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ABSTRACT 

 
SYNTHESIS, CHARACTERIZATION AND POTENTIAL APPLICATIONS OF FePt 

NANOPARTICLES 

 

 

Vikas Nandwana, PhD 

 

The University of Texas at Arlington, 2009 

 

Supervising Professor:  J. Ping Liu 

 Monodisperse FePt nanoparticles with controlled size and geometry have drawn great 

attention in the last decade for fundamental scientific studies and for their potential applications 

in advanced materials and devices such as ultra-high-density magnetic recording media, 

exchange-coupled nanocomposite magnets, biomedicines and nanodevices. This dissertation 

focuses on the synthesis and characterization of FePt nanoparticles and their use in potential 

applications. 

 The FePt nanoparticles of different size (2 to 16 nm) and shape (spherical, cubic, rod) 

were synthesized by a chemical solution method. The size and shape of these particles were 

controlled by adjusting reaction parameters. The as-synthesized FePt nanoparticles have 

chemically disordered fcc structure and are superparamagnetic at room temperature. Upon heat 

treatment the nanoparticles were transformed into ordered L10 structure, and high coercivity up 

to 27 kOe was achieved. Magnetic properties of annealed FePt nanoparticles including 

magnetization and coercivity were strongly dependent on particle size, shape, composition and 

annealing temperature. 
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 FePt/Fe3O4 bimagnetic nanoparticles with two different morphologies, core/shell and 

heterodimer, were prepared by coating or attaching Fe3O4 on surface of FePt nanoparticles. 

The size of FePt and Fe3O4 was tuned very finely to obtain most effective exchange coupling. 

The heterodimer nanoparticles resulted in relatively poor magnetic properties compared to the 

core/shell nanoparticles due to insufficient exchange coupling. By optimizing the dimensions of 

the FePt and Fe3O4 in core/shell bimagnetic nanoparticles, energy products up to 17.8 MGOe 

were achieved.  

FePt/Fe3O4 core/shell and FePt+Fe3O4 mixed nanoparticles with similar magnetic 

properties were compacted under 2.0 GPa at 400 °C, 500 °C and 600 °C. A density up to 84% 

of the full density was achieved. After annealing at 650 °C in forming gas, the FePt/Fe3O4 

compacted samples were converted into L10 FePt/Fe3Pt magnetic nanocomposite. The 

nanoscale morphology was retained before and after annealing for bulk samples made from 

both core/shell and mixed nanoparticles. After annealing, the highest energy product in the bulk 

samples was 18.1 MGOe based on the theoretical density. The core/shell nanoparticle 

compacted samples had more effective exchange coupling than the mixed nanoparticle 

compacted samples.  

FePt/Au core/shell nanoparticles were successfully synthesized where Au shell was 

coated by reduction of gold acetate on surface of FePt nanoparticles. The FePt/Au core/shell 

nanoparticles show ferromagnetism after annealing at optimum temperature without any 

significant sintering. Also, FePtAu nanoparticles were prepared by doping Au into FePt 

nanoparticles during the synthesis. By tuning right stoichiometry of the FexPtyAu100-x-

y nanoparticles, the phase transition temperature from fcc to L10 was reduced by more than 200 

°C. After annealing at 500 °C, the highest coercivity of 18 kOe was obtained from the 

Fe51Pt36Au13 nanoparticles compared to 2 kOe from Fe51Pt49 nanoparticles without any sacrifice 

in saturation magnetization. 
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CHAPTER 1 

MAGNETISM AND MAGNETIC MATERIALS 

1.1 Basics of Magnetism 

1.1.1 Origin of Magnetism 

Magnetism describes phenomenon of forces between two or more objects that are 

related to a magnetic field. This magnetic field is created by the movements and interactions of 

electrons. A magnet is an object that exhibits an external magnetic field and can be categorized 

into electromagnets or permanent magnets. An electromagnet is a type of magnet in which the 

magnetic field is produced by a flow of an electric current in a wire. In contrast, a permanent 

magnet is a type of magnet in which the magnetic moments of the orbital electrons are aligned.1-2 

Therefore each atom can be considered as a tiny magnet. The electromagnetic field disappears 

when the current is removed, while a permanent magnet retains its magnetism for a long time. 

For the permanent magnets, orbital electrons create a magnetic moment by moving around a 

nucleus (Figure 1.1). There is also a spin magnetic moment which is caused by a spin of electron 

itself. However, in most elements except a few (iron, cobalt, and nickel), there is no net magnetic 

moment because in pairs of electrons the magnetic moments are cancelled by their neighbors. 

 

 

 

 

 

 

 

Figure 1.1 Orbit of a spinning electron about the nucleus of an atom. 
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1.1.2 Magnetic Field and Magnetic Moment 

The magnetic field strength is expressed by H. Here the magnetic flux density B, which is 

defined in terms of force on moving charge in the Lorentz force law, is shown as follow, 

B = H + 4 π M       (1.1) 

where, M is called magnetization which is explained as the total magnetic moment m in unit 

volume. The magnetic properties of materials can be characterized not only by the magnitude of 

M, but also the magnitude of M change by varying H.2 The ratio between M and H is called 

susceptibility (k), 

k = M / H       (1.2) 

Also the permeability (µ) is a similar quantity as the susceptibility and defined as, 

µ = B / H       (1.3) 

The type of magnetism can be characterized by observing the susceptibility and permeability of a 

material. 

 

1.2 Classification of Magnetism 

The origin of magnetism lies in the orbital and spin motions of electrons. Electron 

interactions also have strong effect in magnetism. In some materials, there is no collective 

interaction of atomic magnetic moments, whereas in other materials there are very strong 

interactions among atomic moments. The way to classify the different types of magnetism 

depends on how materials respond to magnetic fields. The magnetic behavior of materials can be 

classified into diamagnetism, paramagnetism, ferromagnetism, antiferromagnetism and 

ferrimagnetism (Figure 1.2).3 
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Figure 1.2 Summary of different types of magnetic behavior. (a) diamagnetism, (b) 
paramagnetism, (c) ferromagnetism, (d) antiferromagnetism and (e) ferrimagnetism. 

 

1.2.1 Diamagnetism  

Diamagnetism is a fundamental property of all matter, although it is usually very weak. It 

is due to the non-cooperative behavior of orbiting electrons when exposed to an applied magnetic 

field. Diamagnetic substances are composed of atoms which have no net magnetic moments 

(i.e., all the orbitals are filled and there are no unpaired electrons). However, when exposed to a 

field H, the orbiting electrons either accelerate or decelerate so that their magnetic moments are 

in the opposite direction from the external field and a negative magnetization is produced. The 

susceptibility k is < 0 (order of 10-5) for a diamagnetic material, resulting in very low negative 

moments.1-6  

1.2.2 Paramagnetism  

For this class of materials, some of the atoms or ions in the material have a net magnetic 

moment due to unpaired electrons in partially filled orbitals. However, the individual magnetic 

moments do not interact magnetically, and as with diamagnetism, the net magnetization is zero 

when the field is not applied. In the presence of a field, there is a partial alignment of the atomic 

magnetic moments in the direction of the field, resulting in a net positive magnetization such that 

the susceptibility k is > 0 (order of 10-5 to 10-2) for paramagnetic materials.1-3 In addition, the 
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efficiency of an external field in aligning the moments is opposed by randomizing effects of 

temperature. This results in a temperature dependent susceptibility known as the Curie Law.  

1.2.3 Ferromagnetism  

Ferromagnetic materials exhibit parallel alignment of permanent magnetic moments, 

resulting in a large net magnetization even in the absence of a magnetic field. These moments 

originate from the overall contribution of electron spin and orbital magnetic moments.4 The 

elements Fe, Ni, and Co and many of their alloys are typical ferromagnetic materials. Magnetic 

susceptibility as high as 106 is possible for ferromagnetic materials. Two distinct characteristics of 

ferromagnetic materials are their spontaneous magnetization and the existence of magnetic 

ordering temperature. The spontaneous magnetization is the net magnetization that exists inside 

a uniformly magnetized microscopic volume in the absence of an external field. As temperature 

increases, the arrangement of atomic moments is disturbed by the thermal agitation, resulting in 

temperature dependence of spontaneous magnetization. In spite of the presence of spontaneous 

magnetization, a large piece of ferromagnetic or ferromagnetic substance is usually not 

spontaneously magnetized but exists rather in a demagnetized state. This is because the interior 

of the piece is divided into many magnetic domains, each of which is spontaneously magnetized. 

Since the direction of domain magnetization varies from domain to domain, the resultant 

magnetization can be changed from zero to the value of spontaneous magnetization.1 The 

saturation magnetization (Ms) is the maximum induced magnetic moment that can be obtained in 

a magnetic field beyond which no further increase in magnetization occurs. Saturation 

magnetization is an intrinsic property and dependent on temperature.  

1.2.4 Antiferromagnetism  

In some other types of materials, the magnetic moment coupling between adjacent atoms 

or ions results in the antiparallel alignment of the magnetic dipoles. This phenomenon of the 

alignment of spin moments of neighboring atoms or ions in exactly opposite directions is termed 

as antiferromagnetism. The opposing magnetic moments cancel one another, resulting in zero 
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net magnetization of the material.2,4 Some examples of antiferromagnetic crystals are manganese 

oxide (MnO), manganese sulfide (MnS), and iron oxide (FeO).  

1.2.5 Ferrimagnetism  

Ferrimagnetism is another type of magnetic ordering. In ferrimagnets, the moments of 

adjacent atoms or ions are in an antiparallel alignment, but they do not cancel out each other. 

The best example of a ferromagnetic mineral is magnetite (Fe3O4). The structural formula for 

magnetite is [Fe3+]A [Fe3+,Fe2+]BO4. This particular arrangement of cations on the A and B 

sublattices is called an inverse spinel structure. With negative AB exchange interactions, the net 

magnetic moment of magnetite is due to the B-site Fe2+ because the moments from the trivalent 

ions are opposite and cancel each other. Ferrimagnetism is therefore similar to ferromagnetism. 

Ferrimagnetism exhibits all the hallmarks of ferromagnetic behavior: spontaneous magnetization, 

Curie temperatures, hysteresis, and remanence. However, ferro and ferrimagnets have very 

different magnetic ordering.  

1.3 Characteristic of Ferromagnetic Materials1-5,7 

1.3.1 Curie Temperature  

Even though electronic exchange forces in ferromagnets are very large, thermal energy 

eventually overcomes the exchange interaction and produces a randomizing effect. This effect 

becomes dominant at a particular temperature called the Curie temperature (Tc). Below the Curie 

temperature, the magnetic structure is ordered, and above the Curie temperature the magnetic 

structure is disordered. The saturation magnetization goes to zero at the Curie temperature. The 

Curie temperature is an intrinsic property of materials and is a diagnostic parameter that can be 

used for mineral identification. However, it is not full proof because different magnetic minerals, in 

principle, can have the same Curie temperature.  

1.3.2 Magnetic Domains  

Any ferromagnetic material at a temperature below Curie temperature (Tc) is composed 

of small-volume regions known as domains, in which there is the mutual alignment of the 

magnetic moments in the same direction, as illustrated in Figure 1.3(a). Each domain is 
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magnetized to its saturation magnetization, and adjacent domains are separated by domain walls, 

across which the direction of magnetization gradually changes (see Figure 1.3(b)).

 

 

 

 

 

 

 

 

 

(b) (a)  

Figure 1.3 (a) Creation of domain and domain wall and (b) spin orientation rotation through 
domain (Bloch) wall.  

 

Domain walls have a finite width that is determined principally by exchange and 

magnetocrystalline anisotropy energy. Exchange energy tends to keep magnetic moment parallel 

to each other and can be kept small if the 180 ° rotation takes place gradually with wide wall as 

shown in Figure 1.4 (a), but large with thin wall as shown in Figure 1.4 (b).7 However, for the wide 

wall structure, the magnetizations within the wall are no longer aligned along an easy axis of 

magnetization. This produces an anisotropy energy, which is high in (a) but low in (b). The 

exchange energy tends to make the wall as wide as possible whereas the anisotropy tends to 

make the wall as thin as possible. As a result of this competition between exchange and 

anisotropy energies, the domain wall has a finite width (on the order of few nanomters). 
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Figure 1.4 Schematic representation of a 180 º domain wall with (a) wide wall with gradual 
magnetization change, and (b) thin wall with abrupt magnetization change.8 

 

1.3.3. Hysteresis Loops  

Ferromagnets can retain the memory of an applied field even after the field is removed. 

