel methods

The sol-gel process involves hydrolysis and condensation of metal alkoxides, e.g.
Al(OBuU)3, Si(OEt)4, Ti(OEt), etc. [14]. In the hydrolysis step, the metal alkoxides will be
converted to metal hydroxides by reacting with hydroxide group from water. After
completion of hydrolysis, sol undergoes condensation reactions (more appropriately,
polymerization) to form final gel. In sol-gel process, Kkinetics, hydrolysis and
condensation reactions are directly correlated to the solvent type, temperature, precursors,
pH, additives etc. [14]. The resulting gel mainly contains hydroxides of metals which can
be converted to metal oxides after calcination at various moderate to high temperatures
regime (say, 500-1200°C). Calcination at moderate temperatures results in the formation
of crystalline nanomaterials with particular phase. Initially, sol—gel routes were used to
prepare monodispersed particles of TiO, and SiO, [14], and then developed for the
synthesis of ultrafine powders of CoFe,O, and NiFe,O, [15-16]. Further, metal
nanoparticles can be prepared via the reduction of metal oxides in hydrogen atmosphere
[17]. The narrow particle size distribution can be achieved only when the reaction is
carried out through the complexation of the metal ions. For example, iron nanoparticles

were distributed in the oxide matrix by sol-gel method without agglomerations [17].
1.3.2 Thermal decomposition method

Thermal decomposition process involves a chemical decomposition of the compounds at
high temperatures (say 200-300°C). This method is also known as organometallic route
because metal/alloy nanoparticles were obtained by thermal decomposition of
organometallic complexes or metal-surfactant complexes at higher temperatures in
presence of capping agents. For example, Fe-Pt nanoparticles were prepared by
dissolving iron pentacarbonyl (Fe(CO)s) and platinum acetylacetonate (Pt(acac),) in high
boiling solvent such as dioctyl ether. Oleic acid and oleylamine were used as surfactants.
Thermal decomposition of these metal precursors was carried out at high temperature
(~300°C) which produces monodispersed Fe-Pt nanoparticles in solution. Further, these
nanoparticles were purified and dispersed in various solvents [18]. Thermal

decomposition method gives high initial supersaturation (burst nucleation) immediately
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after addition of metal precursor in the hot condition in solution phase. This phenomenon
results in the better control on the crystallinity, size and size distribution of the
nanocrystals [19-20]. The method has been used for the synthesis of various metallic
nanocrystals such as Au, Pt, Fe-Pt, Co-Pt, CoPt;, Fe-Co-Pt etc. [13, 20-21]. However,
metal precursors having different decomposition temperatures may produce core-shell
structure where metallic complex with lower decomposition temperature forms core and
complex with higher decomposition temperature forms shell on the top of the metallic
core [22].

1.3.3 Electrochemical and electrodeposition routes

The principle of electrodeposition technique involves the deposition of metal particles on
the anode from electrolyte solution by applying voltage across electrodes.
Electrochemical and electrodeposition techniques were used to prepare nanowires as well
as nanoparticles of the magnetic materials such as Co, Fe-Ni etc. [23-24]. In a typical
procedure, suitable substrate material (metal, carbon or semiconductor) was selected on
which deposition occurs. One side of substrate was coated with a layer of conducting
materials, e.g. Cu, to serve as anode. This anode was placed at the bottom of deposition
bath. Pour the solution of metal salts under study in the deposition bath and apply voltage
across two electrodes (cathode and anode). The metal nanoparticles were deposited on
the surface of substrate (anode). In this method, nuclei formation requires at high
overpotentials and low diffusion rates whereas grain growth is occurring at low
overpotentials and high surface diffusion rates. Further, grain growth of the
nanostructured materials is dependent on the deposition variables such as bath
composition, pH, temperature, current density, overpotential, and additives [24]. In
electrodeposition method, the nuclei are deposited on the surface of electrode in a random
manner [24]. Hence, the size distribution obtained in the randomly nucleated particles is
related to the interparticle diffusion coupling. Broadening in the size distribution can be
minimized with the help of the slow growth method or H, coevolution method [24]. This
technique can be used for the preparation of nanowires of Co, Ni, Fe-Pt, Fe-Co, Fe-Ni,
Co-Pt, on the varieties of the template materials such as polycarbonate, anodized

alumina, and mica [23, 25-28].
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1.3.4 Micelle or Microemulsions routes

Micelles or microemulsions are the spherical aggregates formed by the surfactant
molecules in the solution. Also, another surfactant can be used in order to enhance
surfactant role which is known as cosurfactant. The surfactant molecules contain
hydrocarbon chain with polar functional group at one end. Micelle aggregates have sizes
ranging from 1-10 nm, while microemulsion aggregates are in the 10-100 nm range in
diameter [29]. In the micelles, the hydrophilic end of the surfactant molecules is directed
outside from the aggregate and attached to polar solvent molecules (e.g. water). When the
hydrophobic end is directed outside from the aggregate and attached to nonpolar solvent
molecules (e.g. oil) are called reverse or inverse micelles. Diagrammatic representation of
structure of micelles and reverse micelles are shown in Figure 1.2. The volume of cavity
formed inside the aggregates is dependent on the nature of surfactants and cosurfactants

used.

In micelle route, a solution containing metal ions is reduced inside the micelle by using
suitable reducing agents (e.g. sodium borohydride, hydrazine hydrate etc.) to obtain metal
or alloy nanoparticles. Size and morphology can be controlled by surfactants; such as:
sodium dioctylsulphosuccinate (AOT), cetyltrimethylammonium bromide (CTAB), and
sodium dodecylsulphate (SDS). In the case of reverse micelles, water droplets which are
stabilized by surfactants, form water-pools dispersed in nonpolar solvent. Here, water-
pools acts as ‘nanoreactors’ for the reaction and hence size of the nanoparticles can be in
the order of the diameter of the water-pools. Reverse micelle route has already been used
for preparation of Co and Co-Pt nanoparticles [30]. This method has great control on
average composition of the alloy nanoparticles because both the metallic precursors
located at the interface of the micelle simultaneously. However, this method has some
limitations which include low yield of nanocrystals and large size distributions (15-24
%).
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Figure 1.2 Diagrammatic representation of (a) an isolated surfactant molecule and ((b) and(c))
micelle and reverse micelle structures involving surfactant and solvent molecules, respectively.

1.3.5 Chemical reduction methods

Chemical reduction methods use various reducing agents for the synthesis of metal and
alloy nanoparticles in solution state. Some of the important reducing agents are as

follows.

(a) Sodium borohydride: Synthesis of transition metals, i. e. Fe, Cu, and Ni, using sodium
borohydride in aqueous medium have been reported by Glavee et al. and co-workers for
the first time [31-32]. Typically, metal sulfates or chlorides are dissolved in distilled
water, where it dissociates into M™ cations and SO4%or CI" anions. The M™ is reduced to
M° by using a reducing agent, sodium borohydride. The borohydride anion (BH;) is then

oxidized to B(OH)3. General reaction scheme is as follows.
M"* + nBH; ——» M? + nB(OH); + xH,(g) 1

There is possibility of formation of metal oxides and metal borides by sodium
borohydride method due to the presence of acidity and oxygen content in the aqg. solution.
These problems may be overcome partly, if not fully, by using suitable protecting agents

and deoxygenated water.

(b) Superhydride: Lithium triethylborohydride, i.e. LiB(Et)sH, (also known as

‘superhydride’) is a strong reducing agent. Superhydride is found to be easily dissolved in

8




Chapter 1: Introduction

ether solvents due to which homogenous reduction of metal salts is obtained at various
temperatures starting from 25°C [33-35]. The typical synthesis of Fe-Pt includes the
dissolution of FeCl, and Pt(acac), metal precursors in diphenyl ether as solvent in the
presence of capping agents (i.e. oleic acid, oleylamine) at 100°C. Further, these
precursors were reduced by adding 1,2-hexadecanediol and LiB(Et)sH (1 M in THF) at
200°C, followed by refluxing at 263°C. The method produces monodispersed Fe-Pt
nanoparticles of ~4 nm sizes [36]. In addition, a great control over the final composition

of Fe-Pt alloy compared to other chemical reduction methods can be achieved.

(c) Polyalcohols: Another reduction method, i.e. polyol process, uses polyalcohol as both
solvent and mild reducing agent in presence of a base. The polyol process was first
reported by Fievet et al. in 1989 [37-38]. In this process, solid metal precursors (e.g.
hydroxides, nitrates, chlorides, acetates) were suspended in a liquid polyol. The
suspension was stirred and heated to 100-200°C depending on polyol. The reduction to
metal can be obtained by using various polyols such as ethylene glycol, propylene glycol,
diethylene glycol, trimethylene glycol, and butylene glycol. General reactions involved in

case of ethylene glycol as polyol are as follows.
2CH,0HCH,0H —— 2CH;CHO + 2H,0
2CH;CHO 4+ M™ ———— 2CH;COCOCH; + 2H,0 + M°

1.3.6 Multisynthesis processes

Multisynthesis processing routes involve the combination of polyol method and thermal
decomposition method [39-41]. In short, the process involves a high temperature solution
phase synthesis followed by a size, shape and morphology control step using capping
agents and surfactants. For example, monodispersed Fe-Pt nanoparticles of 3-10 nm size
have been synthesized via high temperature reduction of Pt(acac), using 1-2
hexadecanediol [42]. Also, thermal decomposition of iron carbonyl in the presence of
oleic acid and oleyl amine as stabilizing agents can produce Fe-Pt nanoparticles (Figure
1.3) [42]. It has been shown that the composition in the final product can be controlled by

the ratio of the iron precursor to the platinum precursor used during the synthesis.
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Figure 1.3 A block diagram representing synthesis of Fe-Pt alloy via Multisynthesis process.

1.4 Crystallography of metals and their alloys

The physical and chemical properties of the materials are directly correlated to its crystal
structure. This can be studied with the help of various crystallographic parameters. The
details of some representative crystal systems with respect to structures, types, and unit
cell parameters etc., are discussed in following subsections.

1.4.1 Introduction

The structure of Fe, Co, Ni and their alloys are found to be either amorphous or
crystalline in nature. In amorphous materials, all the atoms are randomly arranged in
three dimensions. On the other hand, crystalline materials have regular and periodic
arrangements of atoms in three-dimensional space where each point represents the
position of an atom, a molecule or an ion of the material (Figure 1.4) [43]. This array of
points showing an arrangement of atoms, molecules or ions in three-dimensional space is
called space lattice and each point is known as lattice point. Further these lattice points
can be divided into number of smallest repeating units in space lattice and each unit is
named as ‘unit cell’ of the crystal. In Figure 1.4, unit cell is shown by dark lines. Three
imaginary axes, i.e. X, Y and Z, are drawn in order to describe the unit cell parameters.
This includes the lengths of the edges of the unit cell (i.e. a, b and c) and the angles (i.e.

a, B and v) as shown in Figure 1.4.

10
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Figure 1.4 The typical representation of arrangement of atoms in unit cell inside an arbitrary
space lattice. a, b, ¢ and a, B, y represents lattice parameters and angles, respectively.

According to the French crystallographer Auguste Bravais, there can be only 14 space

lattices (or Bravais lattices) in which similar points can be arranged in three-dimensional

space. These 14 Bravais lattices have been further divided into seven basic crystal

systems [44] which are summarized in Table 1.2. Some crystal systems representatives

for metal and alloys are described in detail in the following subsections.

Table 1.2 Crystal systems, examples, no. of Bravais lattices and unit cell characteristics

of seven crystal systems.

Sr. Crystal system Examples No. of Unit cell characteristics
No. Bravais Lattice Crystal angles
lattices  parameters
1 Cubic Fe, Co, Ni and 3 a=b=c a=p=y=90°
their alloys
2 Tetragonal Fe-Pt, Co-Pt 2 a=b+#c a=B=y=90°
3 Orthorhombic BeAl,O,, ) atb+£c a=pB=y=90°
Mg,Si;Os
4 Monoclinic KAISi3Og, 2 a#zb#c a=7v=90°B #90°
LiAISi,O¢
5 Triclinic MnSiOs, 1 azb#c aFPB£y#90°
Al,SiOs
6 Hexagonal Co, Ni 1 a=b#c a=p=90°y=
120°
7 Rhombohedral CaCO0g, Fe,04, 1 a=bh=c a=p=y#90°
or Trigonal Quartz

11
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1.4.2 Major classes of crystal systems in Fe, Co, Ni and their alloys
1.4.2.1 Cubic system

The cubic crystal system has three Bravais lattices namely simple or primitive cubic
lattice (P), body centered cubic lattice (I) and face centered cubic lattice (F).
Arrangements of lattice points corresponding to same species (atoms/ions/molecules) in
unit cell of these Bravais lattices are represented in Figure 1.5. The primitive cubic lattice
has the lattice points only at the corners of each unit cell. The body centered cubic lattice
has the lattice points at the corners as well as in the body center of each unit cell. The
face centered cubic lattice has the lattice points at the corners as well as at the center of
each of the six faces of the unit cell. The metal and alloy materials are crystallize in one

of the Bravais lattices of cubic crystal system.

(A) (B)

Primitive (P) Body-centered (I) Face-centered (F)
QO Corner lattice Body centered @ Face centered
points lattice points lattice points

Figure 1.5 Bravais lattices of cubic crystal systems; (A) Primitive, (B) Body centered cubic and
(C) Face centered cubic.

Atoms, molecules or ions are arranged in crystal planes in different directions. The
orientation of each crystal plane in a lattice may be represented by Miller indices. Miller
indices are defined as the reciprocals of the fractional intercepts which the plane makes
with the crystallographic axes. Miller indices are generally written in parenthesis as (hkl).

Distance between two consecutive crystal planes is denoted as d-value of that plane (dni).

12
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Some of the crystal planes such as (100), (200), (111) and their d-spacings are shown in

Figure 1.6 for clarity. The d-values are directly related to Miller indices (h, k and I) and
lattice parameters (a, b and c). Hence d-values gives exact information about crystal

structure and used for indexing the planes and calculation of lattice parameters.
For cubic crystal system, the relation between d-value and lattice parameters is as

follows.
(1.1)

1 h2+Kk%*+12

2
Akl

() (D

()

©)

@

d100

Figure 1.6 Representation of lattice planes; (a) (100), (b) (200) and (c) (111) lattice planes and

with their d-spacings in simple cubic crystal lattices.

1.4.2.2 Tetragonal system
The tetragonal crystal system has two Bravais lattices namely (i) simple or primitive
lattice (P), and (ii) body centered lattice (). Arrangements of the lattice points in unit cell
of these Bravais lattices are represented in Figure 1.7. For example, single metals of Fe,
Co, and Pt have body centered cubic, hexagonal close packed, and face centered cubic
structure, respectively at room temperature. However, Fe-Pt and Co-Pt alloys have
disordered face centered cubic (fcc) structures at room temperature and show transition to
face centered tetragonal (fct) crystal structure at higher temperatures. The arrangement of
Fe and Pt atoms occurred during the phase transformation from fcc to fct is shown in

13
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Figure 1.8. In case of Co-Pt, Fe atoms can be replaced by Co atoms. For tetragonal
crystal system, the relation between d-value and lattice parameters is as follows.
1 h%+k% | 12

o 02 + ) (1.2)

(A) (B)

Corner lattice
points

3 Body centered
lattice points

Primitive (P) Body-centered (I)

Figure 1.7 Bravais lattices of tetragonal crystal system; (A) Primitive and (B) Body centered
tetragonal.

O

R
~

Figure 1.8 Crystal structures of disordered fcc Fe-Pt alloy (A) transforming into ordered fct
phase (B). Fe or Pt atoms in disordered fcc structure are occupied in random manner and (A)
denotes one of the specific arrangements.
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1.4.2.3 Hexagonal system

The hexagonal crystal system has only one Bravais lattice namely simple or primitive
lattice (P). Arrangements of lattice points in unit cell of Bravais lattice is represented in
Figure 1.9 (A). For example, Co metal crystallizes in hexagonal close packed (hcp)
crystal structure at lower temperatures. In case of hcp, additional layer of three lattice
points will be incorporated in primitive crystal structure as shown in Figure 1.9 (B). For
hexagonal crystal system, the relation between d-value and lattice parameters is as
follows.

+ = (1.3)

a?

1 _4(h2+hk+k2) 12

Face centered
lattice points

Intermediate
lattice points

Primitive (P) Hexagonal close packed (hcp)

Figure 1.9 (A) Primitive Bravais lattice for hexagonal system and (B) crystal structure for
primitive lattice in hcp form.

1.5 General introduction to magnetism

Magnetism in the materials occurs due to the spin and orbital motion of the electrons.
Hence, an electron has spin magnetic dipole moment (Us) and orbital magnetic dipole
moment (Uorp) Which are directly related to spin angular momentum and orbital angular
momentum of an electron, respectively. Only spin magnetic dipole moment of an electron

in z direction is known as the Bohr magneton (BM) and its value is 9.27x10%* JT™. The

15



Chapter 1: Introduction

fundamental unit of magnetism is Bohr magneton (ug). However, the response of
magnetic materials in the presence of external magnetic field is expressed in terms of
magnetic susceptibility (y). If M is the magnetization generated in the material at applied
field of H, then y can be expressed by equation 1.4. Here, x is volume susceptibility
because M is magnetic moments per unit volume and also it is dimensionless since M and
H. are in same dimensions. Volume susceptibility (x) can be converted to molar

susceptibility (x,,), (cgs unit is cm® mol™) as shown in equation 1.5.

X = (14)

T =

M1

Xm =XVm = X " (1.5)

where, M is molar mass and p is density.

1.5.1 Different kinds of magnetic ordering

Depending on behavior of magnetic materials in external magnetic field and the values of
¥, they are classified into five basic classes as (i) diamagnetic, (ii) paramagnetic, (iii)
ferromagnetic, (iv) ferrimagnetic and (v) antiferromagnetic. The schematic
representations of alignments of the magnetic dipole moments exhibiting five major
kinds of magnetic behaviors are shown in Figure 1.10 (a), (b), (c) and (d). A brief

description of the aforesaid magnetic behaviors is explained in the following subsections.
1.5.1.1 Diamagnetic materials

These materials have completely filled electron shells and hence show no net magnetic
moment. However, they can induce magnetic moment in applied magnetic field but in
opposite direction to applied field according to Lenz’s law. [45] Therefore, diamagnetic
materials show negative x,, values and are in the order of -10° to -10° cm® mol™.
Examples of diamagnetic transition metals are Cu (x,,, = -5.46x10° cm® mol™), Ag (x,, =
-1.95x10™ cm® mol™), Au (x,,, = -2.8x10°° cm® mol™) etc. [46].
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Figure 1.10 Schematic presentations of alignments of atomic magnetic moments for (a)
paramagnetic, (b) ferromagnetic, (c) ferrimagnetic and (d) antiferromagnetic materials.
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1.5.1.2 Paramagnetic materials

The materials containing unpaired electrons in their atoms, molecules or ions do possess
magnetic dipole and may show paramagnetism. In the absence of magnetic field, the
atomic magnetic moments are randomly oriented and net magnetic moment becomes zero
for paramagnetic materials (Figure 1.10 (a)). When magnetic field is applied, partial
alignments of moments occur and give positive x,, values in the order of 10° to 10 cm®
mol™. Paramagnetic materials obey Curie law which gives variation of y with
temperature (T') [43] as shown in equation 1.6. Here C is Curie constant.

X= (1.6)

Examples for paramagnetic transition metals include W (x,, = 5.3x10° cm® mol™), Pt
Ot = 1.93x10™* cm® mol™) etc. [46].

1.5.1.3 Ferromagnetic materials

Ferromagnetic materials contain unpaired electrons and possess magnetic dipole like

paramagnetic materials. But, these magnetic dipoles strongly interact with magnetic
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dipoles of neighboring atoms due to exchange fields and the phenomenon is called
exchange coupling. Due to exchange coupling, atomic moments are aligned parallel to
neighboring moments and hence possess net magnetization (Figure 1.10 (b)). The
occurrence of such net magnetization in the absence of field is called spontaneous
magnetization. Ferromagnetic materials have higher positive Y, Vvalues than
paramagnetic materials in the order of > 10 cm® mol™. Temperature dependency of y
can be shown by Curie-Weiss law [43] (EQ. 1.7). The value of i decrease with increasing
temperature, loses its ferromagnetic characteristics at critical temperature called Curie

temperature (T¢), and becomes paramagnetic above Tc.

X= 75 (1.7)
where, C and 0 are constants and the value of 0 is close to Tc.

Examples of the ferromagnetic materials are Fe (x,, = 1.1x10° cm® mol™), Co (x,,, = 132
cm® mol™), Ni (x,, = 315 cm® mol™) [46].

1.5.1.4 Ferrimagnetic materials

In ferrimagnetic materials, the magnetic moment ordering is composed of two magnetic
sublattices (antiparallel arranged) which are separated by oxygen anions as shown in
Figure 1.10 (c). The exchange interactions occur through the oxygen anions, called
indirect or superexchange interactions. The strongest superexchange interactions were
observed for an antiparallel alignment between two sublattices. These materials have
similar characteristics like ferromagnetic materials being spontaneously magnetized with
Tc at finite temperature. Examples of ferrimagnetic materials include transition metal
oxides such as MFe;O4 (M = Fe, Mn, Co, Ni etc.) [46]. These materials have normal
spinel or inverse spinel structure. M?* ions occupy tetrahedral sites and Fe** ions occupy
either octahedral sites (normal spinel) or both tetrahedral and octahedral sites (inverse
spinel). Magnetization of MFe,O, materials depends on nature and concentration of M?*
ions. The tetrahedral and octahedral sites form the two magnetic sublattices which are
antiparallel to each other with different magnetic moments. Superexchange interactions

occurred in these two sublattices and gives ferrimagnetic properties. For FezO4 spinel,
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saturation magnetization and Curie temperature are found to be 92 emu/g and 580°C,
respectively.

1.5.1.5 Antiferromagnetic materials

The atomic moments in these materials are aligned antiparallel to each other as shown in
figure 1.10 (d). Antiferromagnetic materials have x,, values in the order of 10” to 107
cm® mol™. In the materials antiferromagnetic ordering exist at sufficiently low
temperatures up to a critical temperature known as Neel temperature (Ty) and above Ty
the antiferromagnetic ordering gets disturbed and susceptibility value enters into the
paramagnetic regime. Examples of antiferromagnetic materials include hematite (a-
Fe;03) (), = 3.5x10° cm® mol™), Cr (x,,, = 1.8x10™ cm® mol™) etc. [46]. Hematite has
corundum (Al,O3) crystal structure may be indexed as hexagonal or rhombohedral. Here
oxygen ions situated in hexagonal close packed framework and Fe** ions occupy
octahedral interstices. The magnetic moments of the Fe** ions are ferromagnetically
coupled within same c-plane, but antiferromagnetically coupled between the different

planes [47].
1.5.2 Ferromagnetism in transition metal and alloys

The transition metal and alloys studied in this thesis are ferromagnetic in nature and are
highlights in this sub-section.

The phenomenon of spontaneous ferromagnetism is exhibited by three of the 3d
transition metals (i.e. Fe, Co, and Ni), and heavy rare-earth metals such as Gd, Th, Dy
etc. However, the 3d transition metals have high Curie temperatures and exhibit
ferromagnetism with large spontaneous magnetizations at room temperature [48]. The
magnetic dipole moments exhibited by metals and alloys can be explained based on the
band theory of solids [6]. In iron, cobalt and nickel have an inner energy level that is not
completely filled, i.e., each atom in the metal has a permanent magnetic moment, equal in
strength to the number of unpaired electrons. If the atoms are close to each other so that
the electrons can be exchanged between neighboring atoms, a cooperative magnetization

may occur which spontaneously aligns all atoms in a lattice and creates a strong magnetic
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moment. When the spins between neighboring atoms are aligned parallel, the material is
said to be ferromagnetic. Slater-Pauling curve describes the variation of the mean atomic
magnetic dipole moment as a function of outer electron number in transition metal alloy
systems [49]. Fe, Co and Ni exhibit saturation magnetic moments of 2.2, 1.7, and 0.6
Bohr magneton per atom, respectively, at 0 K. Hence, Slater-Pauling curve is an
important starting point in deciding the alloy composition for a particular application.
Magnetic behavior of ferromagnets involves not only spin coupling between neighboring
atoms but the formation of sub-micrometer magnetic domains [50-51]. In ferromagnetic
materials, individual magnetic moments form domain in which all moments have parallel
orientation. Hence, the resultant magnetization (M) has contribution from all the domains

oriented in different directions.

The behavior of ferromagnetic materials under external applied magnetic field (H) is
shown in Figure 1.11. In the absence of field (H = 0), all the domains are randomly
aligned, cancel magnetization of each other and net magnetization may be negligible.
After applying field, magnetization in the material increases slowly and then drastically
up to a certain value and then gets saturated (curve a). The saturation magnetization is
denoted as Ms, and ‘curve a’ is called initial magnetization curve. At this stage, the
direction of H is reversed, magnetization will not follow initial curve, and instead it will
follow the curve b. Some magnetization is retained even at H—0, which is called
remanence or residual magnetization (M;). The field required to bring magnetization
value to zero is called coercive field or coercivity (Hc) of the material. With the further
field in opposite direction, magnetization will saturate at negative Ms value. Again
increasing field in forward direction (curve c), magnetization will complete loop
formation which is called hysteresis loop.
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Figure 1.11 Magnetization reversal and domain structure in ferromagnetic materials. Curve a is
the initial magnetization plot and curves (b, c) represent hysteresis loops in reverse and forward
directions, respectively.

1.5.2.1 Classification of ferromagnetic materials

Depending on the value of coercivity and engineering applications, the magnetic
materials are divided into three classes; (a) soft, (b) hard, and (c) semi-hard magnetic
materials [52]. Typical M-H plots for these materials are shown in Figure 1.12.

(a) Soft magnetic materials

Soft magnetic materials can be easily magnetized and demagnetized. Hence, they possess
high magnetic permeability, low coercivity, and low hysteresis loss. They are used for the
cores of the transformers, motors, inductors, and generators. Examples of soft magnetic

alloys include Fe-Ni, Fe-Co, Fe-Co-Ni, and Fe-Si alloys.
(b) Hard magnetic materials

Hard magnetic materials require high field to saturate magnetization and hard to
demagnetize. They possess high coercivity and high remanence. They are used as
permanent magnets in electric meters and loudspeakers. The performance of permanent
magnet is its maximum energy density (BH)max Which is a measure of the maximum

magnetostatic energy available from a magnet of particular shape. High coercivity and
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high remanence are required for obtaining large (BH)max. Examples for hard magnetic
materials include Fe-Co-W steel, Fe-C-Al steel, Fe;NiAl, Fe-Cr-Co alloy, Fe-Pt and Co-
Pt alloys.

(c) Semi-hard magnetic materials

They are used in the magnetic recording media which require properties in between soft
and hard materials. They are characterized by moderately high coercivity and high
remanence magnetization. These properties for specific applications can be designed by
synthesizing materials with desired particle sizes. Fine particles or nanoparticles (particle
size < 100 nm) of ferromagnetic materials such as Fe, Co, Ni, and their alloys may give

properties for magnetic recording media applications.

(a) M (b) M (c) M

Soft magnetic materials Hard magnetic materials Semi-hard magnetic materials

Figure 1.12 Typical representations of M-H plots for soft, hard and semi-hard magnetic
materials.

1.6 Fine particle magnetism (Nano-magnetism)
1.6.1 Alteration of magnetic properties of nanostructured materials

Magnetic properties of the materials are generally divided in two types, (i) intrinsic
magnetic properties and (ii) extrinsic magnetic properties. Intrinsic magnetic properties
do not vary with external parameters, e.g. saturation magnetization (Ms),
Magnetocrystalline anisotropy constant (Ky), Curie temperatures (T¢) etc. [53]. Extrinsic
magnetic properties depend on the morphology, crystal structure and anisotropies in the
system, e.g. magnetic permeability (W), coercivity (Hc), remanence (M) etc. [53].
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However, at nano-scale level, intrinsic properties like Ms, K;, T¢, and extrinsic properties
like Hc can change with alloy composition, crystal structure and reduction of particle size
[54-57]. The state of lowest free energy for ferromagnetic nanoparticles can be achieved
below critical size where it forms single domain particle with uniform magnetization. In
such kind of particles, thermal energy (ksT) plays an important role in the magnetization
process and results in magnetic transitions from ferromagnetic to superparamagnetic state
with the decrease in particle size [58-59]. Further, variations in magnetic properties such
as coercivity value (Hc), blocking temperature (Tg), and effective anisotropy constant

(Kesr) etc. can also be expected due to interparticle magnetic dipolar interactions [60].

1.6.2 Coercivity of nanoparticles

As the particle size (or particle diameter) of the material is reduced, coercivity is found to
increase, reaches to maximum value and then tends towards zero. For example, variation
of coercivity with particle sizes in Fe and Fe-Co is reported by Kneller and Luborsky in
the size range of 300 nm to 2 nm [61]. Schematic diagram for coercivity variation with
particle diameter is shown in Figure 1.13. The diameter at which material reaches to
maximum value of the coercivity is called critical diameter (D). The particles with
diameter above D, have multi-domains magnetic structure where magnetization is stable
and non-uniform. Particles below D become single domains with stable and uniform
magnetization. As the particle diameter decreases below D, coercivity decreases and
reaches to zero at threshold diameter (D;) because of thermal energy exceeds the
anisotropy energy barrier. Corresponding particle volumes at critical diameter and
threshold diameter are known as critical volume (V) and threshold volume (V)),
respectively. In actual practice, there is assembly of particles with different diameters in a
system. Hence, resultant properties are estimated from average of all. The particles with
diameter below D; have unstable magnetization, fluctuates in the direction of easy axis,

magnetization reverse spontaneously, and are called superparamagnetic particles.
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Figure 1.13 Variation of coercivity with the increase in average diameter of nanoparticles.

1.6.3 Magnetic anisotropy in nanoparticle system

The total magnetic energy (W) of nanoparticle system in an external magnetic field (H)

can be written as follows:
W=W, + W, +Wy+W, +W, (1.8)

Where, Wy is the exchange energy, Wp, is the magnetostatic energy, Wy is the energy in
the external magnetic field, W,, is the energy of the magnetic domain wall (in case of
multi-domain particles), and W, is the anisotropy energy. Further, the anisotropy energy
(Wa) has various components such as: magnetocrystalline anisotropy (Wy), shape
anisotropy (W), surface anisotropy (Ws), and an induced anisotropy (due to different

effects) (W;). Then, components are described in detail in the following sections.
W, =Wy, +Ws, + Wy + W; (1.9)
1.6.3.1 Magnetocrystalline anisotropy (Wy) in nanoparticle system

The magnetization of a single crystal in an external magnetic field shows different
approach to saturation in different directions along crystallographic axes. This leads to

the existence of magnetocrystalline anisotropy [6]. The direction in the crystal in which
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the magnetization occurs easily is the easy magnetization axis, whereas the direction in
which the magnetization occurs in a hard way is the hard magnetization axis. For
example, in Fe single crystal, the directions <100>, <010>, and <001>, are easy
magnetization axes, and the direction <111> is the hard magnetization axis (Figure 1.14).
The mechanical work of magnetization required in order to rotate the spontaneous
magnetization vector from the direction of easy magnetization axis to different

crystallographic direction is equal to the magnetocrystalline anisotropy energy (Wy).

The symmetry of crystal plays important role in determination of the value of Wy. For
example, the magnetocrystalline anisotropy energies for cubic symmetry, Wy, (e.g. Fe,

Ni) and for hexagonal uniaxial symmetry, Wy, (e.g. Co) can be written as follows.
Wy . = K, (afas + aias + asa?) + K,aZasad + - (1.10)
Wy« = K1 sin?@ + Ky, sin*g + - (1.11)

where, a1, ap, az are the direction cosines along the crystallographic axes, ‘¢’ is the angle
between the spontaneous magnetization vector and the main axis of symmetry, Ki, Kp,

K3, Kiy, and Ky, are the magnetocrystalline anisotropy constants.

<111> A <001>

1<010>

Figure 1.14 Representations of <100>, <010>, <001>, and <111> directions in bcc Fe single
crystal.
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1.6.3.2 Magnetic shape anisotropy (Wsh) in nanoparticle system

The magnetization is dependent on the shape of particles. The shape anisotropy energy
(Wspn) for a single crystal with ellipsoidal shape (with ellipsoid axes, where, a >> b = c),

can be defined as follows.
Wy = Kypsin?6  where Ky, = (22) (N, — Np)MZ (1.12)

where, N, and Ny, are demagnetization factors of the ellipsoid axes a and b, respectively
(Here, ‘@’ is major and ‘b’ and ‘c’ are minor axes of ellipsoid.). 0 is the angle made by the
spontaneous magnetization with the major axis, a, of the ellipsoid. Kg, is the shape
anisotropy constant. For spherical shape, N,=Ny, therefore K¢, = 0, and hence there is no

shape anisotropy.
1.6.3.3 Surface magnetic anisotropy (Ws) in nanoparticle system

Surface magnetic anisotropy arises due to incomplete atomic bonding or broken
symmetry on the surface of a crystal [62]. For example, the surface anisotropy energy
(W;) for cubic symmetry can be expressed as follows [63-64]:

W, = K,cos?f3 and K =(2)K, (1.13)

where, K, and K. are the surface anisotropy constant expressed in Jm? and Jm*,
respectively, and g is the angle between the spontaneous magnetization vector and the
direction of the external normal at the surface considered. As the value of K. is dependent
on particle diameter, surface anisotropy plays significant roles in nanoparticles such as

variations in the values of intrinsic magnetization and hyperfine fields [64].
1.6.3.4 Induced magnetic anisotropy (W;) in nanoparticle system

In nanoparticle systems, magnetic anisotropy can be induced when the equilibrium
position of the spontaneous magnetization vector influenced during material preparation
and processing. This may result in the occurrence of elastic tensions (stress) in the

material or the existence of magnetic exchange coupling between the spins (e.g.
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nanoparticle-matrix interface or core—shell). An induced magnetic anisotropy energy can
be denoted as W; and induced magnetic anisotropy constant as K;.

By considering all four forms of magnetic anisotropy, the total or effective magnetic
anisotropy of the nanoparticle systems is the sum of four anisotropies and effective

magnetic anisotropy constant (Kes) can be expressed as follows [65].

In actual practice, K,rr is more significant because the value of K determined from

experimental coercivity value of nanomaterials includes contribution from all four

anisotropies as discussed above.
1.6.4 Factors influencing saturation magnetization of nanoparticles

At nano-scale level, surface to volume ratio in nanomaterials is higher than the
corresponding bulk materials. This indicates increase in number of surface atoms when
compared to bulk atoms. The magnetic structure of bulk atoms and surface atoms are
significantly different which leads to interesting magnetic phenomena in nanoparticle
systems [66]. Magnetization (M) of the materials is the resultant magnetic moments ()
per unit volume. However, the variations in M for nanoparticles are dependent on various

factors which are discussed below.

1.6.4.1 Size, shape and surface effects

It has been observed that there is reduction in saturation magnetization of nanoparticles
compare to corresponding bulk materials and it decreases with decreasing particle size
[67-70]. This is related to size, shape and surface effects on magnetization of
nanoparticles. As size of particle decreases, the energy that holds the magnetic moment in
particular direction (i.e. anisotropy energy) decreases. This leads to the randomization of
magnetic moments which may reduce the resultant magnetization [66]. Further,
nanoparticles of same volume but different shape have different anisotropy constants as
well as proportion of disordered spins at the surface. In case of FesO,, anisotropy

constant for spherical nanoparticles was higher than cubic particles but the higher
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magnetization was observed for cubic nanoparticles due to presence of less disordered
spins [71]. For the nanocrystals of y-Fe,O3 with particle size of 5.9 nm, the spins at the
surface of nanoparticle have disordered structure (i.e. canted spin structures) whereas
they are ordered in the core [72]. In addition, surface spins may have fix orientation in
particular direction because of bonding with organic coating, known as ‘spin pinning’.
And spin canted layer may froze into ‘spin-glass-like phase’ at lower temperatures where
roughly equal proportion of ferromagnetic and antiferromagnetic atomic orientations are
present [73-74]. These surface effects lead to the formation of core-shell magnetic
structure in nanoparticles having two kinds of diameters, i.e. physical diameter (D) and
magnetic diameter (Dn) as shown in Figure 1.15. Various theoretical models were
proposed for explanation of ‘spin canting’ for NiFe,O4 nanoparticles, ‘spin pinning’ for
nanoparticles capped by organic surfactant, and ‘spin-glass-like surface layer’ for
ferromagnetic core at low temperatures etc. [73-76]. The surface spin disorder occurs
mainly because of the modification of the exchange interactions between surface
magnetic ions with incomplete coordination [77]. Reduction in Mg value compare to bulk
value (Ms pyuik) due to size and surface spin disorderness can be expressed by following
relation [78].
Mg = Ms puix (Dm)3 (1.15)

D

Ordered spin
structure in core

Disordered spin
structure at surface

Figure 1.15 Schematic representation of order-disorder spins structure in the nanoparticles. D and
D, are physical and magnetic diameter, respectively.
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1.6.4.2 Effects of Temperature

The value of Ms at higher field strengths reduces with the increase in temperature and
will reach to zero at Curie temperature (Tc) where ferromagnetic (or ferrimagnetic)
materials become paramagnetic. For bulk materials, variation of Mg with temperature can
be shown by Bloch law [79] where Ms value found to decrease with increase in

temperature. The expression can be represented as follows:
M(T) = Mg(0) (1 — AT3/2) (1.16)

Where Ms (0) is spontaneous magnetization at 0 K, A is a constant that depends on the
exchange integral J (A ~ 1/J%?).

For nanoparticles, it has been observed that T decreases as the diameter of nanoparticle
decreases [80-82]. In fine particle systems, some systems follow Bloch law while several
others show deviation towards larger values from T3/2 law [83-85]. However, it has been
found that the relative increase of Ms at two different temperatures in fine particles
systems is much higher than that of bulk materials in the same temperature range [86].
This increase in magnetization at lower temperatures is due to increase in magnetic
diameter and magnetic volume of nanoparticle which has been observed in case of
nanoparticles covered by oleic acid [87]. An increase in the magnetic volume will occur
when the disordered spins in the surface layer (shell) become magnetically ordered as in
the core of particle at low temperatures. This fact has been proved using electron spin

resonance spectroscopy and Mossbauer spectroscopy at low temperatures [88-89].
1.6.5 Superparamagnetism in nanoparticles

In case of nanoparticle system, when the particle diameter reduces to below threshold
diameter (D < Dy), the relaxation time of the magnetic moments at finite temperature is
very small and is of the order of 10 s [90-91]. Under these conditions, the magnetization
of single-domain nanoparticles fluctuates rapidly along the easy magnetization axis [90],
being always in thermodynamic equilibrium. After applying an external magnetic field,
magnetic moments respond instantly to the field variations. This behavior of a system of

nanoparticles is magnetically equivalent (i.e. M vs. H response) to a system of
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paramagnetic atoms (Langevin’s paramagnetism) [92], where the non-interacting atomic
magnetic moments exist instead of the nanoparticle magnetic moments. Hence, such a
system of nanoparticle assembly is called superparamagnetic (SPM) system [93], and the

phenomenon is called superparamagnetism.

Thus, the magnetization of a SPM system can be expressed by Langevin formula derived

from classical theory of paramagnetism [94].

_ HomnypH  kgT
MSPM(H' T) = nimyp (Coth KgT p.OranH) (117)

Where, n is the concentration of nanoparticles in the system, m,, is the magnetic
moment of a nanoparticle, and the parenthesis contains the Langevin function. For a
system of non-interacting nanoparticles to have a superparamagnetic behavior in the
external field, two conditions must be met: (i) the M vs. H plots recorded at different
temperatures must show zero coercivity and follow the Langevin function, and (ii) using

same magnetization data, curves in the representation of M/Ms vs. H/T should overlap.

In the presence of thermal energy (T > 0 K), when the nanoparticle’s size becomes lower
than D (or particle volume, V < V), the magnetization of nanoparticle fluctuates along
the easy magnetization axis (reversing at 180°) [90]. In the absence of external magnetic
field (H = 0), for the spontaneous magnetization to reverse, considering nanoparticle with
uniaxial magnetic anisotropy constant (K,), the energy barrier must be overcome the
value (W):

W, = K,V (1.18)

The probabilities of crossing the potential barrier are higher thermal energy (ksT) and
reduction in particle volume (V). The time required to reverse the magnetization is
known as Neel relaxation time () and the process is known as Neel magnetic relaxation
[90].

K,V
Ty = To€Xp (k;‘T) (1.19)

Where, 7, is a time constant which usually has the value 10®° s [95]. In practice of

measurements, the time interval taken for Neel relaxation process is called measurement
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time (ty). In the case of static measurements, it is generally considered as 100 s [96].
When the relaxation time is equal to the measuring time (ty= ty), above equation 1.19

becomes,
K,V = 25kgT (1.20)

This expression gives temperature up to which spins (magnetic moments) are blocked
and are corresponding to the blocking of magnetic moments, known as blocking
temperature (Tg).

K,V
Ty = s (1.21)

When the nanoparticles with volume V has a temperature T < Tg, the magnetic moments
of the nanoparticles are blocked, and when T > Tg, the magnetic moments of
nanoparticles fluctuate along the axis of easy magnetization (relaxation).

1.6.6 Long-range crystalline order (LRO)

In crystalline solids, arrangement of atoms or lattice periodicity is maintained over a
distance to obtain crystal symmetry or correlations. This translational ordering over a
long distance compare to interatomic distances is known as long range crystalline order.
The perfect long range order (LRO) in Fe-Pt or Co-Pt system means all the Pt-sites are
occupied by Pt atoms and the Fe-sites by Fe atoms (or Co sites by Co atoms) in fct crystal
structure. However, the actual chemical order may not be perfect and to characterize the

degree of order, LRO parameter (S) can be defined by following expression [97]:
S = rpt + T'Fe - 1 (122)

where, rp, and rg,, are the fractions of Pt- and Fe-sites occupied by a correct atom, Pt or
Fe, respectively. When the order is perfect, the order parameter S reaches unity, while for
a completely random atom arrangement S is equal to zero. Thus, the order parameter can
reach its maximum (S = 1) only for a stoichiometric composition. For non-stoichiometric
compositions, S is always less than unity. Generally, powder XRD is used to calculate the

long-range chemical order parameter (S) in Fe-Pt and Co-Pt alloys.
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1.7 Literature Survey
1.7.1 Recent reports on Fe, Co and Ni metal nanoparticles

Investigations on physical properties of nano-magnetic materials have become important
topic of research because of their variations in the properties at the nano-scale level [98-
99]. It has been studied in the literature that magnetic nanoparticles show size and surface
dependent magnetism and magnetic transition from ferromagnetism to
superparamagnetism [100]. The magnetic properties of metal nanoparticles have already
been studied in order to explain their applicability in the technological and biological
fields [100]. The self-assembled nanocrystals of metal nanoparticles which can show
ferromagnetism at room temperature, such as Fe, Co and Ni, are widely used in the
fabrication of nano-devices [102-103]. The metal nanoparticles of Fe, Co, and Ni have
great interest due to their potential technological applications; such as magnetic
recording, magnetic storage devices, magnetic refrigeration systems, catalysis, ferro-
fluids, magnetic carriers for drug delivery, magnetic resonance imaging etc. [104-107].
Especially, metallic magnetic materials at nano-dimension, e. g. cobalt and nickel
nanoparticles, are used in the microwave absorption devices due to their high relative
complex permeability in the frequency range of 1-5 GH, [108]. Metallic and alloy
magnetic materials have high permeability, large saturation magnetization and high
Snoek limit at high frequency band. Therefore, they are especially promising for the
excellent electromagnetic wave absorption (EMA) performances in gigahertz range
[109]. Recently, metal and alloy magnetic nanoparticles are used in the development of
radar-absorbing materials for commercial and military applications instead of carbon

based materials, ferrites and carbonyl iron powder [109-110].

1.7.2 Recent reports on binary alloys of Fe, Co and Ni

Recently, research on Fe-Co alloys has received increasing attention of scientists because
of their technological properties; such as large permeability, high saturation
magnetization and Curie temperature [111-112]. In nanometer scale, Fe-Co alloys are
important for their applications as building units for functional nanomaterials, magnetic

resonance imaging, magnetic recording, biomedical applications and microwave

32



Chapter 1: Introduction

absorbing materials [113-117]. Size, shape, surface and compositions dependence of
physical and chemical properties of the nano-structured Co-Ni alloy materials, such as
magnetic and catalytic properties, have been studied in the literature [118-120]. Co-Ni
alloys nanomaterials are soft magnetic systems even though they were least focused for
their investigations on magnetic properties when compared to other soft magnetic
systems such as, Fe-Co and Fe-Ni [121]. Co-Ni nanomaterials with desired size, shape,
surface morphologies and compositions have specific applications in technological fields
[122]. These nanomaterials have extensive applications in the field of magnetic recording
media, ferrofluids, magnetic inks, magnetic resonance imaging, sensors etc. [2, 123]. In
biomedical sciences, magnetic nanoparticles are used as probes and vectors for medical
diagnosis, hyperthermia treatment, drug delivery systems etc. [124-125]. In addition, Co-
Ni alloys are effective electromagnetic wave absorption materials used in fabricating

electronic devices for various applications [126].
1.7.3 Recent reports on ternary alloys of Fe, Co and Ni

Fe-Ni-Co ternary alloys can be used successfully for high density magnetic recording
[127-129]. The substituted alloys can have improved magnetostrictive properties and can
have varieties of applications including magnetoresistance sensor [130]. Further Fe-Ni-
Co alloy with compositions (i.e. 29% Ni, 17% Co and balanced Fe) is termed as Kovar
and is of technological importance in electronic industry, e.g. power tubes, X ray tubes,
seal materials etc. [130-132]. The Kovar alloy possesses soft magnetic properties having
coercivity in the range of approximately 50-100 Oe. The curie temperature of the Kovar
alloy has a value of 435°C. As stated earlier, the microstructure and magnetic properties
of the Kovar alloys are sensitive to shape and size of the alloy particles. Synthesis and
characterization of Kovar alloys have already reported in nano-crystalline form by using
gaseous reduction method [130]. Fe-Ni-Co alloys have been receiving technological
importance due to their size and shape sensitive magnetic and microstructural properties
[133-134]. Especially, these alloys are widely used as EMA materials for commercial and
military applications [109]. In electronic industries, these materials are used for
recording, storage devices, material’s sealing, press working, photo-etching and thermal

resistance purposes due to their unique magnetic and thermo-physical properties [130].
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Further, it has been observed that doping of small amount of cobalt in Fe-Ni alloys show
enhancement in magnetic properties with small hysteresis loss [135]. Greve et al. have
studied nano-structured Fes4Ni7Co19 and PTFE nanocomposites for their magnetic high
frequency applications in GH, range [136]. It has been reported that structure and
magnetic properties Fe-Ni-Co ternary alloys depend on the synthetic methodology and
subsequent heat treatments of the materials [137].

1.7.4 Recent reports on Fe-Pt and Co-Pt alloys

Modern permanent magnet materials are based on intermetallic compounds of rare-earths
and 3d transition metals with very high magnetocrystalline anisotropy, such as Nd,Fe;4B
and SmCos [138]. L1, phases of Fe-Pt and Co-Pt alloys also possess high
magnetocrystalline anisotropy constants (Ky), i.e. 6.6-10 x 10° Jm™ and 4.9 x 10° Jm=,
respectively [139]. However, Fe-Pt and Co-Pt alloys have more advantage compared to
the rare-earth-transition-metal-based compounds due to their ductility and chemical
inertness. High magnetocrystalline anisotropies of Fe-Pt and Co-Pt alloys results in
higher Hc values ranges from 4-20 kOe. Fe-Pt alloys with Hc values of 4-8 kOe with
significant values of saturation magnetization, Ms (40-60 emu/g) are required in order to
make stable storage device with maximum signal to noise ratio (SNR) [140]. SNR can be
increased by decreasing grain size, but magnetizations of smaller grains below critical
size may fluctuate due to thermal energy known as superparamagnetic effects. However,
stable magnetization can be achieved by using high anisotropy materials. Due to the
unique combination of excellent intrinsic magnetic properties and good corrosion
resistance, Ll1o-based thin films and nanoparticles of Fe-Pt alloys are promising

candidates for ultra-high-density magnetic storage media [42, 139].
1.7.5 Recent reports on metal/alloy nanoparticles dispersed in silica matrix

Recently, research in nanochemistry mainly focuses on synthetic techniques meant for
precise control on the morphology of nanoparticles [141]. In order to control the particle
size, size distribution and morphology, silica matrix is an excellent candidate who
provides cavities having well defined size, geometry and regularity in special

arrangements [142]. Generally, metal precursors were adsorbed on the mesoporous
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template and then reduced in H; (g) flow. Such kind of approach is called “host-guest”
synthesis [143]. The methodology gives highly dispersed system of metal nanoparticles
in silica matrix. It has been reported that silica matrix is an excellent candidate for
transferring magnetic exchange interactions among particles and hence enhanced
magnetic properties at macro scale can be expected [144]. At present, syntheses of Ni
nanoparticles dispersed in silica matrix have been reported by sol-gel method and
chemical reduction by aqueous hydrazine [143, 145].

These materials have potential applications in various fields; just to name a few: catalysis
[146], biomedical [147], magnetic recording media [148], microwave absorption
materials [126] etc. Alloy nanoparticles embedded in silica matrix show altered magnetic
properties (Ms, Hc, Kesr etc.). The values of the Ms can be different from that of the bulk
materials [149-150]. Co, Ni and their alloys nanoclusters in silica host show an
enhancement in the magnetic moment and decrease in coercivity due to the
superparamagnetic behavior [151]. Significant changes in effective anisotropy constant
(Kesr) are also reported for metal/alloy nanostructures [149]. These variations in the
magnetic properties of nanomaterials embedded in silica matrix have already been
attributed to several aspects such as high surface area to volume ratio, electronic
structure, interaction between nanomaterials and matrix, or interparticle interactions [150,
152-153]. In order to control size, dispersion, stability and interparticle interactions
among nanoparticles, nano-composites of alloys (e.g. Co-Ni, Ni-Cu, Co-Cu, Fe-Co etc.)
in silica matrix have been synthesized by various synthesis techniques such as sol-gel
method [150], high temperature hydrogen reduction method [153], ion implantation
method [149], mechanical milling [155] etc.

1.8 Gaps in existing research

According to above literature survey, there are several reports on the synthesis of
magnetic nanoparticles by different synthetic routes. Magnetic properties of metal and
alloy nanoparticles can be different for materials synthesized via different synthetic
routes. Each synthetic strategy produces nanomaterials with particular dimensions,

morphologies, and unique properties. Capping agents play important role in controlling
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size of nanomaterials and induce surface effects in magnetic characteristics. Tailoring of

particle size of the nanomaterials to obtain desired magnetic properties can be achieved

by designing synthetic strategies. Hence the novel and modified synthetic routes give a

platform for designing and achieving properties which are useful for specific

applications.

1.

2.

For biomedical applications, it is imperative that these nanoparticles to be dispersed
in aqueous medium by using various biocompatible capping agents which may
enhance fluid flow characteristics. Hence, study of synthesis and characterization of
ferromagnetic metal/alloy nanoparticles stabilized in aqueous medium is a necessary
topic of research. It is required to develop new synthetic strategy based on sodium
borohydride reduction method to obtain thermally stable nanoparticles,
characterizations and study for the magnetic properties.

As superhydride reduction method in suitable organic medium is useful for synthesis
of ultrafine nanoparticles using various capping agents. Investigations on the
magnetic properties of many important capped metal/alloy systems have not been
reported by superhydride reduction route. Some notable capping agents are oleic acid,
oleylamine, hexadecylamine, N-cetyltrimethylammonium bromide etc. There exists
limited information in literature so far in this regard.

It has been demonstrated that air stable magnetic nanoparticles can be synthesized by
polyol method using PEG-200. The polyol method can be modified for the synthesis
of nanomaterials coated with new capping agents which may not be possible when
polyol as solvent. The magnetic materials included in the objectives have some useful
for future technological applications due to coating and have not been studied by
polyol method. Further, exhaustive characterizations and explorations on fine particle
magnetism need further investigation.

There is scant literature available on dispersion of magnetic nanoparticles in Silica or
polymer matrix using various chemical reduction routes. Dispersion of nanoparticles
in silica matrix increases interparticle separation than coated by silica. Interparticle
interactions play an important role towards magnetic properties of the materials. To

be noted several fundamental magnetic parameters can be estimated with nano-

36



Chapter 1: Introduction

particle assembly with well-defined interparticle separation. This will be possible by

development of novel chemical synthetic methods.
1.9 Scope of the present research work (Defination) and objectives

This investigation focused on the synthesis, characterization and magnetic properties of
selected transition metal and binary/ternary alloy nanoparticles (Fe, Co, Ni, Pt and Pd
Based) with novel chemical reduction routes. These materials have been synthesized via
three different methodologies namely, (i) modified NaBH,; reduction route, (ii)
superhydride route and (iii) modified polyol method. Synthesized materials were
characterized by various instrumental techniques, such as Fourier transform infrared
spectroscopy, elemental analysis, X-ray diffraction, scanning electron microscopy and
transmission electron microscopy. Further, room temperature and low temperature
magnetic properties of the materials have been studied in detail. Observed magnetic
properties show fine particle size, shape and surface effects dominantly. Also, studies on
the inter-particle dipolar magnetic interactions among magnetic nanoparticles have been

carried out for magnetic nanoparticles dispersed mesoporous silica matrix.
The following objectives of the present research work have been proposed.

1. Synthesis, characterization and magnetic properties of selected transition metal and
binary/ternary alloy nanoparticles (Fe, Co and Ni Based) using modified NaBH4

reduction route in aqueous medium.

2. Synthesis, characterization and magnetic properties of selected transition metal and
binary/ternary alloy nanoparticles (Fe, Co, Ni, Pt and Pd based) using superhydride

reduction route in suitable organic medium.

3. Synthesis, characterization and magnetic properties of selected transition metal and
binary/ternary alloy nanoparticles (Fe, Co, Ni, Pt and Pd) using modified polyol

method.

4. Studies on the inter-particle dipolar magnetic interactions among magnetic

nanoparticles dispersed in thin film polymer matrix and mesoporous silica matrix.
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1.10 QOutlay of the Thesis
The thesis is divided into eight chapters.

In chapter I, an introduction to transition metal/alloys, synthesis methods, crystal
structures, magnetism, fine particle magnetism (nano-magnetism), literature survey,
identification of research gaps based on literature survey and the objectives of the present

research work have been discussed.

Chapter 11 describes the details of synthesis methodologies and methods of instrumental

characterizations used in this research work.

Chapter 111 describes synthesis, characterizations and studies on magnetic properties of
PEG coated nanocrystalline Fe, Co, Ni and Fe-Ni-Co alloys synthesized via modified

NaBH, route in aqueous medium.

Chapter 1V describes synthesis, characterizations and studies on magnetic properties of
oleic acid/oleylamine coated nanocrystalline Co, Ni, Fe-Co and Co-Ni alloys synthesized

via modified superhydride route in organic medium.

Chapter V describes synthesis, characterizations and studies on magnetic properties of
nanocrystalline Fe-Pt and Co-Pt alloys synthesized via modified superhydride route in
organic medium. Here, combinations of oleic acid, oleylamine and CTAB were used as

capping agents

Chapter VI describes synthesis, characterizations and studies on magnetic properties of
PVP coated nanocrystalline Co, CosoNiso and Co-Pt alloys synthesized via modified

polyol method in organic medium.

Chapter VII describes the studies on magnetic exchange and interparticle dipolar
interactions among nanoparticles embedded in silica matrix and coated with organic
matter. The systems under study include Ni/silica, CosoNisg/silica, Co-Ni coated with
oleic acid/oleylamine, Co, Ni, Fe-Co and Fe-Ni-Co coated with carboneous matter.

Chapter VIII includes summary and future scope of research.
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CHAPTER Il

Materials synthesis and characterization techniques

2.1 Synthesis methodology

The nanocrystalline magnetic metals and alloys under this thesis work were synthesized
by novel or modified chemical synthetic strategies using reducing agents such as: sodium
borohydride, superhydride and polyol. The typical synthetic approaches have been

described below.
2.1.1 Sodium borohydride reduction method

This methodology was used to synthesize Fe, Co, Ni nanoparticles as well as FexNigo.x-
Coyo ternary alloy nanoparticles (x = 0.2, 0.3, 0.4, 0.5). As this synthesis was carried out
in air atmosphere, oxidation of metal nanoparticles was observed at pH above 6.5 during
the reaction. This is because of the nanoparticle surface being highly reactive with
hydroxyl ions at pH above 6.82 [1]. To prevent this oxidation, the reactions have been
carried out at pH below 6.5 by using 1 M HCI. Also the nanomaterials were capped by
polyethylene glycol (PEG) properly. For the synthesis of air stable nanomaterials in
aqueous medium, the new modified methodology has been reported with reference to
previously reported sodium borohydride route [2]. During modifications of synthetic
strategies, the parameters such as concentrations of metal ions and reducing agent, pH of
reaction mixture and PEG capping, were controlled appropriately. A schematic
representation of experimental methodology is shown in Figure 2.1. In step 1,
stoichiometric amount metal salts were charged in 500 mL capacity round bottom flask
and added 1 M HCI for dissolution. Concentration total metal ions present in reaction
bath were maintained around 0.1 M. Temperature of the reaction mixture was kept
around 25-30°C. In step 2, reducing agent (1 M ag. NaBH, solution) was added to reduce
metal ions. Reaction mixture changes into black color dispersion, indicating the
formation of metal/alloy nanoparticles takes place. Finally in step 3, solids were

separated by filtration, washed with water and subjected to capping with PEG-200. After
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capping, samples were dried at room temperature (RT) and subjected to annealing at
600°C under high purity N»(g) flow for 2h.

Charged into A

Stoichiometric amounts
of metal salts

1 M HCI

Step 1

A4

Stirred at 25-30 °C for
complete dissolution

1 M NaBH, for Add J Conditions
reduction Temp. = 25-30 °C,
pH below 6.5 Step 2

A 4

Black dispersion of
nanoparticles

\4

Filter, wash and capping
with PEG-200

Step 3

DriedatRT | Annealing

As-prepared sample |€

Annealed sample

\ 4

v

Figure 2.1 Schematic representation of modified sodium borohydride reduction method.

2.1.2 Superhydride reduction method
(a) Synthesis of metal/alloy nanoparticles:

This methodology was used to synthesize Co, Ni, FexCoi.x (x = 0.2, 0.4, 0.6, 0.8), CoxNij.
x (x=0.2,0.4, 0.6, 0.8), Fe-Pt, and Co-Pt etc. The superhydride reduction process is well
known in order to prepare nano-meter sized particles of transition metal/alloys with
controlled size and shape morphologies [3-4]. The resulting controlled size and shape
may be obtained by using different concentrations of metal ions in organic solvents along

with the suitable capping agents. The modifications were applied to previously reported
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superhydride reduction method [4] to achieve above mentioned properties in the
materials. A schematic representation of modified experimental steps is shown in Figure
2.2. In step 1, stoichiometric amounts metal salts were charged into 250 mL capacity
round bottom flask containing 25 mL diphenyl ether. High purity N2(g) was purged for 2
h to keep inert atmosphere. Then, mixture was heated to 100°C and capping agents were
added. In step 2, reduction was carried out at 200°C by addition of superhydride solution
(Lithium triethylborohydride, 1 M in THF). Solution was turns into black color indication
formation of metal/alloy nanoparticles. Reaction mixture was stirred at 200°C for 30 min
followed by heating to 240°C for 30 min in order to get uniform growth of nanocrystals.
In step 3, reaction mixture cooled to RT, products were separated by centrifugation,
washed with ethanol. Solids were dried at RT for as-prepared samples and annealed at
400-600°C under N»(g) flow.

— : : A
Stoichiometric amounts Charged into

of metal salts

diphenyl ether Step 1

Purge N, (g)/2 h
and Heat to 100 °C

Add

capping agents

Heat to 200 °C for 10 min

Add

1 M superhydride

v

4

Black dispersion of nps equilibrated at
200 °C/30 min and 240 °C/30 min

Cooled to RT
v

Centrifuged and washed with ethanol
several times containing capping agents Step 3

Dried at RT J Anncaling

A 4

As-prepared sample |€ Annealed sample

Figure 2.2 Schematic representation of modified superhydride reduction method.
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(b) Synthesis of Ni and CoNi nanoparticles dispersed in silica matrix:

For the synthesis of Ni and CoNi alloy nanoparticles dispersed in silica matrix (KIT-6)
with various loading wt% (4-12 wt%), the superhydride reduction method has been used
with oleic acid and oleylamine as capping agents. The chemicals and experimental
procedure were similar to superhydride reduction method. Additional changes in
synthetic procedure are described as follows. Firstly, mesoporous silica matrix (KIT-6)
was prepared as per the literature reported procedure [5] for obtaining cubically ordered
phase. In a typical synthesis batch with tetraethoxysilane (TEQOS), 6.5 g of Pluronic P123
(EO20PO70EO20, MW = 5800) was dissolved in 250 g of distilled water and added 13 g
of conc. HCI (35 %). Then, 6.5 g of n-Butanol was added under stirring at 35°C. After 1
h stirring, 14.5 g of TEOS was added at 35°C. The mixture was stirred for 24 h at 35°C.
The solid product was filtered and dried at 100°C without washing followed by
calcination at 550°C for 6 h in order to get KIT-6 matrix as starting materials for further

synthesis.
2.1.3 Polyol reduction method

This methodology was used to synthesize Co, CosoNisp and CosgPtsg etc. The previously
reported polyol reduction methods use polyol (e.g. ethylene glycol, 1,2-propanediol etc.)
as both solvent and reducing agents without any capping agents [6, 7]. Further, a report
was found on usage of diphenyl ether as solvent and reduction was carried out by 2 mL
PEG-200 at 150°C [8]. But, diphenyl ether has limited solubility for various capping
agents, e.g. polyvinylpyrrolidone (PVP). In this work, polyol method was modified by
introducing N, N dimethyl formamide (DMF) which can be used for capping agents such
as PVP. A schematic representation of modified experimental steps is shown in Figure
2.3. In step 1, stoichiometric amount metal salts were charged in 250 mL capacity round
bottom flask containing and 20 mL DMF. Solution was stirred up to complete dissolution
of salts. Appropriate amount PVP as capping agent and PEG-200 as reducing agent were
added in above solution and heated to 100-110°C for 5 min. In step 2, reduction was
achieved by addition of NaOH pellets. Solution turns into black color which indicates

formation of metal/alloy nanoparticles. Solution was maintained at 100-110°C for 15
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min. There is formation of NaCl takes place along with product. In step 3, reaction
mixture cooled to RT and added acetone for precipitation. Products were separated by
centrifugation. For as-prepared materials, solids washed with distilled water to remove
excess NaOH and NaCl. Further, annealing of the materials was done by two routes. In
annealing route-1, as-prepared materials were annealed at 600°C for 6 h (i.e. without
NaCl matrix). And in annealing route-2, solids obtained after centrifugation were

annealed at 600°C for 6 h (i.e. with NaCl matrix) and then washed with water.

Stoichiometric amounts | Charged into 1
of metal salts
DMF Step 1
Stirred
Add
PVP and PEG-200 >
Heated to 100-110 °C for 5 min
v
Add 4
NaOH pellets 1
Step 2

Black dispersion of nps equilibrated at
100-110 °C/15 min

Cooled to RT

A 4

Adding of acetone for precipitation,
Centrifuged and separated solids

4 Step 3
Annealing Annealing
As-prepared route- 1 route-2
4 v v
Solids washed with As-prepared materials Solids first annealed at 600
0
water up to neutral pH, were annealed at 600 C_/éh under N, then washed
then with acetone and °C/6h under N, with water up to neutral pH,
dried in vacuum at RT and with acetone $

Figure 2.3 Schematic representation of modified polyol reduction method.
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2.2 Materials processing: Heat treatments in N»(g) atmosphere

Materials processing involved in this research work is the annealing of synthesized
materials or as-prepared materials at various temperatures (400-600°C) under the flow of
high purity N2(g). Typical experimental setup for annealing is shown in Figure 2.4.
Sample was taken in an alumina boat and kept at the middle position of the quartz tube.
High purity N2(g) was passed through quartz tube for 4 h to create inert atmosphere.
Annealing temperature, heating rate, holding time and cooling rate were adjusted in
programmed controller. After running temperature program, annealed sample was

removed at RT.

Quartz tube\ Heating furnace |~ Sample
“ |)=I:
| —
[] [ ks
] -
\ Regulator
<N
zl(_g)d Silicone ol
cylinder Programmed

temperature
controller

Figure 2.4 Block diagram representing setup for annealing in inert gas flow atmosphere.

2.3 Elemental analysis and sorption studies of nanomaterials

The syntheses of nanomaterials in this study involve stabilization of nanoparticles by
using various capping agents such as: PEG-200, PVP, oleic acid, oleylamine, CTAB etc.
The presence of capping agents on the surface of nanomaterials (i.e. as-prepared as well
as annealed) was confirmed with the help of suitable analysis methods as described
below. Further, distribution of metal/alloy nanoparticles in silica matrix was confirmed
with the help of Electron micrographs and BET surface area analysis method more

appropriately.
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2.3.1 Chemical analysis

Selected elements in the materials used in this research work were subjected to chemical
analysis as per technical requirements. In specific, elements such as Fe and Ni present in
the materials have been analyzed quantitatively using conventional chemical methods [9].
For analysis of Fe, Fe from the sample converted to Fe (111) ions. These ions form deep-
colored complex with salicylic acid. The complex was spectrophotometrically titrated
with standard ethylenediaminetetraacetic acid (EDTA) solution at pH ~2.4. At end point,
color of solution disappears due to formation of Fe-EDTA stable complex. Hence, from
the concentration of Fe, one can calculate the amount of Fe in the sample. Ni can be
analyzed gravimetrically by precipitating Ni in the form of Ni-DMG complex. Acidic
solution of Ni salt was heated to 70-80°C. Excess amount of ethanolic solution of
dimethylglyoxime (DMG) was added followed by immediate addition of dilute ammonia
solution to form Ni-DMG red precipitate. This precipitate was filtered through sintered
glass crucible, washed with cold water to dissolve chlorides and dried at 120°C. The
amount of Ni in the sample can be calculated by measuring the weight of the Ni-DMG

complex.
2.3.2 CHNS elemental analyzer

The presences of C, H, N and S in selected samples were confirmed by CHNS elemental
analyzer (Model: Elementar, Vario Micro cube, Germany) which gives the weight
percentage of C, H, N and S elements present in the materials. The basic principle lies in
the fact that the elements, i.e. C, N, H and S of the samples are converted to their
corresponding oxides by purging O,(g) at 1150°C. Further N-oxides are reduced to N2(g)
at 850°C. The evolved gases are passed through the separating chamber and separated at
different temperatures. Detector will detect each gas separately to produce elemental
analysis results. The capping agents used in the synthesis have definite percentage of C,
H, N and S. The results thus obtained from the elemental analyzer can be used for

analysis of organic matter present at the surface of nanomaterials.
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2.3.3 UV-Visible spectroscopy

The reactions in which color change occurred after reduction can be monitored by using
UV-Visible spectroscopy technique (Model: JASCO, V-570, Japan). It is based on the
principle that compounds containing zm-electrons or non-bonding electrons (n-electrons)
can absorb or reflect UV-visible light (wavelength range ~ 200-800 nm) due to electronic
transitions from ground state to excited state. The basic instrumental arrangement
includes the light source, sample holder and detector which measure intensity of
transmitted light. The absorption of UV and visible light by compounds obeys Beer-
Lambert law which states that the absorbance of a solution is directly proportional to the
concentration of the absorbing compound in the solution and the path length. Resulting
spectrum shows absorption peaks at different wavelengths correspond to particular
electronic transitions. UV-Visible spectroscopy of solid samples in the form of pellet can

be studied by measuring reflectance as a function of wavelength.
2.3.4 FTIR spectroscopy

FTIR spectra of materials were recorded using FTIR spectrophotometer (Model:
SHIMADZU, IRAffinity-1, Japan) in order to analyze organic coating on the surface. For
solid samples, KBr pellet containing sample (concentration < 10%) was prepared and
liquid samples were done using attenuated total reflection (ATR) cell. The chemical
bonds in a molecule vibrate with particular vibrational frequency. In FTIR spectroscopy,
radiations from infrared (IR) region (wavenumber ~ 400-4000 cm™) are absorbed by
bonds when the IR frequency matches with vibrational frequency of the bond and there is
change in dipole moment of a molecule. Each functional group or bond in the compound
absorbs IR radiations of particular frequency expressed in wavenumber (cm™). In a FTIR
spectrum, peaks at various wavenumbers correspond to functional groups or chemical
bonds present in the capping material. After comparing positions of peak obtained in
FTIR spectrum of sample with standard values, one can confirm the presence of
particular capping agents or its compound qualitatively.
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2.3.5 BET surface area analysis

Nitrogen adsorption-desorption experiments were carried out using surface area analyzer
(Model: Micromeritics, Gemini VII, USA). Initially samples were outgassed (or
activated) by heating to 150-250°C for 3h in high purity He(g) atmosphere. The amount
of gas adsorbed was measured by volumetric method at various relative pressures (P/P°)
and adsorption curve was obtained with point-by-point data. Similarly, desorption curve
can also be obtained while reducing the gas pressure. Assuming the formation close
packed monolayer of Ny(g) at 77 K with molecular cross-sectional area of 0.162 nm?, the
BET surface area, pore volumes and pore sizes were determined. The BET surface area
studies were done in order to calculate surface areas, pore volumes and pore sizes

distribution of pure silica matrix (KIT-6) as well as metal/alloy loaded silica matrix.
2.4 Instrumental characterization techniques

The crystal structure, microstructure, size, shape, and magnetic properties of the

nanomaterials were determined by using following instrumental techniques.
2.4.1 X-ray diffraction (XRD)
(i) Basic components of XRD instrument

XRD patterns were recorded on powder X-ray diffractometer (Model: Rigaku, Mini Flex
I1, Japan). Typical block diagram for XRD instrument is shown in Figure 2.5.

Diffracted
X-rays \ Detector
Incident 20
X-rays \ 0
X-ray tube \ _———
Sample Display
holder

Figure 2.5 Block diagram representing various components of powder XRD diffractometer.
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X-ray tube produces X-rays by bombarding a beam of high energetic electrons to a metal
target in an evacuated tube. These energetic electrons excite the target atoms and then
return back to ground state by emitting high frequency electromagnetic i.e. X-rays. The
emitted X-rays are the characteristic of the target metal. For example, the most widely
used target metals are Cu and Mo. For Cu as a target metal, the resulting beam is passed
through Ni filter which absorbs Kg X-rays and passes the K, and K, X-rays with
wavelengths (L) of 1.5405 A and 1.5443 A respectively [10]. For the calculation, the
value of A for X-rays is taken as 1.5405 A. These X-rays (incident X-rays) fall on the
sample place on sample holder. X-rays get diffracted by the atomic planes of sample in
an angle ‘0’ to the sample and 26 with respect to incident X-rays. Diffracted X-rays are
collected in the detector system at various diffraction angles. The measured diffraction

intensities as a function of 26 will be displayed on the screen of computer.
(if) Bragg’s law

When a material is irradiated with X-rays, they will be diffracted from the atomic planes
in the crystalline materials. These diffracted X-rays form constructive interference in
particular directions based upon the type of crystal structure and show diffraction peak in
the XRD pattern. The condition for constructive interference is that the diffracted X-rays

should obey Bragg's law [10].
Zdhkl sin® = nA (21)

Where A is the wavelength of the X-ray beam, d;;,; is the spacing between the (hkl)
crystallographic planes contributing to the diffraction peak, 0 is the angle of diffraction,
and n is an order of diffraction (usually, n=1). If the materials do not obey Bragg
conditions then the interference will be non-constructive and will show low intensity

diffraction peaks.
(i) Analysis of XRD pattern

The phase purity of the synthesized materials can be analyzed by XRD studies.
Crystalline materials have sharp diffraction lines in their XRD patterns due to ordered

atomic arrangements while amorphous materials have more diffuse diffraction lines due
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to a lack of atom-to-atom long range ordering. The typical XRD patterns for amorphous

and crystalline materials (Fes04 and Ni mixture) are represented in Figure 2.6.

(a) Ni - FCC phase (b)

: —-—
- = . . £
£ Crystalline materials =
£ _ E]
= 3 2
: o -
< A =
Z i~
= £
£ |
wl
g 2
£ |
5

Amorphous materials
T T T T T T T T T T T T T T T T T T
40 50 60 7 80 2 434 436 438 440 442 444 446 448 450 452

Diffraction angle, 20 (deg) Diffraction angle, 20 (deg)

Figure 2.6 (a) Typical (arbitrary sketch) XRD patterns for amorphous and crystalline materials.
(b) Single peak fitting for calculation of FWHM [10].

X-ray diffraction peaks were found to be broadening with decreasing crystallite size. This
fact can be used for calculation of crystallite size of the materials. Peak broadening due to
crystallite size varies inversely with crystallite size. The crystallite size (t) can be

calculated by Scherrer equation,

KA
t= Bcos6 (2.2)

where, B refers to the full width at half maximum (FWHM) of the diffraction peak in
radian, K' is the shape factor (K’ = 0.9 for spherical particles with cubic symmetry), A is
the wavelength of X-rays irradiation and 0 is half the diffraction angle. There are also
some other factors that are responsible for broadening of diffraction lines. For example,
instrumental broadening, microstrain (lattice strain), crystallite size and temperature are a

few factors.

The broadening due to crystallites is most pronounced at large diffraction angles (20);
however, lattice strain and instrumental broadening are significantly larger at a larger 26.
Also, peak intensity is usually weak at larger 20. Hence, crystallite size is calculated more

accurately by considering diffraction peaks at 26 values between 20° to 50° [11].
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2.4.2 Transmission electron microscopy (TEM)
(1) Basic components of TEM

TEM measurements were carried out on PHILIPS CM200 (USA) microscope. In
transmission electron microscopy, electrons are used as source of radiation. These
electrons were accelerated and focused by using electromagnetic lenses and apertures.
Next, they interact with sample and form image on a fluorescent screen or CCD camera.
Typically, a TEM can be divided into three primary components namely the electron
source, the electromagnetic lenses with apertures and the projection chamber [12].
Typical block diagram for TEM microscope is presented in Figure 2.7.

Electron Source > ;l ;

Condenser Lens —AH]HH]H]HH]H]HHHHH]I IH]H]H]HH]HHHHH]HHI

Condenser
= Aperture

Objective Lens —————>

. € Objective

Objective Lens —————> % Aperture

. Diffraction
Aperture
Intermediate Lens >
(image and diffraction
mode)
Fluorescence Screen \\
|

Figure 2.7 Typical block diagram showing various components in TEM microscope.
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The electron source produces electrons by either thermionic emission or field emission
process at cathode. The electrons from cathode are pulled away by an extraction anode
and accelerated down the microscope column by acceleration anode which is at 100-300
kV higher than the extraction anode. For better electron beam, TEM microscopes are kept
under a very high vacuum 10-10® Pa. This electron beam pass through electromagnetic
lenses which are made up of pole pieces (made by iron) and copper coil. Electrons pass
through the hole or bore of electromagnetic lens subjected to magnetic field, generated by
passing current in the coil, which control the focus of beam by varying magnetic field.
Condenser lenses are used to control intensity or brightness of the beam and condenser
aperture allows only those electrons which are in certain angles. There are two poles of
objective lenses, i.e. upper and lower poles, and sample holder is situated in between
them to insert sample for imaging. Upper pole helps in analyzing emitted X-rays and
lower pole is used for imaging and diffraction purpose. Objective lens is used for
magnifying image whereas numbers of objective apertures are used to resolve an image.
The intermediate lens has two operating modes, i.e. image mode and diffraction mode.
Image mode used to get image of sample while diffraction mode is used to observe
selected area electron diffraction (SAED) pattern. Diffraction aperture is used for
selection of area for diffraction. Projection lenses controls the final magnification and

resolution of the image which is viewed on the fluorescence screen.
(ii) Sample preparation

For powder samples, the sample was dispersed in suitable solvent (water or ethanol) by
sonication. A drop of stable dispersion was put on copper grid or carbon coated copper
grid. Carbon coated copper grid provide support to small species in the samples such as:
nanoparticles or biological species. Then a grid was dried under IR lamp to form thin
layer of particles. Finally sample grid was mounted in TEM column with the help of

sample holder.

59



Chapter I1: Materials synthesis and characterization techniques

(b)

Figure 2.8 A typical representation of (a) TEM image and (b) SAED pattern for polycrystalline
nanoparticles [12].

(iii) Imaging and diffraction

This sample is mounted on the sample holder and inserted in the instrument. When
electron beam is irradiated on the sample, the beam interacts with electron clouds in the
atoms and gets transmitted or diffracted. In transmitted beam, elastically scattered
electrons are used for imaging and diffraction purpose. In-elastically scattered electrons
and emitted X-rays are used for various spectroscopic techniques e.g. energy dispersive
X-ray spectroscopy (EDX). Typical TEM image and SAED pattern for polycrystalline
nanomaterials are shown in Figure 2.8. TEM micrograph for nanoparticles shows the
distribution of particles with various sizes, also presence of any agglomerations in them
(Figure 2.8(a)). SAED pattern for polycrystalline nanoparticles contains diffraction
circles with bright spot at center which corresponds to direct beam (Figure 2.8(b)).

(iv) TEM data analysis

In TEM analysis of the sample, electron beam is transmitted through the sample and
hence light and dark areas are visible in bright field TEM image. At the lighter areas, the
material is less dense (less electron density) and more electrons have passed through. The
darker areas contain the material with greater electron density and fewer electrons have
been transmitted. In case of inorganic nanoparticles, TEM micrograph will show black
dots dispersed in some area which are attributed to nanomaterials. The TEM particle size

of the nanomaterials can be determined by using image analyzing software (e.g. Image J)
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whereas shape and arrangement nanoparticles can be observed from image. SAED
pattern is used to determine crystal structure and lattice parameters of the sample. Similar
to X-ray diffraction, electron diffraction is also results from interference of electron wave
and obeys Bragg’s law. In SAED pattern, intense spots (for single crystal) or rings (for
polycrystalline materials) are due to constructive interference whereas dark regions form
due to destructive interference. Amorphous sample does not show any diffraction pattern.
In SAED pattern, each spot in case of single crystal and ring for polycrystalline material
represents particular lattice plane (hkl). If distance of spot or ring from the center is

denoted by R then d-values can be calculated by following formula,

AL
Appr = ) (2.3)

Where, A is the wavelength of electron beam and L is camera length.
2.4.3 Scanning electron microscopy (SEM)
(1) Basic components of SEM

SEM measurements were carried out using JEOL JSM 6390 (USA). SEM has similar
functional components compared with that of TEM but the image formation takes place
by secondary electrons emitted by the sample surface following excitation by the primary
electron beam. Further, SEM can be extended to energy disperse X-ray microanalysis
(EDX) [13]. A block diagram of SEM has been shown in Figure 2.9. The electron gun
generates an electron beam of energy ranging from 0.2-40 keV. This beam can be
focused with the help of two condenser lenses. Then, the beam passes through pairs of
deflection coils which deflect the beam in the directions of x and y axes so that it can scan
over a rectangular area of the sample surface. The magnification in SEM is controlled by
voltage supplied to deflection coils. As the primary electron beam interacts with the
sample, the electrons lose energy by repeated random scattering and absorption within
the volume of the specimen. This volume is known as interaction volume. The size of the
interaction volume depends on the electron beam energy, the atomic number and density
of the specimen. This interaction produces secondary electrons and X-rays are detected in

secondary electron detector and X-ray detector, respectively.
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Figure 2.9 Typical block diagram of components in SEM microscope.

(if) Sample preparation

For the samples like bulk metal piece, pellets etc., surface must be cleaned using solvents
or compressed gas, dried and mounted on the holder using double-sided conductive tapes
(i.e. carbon or copper tapes). In case of powder samples of nanoparticles, the finely
grinded dry powder was spread on a carbon or copper tape, press lightly to hold. This
carbon strip was mounted on sample holder for imaging. If the samples are less
conductive then charge will building on the surface resulting in the image distortion. For
elimination of such a charge effect, samples should be coated with a conductive metal

(e.g. silver, gold etc.) by using sputtering coater.
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(iii) Imaging in SEM and EDX

SEM images are formed by secondary electrons ejected from the surface of sample due to
inelastic scattering. Although SEM images have lower resolution (2 nm, 100000X) than
TEM (0.2 nm, 1000000X), SEM is better for imaging bulk samples and has a greater
depth of view, giving rise to better 3D images of the sample. Typical SEM micrograph is
shown in Figure 2.10(a). The energies of X-rays emitted from the surface of sample carry
information about elements. These X-rays are generated in a region about few
nanometers in depth and used for EDX spectroscopy technique. A typical EDX spectrum
is shown in Figure 2.10(b) for the material CoggNio, alloy. Each element present in

sample gives their corresponding peaks in EDX spectrum.
(iv) SEM and EDX data analysis

In SEM micrograph, one can identify microstructure, size and shape of nanomaterials.
The SEM particle size of the nanoparticles can be determined by using image analyzing
software (e.g. Image J). EDX spectroscopy uses X-rays emitted from sample and these
are correlated to characteristics of the materials. A particular element emits X-rays of

particular energy in keV. The chemical composition of the elements present in the sample

can be analyzed by EDX spectrum.
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Figure 2.10 (a) Typical SEM micrograph of nanomaterials showing spherical particles and (b)
EDX spectrum for Cog gNig, alloy.
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2.5 Magnetic measurements

Magnetic properties of the materials were studied using vibrating sample magnetometer
(VSM), Superconducting quantum interference device (SQUID) magnetometer and
Maossbauer spectroscopy. Details of instrumentation and measurement have been

discussed below.
2.5.1 Basic principle and components of VSM and SQUID
(1) Basic principle and components of VSM

The magnetic measurements were performed using VSM. Depending upon sensitivity
and requirements, different instrument models were used such as: ADE-EV9 (USA),
Quantum Design PPMS-261(USA) and Lakeshore VSM 7410 (USA). The principle of
VSM is based on the fact that the change in magnetic flux occurred in the pickup coils
when the magnetic sample is vibrated between coils. The typical components of VSM are
shown in Figure 2.11 [14].