This behavior is called hysteresis, and a plot of the variation of magnetization with magnetic field 

is called a hysteresis loop. The hysteresis loop is a means of characterizing magnetic materials, 

and various parameters can be determined from it. Initially, the moments of the constituent 

domains are randomly oriented in such a way that there is no net B (or M) field. As shown in 

Figure 1.5, on the application of a field to an unmagnetized sample, the polarization increases 

initially by the growth of favorably oriented domains, which will be magnetized in the easy 

direction of the crystal. When the polarization can increase no further by the growth of domains, 

the direction of magnetization of the domains then rotates away from the easy axis to align with 

the field. When all of the domains have fully aligned with the applied field, saturation is reached, 

and the polarization can increase no further. The maximum value of M is called the saturation 

magnetization Ms, and the resultant M-H curve is called the initial magnetization curve. Starting 

from the saturation point (see Figure 1.5), when the H field is reduced, the curve does not retrace 

its original path. A hysteresis effect is produced in which the M field lags behind the applied H 

field or decreases at a lower rate. At zero field, a residual M is called the remanence or remanent 

magnetization Mr is retained, indicating that the material remains magnetized even in the absence 

of an external H field. The polarization will only decrease after a sufficiently high field is applied 

to: (1) nucleate and grow domains favorably oriented with respect to the applied field or (2) rotate 

 7



 

the direction of magnetization of the domains towards the applied field. After applying a high 

enough reversal field, saturation polarization will be achieved in the negative direction. If the 

applied field is then decreased and again applied in the positive direction then the full hysteresis 

loop is plotted (Figure 1.5). The area contained within the loop indicates the amount of energy 

absorbed by the material during each cycle of the hysteresis loop. The reverse field required to 

bring the magnetic induction B of a specimen to zero is called the inductive coercivity (Hb) 

whereas the reverse field required to bring the magnetization M to zero is called the intrinsic 

coercivity (Hc). The remanence ratio Mr/Ms is generally used as measure of squareness of the M-

H loop. 

 

 

 

 

 

 

 

 

 

Figure 1.5 The magnetization curve and hysteresis loop of a permanent magnet showing the 
magnetic domain structure in the virgin state (1), at saturation (2), at remanence (3), and at the 

coercive field (4).9 

 

1.3.4 Magnetic Anisotropy  

In many situations, the susceptibility of a ferromagnetic material will depend on the 

direction in which it is measured. Such a situation is called magnetic anisotropy. When magnetic 

anisotropy exists, the total magnetization of a ferromagnetic Ms will prefer to lie along a special 

direction called the easy axis or crystal axis. In case of hexagonal close packed (HCP) or 

tetragonal crystal, the easy axis is usually the c-axis. Under an applied field, the magnetic 
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moment deviates from the easy direction and returns to its original alignment with the removal of 

the field. The energy associated with this alignment is called the anisotropy energy and in its 

lowest order form is given by:2  

Ea = K sin2θ       (1.4)  

where θ is the angle between Ms and the easy axis, and K is the anisotropy constant (units is 

ergs/cm3). There are several causes of anisotropy, including those induced by stress and prior 

mechanical handling of materials. Two important and common sources of anisotropy, which are 

magnetocrystalline anisotropy and shape anisotropy, are discussed next. 

1.3.4.1 Magnetocrystalline Anisotropy  

 Only magnetocrystalline anisotropy, or simply crystal anisotropy, is intrinsic to the 

materials; all other anisotropies are induced. In crystal anisotropy, the ease of obtaining 

saturation magnetization is different for different crystallographic directions. The direction of easy 

magnetization of crystal is the direction of spontaneous domain magnetization in the 

demagnetized state. An example is a single crystal of cobalt as shown Figure 1.6. 

 

 

 

 

 

 

 

 

Figure 1.6 Directional dependence of saturation magnetization in Cobalt metal.10 

 

1.3.4.2 Shape Anisotropy  

It is easier to induce a magnetization along the long direction of a nonspherical piece of 

material than along a short direction. This is so because the demagnetizing field is less in the 
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long direction, for the reason that the induced poles at the surface are farther apart. Thus, a 

smaller applied field will negate the internal, demagnetizing field. The shape anisotropy can be 

very important for nonspherical materials. The long axis of a specimen plays the same role as the 

easy axis of the crystal, and the shape anisotropy constant Ks is given by:  

Ks = ½(Na - Nc)M2.     (1.5)  

Magnetization is easy along the c-axis and equally hard along any axis normal to c (assume a). If 

c decreases until it equals a, the specimen becomes spherical (Na= Nc, Ks = 0) and shape 

anisotropy disappears.2

1.4 Ferromagnetic Materials 

1.4.1 Soft Magnetic Materials   

Soft magnetic materials can be easily magnetized and demagnetized by low-strength 

magnetic field. When an applied field is removed, soft magnetic materials will return to a state of 

relatively low residual magnetization. Soft magnetic materials are used primarily to enhance or 

channel the flux produced by an electric current. The main parameter, which is often used as a 

figure of merit for soft magnetic materials, is the relative permeability, which is a measure of how 

readily the material responds to the applied magnetic field. The other main parameters of interest 

are the coercivity, the saturation magnetization, and the electrical conductivity. As shown in 

Figure 1.7, typical soft materials have very low intrinsic coercivity and high saturation 

magnetization Ms but low Mr. 

 

 

 

 

 

 

 

Figure 1.7 Typical M-H curves for soft and hard magnets. 
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1.4.2 Hard Magnetic Materials   

Hard magnets, also referred to as permanent magnets, are magnetic materials that can 

retain their magnetism after being magnetized. The term “hard” is used to describe materials that 

have sufficiently high resistance to demagnetizing field. Coercivity is therefore the key to 

distinguishing between hard and soft phase magnetic materials. As shown in Figure 1.8, 

materials that have an intrinsic coercivity of greater than 1000 Oe and typically high remanence 

Mr are hard magnetic materials. Such material have high energy product (BH)max, which is the 

figure of merit of permanent magnet.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8 Typical M-H and B-H loops of ferromagnetic materials.10 

 

Maximum Energy Product (BH)max : In B-H loop, the maximum value of the product of B 

and H is called the maximum energy product, ((BH)max) and is a measure of the maximum 

amount of useful work that can be performed by the magnet. Its unit is KJ/m3 (MGOe). For a 

permanent magnetic material, the (BH)max is twice the maximum magnetostatic energy available 

from a magnet of optimal shape. The product tends to increase with both increasing coercive field 
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Hc and saturation magnetization Ms. However, for materials with sufficiently high Hc values (Hc > 

2πMs), the theoretical limit for the energy product is limited only by Ms and is given by:11

(BH)max ≤ (2πMs)2.     (1.6)  

 

 

 

 

Figure 1.9 Progress in the energy product of permanent magnets in the 20th century.10 

 

1.4.3 Exchange-coupled Hard/Soft Nanocomposite Magnets  

Driven by the limitation in equation (1.6) (BH)max ≤ (2πMs)2, research has been focused 

on developing new high-anisotropy materials with high Ms and Curie temperature (Tc). Thus, new 

hard-magnetic compounds such as SmCo5, Sm2Co17, and Nd2Fe14B are made. Unfortunately, 

these compounds still have magnetization values significantly lower than that of Co, Fe, or 

Fe65Co35, which have 4πMs values of 18, 21, and 24 kG, respectively.11 In 1991, Kneller and 

Hawig12 proposed an alternative approach to enhance the transition metal content to increase Ms 

by making a nanocomposite of exchange-coupled hard and soft magnetic phases. Such magnets 

are referred as exchange-spring magnets and provide a new approach to increased (BH)max. The 
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hard phase provides the requisite magnetic anisotropy and stabilizes the exchange-coupled soft 

phase against demagnetization, and the soft phase provides the high magnetization (as shown in 

Figure 1.10).13-15  

Exchange-coupled nanocomposite was first observed by Coehoorn et al.16 in a melt-spun 

Nd4.5Fe77B18.5 sample that, when annealed, consisted of a mixture of Nd2Fe14B, Fe3B, and Fe 

phases. Skomski and Coey explored the theory of exchange-coupled films and predicted that a 

giant energy product of 120 MGOe might be attainable by exploiting the exchange-spring 

mechanism in oriented nanostructured magnets.17-19 It has also been predicted that, for effective 

exchange coupling, the grain size of soft phase should not be larger than twice the domain-wall 

thickness of hard phase. Future applications of exchange-spring magnets will likely be based on 

a nanoscale dispersed composite geometry obtained in bulk processing.19-21 

Figure 1.10 Hysteresis loops of soft, hard, and hard/soft nanocomposite magnets. 

 

1.5 Magnetism of Ferromagnetic Nanoparticles 

Ferromagnetic nanoparticles (also called as magnetic nanoparticles) exhibit a variety of 

unique magnetic phenomena that is drastically different from those of their bulk counterparts 

because of the high surface to volume ratio of the particle at nanometer scale. Magnetic 

properties of small ferromagnetic particles, such as coercivity and saturation magnetization, are 

mainly dominated by two key features: (1) a size limit below which the specimen cannot be 
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broken into domains, and so it remains with single domain; and (2) the thermal energy in small 

particles, which decouples the magnetization from the particle itself to give rise to the 

phenomenon of superparamagnetism. These two key features are represented by two key sizes 

(on the length scale): the single domain size and the superparamagnetic size as shown in figure 

1.11.2, 9 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11 Variation of coercivity with particle diameter. 

 

1.5.1 Single-Domain Particles  

The magnetostatic energy of a ferromagnet could be decreased by restructuring the 

material into domains. There is a limit to this because the formation of domains costs energy as a 

result of domain wall formation. Thus, in a large body there could be minimum domain size below 

which the energy cost of domain formation exceeds the benefits of decreasing the magnetostatic 

energy. When the size of the magnets decreases to a critical particle diameter, the formation of 

domain walls is energetically less favorable, and the magnets have only a single domain. 

Magnetization reversal in single-domain particle occurs via spin rotation, since there are no 

domain walls to move. Single-domain particles consequently have a larger coercivity compared to 
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multidomain system as it is harder to rotate the magnetization than to move a domain wall.2,9 In 

this single-domain regime, the magnetic coercivity increases as the size of the nanoparticle 

increases (Figure 1.11) with the relationship:  

Hc = 2K/ms[1– 5(kBT/KV)1/2],     (1.7)  

where ms is the saturation magnetization.22 Above the critical size (D > Dc), multidomain 

magnetism begins in which a smaller reversal magnetic field is required to make the net 

magnetization zero. Saturation magnetization of nanoparticles is also strongly dependent on their 

size. Magnetic materials intrinsically possess magnetically disordered spin glass-like layers near 

the surface due to the reduced spin–spin exchange coupling energy at the surface.23,24 In bulk 

cases, since the disordered surface layer is minimal compared to the total volume of the magnet, 

such surface spin canting effects are negligible. Upon reduction of the size of magnetic materials 

to the nanoscale regime, however, the surface canting effects are dramatically pronounced in the 

saturation magnetization value (ms), described as:  

ms = MS[(r - d)/r]3,      (1.8)  

where r is the size, MS is the saturation magnetization of bulk materials, and d is the thickness of 

disordered surface layer.23 For very small nanoparticles (less than ~5 nm) such size effect on ms 

is more noticeable, since internal spins of the nanoparticle also start to be canted as do the 

surface spins because of increased interactions between the surface and internal spins.23 

1.5.2 Superparamagnetism  

Superparamagnetism is a phenomenon where magnetic materials exhibit a behavior 

similar to paramagnetism at temperatures below the Curie or the Neel temperature. 

Superparamagnetism occurs when the material is composed of very small crystallites (1-20 nm). 

In this case even though the temperature is below the Curie or Neel temperature, the thermal 

energy is sufficient to overcome the coupling forces between neighboring atoms, and to change 

the direction of magnetization of the entire crystallite. The material behaves in a manner similar to 

paramagnetic materials and the magnetic moment of the entire crystallite tends to align in a 

random way without a magnetic field. The energy required to change the direction of 
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magnetization of a crystallite is called the crystalline anisotropy energy (KV) and depends both on 

the materials properties and the crystallite size. As the crystallite size decreases, so does the 

crystalline anisotropy energy, resulting in a decrease in the temperature at which the material 

becomes superparamagnetic.2,9 A typical hysteresis loop of superparamgnetic nanoparticles is 

shown in Figure 1.12 with Hc =0 and Mr/ Ms =0. 

 

 

 

 

 

 

 

 

Figure 1.12 A typical hysteresis loop for superparamagnetic particles. 