I | \ <€—— Mechanical
T vibrator

0 [

4 [ ] «———— Reference magnet
Pickup coils |:| D

1 <€—— Vibrating rod

[ €— Electromagnet

Sample

”\ /”

Pickup coils

Figure 2.11 Block diagram representing components of VSM. In actual practice sample chamber
is housed inside an outer chamber in vacuum/inert gas atmosphere.
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The vibrating rod (non-magnetic) is attached to mechanical vibrator. Sample is attached
to other end of rod which is placed in between pickup coils. Also reference magnet is
attached to vibrating rod and surrounded by another set of pickup coils. Reference
magnet is used to calibrate the apparatus provided it must of the similar size, shape and
permeability as sample. Electromagnets are used to apply external magnetic field (H) to
sample which generates magnetic field in the sample (B). As the sample vibrates, the
oscillating magnetic field of sample induces an alternating electromotive force (emf) in
the pickup coils. The emf thus generated is further amplified using a lock-in amplifier

which specifically senses the signals at the vibrational frequency.
(i1) Basic principle and components of SQUID

SQUID magnetic measurements were performed on Quantum Design (USA)
magnetometer. SQUID magnetometer also measures same magnetic parameters like
VSM, but the principle of sensing magnetic field is done by superconducting coils instead
of pickup coils in VSM. A sample is passed through superconducting coils separated by
Josephson junction i.e. thin insulating layer. This insulating layer of 2-3 nm thickness is
fabricated using aluminum oxide (Al,O3). The electron pairs in superconductor (Cooper
pairs) can jump through the Josephson junction due to quantum tunneling effect [15]. A
typical DC-SQUID is made up of two Josephson junctions (A and B) connected parallel

as shown in Figure 2.12.

Josephson junction A

Superconductor 1 - —_— Superconductor 2
“——k‘_} l -
Current(I) — — Current (1)
— — T
T

Josephson junction B

Figure 2.12 Block diagram of superconducting coil used in SQUID magnetometer.

65



Chapter I1: Materials synthesis and characterization techniques

When a current passes through superconductors without magnetic sample, Cooper pairs
have weak interference (or phase shifts, 64 and dg) at Josephson junctions A and B.
However, as magnetic sample passes through SQUID device, there will be change in
interference (or phase shift) due to magnetic flux (B) of sample. This results in the

change in current (I) passing through superconducting loop and expressed as [16],
. 2me
I = 2I,sin 8, cos (Tf B dS) (2.4)

Where, lpis the initial current, do is a constant phase shift, e is the charge of an electron, h
is Planck’s constant and S is area of the superconducting loops. The resulting current is
amplified by other coils to make final data. SQUID magnetometers have more precision
and sensitivity when compared with VSM because of the superconducting coils which are

having quantum level sensing.
2.5.2 Sample preparation and measurement techniques

For measurements, solid powder samples should be pelletized into cylindrical shape with
dimensions of 4 mm diameter and 6 mm height using Teflon mold. In case of small
quantity samples, powder were weighed and packed in Teflon tape to form cylindrical
shape pellet. This sample pellet was tightly attached to vibrating rod at sample position
mark using glue or Teflon tape. And magnetic measurements were carried out with
appropriate instrument parameters. The VSM can be used to measure magnetization (M)
generated in the materials with varying applied field (-20 kOe < H < 20 kOe). The
hysteresis loops (i.e. M vs. H plots) can be obtained at various temperatures ranging from
lower limit of ~5 K to higher limit of ~800 K. The VSM has magnetization sensitivity up
to 10” emu which corresponds to magnetization of 0.04 pg of iron and hence, VSM is
applicable for both weak and strong magnetic materials. However, SQUID has more
sensitivity (~10° emu) and accuracy of sensing weak signals and hence it can use for less
quantity of samples or very weak magnetic moments. Temperature dependent magnetic
properties of the nanomaterials, especially superparamagnetism, can be studied by
measuring magnetization in the temperature range of 5-300 K (M vs. T plot). These

measurements will be carried out in field cooled (FC) and zero field cooled (ZFC)
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conditions by applying small magnetic field (~50-500 Oe). The sample was first cooled
down to 5 K in the absence of external magnetic field and then heated up to 300 K in the
presence of external magnetic field and the magnetization is recorded as ZFC. The FC
measurements were done after ZFC measurements and the magnetization is recorded

while cooling the sample down from 300 K to 5 K with same applied field.
2.5.3 Estimation of magnetic parameters

The typical M-H plot is shown in Figure 2.13 (a). From M-H plot, one can determine the
values of magnetic parameters such as: Ms, M,, and Hc. The values of Ms of the
materials can be determined by 1/H law i.e M vs. 1/H plot of H values near saturation
field [17]. Then, the value of Ms is equal to the intercept on the magnetization axis of M
vs. 1/H plot as shown in inset of Figure 2.13 (a). Typical M-T plot is shown in figure 2.13
(b). For SPM nparticles, ZFC curve shows maximum magnetization at blocking
temperature, Tg. The divergence in magnetization of FC and ZFC curves below Tg is due
to magnetic anisotropy energy barrier and spin relaxation. SPM particles have low
anisotropy barrier and can be overcome by thermal energy (ksT). Thermal energy causes
the random flipping of the magnetic moments above Tg which results in the decrease of

magnetization.

M
FC
M \
Ty
H

ZFC

5K 30? K

f f

T
\ (b) M vs T plot

(a) M vs H plot

Figure 2.13 Typical plots of magnetic measurements; (a) M vs. H plot and (b) M vs. T under
FC/ZFC conditions, using VSM.
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2.6 Mossbauer spectroscopy

Mossbauer effect was discovered by R. L. Mdssbauer in 1957 and he was awarded by
Nobel Prize in 1961 [18, 19]. Further, Md&ssbauer effect has been observed in various

129) '119g 121gh etc. However, *'Fe is most repeatedly used isotope

isotopes such as °"Fe,
since its discovery in 1959 [20, 21]. Mdssbauer spectroscopy can be used to study
electronic, magnetic, and structural properties within the materials. Maossbauer

measurements in this research were carried out using °’Fe isotope.
(i) Basic principle of Mdssbauer spectroscopy

Madossbauer spectroscopy is based on the principle of recoil free emission and absorption
of v radiations by similar nuclei. y rays source for °'Fe is radioactive °’'Co (ty, = 270
days) which decays to the excited state of >'Fe (i.e. >’Fe*) by capturing electron. >’Fe*
decays to stable >’Fe by emission of delayed y rays with energy of 14.4 keV which is
known as y ray fluorescence. These y rays can be resonantly absorbed by another Fe
nucleus in the crystal lattice of the sample (Figure 2.14(a)). In order to achieve resonance
condition, a y rays source subjected to Doppler motion with velocity (v, mm/s). The
detector measures y ray counts at various Doppler velocities and resulting plot shows

absorption of y rays at v = 0 for equivalent nucleus (Figure 2.14(b)).

(a) A (b)
y-rays source
Emitted y-rays

—  AANNA— y-ray

— AAANA—> D counts

—AANNN\AANAST>

sample y-rays
«—> detector

Doppler >
motion 4 -3 -2 -1 0 +1 +2 +3 +4

Doppler velovity, v (mm/s)

Figure 2.14 Gamma resonance in Fe nucleus; (a) Basic principle and (b) typical Mdéssbauer
spectrum showing absorption.

68



Chapter I1: Materials synthesis and characterization techniques

(i) Block diagram of Mdssbauer spectrometer

The spectrometer used for Mossbauer study was FastCom Tech (Germany). Basic
components in Mdssbauer spectroscopy involves the y rays source, sample holder and
detection system as shown in Figure 2.15. Source generates y rays of specific energy
(14.4 keV of °'Fe source). This energy can be tuned by moving the source in to-and-fro
motion (with velocity v) using motor and motor controller which produces Doppler shift
in y rays energy. For example, a velocity of 10 mm/s produces an energy shift of 4.8x107
eV to a 14.4 keV v ray of °’Fe. An energy range of 10 mm/s is sufficient to tune the full
Méssbauer spectrum of *’Fe [22]. The y rays fall on the sample may be absorbed or
transmitted depending on energy. Transmitted y rays are collected by detector in the
detection system and converted to proper signal of y rays counts as a function of energy.
Amplifier arrangements are used to make signal more accurate and resolved. These
measurements were repeated several times with fix time interval, stored in memory and
supplying feedback to motor controller to maintain constant acceleration. Finally, results

will be displayed on computer screen.
(iii) Effect of magnetic field in Mossbauer spectroscopy

In magnetic materials, e.g. °’Fe, the nuclear states have magnetic dipole moments which
can be oriented with different projections along a magnetic field. If the nucleus is in a
magnetic field, the energy states of nuclear transitions split into sub-states analogous to
‘nuclear Zeeman effect’. In °'Fe, Zeeman splitting of the nuclear energy levels is
occurred due to an internal (or a hyperfine) magnetic field in Fe. Thus the ground state (I
= 1/2) splits into two levels (m; = 1/2 and -1/2) and the excited state (I = 3/2) splits into
four levels (m; = 1/2, -1/2, 3/2 and -3/2). All these energy levels and their six allowed
transitions are shown in Figure 2.16(a). Therefore, the resonance line of iron will splits

into six lines, i.e. sextet (Figure 2.16(b)).
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Figure 2.15 A typical block diagram representing components in Mdssbauer spectrometer.
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Figure 2.16 (a) Representations of the Zeeman splitting of nuclear energy levels and allowed
transitions in >’Fe. (b) Corresponding Méssbauer spectrum of sextet in *'Fe.

(iv) Sample preparation and measurement techniques

The powder samples were packed in Mdssbauer sample holder and placed perpendicular
to the y-ray beam. The Mdssbauer spectra were recorded at room temperature using a
constant acceleration spectrometer with a 25 mCi °’Co(Rh) gamma ray source. The

values of the isomer shifts were reported with respect to natural iron (Fe) foil.
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(v) Estimation of Mdssbauer parameters

The experimental spectrum was analyzed using the PCMOS Il least-squares fitting
program which gives the values of Mdssbauer parameters such as: isomer shift (3),
electric quadrupole splitting (AEq), hyperfine magnetic field (Hng), line width and
relative intensities of the fitted sub-spectra. An isomer shift is the shift in absorption
energy due to the electrostatic interactions between the nucleus and s-electron density
around it. Hence, o6-values give information about valency of Fe in the sample.
Quadrupole splitting in Mossbauer spectrum provides information about symmetric or
asymmetric electric field gradient around nucleus. Asymmetric field gradient splits
excited state energy level (I = 3/2) into two energy levels (m; = £3/2 and £1/2) with
energy difference of AEq while symmetric field gradient (e.g. cubic structure) shows no
splitting. The values of the hyperfine field indicate Zeeman splitting of the nuclear energy

levels by internal magnetic field in Fe.
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CHAPTER Il

Magnetic properties of Fe, Co, Ni and Fe-Ni-Co nanoparticles
synthesized via NaBH, route in aqueous medium

3.1 Introduction

The magnetic behavior of fine particles is of considerable interest both from a scientific
and practical point of view [1, 2]. Fine particle magnetism involves both size effect and
surface effect. In such kind of particles, thermal energy, kgT, plays an important role in
magnetic characteristics. The magnetic parameters such as Ms, Hc, T¢ etc. changes with
alteration of particle dimensions. Several reports have been established in the literature
on fine particle magnetic properties [3-5]. The decrease in the Ms values of nanoclusters
when compared with the bulk values with decreasing size is a consequence of
fluctuations due to thermal and rotational effects (also known as size and surface effects).
Fine particles in the form of core-shell structures, variations in the Hc values can be

observed due to interactions between core, interface and surface anisotropies.

The synthesis, characterization and application of ferromagnetic metal nanoparticles and
their alloys has attracted a great deal of attention due to their potential technological
applications [6, 7]. Magnetic nanoparticles with 2-20 nm size have applications in the
high density magnetic storage devices, ferrofluids, magnetic refrigeration systems, and
contrast agents in magnetic resonance imaging, magnetic carriers for drug targeting and
catalysis [6]. Further, nanostructure magnetic materials with controllable size, shape and
morphology (e.g. core-shell, composites etc.) have large applications in above mentioned
fields [7]. The recent interest lies on the iron group alloys because of their interesting
magnetic and thermal properties. The altered magnetic properties can be expected for fine
particles with high and low crystal anisotropies for cobalt and nickel provided that shape
or stress anisotropies are not predominant [8-10]. However, stability of nanoparticles
against air oxidation is more in the form of their alloys compare to single metals. Desired

magnetic properties of alloys can be tuned by varying compositions of alloys. Among
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binary and ternary alloys, Fe-Ni-Co alloys are least focused for their magnetic
characteristics studies. Fe-Ni-Co alloys having 29% of Ni and 17 wt% of Co is known as
KOVAR and it has wider usage, such as sealing of metal and hard glass parts, in the
electronic industries [11]. Soft magnetic properties of Fe-Co-Ni are related to the fcc
cubic structure with no or little anisotropy in the materials. In addition, in nanocrystalline
form, the soft magnetic properties are closely related to microstructural effects such as
grain size, dispersion of crystal axes, non-magnetic layer, order-disorder phase

transformation etc. [12-13].

For biomedical applications, it is imperative that these nanoparticles are dispersed in the
aqueous solutions. Especially, the synthesis and stabilization of Fe, Co and Ni
nanoparticles to an aqueous medium in addition to magnetic properties pose major
bottleneck in this field [14]. Because the nanoparticles of iron group metals (i.e. Fe, Co
and Ni) are prone to oxidation at room temperature, limited practical applications can be
achieved. Hence, the stabilization of nanoparticles is necessary and can be achieved by
using suitable stabilizing agents. In this chapter, we have given more emphasis on
stabilization of ultrafine Fe, Co, Ni and Fe-Ni-Co nanoparticles in the size range of 20
nm to 50nm in aqueous medium by encapsulating the particles with a chemically stable
species (e.g. polyethylene glycol). Sodium borohydride is used as reducing agent in order
to achieve the controlled reduction of metal ions in agueous medium. The nanomaterials

were subjected to characterizations and fine particle magnetism was studied in detail.
3.2 Experimental

The chemicals used for synthesis of above materials include Ferric chloride hexahydrate
(FeCl3-6H,0), Cobalt chloride hexahydrate (CoCl,-6H,0), Nickel chloride hexahydrate
(NiCl,-6H,0), Sodium borohydride (NaBH,) and Polyethylene glycol (PEG-200) from
Molychem, India. The chemicals were of analytical grade and have been used without

further purification.

3.2.1 Synthesis of capped Co and Ni nanoparticles
The details of materials, moles and weights of materials taken for the synthesis of Co and

Ni nanoparticles are tabulated in Table 3.1. In a typical method, 4.5 mmol of CoCl,-6H,0
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(or NiCl,-6H20) were dissolved in 50 mL of 1 M HCI to keep pH of reaction mixture
below 6.5 and transferred in 500 mL three necks round bottom flask. Total metal ions
concentration were kept approximately 0.1 M because lower concentration gives particles
in nano-size range. Reaction mass stirred till complete dissolution at 25-30°C. In this
mixture, added 50 mL 1 M NaBHy, solution in time duration 20 minutes with vigorous
stirring at 25-30°C. Black colored solids of metal or alloy were precipitated out with
evolution of H, gas. Solids were separated by filtration on Whatmann filter paper no. 1.
Then solids were drawn in 1 ml PEG-200 for capping and separated after 1 h. Portion of
the sample was dried in vacuum desiccator over night at room temperature (i.e. as-
prepared sample) and some portion was used for annealing. All samples except Fe were
annealed at 600°C for 2 hours under N»(g) flow. Iron sample was not annealed because
iron nanoparticles are pyrophoric in nature and oxidizes to Fe;O, after annealing.

Table 3.1 Details of moles and weights of metal salts used for synthesis of Fe, Co and Ni
nanoparticles via sodium borohydride reduction method.

FeCI36HZO N|C|26H20 COCIZGHZO
Materials Moles . Moles . Moles .
(mmol) weight (g) (mmol) weight (g) (mmol) weight (g)
Fe 45 1.216
Co 4.5 1.07
Ni 4.5 1.07

3.2.2 Synthesis of capped Fe-Ni-Co ternary alloys nanoparticles

The details of materials, moles and weights of materials taken for the synthesis of Fe-Ni-
Co alloys nanoparticles are tabulated in Table 3.2. In a typical method, stoichiometric
amount of FeCl;-6H,0, NiCl,-6H,0 and CoCl,-6H,0 salts were dissolved in 50 mL of 1
M HCI to keep pH of reaction mixture below 6.5 and transferred in 500 mL three necks
round bottom flask. Total metal ions concentration were kept approximately 0.1 M
because lower concentration gives particles in nano-size range. Further reduction

procedure was similar as given above in section 3.2.1 for the synthesis of Co and Ni
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nanoparticles. In case of Fe-Ni-Co ternary alloys, final compositions of the alloys have

been confirmed from chemical analysis methods.

Table 3.2 Details of moles and weights of metal salts used for synthesis of Fe-Ni-Co alloy
nanoparticles via sodium borohydride reduction method.

FGC|3-6H20 NiC'z-GHzO COC|2'6H20
Materials Moles  weight | Moles  weight Moles weight
(mmol) (9) (mmol) (9) (mmol) (9)
Feo.2Nip6C0o.2 0.9 0.243 2.7 0.642 0.9 0.214
Feo.sNigsC0og2 1.35 0.365 2.25 0.535 0.9 0.214
Feo.4Nig4Cog 1.8 0.486 1.8 0.428 0.9 0.214
FeosNig3C0og2 2.25 0.608 1.35 0.320 0.9 0.214

3.3 Results and Discussion

Results and discussion has been presented separately for single metal (Fe, Co, and Ni)

and Fe-Ni-Co materials in subsections 3.3.1 and 3.3.2 respectively.
3.3.1 Characterizations and magnetic properties of Fe, Co and Ni nanoparticles
3.3.1.1 XRD studies

The XRD patterns of as-prepared materials of Fe, Co and Ni are shown in Figure 3.1.
They have amorphous nature at as-prepared state. The ‘as-prepared’ materials were heat
treated in N»(g) atmosphere at various temperatures (200-600°C) for 2 h duration. After
annealing even at 200°C in N»(g) atmosphere, Fe gets oxidized to Fe-oxides and hence it
has not included in further characterizations. The XRD patterns for Co and Ni heat
treated at 600°C are shown in Figure 3.2. Co and Ni form pure crystalline phases after
heat treatments. Although, Co crystallizes at 600°C and Ni at around 300°C, we carried
out heat treatments at same temperature in order to address fine particle magnetism of the
materials more appropriately. This also ensures uniformity in the surface structures as the
materials are being prepared using the same route. Both Co and Ni crystallize in fcc
crystal structure (JCPDS card no. 89-4307 and 70-0989 for Co and Ni, respectively)
(Table 3.3).
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Figure 3.1 XRD patterns for as-prepared (a) bcc Fe, (b) amorphous Co, and (c) fcc Ni

nanoparticles.
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Figure 3.2 XRD patterns for fcc (a) Co, and (b) Ni nanoparticles annealed at 600°C in N,(g)
atmosphere for 2 h duration.
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Table 3.3 Crystalline phase, d-spacing, lattice parameters, and crystallite sizes of Co and Ni
heated at 600°C for 2 h.

Materials  Crystalline d-spacing (A) Lattice Crystallite
phase (hkl)  Observed  Theoretical —parameters,a  size (nm)
(A)
(111) 2.0463 2.0467
Co fcc (200)  1.7728 1.7723 3.54(%1) 42.6(1)
(220) 1.2529 1.2532
(111) 2.0354 2.0340
Ni fcc (200) 1.7628 1.7620 3.52(%1) 29.1(x1)
(220) 1.2461 1.2460

The peaks observed in the XRD pattern of fcc Co at 20 value of 44.2°, 51.5° and 75.8°
correspond to the (111), (200) and (220) crystal planes, respectively. Similarly, peaks
observed in the XRD pattern of fcc Ni at 20 value of 44.5°, 51.9° and 76.4° correspond to
the (111), (200) and (220) crystal planes, respectively. The observed and theoretical
values of d-spacing of indexed Co and Ni peaks were shown in Table 3.3. The estimated
values of lattice parameters (a) of Co and Ni were found to be 3.54(x1) A and 3.52(x1)
A, respectively (Table 3.3). The broadening of the most intense peak with Miller indices
(111) has been used for determination of crystallite sizes. The average crystallite sizes
from Scherrer formula for Co and Ni were found to be 42 nm and 29 nm, respectively

(Table 3.3). These results indicate nano-size nature of our materials.
3.3.1.2 SEM studies

Figure 3.3(a, b, c) represents the SEM micrographs with different magnifications for Co
nanoparticles heat treated at 600°C in Nx(g) atmosphere. SEM particle size distribution is
shown Figure 3.3(d). The estimated value of average SEM particle size is tabulated in
Table 3.4. SEM micrographs of micron size area (Figure 3.3 (a, b)) show that
nanomaterials get agglomerated to form bigger particles. However, magnified SEM
micrograph to 30000X (i.e. Figure 3(c)) confirms the presence of nanomaterials hence
used for further analysis. Figure 3.3(c) confirmed that Co nanoparticles have nearly

spherical shape morphologies. The average SEM particle size for Co nanoparticles
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estimated from micrograph in Figure 3.3(c) was found to be 62+5 nm. SEM studies
indicate that synthesized Co nanoparticles have large size distribution and SEM particle
size is found to be larger than the XRD crystallite size. These discrepancies can be

attributed to the presence of aggregates or clusters consisting of several crystallites.
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Figure 3.3 (a), (b), (c) SEM micrographs with various magnifications for Co nanoparticles, heat
treated at 600°C for 2 h under N, (g) flow atmosphere and (d) size distribution for micrograph ‘¢’

SEM micrographs with different magnifications for Ni nanoparticles heat treated at
600°C in Ny(g) atmosphere are shown in Figure 3.4(a, b, c). SEM particle size
distribution is shown Figure 3.4(d). The estimated value of average SEM particle size of
Ni is tabulated in Table 3.4. SEM micrograph of Ni having micron size area (Figure
3.4(a)) shows the presence of nanostructures having nearly spherical shape morphologies.
However, in order to observe nanostructures more clearly and for the estimation of
accurate particle sizes, SEM micrographs of higher magnifications (30000X-40000X)

have been presented (Figure 3.4(b, c)). SEM studies confirm the presence of
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monodispersed Ni nanoparticles without any agglomerations. The average SEM particle
size for Ni nanoparticles estimated from micrograph in Figure 3.4(c) was found to be
54+3 nm. SEM studies indicate that synthesized Ni nanoparticles have large size
distribution. Average SEM particle size of Ni is larger than the XRD crystallite size and
may be attributed to the presence of aggregates or clusters consisting of several

crystallites.
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Figure 3.4 (a), (b), (c) SEM micrographs with various magnifications for Ni nanoparticles heat
treated at 600°C for 2 h under N, (g) flow atmosphere and (d) size distribution for micrograph ‘c’.

Table 3.4 SEM particle sizes and TEM particle sizes of Co and Ni heated at 600°C for 2 h.

Materials Average SEM particle size Average TEM particle size
(nm) (nm)
Co 62+5 43+ 4
Ni 54 +3 48 £5
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3.3.1.3 TEM studies

TEM micrographs for annealed Co and Ni nanoparticles are shown in Figure 3.5. The
estimated values of average TEM particle sizes are tabulated in Table 3.4. TEM
micrographs of Co and Ni confirmed that nanoparticles have nearly spherical shape. The
average TEM particle sizes were found to be 43+4 nm and 485 nm for Co and Ni,
respectively. TEM particle sizes are found to be larger than the XRD crystallite sizes but
more accurate than SEM particle sizes.

Figure 3.5 TEM micrographs of (a) Co and (b) Ni nanoparticles heat treated at 600°C for 2 h
under N, atmosphere.

3.3.1.4 Magnetic studies

The magnetic properties of the Co and Ni nanoparticles were studied by measuring room
temperature hysteresis (M-H) curves. The field dependence of specific magnetizations of
Co and Ni are shown in the Figure 3.6. The inset of the Figure 3.6 represents the
corresponding values of coercivity. However, approach to saturation magnetization of the
nanoparticles has a form very similar to 1/H law employed for the bulk material [15]. In
summary, specific magnetization values in the field strength of 10-15 kOe are taken. The
extrapolated values at M axis in the M vs. 1/H plots were taken as Ms (Figure 3.7). The
values of saturation magnetization (Ms) are 122 and 47 emu/g whereas the coercivity
values (Hc) are 111 Oe and 84 Oe for Co and Ni, respectively (Table 3.5).
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Figure 3.6 Plot of specific magnetizations versus applied field for (a) Co and (b) Ni nanoparticles
heat treated at 600°C for 2 h under N, atmosphere. Inset (a) and (b) shows the corresponding
values of coercivities for Co and Ni, respectively.
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Figure 3.7 Plot of M vs. 1/H representing approach to saturation magnetization of (a) Co and (b)
Ni nanoparticles.

82



Chapter I11: Magnetic properties of Fe, Co, Ni and Fe-Ni-Co nanoparticles
synthesized via NaBH, route in aqueous medium

Magnetic-hysteresis (M-H) curve of Co and Ni confirms ferromagnetic nature of the
materials (Figure 3.5). The values of Ms for Co and Ni are 122 emu/g and 47 emu/g,
respectively which are slightly lower than the values of Ms for bulk Co (162 emu/g) and

Ni (55.4 emu/g) [16]. The decrease in the values of Mg in our materials may be attributed

to the decrease in particle size, increase in surface area and crystalline disorder at the
surface layers which might create magnetic interfaces and results in lower values of
magnetization [17]. Further, degrees of spin canting at the surface of the nano-crystallites
may be significantly larger and may contribute towards lower magnetizations. In spin
canting, magnetic moments at the surface have random orientation whereas bulk
magnetic moments orient in the direction of applied field. Hence actual magnetic volume
contributing towards magnetization is less and results in the reduction in Ms value [18].
In the case of Ni, saturation magnetization can be achieved at lower applied field strength
i.e. below 5 kOe whereas Co is not saturated completely up to 10 kOe (Figure 4). The
values of coercivity for Co (i.e. 111 Oe) and Ni (i.e. 84 Oe) are in the range of soft
magnetic behavior. It has been reported that coercivity value for Co and Ni increases with
decreasing particle size, goes through maximum at critical size and then decreases below
critical size. In the case of Co, the multidomain structure can be obtained at particle size
of ~15 nm with coercivity value of ~190 Oe [19]. As average particle size of Co
nanoparticles in this study is larger than 15 nm, the decrease in Hc value in case of Co
may be related to particle size and multidomain structure. Critical size for Ni
nanoparticles is reported as 86 nm with coercivity value equal to 203.5 Oe [20]. Also,
coercivity values of Co and Ni nanomaterials are slightly greater than the value where
superparamagnetic behavior will occur. These results are matching well with the
literature reported data [20].

Table 3.5 XRD phase, saturation magnetization and coercivity of Co and Ni heated at 600°C for
2 h under N,(g) flow.

Materials XRD phase Saturation Magnetization, Coercivity, Hc (Oe)
Ms (emu/g)
Co fcc 122 111
Ni fcc 47 84
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3.3.2 Characterizations and magnetic properties of Fe-Ni-Co alloy nanoparticles
3.3.2.1 XRD studies

The XRD patterns for FeyoNigoC020, Fe3oNisoC029, Fe4oNizC020 and FesoNizpCoyo ternary
alloys synthesized by sodium borohydride reduction route and heat treated at 600°C
(under N, atmosphere) are shown in Figure 3.8. The composition, lattice parameters and
crystallite sizes have been summarized in Table 3.6. The XRD lines were broadened and
indicate fine particle nature of the materials. The average crystallite size is defined as the
diameter of the core of the nanocrystal having periodicity of lattice and does not include
thickness of the surface capping agent [21]. Further, the crystallite size obtained by XRD
may not correspond to nanoparticle size because of agglomeration of several crystallites
forming clusters. Such kinds of results have already been reported in the literature [22].
Also, it has been observed that XRD lines can be broaden due to lattice strain in the
nanoparticles [23]. However, in our investigation line broadening due to lattice strain
effect has not been considered. As the formation of nanocrystals in the present synthesis
occurs through nucleation and growth mechanism and not by mechanical activation (such
as ball milling and mechanical alloying), Scherrer equation concerns regarding the
broadening due to crystallite size only [23]. The XRD line broadening of the Fe-Ni-Co
ternary alloy materials increases with the increase of Fe content in the materials. The
alloys crystallize in fcc structure with lattice parameter (a) equal to 3.546(£1), 3.546(x1),
3.555(+1), and 3.558(x1) A for FexNigCo2, FesNisgCoz, FeqNignCozx and
FesoNizgCoyo alloys, respectively. The estimated crystallite sizes for FeyoNigoCozo,
FesoNisgC020, FeqoNisCo2 and FesoNizCoyo alloy materials were found to be 27.5(x1),
27.0(£1), 24.0(x1), and 22.8(x1) nm, respectively. For FesoNizpCoy alloy, we observed
very low intensity (<5%) spinel oxide, i.e. (FeNiCo0)304 phase (Figure 3.8). For high
percentage of Fe in the alloy, oxide formation takes place due to small grain size of the
materials. This may be due to higher oxidation potential of Fe compared to Co and Ni.
The phase boundaries of Fe-Ni-Co have been well studied and our results corroborates
well with the reported literature [24]. It should be noted that the surface of the
nanoparticles may be encapsulated with thin oxide layers and are not detected by X-ray
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diffraction. The surface oxidation in air may be expected in Fe and Fe based
nanomaterials due to highly reactive or pyrophoric nature of Fe. Such kind of results has

already been reported in the literature [22].
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Figure 3.8 XRD patterns for (a) FexNigCo0, (b) FeszoNisgCoz, (€) FesoNignCoy and (d)
FesoNizgCoyp ternary alloys heat treated at 600°C under N,(g) atmosphere. The XRD patterns are
indexed in accordance with fcc structure.

Table 3.6 Crystalline phase, annealing conditions, lattice parameters, and crystallite sizes of Fe-
Ni-Co ternary alloys with various compositions heated at 600°C for 2 h.

Alloy Crystalline Annealing Lattice Crystallite size
Composition Phase conditions temp/h  parameter, a (A) by XRD (nm)
(°C/h)
Fe2oNigCoz fcc 600/2 3.546(+1) 27.5(x1)
FesgNiseCoyg fcc 600/2 3.546(+1) 27.0(x1)
FesoNigCosz fcc 600/2 3.555(+1) 24.0(x1)
FesoNizCoyg fcc 600/2 3.558(+1) 22.8(x1)

The variations of the lattice parameters and crystallite sizes for Fe-Ni-Co ternary alloys
are shown in Figure 3.9. With the increase of Fe content in the ternary alloy, the

diffraction peaks shift to lower angle and the values of lattice parameters increase from
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3.546 A to 3.558 A. This result can be attributed to the difference in the values of atomic
radius of cobalt, nickel and iron, i.e. 1.67 A, 1.62 A and 1.72 A respectively [25]. It
should be noted that lattice expansion is found for ultrafine particle systems due to size
and surface effects. The calculated crystallite sizes of the ternary alloys (i.e. FexoNigoCo02,
FesoNisgCo20, FeqoNisCo020 and FesoNizpCoy0) decreases with the increase of Fe content in
the materials (Figure 3.9). It may be interpreted that in our synthesized ternary alloy, Fe

atoms are embedded in the fcc Co-Ni alloy matrix [26].
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Figure 3.9 Variation of lattice parameters and crystallite sizes with increasing Fe content in
FexNigo-xCo,q alloys heat treated at 600°C under N»(g) atmosphere.

3.3.2.2 SEM studies

The typical SEM micrographs with different magnifications (10000-30000X) for FexNigo-
xC020, X =20, 30, 40 and 50 alloys are presented in Figures 3.10 and Figure 3.11. Average
SEM particle sizes were estimated from SEM micrograph taken at 30000X magnification
(Figure 3.11). The average SEM particle sizes estimated from the most probable value in
particle size distribution plots shown as insets of Figure 3.11. The estimated SEM particle
sizes are tabulated in Table 3.7. SEM micrographs at lower magnifications (< 20000)
show the presence of nanomaterials in agglomerated form. In order to see more clear

nanostructures, SEM micrographs with higher magnifications (> 30000) (Figure 3.11)
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were measured which confirm a uniform distribution of nanoparticles having nearly
spherical shape. The estimated average SEM particle sizes are found to be 72+7 nm,
755 nm, 72+4 nm, and 596 nm for FezoNigoC02, FesoNisogC020, FesoNisCo2, and
FesoNizgCoy, respectively. The SEM particle sizes are found to be bigger than the
estimated crystallite sizes (Table 3.6). It should be noted that several crystallites can form
aggregates. The nanoparticle size determined by SEM may be larger compared to
crystallite size. Such kinds of results are not uncommon in the literature for ferromagnetic

crystallites [22].
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Figure 3.10 SEM micrographs at low magnifications of (a) Fe;oNigC0y, (b) FesNisgC0y, (C)
Fe4oNigCoz and (d) FesoNizgCoy ternary alloys heat treated at 600°C under N»(g) atmosphere.
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Figure 3.11 SEM micrographs at high magnification of (a) FexNigC020, (0) FesNisgCoy, (€)
Fe4oNigCoz and (d) FesoNizgCoyo ternary alloys heat treated at 600°C under N»(g) atmosphere.

Table 3.7 SEM particle sizes and TEM particle sizes of Fe-Ni-Co ternary alloys with various
compositions heat treated at 600°C for 2 h.

Alloy Annealing condition Average SEM Average TEM
Composition temp/h (°C/h) particle size (nm) particle size (nm)
FezoNi50C020 600/2 727 15+2
FesoNisoCoy 600/2 75+5 --
Fe4oNisnCoy 600/2 724 22+3
FesoNiznCoy 600/2 59+ 6 --

3.3.2.3 TEM studies

In order to investigate particle size distributions and phase purity, we examined two
selected materials, FexNiggCoz and FesoNisCoz, for TEM and SAED studies. The
typical TEM micrographs for FexoNigoCoz and FesoNisCoy alloys, heat treated at
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600°C, are shown in Figure 3.12(a) and Figure 3.12(b), respectively. Insets of Figure 3.12
represent corresponding TEM particle size distribution plots. The SAED patterns of
FexoNiggCo2 and FegoNisCoy are shown in Figure 3.13. The estimated average TEM
particle sizes for Fe-Ni-Co alloys from TEM micrographs are summarized in Table 3.7.
TEM micrograph studies confirm that the synthesized Fe-Ni-Co alloys have nearly
spherical morphology having average TEM particle sizes of 15+2 nm and 22+3 nm for
FexoNigoCo20 and FesoNispCoyo alloys, respectively. Although, there is indication of the
presence of some agglomerated fractions of the nanomaterials in TEM micrographs, the
TEM particle sizes, i.e. 15 nm and 22 nm, are comparable with the average XRD
crystallite sizes, i.e. 27.5 nm and 24 nm, for FezoNigoC02 and FesoNispCoz, respectively.
In our TEM investigation, the micrographs indicate broader distribution of particle sizes.
The reason can be majorly due to the chemical methodology adopted for synthesis and
surface modifications by dissolved species leading to agglomeration [27]. As in the
present synthesis methodology, we have used high concentration of borohydride (i.e. 1
M) in presence of Cl ions, PEG etc. in order to reduce metal ions; grain growth leading

to agglomeration is dominant.
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Figure 3.12 TEM micrographs of (a) FexNigCo2 and (b) FeqNigCoy alloys nanoparticles and
corresponding insets (Fig. (a) and (b)) represent corresponding size distributions.

In SAED pattern, the formation of diffraction rings indicates polycrystalline nature of the
materials (Figure 3.13). The interplanar spacing (d-value) for (111) and (200) crystal
planes from SAED patterns were found to be 2.0449 A and 1.7667 A for FezoNigCoz0
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and 2.0576 A and 1.7921 A for FesNisCos, respectively. The interplanar spacing
obtained for (111) and (200) planes from SAED patterns matches well with the
corresponding values obtained from XRD results. These results indicate the formation of

pure fcc Fe-Ni-Co ternary alloy phases.

Figure 3.13 SEAD patterns of (a) FexNigCoz and (b) FesNigCo, alloys nanoparticles. Major
diffraction rings are indexed in accordance with fcc crystal structure.

3.3.2.4 Magnetic studies

Figure 3.14 shows a typical M vs. H characteristics plot of Fe-Ni-Co materials under
study. However, for more clarity, specific magnetizations as a function of increasing field
strength (0-20 kOe) of FexoNigoCo020, Fe3oNisoC020, Fe40Nig0C020 and FesoNizpCoyo alloys
having particle sizes 27.5 nm, 27.0 nm, 24.0 nm, 22.8 nm respectively are shown in
Figure 3.15. The inset of Figure 3.15 represents the values of coercivity for
corresponding alloys. An approach to calculate the values Ms of Fe-Ni-Co alloys is
represented in Figure 3.16. The compositions, XRD phases, saturation magnetizations
and the values of coercivity are summarized in Table 3.8. The specific magnetization as a
function of field does not exhibit saturation up to 20 kOe and indicates
superparamagnetic fractions in the materials. The values of coercivity are found in the
range of 122 Oe to 170 Oe for FezoNigoC020, FesoNisgC029, Fe4oNizC020 and FesoNizoCozo
alloys. The saturation magnetization and coercivity values as a function of Fe content

have been presented in Figure 3.17.
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Figure 3.15 Plots of Specific magnetizations as a function of field for (a) FexoNigC0z, (D)
FesoNisgC020, (C) FeqoNinCoy and (d) FesgNizCo, ternary alloys heat treated at 600°C under N,
(g) atmosphere. Inset shows coercivity for corresponding compositions.
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Figure 3.16 Plot of specific magnetization as a function of 1/H for various Fe-Ni-Co
nanomaterials; (a) FexoNigC020, (b) FesoNisoC0z0, (C) FesoNignCos0 and (d) FesoNizCoyp alloys.

The observed values of saturation magnetization for FeyoNigoC02, Fe30NisgC0x0,
FesoNizCo2 and FesoNizpCoy, i.6. 54.3-41.2 emul/g, are significantly lower than the
reported bulk values (160-171 emu/g) measured at room temperature [28]. These results
indicate fine particle nature of our materials. The size range of our nano-particles seems
to be larger than the expected range for which we can observe a decrease in saturation
magnetization. But, magnetocrystalline anisotropy plays an important role in inducing
size effects of the nano-crystals. If the magnetocrystalline anisotropy is lower, one can
get size effects even for larger crystallites. Thus the magnetocrystalline anisotropy of our
materials may be lower in order to induce the size effects. The effective magnetic
moments of ultrafine ferromagnetic transition metal particles are found much below the
bulk value. Further, degrees of spin canting at the surface of the nano-crystallites may be
significantly larger and may contribute towards lower magnetizations. Such kind of
results has already been reported in literature for y-Fe;Os3, NiFe,O4 and CrO, materials [3,
18, 29]. The reduction in magnetization can also be due to surface effects. Surface
oxidation of the nanoparticles may play the role for the reduction of the specific
magnetization. The above stated arguments have been supported by the observed line

broadening in the X-ray diffraction patterns. Further it can be seen that the increase of Fe
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content, the values of saturation magnetization decreases which is of opposite trend found
in the literature [30]. However we have observed reduction in particle size as a function
of Fe content in our alloys. Therefore the reduction of magnetization as a result of surface
oxidation and surface effects is more dominant over the increase in Fe content in the
ternary alloys. Finally ferrimagnetic or antiferromagnetic impurities at the surface of the
nanoparticles can also decrease the total magnetization. It should be noted that Fe-Ni-Co
alloys with larger Fe content are prone to surface oxidation to a larger extent. The values
of coercivity decrease from 170 Oe to 122 Oe with decrease in Fe content (increase in Ni
content) in the ternary alloys (Figure 3.17). The coercivity is relatively high because the

particle size is not in the range where the anisotropy is averaged and coercivity is small.
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Figure 3.17 Variation of (a) saturation magnetization and (b) coercivity as a function of
increasing Fe content in the Fe-Ni-Co ternary alloys.

Table 3.8 Composition, XRD phase, saturation magnetization and coercivity of Fe-Ni-Co ternary
alloys heat treated at 600°C for 2 h under N,(g) flow.

Composition XRD phase Saturation magnetization, Ms  Coercivity, Hc (Oe)
(emu/qg)

Fe,oNigeC0sp fcc 54.3 148

FesoNisgCoyg fcc 43.7 122

FeoNinCoyg fcc 44.3 144

FesoNizCosg fce 41.2 170
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3.4 Conclusions

In summary, PEG coated Fe, Co and Ni nanoparticles have been stabilized in aqueous
medium by modified NaBH, reduction route. Fe nanoparticles were found to form oxides
after annealing whereas Co and Ni nanoparticles form pure crystalline phase. We have
prepared pure fcc phases of Co and Ni with lattice parameters 3.54(x1) A and 3.52(x1) A
whereas crystallite sizes are equal to 42.6(x1) nm and 29.1(x1) nm, respectively. SEM
and TEM studies confirm the formation of nano-spheres of Co and Ni by this
methodology. Size, shape and surface morphologies of material were studied by SEM
and TEM analysis. SEM micrograph shows the particle sizes to be 62+5 nm and 54+3 nm
whereas TEM studies confirm the sizes to be 43+4 nm and 485 nm for Co and Ni,
respectively. These particle sizes are larger than crystallite sizes estimated by XRD
studies due to the agglomeration of the nano-particles. Fine particle magnetism in our
material is explained by the plot of specific magnetization versus applied field which
shows the signature of the size and surface effects. The values of saturation
magnetization are 122 emu/g and 47 emu/g whereas the coercivity values are 111 Oe and
84 Oe for Co and Ni, respectively. These magnetic parameters indicate excellent soft
magnetic behavior of Co and Ni nanoparticles. The decrease in saturation magnetization
of Co and Ni compared to the bulk values have been explained on the basis of size,
surface effects and spin canting at the surface of the ultrafine materials. The synthesized
high moment Co and Ni nano-structured materials may be useful for soft magnetic

applications.