  

 

 

 

 

 

 

 

 

Figure 1.13 Energy diagram of magnetic nanoparticles with different magnetic spin        
alignment, showing ferromagnetism in a large particle (top) and superparamagentism                   

in a small nanoparticle (bottom).25 
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The phenomenon of superparamagnetism is timescale-dependent due to the stochastic 

(random variable) nature of the thermal energy. The time scale for a successful jump can be 

calculated by: 

τ  = τo e –KV/k
B

T      (1.9) 

where the attempt timescale (τo) is about 10-9 s, and V is the volume of the particle. This equation 

(1.9) describes the time scale over which the moment of the particles (µp =MsV) attampts to jump 

the anisotropy energy (KV) barrier as shown in Figure 1.13. 

Typical experiments with a magnetometer take 10 to 100 s; if Ms reversed at times 

shorter than the experimental time scale, the system appears superparamagnetic. Using τ =100 s 

and τo=10-9 s, we can obtain the critical volume from equation (1.9):2 

Vsp = 25kBT / K.    (1.10) 

A particle with a volume smaller than this quantity acts superparamagnetically on         

the 100 s experimental timescale. Equation (1.10) can be rearranged to yield

TB = KV / 25kB.     (1.11)  

TB  is called the blocking temperature; below TB, the free movement of the moment of particles (µp 

=MsV) is blocked by the anisotropy; above TB, kBT kicks the moment loose so that the system 

appears superparamagnetic. Blocking temperature (TB) which is characteristic for ferromagnetic 

to superparamagnetic transition can be ascertained in nanoparticles by measuring the zero field 

cooling (ZFC) and field cooling (FC) magnetization temperature as shown in Figure 1.14. As the 

particles cool in a zero applied field, they will tend to magnetize along preferred crystalline 

directions in the lattice, thus minimizing the magneto-crystalline energy. Since the orientation of 

each crystallite varies, the net moment of the system will be zero. Even when a small external 

field is applied, the moments will remain locked in the preferred crystal directions, as is seen in 

the low temperature portion of the ZFC curve. As temperature increases, more thermal energy is 

available to disturb the system. Therefore, more moments will align with the external field 
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direction in order to minimize the Zeeman energy term. In other words, thermal vibration is 

providing the activation energy required for the Zeeman interaction. Eventually, the net moment 

of the system reaches a maximum where the greatest population of moments has aligned with 

the external field. The peak temperature is called the blocking temperature (TB). As temperature 

rises above TB, thermal vibrations become strong enough to overcome the Zeeman interaction 

and thus randomize the moments.  

Field cooled (FC) measurements proceed in a similar manner to ZFC, except that the 

constant external field is applied while cooling and heating. However, the net moment is usually 

measured while heating. The FC curve will diverge from the ZFC curve at a point near the 

blocking temperature as seen in Figure 1.14. This divergence occurs because the spins from 

each particle will tend to align with the easy crystalline axis that is closest to the applied field 

direction, and will remain frozen in that direction at low temperature.  

 

 

 

 

 

 

 

 

 

 

Figure 1.14 Typical ZFC and FC curves showing the blocking temperature of nanoparticles.
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CHAPTER 2 

MAGNETIC NANOPARTICLES 

Magnetic nanoparticles with sizes ranging from 2 to 20 nm in diameter represent an 

important class of artificial nanostructured materials because their magnetic properties change 

drastically with their size. This chapter first focuses on physical and chemical approaches to 

synthesize magnetic nanoparticles. Then we talk about the techniques used (in our experiments) 

to characterize these nanoparticles. Finally, we talk about the applications of these nanoparticles 

in various fields such as data storage, high energy magnets, biomedicine etc.  

2.1 Synthesis of Magnetic Nanoparticles 

A series of general methods for the magnetic nanoparticle synthesis have now been 

developed.26 An essential feature of their synthesis is the preparation of particles of specified size 

and shape (at least, the size distribution should be less than 5-10%, and controllable). The shape 

control and the possibility of synthesis of anisotropic magnetic structures are especially important. 

In order to eliminate (or substantially decrease) the interparticle interactions, magnetic 

nanoparticles often need to be isolated from one another by immobilization on a substrate surface 

or in the bulk of a stabilizing inert matrix. It is important that the distance between the particles in 

the matrix should be controllable. Finally, the synthetic procedure should be relatively simple, 

inexpensive and reproducible. The methods of generation of magnetic nanoparticles in the gas or 

solid phase using high-energy treatment of the material are usually called physical, while the 

nanoparticle syntheses, which are often carried out in solutions at moderate temperatures are 

chemical methods.  
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2.1.1. Physical Methods  

2.1.1.1 Condensation Methods 

The method of nanoparticle synthesis from supersaturated metal vapors is based on the 

classical nucleation theory in which the nascent phase clusters are described by the spherical 

liquid drop model. Nanoparticles (clusters) are prepared using various ways of metal evaporation: 

laser vaporisation,27, 28 thermal vaporisation,29,30 arc discharge, plasma vaporisation,31 and solar 

energy- induced evaporation.32 In each method, special installations are employed differing in 

engineering solutions of particular units.33 

For example, in the classical thermal vaporization method, a metal or alloy sample is 

heated in a tungsten boat in an argon or helium stream. The atoms of the vaporized metal lose 

kinetic energy upon collisions with inert gas atoms, gather in clusters and condense on a cooled 

substrate as a nanodispersed powder. By varying the evaporation rate, the substrate temperature 

and gas pressure and composition, one can control the particle size in the 100± 3 nm range. Most 

often, prior to opening the installation and taking out the sample, nanoparticles are passivated by 

passing an inert gas/ oxygen mixture for several minutes. In particular, this method has been 

used to prepare heterometallic nanoparticles (~30 nm) with the composition Fe-M (M=Ni, Mn, Pt, 

Cr).29  

2.1.1.2 Mechanical Milling 

The mechanochemical dispersion of a compact material in mills of various designs 

appears an attractive way to produce disperse systems. However, there exists a mechanical 

dispersion limit for solids,34, 35 which prevents in some cases the preparation of nano-sized 

particles with a narrow dispersion. In addition, high energy impact on the material being ground 

result in intensive interaction of the nanoparticles formed with the dispersion medium. The 

morphology of the nanoparticles can be controlled by changing milling speed, time, type and size 

of grinding medium (balls), milling media, milling temperature etc.  
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2.1.1.3 Electrochemical Generation  

This method is used as a method for the synthesis of substantial amounts of rather small 

(~2 nm) nanoparticles with a narrow dispersion.36 A standard electrochemical cell containing an 

alcohol solution of tetraalkylammonium halide was used to obtain cobalt particles. On passing the 

current, the cobalt anode dissolved to give Co nanoparticles near the cathode (glass carbon). The 

influence of electrolysis conditions on the magnetic characteristics of the resulting nanoparticles 

was studied using several examples. The average size of a particle formed upon electrochemical 

dispersion was inversely proportional to the current density. Evaporation of the solvent yields 

crystallites, which can be readily converted again into a colloid suspension. The electrochemical 

process has been used to obtain γ-Fe2O3 nanoparticles (8 ± 3 nm), stable in organic solvents due 

to adsorption of cationic surfactants.37 

2.1.2 Chemical Methods 

Diverse metal-containing compounds (MCC) including metal carbonyls, organometallic 

compounds, metal carboxylates, etc., are used as the precursors in the chemical synthesis of 

magnetic nano- particles. Most often, precursors decompose on heating or UV irradiation; other 

types of treatment of MCC, resulting in nanoparticles, have also been developed. 

2.1.2.1 Thermal Decompositions of Metal-containing Compounds 

Thermal decomposition of metal-containing compounds has been studied in detail in 

relation to the development of the scientific grounds of the metal organic chemical vapor 

deposition (MOCVD) technique, which is used successfully to obtain nanoparticles. When the 

reaction is carried out in a liquid medium in the presence of surfactants or polymers, it is possible 

to stabilize the resulting amorphous nanoparticles with diameters of up to 10 nm. An interesting 

example of two-stage thermolysis of Fe(CO)5 has been reported.38 First, an iron oleate complex is 

formed from Fe(CO)5 and oleic acid at 100 ºC; at 300 ºC, the complex decomposes to give 

primary `loose' nanoparticles (11 ± 4 nm). After maintaining at 500 ºC, these are converted, as 

shown by powder X-ray diffraction, into crystalline α-Fe nanoparticles. Laser photolysis of volatile 

MCC (most often, metal carbonyls) is also suitable for this purpose.39 
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2.1.2.2 Ultrasonic Decomposition of Metal-containing Compounds  

In this method, metal carbonyls and their derivatives are used as metal-containing 

compounds, although cases of successful use of other organometallic compounds are also 

known. Nanoparticles are synthesized by ultrasound-induced decomposition of a solution of MCC 

in solvent. In order to retain the monodispersity and prevent aggregation of the particles formed, 

suitable surfactant is added to the solution. Ultrasonic decomposition of iron pentacarbonyl in 

polyvinylpyrrolidine resulted in amorphous γ-Fe2O3 nanoparticles. Their dimensions were 

determined by the nature and concentration of the surfactants present in the solution.40  

2.1.2.3 The Reduction of Metal-containing Compounds 

Magnetic metallic nanoparticles can be prepared from metal salts using strong reducing 

agents, namely, alkali metal dispersions in ethers or hydrocarbons, alkali metal complexes with 

organic electron acceptors (e.g., naphthalene), NaBH4 and other complex hydrides. By using 

NaBH4 in aqueous solutions at room temper-ature, both homo- (Fe, Co, Ni) and heterometallic 

(FeCo, FeCu, CoCu) nanoparticles were obtained as amorphous powders containing substantial 

amounts of boron (20 mass% or more). High-boiling alcohols are also used as reducing agents. 

The reduction of cobalt acetate with dodecane-1,2-diol at 250 ºC in oleic acid in the presence of 

trioctylphosphine gives 8 ± 3 nm Co particles.41 nickel-containing nanoparticles have been 

prepared in a similar way.42  

2.1.2.4 Synthesis in Reverse Micelles 

Recent years were marked by intensive development and wide use of the synthesis nanoparticles 

in nano-sized `reactors' as the size of `nanoreactors' can be controlled within certain limits. A 

micelle is an example of these nanoreactors. Reverse micelles are tiny drops of water stabilized 

in a hydrophobic liquid phase due to the formation of a surfactant monolayer on their surface. 

Owing to the exactly measured amount of MCC in each micelle (as the nanoparticle formation 

occurs without substance supply from the outside), it is possible not only to control the 

composition and the average size of the particles but also to obtain monodisperse samples with a 

narrow particle size distribution. Co nanoparticles were synthesized by mixing two colloid 
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solutions of reverse micelles with the same diameter (3 nm), one containing CoCl2 and the other 

containing sodium tetrahydroborate of the same concentration.43 Magnetic nanoparticles with an 

average diameter of 5.8 nm and a polydispersity of 11% were obtained in hexane as a colloid 

dispersion stable against aggregation and oxidation during a week. Syntheses of cobalt 

nanoparticles in reverse micelles are described in detail in the literature.44 

2.1.2.5 Sol-gel Method 

The sol-gel method is widely used in a number of technologies.45 In nanotechnology, it is 

used most often to obtain metal oxides but is also applicable to the synthesis of nanosized metals 

and fused bimetallic and heteroelement particles. For example, reduction of Ni2+ and Fe2+ ions 

inserted in silica gel in 3 : 1 ratio with hydrogen resulted in Ni3Fe nanoparticles (19 ± 4 nm) within 

the SiO2 matrix.46 

2.2 Characterization of Magnetic Nanoparticles 

Transmission electron microscopy (TEM), high resolution TEM (HRTEM), scanning 

electron microscopy (SEM), and powder and X-ray diffraction (XRD) were used for structural 

characterization. Inductively coupled plasma-optical emission spectroscopy (ICP-OES) and 

energy dispersive X-ray (EDX) were used for compositional characterization of nanoparticles 

before and after annealing. An Alternating gradient magnetometer (AGM) and a superconducting 

quantum interference device (SQUID) magnetometer were used for magnetic characterization. A 

brief description of these equipments and characterization techniques and the techniques used to 

prepare samples are following. 