A new synthetic strategy is also applied for the preparation of nanocrystalline
Fe2oNigoCo20, FesgNisoCo20, FesoNizCo20 and FesoNizgCoyg alloys. The synthetic method
produces uniform and spherical nano-dimensional systems. It could prepare pure fcc
phases of the ternary alloys with lattice parameters in the range of 3.546-3.558 A and
crystallite sizes are in the range of 22.8-27.5 nm. The increases in the values of lattice
parameters were observed with the increase of Fe content in the ternary alloys. SEM
studies indicate the presence of aggregates or clusters consisting of several crystallites.
SEM nparticle sizes of Fe-Ni-Co alloys were in the range of 59+6 nm to 755 nm. TEM
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studies confirm that synthesized materials have spherical morphologies with minute
fractions of agglomerations. Estimated values of TEM particle sizes were found to be
15+2 nm and 22+3 nm for FeyoNigoCo2 and FesoNisCoy0, respectively. The observed
values of saturation magnetization for our ternary alloys are in the range of 54.3-41.2
emu/g and coercivity values in the range of 170-122 Oe. The above results indicate
excellent soft magnetic behavior of the synthesized ternary alloys. The alterations of
magnetic characteristics were explained on the basis of size, surface effects, spin canting

at the surface and presence of superparamagnetic fractions in the ultrafine materials.
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CHAPTER IV

Magnetic properties of some Co and Ni based metal/alloy
nanoparticles synthesized via superhydride route

In this chapter, we have focused on synthesis, characterization and magnetic properties of

Co, Ni, Fe-Co and Co-Ni alloys systems.
4.1 Introduction

The development of metal and alloys nanoparticles with high permeability for high
temperature applications has become a subject of intensive research and cannot be
achieved by the existing soft magnetic materials; for example: ferrites [1]. Magnetic
properties of nanomaterials depend on particle size, shape, surface morphologies, crystal
anisotropies and inter-particle interactions. It has been reported that chemical reduction
carried out using superhydride as a reducing agent in organic medium can produce
monodispersed nanoparticles of size <10 nm [2]. Advantages of superhydride over
sodium borohydride mainly include facile reduction of metal ions at its atomic level with
controlled size and shape which may be expected to arise from the flexibility of using

different concentrations of metal ions in organic solvents along with the capping agents

[2].

Single metal magnetic nanoparticles, e.g. Co and Ni, shows unique magnetic properties
provided these nanoparticles must have air stability towards surface oxidation [3]. Hence,
synthesis methodology which produces stable Co and Ni nanoparticles is needed in order
to study their nanocrystalline properties. Further, it has been noted that intermetallic
alloys of Fe, Co, Ni are more stable compare to single metal. Among all alloys, Fe-Co
alloys are important soft magnetic materials due to their high saturation magnetization
and low coercivity [4]. Amongst various binary alloys, Co-Ni alloys are more stable with
respect to air oxidation and composition. Further, Co-Ni alloys are highly applicable in

the field of catalysis because doping of transition metal in another transition metal could
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alter the d band electron filling and hence greatly alter the surface morphologies as well
as catalytic efficiency of the materials [5, 6]. However the cobalt rich alloys have high
manufacturing cost and their applications are limited. The issues need to be addressed is
how to improve material stability and surface protection around magnetic nanomaterials.
Therefore, synthesis, characterization and magnetic properties of Fe-Co and Co-Ni alloy
nanomaterials are important topics for investigation. Several attempts have been
undertaken for the preparation of oxide free and chemically stabilized metal or alloy
nanoparticles [7-9]. The stabilization of these nanoparticles includes encapsulation with
carbon or silica, coating with organic ligand such as oleic acid, oleylamine, n-
trioctylphosphine or triphenylphosphine etc. It should be noted that capping with oleic
acid and oleylamine could help in synthesis of stable, monodispersed nanoparticles with

narrow size distribution [10, 11].

However, there is scanty literature available on the synthesis of oleic acid and oleylamine
capped nanoparticles by superhydride route. The chemical nature of organic capping on
the surface of alloy nanoparticles by oleic acid and oleylamine has not been explored in
detail till to date. Therefore, motivation in our study lies on surface functionalization by
oleic acid and oleylamine on the surface nanomaterials. We have adopted a modified

synthetic strategy for stabilizing nanomaterials during the synthesis.
4.2 Experimental

The chemicals used for synthesis of above materials include ferric chloride hexahydrate
(FeCl3-6H,0), cobalt chloride hexahydrate (CoCl,-6H,0), nickel chloride hexahydrate
(NiCl,:-6H20) and oleic acid, oleylamine, diphenyl ether and superhydride (LiBEtsH, 1 M
in THF) from Sigma Aldrich, USA. The chemicals were of analytical grade and have

been used without further purification.
4.2.1 Synthesis of capped Co and Ni nanoparticles

Amount of metal salts used for synthesis of Co and Ni nanoparticles are tabulated in
Table 4.1. In a typical synthesis, CoCl,-6H,0 (or NiCl,-6H,0) were added into 25 mL
diphenyl ether in the 250 mL flask and stirred under high purity N2(g) gas atmosphere for
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duration of 2 h at room temperature. Then, the resulting mixture was heated to 100°C and
appropriate amount of capping agents were added. Further, this solution was heated to
200°C for the time duration 10 min and 3 mL/mmol superhydride solution (LiBEt;H, 1 M
in THF) was added into the hot solution drop-wise for a duration of approximately 5 min.
Black dispersion of product nanoparticles was formed. The solution was stirred at 200°C
for 30 min and at 240°C for 30 min in order to remove excess THF (boiling point =
157°C). The mixture was cooled down to room temperature and added 15 mL ethanol
containing some amount of corresponding capping agents. The black solids were
separated by centrifugation at 6000 rpm for 5 min and decanted out upper clear liquid.
Black solids were again dispersed in 10 ml ethanol containing capping agents and
centrifuged. Separated solids were dried at RT in vacuum (i.e. as-prepared materials).
Finally, these as-prepared materials were heat treated in high purity N»(g) atmosphere at
higher temperatures (600°C) and used for further characterizations and magnetic
properties study.

Table 4.1 Details of moles and weights of metal salts taken as starting materials for synthesis of
Co and Ni nanoparticles via superhydride reduction method.

Materials Metal salts Moles (mmol) weight (g)
Co (*, **) CoCl,-6H,0 1 0.238
Ni (*, **) NiCl,-6H,0 1 0.238

* Total metal ions concentration = 0.04 M.
** Capping agents - Oleic acid (0.32 ml) and Oleylamine (0.34 ml).

4.2.2 Synthesis of capped Fe-Co alloys nanoparticles

The synthesis method described in the above subsection (4.2.1) has been adopted for
synthesis of Fe-Co binary alloys. For the synthesis of FexCoigox alloys (x= 20, 40, 60,
80), stoichiometric amounts of metal salts were taken and are tabulated in Table 4.2. In a
typical synthesis of Fe-Co binary alloys, stoichiometric amount FeCls-6H,O and
CoCl,-6H,0 salts were added into 25 mL diphenyl ether in the 250 mL flask and stirred
under high purity N»(g) gas atmosphere for duration of 2 h at room temperature. The

reduction procedure using superhydride was similar to the procedure described above in
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section 4.2.1 for the synthesis of Co and Ni nanoparticles. After final centrifugation, all
FexCoipox alloy samples were dried at RT in vacuum (i.e. as-prepared materials) and
annealed in high purity N2(g) atmosphere at higher temperature (600°C) and used for
further characterizations and magnetic properties study.

Table 4.2 Details of moles and weights of metal salts used for synthesis of Fe-Co alloys via
superhydride reduction method.

Materials X Metal salts Moles (mmol) weight (9)
20 FeCl;-6H,0 0.2 0.054
CoCl,-6H,0 0.8 0.190
40 FeCl;-6H,0 0.4 0.108
FexCo100-x CoCl,-6H,0 0.6 0.143
(*, **) 60 FeCl;-6H,0 0.6 0.162
CoCl,-6H,0 0.4 0.095
80 FeCl;-6H,0 0.8 0.216
CoCl,-6H,0 0.2 0.047

* Total metal ions concentration = 0.04 M.
** Capping agents - Oleic acid (0.32 mL) and Oleylamine (0.34 mL).

4.2.3 Synthesis of capped Co-Ni alloys nanoparticles

Similarly, for the synthesis of CoxNijgo-x binary alloys (x= 20, 40, 60, 80), stoichiometric
amounts of metal salts were taken and are tabulated in Table 4.3. In a typical synthesis,
stoichiometric amount NiCl,-6H,O and CoCl,-6H,O were added into 25 mL diphenyl
ether in the 250 mL flask and stirred under high purity N»(g) gas atmosphere for 2 h at
room temperature. The reduction procedure using superhydride was similar to the
procedure described above in section 4.2.2 for the synthesis of Fe-Co alloys. After final
centrifugation, all CoxNiyox alloy samples were dried at RT in vacuum (i.e. as-prepared
materials) and also annealed in high purity N»(g) atmosphere at higher temperature

(400°C) and used for further characterizations and magnetic properties study.
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Table 4.3 Details of moles and weights of metal salts taken for synthesis of Co-Ni alloys via
superhydride reduction method.

Materials X Metal salts Moles (mmol) weight (g)
20 CoCl,-6H,0 0.2 0.047
NiCl,-6H,0 0.8 0.190
_ 40 CoCl,-6H,0 0.4 0.095
CoxNi1go-x NiCl,-6H,0 0.6 0.143
(*, *%) 60 CoCl,-6H,0 0.6 0.143
NiCl,-6H,0 0.4 0.095
80 CoCl,-6H,0 0.8 0.190
NiCl,-6H,0 0.2 0.047

* Total metal ions concentration = 0.04 M.
** Capping agents - Oleic acid (0.32 mL) and Oleylamine (0.34 mL).

4.3 Results and Discussion
4.3.1 Characterizations and magnetic properties of Co and Ni nanoparticles
4.3.1.1 FTIR spectroscopy studies of organic capping on Co and Ni nanoparticles

In order to prove the presence of organic capping on the surface of Co and Ni
nanomaterials, FTIR spectroscopy studies were carried out. FTIR spectra for as-prepared
(280°C) and heat treated (600°C) oleic acid/oleylamine coated Co and Ni nanoparticles
are shown in Figure 4.1(a, b, c and d). For comparison, FTIR spectra of pure oleic acid
and oleylamine were recorded and shown in Figure 4.2. The observed characteristics

peak positions and assignments of vibrational modes are summarized in Table 4.4.

The characteristic peaks for pure oleic acid are located at 2850-3000 cm™, 1708 cm™ and
2679 cm™ due to oleyl group, v(C=0) stretch and v(O—H) stretch, respectively.
Similarly, the characteristic peaks for pure oleylamine are located at 2850-3000 cm™,
1655 cm™, 1579 cm™ and 3333 cm™ which can be assigned due to oleyl group, v(C=C)
stretch, NH; scissoring mode and v(N—H) stretch, respectively. The above mentioned
values for the peak positions for oleic acid and oleylamine are in accordance with those
reported by Shukla et al. [12].
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Figure 4.1 FTIR spectra of oleic acid and oleyl amine capped Co and Ni nanoparticles
synthesized via superhydride route; (a) as-prepared Co, (b) as-prepared Ni, (c) Co heat treated at
600°C and (d) Ni heat treated at 600°C.
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Figure 4.2 FTIR spectra of commercial (Sigma-Aldrich) (a) oleic acid and (b) oleylamine.
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Table 4.4 FTIR frequencies and assignments for coated Co and Ni nanoparticles along with those
of commercial (Sigma-Aldrich) oleic acid and oleylamine.

As-prepared As-prepared Pure oleic Pure Assignments
Co Ni acid, ® (cm™)  oleylamine, ©
nanoparticles,  nanoparticles, (cm™)
% (cm™) % (cm™)
— — — 3333w N—H stretch
— — 3006 w 3006 w C—H stretch
2924 s 2924 s 2918 s 2918 s asym. CH, stretch
2854 m 2854 m 2853 s 2853 s sym. CHj stretch
— — 2679 w — O—H stretch
— — 1708 s - C=0 stretch
— - 1655 w 1655 w C=C stretch
— — — 1579 b NH; scissoring
1565 w 1565 w - — asym COO stretch
1428 b 1428 b - — sym COO  stretch

Abbreviations: b-broad, s-strong, m-medium, w-weak, sym-symmetric, asym-asymmetric.

In case of as-prepared Co and Ni nanoparticles, the absence of peaks at 1708 cm™, 1592
cm™ and 3325 cm™ confirm the absence of pure oleic acid and oleylamine on the surface
of nanoparticles. The peaks at 2924 cm™ and 2854 cm™ corresponds to oleyl group in the
capping materials. The peaks in range of 1430-1565 cm™ for the as-prepared Co and Ni
nanomaterials can be assigned to carboxylate (-COOQO ) group. The above mentioned
result indicates capping of oleic acid and oleylamine in the form of their acid-base
complex consisting of -COO™ and —NH5" ions. The peaks for olefinic C—H (3007 cm™)
and v(C=C) stretch (1654 cm™) mode are absent in the FTIR spectra. These results
indicate some sort of feeble bonding interactions between metal nanoparticles and oleic
acid-oleylamine mixture either via carboxylate ion or olefinic double bond [12, 13].
Several peaks are found in the finger print region (1450-400 cm™) for as-prepared Co and
Ni. These lines may be interpreted as complex combinations of the v(C—C) stretch,
v(C—O0) stretch, CH, deformation and some other modes.

FTIR spectra for heat treated Co and Ni in N2(g) atmosphere show the absence of oleic
acid and oleylamine capping. The peaks in the region of 2854-2924 cm™ were absent in
case of heat treated materials which indicates decomposition of oleyl group into some

other simpler organic compound(s). However, we have observed several peaks in the
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finger print region, the frequencies of which were different compared with the peaks in
as-prepared materials (Figure 4.1). These results indicate the presence of thin organic
capping of unknown materials at the surface of heat treated Co and Ni nanoparticles at
600°C.

4.3.1.2 XRD studies

The XRD patterns of Co and Ni heat treated at 600°C under Ny(g) atmosphere are
presented in Figure 4.3(a, b). The XRD patterns for as-prepared Co and Ni nanomaterials
are presented in inset of Figure 4.3. The as-prepared Co and Ni nanomaterials contain
amorphous fractions majorly and the structural parameters for the heat treated
nanomaterials were examined. The metallic phases of the materials were found to be
oxide free. The XRD lines were broadened consistent with a nano-scale crystallite size.
The lattice parameters and crystallite sizes of Co and Ni have been summarized in Table
4.5. Co crystallizes in the mixture of hexagonal close packed (hcp) (o) and face centered
cubic (fcc) (B) crystal structures (JCPDS # 05-0727 (a-Co) and 15-0806 (B-Co)) [14].
The calculated lattice parameters for a-Co are a = 2.5049 A and ¢ = 4.0856 A whereas for
B-Co are a = 3.5383 A Ni crystallizes in fcc crystal structure with lattice parameters
value, a = 3.5273 A (JCPDS # 70-0989). Average crystallite sizes for Co and Ni were
found to be 15 nm and 35 nm, respectively.

The amorphous nature of the as-prepared Co and Ni nanomaterials can be correlated with
inhibition of grain growth during synthesis of the materials due to the presence of
surfactants. Therefore, the structural and magnetic properties are expected to be different
due to poor crystallization and surface functionalization of the nanomaterials. Generally,
a-Co phase is stable at lower temperatures while p-Co phase is stable at temperatures
above 450°C. However, the presence of both phases at 600°C is mainly due to the
synthetic conditions used in chemical reduction route and fine particle nature of the
materials [15]. The hcp crystal structure is the most stable structure in cobalt and the
presence of fcc structure indicates the stabilization of a less stable structure. Evidence for
such kind of stabilization of fcc phase has been reported for cobalt metal encapsulated

within copper matrix [16].
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Figure 4.3 XRD patterns of (a) Co and (b) Ni nanoparticles heat treated at 600°C for 2 h duration
under N, atmosphere. Inset represents the XRD patterns of as-prepared nanomaterials; (a) Co and
(b) Ni.

The fraction of hcp and fcc phases present in Co sample were determined by using

following equations 4.1 and 4.2 [17]:
Ppep + Pree =1 (4.2)

_ Thep
Prep = (Ihep + 0.908 I ¢c) (4.2)

where, Pnep and Pg are the fractions of hcp and fcc phases in Co, respectively; Ine and

ltc are the intensities of (101) peak of hcp Co and (200) peak of fcc Co in the XRD

patterns, respectively.

The XRD patterns for synthesized Co material indicate the presence of 53% a-Co and
47% B-Co phase (Figure 4.3(2)). The lattice parameters were determined from (002) and
(101) peaks for a-Co whereas (111) peak in case of B-Co. The values of lattice
parameters for a-Co and B-Co phases are in well agreement with reported values of a =
2.5088 A, ¢ = 4.0762 A for a-Co and a = 3.5448 A for p-Co [18]. The XRD pattern for

Ni confirms the presence of stable fcc crystal phase (Figure 4.3(b)). The calculated value
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of lattice parameters, i.e. a = 3.5273 A, is matching with reported value of a = 3.5242 A
[18].

4.3.1.3 TEM studies

TEM micrographs, with different magnifications, for Co and Ni heat treated at 600°C are
shown in Figure 4.4(a, b, ¢, d). The TEM particle size distributions (frequency of
occurrence vs. nano-size range) for Co and Ni nanoparticles have been shown in Figure
45(a, b). The average TEM particle sizes for Co and Ni determined from TEM
micrographs are summarized in Table 4.5. TEM micrographs with magnifications
135000X and 225000X of Co and Ni, respectively (Figure 4.4 (a) and (c)) confirm that
both Co and Ni have monodispersed nanostructures with nearly spherical morphologies.
However, there are very few cases of irregular shaped particles observed at the surface of
the nanomaterials. In order to get more accurate view and for particle size estimations,
images at higher magnifications (310000X) were taken (Figure 4.4 (b) and (d)).

Figure 4.4 (a), (b) TEM micrographs with different magnifications of Co nanoparticles and (c),
(d) of Ni nanoparticles, heat treated at 600°C for 2 h under N,(g) atmosphere.
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Particle size distribution plots of Co and Ni (Figure 4.5) show presence of particles in the

size range of 6-16 nm. However, average TEM particle sizes for Co and Ni were

estimated to be 11+2 nm and 10+2 nm, respectively. The estimated TEM particle sizes

are smaller than crystallite sizes, i.e. 15 nm and 35 nm, for Co and Ni respectively. These

results might be due to the fact that TEM particle size corresponds to local probe which

contains smaller particles only while crystallite size corresponds to the average of the

whole mass including larger crystallites [19]. It indicates the fine particle nature of

synthesized materials with relatively narrow particle size distributions.
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Figure 4.5 TEM particle size distributions plots for (a) Co and (b) Ni nanoparticles.

Table 4.5 Crystallite size, TEM particle size, saturation magnetization and coercivity of Co and
Ni nanoparticles heat treated at 600°C for 2 h under N»(g) atmosphere.

Materials Crystallite ~ TEM particle Saturation Coercivity, Hc
size (nm) size (nm) magnetization, Mg (Ce)
(emu/qg)
Co 15 11+£2 64 436
Ni 35 10+2 29 148
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4.3.1.4 Investigation of magnetic properties

The magnetic properties of materials have been investigated from the studies of room
temperature magnetic hysteresis loop (M-H curve). Field dependence of the
magnetization for Co and Ni are shown in Figure 4.6. The inset of the Figure 4.6
represents M vs. 1/H plots of Co and Ni nanoparticles. The Ms were determined from the
intercept of M vs. 1/H plot. The estimated values of Ms and Hc for Co and Ni are
summarized in Table 4.5. The values of Ms are found to be 64 and 29 emu/g whereas the
values Hc are 436 Oe and 148 Oe for Co and Ni, respectively.

The magnetic hysteresis loops confirm that both Co and Ni show ferromagnetic behavior
at room temperature (Figure 4.6). The values of Ms for Co and Ni, i.e. 64 and 29 emu/g,
respectively, were found to be smaller than the values for bulk Co (162 emu/g) and Ni
(55.4 emu/g) [3]. It has been reported that hcp Co phase is stable at ambient conditions
whereas fcc Co phase is formed after annealing above 450°C. However, fcc Co phase can
be obtained at ambient conditions in nanomaterials with controlled synthesis [14].
Further, bulk hcp Co is magnetically hard phase compare to fcc Co phase with Ms value
equal to 162 emu/g and Hc value greater than 100 Oe. While bulk fcc Co is soft magnetic
phase with Ms value equal to 172 emu/g and Hc value less than 100 Oe [14, 20]. Also,
magnetization of the materials was not saturated up to 4000 Oe field which confirms the
presence of superparamagnetic fractions. It indicates that magnetic properties of
nanocrystalline materials are dependent on size, shape, spin canting at the surface, altered
crystal anisotropies and magnetic dipole interactions etc. [21, 22]. These aspects have
already been explained in the chapter I, subsection 1.6.4. The decrease in saturation
magnetization value may be attributed to the above mentioned parameters. Further, non-
magnetic layers present on the surface of nanoparticles may also result in the reduction of
saturation magnetization value [23]. Further, reduction of saturation magnetization in our
Co nanomaterials may also be due to presence of fcc phase (47%) which show reduction

in magnetization in nanoparticle systems [24].
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Figure 4.6 Room temperature magnetic hysteresis loops for (a) Co and (b) Ni heat treated at
600°C for 2 h under Ny(g) atmosphere. Inset represents corresponding M vs. 1/H plots and its
extrapolated portions towards 1/H — 0.

The coercivity values of Co and Ni, i.e. 436 Oe and 148 Oe, respectively, are higher than
the values corresponding to superparamagnetic behavior. In particular, the value of
saturation magnetization (64 emu/qg) is significantly less and coercivity (436 Oe) is quite
higher for Co nanomaterials than that of Wang et al. (110.8 Oe) observed for Co
nanoplatelets [17]. It is expected that shape anisotropy contribution in our material is less
significant. Therefore, the higher values of coercivity can be due to the presence of
magnetically hard hcp Co phase. Also, small ferromagnetic fractions having larger
particles, as indicated by particle size distribution studies, can results in larger Hc values
for Co and Ni nanoparticles. This variation can be understood as altered synthesis

methodology and material structures in the current study.
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4.3.2 Characterizations and magnetic properties of Fe-Co nanoparticles

4.3.2.1 CHN analysis and FTIR spectroscopy studies of organic capping on Fe-Co

nanoparticles

For Fe-Co alloys, in order to ascertain the chemical nature of the capping layer, we have
performed organic content analysis by CHN and FTIR on the samples, heat treated at
600°C under N3(g) atmosphere. The CHN content for various Fe-Co samples are
tabulated in Table 4.6. The CHN contents were found to be 35.00, 32.82 and 23.53 wt%
for FesoCogo, FesoC040 and FegoCoyo alloy compositions, respectively. The major fraction
of materials in the organic capping layer were carbon, i.e. 33.39, 31.17 and 21.42 with
C:H ratios 21.0:1, 19.8:1 and 10.4:1 for Fey4Co0o6, FeosC0o.4 and FepgCoo ., respectively.
To be noted that C:H ratio used during the synthesis was 6:1. The observation of higher
C:H ratios in the capping layers indicate the presence of unknown carbonaceous materials
which are chemically and structurally different from the oleic acid, oleylamine and/or
their complex combinations. FTIR spectra of heat treated samples of Fe40Cogo, FesoC040
and FegoCo, are shown in Figure 4.7. These results are quite similar to the nature of
capping on the pure Co and Ni nanoparticles irrespective of the alloy compositions. The
FTIR study confirms the absence of pure oleic acid and oleylamine at the surface of the
nanoparticles. The presence of organic capping layer after the heat treatment of the as-
prepared oleic acid/oleylamine capped particles is believed to be playing a role in

stabilizing from surface oxidation of nanoparticles even at room temperature.

Table 4.6 Atomic % of N, C and H present in the Fe-Co alloys with various compositions.

Materials at % of N at%ofC at%ofH Total CHN C/H ratio
content (at %)

Fe4Cogo 0.02 33.39 1.59 35.00 21.0
FesoCoasg 0.08 31.17 1.57 32.82 19.8
FegoCogz 0.06 21.42 2.05 23.53 10.4

110



Chapter IV: Magnetic properties of some Co and Ni based metal/alloy
nanoparticles synthesized via superhydride route

60

(c)

% Transmittance

20

10

152
1436

0}
—t a1 PR P TP
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

Figure 4.7 FTIR spectra of oleic acid and oleylamine capped Fe-Co nanoparticles synthesized
via superhydride route and heat treated at 600°C under N,(g) atmosphere; (a) Fe4Coso, (b)
FegoCo4g and (C) FegoCoy.

4.3.2.2 Solid state reactivity and XRD studies of Fe-Co nanoparticles

FexCo100-x (20 < x < 80) alloys with different compositions were synthesized under
similar experimental conditions as mentioned earlier (section 4.2.2). The as-synthesized
alloys were heat treated at various temperatures (400-600°C) under high purity N2(g)
atmosphere in order to increase the crystallinity of the materials and to observe any order-
disorder phase transformation. However, we have optimized the minimum temperature,
i.e. 600°C, required for the crystallization of Fe-Co alloys in order to obtain ultrafine
particles. XRD patterns of Fe-Co alloys having different compositions, i.e. FexCoigo-x (20
< x < 80), heat treated at 600°C are shown in Figure 4.8. It is observed that Fe;,Cogp alloy
contains major bec (a) and minor fcc (y) whereas Fe-Co alloy phases having Fe content
(x) above 40, show single a-Fe-Co alloy phase. The observations of various phases in
different compositions of FexCo1g0x are shown in phase diagram (Figure 4.9). Our results

of obtaining a-Fe-Co phase for x >40 are in accordance with the phase diagram [25, 26]
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where it has been observed that Co can diffuse into the a-Fe structure in order to form Fe-

Co solid solution. Thus, the presence of mixture of a and y phases simultaneously in

Fe,0Cogo alloy may be because of large Co content that exceeds the solubility limit (72-90

% of Co content) for the formation of Fe-Co solid solution at room temperature.
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Figure 4.8 XRD patterns of (a) Fe,gCogo, (b) FeqCoso, (C) FegoCo4o and (d) FegoCoy alloys

nanoparticles annealed at 600°C.
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Figure 4.9 Phase diagram for Fe-Co alloys with various compositions [25, 26].
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The XRD peaks were broad in nature. This result indicates the signature of nano-
crystalline nature of the materials. Crystallite sizes for Fe-Co alloys are represented in
Table 4.7. The observed XRD peak positions are indexed in accordance with JCPDS card
for a-Fe-Co alloy (JCPDS # 49-1567).

The compositions (i.e. FexCoigo-x (40 < x < 80) studied in the present work are within the
regime where one can expect order-disorder transformation above 400°C. However, the
(100) super lattice peak position at 20 values of ~36.4° is not observed in the XRD
patterns of the annealed Fe-Co materials up to a temperature of 600°C [27]. Suppression
of phase transformation in ultrafine nano-materials have been reported in the literature
[28, 29], however, for Fe-Co systems using the present synthetic strategy is the first time

report.

The calculated values of lattice parameters (a) for a- FexCoigo-x alloys are 2.836(+4) A,
2.852(+2) A, 2.859(+1) A and 2.868(+1) A for x = 20, 40, 60 and 80, respectively (Table
4.7). The shift in the peak positions and increase in the lattice parameters were observed
with the increase in Fe content in Fe-Co alloys. These results confirm the formation of a-
Fe-Co alloy solid solution where Fe atoms are in bcc phase [30, 31]. The calculated
lattice parameters for Fe-Co alloys are comparable, but slightly less than the value for
bulk a-Fe, i.e. 2.866 A [32]. Average crystallite sizes for the synthesized Fe-Co alloys
were found to be in the range of = 23-38 nm for the heat treated materials.

Table 4.7 Compositions, crystalline phase, lattice parameters and crystallite sizes for Fe-Co alloy
nanoparticles with different compositions. Figure(s) in parentheses include error bars.

Composition Crystalline phase Lattice ?Rr)ameters Cryst(anl :Ti;[f size
Fe,Cogg bce + fce 2.836(%4) 23.30(£3)
Fe40Cogo bcc 2.852(x2) 37.93(%1)
FegoCo4o bcc 2.859(%1) 26.06(x2)
FegoCoy0 bcc 2.868(x1) 38.27(x2)
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4.3.2.3 TEM microstructural studies of Fe-Co nanoparticles

TEM micrographs at various magnifications for Fe-Co alloys annealed at 600°C are
shown in Figure 4.10. TEM particle size distribution plots are represented in Figure 4.11.
Figure 4.12 shows SAED patterns for Fe-Co alloys. The estimated average particle sizes
for Fe-Co alloys from TEM micrographs are summarized in Table 4.8. TEM micrograph
studies confirm that the synthesized Fe-Co alloys have nearly spherical morphologies.
Average particle sizes for Fe-Co alloys, estimated from TEM micrographs ranges from
10 nm to 51 nm and are comparable with the average crystallite sizes obtained using
XRD technique, i.e. 23 to 38 nm. TEM particle size distributions are reasonably narrow
and are evident from the estimated size deviation of 0.6-2.2 nm from average values
(Table 4.8).

SAED pattern shows the formation of broader diffraction rings which indicates
polycrystalline nature of the materials. The diffraction from the crystalline planes, i.e.
(110), (200), (211) etc. in SAED pattern for Fe-Co alloys for all compositions matches
exactly with the XRD results and confirm the formation of a-Fe-Co alloy phase. In
addition, the lattice parameters values obtained from SAED patterns, i.e. 2.79(x1),
2.845(7), 2.856(+5) and 2.80(=2) A for FexCoiox, X = 20, 40, 60 and 80, respectively,

agrees well with the corresponding values obtained from XRD results.
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Figure 4.10 TEM micrographs with various magnifications of (a) (b) Fe;Coso; (€) (d) Fe4Co0go;
(e) (F) FegCo4 and (g), (h) FegCoy alloys nanoparticles annealed at 600°C under N»(g)
atmosphere.
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Figure 4.11 TEM particle size distribution plots of (a) Fe,Cogo, (b) Fe10C0eo, (C) FesC0o4o and (d)
FegoCoyo alloys nanoparticles annealed at 600°C under N,(g) atmosphere.

Table 4.8 Compositions, TEM particle sizes, saturation magnetizations (Ms), corrected saturation
magnetizations (M's), remanent magnetizations (M;) and coercivity (Hc) values for Fe-Co alloy
nanoparticles with different compositions.

Composition TES:\Z/IGP(?;:; e Ms (emu/g) (erl::[ujg) (enI:/LIJr/g) He (Oe)
Fe20Cosgo 101 - - - -
Fe4oCogo 5142 92.5(x1) 142.2 2.2 244
FesoCOuo 34+2 67.1(x1) 100.1 9.3 400
FesoCoz 24 +2 71.1(+0.5) 93.1 10.4 472
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Figure 4.12 SAED patterns of (a) Fe,Cogo, (b) FesCogo, (C) FegoCo4o and (d) FegoCoy alloys
nanoparticles annealed at 600°C under N»(g) atmosphere. Observed diffraction rings are indexed
in accordance with bce crystal structure.

4.3.2.4 Magnetic properties of Fe-Co nanoparticles

M vs. H curves for FexCo1g0x alloys (x = 40, 60, 80) have been shown in Figure 4.13 and
the inset represents the corresponding values of the Ms. As FeyCogp alloy crystallizes
with mixture of two phases, i.e. fcc and bce, the material is excluded while investigating
the composition dependent of magnetization. Fe-Co alloys annealed at 600°C, contain
organic coating at the surface. Therefore, two different values of Ms are reported
herewith, i.e. one denotes Ms without considering wt% of organic layer and the other,
M’s , after wt% corrections corresponding to CHN content. Considering the very high
values of C/H ratios, the oxygen content is assumed to be negligibly small and not
considered while estimating the corrected values for Ms. The values of the Ms of the
materials were determined by M vs. 1/H law. The estimated extrapolated values of the
Ms, M, and Hc for Fe-Co alloys are tabulated in Table 4.8. The values of Ms, M, and H¢
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for FexCo1g0-x alloys (x = 40, 60, 80) are found to be in the range of 71.1-92.5 emul/g, 2.2-
10.4 emu/g and 244-472 QOe, respectively. After corrections employed for wt% of organic
coatings, the values of the Ms are estimated in the range of 93.1-142.2 emu/g for
FexCo100-x alloys (x = 40, 60, 80).
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Figure 4.13 Room temperature magnetic hysteresis loops for (a) FesCogo, (b) FesoCo4 and ()
FegoCoy alloys nanoparticles heat treated at 600°C for 2 h under N, atmosphere. Inset represents
the corresponding M vs 1/H plots and its extrapolated portions towards 1/H — 0.

The magnetic hysteresis loops confirm that Fe-Co alloys exhibit ferromagnetic behavior
at room temperature (Figure 4.13). The values of Mg, i.e. 71.1-92.5 emu/g, and 93.1-
142.2 emul/g, for Fe-Co alloys having organic coating and after correction for wt% for
organic coating are smaller than the values reported for bulk ordered materials (i.e. 245
emu/g) [33]. This may be attributed to the combined effects of altered crystal
anisotropies, disordered structure, reduction in particle size and spin canting at the
surface of nanomaterials [34]. It has been established by Zeng et al. [33] that reduction of
Ms (say maximum up to =15 emu/g) is observed as a result of disordering in the
distribution of Fe and Co atoms in the crystal structure. The disordered structure has

already been established by our XRD results. Although, almost constancy in magnetic
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anisotropy may be observed at least up to room temperature for ideal Fe-Co bulk
magnetic materials, significant alteration may not be over ruled for nano materials.
Therefore, additional reduction in magnetization at room temperature may be attributed
to thermal effects at our measurement temperature, i.e. 298K. The estimated maximum
value of Mg, i.e. 143emu/qg, for Fe,Cogo alloy composition after correction for organic
capping, is still significantly lower than the bulk saturation, i.e. 245 emu/g. This result
indicates the signature of onset of fine particle size and surface effects including
superparamagnetism in Fe-Co alloys synthesized by the present strategy and such

reduction has already observed in several magnetic materials [28, 35].

It should be noted that specific magnetization vs. field plots of Fe-Co alloys at room
temperature do not saturate up to an applied field of 4000 Oe. These results confirm the
presence of superparamagnetic fractions in the alloy materials. Also, it is observed that
there is alteration of Ms values with Fe content in the FexCo100x alloys (Figure 4.14). It
should be noted that magnetic saturation is related to positions and arrangements of
atoms in the crystal structure and resultant magnetization may be dependent on magnetic
exchange interactions among atomic moments [36]. Also, it is reported that Ms values for
Fe-Co alloys are composition dependent and may vary with concentration of Fe in the
FexCo1gox (40 < x < 80) nanomaterials [37]. With the increase in Fe at% (x) in Fe-Co
alloys, the values of Mg, initially increases, shows a maximum (= x = 50) and thereafter
decreases. The shifting of the maximum is dependent on materials structure obtained by
using alternative synthetic methods [37, 38]. In our study, we obtained gradual decrease
in the values of Ms with increase in the Fe at% (x) (from x = 40 to 80) measured at room
temperature from M vs. H plots and after applying the corrections for CHN content
(Figure 4.14(b)). Although, particle size distribution and presence of superparamagnetic
fractions may influence the values of Mg, in the present study, effect of composition of
the Fe-Co alloys is dominant for the decreasing trend of the Mg values. It should be noted
that the wt% correction abruptly increases the values of M's compared to Ms with the
increase of Co content. The abrupt changes may result from the small variation of organic
content due to different chemical affinity of nano-materials with different composition,

even though the synthetic parameters are similar. The variation of Hc of FexCoigo-x (40 <
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x < 80) nanomaterials with gradual increase in the values of x has been shown in Figure
4.14(c) and the values of M, are presented in Table 4.8. The gradual increase in the
values of Hc with increasing Fe content may be attributed to different size and surface
morphologies along with composition [38, 39]. It has been reported in the literature that
Hc values are inversely proportional to the grain size of the material above a critical size
and our results are in accordance with the literature reports [33]. The reduced values of
the ratios of remanent magnetization and saturation magnetization, i.e. M/Ms, of the
FexCo100x alloys are found to be 0.02, 0.13 and 0.14 for x equal to 40, 60 and 80,
respectively. This indicates that crystal anisotropies increase with the increase in Fe
content and supports the increasing trend in the values of the coercivities. Such kinds of

results have already been reported in the literature for Fe-Co system [40].

160

150 4 L 500
140 - () () -~
L 450
130 | =— [
~ 120 1 L 400
~—~
S 110 &
E 100 350 ~
e - B 3
N
= 90- . @ T =
IE— L 300
80
- | |
70 v — L 250
60 -
50 +——————————————————————+ 200
30 40 50 60 70 30 90

Fe content (x)

Figure 4.14 Plot of variations in values of (a) Mg, (b) M’s and (c) Hc with respect to increasing
Fe content in the Fe,Co100.x alloys (40 < x < 80).

4.3.2.5 Mdossbauer Spectroscopic studies of Fe-Co alloys

The room temperature Mossbauer spectra of FexCoigo-x alloys (x = 40, 60, 80) have been

shown in Figure 4.15 along with its fitted sub-spectra for clarity reason. The values of
hyperfine field (Hys), isomer shift (), line width and relative intensities of the fitted sub

spectra are summarized in Table 4.9. The Mdossbauer spectrum of Fe,Cogp did not show
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well defined Mdssbauer absorption. This may be attributed to the presence of less amount
of Fe content and mixture of two phases in the structure of the alloy. The Mdssbauer
spectra of FesCogo, FesoC040 and FegoCoyo having crystallite sizes of 38 nm, 26 nm and
38 nm, respectively, were deconvoluted into ferromagnetic sextet and superparamagnetic
doublet of Fe-Co material. The relative intensity of the sextet:doublet in Fe4Coso,
FesoCo40 and FegyCoyp alloys are 80:20, 90:10 and 80:20, respectively.

As the relative intensity of the doublet and sextet is related to the fraction of
superparamagnetic nanoparticles present in the materials, saturation magnetizations in the
alloys may differ significantly. This indicates the fine particle nature of our materials
with particle size distribution. The presence of one sextet indicates single Fe site with
equivalent chemical environment in Fe-Co alloys. Interpretation of Mdssbauer data of Fe-
Co alloys with one sextet has already been reported for materials synthesized by
sonochemical method [41]. The line widths of the Mdssbauer spectra are broadened, i.e.
0.44 mm/s, 0.52 mm/s and 0.54 mm/s. This may be attributed to the random substitution
of Fe atoms by Co ones with hyperfine field distributions. It has been reported in the
literature that Mossbauer spectra of FesoCoso powders are characterized by broadened
line-width with a shoulder of the outmost lines [42, 43]. However, in the Mdssbauer
spectra, we did not observe such shoulder in the outmost lines which indicates pure phase

nature of the materials.

Table 4.9 Deconvoluted Mdssbauer parameters for fitted subspectra of various Fe-Co alloys.
Hyperfine field not relevant for doublet subspectra are marked with dashes.

Mossbauer Parameters

Composition Sub Spectrum
P Hhs Isomer Shift, & Line widths, Relative
(M (mm/s) (mm/s) Intensity (%)
Sextet 33.8 0.005 0.44 80
Fe4oCogo
Doublet 0.342 0.60 20
Fee,Cou Sextet 34.9 0.017 0.52 90
Doublet 0.255 0.45 10
Sextet 34.4 0.033 0.54 80
Feg()COzo
Doublet 0.329 0.45 20
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Figure 4.15 Room temperature Mossbauer spectra of () FesCoso, () FegeC04o and (€) FeggCox
alloy nanoparticles. Solid lines represent fitted resultant spectra along with deconvoluted

subspectra of various Fe sites in the materials.
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The values of the Hy for sextet (i.e. 33.8 T, 34.9 T and 34.4 T for Fe4,Cogo, FegoC040 and
FegoCo20, respectively are higher than that of pure a-Fe (Hy = 33.3 T) [44] and
comparable with the literature reported values i.e. 33.8 T, 35.4 T and 36.4 T for Fe4oCoso,
FesoCo40 and FeggCoy, respectively [45]. This confirms the formation of pure Fe-Co
alloys. In the materials under study, we have obtained variation in Hys values with respect
to composition of Fe-Co alloy with maximum value for FegCo4o alloy. These variations
may be attributed to the change in magnetic environment at the Fe nucleus in Fe-Co
alloys with composition. Further, the discrepancies in Hys values may be attributed to the
disordered magnetic structures at the surface of nanomaterials. These kinds of surface
effects on the hyperfine field have been reported in literature [46]. Kodama et al. have
already reported that the Hps value equal to 36 T for FessCos, alloy nanoparticles which is
greater than the value for ordered FesoCosg alloy (i.e. 35 T) [37]. However, Hys values, i.e.
33.8-34.9 T, for the Fe-Co alloys in the present study are in the range where one can
expect disordered Fe-Co alloys characteristics [47]. One can expect increase in magnetic
moment of Fe atom with increase of Fe content in the Fe-Co alloys. However, referring
to magnetic study, we do not observe such trend in the Ms values. This is attributed to
presence of reduced size, surface effects and superparamagnetic fractions in the
materials. Thus, the Maossbauer study appropriately corroborates the magnetic

characteristics.