2.2.1 X-ray Diffraction (XRD)47 

Philips PW 1710 x-ray diffractometer with Cu-Kα radiation (wavelength λ=1.54056 Å) was 

used for crystalline structure characterization of samples. The samples were prepared by drop 

casting dispersions of nanoparticles in non polar solvents such as hexane or heptane on either a 

glass substrate or silicon wafer. The samples were dried under ambient conditions protected with 

a Petri dish cover to eliminate unintended contamination from air borne particles. Samples were 
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then inserted in the sample holder and analyzed typically between 20 – 90 2θ degrees. The 

incident x-ray follows Bragg’s law as described in figure 2.1 and the following formula: 

 nλ = 2d sinθ      (2.1) 

When a monochromatic x-ray beam with wavelength λ is projected onto a crystalline 

material at an angle θ, diffraction occurs only when the distance traveled by the rays reflected 

from successive planes differs by a complete number n of wavelengths. By varying the angle θ, 

the Bragg's Law conditions are satisfied by different d-spacing in materials. Plotting the angular 

positions and intensities of the resultant diffracted peaks of radiation produces a pattern that is 

characteristic of the sample. Usually 2θ is used instead of θ. If equation (2.1) is rearranged to the 

following form considering a first order reflection: 

θ = sin−1 (λ/2d)      (2.2) 

The distance between lattice planes can be calculated using the following formula: 

d = a / (h2 + k2 + l2)1/2       (2.3) 

Since the lower order Miller indices result in larger interplanar spacing in equation (2.3), 

the diffraction angle in equation (2.2) will be lower. Therefore, as the Miller indices increase, the 

diffraction angles will also increase.  

 

 

 

 

 

 

 

Figure 2.1 Bragg’s law. 
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2.2.2 Scanning Electron Microscope (SEM) 

A scanning electron microscope uses a tiny electron beam to scan across the sample. In 

SEM, the signals are observed on the same specimen site as the incoming electron beam. As 

mentioned above, very thin samples are required for TEM methods, where as compact samples 

or bulk samples can be investigated by SEM. Valuable information about morphology, surface 

topology, and composition can be obtained.  

For conventional imaging in the SEM, specimens must be electrically conductive, at least 

at the surface, and electrically grounded to prevent the accumulation of electrostatic charge at the 

surface. Nonconductive specimens tend to charge when scanned by the electron beam, and 

(especially in secondary electron imaging mode) this causes scanning faults and other image 

artifacts. Samples are usually coated therefore with an ultrathin coating of electrically-conducting 

material such as gold or gold/palladium alloy deposited on the sample either by low-vacuum 

sputter coating or by high vacuum evaporation. Coating prevents the accumulation of static 

electric charge on the specimen during electron irradiation. Grisham's EDX (Energy Dispersive X-

ray) detector connected to the SEM was used for studying the elemental composition of samples. 

The samples were mounted on an Aluminum sample stub or Si substrates using double-sided 

carbon stick tabs. A thin layer of Au-Pd was also deposited on the samples to make them 

conductive.  

2.2.3 Transmission Electron Microscope (TEM)48,49 

JEOL 1200EX TEM was used for observing the morphologies and crystalline structure of 

nanoparticles. This TEM uses an acceleration voltage of 120 kV and can reach a magnification 

up to 500k times. Bright field images as well as the selected area electron diffraction (SAED) 

patterns were captured onto negative films, which were then developed and scanned as digital 

images. A 300-mesh copper grid with a carbon film deposited on a formvar backing, purchased 

from Ted Pella, were used for preparing TEM samples. A drop of the nanoparticle dispersion 

solution in octane was put on the formvar side of the TEM grid. The solvent was allowed to 

evaporate in air and assemble on the grid. However, for TEM imaging of nanoparticles, it is 
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important to avoid excessive surfactant coating, which reduces the contrast and quality of the 

observation of nanoparticles.  

The high acceleration voltage generates electrons that are collected by the condenser 

lenses. The electron beam then transmits through the specimen and the objective lens creates 

images of the specimen. Projective lens then projects the image on the fluorescent screen. By 

tuning the objective lens and projective lens, magnification and focus can be adjusted 

respectively. Images are recorded on the negative films by the camera installed at the bottom 

portion of the TEM. In the image mode of TEM, if the transmitted beam of electrons through the 

specimen is chosen to create images, then it is called bright field image. On the other hand, it is 

called dark field image if the diffracted beam is chosen. The selected area electron diffraction 

(SAED) pattern will be showed if the diffraction mode of TEM is set. 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 A typical structure and optics of TEM. 

 

High-resolution TEM imaging of selected samples were performed by Hitachi HF 2000 

TEM at Georgia Institute of Technology. Sample preparation for HRTEM analysis is the same as 

that for TEM.  
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2.2.4 Inductively Coupled Plasma-optical Emission Spectroscopy (ICP-OES) 

 Inductively coupled plasma-optical emission spectroscopy (ICP-OES) analysis on 

composition of selected powder samples were processed by Galbraith Research Labs. This 

technique uses plasma of argon that contains a large amount of cations and electrons. 

Temperatures within the plasma can reach up to 10,000 K, allowing the sample to fully ionize 

whether injected into the plasma either as an aerosol, thermally generated vapor or fine powder. 

Recombination with electrons within the plasma generates characteristic x-rays associated with 

the ions present. A spectrophotometer can then detect the wavelength and intensity of the 

emission allowing determination of multiple elements and relative quantities within the sample. 

2.2.5 Alternating Gradient Magnetometer (AGM) 

In an AGM measurement, the sample is mounted on an extended rod attached to a 

piezoelectric element and then placed at the center of the poles that generates magnetic field. An 

alternating gradient magnetic field is generated which produces an alternating force on the 

sample. This force (F) is proportional to the magnitude of the alternating magnetic field (B) and 

the magnetic moment (m) of the sample. Thus, 

E = −m . B      (2.4) 

Fx = − (dE/dx) = m dB/dx     (2.5) 

This force is converted into a proportional voltage by a piezoelectric element and hence 

the moment of the sample can be measured. The applied field is measured by a Hall probe 

sensor and the sensitivity of the AGM can reach up to 10 nemu. Samples with dimension up to 5 

mm x 5 mm can be measured in AGM. The maximum magnetic field that can be applied by AGM 

is limited to 14 kOe and it can only be operated at room temperature. Therefore, samples that 

have high anisotropy or require low or high temperature measurements will need magnetometers 

that can provide much higher saturation field to get accurate magnetic measurements and 

capability of operating in different temperatures. 
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Figure 2.3 Princeton Measurements Corporation Alternating Gradient Magnetometer. 

2.2.6 Superconducting Quantum Interference Device (SQUID) Magnetometer 

SQUID uses a superconducting magnet, through which large amount of current can flow 

so that large magnetic field can be generated. The magnetic measuring mechanism of SQUID 

belongs to an inductive technique. During magnetic moment measurement, the sample moves 

through a system of superconducting detecting coils and the magnetic moment of the sample 

causes change in magnetic flux associated with the detecting coils, resulting in electric current 

produced in the detecting coils. The detecting coils are connected to the SQUID sensor, which 

functions as a highly linear current-to voltage converter, producing very accurate variations in the 

output voltage that is proportional to the moment of the sample. The SQUID can generate a 

magnetic field as high as 70 kOe and can be operated in temperatures from 2 K to 400 K. The 

sensitivity of SQUID is 10 nemu up to applied field of 2.5 kOe and 0.6 µemu above that. Liquid 

helium is required to operate SQUID, which makes the use of it expensive. Sample dimension 

requirements of SQUID are almost the same as AGM, but the sample for SQUID can be longer in 

one of its dimensions. AGM is much easier, faster, and less expensive to operate comparing to 

SQUID. Hence, room-temperature measurements of all samples that can be saturated below 14 

kOe should be measured by AGM.  
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Figure 2.4 Quantum design SQUID magnetometer. 

 

2.3 Applications of Magnetic Nanoparticles 

Nanoparticles exhibit unique mechanical, optical, electronic, magnetic and chemical 

properties that are drastically different from those of their bulk counterparts.50-52 These novel 

properties arise from the large fraction of atoms that lies on the surface of the particles and from 

the finite number of the atoms within each particle. Magnetic nanoparticles are of special interest, 

owing to their unique magnetic properties as a result of their reduced size (< 100 nm). There are 

a number of potential technological applications for magnetic nanoparticles. Some of them have 

been discussed in the following section, such as surface functionalized particles in biomedical 

applications, as particle arrays in magnetic storage media, as compacted powders in permanent 

magnets and in solutions as ferrofliuds.53-66 

2.3.1 Magnetic Recording Media  

Synthesis and assembly of magnetic nanoparticles have attracted great attention 

because of their potential application in ultra-high-density magnetic recording.59 Continued 

increases in the areal density of hard disk drives will be limited by thin-film media in which each 

bit of information is stored over hundreds of grains (Figure 2.5). Self-assembled nanoparticle 
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media and patterned media in which data are stored in an array of single-domain magnetic 

particle have been suggested as a means to overcome this limitation and to enable recording 

density up to 1 Tbit/in2.60 In such ultra-high-density media, small material grain and a narrow size 

distribution are required because of high recording density. To obtain both a high signal-to-noise 

ratio and  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Recent developments in magnetic recording media in last 50 years. 

 

thermal stability of the media, isolated, non-interacting, or very weekly interacting nanoparticles 

with very high magnetic anisotropy energy Ku are required.61 Extensive research is being done on 

CoFe2O4 and FePt nanoparticles for high-density recording media.61,63 CoFe2O4 nanoparticle is a 

well-known material with a very high cubic magnetocrystalline anisotropy, good coercivity, and 

moderate saturation magnetization.63-65 L10 FePt nanoparticles are one of the best candidates for 

ultra-high-density recording media because of their very high magnetocrystalline anisotropy (Ku is 

108 erg/cm3), which is much higher than those of the currently used CoCr-based alloys.61 This 

large crystalline anisotropy allows for thermally stable grain diameters down to 2.8 nm.67  
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2.3.2 Permanent Magnets  

The figure of merit by a permanent magnetic material is judged, is the maximum energy 

product, (BH)max. To obtain a large energy product requires large magnetization (Ms) and large 

coercivity (Hc). Although a great increment in maximum energy product of permanent magnets 

has been achieved in last century as shown in Figure 1.9, there has not been any significant 

improvement in the last 25 years. The last two breakthroughs in energy products have come from 

single phase hard magnetic materials (Figure 1.9). However, for hard materials with sufficiently 

high Hc values, the energy product is limited by their low Ms. As mentioned in 1.3.8, exchange-

coupled nanocomposite magnets are promising candidates for advanced permanent magnetic 

applications, as high energy products (BH)max and relatively high coercivities can be developed in 

these nanocomposite magnets. A small grain size (less than 20 nm) and a uniform mixture of the 

hard and soft phases are required for effective exchange coupling between the hard and the soft 

phases. Zeng et al. demonstrated in 2002 that exchange-coupled nanocomposite magnet such 

as FePt-Fe3Pt can be made using monodisperse nanoparticles of FePt and Fe3O4 as precursors 

by self assembly technique.21 In the exchange-coupled isotropic FePt-Fe3Pt nanocomposite, the 

energy product of 20.1 MGOe was achieved, which is 50% higher than that expected theoretically 

from a single phase, nonexchange-coupled isotropic FePt. An anisotropic nanocomposite magnet 

with both the hard and soft phases aligned is expected to show a much higher energy product 

than the isotropic one.12, 13 However, controlling the morphology including grain size and grain 

alignment, in nanocomposite magnet remains a great challenge.56 

 

2.3.3 Biomedical Applications  

Magnetic nanoparticles have been proposed for biomedical applications for several 

years.54, 66 In recent years, nanotechnology has developed to a stage that makes it possible to 

produce, characterize, and specifically tailor the functional properties of nanoparticles to 

applications. This shows considerable promise for applications in biomedical and diagnostic 

fields, such as targeted drug delivery, hyperthermic treatment for malignant cells, and magnetic 
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resonance imaging (MRI).52, 54-56, 66 There are three reasons why magnetic nanoparticles are 

useful in biomedical applications. First, the size of magnetic nanoparticles can be controlled, 

ranging from a few nanometers up to tens of nanometers and are thus smaller in size than a cell 

(10-100µm ), a virus (20-450 nm), a protein (5 -50 nm) or a gene (2nm wide and 10 - 100 nm 

long). Magnetic nanoparticles can get close to cells and genes, and they can be coated with 

biomoleclues to make them interact or bind with biological entities. Second, magnetic 

nanoparticles can be manipulated by an external magnetic field gradient. Magnetic nanoparticles 

can be used to deliver a package, such as an anticancer drug, to a targeted region of the body 

such as a tumor. Third, magnetic nanoparticles can also be made to respond resonantly to a 

time-varying magnetic field, with an associated transfer of energy from the field to the 

nanoparticles. Magnetic nanoparticles can be made to heat up, which leads to their use as 

hyperthermia agents, delivering toxic amounts of thermal energy to targeted bodies such as 

tumors or as chemotherapy. 54-56, 66 For biomedical applications, magnetic nanoparticles must (1) 

have a good thermal stability; (2) have a larger magnetic moment; (3) be biocompatible; (4) be 

able to form stable dispersion so the particles could be transported in living system; and (5) 

response well to AC magnetic fields. Furthermore, better control of particle size and properties 

will be necessary to use these particles in biomedical applications, in which uniformity of the 

properties will ensure accurate doses and delivery.66 So far, the widely used magnetic 

nanoparticles for biomedical applications are magnetite (Fe3O4) and related oxides, which are 

chemically stable, nontoxic, non-carcinogenic, and have attractive magnetic properties.58  

2.3.4 Ferrofluids  

A ferrofluid is a special solution of magnetic nanoparticles in a colloidal suspension whose flow 

can be controlled by magnets or magnetic fields.68 Particles are coated with a surfactant that 

disperses the particles and prevents agglomeration by overcoming the van der Waals forces that 

exist between the particles.58 As a result, when such a fluid is not in the presence of external 

magnetic field, it has zero net magnetization. When a strong magnet is brought close to the 

ferrofluid, several spikes will appear as the fluid arranges itself along the magnetic field lines of 
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the magnet. When the field is removed, the particles again disperse, randomizing their orientation 

and establishing no net magnetization.59, 69 These unique properties allow ferrofluids to have 

applications in numerous fields of technology. The most common application of ferrofluids is the 

cooling of loudspeakers. The ohmic heat produced in the voice coil can be transmitted to the 

outer structure by the fluid which increases the cooling by a factor 3 approximately. In sealing 

technology, a drop of ferrofluid is put into the gap between a magnet and a highly permeable 

rotating shaft. In the small gap, a strong magnetic field fixes the ferrofluid, and pressure 

differences about 1 bar can be sealed without serious difficulties.69 Some of the other 

technological applications of ferrofluids includes their being used as bearings, dampers, stepping  

motors and se motors, and sensors. 52, 68-70 
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CHAPTER 3 

SYNTHESIS AND CHARACTERIZATION OF FePt NANOPARITCLES 

3.1. Introduction 

FePt nanoparticles have been extensively studied in the past years due to the great 

potential applications in many areas including data storage, permanent magnets and biomedical 

technology.71 FePt nanoparticles containing a near-equal atomic percentage of Fe and Pt are 

an important class of magnetic nanomaterials. They are known to have a chemically disordered 

face-centered cubic (fcc) structure (below 500 °C in phase diagram) or a chemically ordered 

face-centered tetragonal (L10) structure,72 as shown in Figure 3.1. The fcc-structured FePt has 

superparamagnetic nature. The fully ordered L10-structured FePt can be viewed as alternating 

atomic layers of Fe and Pt stacked along the [001] direction (the c-axis in Fig. 3.1(b)). Its 

anisotropy constant K, which measures the ease of magnetization reversal along the easy axis, 

can reach as high as 107 Jm–3,62 a value that is one of the largest among all known hard 

magnetic materials. This large K is caused by Fe and Pt interactions originating from spin-orbit 

coupling and the hybridization between Fe 3d and Pt 5d states.73–76 These Fe–Pt interactions 

further render the FePt nanoparticles chemically much more stable than the common high-

moment nanoparticles of Co and Fe, as well as the large coercive materials SmCo5 and 

Nd2Fe14B, making them especially useful for practical applications in solid-state devices and 

biomedicine. There are several techniques to fabricate FePt nanoparticles, such as vacuum 

deposition,77 mechanical ball milling,78 chemical synthesis79 and gas-phase evaporation.80 As-

synthesized, the FePt has a chemically disordered fcc structure. Hence, thermal annealing is 

needed to transform the fcc structure into the chemically ordered L10 structure.  
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The synthesis of monodisperse FePt nanoparticles of desired size, shape and 

properties is first step being pre-requisite of their further investigation and use for practical 

application. Narrow size distribution, or monodispersity, is strongly desired because magnetic 

properties become strongly size dependent in the nanometer size range.  In contrast with all the 

physical deposition processes, solution-phase synthesis offers a unique way for producing 

monodisperse nanoparticles52,81–84 and has also been found to be effective in synthesizing 

monodisperse FePt nanoparticles and nanoparticle superlattices.79 Although many factors affect 

particle size and shape of nanoparticles during chemical synthesis, only few parameters have 

been studied for FePt system since the mechanism for size and shape control is different for 

each material. Hence, understanding the mechanism of the formation of FePt nanoparticles can 

provide clear approaches to their size, shape and size distribution control.  

 

(b) 

(a) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Phase diagram of FePt alloys (left) and schematic illustration of the unit cell of (a) 
chemically disordered fcc and (b) chemically ordered L10 FePt. 
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This chapter reports the chemical synthesis and characterization of FePt nanoparticles. 

The size and shape of FePt nanoparticles were controlled by tuning the different reaction 

parameters of synthesis. The magnetic properties of FePt nanoparticles have been discussed 

which strongly depends on their morphology.  

3.2 Experimental 

3.2.1 Synthesis of FePt Nanoparticles 

Thermal decomposition of organometallic precursors in the presence of surfactants at 

high temperatures has been quite successful in generating highly monodispersed metal 

nanoparticles.81 This is because nucleation at a high temperature occurs almost 

instantaneously, thus the particle growth stage is well separated from the initial nucleation 

event. The presence of surfactant is essential in preparing nanoparticles as they inhibit 

agglomeration by passivating the particle surface, control their growth and help them to 

disperse in suitable solvent. FePt nanoparticles were synthesized by simultaneous reduction of 

platinum acetylacetonate (Pt(acac)2) and thermal decomposition of iron pentacarbonyl 

(Fe(CO)5) in the presence of oleic acid and oleyl amine which acted as surfactants (Figure 3.2). 

The method was adopted from the work of Sun et al.,79 and slight modifications were made.  

 

 

 

 

 

 

 

 

Figure 3.2 Schematic Illustration of FePt nanoparticle formation from the decomposition of 
Fe(CO)5 and reduction of Pt(acac)2. 
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Monodisperse FePt nanoparticles made using simultaneous chemical reduction of 

Pt(acac)2 and thermal decomposition of Fe(CO)5 have diameters in the size range of 3 to 9 nm. 

It is difficult to prepare FePt particles above 9 nm since Ostwald ripening doesn’t seem to work 

for them. However, by using sequential deposition method, Platinum-iron oxide core-shell 

nanoparticles can be made which can be later converted to FePt nanoparticles by conventional 

or salt matrix annealing (explained below) in a reducing atmosphere (Figure 3.3). 

The synthetic experiments were carried out using standard airless technique in argon 

atmosphere. In a typical procedure to prepare particles of size 2 to 9 nm, 0.5 mmol of platinum 

acetylacetonate was added to 125 mL flask containing a magnetic stir bar and mixed with 20 

mL of octyl/benzyl ether. After purging with argon for 30 min at room temperature, the flask was 

heated up to 120 °C for 10 min and a designated amount of oleic acid and oleyl amine was 

added. Iron pentacarbonyl or iron acetylacetonate were used as an iron precursor. Iron 

acetylacetonate (0.5 mmol) was added at room temperature while iron pentacarbonyl (1.0 

mmol) was added at 120 °C when the platinum precursor dissolved completely. The dissolution 

of Pt(acac)2 in solvent could be followed experimentally by the change of color of the solution 

from off yellow to transparent yellow. After the addition of Fe(CO)5, the color transition from 

golden to black suggested formation of nanoparticles in the solution. Then it was heated to 298 

°C for 1 h before cooling to room temperature under the argon blanket. Argon gas was flowed 

throughout the experiment. The heating rate was varied from 1 to 15 °C per minute according to 

the experimental design. 

Fe3O4 

Pt 

 

H2,Ar 
FePt

 

 

 

Figure 3.3 Schematic of FePt nanoparticle formation from the reduction of Pt/Fe3O4 core/shell 
nanoparticle. 
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The composition of the particles was controlled by changing ratio of precursors. To 

obtain better control in process, we examined several parameters that may have an effect on 

the size and shape of monodisperse FePt nanoparticles. After examining each parameter 

thoroughly, we found that surfactants and their concentration, type of solvents, nature of 

precursors, and heating rate are the key parameters which play a crucial role in size and shape 

control of the nanoparticles. 

In a typical synthesis to prepare Pt@Fe3O4 core-shell particles, a mixture of 1,2-

hexadecanediol (1.5 mmol), oleic acid (0.5 mmol), and oleylamine (0.5 mmol) in octyl ether (3 

mL) was added into a 125 mL three-neck round-bottom flask under argon flow and heated to 

reflux temperature at 290 °C using a heating mantle. Platinum acetylacetonate (Pt(acac)2) (0.5 

mmol) in octyl ether (2 mL) was injected into the mixture at this temperature. The color of the 

reaction solution turned black immediately, indicating the spontaneous formation of 

nanoparticles. The reaction continued for additional 5 min, and the solution was then cooled to 

220 °C. A designed amount of iron pentacarbonyl (Fe(CO)5) was added using a microsyringe, 

and the temperature of the reaction was raised to 290 °C. The solution refluxed at this 

temperature for a designed period of time (5 min to 2 h) and was then cooled to ambient room 

temperatures. 

3.2.2 Purification, Annealing and Characterization of FePt Nanoparticles 

The black product from the synthesis was precipitated by adding ethanol and separated 

by centrifugation and redispersed in hexane. To achieve the highest purity, extra ethanol was 

added in this dispersion and the dispersion was centrifuged again. Because all the particles 

were quite homogeneous, size selection was not necessary. After washing the particles in 

ethanol three or more times, they were dispersed in hexane and stored in glass bottles under 

refrigeration. Samples for characterization were prepared by depositing a drop of the final 

hexane dispersion on a 3 x 3 mm silicon substrate, evaporating the solvent at room temperature 

and further drying in vacuum, which led to the formation of FePt nanoparticle-assembled thin 
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films. In conventional annealing, the samples deposited on Si substrates were then annealed at 

650 °C for 1 h under the flow of forming gas (Ar + 7% H2) in a tube furnace. To prepare TEM 

samples, a drop of the nanoparticle dispersion solution in octane was put on the formvar side of 

a 300-mesh carbon coated copper TEM grid. The solvent was allowed to evaporate slowly in air 

and the nanoparticles self assembled on the grid. 

In salt matrix annealing, the ball-milled NaCl salt powder and fcc FePt nanoparticles (2 

to 15 nm) in mass ratio of larger then 400:1 was mixed and stirred by magnetic stir bar to mix 

homogeneously and was continued stirring until mixture dried. The mixture was then annealed 

at temperatures from 700 °C for 4 hours in forming gas (93% Ar + 7% H2) in quartz boats. After 

annealing, the salt was completely washed out from the samples by washing the mixtures in 

water and ethanol. The fine salt powder works as a separating media between the FePt 

nanoparticles, which keeps the particles dispersed in matrix during high temperature (700 °C) 

annealing, and prevents sintering and growth of the nanoparticles. Sodium chloride (NaCl) was 

chosen as the separating media due to its chemical stability to the FePt nanoparticles, melting 

point of 801 °C and high solubility in water.  

The transmission electron microscopy (TEM) images were recorded on a JEOL 1200 

EX electron microscope at an accelerating voltage of 120 kV. HRTEM analysis was done at 

Georgia Institute of Technology and images were recorded on a HITACHI HF2000 electron 

microscope at an accelerating voltage of 200 kV. Powder X-ray diffraction (XRD) spectra were 

recorded on a Philips MPD diffractometer with a Cu KR X-ray source (ì ) 1.5405 Å). The 

magnetic hysteresis measurements have been carried out by using superconducting quantum 

interference device (SQUID) magnetometer with magnetic field up to 7 T. The composition 

analysis was done by energy dispersive X-ray spectroscopy (EDX) and inductively coupled 

plasma (ICP). 
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3.3 Results and Discussion 

3.3.1 Size control of FePt Nanoparticles 

Figure 3.4 and 3.5 shows XRD patterns and TEM images of as-synthesized FePt 

nanoparticles of 2 to 9 nm with 1 nm difference. It can be seen from XRD patterns that the peak 

width decreases as the particle size increases. We can also see from the Figure 3.4 that these 

particles exhibit a face-centered cubic (fcc) crystal structure. As shown in Figure 3.6, the 

average grain size estimated from Scherrer’s formula47 for each curve in Figure 3.4 is in a good 

agreement with the particle size determined by statistical analysis of the TEM images (Figure 

3.5) which indicates that each individual particle is a single crystal. The HRTEM of a single 7 nm  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 XRD curves of as-synthesized FePt nanoparticles of size (a) 2 nm, (b) 3 nm, (c) 4 
nm, (d) 5 nm, (e) 6 nm, (f) 7 nm, (g) 8 nm and (h) 9 nm. 

 

FePt nanoparticle and electron diffraction pattern reveals good crystallinity and clear lattice 

fringes, as shown in Figure 3.7(a) and (b), respectively. The distance between two adjacent 
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planes in HRTEM image was measured 0.224 nm, corresponding to (111) planes in the face-

centered cubic (fcc) FePt structure. 