The Mossbauer parameter, isomer shift () is related to chemical bonding associated with
Fe in a solid [46]. The values of & for sextet sub-spectra were found to be 0.005 mm/s,
0.017 mm/s and 0.033 mm/s for FesCoso, FesoC040 and FegoCoyp, respectively. These
values of 6 are smaller but comparable to the value reported for disordered FesoCosg alloy
(i.e. 0.035 mm/s) [48]. The values of & for doublet sub-spectra were found to be 0.342
mm/s, 0.255 mm/s and 0.329 mm/s for Fe40Coso, Fes0C040 and FeggCoyo, respectively.
Although, & values indicate Fe to be in higher oxidation state, we do not observe Fe-oxide
phase in our XRD and Mdssbauer investigation. Thus, the doublet spectrum is attributed

to the presence of superparamagnetic fractions present in the materials.
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4.3.3 Characterizations and magnetic properties of Co-Ni nanoparticles

4.3.3.1 CHN analysis and FTIR spectroscopy studies of organic capping on Co-Ni

nanoparticles

In case of Co-Ni alloys, CHN analysis and FTIR spectroscopic investigations show
interesting results. The CHN analysis results for several Co-Ni compositions were
tabulated in Table 4.10. The wt% of organic matter (majorly C and H) for annealed
CoxNizgo-x alloys were found to be 56.02 %, 60.03 %, 42.97 % and 52.89 % for x = 20,
40, 60 and 80, respectively. Typical FTIR spectra for as-prepared and annealed at 400°C
CogoNigo alloy are shown in Figure 4.16. Similar to Fe-Co alloys, as-prepared as well as
annealed Cog4Nigy did not cap with pure oleic acid and oleylamine on the surface of
nanoparticles. The peaks at 2918 cm™ and 2854 cm™ in as-prepared and annealed
materials corresponds to oleyl group in the capping materials. The peaks in range of
1444-1580 cm™ for the as-prepared and annealed Co-Ni alloy materials may be due the
presence of carboxylate (-COO ) function. These results indicate that both as-prepared
as well as annealed Co4Nigo alloy capped with oleic acid and oleylamine in the form of

their acid-base complex consisting of -COO ™~ and —NHj3" ions.
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Figure 4.16 FTIR spectra for oleic acid and oleylamine capped Co4Nig alloys; (a) as-prepared
and (b) annealed at 400°C for 2 h.
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Table 4.10 Annealing conditions, At % of N, C, H, total CHN content and C/H ratios for
annealed oleic acid and oleylamine coated Co-Ni alloys with various compositions.

Materials Annealing at % at % at % Total CHN C/H ratio
conditions of N of C of H content (at %)
(°C/h)
Co4oNigo As-prepared 0.02 58.60 9.14 67.76 6.41
CoyoNigo 400/2 0.01 53.06 6.96 60.03 7.62
CogoNis 400/2 0.00 37.59 5.38 42.97 6.98
CogoNiyg 400/2 0.02 47.13 5.74 52.89 8.21

4.3.3.2 Solid state reactivity and XRD studies of Co-Ni nanoparticles

As-prepared CoxNizgox alloys (x = 20, 40, 60, 80) alloys were amorphous in nature as
examined by XRD patterns (Typical XRD pattern for as-prepared CosoNigo IS shown in
Figure 4.17 (a)). Hence, they were annealed at various temperatures (300-600°C) under
high purity nitrogen gas atmosphere in order to increase the crystallinity of the materials.
Finally, we have optimized the minimum temperature, i.e. 400°C, required for
crystallization of Co-Ni alloys in order to obtain crystalline materials. XRD patterns for
annealed CoxNiygox alloys (x = 20, 40, 60, 80) at 400°C are shown in Figure 4.17. The
peaks can be indexed to three planes, i.e. (111), (200) and (220) for fcc phase of Co-Ni
alloy with no other impurity peaks were observed (JCPDS # 04-8490) [49]. The peak
broadening in the XRD pattern is attributed to fine particle nature of the materials.
Estimated values of crystallite sizes of synthesized Co-Ni alloys are summarized in Table
4.11.

As-prepared as well as annealed Co-Ni alloys crystallize in pure fcc structure. Lattice
parameters value and crystallite size for as-prepared CogoNigo alloy is found to be
3.545(+7) A and 9 nm, respectively. And the values of lattice parameters for CoxNiigo-x
alloys (x = 20, 40, 60, 80) annealed at 400°C are found to be 3.534(+2) A, 3.537(4) A,
3.548(%2) A, and 3.569(+4) A, respectively. The values of lattice parameters for

CoxNizgox alloys (x = 20, 40, 60, 80) increase with increase in Co content. These results
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indicate the formation of Co-Ni alloys with high homogeneity [50]. Average crystallite
sizes for the synthesized CoxNiygox alloys (x = 20, 40, 60, 80) were found to be 8 nm, 10

nm, 11 nm and 11 nm, respectively. The slight increase in crystallite size is observed as

Co content increases in Co-Ni alloys.
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Figure 4.17 XRD patterns of (a) as-prepared Co4oNigy and (b) CoxNigg, (€) Co4oNigo, (d) CogoNisgg
and (e) CogoNiy alloys obtained after heat treatment at 400°C for 2 h, each.

Table 4.11 Compositions, annealing condition, crystalline phase, lattice parameters and
crystallite sizes for Co-Ni alloy nanoparticles with different compositions. Figure(s) in
parentheses include error bars.

Composition A_n_nealirlg Crystalline Lattice Crystallite size
conditions (°C/h) phase parameters (A) (nm)
Coy4oNigo As-prepared fcc 3.545(17) 9.0(%4)
CoyNigo 400/2 fcc 3.534(+2) 8.0(x4)
Co4Nigo 400/2 fcc 3.537(x4) 10.0(3)
CosoNiso 400/2 fcc 3.548(+2) 11.0(x4)
CogoNizo 400/2 fcc 3.569(+4) 11.0(x4)
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4.3.3.3 TEM microstructural studies of Co-Ni nanoparticles

The as-prepared and annealed (400°C) Co-Ni alloys were examined by TEM technique
for microstructure. A Typical TEM micrograph for as-prepared CosNigy and size
distribution is shown in Figure 4.18. TEM micrographs for annealed CoxNiygox alloys (x
= 20, 40, 60, 80) and corresponding size distribution plots are shown in Figure 4.19.
Also, typical SAED patterns for Co-Ni alloys are shown in Figure 4.20. TEM
micrographs of as-prepared as well as annealed Co-Ni alloys confirm narrow size
distribution of nanostructures with spherical morphologies. Average TEM particle size

for as-prepared CogoNigp alloy is found to be 7 nm.

. Total 60 particles
4 (b) Size =7.2 £0.6 nm

/N

1
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50 55 60 65 70 75 80 85 90 95
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Figure 4.18 (a) A typical TEM micrographs of as-prepared Co4Nig and (b) its particle size
distribution plot.

Average TEM particle sizes for CoxNigo-x alloys (x = 20, 40, 60, 80) were found to be in
the range of 9-11 nm (Table 4.12). These results match well with the crystallite sizes
range (8-11 nm), calculated from powder XRD profile. SAED patterns of CoxNiioo-x
alloys (x = 20, 40, 60, 80) show the formation of diffraction rings which indicates
polycrystalline nature of the materials. The diffraction rings were indexed to crystalline
planes, i.e. (111), (200) and (220), in SAED pattern according to d-values which matches
exactly with the XRD results and confirm the formation of fcc Co-Ni alloy phase.
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Figure 4.19 TEM micrographs of annealed (400°C/2h) (a) CoxoNigg, (b) C0o4oNigo, (€) CogoNigo,
and (d) CogoNiyo and their (e), (), (g) and (h) corresponding particle size distribution plots.
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Figure 4.20 SAED patterns of (a) CoxNigy, (b) CogNigo, (€) CogoNiso, and (d) CogoNiyo alloys
annealed at 400°C for 2 h. The observed diffraction rings are indexed in accordance with fcc

structure.

Table 4.12 Compositions, TEM particle sizes, saturation magnetizations (Ms), corrected
saturation magnetizations (M’s), remanent magnetizations (M,) and coercivity (H¢) values for Co-
Ni alloy nanoparticles with different compositions. Figure(s) in parentheses include error bars.

Composition TEM F;z;rr::)cle size Mg (emu/g) M's(emu/g) M, (emu/g)  Hc (Oe)
As-prepared 7+1 3.0(+1) - 0.07 25
CoyoNigo - T '
COzoNigo 9+1 110(i5) 25 1.04 52
CoyoNigo 11+1 14.0(+4) 35 1.78 123
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4.3.3.4 Magnetic properties of Co-Ni nanoparticles

M vs. H curves for CoxNiygox alloys (x = 20, 40, 60, 80) have been shown in Figure 4.21.
The estimated extrapolated values of the Ms, M, and H for Co-Ni alloys are tabulated in
Table 4.12. Co-Ni alloys annealed at 400°C contain organic coating at the surface.
Therefore, two different values of Mg are reported herewith, i.e. one denotes Ms without
considering wt% of organic layer and the other, M's , after wt% corrections
corresponding to CHN content. The values of the Ms of the materials were determined by
M vs. 1/H law. The values of Ms, M, and H¢ for as-prepared Co4oNigo alloy were found
to be 3 emu/g, 0.07 emu/g and 25 Oe, respectively. The values of Ms, M, and Hc for
annealed CoxNiygox alloys (T=400°C) (x = 20, 40, 60, 80) were found to be in the range
of 11-28 emu/g, 1.04-5.48 emu/g and 52-314 Oe, respectively. Thus, after weight
correction, the Ms values for CoxNi;.x alloys are found to be 25, 35, 31.6 and 59.6 emu/g,

for x = 20, 40, 60 and 80, respectively.
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Figure 4.21 Room temperature magnetic hysteresis loops for (a) as-prepared CosNig and (b)
CoygNigg (€) CogoNigo (d) CogoNigg and (e) CoggNiyg annealed at 400°C for 2 h.
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M vs. H plots of Co-Ni alloys shown in Figure 4.21 indicate that the ‘as-prepared’ and
annealed Co-Ni nanocrystalline alloys are ferromagnetic in nature. Observed values of
Ms and Hc for as-prepared CosoNiso (3 emu/g and 25 Oe) show soft magnetic properties.
Smaller value of Ms for as prepared CosNigo alloy may be attributed to the presence of
amorphous fraction in the materials as confirmed by XRD studies. The Ms values for
annealed CoxNiyox alloys (x = 20, 40, 60, 80), i.e. 11, 14, 18 and 28 emu/g are
remarkably smaller than the reported values for bulk Co-Ni alloy materials, i.e. 75, 95,
113 and 143 emu/g, respectively [51]. The reduction in Ms values can be explained on
the basis of size, surface effects and weight fraction of organic matter present on the
surface of the particles. The contribution of organic matter coated on the surface of Fe-Co
nanomaterials towards reduction in Ms has already been explained above. Thus, after
weight correction, the Mg values for CoxNigx alloys are found to be 25, 35, 31.6 and
59.6 emu/qg, for x = 20, 40, 60 and 80, respectively. The increasing trend in Ms values
with the increase of Co content (Figure 4.22) is in accordance to Slater-Pauling curve
observed for bulk Co-Ni alloys [51, 52]. Further these results may be attributed to the
alteration of crystal anisotropies along with canted spin present at the surface of the
nanomaterials. The Hc value for annealed CosNigo alloy was found to be larger than the
Hc values for as-prepared CogoNigo alloy. It may be attributed to larger grain sizes of
annealed samples than as-prepared materials. The Hc values for annealed CoxNiigox
alloys (52-314 Oe) were higher than the typical range for soft magnetic materials (Figure
4.22). These results indicate the presence of fine particle size effects in the materials. The
reduced values of remanent magnetization (M,/Ms) of the CoxNiigox alloys were found to
be 0.09, 0.12, 0.16 and 0.19 for x equal to 20, 40, 60 and 80, respectively. This indicates
that crystal anisotropies increase with the increase in Co content and supports the
increasing trend in the values of the coercivities. Also, the values of M,/Ms are less than
0.5 and may be attributed to the presence of randomly oriented single domain particles
[53].
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Figure 4.22 Plot of variations in values of (a) Mg, (b) M’s and (c) Hc with respect to increasing
Co content(x) in the CoxNijg« alloys (20 < x < 80).

4.4 Conclusions

In summary, Co, Ni, Fe-Co and Co-Ni nanoparticles have been successfully synthesized
by superhydride reduction route and surface functionalization was obtained by using
oleic acid and oleylamine as capping agents. Capping on as-prepared materials was
confirmed by FTIR study. Crystalline phases of the materials were obtained by annealing

under high purity nitrogen atmosphere.

XRD patterns confirm that Co crystallizes in mixture of 53% hcp and 47% fcc phase
whereas Ni crystallizes in fcc phase only. Average crystallite sizes for Co and Ni were
found to be 15 nm and 35 nm, respectively. TEM studies indicate the fine particle nature
and spherical shape morphologies of synthesized materials. Average TEM particle sizes
from TEM micrographs analysis are equal to 11 nm and 10 nm for Co and Ni,
respectively. Magnetic properties of Co and Ni were studied by field dependence of
magnetization plots. Both Co and Ni show ferromagnetic behavior at room temperature.
The magnetization-field (M-H) characteristics show the presence of superparamagnetic
fractions in the ferromagnetic materials. The Ms values for Co and Ni are found to be 64

emu/g and 29 emu/g, respectively. The Hc values for Co and Ni are 436 Oe and 148 Oe,
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respectively and indicate high magnetocrystalline anisotropy effect and/or the presence of

particle size distribution in our materials.

FexCo1g0x alloys (x = 40, 60, 80) crystallize in pure a-Fe-Co alloy phase. The crystallite
sizes were found to be in the range of = 23-38 nm. TEM micrograph studies prove nearly
spherical morphologies with narrow particle size distribution of the synthesized Fe-Co
alloys. Average particle sizes estimated from TEM micrographs range from 10 nm to 51
nm. The values of the Mg for Fe-Co alloys range from 93.1-142.2 emu/g after corrections
for organic wt % at the surface of the materials. These values are quite large for Fe-Co
materials while considering the small size nature of the materials and may be useful for
potential technological applications. Variation of saturation magnetization with
compositions was interpreted on the basis of varied compositions, reduction in particle
size, altered crystal anisotropies and spin canting at the surface of nanomaterials. Room
temperature Mdossbauer studies show presence of ferromagnetic sextet and
superparamagnetic doublet in Fe-Co materials. The variations in the values of Hy¢ in Fe-
Co alloys may be attributed to the change in magnetic structure at the Fe nucleus with
composition and disordered magnetic structures at the surface of the nanoparticles.

CoxNigo-x alloys (x = 20, 40, 60, 80) crystallize in pure fcc phase. Average crystallite
sizes were found to be in the range of 8-11 nm. TEM micrograph studies show nearly
spherical morphologies with narrow particle size distribution for the synthesized Co-Ni
alloys. Average TEM particle sizes range from 7-11 nm. As-prepared as well as annealed
Co-Ni alloys exhibit ferromagnetic behavior at room temperature with soft magnetic
properties. The Mg values for annealed Co-Ni alloys are found to be in the range of 25-
59.6 emu/g. The observed Hc values for annealed Co-Ni alloys (52-314 Oe) were found
higher than the typical range for soft magnetic materials. These results were interpreted
with the help of size effects, altered crystal anisotropies and spin canting at the surface of

nanomaterials.
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CHAPTER V

Magnetic properties of nano-crystalline Fe-Pt and Co-Pt alloys
synthesized via superhydride route

This chapter deals with the studies on magnetic properties of hard magnetic materials of

Fe-Pt and Co-Pt alloys nanoparticles synthesized via superhydride reduction route.
5.1 Introduction

In last few decade, plenty of research carried out in the field of longitudinal magnetic
recording media in order to increase areal density of recording and reached the maximum
limit up to 20 Gb/in® at laboratory research level [1, 2]. Recently, research is more
focused towards increasing the recording and storage capacity limit up to 1 Th/in? which
is known as ultrahigh density recording media. Perpendicular magnetic recording (PMR)
method is used for high density recording media other than longitudinal recording
method. In PMR, alignments of the poles of the magnetic elements, which represent bits,
were kept perpendicular to the surface of the disk platter. This kind of alignment takes
lesser platters than the horizontal alignment used in longitudinal magnetic recording.
Hence, large numbers of smaller grains were placed in unit area to increase areal density.
One bit of magnetic recording may contain few grains hence areal density increases with
smaller grain size. And number of magnetic grains per bit is known as signal-to-noise
ratio (SNR) [3]. In order to achieve such a high areal density with adequate SNR (25-30
dB), it is reported that nanomaterials of grain size of ~10 nm with coercivity (Hc) values
of about 4-8 kOe can be suitable for applications [4-6]. Such kinds of nanoparticle
systems are observed to be thermally unstable due to superparamagnetic limit of size.
However, according to Stoner—Wohlfarth model, thermal stability can be achieved when
the ratio K V/kgT is greater than 60 [7]. This condition of thermal stability at nano-
dimensions can be easily obtained in the materials such as Fe-Pt, Co-Pt alloys etc.

because they possess high value of K, in the order of 10° Jm™.
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Various physical and chemical methods have been employed for Fe-Pt and Co-Pt alloys
in order to get particular morphology and properties. Conventional physical deposition
methods, such as physical vapor deposition, have less control on the composition, particle
size and morphology at the nucleation and growth step [8]. On the other hand, chemical
methods can meet the above stated requirements including surface effects [9-13].
Monodispersed Fe-Pt alloy nanoparticles (~10 nm) assemblies with proper interparticle
separation via polyol process have been established in the literature [9, 10]. In another
development, Fe-Pt alloy nanoparticles can also be synthesized by thermal decomposition

of precursors of Fe and Pt in octyl ether without using a reducing agent [11].

It has been observed that reaction conditions, such as precursors, reducing agent,
surfactants, and reaction parameters (e.g. temperature and time), have great influence on
composition, structural and magnetic properties of final Fe-Pt product [12, 14, 15]. The
precursors such as Fe(CO)s and Pt(acac), used in decomposition method produces
nanoparticles of 4 nm with narrow size distribution but less control on composition.
While reduction carried out in the absence of extra reducing agent (e.g. 1-2
hexadecanediol) in above method can form larger particles with well control composition
[12]. Reducing agents play important role in controlling composition, e.g. superhydride
method forms Pt nuclei first and then instantaneous reduction of Fe precursor at 200°C to
form Fe nuclei which control the composition due to uniform availability of Fe for
incorporation into the Pt seeds [14]. Surfactants also help in engineering the nucleation
and growth to control the size and composition distribution of the nanoparticle
dispersion. For example, n-butylamine and trioctylphosphine stabilizes higher and lower
valence states of Fe species, respectively, which controls the formation of Fe nuclei [15].
Further, refluxing temperature and time helps in order to obtain narrow distribution in
final size and composition. Hence, investigation on the synthesis of capped Fe-Pt
nanoparticles in order to improve quality of the final product with regard to purity,

composition, size and magnetic characteristics has become an important topic of interest.

In this chapter, we are reporting a newer modified synthetic strategy with respect to
precursors, concentration of surfactants and reducing agent for the synthesis of Fe-Pt and
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Co-Pt nanocrystals. Fe-Pt and Co-Pt alloys nanoparticles were synthesized in situ using
superhydride as reducing agent with the presence of various capping agents such as oleic
acid, oleylamine and CTAB. Effects of reaction parameters on structure, morphology and

magnetic properties of the synthesized Fe-Pt and Co-Pt alloys were studied in detail.
5.2 Experimental

The chemicals used for synthesis of Fe-Pt and Co-Pt nanomaterials include ferric chloride
hexahydrate (FeCls-6H,0), cobalt chloride hexahydrate (CoCl,-6H,0), and CTAB from
Molychem, India; oleic acid, oleylamine, diphenyl ether and superhydride (LiBEt;H, 1 M
in THF) from Sigma Aldrich, USA. The chemicals were of analytical grade and have
been used without further purification. There is scanty literature found on the study of
surfactants or capping agents based modifications in superhydride methodology to
achieve narrow size and composition distribution. Among various capping agents, oleic
acid, oleylamine and CTAB may be suitable in order to achieve above objectives because
of their strong binding ability to metal species [16, 17]. In this chapter, combinations of

above capping agents are used for study.
5.2.1 Synthesis of Fe-Pt alloys nanoparticles

The typical experimental steps for the synthesis of Fe-Pt alloys using superhydride
method is same as described in chapter IV, section 4.2.2 by using the stoichiometric
amounts of metal salts (Fe salt and Pt salt) and capping agents. The details of amount of
metal salts used for synthesis of Fe-Pt alloys are tabulated in Table 5.1. Two different
routes using different capping agents have been used for preparation Fe-Pt alloys, i.e.
route 1 (oleic acid and oleylamine capped) and route 2 (oleic acid and CTAB capped).
Hereafter, Fe-Pt alloys prepared via route-1 and route-2 are denoted as FePt(route-1) and
FePt(route-2), respectively. Finally, as-prepared materials were heat treated in high purity
N2(g) atmosphere at higher temperatures (500°C and 600°C) and used for further

characterizations and magnetic properties study.
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5.2.2 Synthesis of Co-Pt alloys nanoparticles

The typical experimental steps for the synthesis of Co-Pt alloys using superhydride
method is same as described in chapter IV, section 4.2.2 by using the stoichiometric
amounts of metal salts (Co salt and Pt salt) and capping agents. The details of amount of
metal salts used for synthesis of Co-Pt alloys are tabulated in Table 5.1. Similarly, two
different routes have been used for preparation Co-Pt alloys, i.e. route 1 (CTAB capped)
and route 2 (oleic acid and CTAB capped). Hereafter, Co-Pt alloys prepared via route-1
and route-2 are denoted as CoPt(route-1) and CoPt(route-2), respectively. Finally, as-
prepared materials were heat treated in high purity N2(g) atmosphere at moderately
higher temperatures (500°C-600°C) and used for further characterizations and magnetic
properties study.

Table 5.1 Details of moles and weights of metal salts taken for synthesis of Fe-Pt and Co-Pt
alloys nanoparticles via superhydride reduction method.

Capping agents (volume; molar ratio)

Materials Metal salts Moles weight
(Min assay) (mmol) @ Route 1 Route 2
Oleic acid (0.13 Oleic acid (0.13
oy x FeCl3-6H,0 0.2 0.054 ml: 2): ml: 2): CTAB
PICl, (73%Pt) 0.2 0.053 O'ey'fn”l‘,'”z‘; (014 (292mg, 2)
. CTAB (292 mg, Oleic acid (0.13
Co-Pt * CoCl,-6H,0 0.2 0.049 2) ml: 2): CTAB
PtCl, (73% Pt) 0.2 0.053 (292 mg, 2)

* Total metal ions concentration was 0.016 M.
** molar ratio = Moles of capping agent / Total no. of moles of metal ions.

5.3 Results and Discussion

5.3.1 Characterizations and magnetic properties of Fe-Pt alloy nanoparticles via
route-1 and route-2

5.3.1.1 XRD studies of Fe-Pt alloy nanoparticles
(A) Route-1

As-synthesized and annealed Fe-Pt(route-1), were subjected to XRD measurements and

the corresponding diffraction patterns were presented in Figure 5.1((a) and (b)). The
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materials processing parameters and results from XRD patterns are tabulated in Table
5.2. Oleic acid and oleylamine coated Fe-Pt nanoparticles (route-1) possesses disordered
fcc crystal structure in ‘as-synthesized stage’ (Figure 5.1(a)). Broad peaks for as-
synthesized materials indicate majorly amorphous nature of Fe-Pt nanocrystals with
crystallite sizes of ~2.3 nm. After annealing at 600°C for 2 h, as-synthesized Fe-Pt alloys
were transformed into long range ordered fct (L1o) phase. The materials were phase pure
and the peaks were indexed in accordance with the fct (L10) phase (JCPDS # 43-1359)
[18]. The presence of peaks corresponding to superlattice reflections, i.e. (001), (110),
and (200)/(002) doublet peaks in XRD pattern of Fe-Pt materials (Figure 5.1(b)) [19].
Average crystallite size of annealed Fe-Pt alloy was found to be 21 nm. Long range order
parameters (S) was calculated from the intensities of (001) and (002) diffraction peaks by

using the equation 5.1 and found to be 0.73 [20].

S = 0.85 [’ﬂ]m (5.1)
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Figure 5.1 XRD patterns of Fe-Pt nanoparticles via route-1, (a) As-synthesized (T=200°C), (b)

annealed (T=600°C).
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The calculated values of the lattice parameters from (001) and (110) peaks for L10 Fe-Pt
were ¢ = 3.7363 A and a = 3.8600 A with c/a = 0.9679 (Table 5.2). These lattice
parameters are comparable with the values for pure L10 Fe-Pt alloy, i.e. ¢ = 3.7133 A and
a = 3.8525 A with c/a = 0.9638 [21], and confirms the formation of L10 Fe-Pt alloy.

(B) Route-2

XRD patterns of as-synthesized and annealed Fe-Pt(route-2), were presented in Figure
5.2(a and b). The materials processing parameters and results from XRD patterns are
tabulated in Table 5.2. The XRD results for Oleic acid and CTAB coated Fe-Pt
nanoparticles (route-2) were analyzed in a similar manner as stated above for as-
synthesized and annealed materials. The as-synthesized Fe-Pt alloy by route-2 do have
disordered fcc structure with crystallite size of 6 nm suggesting more crystalline
characteristics compared to as-synthesized Fe-Pt alloy from route-1. Phase transformation
to L1, Fe-Pt alloy from route-2 was also observed at 600°C with long range parameter of

0.77 and crystallite size of 19.5 nm.
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Figure 5.2 XRD patterns of Fe-Pt nanoparticles via route-2, (a) As-synthesized (T=200°C), (b)
annealed (T=600°C).
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The calculated values of lattice parameters for L1, Fe-Pt alloy from route-2, i.e. ¢ =
3.7405 A and a = 3.8656 A with c/a = 0.9676, matches well with those obtained from
route 1, i.e. ¢ = 3.7363 A and a = 3.8600 A with c/a = 0.9679. The as-synthesized Fe-Pt
alloy nanoparticles from route-2 possess higher crystallinity and size of nanocrystals than
materials synthesized via route-1 under similar conditions. The reason may be due to
surfactant effects at nucleation and growth stage during the chemical synthesis. However,
the results are consistent with the present stated experimental parameters and emphasizes
on the novelty of the synthetic strategy.

Table 5.2 Capping agents, annealing conditions, lattice parameters and average crystallite sizes
for Fe-Pt alloy nanoparticles.

Annealing Lattice parameters Avﬁr'age-
Materials  Capping agents conditions, crystallite size
temp/h (°C/h)  c(A)  a(A) claratio (nm)
FePt ~ Oleicacid + 600/2 37363 3.8600 0.9679 21
(route-1) Oleylamine
FePt Oleic acid +
(route-2) CTAB 600/2 3.7405 3.8656 0.9676 19.5

5.3.1.2 SEM micrographs of Fe-Pt alloy nanoparticles
(A) Route-1

SEM micrographs of the ‘as synthesized’ materials of Fe-Pt(route 1) with 10000X and
50000X magnifications are presented in Figure 5.3 (a) and (b), respectively. A
micrograph with 10000X magnification is not showing clear presence of nanostructures.
The micrograph with 50000X magnifications shows the presence of Fe-Pt nano-clusters

inside some sort of polymer like structures having dimensions of several micrometers.

A SEM micrograph of annealed Fe-Pt(route-1) at 600°C is shown in Figure 5.4 (a) with
corresponding SEM particle size distribution in inset. The SEM-EDX pattern of annealed
Fe-Pt(route-1) is presented in Figure 5.4 (b). The morphology of the particles appears to
be nearly spherical with SEM particle size of 24 nm with narrow distributions of + 2 nm
(Table 5.3). Good agreements are observed between the crystallite sizes obtained from
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the XRD line broadening, i.e. 21 nm, with those of the corresponding SEM sizes. The
EDX spectrum shows the abundance presence of elements: such as: Fe, Pt and O. The
presence of oxygen is understood from the fact that annealed Fe-Pt materials are coated

with organic matter including oxygen. The EDX analyses confirm the Fe-Pt compositions
to be FesoPtsg for route 1.

11 29 SEI
v N

Figure 5.3 SEM micrographs of the as-prepared Fe-Pt alloys via route-1 with various
magnifications; (a) 10000X micrograph and (b) 50000X micrograph.
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Figure 5.4 (a) SEM micrographs of the annealed Fe-Pt alloys via route 1 and inset shows particle
size distribution. (b) SEM-EDX micrographs of the annealed Fe-Pt alloys via route 1.

(B) Route-2

SEM micrographs of the ‘as-prepared’ materials of Fe-Pt(route-2) with 10000X and
50000X magnifications are presented in Figure 5.5 (a) and (b), respectively. A 10000X
micrograph of Fe-Pt(route-2) shows presence of nanostructures in the form of

agglomerations. For more clarity 50000X micrograph have been presented. It indicates
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that as-prepared Fe-Pt(route-2) possesses well defined agglomerated particle like
spherical structure of ~ 50 nm.

1129 SEI 4

Figure 5.5 SEM micrographs of the as-prepared Fe-Pt alloys via route-2 with various
magnifications; (a) 10000X micrograph and (b) 50000X micrograph.
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Figure 5.6 (a) SEM micrographs of the annealed Fe-Pt alloys via route-2 and inset shows particle
size distribution. (b) SEM-EDX micrographs of the annealed Fe-Pt alloys via route-2.

A SEM micrograph of the annealed Fe-Pt(route-2) is shown in Figure 5.3 (a) with
corresponding SEM particle size distribution in inset. SEM-EDX patterns of the annealed
Fe-Pt(route-2) is shown in Figure 5.3 (b). The morphology of the particles appears to be
nearly spherical in the agglomerated clusters. Average SEM particle size of annealed Fe-
Pt(route-2) was found to be 21 nm with narrow distributions of £ 3 nm (Table 5.3). SEM
size is well agrees with observed crystallite size obtained from the XRD for annealed Fe-

Pt materials i.e. 19.5 nm. From EDX graph, the presence of oxygen is understood from
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the fact that annealed Fe-Pt materials are coated with organic matter including oxygen.
The composition of Fe-Pt(route-2) from EDX analyses were found to be FessPtss.

Table 5.3 Materials, SEM-EDX composition and SEM particle size for annealed Fe-Pt alloy
Nanoparticles synthesized via route-1 and route-2.

SEM-EDX composition,

Materials Fe:Pt (At%) SEM particle size (nm)
Fe-Pt (route-1) 50:50 24 £ 2
Fe-Pt (route-2) 54:46 21+ 3

5.3.1.3 Magnetic properties of Fe-Pt alloy nanoparticles

5.3.1.3.1 Magnetic properties of as-prepared Fe-Pt alloy nanoparticles via route-1
and route-2

Magnetization vs. Field behavior of the ‘as-prepared’ fcc Fe-Pt nanomaterials
synthesized using route 1 and 2 were presented in Figure 5.7 (a) and (b), respectively.
The hysteresis curves show ferromagnetic nature with superparamagnetic characteristics
at room temperature. This can be inferred from the nearly linear nature of the plots with
the increase of applied field and having negligible coercivities. The inset Figure 5.7
shows Langevin fitting of the magnetic data with the following assumption; (i)
superparamagnetic particles behave as paramagnet centers, (ii) are spherical in shape with
Gaussian size distribution and (iii) finite interactions exists between the particles in
presence of weak field [22]. The experimental curve has been superimposed on the fitted
curve and compared. It can be seen from the Langevin plot that the theoretical fit deviate
much from the experimental data more in the low field region (0-4000 Oe). These results
show wider particle size distributions in the ‘as-synthesized’ materials. In addition, this
deviation from Gaussian distributions signifies the presence of magnetic particles with
larger size. The magnetic moment per particle can be estimated from the fit which has
been derived from the following equations:

M= M, [coth (2 _P;H)l where, P = “‘;—’:” (5.2)

(
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Where, M is magnetization, Ms is Saturation Magnetization, u, is permeability of free
space, my is magnetic moment per particle, kg is Boltzmann constant, H is field in Oe,
and T is absolute temperature [23]. The estimated average magnetic moments for the ‘as-
prepared’ Fe-Pt particles synthesized by route 1 and 2 are estimated to be 753 pg and 814

us, respectively.
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Figure 5.7 A plot of Magnetization vs. Field of the ‘as-prepared’ fcc Fe-Pt alloys nanoparticles
synthesized via (a) route- 1 and (b) route-2. Inset shows corresponding Langevin fitting to
experimental data.

In order to establish the size distribution in actual practice using assembly of
superparamagnetic fcc Fe-Pt particles, we have fitted the M vs. H plots using lognormal
distribution which are shown in Figure 5.8 (a) and (b) for route 1 and 2, respectively. The
corresponding estimated size distributions are shown in Inset Figure 5.8 (a) and (b). The
average diameters of the Fe-Pt particles are found to be 6 nm and 6.3 nm with size
deviations of ~5 nm and ~7.4 nm, for route 1 and 2, respectively. Therefore, fcc Fe-Pt
materials synthesized via route 2, indicates wider distribution of size range compared to
route 1. Such kind of differences in size distributions in route 1 and 2 are well correlated
with average XRD crystallite sizes of 2.3 nm and 6 nm for route 1 and 2, respectively.

Considering disordered arrangement of Fe and Pt atoms in the fcc cubic lattice and
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assuming two Fe atoms per unit cell, one can expect the magnetic moments of 5996 uB
and 6818 puB for 6 nm and 6.3 nm (obtained using lognormal distribution fit) Fe-Pt
nanoparticles obtained using route 1 and 2, respectively. The drastic reduction (up to
89%) is due to size, surface and organic layer present at the surface of the nanoparticles
[24]. Although, the crystallite size of Fe-Pt materials synthesized using route-1, i.e. 2.3
nm, is smaller than that of the route-2, i.e. 6 nm, the values of saturation magnetizations
for route-1 is higher than route-2. This seems to be unlikely because of smaller volume of
crystalline regions in Fe-Pt synthesized via route-1 is expected to result in smaller value
of MS compared to route-2. Further, calculation of M/MS values at various field
strengths show higher values for materials synthesized via route-2 when compared with
the corresponding values via route-1. These results suggest that Fe-Pt materials
synthesized via route-2 contains larger mass fractions of the organic coating layers

resulting smaller values of saturation magnetization (Figure 5.7).
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Figure 5.8 Lognormal fitting to M vs. H curves of Fe-Pt alloys nanoparticles synthesized via (a)
route- 1 and (b) route-2. Inset shows corresponding lognormal size distribution plots.

5.3.1.3.2 Magnetic properties of annealed Fe-Pt alloy nanoparticles via route-1 and
route-2

The Magnetization vs. field plots of Fe-Pt materials obtained by heat treatment of ‘as-

prepared particles’ under the flow (~200 cc) of purified N2(g) at 600°C are shown in
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Figure 5.9. The magnetic parameters are summarized in Table 5.4. As it can be seen the
value of saturation magnetization for Fe-Pt materials synthesized via route 2, i.e. 29.6
emu/qg, is much larger than that of route 1, i.e. 4.4 emu/g. It has been reported that in
FexPtigo-x nano-crystalline alloys the values of saturation magnetizations increases from
4.5 emu/g to 44.5 emu/g when x = 30 to 80, respectively [25]. Therefore, one should
expect the values of saturation magnetizations in the range of ~15-20 emu/g for the
compositions studied in this paper. However, in our study we could get higher value of
saturation magnetizations, i.e. 29 emu/g, for route-2 whereas for route-1 significantly
lower value of magnetization, i.e. 4.5 emu/g is obtained. Such kind of alteration of
saturation magnetizations can be due to several dominant factors; such as: fraction of fct
phase, order parameters, size and surface effects etc. [25]. As it can be seen that the
average crystallite sizes of Fe-Pt materials synthesized via route-1 and route-2 are
estimated to 21 and 19.5 nm, respectively, such link of drastic reduction in Ms for route-
1, cannot be explained only by size, surface and order parameters. However, composition
of Fe-Pt alloys (Table 5.4) may play a significant role in such an alteration of saturation
magnetization. The calculated values of squareness for Fe-Pt materials synthesized via

route-1 and route-2 are 0.475 and 0.622, respectively.
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Figure 5.9 Magnetization vs. Field plots of Fe-Pt alloys nanoparticles synthesized via (a) route- 1
and (b) route-2 and annealed under the flow of purified N,(g) at 600°C for 2 h.
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The values of coercivity are found to be 10000 Oe and 10792 Oe, for Fe-Pt materials
synthesized via route-1 and route-2, respectively. Comparatively, higher value of
coercivity, i.e. 10792 Oe, is observed for FessPtss materials synthesized via route-2.
These values can be compared with the literature reported values of 10800 Oe and 9298
Oe, for Fe-Pt nano-materials in thin film and nano-powder form [26, 27]. The
observations of higher values of coercivity (~10000 Oe) obtained via both the routes
without any post treatment of the materials except post annealing at 600°C under nitrogen
gas atmosphere are noteworthy.

Table 5.4 Materials, composition, saturation magnetization and coercivity values for Fe-Pt alloy
nanoparticles synthesized via route-1 and route-2.

Saturation magnetization, Coercivity, Hc

. Composition,
Materials Fe:Pt (At%) Ms (emu/g) (Oe)
Fe-Pt (route-1) 50:50 4.4 10000
Fe-Pt (route-2) 54:46 29.6 10792

5.3.2 Characterizations and magnetic properties of Co-Pt alloy nanoparticles via
route-1 and route-2

5.3.2.1 XRD studies of Co-Pt alloy nanoparticles
(A) Route-1

The XRD patterns of as-prepared and annealed Co-Pt alloy nanoparticles, prepared via
route-1, were represented in Figure 5.10. The materials processing parameters and results
from XRD patterns are tabulated in Table 5.5. Co-Pt alloy nanoparticles from route-1
(CTAB coated) possesses disordered fcc crystal structure at as-synthesized stage (Figure
5.10, (a)) with average crystallite size of 6.6 nm. As-prepared Co-Pt alloy nanoparticles
were first annealed at 500°C for 2 h. They possess fcc crystal structure even when the
processing temperature increases up to 500°C with crystallite sizes of 7.2 nm. The
observation of small peak at ~44° may correspond to fcc Co phase. Further annealing at

600°C for 2 h, Co-Pt alloy shows transformation to long range ordered fct (L1) phase
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(ICDD card no. 43-1358). The presence of peaks corresponding to superlattice
reflections, i.e. (001), (110), and (200)/(002) doublet peaks in XRD pattern of Co-Pt
materials (Figure 5.10, c¢) [28]. As (200)/(002) peaks splitting is not well separated,
calculation of order parameter has not been attempted. Average crystallite size of
annealed Fe-Pt alloy (T=600°C) was found to be 7.2 nm. The calculated values of the
lattice parameters from (001) and (110) peaks for L1y Co-Pt were ¢ = 3.6877 A and a =
3.8008 A with c/a = 0.9702 (Table 5.4). These lattice parameters are comparable with the
literature reported values for pure L1, Co-Pt alloy, i.e. ¢ = 3.7010 A and a = 3.8030 A
with c/a = 0.9732 [29], and confirms the formation of L1, Co-Pt alloy.
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Figure 5.10 XRD patterns of Co-Pt nanoparticles synthesized via route 1; (a) as-prepared, (b)
annealed at 500°C/2 h, and (c) annealed at 600 °C/2 h.

(B) Route-2

The XRD patterns of as-prepared and annealed Co-Pt alloy nanoparticles, prepared via
route-2, were represented in Figure 5.11. The materials processing parameters and results
from XRD patterns are tabulated in Table 5.5. On the other hand, as-prepared Co-Pt
alloys from route-2 (Oleic acid and CTAB coated) also crystallize in disordered fcc
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crystal structure (Figure 5.11 (a)) but has more amorphous nature with crystallite size of
5.8 nm. Annealed Co-Pt alloy of route-2 possess fcc crystal structure even up to 500°C
with crystallite sizes of 5.5 nm. The observation of small peak at ~44° may correspond to
fcc Co phase. Further annealing at 600°C for 2 h, fcc Co-Pt alloy transformed to long
range ordered fct (L1o) phase. Long range order parameters (S) was calculated by using
the intensities of (001) and (002) diffraction peaks and found to be 0.5 [20]. After
annealing at 600°C for 12 h, order parameter increased to 0.8. The calculated values of
the lattice parameters from (001) and (110) peaks for L1, Co-Pt annealed at 600°C/2h
were ¢ = 3.7019 A and a = 3.8034 A with c/a = 0.9733 whereas for annealed at
600°C/12h were ¢ = 3.7001 A and a = 3.8075 A with c/a = 0.9718 (Table 5.4). These

results confirm the formation of L1, Co-Pt alloy.
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Figure 5.11 XRD patterns of Co-Pt nanoparticles synthesized via route 2; (a) as-prepared, (b)
annealed at 500°C/2 h, and (c) annealed at 600°C/2 h, (d) annealed at 600°C/12 h.
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Table 5.5 Capping agents, annealing conditions, lattice parameters and average crystallite sizes
for Co-Pt alloy nanoparticles synthesized via route-1 and route-2.

_ Annealing Lattice parameters Average
Materials Caape[;]ltr; 9 conditions, crystallite size
g temp/h (°C/h) ¢ (A) a(A) claratio (nm)
Copt CTAB 600/2 3.6877 3.8008  0.9702 7.2
(route-1)
CoPt Oleic acid + 600/2 3.7019 3.8034  0.9733 13.3
(route-2) CTAB
600/12 3.7001 3.8075  0.9718 22.9

5.3.2.2 SEM microstructural studies of Co-Pt alloy nanoparticles
(A) Route-1

SEM micrographs of low and magnifications for the as-prepared materials of Co-
Pt(route-1) are presented in Figure 5.12 (a) and (b). A micrograph with low magnification
(15000X) show larger size clusters and nanostructures cannot be distinguished. More
clarity was obtained from 55000X micrograph which shows the presence of

agglomerated nanoparticles having average diameter of ~38 nm.

Figure 5.12 SEM micrographs of the as-prepared Co-Pt alloys via route-1 with various
magnifications; (a) 15000X micrograph and (b) 55000X micrograph.