3.3.1.1 Effect of Surfactants/Precursor Ratio 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 TEM images of as-synthesized FePt nanoparticles of size (a) 2 nm, (b) 3 nm, (c) 4 
nm, (d) 5 nm, (e) 6 nm, (f) 7 nm, (g) 8 nm and (h) 9 nm. 

 

Surfactants typically play a crucial role in controlling the size and shape of chemically 

synthesized nanoparticles. We examined the effect of the surfactants to Pt(acac)2 molar ratios 

to observe the size of monodisperse FePt nanoparticles. The heating rate of the reaction was 

maintained at 5 °C/min. FePt nanoparticles with average size of 4 nm (Figure 3.5(c)) were 

obtained when the molar ratio of surfactants to Pt(acac)2 was 1. By decreasing the molar ratio 
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to 0.75, the particle size decreased to 3 nm (Figure 3.5(b)) whereas by increasing the molar 

ratio up to 10, the particle size increased to 9 nm (Figure 3.5(h)). It is clear that the particle size 

increases with increasing surfactant concentration but after a certain concentration of 

surfactants the size did notchange (Figure 3.8). The resultant size change of the nanoparticles 

is thought to be the result of the change in the number of nuclei at the first step of particle 

formation. It is believed that the increase in the surfactant amount resulted in the formation of 

stable complexes with individual metal atoms of a molecular precursor. Therefore, an increase 

in surfactant concentration is expected to suppress the nucleation process and as a 

consequence, larger particle size is produced.  

 

 

 

 

 

 

 

 

 
 
 

Figure 3.6 The relationship between the particle sizes obtained by TEM and calculated by XRD 
patterns.  
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Figure 3.7 (a) HRTEM of the as-synthesized 7 nm FePt nanoparticle.and (b) Electron diffraction 
of as-synthesized 7 nm FePt nanoparticles showing fcc FePt pattern. 

 

3.3.1.2 Effect of Heating Rate  

The heating rate of reaction mixture was also found to be very important in the fine-

tuning of the particle size. To analyze the size change with the heating rate of the reaction 

mixture, surfactant to precursor ratio identical to that used to synthesize 8 nm particles (Figure 

3.5(g)) was chosen. As the heating rate was increased from 5 to 10 and then to 15 °C/min, we 

found that the average particle size was decreased from 8 to 7 and then to 6 nm (Figure 3.5(f) 

and 3.5(e)), respectively. With the increase in the heating rate, the nucleation rate was 

increased. As a result of the enhanced nucleation rate, more nuclei were formed at the initial 

stage. Consequently smaller particles were produced. On the other hand, the correlation 

between the heating rate and the particle size is not always monotonous (Figure 3.8). When the 

heating rate is very low, competition between the nucleation and the growth occurs and smaller 

particles may be produced. For example, when the heating rate was decreased to 1 °C/min, 

surprisingly the particle size was decreased to 5 nm. Our results suggest that nucleation rate 

dominates over growth rate at a very low heating rate. This competition arises due to several 

parameters including precursors.  
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Figure 3.8 Heating rate and surfactant/Pt precursor dependence on particle size. 

 

3.3.1.3 Effect of Precursor 

Fe(CO)5 was used as the iron source to synthesize particles from 3 to 9 nm. However, 

particle size below 3 nm was not obtained using Fe(CO)5. To study the effect of precursors on 

the particles size, Fe(CO)5 was replaced by Fe(acac)3, while keeping all the synthetic conditions 

same. When Fe(acac)3 was used, the particles of 2 nm were obtained (Figure 3.5(a)). The 

nature of the precursor and their physical state are believed to be the reason for the decrease in 

particle size. Fe(CO)5 is a volatile liquid and was injected to the reaction mixture after 

dissolution of Pt(acac)2 in octyl ether. In comparison, Fe(acac)3 is a solid powder that was 

mixed with Pt(acac)2 in octyl ether at room temperature. The reason for such small size may be 

a quick nucleation from precursor decomposition followed by immediate precursor depletion. 

The nucleation rate dominates over growth rate, and the abundance of nuclei with less growth 

leads to the formation of the 2 nm particles. The interesting point was that although the amount 

of surfactant and heating rate were varied, particle size was always found to be 2 nm when 

Fe(acac)3 was used as the iron precursor.  
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3.3.1.4 Effect of Separate Reduction and Decomposition of Precursors 

To prepare FePt particle of diameter larger than 9 nm size, Pt/Fe3O4 core-shell particles 

were synthesized by sequential synthesis route. Instead of simultaneous reduction and 

decomposition of Pt and Fe precursor respectively, first the Pt(acac)2 was reduced in presence 

of surfactants and solvent and 10 nm Pt nanoparticles were formed. Later at intermediate 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 XRD of the 16 nm Pt/Fe3O4 core/shell nanoparticles before and after annealing at 
temperatures between 400 to 700 °C. 

 

temperature, Fe precursor was injected which immediately decomposed and nucleated on 

surface of existing Pt nanoparticles and formed 3 nm Fe3O4 shell resulted in 16 nm Pt/Fe3O4 

core/shell nanoparticle. Although various thicknesses of the Fe3O4 shell could be deposited on 

Pt cores which decided the final composition of the particle. These particles were later 

converted to FePt nanoparticles by conventional or salt matrix annealing in a reducing 
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atmosphere. Figure 3.9 shows XRD of the 16 nm Pt/Fe3O4 core/shell nanoparticles before and 

after conventional annealing at temperatures between 400 to 700 °C. It is clear from the Figure 

3.9 that the iron oxide shell was reduced to iron and L10 FePt phase was formed. The formation 

was L10 phase was dependent of annealing temperature. We can see from the Figure 3.9 that 

as the annealing temperature was increased, fcc Pt and Fe3O4 peaks started disappearing and 

L10 FePt peaks started appearing. The complete ordered L10 FePt phase was obtained above 

650 °C.  
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Figure 3.10 TEM of (a) as-synthesized 16 nm Pt/Fe3O4 core/shell nanoparticles (b) 16 nm L10 
FePt nanoparticles. HRTEM of single (c) as-synthesized 16 nm Pt/Fe3O4 core/shell 

nanoparticle. (d) salt annealed polycrystalline 16 nm L10 FePt nanoparticle. 
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Figure 3.10(a) shows the TEM of as-synthesized 16 nm Pt/Fe3O4 core/shell 

nanoparticles. Figure 3.10(b) shows the image of a 16 nm FePt nanoparticle after salt 

annealing.  Figure 3.10(c) and 3.10(d) shows the HRTEM image of 16 nm Pt/Fe3O4 nanoparticle 

and FePt nanoparticle respectively. We can see the FePt nanoparticle was polycrystalline 

because of the diffusion of Fe and Pt.  

3.3.2 Shape Control of FePt Nanoparticles 

3.3.2.1 Effect of Solvent 

Solvents provide the media for particles to nucleate and grow. The correct composition 

of Fe and Pt is required to form the desired L10 phase. A solvent with high boiling point and 

chemical stability at higher temperature is required to achieve the correct composition of FePt 

by interatomic diffusion. Because of its stability at reflux temperature (295 °C), octyl ether is a 

most commonly used solvent for FePt nanoparticle synthesis. However, octyl ether is a very 

expensive solvent; therefore benzyl ether was used as an alternative solvent for most of the 

experiments. When benzyl ether was used as solvent, monodisperse spherical particles with 

narrow size distribution were obtained. 

Nevertheless, while using benzyl ether it was very difficult to maintain the reflux 

temperature as it releases some low-boiling point byproducts at high temperature (above 270 

°C) that results in the lowered temperature of the reaction mixture. Therefore, to maintain 

correct composition, octyl ether was used in our experiments. Interestingly, faceted cubic shape 

(Figure 3.11(b)) FePt nanoparticles instead of the spherical ones (Figure 3.11(a)) were obtained 

when octyl ether was used as the solvent. The change in shape of the nanoparticles could be 

related to the molecular structure of the solvents. Ether group molecules are attached in-

between two benzene rings in benzyl ether whereas octyl ether has a linear structure with the 

ether group attached to both sides by hydrocarbon chain, which could have served as the 

matrix for the resultant shape. However, this shape change was only observed in particles 

larger than 7 nm but was hard to find in the smaller particles. 
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Figure 3.11 TEM image of (a) spherical, (b) cubic, and (c) rod-shape FePt nanoparticles. 

 

3.3.2.2 Effect of Time Difference between Surfactants 

The time interval of surfactant injection into the reaction mixture is another factor that 

influences the particle shape. In our synthesis procedure, both of the surfactants were injected 

simultaneously a few seconds after the injection of Fe(CO)5. However, when using benzyl ether 

as a solvent, when oleyl amine was injected after 5 min of injection of oleic acid, rod shape 

nanoparticles (Figure 3.11(c)) with few spherical ones were obtained. The same result was not 

observed when octyl ether was used as the solvent. This is an interesting finding because rod 

shape nanoparticles are good candidates for anisotropic nanomagnets as they may be aligned 

by virtue of their shape. 

3.3.3 Magnetic Properties of FePt Nanoparticles  

The as-synthesized FePt nanoparticles have chemically disordered fcc structure with 

low-magnetic anisotropy which can be transformed into ordered L10 structure with very high 

magnetic anisotropy through thermal annealing above 500 °C. 

3.3.3.1 Effect of Size  

Room temperature and low temperature magnetic properties of the as-synthesized 

FePt nanoparticles were measured by SQUID. Figure 3.12 shows the hysteresis loops of as-

synthesized FePt particles of 2, 4, and 8 nm. It has been found that all the nanoparticles are 
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superparamagnetic at 300 °K. This indicates that the thermal energy can overcome the 

anisotropy energy barrier of the individual particles, and the net magnetization of these 

nanoparticle assemblies is zero in the absence of an external field. However all the particles are 

ferromagnetic at 5 °K and magnetization is much higher compared to that at 300 °K (Figure 

3.12). It is also observed that the saturation magnetization values of the particles are size 

dependent and increase with particle diameters. 

 

Figure 3.12 Hysteresis loops of the (a) 2 nm, (b) 4 nm, and (c) 8 nm FePt nanoparticle 
assemblies measured at 5 and 300 °K. 

 

Since all different size as-synthesized particles were superparamagnetic at room 

temperature, their blocking temperature (TB) was calculated by measuring the temperature 

dependence of magnetization with zero-field cooling (ZFC) and field cooling (FC) procedures, 

and found to be size dependent. On cooling, the ZFC magnetization begins to drop and deviate 

from FC magnetization at blocking temperature TB. Figure 3.13 shows the plot of magnetization 

(M) versus temperature (T) for 2, 3, 4, 5, 6, 7, and 8 nm FePt nanoparticles with a measuring 

field of 100 Oe between 5 and 250 °K. The M versus T curves show peaks characteristic of 

superparamagnetic transitions. The peak temperature in the M versus T curve (blocking 

temperature) increases continuously with the increasing particle size (inset Figure 3.13); for 

example, the TB values for 2, 5, and 8 nm particles are 15, 30, and 70 °K, respectively. 
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To obtain anistropic L10 phase, these fcc particles were deposited on a Si substrate and 

were annealed in forming gas (Ar + 7% H2) at 650 °C for 1 h. After the annealing, all the 

particles gave a coercivity of more than 1 T. The very high coercivity indicates the phase 

transformation of these nanoparticles from disordered fcc to ordered L10 phase. The Hysteresis 

loop of annealed FePt nanoparticle assemblies show that their coercivity and magnetization 

depend strongly on initial FePt size. The coercivity trend seems to decrease with increase the 

size of FePt particles as shown in Figure 3.14(a). The highest coercivity achieved was complete 

2.7 T in case of 2 nm particles (Figure 3.14(b)) while 9 nm particles gave coercivity of 1.3 T. 

However, magnetization was found to increase with increase in particle size. 
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Figure 3.13. Magnetization versus temperature for 2 to 8 nm FePt nanoparticles measured       
at 100 Oe field. 
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Figure 3.14 (a) Coercivity (Hc) and saturation magnetization (Ms) dependence on different size 

FePt nanoparticles after annealing at 650 °C for 1h (Left). (b) Hysteresis loop of 2 nm FePt 
particles giving the highest coercivity of 2.7 T after annealing at 650 °C for 1h (Right). 

 

3.3.3.2 Effect of Shape  

Magnetic properties of the magnetic nanoparticles can be greatly improved by magnetic 

alignment which means magnetization of the magnet lies only along the ‘easy direction’. Shape 

controlled synthesis and self assembly can offer a simple solution to fabrication of magnetically 

aligned FePt nanoparticle arrays. As mentioned above, the particle’s shape can be changed 

from spherical to cubic by changing reaction parameters.  