A SEM micrograph of the annealed Co-Pt(route-1) (at 600°C) is shown in Figure 5.13 (a)
and corresponding SEM particle size distributions as inset. A SEM-EDX pattern of the
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annealed sample is shown in Figure 5.13 (b). SEM particle size and EDX composition are
presented in Table 5.6. The spherical shape nanoparticles which can be easily
distinguished from agglomerations are observed in the micrograph. The average SEM
particle size was found to be 38 nm distributed over a range of few nm as indicated in the
inset of Figure 5.13 (a). The SEM size distribution was observed to be + 5 nm for Co-
Pt(route-1) (Table 5.6). The compositions of Co-Pt(route-1) alloys obtained from the
EDX analyses was CosgPts;. The presence of oxygen in EDX spectra indicate that

annealed Co-Pt materials are coated with organic matter containing oxygen.
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Figure 5.13 (a) SEM micrographs of the annealed Co-Pt alloys via route-1 and inset shows
particle size distribution and (b) a representative SEM-EDX micrographs.

(B) Route-2

SEM micrographs of low and high magnifications for as-prepared Co-Pt(route-2) alloys
are presented in Figure 5.14 (a) and (b).A micrograph with low magnification (10000X)
show the presence of nanoparticles and clusters. While, high magnification micrograph
(30000X) contains nano-clusters of ~58 nm inside some sort of polymer like structures.
Observation of such kind of results may be due to presence of capping agents at as-

prepared state.
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Figure 5.14 SEM micrographs of the as-prepared Co-Pt alloys via route-2 with various
magnifications; (a) 10000X micrograph and (b) 30000X micrograph.
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Figure 5.15 (a) SEM micrographs of the annealed Co-Pt alloys route-2 and inset shows particle
size distribution and (b) a representative SEM-EDX micrographs.

A SEM micrograph of the annealed Co-Pt(route-2) (at 600°C) is shown in Figure 5.15 (a)
and corresponding SEM particle size distributions as inset. SEM-EDX pattern of the
annealed Co-Pt(route-2) is shown in Figure 5.15 (b). SEM particle size and EDX
composition are presented in Table 5.6. A micrograph indicates the spherical shape
nanoparticles present in the agglomerated form. These agglomerations are bigger than
Co-Pt(route-1) sample, which may be due to presence of more organic matter compared
to route-1 sample. The average SEM particle size was found to be 59 nm with the narrow
size distribution of + 2 nm (Table 5.6). The estimated SEM particle size is larger than the
crystallite size, i.e. 13.3 nm, indicates the agglomerations. The composition of Co-
Pt(route-2) alloy obtained from the EDX analyses was CogoPts. The presence of oxygen
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in EDX spectra indicate that annealed Co-Pt materials are coated with organic matter

containing oxygen.

It can be noted that similar composition obtained via route-1 and route-2, i.e. CosgPts;
and CogoPt4o respectively. These results show the effectiveness of superhydride reduction
route for controlling compositions accurately.

Table 5.6 Annealing conditions, SEM-EDX composition, and SEM particle size for annealed Co-
Pt alloy nanoparticles synthesized via route-1 and route-2.

i Annealing conditions, SEM-EDX composition, SEM particle size
Materials

temp/h (°C/h) Co:Pt (At%) distribution (nm)
Co-Pt (route-1) 600/2 59:41 385
Co-Pt (route-2) 600/2 60:40 592

5.3.2.3 Studies on magnetic properties of Co-Pt alloy nanoparticles

The Magnetization vs. field plots of Co-Pt nanomaterials, synthesized via route-1 and
route-2, are shown in Figure 5.16 and Figure 5.17, respectively. The magnetic parameters
for Co-Pt nanoparticles obtained via route-1 and route-2 are summarized in Table 5.7 and
Table 5.8, respectively. The values of Mg for Co-Pt(route-1) are found to be 0.9 emu/g,
18.3 emu/g, and 31.4 emu/g whereas Hc values are observed at 428 Oe, 667 Oe, and
1728 Oe, for as-prepared, annealed at 500°C/2h, and annealed at 600°C/2h, respectively.
On the other hand, the values of Ms for Co-Pt(route-2) are found to be 1.2 emu/g, 27.5
emu/g, 26.9 emu/g, and 22.5 emu/g whereas Hc values are observed at 870 Oe, 806 Oe,
2525 Oe, and 5027 Oe, for as-prepared, annealed at 500°C/2h, annealed at 600°C/2h, and
annealed at 600°C/12h, respectively.

Co-Pt alloys synthesized via route-1 show ferromagnetic nature for as-prepared as well as
annealed nanomaterials (Figure 5.16). It has been observed that the values of Ms increase
drastically from 0.9 emu/g to 31.4 emu/g with annealing temperatures from 200°C to
600°C, respectively. The values of Hc increases slowly for as-prepared sample to
annealed sample at 500°C, i.e. from 428 Oe to 667 Oe, and then large increase is found

for sample annealed at 600°C, i.e. 1728 Oe. These results can be understood by increase
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in the crystallite sizes, volume fraction of fct phase, and order parameter associated with
tetragonal phase [30]. However, the observed Hc values for Co-Pt alloys, annealed at
500°C and 600°C, are less than literature reported values i.e. 1.34 kOe and 3.67 kOe, at
same temperatures [30]. It may be attributed to the presence of less fraction of fct phase
as indicated by poor splitting of (200)/(002) peaks in the XRD pattern (Figure 5.10 (c)). It
has been reported that for CoxPti00-x Nano-crystalline alloys, the maximum Hc value can
be obtained at around x equal to 50 and decreases for any other values [31]. In our study,
Co-Pt(route-1) has SEM-EDX composition of CosgPty; wWhich may be another reason for
less coercivity, i.e. 1728 Oe. This result can be well supported by literature reported Hc
value of ~2000 Oe for CogoPtso [31].
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Figure 5.16 Magnetization vs. Field plots of Co-Pt alloys nanoparticles synthesized via route-1,
(a) as-prepared, (b) annealed at 500°C/2h and (c) annealed at 600°C/2h under N,(g) atmosphere.

Table 5.7 Materials, annealing conditions, saturation magnetization and coercivity values for Co-
Pt alloys nanoparticles synthesized via route-1.

Saturation
: Annealing conditions, magnetization, Ms  Coercivity, Hc (Oe)
Materials 9 » Ms Y, He
temp/h (°C/h) (emu/g)
As-prepared 0.9 428
Co-Pt (route-1) 500/2 18.3 667
600/2 31.4 1728
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In a similar manner, Co-Pt alloys synthesized via route-2 also show ferromagnetic nature
for as-prepared as well as annealed nanomaterials (Figure 5.17). The values of Ms are
increasing drastically from 1.2 emu/g to 27.5 emu/g with annealing temperatures from
200°C to 500°C, respectively and thereafter decreasing slightly, i.e. 26.9 emu/g and 22.5
emu/g for annealing at 600°C for 2 h and 12 h, respectively. Initial increase in the Hc
values up to 500°C is attributed to increase in the crystallite sizes with annealing at
higher temperatures. While later decrease in Ms values at 600°C may be related to
increase in fct phase which has slightly lower Ms than fcc CoPt phase. Such kinds of
decrease in Mg values have been observed due to decrease in effective magnetic volume

at annealing temperatures higher than 600°C [32].
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Figure 5.17 Magnetization vs. Field plots of Co-Pt alloys nanoparticles synthesized via route-2,
(@) as-prepared, (b) annealed at 500°C/2h, (c) annealed at 600°C/2h and (d) annealed at
600°C/12h under the flow of purified N,(g).

The value of Hc of annealed sample at 500°C (806 Oe) is less than as-prepared sample
(870 Oe) (Table 5.8) and can be supported by corresponding decrease in crystallite size
from XRD studies. Further, the large increases in values of Hc were found for samples
annealed at 600°C for 2 hand 12 h, i.e. 2525 Oe and 5027 QOe, respectively. These results

can be understood by increase in the crystallite sizes, volume fraction of fct phase, and
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order parameter with annealing at higher temperatures which induces high
magnetocrystalline anisotropy [30]. These results are comparable with the literature
reported value 3.67 kOe for alloys annealed at 600°C [30]. Co-Pt(route-2) has SEM-EDX
composition of CogoPtso Which may be the reason for less coercivity value, i.e. 2525 Oe,
than literature reported value. However, observation of larger Hc value i.e. 5027 Oe for
CogoPtso alloy annealed at 600°C for 12 h is interesting and the result can be compared
with the reported Hc value of ~2000 Oe for CogoPty alloy [31].

Table 5.8 Materials, annealing conditions, saturation magnetization and coercivity values for Co-
Pt alloys nanoparticles synthesized via route-2.

Saturation magnetization,

Annealing conditions, Coercivity, Hc (Oe)

Materials temp/h (°C/h) Ms (emu/g)
As-prepared 1.2 870
500/2 27.5 806
Co-Pt (route-2)
600/2 26.9 2525
600/12 22.5 5027

5.4 Conclusions

We have successfully synthesized nanocrystalline FesoPtsp and FessPtss alloys via
chemical reduction route using superhydride as reducing agent using modified synthetic
strategy. Two different combinations of capping structures were designed, namely: oleic
acid/oleylamine (route-1) and oleic acid/CTAB (route-2). Fe-Pt alloys were characterized
by XRD and SEM techniques in as-prepared and annealed state. The as-prepared Fe-Pt
alloys show amorphous disordered fcc crystalline phase with crystallite sizes of 2.3 nm
and 6 nm for route-1 and route-2, respectively. After annealing at 600°C, Fe-Pt alloys
were transformed to ordered fct phase with crystallite sizes of 21 nm and 19.5 nm for
route-1 and route-2, respectively. SEM studies show that as-prepared Fe-Pt nanoparticles
were surrounded by capping agents whereas annealed samples have spherical shape
morphologies with SEM particle sizes of 24 nm and 21 nm for route-1 and route-2,

respectively. As-prepared Fe-Pt alloys are ferromagnetic with presence of
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superparamagnetic fractions. Langevin fit to M vs. H plots of as-prepared Fe-Pt alloys
gives average magnetic moments per particle to be 753 pg and 814 pg, for route 1 and 2,
respectively. The values of saturation magnetization for annealed Fe-Pt alloys were found
to be 4.4 emu/g and 29.6 emu/g for route-1 and route 2, respectively. Higher values of
coercivities for 10000 Oe and 10792 Oe were obtained for fct Fe-Pt alloys synthesized
from route-1 and route-2, respectively. The magnetic properties have been interpreted
with the help of observed order parameters, size, surface, and composition effects of the

Fe-Pt nanostructured materials.

CosgPts; and CogoPty alloys have been synthesized via superhydride reduction route
using two different combinations of capping structures, namely: CTAB (route-1) and
oleic acid/CTAB (route-2). Further characterizations were carried out by XRD and SEM
techniques in as-prepared and annealed at 500°C and 600°C. As-prepared Co-Pt alloys
show amorphous disordered fcc crystalline phase and transformed to ordered fct phase
after annealing at 600°C. SEM studies show that annealed Co-Pt nanoparticles have
spherical shape morphologies with SEM particle sizes of 38 nm and 59 nm for route-1
and route-2, respectively. The values of Mg for Co-Pt alloys synthesized via route-1 are
found to be 0.9 emu/g, 18.3 emu/g, and 31.4 emu/g whereas Hc values are 428 Oe, 667
Oe, and 1728 Oe, for as-prepared, annealed at 500°C/2h, and annealed at 600°C/2h,
respectively. The values of Mg for Co-Pt alloys synthesized via route-2 are found to be
1.2 emu/g, 27.5 emu/g, 26.9 emu/g, and 22.5 emu/g whereas Hc values are 870 Oe, 806
Oe, 2525 Oe, and 5027 Oe, for as-prepared, annealed at 500°C/2h, annealed at 600°C/2h,
and annealed at 600°C/12h, respectively. The observed magnetic properties have been
interpreted with the help of crystallite sizes, order parameters, size, surface, and
composition effects of the Co-Pt nanostructured materials.
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CHAPTER VI

Development of newer synthetic routes for Co, Co-Ni and Co-
Pt nanoparticles by using modified polyol method and studies
on their structural and magnetic properties

6.1 Introduction

This chapter mainly deals with studies on Co based nanomaterials such as Co, Co-Ni and
Co-Pt synthesized via novel polyol method. Several Fe and Co based alloys are
specifically used in high temperature applications because of soft magnetic characteristics
which include: low coercivity to minimize frequency independent losses, high resistivity
to minimize frequency dependent eddy current losses, and high magnetization to increase
the range of field amplitudes available for use [1]. Further, Co based nanomaterials have
more stable magnetic properties in the temperature range of 500-600°C due to their
higher Curie temperature, T¢ [2]. Co-Pt alloys being hard magnetic materials have major
applications in the field of ultrahigh density magnetic storage media because of their high
values of Hc and K, [3]. Polyol method can be performed by using inexpensive and
nontoxic chemicals such as: PEG 200 as reducing agent, PVP as stabilizer to control size
and shape of nanoparticles, non-aqueous solvents to protect nanoparticles from surface
oxidation [3, 4]. Hence, polyol method was selected for the synthesis of Co, Co-Ni, Co-Pt
nanomaterials owing to the fact that it is simple, cost effective and nontoxic. On the light
of the above mentioned points various reports are available in the literature [5-7] and a

few of them are summarized below mentioned paragraph.

Generally, polyol process uses ethylene glycol as reducing agent and sodium hydroxide
to facilitate electron transfer from polyol to the ionic species which result in reduction
[5]. However, polyol method has lesser control on the growth of the particles [8]. Hence,
in order to achieve control on particle growth, development of novel methodologies have

become an important topic of research. Synthesis of nanocrystalline Co-Ni alloys with
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controlled compositions by polyol reduction method was reported without any nucleating
agent or protecting agent. [6]. Polyol reduction method has been used for synthesis of
morphology controlled nanostructures, e.g. flower like morphology, by a simple one pot
polyol process [5]. Modifications in the polyol method were carried out to control size

and air stability by varying reaction conditions and additionally using PEG [7].

In earlier reports on synthesis of materials using polyol route, ethylene glycol or polyol
was used as both reducing agent and solvent. As polyols have limited solubility for
various capping agents or stabilizers, polyol methods are unable to use for the synthesis
of capped nanoparticles which have large applications. It is well known that capping
agents are helpful for controlling size and morphology of the nanomaterials. In view of
above points, novel polyol method have been reported which include DMF as solvent and
modified reactions conditions (e.g. temperature, capping agents, materials processing
etc.) for synthesis of controlled nanostructures. Polyol reduction method was modified by
using PEG-200 as reducing agent, PVP as capping agent and DMF as solvent. PEG and
PVP were chosen as these are biocompatible materials and synthesized nanoparticles
coated with PVP can be useful for biomedical applications. This chapter focuses on
synthesis, magnetic characteristics studies of Co, CosoNisp and CosoPtsy nanomaterials.
Specifically, equiatomic composition of Co-Ni and Co-Pt alloys were chosen because
these alloys have more stability compare to other compositions. CosoPtsy has large
coercivity than other compositions which is required for magnetic storage applications.

6.2 Experimental

The chemicals used for synthesis of above materials include cobalt chloride hexahydrate
(CoCly-6H,0), nickel chloride hexahydrate (NiCl,-6H,0) and Polyethyleneglycol (PEG-
200) procured from Molychem, India; N, N dimethylformamide (DMF), sodium
hydroxide (NaOH) from Fisher scientific, India; platinum chloride (PtCl,, 73 wt% Pt),
polyvinylpyrrolidone (PVP, M.W. = 58000) from Acros organics, USA. The chemicals
were of analytical grade and have been used without further purification.

In a typical synthesis, metal salts were added into 20 ml DMF in a 250 ml three neck
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flask. Thereafter, addition of capping agent, i.e. PVP (1:1 wt/wt ratio with salts) and
PEG-200 (2 ml per mmol of salts) were carried out with vigorous stirring using magnetic
stirrer at RT. Then, the mixture was heated to 100-110°C for the duration of 5 min. To
this solution, NaOH pellets (1 pellet per mmol) were added under vigorous stirring. Black
color dispersion of nanoparticles was occurred. Reaction mixture was maintained at this
temperature for 15 min and cooled down to RT. 100 ml acetone was added to precipitate
solids. The colloid dispersion was separated by centrifugation at 5000 rpm for different
time duration (say 5-10 min). These solids were washed with water repeatedly till water
shows neutral pH, then with acetone and dried in vacuum at RT (as-prepared materials).
The final products were obtained from as-prepared materials using two different drying
and processing conditions, i.e. (i) route-1 and (ii) route-2. Route-1 and route-2 represents
products without and with traces of NaCl, respectively. In route-1, solids obtained after
centrifugation were washed with distilled water (in order to wash out NaOH and NaCl)
and finally with acetone. These samples were annealed at 600°C-700°C for 6-12 hrs
duration under Nx(g) flow. In route-2, solids obtained after centrifugation were first
annealed at 600°C-700°C for 6 h under N»(g) flow and then materials were washed using
distilled water (in order to wash out NaOH and NaCl) followed by final washing with

acetone.

Table 6.1 Details of moles and weights of metal salts used in polyol reduction method.

COC|2-6H20 NiC'z-GHzO PtC'z (73 wit% Pt )

Materials Moles  weight | Moles  weight Moles weight
(mmol) (9) (mmol) (9) (mmol) (9)
Co 2 0.476
CosoNisg 1 0.238 1 0.238 --- ---

CosoPtso 0.2 0.049 --- --- 0.2 0.053
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6.3 Results and Discussion

The synthesized materials (Co, Co-Ni and Co-Pt) synthesized by polyol routes were
subjected to different processing parameters and studied for their characterizations,
electron microscopy and magnetic properties. The following sub-sections deals with the

aforesaid aspects separately utilizing Co, Co-Ni and Co-Pt materials systems.

6.3.1 Characterizations and Magnetic properties of Co nanoparticles synthesized via

polyol route
6.3.1.1 XRD studies of Co nanoparticles

The XRD patterns of as-prepared and annealed Co nanoparticles at 600°C for 6 h under
N2(g) atmosphere are presented in Figure 6.1. The values of the lattice parameters and
crystallite sizes of Co (route-1) and Co (route-2) have been summarized in Table 6.2. The
absence of diffraction peaks in XRD patterns for as-prepared Co nanomaterials, except a
very small intensity peak centered on 60° indicates amorphous nature of the as-prepared
materials (Figure 6.1 (a)). The small peak at 60° may correspond to CoO formation on
the surface as the materials were dried in air. After Annealing of the as prepared
precursors at 600°C under inert gas atmosphere via two routes, i.e. route-1 (without NaCl
matrix) and route-2 (with NaCl matrix), crystalline products were obtained. Co (route-1)
crystallizes in hcp phase (o) whereas Co (route2) crystallizes in fcc (B) phase after post
heat treatment. The observed XRD patterns were indexed in accordance with JCPDS #
05-0727 for a-Co and # 15-0806 for B-Co, respectively. [9]. One striking feature in the
observed XRD pattern for hcp Co is that intensity of (002) peak is higher than intensity of
(100) peak. These results indicate preferential growth of the crystal lattice along (002)
plane of c-axis [10]. The estimated values of lattice parameters for hcp (o) phase of Co
(route-1) are a = 2.4972 A and ¢ = 4.0734 A whereas for fcc (B) Co (route-2), a = 3.5403
A is observed. Average crystallite sizes estimated from XRD line broadening for hcp
Co(route-1) and fcc Co(route-2) were found to be 16.4 nm and 37.1 nm, respectively.
These estimated average crystallite sizes for annealed Co nanomaterials are comparable
with the literature reported values of 19 nm for Co synthesized via polyol method [11]. In
case of bulk Co, hcp phase is stable below 450°C while fcc phase is stable at
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temperatures above 450°C. However, the presence of hcp phase at 600°C in Co (route-1)
sample is may be attributed to the fine particle nature of the materials [12]. The
observation of only fcc phase for Co (route-2) rather than energetically stable hcp phase
is may be due to annealing in presence of crystalline NaCl matrix. Such kind of
stabilizations of fcc phase have already been noticed for cobalt in crystalline copper
matrix [13]. The values of lattice parameters for hcp Co (i.e. a =2.4972 A and ¢ = 4.0734
A) and fcc Co (i.e. a = 3.5403 A) phases are in well agreement with reported values of a
=2.5088 A, ¢ =4.0762 A for a-Co and a = 3.5448 A for p-Co [14].

Intensity (Arb. units)

30 40 50 60 70 80 90
Diffraction angle, 20 (deg)

Figure 6.1 Indexed XRD patterns of Co nanoparticles synthesized via polyol process in (a) as-
prepared state and (b) annealed via route-1, and (c) route-2, at 600°C/6 h under N»(g) flow.

Table 6.2 Materials, annealing conditions, crystalline phases, lattice parameters and average
crystallite sizes for Co nanoparticles synthesized via route-1 and route-2.

Annealing  Crystalline Lattice parameters Average
Materials  conditions,  phase crystallite size
temp/h (°C/h) a(A) c (A) (nm)
Co 600/6 hep 24972 40734 16.4(+1)
(route-1) : : AlE
Co 600/6 foc 3.5403 — 37.1(+1)
(route-2) : A
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6.3.1.2 TEM micrographs studies of Co nanoparticles synthesized via polyol route

TEM micrographs for Co annealed at 600°C via routel and route-2 are shown in Figure
6.2 ((a) and (c)). The corresponding TEM size distribution plots have been shown in

Figure 6.2 ((b) and (d)). TEM particle morphologies and sizes are tabulated in Table 6.3.
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Figure 6.2 TEM micrographs and corresponding size distributions plots of Co nanoparticles
synthesized by ((a) and (b)) route-1 and ((c) and (d)) route-2, respectively.

Table 6.3 TEM particle morphology and TEM particle size, of Co (route-1) and Co (route-2)
nanomaterials annealed at 600°C for 6 h under N(g) atmosphere.

Materials TEM particle morphology TEM particle size (nm)

Co (route-1) Chains Diameter =2.8 £ 0.5
Length = 15 to 26

Co (route-2) Spheres 52+05
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TEM micrograph of Co(route-1) shows chain-like nanostructures having uniform
dispersion. The formation of chains may be resulted due to hcp crystal structure having
c/a ratio of 1.6 as confirmed from XRD studies (Table 6.2). The estimated values of
average chain diameter was found to be 2.8 + 0.5 nm and chain lengths varies from 15-26
nm. TEM micrograph of Co(route-2) shows monodispersed nanostructures with nearly
spherical morphologies. Average TEM particle size for Co(route-2) was found to be 5.2 +
0.5 nm. TEM micrographs results of Co nanomaterials from both the routes show narrow
size distributions. The estimated TEM particle sizes are smaller than crystallite sizes, i.e.
16.4 nm and 37.1 nm for Co(route-1) and Co(route-2), respectively. These results might
be due to the fact that TEM particle size corresponds to local probe which contains
smaller particles only while crystallite size corresponds to the average of the whole mass

including larger crystallites [15].
6.3.1.3 Magnetic properties of Co nanoparticles synthesized via polyol route

M vs. H curves for Co (route-1 and route-2), measured at RT and at 100K, are shown in
Figure 6.3. The estimated values of the Ms and Hc for Co alloys are tabulated in Table
6.4. Co nanoparticles annealed at 600°C, contain organic coating at the surface. Total
wt% of CHN content for Co(route-1) and Co(route-2) were found to be 0.1 % and 10.2
%, respectively. Therefore, two different values of Mg are reported herewith, i.e. one
denotes Ms without considering wt% of organic layer and the other, M's, after wt%
corrections corresponding to total CHN content (Table 6.4). For Co(route-1), the values
of Ms, M’s and Hc were found to be 162.5 emu/g, 162.7 emu/g and 220 Oe, at RT
whereas 166.9 emu/g, 167 emu/g and 357 Oe, at 100K respectively. For Co(route-2), the
values of Ms, M's and Hc were found to be 26.7 emu/g, 29.7 emu/g and 1850k, at RT
whereas 31.4 emu/g, 35 emu/g and 3690e, at 100K, respectively (Table 6.4).

Corrected values of Ms of Co(route-1) measured at RT, i.e. 162.7 emu/g, is matching
well with the value for bulk hcp Co (162 emu/g) whereas Ms values of Co(route-2), i.e.
29.7 emul/qg, is less than the value for bulk fcc Co (172 emu/g) [16]. The observation of
large reduction in Ms for Co(route-2) sample may be attributed to size, shape, spin

canting at the surface, altered crystal anisotropies etc. [17, 18]. These aspects have
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already been explained in the chapter I, subsection 1.6.4. Further, reduction in Ms in our
Co(route-2) may also be due to presence of fcc phase as nanocrystalline fcc Co show
reduction in magnetization than bulk value [19]. Possibly, the chain structure observed in
TEM micrograph is the responsible factor for larger magnetization in samples produced
via route-1. In such kind of materials shape anisotropy plays a very important role along
with several other factors described above. Saturation magnetization of Co(route-1) and
Co(route-2) measured at 100K show enhancement of 0.06 % and 3.55 % respectively, in
the Ms values compare to the values at RT. It has been reported that magnetization of Co
increases slowly lowering temperature from 300K to 100K and thereafter increases fast
below 100K [20]. Hence our results are in accordance with literature reported data.
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Figure 6.3 Magnetization vs. field plots of Co nanoparticles synthesized via route-1 and route-2,
measured at two different temperatures; (a) RT(298K) and (b) 100K.

Table 6.4 Materials, total CHN content, saturation magnetization (Ms), Corrected Ms and
Coercivity (Hc) of Co nanocrystals synthesized via route-1 and route-2 at RT and 100K.

Total CHN Ms (emu/g) M's(emu/g) Hc (Oe)
Materials content
(Wt%) RT 100K RT 100K RT 100K
Co
0.1 1625 166.9 162.7 167 220 357
(route-1)
Co
10.2 26.7 314 29.7 35 185 369
(route-2)
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It has been reported that hcp Co is magnetically hard phase (Hc > 400 Oe) whereas fcc
Co is magnetically soft phase (Hc < 100 Oe) [9, 21]. The Hc value at RT of hcp
Co(routel), i.e. 220 Oe, is less than literature reported value of 583 Oe for magnetically
hard hcp Co phase with particle size of 10-12 nm [22]. The decrease in Hc values for hcp
Co(route-1) sample is attributed to smaller TEM particle size because coercivity of Co
nanoparticles decreases with decreasing particle size below critical size of 61 nm [23]
(Refer- Chapter I, subsection 1.6.2). Further, the Hc value of fcc Co(route-2) at RT, i.e.
185 Oe, is larger than the values expected for soft magnetic materials. These alterations
can be supported by the presence of small ferromagnetic fractions having larger particles,
as indicated by particle size distribution studies, can results in larger Hc values for Co
nanoparticles. At 100K, the H¢ values of Co(route-1) and Co(route-2) increased by 1.6
times and 2.0 times, respectively, compare to the Hc values at RT. Such kind of
enhancement in Hc values at low temperatures can be explained by dominance of thermal
effects over anisotropy energy barrier according to Kneller’s law which is applicable in
the temperature range of 0 K to Tg [24, 25].

6.3.2 Characterizations and magnetic properties of CosoNisy alloy nanoparticles
synthesized via polyol route

6.3.2.1 XRD studies of CosoNisg alloy nanoparticles

XRD patterns of as-prepared and annealed Co-Ni alloy at 600°C via route-1 and route-2
are shown in Figure 6.4. The values of lattice parameters and crystallite sizes of Co-
Ni(route-1) and Co-Ni(route-2) have been summarized in Table 6.5.The as-prepared Co-
Ni nanomaterials show amorphous nature (Figure 6.4 (a)) whereas annealed Co-Ni alloys
via route-1 (without NaCl matrix) and route-2 (with NaCl matrix) crystallize in fcc phase
(JCPDS # 04-8490) [26]. The formation of stable fcc crystal phases of Co-Ni alloys
annealed via both the routes route-1 and route-2 may be attributed to Ni which stabilizes
fcc phase at Co:Ni molar ratio above 1:1 [27]. The values of lattice parameters (a) for
Co-Ni(route-1) and Co-Ni(route-2) are found to be 3.5328 A and 3.5282 A, respectively.
These values of lattice parameters are lies in between the values of fcc Co (a = 3.5447 A)
and fcc Ni (a = 3.5238 A) [27]. These results confirm the formation of Co-Ni alloys with
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high homogeneity. Average crystallite sizes for Co-Ni(route-1) and Co-Ni(route-2) were

found to be 28.1 nm and 30.4 nm, respectively.
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Figure 6.4 Indexed XRD patterns of CoNi nanoparticles synthesized via polyol process in (a) as-
prepared state and (b) annealed via route-1, and (c) route-2, at 600°C/6 h under N»(g) flow.

Table 6.5 Materials, annealing conditions, crystalline phases, lattice parameters and average
crystallite sizes for Co-Ni alloy nanoparticles.

Lattice Average crystallite

Annealing Crystalline : _
Materials conditions, phase paramg ers, size (nm)
temp/h (°C/h) a(A)
Co-Ni
(route-1) 600/6 fcc 3.5328 28.1(x1)
Co-Ni
(route-2) 600/6 fcc 3.5282 30.4(+1)

6.3.2.2 TEM micrographs studies of CosoNiso alloy nanoparticles synthesized via
polyol route

TEM microstructural studies have been carried out for a typical sample of Co-Ni(route-

2). TEM micrograph and corresponding TEM size distribution plot for Co-Ni(route-2) are
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shown in Figure 6.5 (a and b). TEM micrograph of Co-Ni(route-2) shows nanostructures
with nearly spherical morphologies. Average TEM particle size for Co-Ni(route-2) was
found to be 8+1 nm with narrow size distribution. The observed TEM particle size is
smaller than crystallite size, i.e. 30.4 nm, might be due to the fact that estimation of TEM
particle size performed on specific area which contains smaller particles only while
estimation of crystallite size takes average of the whole mass including larger crystallites.
Similar observations have been reported in the literature and have been well

demonstrated by Ponrouch et al. for porous Ru nanowires [15].
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Figure 6.5 (a) A TEM micrograph of Co-Ni(route-2) and (b) its corresponding TEM particle size
distribution plot.

6.3.2.3 Magnetic properties of CosoNiso alloy nanoparticles synthesized via polyol
route

M vs. H curves for Co-Ni(route-1 and route-2) alloys measured at RT and at 100K are
shown in Figure 6.6 (a) and (b), respectively. The estimated values of the Ms and Hc for
Co-Ni alloys are tabulated in Table 6.6. Co-Ni alloys annealed at 600°C, contain organic
coating at the surface. Total wt% of CHN content for Co-Ni(route-1) and Co-Ni(route-2)
were found to be 0.2 % and 21.5 %, respectively. Therefore, two different values of Mg
are reported herewith, i.e. one denotes Ms without considering wt% of organic layer and
the other, M's , after wt% corrections corresponding to total CHN content. For Co-
Ni(route-1), the values of Ms, M's and Hc were found to be 116 emu/g, 116.2 emu/g and
86 Oe, at RT whereas 109.7 emu/g, 110 emu/g and 93 Oe, at 100K respectively. For Co-
Ni(route-2), the values of Ms, M's and Hc were found to be 35.8 emu/g, 45.6 emu/g and
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2140e, at RT whereas 37.2 emu/g, 47.4 emu/g and 3240e, at 100K, respectively.
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Figure 6.6 Magnetization vs. field plots of Co-Ni nanoparticles synthesized via route-1 and
route-2, measured at different temperatures; (a) RT(298K) and (b) 100K.

Table 6.6 Materials, Total CHN content, Ms, corrected Ms and Hc of Co-Ni (route-1) and Co-Ni
(route-2) nanomaterials measured at RT and 100K.

Total CHN Ms (emu/g) M's(emu/g) Hc (Oe)
Materials content

(Wi%) RT 100K RT 100K | RT 100K
Co-Ni 0.2 116 109.7 1162 110 86 93
(route-1)
Co-Ni 21.5 35.8 372 456 474 214 324
(route-2)

The corrected Ms value for CosoNisp(route-1) alloy measured at RT, i.e. 116.2 emu/g, is
matching well with the value reported for bulk CosoNisg alloy (110 emu/g) [28]. Hc value
for CosoNisgp (route-1) alloy measured at RT, i.e. 86 Oe, is close to superparamagnetic
regime. At 100K, one can expect the increase in Ms and Hc values when compared with
the values measured at RT. However, it has been observed that Ms value Co-Ni(route-1)
sample decreases (i.e. 110 emu/g) whereas Hc value increases slightly (i.e. 93 QOe), at
100K compare to the values at RT. It has been reported in the literature that decrease in
magnetization value of superparamagnetic Co nanoparticles with lowering the

temperature may be observed due to deviations in anisotropy near saturation of
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magnetization [29]. Hence, abrupt decrease in Ms value of Co-Ni(route-1) at 100K may
be attributed to deviations in anisotropy as superparamagnetic nature of this material can

be proved by low coercivity value.

It has been observed that corrected Ms of CosgNisg(route-2), i.e. 45.6 emu/g, is less than
the reported value bulk CosoNisp alloy (110 emu/g) [28]. The reduction in Ms values of
Co-Ni(route-2) can be explained on the basis of size and surface effects. At 100K,
corrected Ms of CosoNisg(route-2), i.e. 47.4 emu/g is slightly greater than the value at RT.
This is in accordance with the literature data where magnetization has been found to
increase slowly by lowering temperature from 300K to 100K and thereafter increases
drastically below 100K [20]. The observed Hc values for annealed CosoNisg(route-2) at
RT and 100K were found to be higher than the typical range for soft magnetic materials.
These results may be attributed fine particle size effects in the materials. Further,
enhancement in the Hc value is observed at 100K compare to Hc value at RT. These
results are in accordance with reported observation of increase in Hc value of Co based
nanomaterials with decreasing temperature, goes through maximum and decreases again
[20, 30].

6.3.3 Characterizations of the synthesized materials and magnetic properties of fct
L1, Co-Pt alloy nanoparticles

6.3.3.1 XRD studies of Co-Pt alloy nanoparticles

The XRD patterns of as-prepared and annealed Co-Pt alloy nanoparticles via route-1 and
route-2 were represented in Figure 6.7. The materials processing parameters, lattice
parameters and crystallite sizes are tabulated in Table 6.7. As-prepared Co-Pt alloy
nanoparticles show disordered fcc crystal structure (Figure 6.7, (a)) with crystallite size
of 2.5 nm. As-prepared Co-Pt alloy nanoparticles were annealed at 700°C for 6 h via two
routes, i.e. route-1 (without NaCl matrix) and route-2 (with NaCl matrix). It has been
observed that Co-Pt alloy nanoparticles annealed via route-1 possess fcc crystal structure
even at 700°C (Figure 6.7, (b)) with lattice parameters (a) and average crystallite size
equal to 3.7138 A and 22.6(x1) nm, respectively. However, Co-Pt alloy nanoparticles

annealed via route-2 shows transformation to long range ordered fct (L1o) phase (ICDD
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card no. 43-1358) average crystallite size equal to 24.7(x1) nm. Disordered fcc to ordered
fct phase transformation in Co-Pt alloys strongly depends on synthetic routes,
crystallinity, grain boundaries and annealing temperature etc. [31, 32]. Hence, absence of
fct phase in Co-Pt(route-1) may be attributed to less crystallinity and presence of grain
boundaries in the sample whereas these limitations might overcome in Co(route-2) after
annealing with NaCl matrix. In Co(route-2), the presence of peaks at 26 values of 24.1°,
33.4° and 47.4°/49.2° corresponding to superlattice reflections, i.e. (001), (110) and
(200)/(002) doublet peaks in XRD pattern of Co-Pt materials (Figure 6.7 (c)) [33]. Long-
range order parameters (S) was calculated by using the intensities of (001) and (002)
diffraction peaks and found to be 0.9 [34]. The calculated values of the lattice parameters
from (001) and (110) peaks for L1, Co-Pt were ¢ = 3.6984 A and a = 3.7929 A with c/a =
0.9702 (Table 5.4). These lattice parameters are comparable with the literature reported
values for pure L1, Co-Pt alloy, i.e. ¢ = 3.7010 A and a = 3.8030 A with c/a = 0.9750
[35]. These results confirm the formation of L1, Co-Pt alloy annealed via route-2. As fct
phase is obtained via route-2 successfully, our focus remains on microstructural and

magnetic properties of Co-Pt samples in the following sub-sections.

(111)

(110)

001)

Intensity (Arb. units)
z E

a8 =8 =l

- —~ [=] _

g = (=) S a - e
= g - ~ ~ O

(a1
(200)

20 30 40 50 60 70 80 90
Diffraction angle, 20 (deg)

Figure 6.7 Indexed XRD patterns of CoPt nanoparticles synthesized via polyol process in (a) as-
prepared state and (b) annealed via route-1, and (c) route-2, at 700°C/6 h under N,(g) flow.
Route-1 and route-2 represents products without and with traces of NaCl.
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Table 6.7 Materials, annealing conditions, crystalline phases, lattice parameters and average
crystallite sizes for Co-Pt alloy nanoparticles.

Annealing  Crystalline Lattice parameters Average

Materials  conditions, phase crystallite

temp/h (°C/h) c(A) a(A) claratio Size(nm)

(rfﬁz.tl) 700/6 fcc — 37138 — 22.6(+1)
CoPt

(route-2) 700/6 fct 3.6984 3.7929 0.9750  24.7(x1)

6.3.3.2 SEM micrographs studies fct L1, of Co-Pt alloy nanoparticles synthesized via
polyol method (route 2)

SEM microstructural studies were carried out only for Co-Pt alloy annealed via route-2
because it has fct crystal structure and used for magnetic properties study whereas Co-Pt
alloy annealed via route-1 has fcc crystal structure. SEM micrograph of Co-Pt alloy
nanoparticles annealed via route-2 is shown in Figure 6.8 (a) and inset represents the
SEM particle size distribution. SEM-EDX pattern of the annealed sample is shown in
Figure 6.8 (b). SEM micrograph shows the presence of spherical shape nanoparticles
which can be easily distinguished from agglomeration. The average SEM particle size
was found to be 41 nm with narrow size distribution of £ 3 nm. The estimated SEM
particle size is larger than the crystallite size, i.e. 24.7 nm. SEM-EDX analysis indicates
that the composition of Co-Pt alloy annealed via route-2 was CosgPts, (Figure 6.8 (b)).
The presence of oxygen in EDX spectra has origin from coated organic matter at the

surface of annealed Co-Pt materials.
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Figure 6.8 (a) SEM micrographs and (b) its corresponding SEM-EDX analysis of the annealed
Co-Pt alloys at 700°C via route-2. Inset (Figure (a)) shows particle size distribution plot.

6.3.3.3 Magnetic properties of fct L1, Co-Pt alloy nanoparticles synthesized via
polyol method (route 2)

Magnetic properties studies were carried out only for Co-Pt alloy annealed via route-2.
The Magnetization vs. field plot of Co-Pt nanoparticles annealed via route-2 is shown in
Figure 6.9. The values of Ms and Hc are found to be 24 emu/g and 6050 Oe, respectively.
Co-Pt alloys annealed via route-2 show ferromagnetic nature of the nanomaterials.
Further, initial magnetization curve shows that there is slow increase of magnetization
with applied field and have not saturated completely up to higher applied field, i.e. 15
kOe. These results indicate the hard magnetic properties of the materials. Observation of
high value of Hc, i.e. 6050 Oe, for Co-Pt annealed at 700°C can be understood by
increase in the crystallite sizes, volume fraction of fct phase, and order parameter with
annealing at higher temperatures which induces high magnetocrystalline anisotropy [36].
The observed coercivity value is higher than reported values i.e. 1.25-3.67 kOe for Co-Pt
alloys synthesized via chemical reduction routes [36, 37]. The Hc value for Co-Pt alloy
with composition of CogPtso is reported to be ~2 kOe after annealing at 600°C in the
literature [38]. However, observation of high Hc value i.e. 6050 Oe for CosgPts, alloy
annealed at via route-2 is interesting result and may be attributed to higher order

parameter (0.9) obtained after annealing via route-2.
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Figure 6.9 Magnetization vs. Field plots of Co-Pt alloys nanoparticles, synthesized via route 2
and annealed at 700°C/6 h under the flow of purified N»(g).

6.4 Conclusions

In summary, Co, Co-Ni and Co-Pt nanoparticles have been successfully synthesized by
modified polyol reduction route using PVP as capping agent. The materials were
annealed by two routes, i.e. route-1(without NaCl matrix) and route-2(with NaCl matrix).
Results of samples annealed via route-1 and route-2 were different as obtained from

characterization and magnetic studies.

Co(route-1) crystallizes in hcp phase with average crystallite size of 16.4 nm even after
annealing at 600°C. While Co(route-2) crystallizes in fcc phase with average crystallite
size of 37.1 nm at 600°C. The observation of different phases for two routes is attributed
to fine particle effects and annealing in presence of crystalline NaCl matrix. A TEM
micrograph shows that Co(route-1) has uniformly dispersed chain-like nanostructures
whereas Co(route-2) shows monodispersed nanostructures with nearly spherical
morphologies. The estimated values of average chain diameter was found to be 2.8 + 0.5
nm and chain lengths varies from 15-26 nm. Average TEM particle size for Co(route-2)

was found to be 5.2 + 0.5 nm. Co(route-1) nanoparticles have large Ms value of 162.7

179



Chapter VI: Development of newer synthetic routes for Co, Co-Ni and Co-Pt
nanoparticles by using modified polyol method and studies on
their structural and magnetic properties

emu/g and 167 emu/g at RT and 100K, respectively. While Co(route-2) nanoparticles
have small Ms value of 29.7 emu/g and 35 emu/g at RT and 100K, respectively. These
alterations in the magnetic properties have been explained with the help of size, shape,
spin canting at the surface, altered crystal anisotropies etc. The Hc values at RT of
Co(route-1) and Co(route-2) are 220 Oe and 185 Oe, respectively, and difference has
been explained on the basis of nano-size effects. However, Hc values measure at 100K of
Co(route-1) and Co(route-2) were found to be 1.6 times and 2 times higher than that of

RT and indicate the fact that thermal effects dominates over anisotropy effects at 100K.