  

 

 

 

 

 

 

 
 

Figure 3.15 (a) TEM image of self assembly of as-synthesized 8 nm cubic FePt nanoparticles 
(Left, the scale bar in Figure 20 is 20 nm). (b) XRD of cubic particles after random and (100) 

textured assembly (Right). 
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Controlled evaporation of the carrier solvent from dispersion of these cubic 

nanoparticles led to a self-assembled two dimensional superlattice arrays as shown in Figure 

3.15(a). XRD of this assembly in Figure 3.15(b) exhibits a strong (200) peak and absence of 

(111) peak. This is markedly different from that of a 3D randomly oriented FePt nanoparticle 

assembly with a strong (111) peak, indicating that each cubic nanoparticle in the assembly has 

a preferred crystal orientation with (100) planes parallel to substrate. However, as-synthesized 

particles are superparamagnetic; no difference was observed in hysteresis loop measured at 

room temperature. To obtain anisotropic phase, the assembly was annealed at 650 °C in 

forming gas, it also induced particle agglomeration which destroyed (100) texture in the 

assembly. As a result, there was no difference found in the parallel in perpendicular direction in 

the hysteresis loops of annealed assembly of nanoparticles. These results demonstrate that it is 

possible to use particle shape to control assembly texture and further magnetic alignment. 

3.3.3.3 Effect of Composition 

The 4 nm particles were chosen to observe the composition effect on magnetic 

properties since the composition control was found easy in 4 nm or smaller size particles 

compared to particles larger than 4 nm diameter. The Fe and Pt concentration in the 

nanoparticles can be tuned by adjusting the molar ratio (M) of Fe precursor (Fe(CO)5) to  

 

 

 

 

 

 

 

 
 

Figure 3.16 Composition dependence on coercivity (Hc) of annealed FePt nanoparticle 
assemblies. 
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Pt precursor (Pt(acac)2), and the compositions ranging from Fe30Pt70 to Fe75Pt25 are obtained.  

On the basis of 0.5 mmol of Pt(acac)2 and 0.5 mmol each of oleic acid and oleyl amine, the 

molar ratio between Fe(CO)5 and Pt(acac)2, and the resulting FePt particle compositions are 

shown in Figure 3.16.  It was observed that the precursor molar ratio of 1:1 yielded Fe38Pt62 

particles while the ratio 2:1 led to Fe55Pt45 nanoparticles. The Hysteresis loop of annealed FePt 

nanoparticle assemblies show that the coercivities of these annealed FePt particles depend 

strongly on FePt composition, also shown in Figure 3.16 and highest coercivity achieved was 20 

kOe at Fe55Pt45. 

3.3.3.4 Effect of Annealing Temperature  

Magnetic properties of 4 nm Fe55Pt45 nanoparticles were observed after annealing them 

at different temperatures to observe the effect of annealing temperature. Shown in Figure 

3.17(a) are Magnetization (Ms) and Coercivity (Hc) from the room temperature hysteresis loops 

for 4 nm FePt particles that were annealed from 500 to 700 °C with a difference of 50 °C. Both 

the Ms and 

  

 

 

 

 

 

 

 

 

(a) (b) 

Figure 3.17 Annealing temperature dependence on (a) coercivity (Hc) and saturation 
magnetization (Ms) (b) Ordering parameter and final grain size for 4 nm FePt nanoparticles after 

annealing. 
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Hc values increase till 650 °C and then start decreasing. The sample annealed at 450 °C 

appears nearly superparamagnetic at room temperature. Increasing the annealing temperature 

from 500 to 650 °C increased the coercivity from 2 kOe to 18 kOe.   

The reason of this increase is increment of ordered L10 phase which can be measured 

by ordering parameter (S) which can be calculated as   

S = (I001/ I002)0.85 

where I001 and I002 are intensities of peak (001) and (002), respectively. These peaks are 

characteristic peaks of L10 structure which start developing after annealing fcc FePt 

nanoparticles above 500 °C and increase with increasing annealing temperature as shown in 

Figure 3.18. However, the grain size of FePt nanoparticle also starts increasing with ordering 

parameter as the annealing temperature was increased as shown in Figure 3.17(b). 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

(e) 

(d) 

(c) 

(b) 

(a) 

 
 

Figure 3.18 XRD and grain size of 4 nm FePt particles (a) as-synthesized and after annealing at 
(b) 400, (c) 500, (d) 600, and (e) 650 °C. 
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3.4 Conclusion 

FePt nanoparticles of different size (2 to 16 nm) and shape (spherical, cubic, rod) with 

narrow size distribution have been prepared in a reproducible manner via chemical solution 

methods. The size and shape of these particles can be controlled in a systematic manner by 

tuning surfactants and their concentration, type of solvents, nature of precursors, and heating 

rate. The as-synthesized FePt nanoparticles were found to be superparamagnetic at room 

temperature and their blocking temperature was size dependent, which increased with particle 

size. After annealing in a reducing environment, thin film assemblies of these nanoparticles 

gave coercivity up to 2.7 T, which indicated their complete transformation from the disordered 

fcc to the ordered L10 structure. The Hysteresis loop of annealed FePt nanoparticle assemblies 

show that their coercivity and magnetization depend strongly on initial FePt size. The coercivity 

decreased while the magnetization increased with increase in the size of particles. Also, the 

coercivity of the FePt nanoparticles strongly depends on their composition and the highest 

coercivity was achieved at composition Fe55Pt45. The grain size and the ordering parameter of 

FePt nanoparticles were found to increase with increasing annealing temperature.  

 

 

 

 

 

 

 

 

 

 

 55



 

CHAPTER 4 

SYNTHESIS AND CHARACTERIZATION OF BIMAGNETIC FePt/Fe3O4 NANOPARITCLES 

4.1 Introduction 

An important research direction in nanoparticle synthesis is the expansion from single-

component nanoparticles to multicomponent hybrid nanostructures with discrete domains of 

different materials arranged in a controlled fashion. The advantages of multicomponent 

structures lie in three aspects. The first is to realize multifunctionality: different functionalities 

can be integrated, with the dimension and material parameters of the individual components 

independently optimized. One such example is the Co/CdSe bifunctional magneto-optic 

nanocrystals reported by Klimov’s group.84 The core/shell nanoparticles retain the magnetic and 

optical properties of each single component and permit potential applications as optical 

reporters and magnetic handles for bioassay. The second advantage is in providing novel 

functions not available in single-component materials or structures; for example, Jonker et al.85 

demonstrated a hybrid system that consisted of a ferromagnetic thin film on top of a 

semiconductor quantum-well structure that has been used to realize a new concept called a 

spin light-emitting diode (Spin-LED). The third advantage is in achieving enhanced properties 

and breaking the natural constraints of single-phase materials.21,87 In 2002, Zeng et. al.21 

demonstrated that integration of a nanometer-scale magnetically hard phase with large 

coercivity and a nanometer-scale soft phase with high saturation magnetization with the two 

phases in intimate contact leads to a strong exchange coupling between the two phases and an 

enhanced energy product. The synthetic techniques to grow single component nanoparticles in 

the solution phase have been extended to multicomponent nanoparticles, where individual 

inorganic components are directly grown one on top of each other without linker molecules. 
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These composite particles consist of symmetric core/shell nanoparticles,85,88-91 nonsymmetric 

heterodimers,92-95 and other multi-component heterostructures.96-98   

Exchange coupled hard/soft magnetic nanocomposites are future candidate of high 

energy permanent magnets. As mentioned in the last paragraph, Zeng et. al.21 reported mixing 

of hard and soft magnetic nanoparticles that were synthesized separately to form nanoscale 

hard/soft nanoparticle assemblies. The mixing approach21,99,100 requires precise control over the 

mass ratio and diameters of both the hard and soft magnetic nanoparticles, and the mixed 

nanoparticle assembly conditions have to be controlled carefully to achieve homogeneous 

distribution of different phases. Bimagnetic nanoparticles where each nanoparticle contains 

hard and soft ferromagnetic material are a better candidate for exchange coupled 

nanocomposite magnets since no blending process is necessary because each particle is a 

nanocomposite.88,101,102 This method is more convenient in controlling dimensions of different 

components in order to achieve desired intimate interphase contact and morphology 

homogeneity. Exchange-coupled hard/soft bimagnetic nanoparticles are also proposed for 

future high density recording media over single hard phase nanoparticles since their coercivity 

is within the field limit imposed by writing head.103 

This chapter reports synthesis and characterization of FePt/Fe3O4 bimagnetic 

nanoparticles by a one-pot sequential method. The soft magnetic Fe3O4 phase was grown on 

FePt nanoparticles directly, either coated or attached to FePt nanoparticles in a controlled 

manner resulting in two different morphologies; core/shell and heterodimers. Magnetic 

properties of each bimagnetic nanoparticle can be tuned by varying the dimension of the FePt 

as well as the Fe3O4. After being annealed in a reducing atmosphere, the FePt/Fe3O4 

bimagnetic nanoparticles transformed to an exchange-coupled FePt/Fe3Pt hard magnetic 

nanocomposite with enhanced energy products.  Such bimagnetic nanoparticles represent a 

novel class of nanostructured magnetic materials that will allow precise engineering of magnetic 

properties by selectively tuning anisotropy, magnetization, and the dimensions of both hard and 
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soft magnetic material, and can further be used to fabricate devices for novel nanomagnetic 

applications.  

4.2 Experimental 

Bimagnetic FePt/Fe3O4 nanoparticles were synthesized by one step and two step 

method. In two step method, first as-synthesized FePt nanoparticles were synthesized and then 

later used as seeds and mixed with iron precursor, reducing agent and surfactants in a solvent. 

Fe3O4 coating was achieved by heating the mixture at elevated temperature. In one step 

method also first as-synthesized FePt nanoparticles were synthesized, then extra Fe precursor 

(Fe(CO)5) was added in the same pot at intermediate temperature to form Fe3O4 on FePt 

nanoparticles.. The detailed procedures to prepare by one and two step synthesis of 

FePt/Fe3O4 nanoparticles have been given in the following paragraphs. 

 4.2.1 Two-step Synthesis of FePt/Fe3O4 Nanoparticles 

In two step method, first FePt nanoparticles were synthesized as explained in section 

3.2. Then, these as-synthesized FePt nanoparticles were used as seeds to prepare FePt/Fe3O4 

bimagnetic nanoparticles by seed mediated approach. In a typical two step synthesis, Fe(acac)3 

(0.3 mmol), 1,2-hexadecanediol (1.5 mmol), oleic acid (0.3 mmol) and oleyl amine (0.3 mmol), 

and phenyl ether (10 mL) were mixed and magnetically stirred under a flow of argon. 50 mg of 

FePt nanoparticles in 5 mL hexane was also added. The mixture was heated at 100 °C for 20 

min to remove hexane, and then at 200 °C for 1 h. Under a blanket of Ar gas, the mixture was 

heated to reflux (265 °C) for another 30 min. The black mixture was cooled to room temperature 

by removing the heat source. The product, FePt/Fe3O4 core/shell bimagnetic nanoparticles, was 

precipitated, centrifuged and re-dispersed under ambient condition as mention in the method 

explained in section 3.2. The Fe3O4 shell thickness on FePt nanoparticles were tuned by 

adjusting the mass ratio between FePt seeds and Fe(acac)3. The mass of FePt seeds were 

kept same (50 mg), hence Fe3O4 was adjusted by changing amount of (Fe(acac)3). 
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4.2.2 One-step Synthesis of FePt/Fe3O4 Nanoparticles 

In a one step synthesis of bimagnetic FePt/ Fe3O4 nanoparticles, 0.5 mmol of platinum 

acetylacetonate was added to 125 mL flask containing a magnetic stir bar and mixed with 10 

mL of octyl/benzyl ether. After purging with argon for 30 min at room temperature, the flask was 

heated up to 120 °C until the platinum precursor dissolved completely in the solvent. Then, 1.0 

mmol of iron pentacarbonyl and a designated amount of oleic acid and oleyl amine were added 

at 120 °C. The flask was then heated to 230 °C for 1 h and then refluxed for 1 h before cooling 

down to 205 °C for further reaction. A designated amount of iron pentacarbonyl was injected 

into the flask at 205 °C and the temperature of the reaction mixture was raised to 290 °C for 30 

min before cooling down to ambient temperature. The black product was precipitated by adding 

ethanol and separated by centrifugation and redispersed in hexane. By controlling the molar 

amount of Fe precursor in the second step, the dimension of Fe3O4 phase was readily tuned. 