Co-Ni alloys annealed via both route-1 and route-2 crystallize in pure fcc phase with
average crystallite sizes of 28.1 nm and 30.4 nm, respectively. TEM micrograph study
was carried for typical sample, i.e. Co-Ni(route-2), and shows presence of nanostructures
with nearly spherical morphologies with particle size of 8 £ 1 nm having narrow size
distribution. Corrected Mg and Hc values Co-Ni(route-1) were found to be 116.2 emul/g
and 86 Oe, at RT whereas 110 emu/g and 93 Oe, at 100K respectively. Abrupt decrease
in Ms value of Co-Ni(route-1) at 100K may be attributed to deviations in anisotropy near
saturation of magnetization. Corrected Ms and Hc values Co-Ni(route-2) were found to
be 45.6 emu/g and 2140e, at RT whereas 47.4 emu/g and 3240e, at 100K, respectively.
These variations of magnetic parameters with temperature indicate fine particle size

effects along with traditional spin wave dependency.

As-prepared Co-Pt alloy nanoparticles crystallize in amorphous disordered fcc phase. Co-
Pt alloy nanoparticles annealed via route-1 possess fcc crystal structure even at 700°C
whereas Co-Pt alloy nanoparticles annealed via route-2 shows ordered fct (L1o) phase.
Microstructural and magnetic properties of fct Co-Pt obtained via route-2 have been
studied. SEM studies show that annealed Co-Pt nanoparticles have spherical shape
morphologies with SEM particle sizes of 41 £ 3 nm. And SEM EDX composition was
found to be CosgPts,. The values of Mg and Hc for Co-Pt(route-2) are found to be 24
emu/g and 6050 Oe, respectively. The observed magnetic properties have been
interpreted with the help of crystallite sizes, order parameters, and composition effects of

the Co-Pt nanostructured materials.
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CHAPTER VII

Investigations on magnetic exchange and dipolar interactions
in some model nanostructured systems: Co and Ni based
metals and alloys

7.1 Introduction

The diluted magnetic nanoparticles systems such as nanoparticles dispersed in porous
matrix, coated with non-magnetic capping agents or coated with carbon shell show
unique magnetic properties due to magnetic exchange and dipolar interactions through
matrix or shell [1]. It has been known that there are several possible drawbacks in pure or
uncoated magnetic nanoparticles, such as: agglomerations of nanoparticles, reduction in
Ms, alteration in Hc, etc. due to size and surface effects. Recently, various non-
conventional diluted magnetic systems are being explored for their interesting magnetic
characteristics [2, 3]. Magnetic nanoparticles embedded in matrix possess specific
particle sizes and interparticle separations. Such kind of systems show enhancement in
magnetizations because of exchange and dipolar interactions takes place through matrix.
These magnetic interactions can be more effective when size and interparticle separation
is in the order of exchange length [4]. Magnetic exchange length is the distance within
which magnetic interactions are effective and it related to domain wall thickness [5]. The
desired magnetic properties can be derived from the synthesis and processing parameters;
such as: controlled nucleation, growth of nanoparticles within the silica matrix, heat

treatment using different inert atmosphere etc.

Magnetic metal or alloys embedded in a suitable matrix not only fundamentally important
but also have specific technological applications. As per our knowledge, very less
literature are available on the study of magnetic properties of Co-Ni alloys embedded in
silica matrix or in carbonaceous matrix even though they have potential technological
applications in the area of microwave absorption and catalysis [6-8]. Co-Ni alloys in pure

form and emended properly in silica matrix enhances the catalytic activity as well as
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selectivity [6]. Magnetic nanoparticles coated with carbonaceous matter having high Mg
and low Hc improve permeability and microwave absorption capacity of the materials
[7]. Moreover, CosoNiso alloys are more important because of their high values of

saturation magnetization and moderate coercivities [9].

We have used chemical reduction route using superhydride as reducing agent for the
synthesis of CosoNisp alloys nanoparticles embedded in silica matrix (KIT-6) or coated
with capping agents. Superhydride reduction route is chosen selectively because it gives
size controlled nanoparticles uniformly distributed in matrix which may help in order to
achieve better magnetic properties. KIT-6 is ordered mesoporous material which has high
surface area, narrow pore size distribution and high pore volume and useful for getting
dispersion of nanoparticles [10, 11]. Interparticle separation among magnetic
nanoparticles is necessary for studying magnetic exchange and dipolar interactions. In
this chapter, novel solution based method for the synthesis Ni and CosoNis alloys
nanoparticles embedded in KIT-6 silica matrix is being reported. In addition, studies on
exchange and dipolar interactions in nanomaterials coated with oleic acid/oleylamine and
carbonaceous matter (obtained after annealing of materials at higher temperatures) have
been carried out. Co-Ni alloys coated with oleic acid/oleylamine synthesized via
superhydride route were used. Co, Ni, Fe-Co and Fe-Ni-Co coated with carbonaceous
matter were obtained after annealing of as-prepared materials at temperature above
~600°C. Structural characterizations and studies on magnetic interactions were

investigated.
7.2 Experimental
7.2.1 Synthesis of Ni/silica and CosgNisp/silica

The chemicals (starting materials) and experimental procedure were similar to
superhydride reduction method for Co and Ni (See Chapter IV, subsection 4.2.1).

Additional changes in synthetic procedure are described as follows.

Appropriate amounts of KIT-6 matrix (Table 7.1), which is required to obtain 4-12 wt%

metal loaded in silica matrix, were added to reaction mass at 100°C after the dissolution
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of metal chlorides. Reduction of metal salts was carried out using superhydride at
temperature of 200°C to form Ni/silica and CosoNisg/silica. Samples were separated by
centrifugation and dried at RT in vacuum (~1 Torr) (i.e. as-prepared materials). Ni,
CosoNisg dispersed in silica matrix were annealed at 400°C for 2 h under the atmosphere
of N2(g) flow.

Table 7.1 Details of moles and weights of metal salts and silica matrix used in the
synthesis of Ni and CosgNisp dispersed in silica matrix.

CoCly-6H,0 NiCl,-6H,0 Wt. of KIT-6 (q)

Materials Moles  weight | Moles  weight | For4 For8  For12
(mmol) (9) (mmol) (9) wt% wit% wt%

Ni/silica 05 0119 0704 0337 -
C0soNiso 05 0119 05 0119 1411 0676  0.431
[silica

7.2.2 Synthesis of Co-Ni alloys coated with oleic acid and oleylamine

Synthesis of CoxNijgox alloys (x = 20, 40, 60, 80), coated with oleic acid and oleylamine,
have been already described in Chapter 1V, subsection 4.2.3. In summary, CoCl,-6H,0
and NiCl,-6H,0 were dissolved in organic solvent, i.e. diphenyl ether, using oleic acid
and oleylamine at 100°C under high purity N2(g) gas atmosphere. Reduction of metal
salts was carried out using superhydride at 200°C to form Co-Ni alloys. Samples were
separated by centrifugation and dried at RT in vacuum (i.e. as-prepared materials) and
also annealed 400°C in N,(g) atmosphere for 2 h and used for further characterizations

and magnetic studies.
7.2.3 Synthesis of Co, Ni, Fe-Co and Fe-Ni-Co coated with carbonaceous matter

Synthesis Co, Ni and FexCoigox alloys (x = 40, 60, 80) have been described in Chapter
IV, subsection 4.2.1 and 4.2.2. In summary, Metal chlorides were dissolved in diphenyl
ether using oleic acid and oleylamine at 100°C under high purity N2(g) gas atmosphere.
Reduction of metal salts was carried out using superhydride at 200°C. Products were
separated by centrifugation and dried at RT in vacuum (i.e. as-prepared materials). As-

prepared samples were annealed at 600°C in Ny(g) atmosphere for 2 h to decompose
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coating of oleic acid/oleylamine and form Co, Ni and FeyCoipox alloys coated with

carbonaceous matter.

FexNigoxC0z0 (X = 20, 40) alloys were synthesized via NaBH, reduction route in aqueous
medium as described in Chapter 11, subsection 3.2.2. In summary, stoichiometric amount
of metal chlorides were dissolved in 50 mL of 1 M HCI. Reduction was achieved by
adding 50 mL 1 M NaBH;, solution at 25-30°C. Products were separated by filtration on
drawn in 1 ml PEG-200 for capping. Sample was dried in vacuum desiccator over night
at room temperature (i.e. as-prepared sample) and then heated to 600°C in N2(g)
atmosphere for 2 h to decompose PEG coating which produces FexNigo-xC029 coated with

carbonaceous matter.

7.3 Characterizations of the synthesized materials
7.3.1 Characterizations of Ni/silica and CosoNisg/silica
7.3.1.1 UV-Visible and FTIR studies

Characterizations using UV-Visible spectroscopy and FTIR spectroscopy were carried
out for a typical sample with 8 wt% CosgNiso/silica. Reaction mixture used for UV-
Visible study contains CoCl,-6H,0, NiCl,-6H,0, KIT-6 matrix, diphenyl ether, oleic
acid and oleylamine. And reaction mixture after reduction contains Co-Ni alloy
nanoparticles coated with oleic acid/Oleylamine, KIT-6 matrix and diphenyl ether.
Reaction mixture samples for UV-Visible spectroscopy studies were removed from the
reaction flask at two stages: (i) after the dissolution of metal salts with the help of
capping agents and (ii) after the completion of reduction procedure (i.e. using

superhydride as reducing agent).

UV-Visible spectra of reaction mixture obtained before and after chemical reduction are
shown in Figure 7.1. An UV-Visible spectrum of sample before reduction shows broad
absorption peak centered at ~660 nm. This peak is at higher wavelength side than the
absorption peaks for pure CoCl,-6H,0 and NiCl,-6H,0 corresponding to d-d transitions
i.e. 520 nm and 410 nm, respectively [12]. Hence, the peak observed at ~660 nm may be

assigned to the mixture or complex of cobalt chlorides, nickel chlorides, oleic acid and
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oleylamine. The absence of absorption peak centered at ~660 nm in UV-Visible spectrum
after reduction confirms the complete reduction of cobalt chlorides and nickel chlorides

quantitatively forming the solid phase.

8 wt% CoNifsilica

0.75 after reduction

0.50

660 nm

Absorbance

before reduction (a)
0.25

0.00 . T ' T . I .
400 S00 600 700 500
Wavelength, A (nm)

Figure 7.1 UV-Visible spectra of reaction mixtures at two stages, (a) before reduction and (b)
after reduction, for 8 wt% CoNi loaded in silica matrix.

The solid precursors obtained after the synthesis and processing (i.e. as-prepared) were
subjected to FTIR spectroscopy in order to study bonding and chemical interactions in 8
wt% CosoNisg alloy nanoparticles embedded in silica matrix (Figure 7.2). The results are
summarized in Table 7.2. FTIR spectrum for as-prepared materials shows the dominantly
presence of silica matrix (KIT-6) and capping agents (i.e. oleic acid and oleylamine). The
peaks present at 460 cm™ and 793 cm™ are assigned to symmetric stretching vibrations of
siloxane group (Si-O-Si). However, the broad peak centered at 1080 cm™ and its shoulder
are corresponding to asymmetric stretching vibrations of siloxane group (Si-O-Si) [13].
In the FTIR spectra of as-prepared materials, peaks at 1641 cm™ and 3447 cm™ are
attributed to the presence of bending and stretching vibrations of O-H group,
respectively. These results indicate the adsorption of some molecular water on the surface
[13]. The peaks at 2925 cm™ and 2850 cm™ are corresponding to oleyl group which has
origin from capping agents present at the surface of nanomaterials. The peaks in the

range of 1450-1579 cm™ can be assigned to carboxylate group (—COQO").
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Figure 7.2 FTIR spectrum for as-prepared precursor sample for 8 wt% CoNi loaded in silica
matrix. Sample was annealed at 400°C for 2 h under N2(g) atmosphere.

Table 7.2 Peak positions and assignments of FTIR spectrum obtained for coated 8 wt%
CoNi/silica.

Wavenumber, d (cm™) Assignments
3447 b O—H stretch
2925 s asym. CH, stretch
2850 m sym. CH, stretch
1641 w O—H bending
1579 w asym COO stretch
1450 b sym COO stretch
1080 b asym Si—O—Si stretch

793s,460s sym Si—O—Si stretch

Abbreviations: b-broad, s-strong, m-medium, w-weak, sym-symmetric, asym-asymmetric.

7.3.1.2 XRD studies of Ni/silica and CosgNisg/silica

XRD patterns for pure Ni and Ni/silica with various loading percentage (4 and 8 wt%)
are shown in Figure 7.3. Figure 7.4 shows XRD patterns for pure CosoNisp and
CosoNiso/silica with various loading percentage (4-12 wt%). As-prepared Ni and Co-Ni
materials were amorphous in nature and have been explained by XRD studies in Chapter

IV, subsections 4.3.1.2 and 4.3.3.2. Therefore, heat treated in an inert atmosphere at
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optimum temperature of 400°C for evolution of crystalline phase. Lattice parameters and
crystallite sizes for all samples (Ni/silica and CosgNiso/silica) are tabulated in Table 7.3.

Intensity (Arb. units)

(111)
—-—
=

(200)

L 1 1 L 'l 'l

20 30 40 50 60 70 80
Diffraction angle, 20 (deg)

Figure 7.3 Indexed XRD patterns for (a) pure Ni, (b) 4 wt% Ni in silica and (c) 8 wt% Ni in
silica matrix and heat treated at 400°C.

Ni nanoparticles (pure and loaded in silica matrix) crystallize in fcc structure. The
diffraction patterns of CoNi solid solution were indexed in accordance with the patterns
for fcc structure of Co and Ni [14]. Diffraction peaks for Ni/silica and CoNi/silica are
relatively lesser intense compared to pure materials which indicate that nanomaterials are
embedded in silica matrix. A broad peak, centered on 20 value of 22°, corresponds to the
amorphous nature of silica matrix. The values of lattice parameters were found to be
3.5301 A, 3.5254 A and 3.5320 A for pure Ni, 4 wt% and 8 wt% of Ni in silica matrix,
respectively. The crystallite sizes were estimated to be 6.0 nm, 10.4 nm and 10.5 nm, for

pure Ni, 4 wt% and 8 wt% Ni in silica, respectively.

Co-Ni alloys (pure and loaded in silica matrix) crystallize in fcc crystal phase. The
estimated values of lattice parameters were found to be 3.5413 A, 3.5319 A, 3.5365 A
and 3.5356 A for pure CoNi, 4 wt%, 8 wt% and 12 wt% CoNi in silica, respectively.
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These values of the lattice parameters are in agreement with the literature reported values
for CossNig7 alloys, i.e. 3.5343 A [14]. Estimated average crystallite sizes were found to
be 16.3 nm, 15.1 nm, 14.9 nm and 13.6 nm for pure CosoNisg, 4 Wt%, 8 wt% and 12 wt%

CoNi insilica, respectively.
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Figure 7.4 Indexed XRD patterns of (a) pure CosoNisg, (b) 4 wt%, (c) 8 wt% and (d) 12 wt%
CosoNisg alloys in silica matrix and heat treated at 400°C.

Table 7.3 Materials, crystalline phases, lattice parameters and crystallite sizes of CosoNisg alloy
nanoparticles in silica matrix with various loading and heat treated at 400°C for 2 h.

Materials Crystalline  Lattice parameters (&)  XRD Crystallite size
phase (nm)

Pure Ni fcc 3.5301 6.0(x1)
4 wt% Ni fcc 3.5254 10.4(%1)
8 wt% Ni fcc 3.5320 10.5(%1)
Pure CosNiso fcc 3.5413 16.3(x1)
4 wt% CosoNisg fcc 3.5319 15.1(%1)
8 wt% CosoNisp fcc 3.5365 14.9(x1)
12 wt% CosgNiso fcc 3.5356 13.6(1)
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7.3.1.3 Sorption studies of CosgNiso/silica

In order to study the possible incorporation of the nanoparticles within the silica matrix,
we attempted studies on surface areas and pore structures of few selected model samples
(4 and 8 wt% CoNi/silica). BET adsorption-desorption isotherms (using N;) for pure
silica matrix and Co-Ni alloy nanoparticles (4 and 8 wt%) in silica matrix are shown in
Figure 7.5. Adsorption-desorption curves for all three samples show Type IV isotherm
which is the characteristic of mesoporous materials. The pore size distribution plots are
shown in Figure 7.6. The pore diameters were found to be 5.16 nm, 3.61 nm and 3.13 nm
whereas the values of the BET surface area (Sger) were found to be 300 m%/g, 26 m/g
and 10 m?/g for pure silica matrix, 4 wt% and 8 wt% Co-Ni alloy nanoparticles in silica
matrix, respectively. The decrease of Sget values with increasing loading wt% of Co-Ni
alloy nanoparticles in silica matrix confirms the incorporation of Co-Ni alloy materials in

the porous structure of silica matrix [15].
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Figure 7.5 BET adsorption-desorption isotherms for (a) pure silica matrix, (b) 4 wt%
CosoNisg/silica and (c) 8 wt% CosgNise/silica using N2(g) as adsorbent at 78K.
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Figure 7.6 Pore size distribution plots for (a) pure silica matrix, (b) 4 wt% CosoNisg/silica
and (c) 8 wt% CosgNise/silica.

7.3.1.4 Electron microscopic studies
7.3.1.4.1 SEM studies of Ni and Ni/silica materials

Morphology and distribution of Ni nanoparticles in silica matrix were studied by SEM.
Representative SEM micrographs for pure Ni, 4 wt% and 8 wt% Ni/silica are shown in
Figure 7.7 (a, b and c). SEM particle size for pure Ni nanoparticles is found to be 70 nm
and is greater than crystallite size (6 nm) indicating agglomeration. In case of Ni
embedded in silica matrix, we could not distinguish the two phases (Ni and Silica) even

at 40000X magnification (overall agglomerated size is 84 nm).
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Figure 7.7 SEM photographs of heat treated (400°C/2 h) Ni nano-crystals embedded in silica
matrix; (a) pure Ni, (b) 4wt% and (c) 8 wt% of Ni.

7.3.1.4.2 TEM studies of CosgNisg and CosgNisg/silica materials

In order to carry out microstructural and crystalline structure analysis on CosgNisg alloys,
TEM has been used preferably. TEM micrographs with low and high magnifications for
pure CosoNisp and 8 wt% CosoNiso/silica are shown in Figure 7.8 ((a) (b), (c) and (d)).
SAED patterns for pure CosoNisp and 8 wt% CosoNisp in silica matrix are shown in Figure
7.8 ((e) and (f)). TEM micrographs with low magnifications show that pure CosoNisg
nanoparticles and 8 wt% CosoNiso/silica have nearly spherical shape morphologies with
narrow size distributions. Also, the dispersion of CosgNiso nanoparticles in silica matrix is
confirmed from Figure 7.8 (b). However, higher magnification TEM micrographs have
been used for more clarity and particle size determination. TEM particle sizes were
estimated to be 13.6 nm and 8.9 nm for pure Co-Ni, 8 wt% Co-Ni in silica matrix,
respectively. The estimated TEM particle sizes of 13.6 nm and 8.9 nm for pure Co-Ni and
8 wt% Co-Ni embedded in silica matrix are smaller than the corresponding average
crystallite sizes of 16.3 nm and 14.9 nm, respectively. The plausible reason might be due
to the fact that TEM particle size corresponds to local probe while crystallite size
corresponds to the average of the whole mass employed for diffraction measurements.
Evidences on such kind of results indicating a difference of nearly 3 nm has already been

reported in metallic ruthenium nanowires and nanotubes [16].
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Figure 7.8 TEM micrographs of pure and CosoNiso loaded in silica matrix with various
magpnifications; lower magnifications: (a) pure CosNiso and (b) 8 wt% CogoNise/silica and higher
magnifications: (c) pure CosoNis and (d) 8 wt% CosgNisg/silica and SAED patterns for (e) pure
CogoNisg and (f) 8 wt% CosgNisg/silica.

SAED pattern of pure Co-Ni alloy indicates well intense diffraction rings corresponding
to various crystal planes with fcc crystal structure and matches well with the results
obtained from XRD measurements. However, SAED pattern of 8 wt% Co-Ni alloy in

silica did not show prominent diffraction ring pattern. The observation of the diffused
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broad rings indicates nearly amorphous structure with the absence of any sharp peak in
XRD pattern. The size effect along with the lattice distortion may be the major reason for
this finding. In addition, the crystal orientation of the embedded Co-Ni nanomaterials in

silica matrix may result in amorphous ring structures in TEM micrographs [17].
7.3.2 Characterizations of Co-Ni alloys coated with oleic acid and oleylamine

CoxNigo-x alloys (x = 20, 40, 60, 80), coated with oleic acid and oleylamine, were
characterized by CHN analysis, FTIR spectroscopy, XRD studies and TEM studies and
are discussed previously in Chapter 1V, subsection 4.3.3. Summary of the
characterizations parameters are presented in Table 7.4.

Table 7.4 Materials, annealing conditions, crystalline phase, crystallite sizes and TEM particle
sizes for oleic acid and oleylamine coated Co-Ni alloys nanoparticles.

. Annealmg_ Crystalline Crystallite size TEM Particle
Composition temperature/time .
o phase (nm) size (nm)
(°C/h)
CouNigo As-prepared fcc 9.0(x4) 7+1
CoyNigp 400/2 fcc 8.0(x4) 91
CogoNigo 400/2 fcc 10.0(x3) 11+£1
CogoNiyg 400/2 fcc 11.0(x4) 10 £1
CogoNiy 400/2 fcc 11.0(x4) 10+£1

7.3.3 Characterizations of Co, Ni, Fe-Co and Fe-Ni-Co coated with carbonaceous

matter

Co, Ni and Fe,Co100-x alloys (x = 40, 60, 80), coated with carbonaceous matter (resulting
from heat treatment of coated materials in as-prepared stage), were characterized by CHN
analysis, FTIR spectroscopy, XRD studies and TEM studies as discussed previously in
Chapter 1V, subsection 4.3.1 and 4.3.2. FexNigoxCo (x = 20, 40) coated with
carbonaceous matter were characterized by XRD studies and TEM studies as discussed
previously in Chapter Ill, subsection 3.3.2. Some of parameters of characterizations of
Co, Ni, Fe-Co and Fe-Ni-Co coated with carbonaceous matter are summarized in Table

7.5 for reference.
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Table 7.5 Materials, annealing condition, crystalline phase, crystallite sizes and TEM particle
sizes for Co, Ni, Fe-Co and Fe-Ni-Co coated with carbonaceous matter.

Composition tem?ggal‘izlrg?ime Cryr/)sr;]t:SILine Cryst(anl:]iqt)e size TEM p(e:;qi;:le size
(°C/h)

Co 600/2 h?fc(?f%z; 15.0 11+2
Ni 600/2 fec 350 10£2
Fe40Coso 600/2 bce 37.9 51+2
FesoCoao 600/2 bce 26.0 34+2
FegoCo2o 600/2 bce 38.2 24 £2
FeoNigoCosz0 600/2 fcc 275 15+2
Fe4oNiCox 600/2 fcc 24.0 22+3

7.4 Magnetic exchange and dipolar interactions studies

This subsection deals with in-depth studies on magnetic exchange couplings and dipolar
interactions in the above mentioned Co, Ni, Co-Ni, Fe-Co and Fe-Ni-Co alloys based
model systems.

7.4.1 Ni/silica and CosoNisg/silica systems

In order to study magnetic properties of Ni and CosoNisg alloy nanoparticles loaded in
silica matrix, field dependence and temperature dependence of magnetization
measurements (for CosgNiso/silica only) using low applied field strength (100 Oe) have
been carried out. The magnetization versus applied field (M-H) plots measured at 298 K
for pure and materials loaded in silica matrix are presented in Figure 7.9 and Figure 7.10.
The values of relative permeability (u;) of CosoNiso/silica samples were calculated from
initial magnetization (M vs. H) plots. First, susceptibility (x) was determined which is
equal to slope of tangent drawn to initial magnetization curve at origin. Then y, in CGS
units can be calculated by formula, u, = 1+4my, as Yo = 1 in CGS unit system [18].
Variation of |, in the range of applied field (500- 6000 Oe) is shown in the Figure 7.11.
The estimated values of saturation magnetization (Ms), coercivity (Hc), remanent

magnetization (M;) and reduced remanent magnetization (M,/Ms) are tabulated in Table
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7.6. The Ms values for pure Ni, 4 wt% and 8 wt% Ni loaded in silica were found to be
15.77 emu/g, 5.08 emu/g and 2.00 emu/g whereas Hc values were 33.72 Oe, 92.47 Oe
and 64.70 Oe, respectively. The Mg values are found to be 3.59 emu/g, 1.22 emu/g, 1.96
emu/g and 3.96 emu/g whereas Hc values are 205 Oe, 100 Oe, 175 Oe and 158 Oe for
pure, 4 wt%, 8 wt% and 12 wt% CosoNisp loaded in silica matrix, respectively. Further,
the values of M, are found to be 0.58 emu/g, 0.11 emu/g, 0.37 emu/g and 0.50 emu/g for

pure, 4 wt%, 8 wt% and 12 wt% CosoNiso loaded in silica matrix, respectively.

After correction for wt fraction of silica matrix, the corrected Ms values of Ni and
CosoNisg increases drastically (i.e. 25-127 emu/g for Ni and 24.5-33.0 emu/g for Co-Ni)
when compared with the Ms values for pure Ni and CosgNisg alloy. These results may be
directly related to alteration of exchange interactions assuming size and interparticle
separation to be in the order of exchange length [4]. With the increase of wt% of Co-Ni in
silica matrix, i.e. from 4-12 wt%, an increasing trend in the corrected Ms has been
observed (Table 7.6). These results can be understood as dilution effect of Co-Ni
nanoparticles in the non-magnetic silica matrix along with alteration of nanomaterials

dimensions other than spherical inside the porous structure of silica.
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Figure 7.9 Plots of specific magnetization vs. applied field for (a) pure Ni, (b) 4 wt% and (c) 8
wt% Ni embedded in silica matrix. Inset shows zoom out part centered around zero field
showing corresponding values of the coercivities.
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Figure 7.10 Room temperature magnetic hysteresis loops for various wt% of CosgNiso materials
embedded in silica matrix; (a) pure CoNi, (b) 4 wt%, (c) 8 wt% and (d) 12 wi%.

Table 7.6 Materials, Crystalline phases, values of saturation magnetizations (Ms), coecivities

(Hc), remanent magnetizations (M), and reduced remanent magnetization (M,/Ms) of CosoNiso
alloy nanoparticles in silica matrix with various wt% of loading.

Materials Crystalline Ms Corrected Hc M, M,/Ms
phase (emu/g) Ms (emu/g) (Oe) (emul/g)

Pure Ni fcc 15.77 - 34 0.48 0.03
4 wt% Ni fcc 5.08 127.0 92 0.23 0.04
8 wt% Ni fcc 2.00 25.0 65 0.15 0.07
Pure CoNi fcc 3.59 - 205 0.58 0.16
4 wt% CoNi fcc 1.22 30.5 100 0.11 0.09
8 wt% CoNi fcc 1.96 24.5 175 0.37 0.19
12 wt% CoNi fcc 3.96 33.0 158 0.50 0.12

It is noteworthy that 4 wt% loaded materials exhibit an abrupt enhancement of
magnetization as compared to materials with higher wt% loading. The inter-grain
exchange interactions mediated by the silica matrix may be a dominant factor for

enhancement of magnetization in 4 wt% loaded sample [4]. Further, the aforesaid results
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can be supported well by a similar literature report on enhancement of magnetic moment
up to 41 % by preparing magnetically diluted systems [19]. It should be noted that the
critical sizes for Ni and Co-Ni are ~86 nm and ~40 nm, respectively. Reduction in the Hc
values for Ni nanoparticles is observed at particle sizes below critical size. Further, the
maximum Hc value of 421.8 Oe is reported in the literature for Co-Ni nanoparticles
attached on multi-walled carbon nanotubes with particle size of 37 nm [20]. In this study,
the values of coercivity for Co-Ni alloy nanoparticles i.e. 100-205 Oe are in the regime of
single domain Co-Ni nanoparticles. The coercivity values for Co-Ni alloys nanoparticles
loaded in silica matrix with various wt% (4-12) start increasing from 100 Oe to 175 Oe
even though there is a smaller variation in crystallite sizes i.e. 15.6 to 13.6 nm. In
addition to size and surface effects in Co-Ni nanocrystals, one can expect presence of
varying lattice strains in the loaded materials. Reduction in grain size produces lattice
volume expansion accompanied by anisotropic lattice strain which results in higher
coercivity values [21]. Squareness ratio of magnetic hysteresis loop can be expressed by
reduced remanent magnetization, i.e. M,/Ms, which is attributed to size and orientation of
magnetic particles. The materials with M,/Ms value of 0.5 indicate the presence of
uniaxial anisotropy and that of 0.8-0.9 indicates cubic anisotropy [22]. In our study,
M,/Ms values for both Ni and Co-Ni alloys lies in the range from 0.03-0.19. These
reductions in the M,/Ms values may be due to the presence of randomly oriented

magnetic domains in the nanoparticles which may be assumed to be blocked [23].

The observed values of , for pure CosoNisg sample are found to be nearly constant (i.e.
1.25-1.05) in the range of applied field, 500-6000 Oe (Figure 7.11). However, the values
of u, for CosoNisg alloys, embedded in silica matrix with different loading percentage (4-
12 wt%), were found to increase drastically (i.e. 1.95 to 3.72) at lower applied field, i.e.
from 2000 Oe to 500 Oe. These results may be attributed to exchange coupling effects
that may exist in the Co-Ni alloy nanoparticles embedded in silica matrix in addition to
materials deformation [4]. These results support the enhancement of saturation
magnetizations of the samples embedded in silica matrix. And can be interpreted in terms
of alteration of structural parameters thereby changing the magnetic structures. A similar

result has already been reported for ferromagnetic Ni in silica matrix by Peng et al [4].
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Figure 7.11 Plots for relative permeability versus applied field of (a) pure CoNi, (b) 4 wt%, (c) 8
wit% and (d) 12 wt% CosoNiso/silica matrix.

Further, interparticle interactions and blocking temperature have been studied by FC/ZFC
magnetizations plots (Figure 7.12). Typical FC/ZFC plots for pure CosoNiso and 8 wt%
CosoNiso/silica show the blocking temperature (Tg) lies significantly above 300 K for
pure CosoNiso whereas 300 K for 8 wt% CosgNiso/silica. It has been reported that smaller
size particles have low Tg value and larger size particles have high Tg value [24]. Hence
our results may be attributed to the presence of particle size distribution in the materials.
The higher values of FC magnetizations than ZFC magnetizations indicate that CosoNisg
alloys are ferromagnetic up to 300 K. An effective magnetic anisotropy constant (Kesr)
includes contribution from magnetocrystalline anisotropy and shape anisotropy.
Assuming the blocking temperature (Tg) of pure CoNi alloy to be 300 K and using the
formula Ker = 25ksTa/V, Kei value is found to be 280 kiJ/m® (Refer- Chapter I,
subsection 1.6.5). Considering the blocking temperature for 8 wt% of CosgNiso/silica to
be 300 K, the estimated Kei value is found to be 78 kd/m®. This value is in the
comparable range with the magnetocrystalline anisotropy constant (Ky = 150 kJ/m®) for
Co-Ni alloy nanoparticles with 10 nm size [25]. The decrease of K¢ value for loaded Co-
Ni signifies altered size and magnetic structure at the surface. Also, one can see from
FC/ZFC plots pure Co-Ni (Figure 7.12 (a)), the actual Tg lies well above 300 K.
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Therefore, we can expect Keg for pure Co-Ni sample to be much higher than the value
280 kJ/m®. These results indicate very strong dipolar interactions arise for deformed
magnetic structure for Co-Ni alloy embedded in silica matrix. Thus, the aforesaid
enhancement of the magnetization and alteration of various magnetic parameters may be
attributed to size, deformed magnetic structure at the surface and strong dipolar
interactions, in addition to usual fine particle size and surface effects.
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Figure 7.12 FC and ZFC plots for (a) pure CosoNisy and (b) 8 wt% CosoNis/silica matrix.
Applied magnetic field was kept at 100 Oe.

7.4.2 Co-Ni alloys coated with oleic acid and oleylamine

FC and ZFC plots for as-prepared and annealed CoxNijgo-x alloys (x = 20, 40, 60, 80)
show similar magnetic irreversibility below 300 K (Figure 7.13). For all samples, the FC
magnetization values are higher than the magnetization measured in ZFC conditions.
These results indicate the presence of ferromagnetism in CoxNiigox alloys up to at least
300 K. In the ZFC plot of as-prepared CosoNigo alloy (Figure 7.13 (a)), there is no peak at
low temperatures for superparamagnetic blocking. However, the ZFC plots of annealed
Co2oNigo and CogoNigo (Figure 7.13 (b) and (c)) show a broad hump in the region =150-
200 K. It may correspond to blocking temperature (Tg) below which spins of particles are
in superparamagnetically blocked state [26]. However, the ZFC plots of annealed
CogoNigy and CogoNiyp (Figure 7.12 (d) and (e)) show linear increase in ZFC

magnetization up to 300 K; indicating the absence of superparamagnetic blocking.
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Therefore, we expect the blocking temperature (Tg) to be present well above 300 K [27].
Also, the peak around 60 K is observed in ZFC plots for all Co-Ni alloys which may be
due to random freezing of surface spins generally occurred at low temperatures. In all
Co-Ni alloys, FC and ZFC curves meet each other at 300 K which can be referred to as
an irreversible temperature (Ti). These results may be attributed to the particle size
distribution and stronger dipolar interparticle magnetic interactions [26]. At temperatures
greater than 300 K, we can expect superimposition of FC/ZFC curves. This result
indicates the presence of sufficient fraction of materials in superparamagnetic state.
Assuming the particle volume from TEM, the effective anisotropy constants (Kes) of
CoyNizgo alloys were calculated to be 135-181 kJ/m®, 57-76 kJ/m°, 148 kJ/m3and 148
kd/m? for the values of x equal to 20, 40, 60 and 80, respectively (Refer- Chapter I,
subsection 1.6.5). These values are in the comparable range with a typical
magnetocrystalline anisotropy constant (K; = 150 kd/m®) for CoNi alloy nanoparticles
with 10 nm size, reported in the literature [25]. The variations in the values of Ke for Co-
Ni alloys with different compositions may be attributed to alteration of size of the

nanoparticles and surface anisotropy contribution.
7.4.3 Co, Ni and Fe-Co alloys coated with carbonaceous matter

FC and ZFC magnetization measurements of Co and Ni nanoparticles coated with
carbonaceous materials are presented in Figure 7.14. Magnetization in the FC curves
includes contribution from all particles whereas ZFC curves consider magnetization from
such nanoparticles whose energy barriers are overcome by thermal energy (kgT) at that
temperature [28]. The FC magnetization values are higher than the ZFC magnetization
values and indicate the presence of ferromagnetism in our samples up to at least 300 K.
Both Co and Ni show magnetic irreversibility below room temperature (300 K). It is
observed that FC magnetization of Co (Figure 7.14 (a)) increases with increase in
temperature which is opposite to the expected trend. However, it may be due to lower
field (100 Oe) applied during FC measurements. Such kind of exceptional trend has been
observed for Co nanoparticles at applied field below 500 Oe [27, 29]. The ZFC
magnetization increases rapidly during heating at temperatures below 120 K and 150 K

for Co and Ni, respectively. However, initial variation in magnetization in the FC/ZFC
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curves of Co and Ni at temperatures below 20K may be attributed to some sort of
magnetic phase transitions and/or presence of low number of non-interacting particles.
The ZFC curve of Ni exhibits a peak at lower temperature, i.e. ~10K, and indicates
feature of freezing properties [30, 31]. At higher temperatures, the ZFC magnetization
increases less abruptly up to 300 K. At temperatures greater than 300 K, we can expect
superparamagnetic behavior of the materials. Assuming blocking temperature (Tg) equal
to 300 K and particle volume from TEM, the anisotropy constants (Kes) were calculated
as 25 kJ/m*and 13 kJ/m® for Co and Ni, respectively. These values are less in magnitude
compared to the values for bulk Co and Ni, i.e. 430 kJ/m® and 80 kJ/m®, respectively [31,
32]. The decrease in K values can be attributed to fine particle nature of the materials.
These results may be compared with the finding of Wang et al [33]. The difference in the
slopes of ZFC magnetization at lower temperatures can be due to smaller particles whose
blocking temperature would lie below 120 K and 150 K for Co and Ni, respectively.
These results also indicate wider particle size range of our materials which may be
correlated to TEM study. The magnetic irreversibility of ZFC and FC curves shows
frustration processes of magnetic moments in the interacting clusters [27]. Therefore the
magnetic behavior can be correlated to dipolar magnetic interactions of particles in the

whole temperature range.
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Figure 7.14 Temperature dependence of magnetization curves for (a) Co and (b) Ni in FC and
ZFC conditions. The applied field used was kept at 100 Oe.

FC and ZFC magnetization measurements of Fe,Coigox alloys (x = 40, 60, 80) (Figure

7.15) show similar behavior with magnetic irreversibility below room temperature (i.e.
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300 K). In all Fe-Co alloys, the ZFC magnetization increases rapidly with temperature
and is not superimposed with FC curve up to 300 K which indicates that the
nanoparticles are in the magnetically blocked state. This blocking of nanoparticles may
be attributed to stronger dipolar interparticle magnetic interactions [34]. Strength of such
a dipolar interactions increases with increase in particle magnetic moments and decrease
in distance between them. In the present study, the observed higher values of coercivity
(244-474 Oe) indicate strong dipolar interactions amongst the particles. This is evident
from the literature reported results that Fe-Co bulk materials are expected to show
reduced coercivity (~10-60 Oe) [34] and with a reduction of particle sizes to a value of
10-60 nm range, moderate increase in the values of H. (102 Oe) is observed [35]. Hence
deviations in the FC/ZFC curves are mainly related to dipolar interactions in adjacent
particles. At temperatures greater than 300 K, we can expect superimposition of FC/ZFC

curves and hence superparamagnetic behavior of the materials.
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Figure 7.15 Temperature dependence of magnetization curves for (a) Fe4Cog, (b) FesoC04 and
(c) FeggCoy alloys in FC and ZFC conditions. The applied field employed was 100 Oe.
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Assuming the value of blocking temperature (Tg) equal to 300 K and the particle volume
from TEM, the Ke of Fe,Coigo.x alloys were calculated to be 1.5 ki/m®, 4.6 kJ/m* and
14.3 kJ/m® for the values of x equal to 40, 60 and 80, respectively. To be noted, Peng et
al. determined the magnetic anisotropy energy (40 kJ/m?) for Fe;oCos, nanoparticles [36].
Similarly Bansmann et al. [37] obtained a magnetic anisotropy energy of K= 190-200
kd/m® for 10 nm Fe-Co nanoparticles. However, we observed reduction in magnetic
anisotropy energy in our Fe-Co compositions compared to the literature reported values
for 10 nm Fe-Co alloys. This may be attributed to alteration of size of the nanoparticles
and surface anisotropy contribution [38]. Further investigations are needed on the origin
and quantification of surface magnetic anisotropy in Fe-Co alloys.

7.4.4 Fe-Ni-Co alloys coated with carbonaceous matter

In Fe-Ni-Co alloys, field cooled (FC) magnetization values are larger than the zero field
cooled (ZFC) magnetization values. These observations show the ferromagnetic nature of
the materials (Figure 7.16). It has been observed that FC/ZFC plots show thermo-
magnetic irreversibility below 300 K and indicate Fe-Ni-Co nanoparticles become
superparamagnetic at 300 K. The ZFC magnetization increases rapidly during the heating
at temperatures up to 100 K and 130 K for FeoNiggC029 and FesoNisCo20, respectively.
This variation in magnetic behavior may be attributed to the presence of interparticle
dipolar magnetic interactions among nanoparticles. Such kind of interpretations has been

explained in the literature for Co-Pt nanomaterials dispersed in polymer matrix [39].
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Figure 7.16 Temperature dependence of magnetization curves for (a) FeyNigCoy, and (b)
Fe4oNigCoy alloys in FC and ZFC conditions. The applied field employed was 100 QOe.

208



Chapter VII: Investigations on magnetic exchange and dipolar interactions in some
model nanostructured systems: Co and Ni based metals and alloys

Assuming the value of blocking temperature (Tg) equal to 300 K and the particle volume
from TEM, the effective magnetic anisotropy constants (Keg) for FeNiggCoz and
Fe4oNisCoz0 Were found to be 14 kJm™ and 4.2 kJm™, respectively. These values are less
in magnitude compared the value for Co (25 kJm™) and Ni (13 kJm™) as discussed above.
Kesr Values for Fe-Ni-Co alloys are decreases with increasing Fe content and the materials
drift towards softer in magnetic behavior with increasing Fe contents.

7.5 Conclusions

Ni/silica and CosgNisg/silica with various loading (4-12 wt%) have been synthesized by
novel chemical reduction route. The novelty of synthetic procedure adopted has been
established using UV-VIS and FTIR spectroscopy. XRD studies confirm that Ni/silica
and CosgNiso/silica form pure fcc phase embedded in amorphous silica matrix with
crystallite sizes are in the range of 6-10.5 nm and 13.6-16.3 nm, respectively. TEM
microscopy studies show that Co-Ni alloys have nearly spherical shape morphologies and
narrow size distributions. TEM particle sizes were estimated to be 13.6 nm and 8.9 nm
for pure CosoNisp and 8 wt% CosoNisg/silica, respectively. Magnetic hysteresis studies at
RT indicate the presence of superparamagnetic fractions in the materials. Enhancements
in the values of magnetizations of Ni/silica and CosoNise/silica compared to that of pure
materials have been observed with increase in dilution of nanoparticles in matrix.
FC/ZFC magnetizations plots show decrease is blocking temperature for CosoNisg/silica
compare to pure CosoNisp which indicates magnetic structure alteration and supports our
magnetic results. The observed enhancement in magnetization with low values of
coercivity after loading in silica matrix has been explained on the basis of fine particle

size, surface effects and dipolar interparticle interactions.

Magnetic interactions in CoxNijo.x alloys coated by oleic acid and oleyl amine have been
studied by low temperature FC/ZFC magnetization measurements. It could be confirmed
from the present study that the presence of magnetic irreversibility and
superparamagnetic blocking of nanoparticles due to strong dipolar interactions and
particle size distribution. Estimated values of effective anisotropy constants of Co-Ni

alloys (i.e., 57-181 kJ/m®) reveal the contribution from the reduced particle size and
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surface anisotropy. On the above, a structure-property correlation in Co-Ni alloys has
been attempted in this investigation.

Also, magnetic interactions in Co, Ni, Fe-Co and Fe-Ni-Co alloys coated by
carbonaceous matter have been studied by low temperature FC/ZFC magnetization
measurements. The anisotropy constants for Co and Ni were found to be 25 kJ/m® and 13
kJ/m®, respectively. FC/ZFC results show the wider size distributions in Co and Ni.
Magnetic irreversible behavior below 300 K was observed in the materials from FC/ZFC
curves due to ferromagnetism and dipolar interactions among the particles and result in
shifting of blocking temperature above 300 K. FC/ZFC magnetization measurements of
FexCoi00x alloys show magnetic irreversibility and blocking of nanoparticles due to
strong dipolar interparticle magnetic interactions. Estimated values of K 0of FexC01g0-x
alloys (i.e. 1.5 kd/m?, 4.6 kJ/m® and 14.3 kd/m® for x = 40, 60 and 80, respectively) reveal
the contribution from the reduced particle size and surface anisotropy. It is observed that
Fe-Ni-Co alloys showing thermo-magnetic irreversibility below 300 K and blocking
temperature approximately at 300 K. FC and ZFC magnetic characteristics of Fe-Ni-Co
alloys are interpreted on the basis of interparticle interactions among magnetic
nanoparticles. The values of effective magnetic anisotropy constants (Kef) are found to

be 14 kJm™ and 4.2 kJm™ for FexoNigyCo20 and FesoNisCoz0, respectively.
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CHAPTER VIII

Summary and future scope

8.1 Summary of thesis

The nanocrystalline magnetic metals and alloys under this thesis work were synthesized
by novel or modified chemical synthetic strategies using reducing agents such as: sodium
borohydride, superhydride and polyol. These nanomaterials were characterized for the
determination of purity, crystallinity, microstructures, particle sizes etc. Solid state
reactivity leading to nano-structure materials formation, elucidation of structural aspects

and details of magnetic behavior in materials was studied in detail.

In chapter I, An introduction to transition metals/alloys, their properties, synthesis
methods, crystallography of selected crystal structures have been discussed initially in
this chapter. In the general introduction to magnetism, different kinds of magnetic
ordering in the magnetic materials were discussed and specifically ferromagnetism in the
transition metals/alloys has been presented in detail. In fine particle magnetism or nano-
magnetism section, the key points such as alterations of magnetic properties in
nanomaterials, coercivity, magnetic anisotropy, factors affecting saturation
magnetization, superparamagnetism in nanoparticles have been described. Detail
literature survey of recent reports on soft and hard magnetic nanomaterials such as Fe,
Co, Ni, Fe-Co, Co-Ni, Fe-Pt, Co-Pt and metal/alloy embedded in silica matrix systems
were discussed. At the end, definition of the research problems to be executed in this

thesis work has been summarized.

Chapter Il describes the general aspects of synthesis methodologies and characterization
methods. The modified NaBH, reduction route was used for the synthesis of ultrafine Fe,
Co, Ni and Fe-Ni-Co alloy nanoparticles in agueous medium by encapsulating with PEG-
200. In this method, the use of NaBH, as reducing agent at RT, PEG-200 as capping, air

atmosphere and aqueous medium for reaction have advantage for biomedical applications
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of these kinds of nanomaterials. Processing of the materials was carried out at 600°C
under high purity nitrogen atmosphere before attempting for structural, microscopic and
magnetic studies. The superhydride reduction method is developed for the synthesis of
Co, Ni, Fe-Co, Co-Ni, Fe-Pt and Co-Pt alloys systems. Oleic acid and oleyl amine were
used as capping agents for Co, Ni, Fe-Co, and Co-Ni whereas combinations of oleic acid,
oleylamine and CTAB were used for Fe-Pt and Co-Pt alloys. Surface functionalization by
oleic acid, oleylamine and CTAB on the surface nanomaterials have been successfully
achieved by this method. Hence, superhydride method produces stable, monodispersed
nanoparticles with narrow size distribution. Crystalline phases of the materials were
obtained by annealing at 400-600°C under high purity nitrogen atmosphere. Superhydride
method was also applied for the synthesis of Ni and CosoNisy nanoparticles dispersed in
KIT-6 as silica matrix with different loading of 4-12 wt%. The novel and solution based
method for dispersion of nanoparticles in silica matrix could give better dispersion of
nanoparticles in silica matrix with appropriate interparticle separation. Crystalline phases
of the materials were obtained by annealing at 400°C under high purity nitrogen
atmosphere. Polyol reduction method was modified by using PEG-200 as reducing agent,
PVP as capping agent and DMF as solvent. This method was successfully used for the
synthesis of Co, CosoNisp and CosoPtsg nanomaterials. The materials were annealed by
two routes, i.e. route-1(without NaCl matrix) and route-2(with NaCl matrix) at 600-
700°C under high purity nitrogen atmosphere. The characterization methods include UV-
Visible spectroscopy, FTIR spectroscopy, Surface area analyzer, CHNS analyzer, XRD,
SEM, TEM, VSM, SQUID and Mdssbauer spectroscopy. The details of instrumental
analysis such as principle, block diagram, output data and data interpretation have also

been discussed in this chapter.

In chapter Il includes Fe, Co, Ni and Fe-Co-Ni systems synthesized via modified NaBH,4
route. As-prepared Fe nanoparticles are amorphous in nature and prone to oxidation after
annealing due to pyrophoric nature. Co and Ni nanoparticles crystallize in pure fcc phases
with lattice parameters 3.54(+1) A and 3.52(+1) A whereas crystallite sizes are equal to
42.6(x1) nm and 29.1(x1) nm, respectively. SEM and TEM studies confirm the formation
of nano-spheres of Co and Ni by this methodology. Size, shape and surface morphologies
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of material were studied by SEM and TEM analysis. SEM micrograph shows the particle
sizes to be 62+5 nm and 54+3 nm whereas TEM studies confirm the sizes to be 43+4 nm
and 48x5 nm for Co and Ni, respectively. These particle sizes are larger than crystallite
sizes estimated by XRD studies due to the agglomeration of the nano-particles. Fine
particle magnetism in our material is explained by the plot of specific magnetization
versus applied field which shows the signature of the size and surface effects. The values
of saturation magnetization are 122 and 47 emu/g whereas the coercivity values are 111
and 84 Oe for Co and Ni, respectively. These magnetic parameters indicate excellent soft
magnetic behavior with presence of size, surface effects and spin canting at the surface of
the ultrafine materials. Nanocrystalline ternary Fe-Ni-Co alloys with compositions
Fe2oNigoC020, Fe3oNisoC0o20, FesoNigCo20 and FesoNizpCoz alloys have been successfully
synthesized via NaBH, route in aqueous medium. All alloys crystallize in pure fcc phases
of the ternary alloys with lattice parameters in the range of 3.546-3.558 A and crystallite
sizes are in the range of 22.8-27.5 nm. The increase in the values of lattice parameters
was observed with the increase of Fe content in the ternary alloys. SEM studies indicate
the presence of aggregates or clusters consisting of several crystallites. SEM particle
sizes of Fe-Ni-Co alloys were in the range of 59+6 nm to 755 nm. TEM studies confirm
that synthesized materials have spherical morphologies with minute fractions of
agglomerations. Estimated values of TEM particle sizes were found to be 15+2 nm and
22+3 nm for FeyNigCoz and FesoNigCoy, respectively. The observed values of
saturation magnetization for our ternary alloys are in the range of 54.3-41.2 emu/g and
coercivity values in the range of 170-122 Oe. The alterations of magnetic characteristics
were observed due to fine particle size, surface effects, spin canting at the surface and

presence of superparamagnetic fractions in the ultrafine materials.

Chapter IV includes Co, Ni, Fe-Co and Co-Ni materials synthesized via superhydride
route. Co crystallizes in mixture of 53% hcp and 47% fcc phase whereas Ni crystallizes
in fcc phase. Average crystallite sizes for Co and Ni were found to be 15 nm and 35 nm,
respectively. TEM studies indicate the fine particle nature and spherical shape
morphologies of synthesized materials. Average TEM particle sizes from TEM

micrographs analysis are equal to 11+2 nm and 10+2 nm for Co and Ni, respectively.
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Magnetic properties of Co and Ni were studied by field dependence of magnetization
plots. Both Co and Ni show ferromagnetic behavior at room temperature. The
magnetization-field (M-H) characteristics show the presence of superparamagnetic
fractions in the ferromagnetic materials. The Ms values for Co and Ni are found to be 64
and 29 emu/g, respectively. The Hc values for Co and Ni are 436 Oe and 148 Oe,
respectively and indicate high magnetocrystalline anisotropy effect and/or the presence of
particle size distribution in our materials. FexCo100-x alloys (x = 40, 60, 80) prepared via
superhydride route crystallize in pure a-Fe-Co alloy phase. The crystallite sizes were
found to be in the range of ~ 23-38 nm. TEM micrograph studies prove nearly spherical
morphologies with narrow particle size distribution of the synthesized Fe-Co alloys.
Average particle sizes estimated from TEM micrographs range from 10 nm to 51nm. The
values of the Mg for Fe-Co alloys range from 93.1-142.2 emu/g after corrections for
organic wt% at the surface of the materials. These values are quite large for Fe-Co
materials while considering the small size nature of the materials and may be useful for
potential technological applications. Variation of saturation magnetization with
compositions was interpreted on the basis of varied compositions, reduction in particle
size, altered crystal anisotropies and spin canting at the surface of nanomaterials. Room
temperature Mdossbauer studies show presence of ferromagnetic sextet and
superparamagnetic doublet in Fe-Co materials. The variations in the values of Hys in Fe-
Co alloys may be attributed to the change in magnetic structure at the Fe nucleus with
composition and disordered magnetic structures at the surface of the nanoparticles.
CoxNiigo-x alloys (x = 20, 40, 60, 80) prepared via superhydride route crystallize in pure
fcc phase. Average crystallite sizes were found to be in the range of 8-11 nm. TEM
micrograph studies show nearly spherical morphologies with narrow particle size
distribution for the synthesized Co-Ni alloys. Average TEM particle sizes range from 7-
11 nm. As-prepared as well as annealed Co-Ni alloys exhibit ferromagnetic behavior at
room temperature with soft magnetic properties. The Ms values for annealed Co-Ni
alloys are found to be in the range of 25-59.6 emu/g. The H¢ values for annealed Co-Ni
alloys (52-314 Oe) were found higher than the typical range for soft magnetic materials.

These results were interpreted with the help of size effects, altered crystal anisotropies
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and spin canting at the surface of nanomaterials.

Chapter V includes Fe-Pt and Co-Pt materials synthesized via superhydride route.
Nanocrystalline FesoPtso and FessPtys alloys have been successfully synthesized using two
different combinations of capping agents, namely: oleic acid/oleylamine (route-1) and
oleic acid/CTAB (route-2). Fe-Pt alloys were characterized by XRD and SEM techniques
in as-prepared and annealed state. The as-prepared Fe-Pt alloys show amorphous
disordered fcc crystalline phase with crystallite sizes of 2.3 nm and 6 nm for route-1 and
route-2, respectively. After annealing at 600°C, Fe-Pt alloys were transformed to ordered
fct phase with crystallite sizes of 21nm and 19.5 nm for route-1 and route-2, respectively.
SEM studies show that as-prepared Fe-Pt nanoparticles were surrounded by capping
agents whereas annealed samples have spherical shape morphologies with SEM particle
sizes of 24+2 nm and 21+3 nm for route-1 and route-2, respectively. As-prepared Fe-Pt
alloys are ferromagnetic with presence of superparamagnetic fractions. Langevin fit to M
vs. H plots of as-prepared Fe-Pt alloys gives average magnetic moments per particle to be
753 ug and 814 pg, for route 1 and 2, respectively. The values of saturation magnetization
for annealed Fe-Pt alloys were found to be 4.4 emu/g and 29.6 emu/g for route-1 and
route 2, respectively. Higher values of coercivity for 10000 Oe and 10792 Oe were
obtained for fct Fe-Pt alloys synthesized from route-1 and route-2, respectively. CosgPts;
and CogoPtyo alloys have been synthesized via superhydride reduction route using two
different combinations of capping structures, namely: CTAB (route-1) and oleic
acid/CTAB (route-2). Further characterizations were carried out by XRD and SEM
techniques in as-prepared and annealed at 500°C and 600°C. As-prepared Co-Pt alloys
show amorphous disordered fcc crystalline phase and transformed to ordered fct phase
after annealing at 600°C. SEM studies show that annealed Co-Pt nanoparticles have
spherical shape morphologies with SEM particle sizes of 38+5 nm and 59+2 nm for
route-1 and route-2, respectively. The values of Ms for Co-Pt alloys synthesized via
route-1 are found to be 0.9 emu/g, 18.3 emu/g, and 31.4 emu/g whereas Hc values are
428 Oe, 667 Oe, and 1728 Oe, for as-prepared, annealed at 500°C/2h, and annealed at
600°C/2h, respectively. The values of Ms for Co-Pt alloys synthesized via route-2 are
found to be 1.2 emu/g, 27.5 emu/g, 26.9 emu/g, and 22.5 emu/g whereas Hc values are
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870 Oe, 806 Oe, 2525 Oe, and 5027 Oe, for as-prepared, annealed at 500°C/2h, annealed
at 600°C/2h, and annealed at 600°C/12h, respectively. The observed magnetic properties
have been interpreted with the help of crystallite sizes, order parameters, size, surface,

and composition effects of the nanostructured materials.

Chapter VI includes Co, CosgNisp and Co-Pt alloys synthesized via polyol method.
Co(route-1) crystallizes in hcp phase with average crystallite size of 16.4 nm even after
annealing at 600°C. While Co(route-2) crystallizes in fcc phase with average crystallite
size of 37.1 nm at 600°C. The observation of different phases for two routes is attributed
to fine particle effects and annealing in presence of crystalline NaCl matrix. A TEM
micrograph shows that Co(route-1) has uniformly dispersed chain-like nanostructures
whereas Co(route-2) shows monodispersed nanostructures with nearly spherical
morphologies. The estimated values of average chain diameter was found to be 2.8 + 0.5
nm and chain lengths varies from 15-26 nm. Average TEM particle size for Co(route-2)
was found to be 5.2 + 0.5 nm. Co(route-1) nanoparticles have large Ms value of 162.7
emu/g and 167 emu/g while those of Co(route-2) have small Ms value of 29.7 emu/g and
35 emu/g at RT and 100K, respectively. These alterations in the magnetic properties have
been explained with the help of size, shape, spin canting at the surface, altered crystal
anisotropies etc. The Hc values at RT of Co(route-1) and Co(route-2) are 220 Oe and 185
Oe, respectively, and indicates the particle size effects on coercivity. However, Hc values
measure at 100K of Co(route-1) and Co(route-2)were found to be 1.6 times and 2 times
higher than that of RT and indicate thermal effects dominates over anisotropy effects at
100K. A typical composition of CosoNisg alloy has been synthesized via modified polyol
method and annealed via both route-1 and route-2 crystallize in pure fcc phase with
average crystallite sizes of 28.1 nm and 30.4 nm, respectively. TEM micrograph study
was carried for typical sample, i.e. Co-Ni(route-2), and shows presence of nanostructures
with nearly spherical morphologies with particle size of 81 nm having narrow size
distribution. Corrected Ms and Hc values Co-Ni(route-1) were found to be 116.2 emu/g
and 86 Oe, at RT whereas 110 emu/g and 930e, at 100K respectively. Abnormal
decrease in Ms value of Co-Ni(route-1) at 100K may be attributed to deviations in

anisotropy near saturation of magnetization. Corrected Ms and Hc values Co-Ni(route-2)
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were found to be 45.6 emu/g and 214 Oe, at RT whereas 47.4 emu/g and 324 Oe, at
100K, respectively. These magnetic properties show fine particle size effects and
temperature effects in the materials. CosgPts, alloy nanoparticles have synthesized via
modified polyol method. As-prepared Co-Pt alloy nanoparticles crystallize in amorphous
disordered fcc phase. Co-Pt alloy nanoparticles annealed via route-1 possess fcc crystal
structure even at 700°C whereas Co-Pt alloy nanoparticles annealed via route-2 shows
ordered fct (L1o) phase. Microstructural and magnetic properties of fct Co-Pt obtained via
route-2 have been studied. SEM studies show that annealed Co-Pt nanoparticles have
spherical shape morphologies with SEM particle sizes of 41+3 nm. And SEM EDX
composition was found to be CosgPts,. The values of Ms and Hc for Co-Pt(route-2) are
found to be 24 emu/g and 6050 Oe, respectively. The observed magnetic properties have
been interpreted with the help of crystallite sizes, order parameters, and composition

effects of the Co-Pt nanostructured materials.

Chapter VII describes magnetic exchange and dipolar interactions studies in Ni/silica,
CosoNisp/silica, Co-Ni, Co, Ni, Fe-Co and Fe-Ni-Co systems. Ni/silica and CosgNiso/silica
with various loading (4-12 wt%) have been synthesized by novel chemical reduction
route. The novelty of synthetic procedure adopted has been established using UV-VIS
and FTIR spectroscopy. XRD studies confirm that both the materials form pure fcc phase
embedded in amorphous silica matrix. XRD crystallite sizes for Ni/silica and
CosoNiso/silica are in the range of 6-10.5 nm and 13.6-16.3 nm, respectively. TEM
microscopy studies show that CoNi alloys have nearly spherical shape morphologies and
narrow size distributions. TEM particle sizes were estimated to be 13.6 nm and 8.9 nm
for pure CoNi and 8 wt% CoNi materials loaded in silica matrix, respectively. Magnetic
hysteresis studies at RT indicate the presence of superparamagnetic fractions in the
materials. Enhancements in the values of magnetizations of Ni/silica and CosgNise/silica
compared to that of pure materials have been observed with increase in dilution of
nanoparticles in matrix. FC/ZFC magnetizations plots show decrease is blocking
temperature for CosgNise/silica compare to pure CosoNisp which indicates magnetic
structure alteration and supports our magnetic results. The observed enhancement in

magnetization with low values of coercivity after loading in silica matrix has been
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explained on the basis of fine particle size, surface effects and dipolar interparticle
interactions. Magnetic interactions in CoxNiygox alloys coated by oleic acid and oleyl
amine have been studied by low temperature FC/ZFC magnetization measurements. It
could be confirm the presence of magnetic irreversibility and superparamagnetic blocking
of nanoparticles due to strong dipolar interactions and particle size distribution. Estimated
values of effective anisotropy constants of Co-Ni alloys (i.e., 57-181 kJ/m°) reveal the
contribution from the reduced particle size and surface anisotropy. On the above, a
structure-property correlation in Co-Ni alloys has been attempted in this investigation.
Also, magnetic interactions in Co, Ni, Fe-Co and Fe-Ni-Co alloys coated by
carbonaceous matter have been studied by low temperature FC/ZFC magnetization
measurements. The anisotropy constants for Co and Ni were found to be 25 kJ/m® and 13
kJ/m®, respectively. FC/ZFC results show the wider size distributions in Co and Ni.
Magnetic irreversible behavior below 300 K was observed in the materials from FC/ZFC
curves due to ferromagnetism and dipolar interactions among the particles and result in
shifting of blocking temperature value above 300 K.FC/ZFC magnetization
measurements of FexCoi00x alloys show magnetic irreversibility and blocking of
nanoparticles due to strong dipolar interparticle magnetic interactions. Estimated values
of Kesr of FexCo1gox alloys (i.e. 1.5 kd/m?, 4.6 ki/m® and 14.3 kd/m?® for x = 40, 60 and 80,
respectively) reveal the contribution from the reduced particle size and surface
anisotropy. It is observed that Fe-Ni-Co alloys showing thermo-magnetic irreversibility
below 300 K and blocking temperature approximately at 300 K. FC and ZFC magnetic
characteristics of Fe-Ni-Co alloys are interpreted on the basis of interparticle interactions
among magnetic nanoparticles. The values of effective magnetic anisotropy constants
(Ker) are found to be 14 kim™® and 4.2 kJm>for FexNigCoz and FesoNispCoso,

respectively.
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8.2 Future scope of research work

The modified NaBH,; reduction route can be used for synthesis of PEG coated
nanocrystalline metals/alloys at ambient conditions like air atmosphere, room
temperature and aqueous medium. This method has advantage in field of biomedical
research, provided stabilization of the nanostructure including surface oxidation is
achieved. The modified superhydride route and polyol methods have fine control on
nanoparticle size, their distribution and coating on the surface in organic medium. These
alterations in materials morphology may help in designing materials for specific
applications. The materials such as Co, Ni, Fe-Co, Co-Ni alloys show soft magnetic
properties and have important applications in magnetic recording field, MRI contrast
agents, cancer therapy, drug delivery agents, microwave absorption materials and
catalysis. Basic study as well as applications oriented research of above materials can be
extended. Synthesis of nanomaterials embedded in silica matrix using solution based
method is a new approach and may be useful for future research. Also, synthesis of
materials with controlled interparticle separations is useful for deep study of magnetic
exchange and dipolar interactions among nanoparticles. In summary, there is ample scope
of the future work based on stabilization, functionalization of the nano-materials with

tunable structural and magnetic properties for possible potential applications.
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Chapter VIII: Summary and future scope

CHAPTER VIII

Summary and future scope

8.1 Summary of thesis

The nanocrystalline magnetic metals and alloys under this thesis work were synthesized
by novel or modified chemical synthetic strategies using reducing agents such as: sodium
borohydride, superhydride and polyol. These nanomaterials were characterized for the
determination of purity, crystallinity, microstructures, particle sizes etc. Solid state
reactivity leading to nano-structure materials formation, elucidation of structural aspects

and details of magnetic behavior in materials was studied in detail.

In chapter I, An introduction to transition metals/alloys, their properties, synthesis
methods, crystallography of selected crystal structures have been discussed initially in
this chapter. In the general introduction to magnetism, different kinds of magnetic
ordering in the magnetic materials were discussed and specifically ferromagnetism in the
transition metals/alloys has been presented in detail. In fine particle magnetism or nano-
magnetism section, the key points such as alterations of magnetic properties in
nanomaterials, coercivity, magnetic anisotropy, factors affecting saturation
magnetization, superparamagnetism in nanoparticles have been described. Detail
literature survey of recent reports on soft and hard magnetic nanomaterials such as Fe,
Co, Ni, Fe-Co, Co-Ni, Fe-Pt, Co-Pt and metal/alloy embedded in silica matrix systems
were discussed. At the end, definition of the research problems to be executed in this

thesis work has been summarized.

Chapter Il describes the general aspects of synthesis methodologies and characterization
methods. The modified NaBH, reduction route was used for the synthesis of ultrafine Fe,
Co, Ni and Fe-Ni-Co alloy nanoparticles in agueous medium by encapsulating with PEG-
200. In this method, the use of NaBH, as reducing agent at RT, PEG-200 as capping, air

atmosphere and aqueous medium for reaction have advantage for biomedical applications
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of these kinds of nanomaterials. Processing of the materials was carried out at 600°C
under high purity nitrogen atmosphere before attempting for structural, microscopic and
magnetic studies. The superhydride reduction method is developed for the synthesis of
Co, Ni, Fe-Co, Co-Ni, Fe-Pt and Co-Pt alloys systems. Oleic acid and oleyl amine were
used as capping agents for Co, Ni, Fe-Co, and Co-Ni whereas combinations of oleic acid,
oleylamine and CTAB were used for Fe-Pt and Co-Pt alloys. Surface functionalization by
oleic acid, oleylamine and CTAB on the surface nanomaterials have been successfully
achieved by this method. Hence, superhydride method produces stable, monodispersed
nanoparticles with narrow size distribution. Crystalline phases of the materials were
obtained by annealing at 400-600°C under high purity nitrogen atmosphere. Superhydride
method was also applied for the synthesis of Ni and CosoNisy nanoparticles dispersed in
KIT-6 as silica matrix with different loading of 4-12 wt%. The novel and solution based
method for dispersion of nanoparticles in silica matrix could give better dispersion of
nanoparticles in silica matrix with appropriate interparticle separation. Crystalline phases
of the materials were obtained by annealing at 400°C under high purity nitrogen
atmosphere. Polyol reduction method was modified by using PEG-200 as reducing agent,
PVP as capping agent and DMF as solvent. This method was successfully used for the
synthesis of Co, CosoNisp and CosoPtsg nanomaterials. The materials were annealed by
two routes, i.e. route-1(without NaCl matrix) and route-2(with NaCl matrix) at 600-
700°C under high purity nitrogen atmosphere. The characterization methods include UV-
Visible spectroscopy, FTIR spectroscopy, Surface area analyzer, CHNS analyzer, XRD,
SEM, TEM, VSM, SQUID and Mdssbauer spectroscopy. The details of instrumental
analysis such as principle, block diagram, output data and data interpretation have also

been discussed in this chapter.

In chapter Il includes Fe, Co, Ni and Fe-Co-Ni systems synthesized via modified NaBH,4
route. As-prepared Fe nanoparticles are amorphous in nature and prone to oxidation after
annealing due to pyrophoric nature. Co and Ni nanoparticles crystallize in pure fcc phases
with lattice parameters 3.54(+1) A and 3.52(+1) A whereas crystallite sizes are equal to
42.6(x1) nm and 29.1(x1) nm, respectively. SEM and TEM studies confirm the formation
of nano-spheres of Co and Ni by this methodology. Size, shape and surface morphologies
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of material were studied by SEM and TEM analysis. SEM micrograph shows the particle
sizes to be 62+5 nm and 54+3 nm whereas TEM studies confirm the sizes to be 43+4 nm
and 48x5 nm for Co and Ni, respectively. These particle sizes are larger than crystallite
sizes estimated by XRD studies due to the agglomeration of the nano-particles. Fine
particle magnetism in our material is explained by the plot of specific magnetization
versus applied field which shows the signature of the size and surface effects. The values
of saturation magnetization are 122 and 47 emu/g whereas the coercivity values are 111
and 84 Oe for Co and Ni, respectively. These magnetic parameters indicate excellent soft
magnetic behavior with presence of size, surface effects and spin canting at the surface of
the ultrafine materials. Nanocrystalline ternary Fe-Ni-Co alloys with compositions
Fe2oNigoC020, Fe3oNisoC0o20, FesoNigCo20 and FesoNizpCoz alloys have been successfully
synthesized via NaBH, route in aqueous medium. All alloys crystallize in pure fcc phases
of the ternary alloys with lattice parameters in the range of 3.546-3.558 A and crystallite
sizes are in the range of 22.8-27.5 nm. The increase in the values of lattice parameters
was observed with the increase of Fe content in the ternary alloys. SEM studies indicate
the presence of aggregates or clusters consisting of several crystallites. SEM particle
sizes of Fe-Ni-Co alloys were in the range of 59+6 nm to 755 nm. TEM studies confirm
that synthesized materials have spherical morphologies with minute fractions of
agglomerations. Estimated values of TEM particle sizes were found to be 15+2 nm and
22+3 nm for FeyNigCoz and FesoNigCoy, respectively. The observed values of
saturation magnetization for our ternary alloys are in the range of 54.3-41.2 emu/g and
coercivity values in the range of 170-122 Oe. The alterations of magnetic characteristics
were observed due to fine particle size, surface effects, spin canting at the surface and

presence of superparamagnetic fractions in the ultrafine materials.

Chapter IV includes Co, Ni, Fe-Co and Co-Ni materials synthesized via superhydride
route. Co crystallizes in mixture of 53% hcp and 47% fcc phase whereas Ni crystallizes
in fcc phase. Average crystallite sizes for Co and Ni were found to be 15 nm and 35 nm,
respectively. TEM studies indicate the fine particle nature and spherical shape
morphologies of synthesized materials. Average TEM particle sizes from TEM

micrographs analysis are equal to 11+2 nm and 10+2 nm for Co and Ni, respectively.
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Magnetic properties of Co and Ni were studied by field dependence of magnetization
plots. Both Co and Ni show ferromagnetic behavior at room temperature. The
magnetization-field (M-H) characteristics show the presence of superparamagnetic
fractions in the ferromagnetic materials. The Ms values for Co and Ni are found to be 64
and 29 emu/g, respectively. The Hc values for Co and Ni are 436 Oe and 148 Oe,
respectively and indicate high magnetocrystalline anisotropy effect and/or the presence of
particle size distribution in our materials. FexCo100-x alloys (x = 40, 60, 80) prepared via
superhydride route crystallize in pure a-Fe-Co alloy phase. The crystallite sizes were
found to be in the range of ~ 23-38 nm. TEM micrograph studies prove nearly spherical
morphologies with narrow particle size distribution of the synthesized Fe-Co alloys.
Average particle sizes estimated from TEM micrographs range from 10 nm to 51nm. The
values of the Mg for Fe-Co alloys range from 93.1-142.2 emu/g after corrections for
organic wt% at the surface of the materials. These values are quite large for Fe-Co
materials while considering the small size nature of the materials and may be useful for
potential technological applications. Variation of saturation magnetization with
compositions was interpreted on the basis of varied compositions, reduction in particle
size, altered crystal anisotropies and spin canting at the surface of nanomaterials. Room
temperature Mdossbauer studies show presence of ferromagnetic sextet and
superparamagnetic doublet in Fe-Co materials. The variations in the values of Hys in Fe-
Co alloys may be attributed to the change in magnetic structure at the Fe nucleus with
composition and disordered magnetic structures at the surface of the nanoparticles.
CoxNiigo-x alloys (x = 20, 40, 60, 80) prepared via superhydride route crystallize in pure
fcc phase. Average crystallite sizes were found to be in the range of 8-11 nm. TEM
micrograph studies show nearly spherical morphologies with narrow particle size
distribution for the synthesized Co-Ni alloys. Average TEM particle sizes range from 7-
11 nm. As-prepared as well as annealed Co-Ni alloys exhibit ferromagnetic behavior at
room temperature with soft magnetic properties. The Ms values for annealed Co-Ni
alloys are found to be in the range of 25-59.6 emu/g. The H¢ values for annealed Co-Ni
alloys (52-314 Oe) were found higher than the typical range for soft magnetic materials.

These results were interpreted with the help of size effects, altered crystal anisotropies
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and spin canting at the surface of nanomaterials.

Chapter V includes Fe-Pt and Co-Pt materials synthesized via superhydride route.
Nanocrystalline FesoPtso and FessPtys alloys have been successfully synthesized using two
different combinations of capping agents, namely: oleic acid/oleylamine (route-1) and
oleic acid/CTAB (route-2). Fe-Pt alloys were characterized by XRD and SEM techniques
in as-prepared and annealed state. The as-prepared Fe-Pt alloys show amorphous
disordered fcc crystalline phase with crystallite sizes of 2.3 nm and 6 nm for route-1 and
route-2, respectively. After annealing at 600°C, Fe-Pt alloys were transformed to ordered
fct phase with crystallite sizes of 21nm and 19.5 nm for route-1 and route-2, respectively.
SEM studies show that as-prepared Fe-Pt nanoparticles were surrounded by capping
agents whereas annealed samples have spherical shape morphologies with SEM particle
sizes of 24+2 nm and 21+3 nm for route-1 and route-2, respectively. As-prepared Fe-Pt
alloys are ferromagnetic with presence of superparamagnetic fractions. Langevin fit to M
vs. H plots of as-prepared Fe-Pt alloys gives average magnetic moments per particle to be
753 ug and 814 pg, for route 1 and 2, respectively. The values of saturation magnetization
for annealed Fe-Pt alloys were found to be 4.4 emu/g and 29.6 emu/g for route-1 and
route 2, respectively. Higher values of coercivity for 10000 Oe and 10792 Oe were
obtained for fct Fe-Pt alloys synthesized from route-1 and route-2, respectively. CosgPts;
and CogoPtyo alloys have been synthesized via superhydride reduction route using two
different combinations of capping structures, namely: CTAB (route-1) and oleic
acid/CTAB (route-2). Further characterizations were carried out by XRD and SEM
techniques in as-prepared and annealed at 500°C and 600°C. As-prepared Co-Pt alloys
show amorphous disordered fcc crystalline phase and transformed to ordered fct phase
after annealing at 600°C. SEM studies show that annealed Co-Pt nanoparticles have
spherical shape morphologies with SEM particle sizes of 38+5 nm and 59+2 nm for
route-1 and route-2, respectively. The values of Ms for Co-Pt alloys synthesized via
route-1 are found to be 0.9 emu/g, 18.3 emu/g, and 31.4 emu/g whereas Hc values are
428 Oe, 667 Oe, and 1728 Oe, for as-prepared, annealed at 500°C/2h, and annealed at
600°C/2h, respectively. The values of Ms for Co-Pt alloys synthesized via route-2 are
found to be 1.2 emu/g, 27.5 emu/g, 26.9 emu/g, and 22.5 emu/g whereas Hc values are
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870 Oe, 806 Oe, 2525 Oe, and 5027 Oe, for as-prepared, annealed at 500°C/2h, annealed
at 600°C/2h, and annealed at 600°C/12h, respectively. The observed magnetic properties
have been interpreted with the help of crystallite sizes, order parameters, size, surface,

and composition effects of the nanostructured materials.

Chapter VI includes Co, CosgNisp and Co-Pt alloys synthesized via polyol method.
Co(route-1) crystallizes in hcp phase with average crystallite size of 16.4 nm even after
annealing at 600°C. While Co(route-2) crystallizes in fcc phase with average crystallite
size of 37.1 nm at 600°C. The observation of different phases for two routes is attributed
to fine particle effects and annealing in presence of crystalline NaCl matrix. A TEM
micrograph shows that Co(route-1) has uniformly dispersed chain-like nanostructures
whereas Co(route-2) shows monodispersed nanostructures with nearly spherical
morphologies. The estimated values of average chain diameter was found to be 2.8 + 0.5
nm and chain lengths varies from 15-26 nm. Average TEM particle size for Co(route-2)
was found to be 5.2 + 0.5 nm. Co(route-1) nanoparticles have large Ms value of 162.7
emu/g and 167 emu/g while those of Co(route-2) have small Ms value of 29.7 emu/g and
35 emu/g at RT and 100K, respectively. These alterations in the magnetic properties have
been explained with the help of size, shape, spin canting at the surface, altered crystal
anisotropies etc. The Hc values at RT of Co(route-1) and Co(route-2) are 220 Oe and 185
Oe, respectively, and indicates the particle size effects on coercivity. However, Hc values
measure at 100K of Co(route-1) and Co(route-2)were found to be 1.6 times and 2 times
higher than that of RT and indicate thermal effects dominates over anisotropy effects at
100K. A typical composition of CosoNisg alloy has been synthesized via modified polyol
method and annealed via both route-1 and route-2 crystallize in pure fcc phase with
average crystallite sizes of 28.1 nm and 30.4 nm, respectively. TEM micrograph study
was carried for typical sample, i.e. Co-Ni(route-2), and shows presence of nanostructures
with nearly spherical morphologies with particle size of 81 nm having narrow size
distribution. Corrected Ms and Hc values Co-Ni(route-1) were found to be 116.2 emu/g
and 86 Oe, at RT whereas 110 emu/g and 930e, at 100K respectively. Abnormal
decrease in Ms value of Co-Ni(route-1) at 100K may be attributed to deviations in

anisotropy near saturation of magnetization. Corrected Ms and Hc values Co-Ni(route-2)
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were found to be 45.6 emu/g and 214 Oe, at RT whereas 47.4 emu/g and 324 Oe, at
100K, respectively. These magnetic properties show fine particle size effects and
temperature effects in the materials. CosgPts, alloy nanoparticles have synthesized via
modified polyol method. As-prepared Co-Pt alloy nanoparticles crystallize in amorphous
disordered fcc phase. Co-Pt alloy nanoparticles annealed via route-1 possess fcc crystal
structure even at 700°C whereas Co-Pt alloy nanoparticles annealed via route-2 shows
ordered fct (L1o) phase. Microstructural and magnetic properties of fct Co-Pt obtained via
route-2 have been studied. SEM studies show that annealed Co-Pt nanoparticles have
spherical shape morphologies with SEM particle sizes of 41+3 nm. And SEM EDX
composition was found to be CosgPts,. The values of Ms and Hc for Co-Pt(route-2) are
found to be 24 emu/g and 6050 Oe, respectively. The observed magnetic properties have
been interpreted with the help of crystallite sizes, order parameters, and composition

effects of the Co-Pt nanostructured materials.

Chapter VII describes magnetic exchange and dipolar interactions studies in Ni/silica,
CosoNisp/silica, Co-Ni, Co, Ni, Fe-Co and Fe-Ni-Co systems. Ni/silica and CosgNiso/silica
with various loading (4-12 wt%) have been synthesized by novel chemical reduction
route. The novelty of synthetic procedure adopted has been established using UV-VIS
and FTIR spectroscopy. XRD studies confirm that both the materials form pure fcc phase
embedded in amorphous silica matrix. XRD crystallite sizes for Ni/silica and
CosoNiso/silica are in the range of 6-10.5 nm and 13.6-16.3 nm, respectively. TEM
microscopy studies show that CoNi alloys have nearly spherical shape morphologies and
narrow size distributions. TEM particle sizes were estimated to be 13.6 nm and 8.9 nm
for pure CoNi and 8 wt% CoNi materials loaded in silica matrix, respectively. Magnetic
hysteresis studies at RT indicate the presence of superparamagnetic fractions in the
materials. Enhancements in the values of magnetizations of Ni/silica and CosgNise/silica
compared to that of pure materials have been observed with increase in dilution of
nanoparticles in matrix. FC/ZFC magnetizations plots show decrease is blocking
temperature for CosgNise/silica compare to pure CosoNisp which indicates magnetic
structure alteration and supports our magnetic results. The observed enhancement in

magnetization with low values of coercivity after loading in silica matrix has been
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explained on the basis of fine particle size, surface effects and dipolar interparticle
interactions. Magnetic interactions in CoxNiygox alloys coated by oleic acid and oleyl
amine have been studied by low temperature FC/ZFC magnetization measurements. It
could be confirm the presence of magnetic irreversibility and superparamagnetic blocking
of nanoparticles due to strong dipolar interactions and particle size distribution. Estimated
values of effective anisotropy constants of Co-Ni alloys (i.e., 57-181 kJ/m°) reveal the
contribution from the reduced particle size and surface anisotropy. On the above, a
structure-property correlation in Co-Ni alloys has been attempted in this investigation.
Also, magnetic interactions in Co, Ni, Fe-Co and Fe-Ni-Co alloys coated by
carbonaceous matter have been studied by low temperature FC/ZFC magnetization
measurements. The anisotropy constants for Co and Ni were found to be 25 kJ/m® and 13
kJ/m®, respectively. FC/ZFC results show the wider size distributions in Co and Ni.
Magnetic irreversible behavior below 300 K was observed in the materials from FC/ZFC
curves due to ferromagnetism and dipolar interactions among the particles and result in
shifting of blocking temperature value above 300 K.FC/ZFC magnetization
measurements of FexCoi00x alloys show magnetic irreversibility and blocking of
nanoparticles due to strong dipolar interparticle magnetic interactions. Estimated values
of Kesr of FexCo1gox alloys (i.e. 1.5 kd/m?, 4.6 ki/m® and 14.3 kd/m?® for x = 40, 60 and 80,
respectively) reveal the contribution from the reduced particle size and surface
anisotropy. It is observed that Fe-Ni-Co alloys showing thermo-magnetic irreversibility
below 300 K and blocking temperature approximately at 300 K. FC and ZFC magnetic
characteristics of Fe-Ni-Co alloys are interpreted on the basis of interparticle interactions
among magnetic nanoparticles. The values of effective magnetic anisotropy constants
(Ker) are found to be 14 kim™® and 4.2 kJm>for FexNigCoz and FesoNispCoso,

respectively.
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Chapter VIII: Summary and future scope

8.2 Future scope of research work

The modified NaBH,; reduction route can be used for synthesis of PEG coated
nanocrystalline metals/alloys at ambient conditions like air atmosphere, room
temperature and aqueous medium. This method has advantage in field of biomedical
research, provided stabilization of the nanostructure including surface oxidation is
achieved. The modified superhydride route and polyol methods have fine control on
nanoparticle size, their distribution and coating on the surface in organic medium. These
alterations in materials morphology may help in designing materials for specific
applications. The materials such as Co, Ni, Fe-Co, Co-Ni alloys show soft magnetic
properties and have important applications in magnetic recording field, MRI contrast
agents, cancer therapy, drug delivery agents, microwave absorption materials and
catalysis. Basic study as well as applications oriented research of above materials can be
extended. Synthesis of nanomaterials embedded in silica matrix using solution based
method is a new approach and may be useful for future research. Also, synthesis of
materials with controlled interparticle separations is useful for deep study of magnetic
exchange and dipolar interactions among nanoparticles. In summary, there is ample scope
of the future work based on stabilization, functionalization of the nano-materials with

tunable structural and magnetic properties for possible potential applications.
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