The amount of Fe and Pt precursors in the first step was always kept constant. The morphology 

of these bimagnetic FePt/Fe3O4 nanoparticles was changed by merely changing the solvent in 

the reaction. When benzyl ether was used as the solvent, core/shell nanoparticles were 

obtained, while in the case of octyl ether, heterodimer nanoparticles were observed. Due to 

simplicity and the better morphological control of bimagnetic FePt/ Fe3O4 nanoparticles, this 

method was chosen over the two step synthesis for all the experiments. 

4.2.3 Purification, Annealing and Characterization of FePt/Fe3O4 Nanoparticles 

After being washed in ethanol three or more times, the bimagnetic nanoparticles were 

dispersed in hexane and stored in glass bottles under refrigeration. Samples for magnetic 

characterization were prepared by depositing a drop of the final hexane dispersion on a 3x3 

mm2 silicon substrate, evaporating the solvent at room temperature, and further drying in 

vacuum, which led to the formation of FePt/Fe3O4 nanoparticle-assembled thin films. The 

samples were then annealed at 650 °C for 1 h under the flow of forming gas (Ar+7%H2) in a 

tube furnace. To prepare TEM samples, a drop of the nanoparticle dispersion solution in octane 
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was put on the formvar side of a 300-mesh carbon coated copper TEM grid. The solvent was 

allowed to evaporate slowly in air and the nanoparticles self assembled on the grid. 

 

The transmission electron microscopy (TEM) images were recorded on a JEOL 1200 EX 

electron microscope at an accelerating voltage of 120 kV. HRTEM analysis was done at 

Georgia Institute of Technology and images were recorded on a HITACHI HF2000 electron 

microscope at an accelerating voltage of 200 kV. Powder X-ray diffraction (XRD) spectra were 

recorded on a Philips MPD diffractometer with a Cu KR X-ray source (ì ) 1.5405 Å). The 

magnetic hysteresis measurements have been carried out by using superconducting quantum 

interference device (SQUID) magnetometer with magnetic field up to 7 T. The composition 

analysis was done by energy dispersive X-ray spectroscopy (EDX) and inductively coupled 

plasma (ICP). 

4.3 Results and Discussion 

4.3.1 Morphology Control of FePt/Fe3O4 Nanoparticles 

As mentioned earlier, when octyl ether was used as the solvent, heterodimer 

FePt/Fe3O4    nanoparticles were obtained while when benzyl ether was used, core/shell 

FePt/Fe3O4 nanoparticles were found. It is interesting to know the mechanisms of formation of 

the core/shell and heterodimer structured nanoparticles. Since FePt nanoparticles were already 

presented in the reaction mixture, Fe3O4 nucleated preferably on surface of the FePt seeds 

rather than nucleating separately to form independent Fe3O4 nanoparticles. As shown 

schematically in Figure 4.1, the final morphology depends on whether the FePt surface allows 

only a single nucleation site or multiple ones. As suggested by Yu et al.,92 free electrons in the 

solution may also catalyze the Fe3O4 nucleation. Solvents which contain aromatic ring, such as 

benzyl ether, are good free electron donors. Their coordination to the FePt nanoparticles may 

replenish the electronic deficiency on the latter, consequently allow additional nuclei to form on 

the FePt surface, which can grow and eventually coalesce to form core/shell structures. In 
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contrast, solvents with largely saturated hydrocarbon chains such as octyl ether are not 

effective electron donors, and once a single Fe3O4 nucleus is present further nucleation may not 

be possible without electron donation from the solvent. Further growth of Fe3O4 from a single 

site then can lead to formation of a heterodimer nanoparticle. 
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Figure 4.1 A schematic diagram showing the mechanism of formation of core/shell 
nanoparticles in benzyl ether (top) and heterodimers in octyl ether (bottom). 

 

4.3.2 Size Control of FePt/Fe3O4 Nanoparticles 

The size of the FePt in bimagnetic FePt/Fe3O4 nanoparticles was controlled from 4 to 8 

nm by changing the surfactant to platinum precursor ratio during the synthesis of FePt 

nanoparticles. The dimension of Fe3O4, both in core/shell and heterodimers nanoparticles was 

tuned by controlling the molar amount of Fe precursor in the second step. In case of core/shell 

nanoparticles, Fe3O4 shell thickness was tuned from 1 to 3 nm while in case of heterodimers 

nanoparticles, the dimension of Fe3O4 was tuned from 3 to 10 nm. The main reason to control 

the size and morphology of FePt/Fe3O4 bimagnetic nanoparticles was to optimize the effective 

exchange coupling between FePt and Fe3O4 since the exchange coupling strongly depends on 

the dimensions and interaction of hard and soft phases.12 
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(c) (a) (b) 

Figure 4.2 TEM of as-synthesized FePt/Fe3O4 core/shell nanoparticles with core diameter (a) 4 
nm (b) 6 nm and (c) 8 nm (The scale bars in main image and inset image is 20 nm and 5 nm, 

respectively). 
 

Figures 4.2 and 4.3 show TEM images of core/shell structured FePt/Fe3O4 

nanoparticles with different core and shell dimensions. For each particle, the darker region is 

the FePt core and the lighter part is the Fe3O4 shell. The different contrasts between these two 

regions are due to the different electron penetration efficiencies of the metallic FePt and the 

oxide Fe3O4. The reaction conditions have to be well controlled in order to prevent any separate 

nucleation of Fe3O4 nanoparticles, especially when the shell thickness is increased. Figure 4.2 

shows TEM images of core/shell structured FePt/ Fe3O4 nanoparticles with a systematic control 

in size of the FePt core between 4 and 8 nm. Figure 4.3 shows FePt/Fe3O4 core/shell 

nanoparticles with FePt core size 7 nm and Fe3O4 shell thickness from 0 to 3 nm. It is clear from 

Fig. 4.2 and 4.3 that the monodispersed FePt nanoparticles of different sizes are 

homogeneously coated with Fe3O4 shells with controllable shell thickness. Similarly, Figure 4.4 

shows TEM images of bimagnetic FePt/Fe3O4 heterodimer nanoparticles with FePt size 8 nm 

and Fe3O4 size from 3 to 10 nm. 
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(a) (b) (c) 

Figure 4.3 TEM of as-synthesized (a) 7 nm FePt nanoparticles coated with (b) 1 nm and (c) 2 
nm Fe3O4 shell (The scale bar is 20 nm). 

 

Figures 4.5(a)–4.5(f) show XRD patterns of the as-synthesized FePt/Fe3O4 core/shell 

nanoparticles with FePt core sizes of 4, 5, 6, 7, and 8 nm with 1 nm Fe3O4 shells. The patterns 

contain two sets of peaks, with one set matching with the disordered fcc FePt and the other with 

cubic spinel structured Fe3O4. It can also be seen that the width of (111) peak of FePt 

decreases as the FePt size increases. The size values of the FePt nanoparticles calculated 

using Scherrer’s formula47 are consistent with what are observed from the TEM images.  

 
(c) (a) (b) 

 

 

 

 

 

 

 

Figure 4.4 TEM of as-synthesized FePt/Fe3O4 heterodimer nanoparticles with 8 nm FePt core 
attached with (a) 3 nm, (b) 6 nm and (c) 8 nm Fe3O4 (The scale bar is 20 nm). 
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The HRTEM and electron diffraction pattern of the as-synthesized 8nm/2nm FePt/Fe3O4 

core/shell and 8nm/8nm heterodimer nanoparticle reveals good crystallinity and clear lattice 

fringes, as shown in Figure 4.6 and 4.7, respectively. The lattice fringes in the HRTEM image 

correspond to a group of atomic planes within the particle, indicating that the particle is a single 

crystal. In HRTEM image of core/shell FePt/Fe3O4 nanoparticle (Figure 4.6(a)), only the lattice 

fringes of shell was clearly visible. The distance between two adjacent planes was measured 

0.253 mn, corresponding to (311) planes in the spinel-structured Fe3O4 structure. The 

interfringe of core region of the FePt/Fe3O4 core/shell nanoparticle was difficult to index due to 

the overlapping of FePt core and Fe3O4 shell fringes since FePt nanoparticles are completely 

encapsulated by the Fe3O4 shell.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 XRD of the as-synthesized FePt/Fe3O4 core/shell nanoparticles with FePt (#) core 
diameter (a) 4 nm, (b) 5 nm, (c) 6 nm, (d) 7 nm, (e) 8 nm with 1 nm Fe3O4 (*) shell thickness 

and (f) Fe3Pt/FePt (^) nanocomposite after annealing of 8 nm FePt/1 nm Fe3O4 after annealing 
at 650 °C for 1 h.  
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However, in HRTEM image of the heterodimer FePt/Fe3O4 nanoparticle, the lattice 

fringes of FePt was clearly visible and their interfringe spacing was found 0.224 nm which 

corresponds interplanar distance of (111) planes in face centered cubic FePt. The interfringe 

spacing of Fe3O4 was 0.298 nm corresponding to (220) plane of spinel-structured Fe3O4 

structure (Figure 4.6(b)). 

 

(b) (a) 5 nm 5 nm 

 

 

 

 

 

 

Figure 4.6 HRTEM of the as-synthesized (a) 8nm/2nm FePt/Fe3O4 core/shell and (b) 8nm/8nm 
heterodimer nanoparticle. 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.7 Electron diffraction pattern of the bimagnetic FePt/Fe3O4 core/shell nanoparticles 
showing fcc FePt and cubic spinel Fe3O4 patterns. 
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4.3.3 Magnetic Properties of FePt/Fe3O4 Nanoparticles 

The as-synthesized FePt and FePt/Fe3O4 nanoparticles were found to be 

superparamagnetic at room temperature due to the low magnetocrystalline anisotropy of 

disordered fcc FePt. To obtain hard magnetic nanocomposite, the as-synthesized FePt/Fe3O4 

nanoparticles were annealed in a reducing atmosphere (7% H2+ 93% Ar) at 650 °C for 1 h. As 

shown in Figure 4.5(f), the XRD patterns confirmed the developed FePt/Fe3Pt nanocomposite 

magnets being annealed at 650 °C. The appearance of FePt L10 peaks in XRD patterns 

showed the transformation of FePt phase from disordered fcc FePt structure to the magnetically 

hard L10 structure. The Fe3O4 was transformed into Fe3Pt magnetic soft phase during the 

reductive annealing. The similar works have been reported for the FePt/Fe3O4 mixtured104 and 

bricklike105 nanoparticles systems. During the first step of the reaction, the composition of Fe/Pt 

in FePt nanoparticles was kept Fe52Pt48 in all experiments since it is an optimized composition 

to obtain highest coercivity from FePt nanoparticles.88 The ratio of Fe/Pt in core/shell and 

heterodimers FePt/Fe3O4 nanoparticles was higher than that of FePt nanoparticles due to the 

presence of Fe3O4 phase. For example, for 8 nm/1 nm and 8 nm/3 nm as-synthesized 

FePt/Fe3O4 core/shell nanoparticles, the composition of Fe/Pt was found 61/39 and 74/26, 

respectively. As a comparison, annealing an assembly containing iron-rich Fe65–70Pt30–35 alloy 

nanoparticles led to materials that are magnetically much softer (Hc less than 1 kOe). This 

suggests that the hard magnetic property of the annealed hard/soft nanoparticle assembly 

originates from exchange-coupled hard and soft phases, not from the homogeneous iron-rich 

FePt alloy.  

4.3.3.1 Coercivity and Magnetization 

As mentioned above, after being annealed in a reducing atmosphere, the FePt/Fe3O4 

bimagnetic nanoparticles transformed into a FePt/Fe3Pt hard magnetic nanocomposite. As 

dimension of Fe3O4 in bimagnetic FePt/Fe3O4 nanoparticles was increased systematically, the 

magnetization of the nanocomposite was found to increase while the coercivity decreased as 
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shown in Figure 4.8 and 4.9. The increase in magnetization is attributed to the formation of 

high-magnetization Fe3Pt soft phase during the annealing under the reducing atmosphere. 

However, the low magnetocrystalline anisotropy of the Fe3Pt phase leads to a decrease in 

coercivity of the nanocomposite magnets. The dependence of saturated magnetization and 

coercivity on the soft-phase fraction is quite similar to the numerical simulations, which were 

reported for the isotropic nanocomposite magnets.106,107 Prior to Fe3O4 coating/attachment, 

there was variation in saturation magnetization (Ms) and coercivity (Hc) in the different size 

FePt nanoparticles due to the slight difference in the average composition of particles. The 8 nm 

FePt particles had lowest coercivity but highest magnetization and vice versa for 4 nm FePt 

particles. However, this difference started diminishing as Fe3O4 was coated/attached on FePt 

nanoparticles.  The reason of was the proportion of Fe3O4 in FePt/Fe3O4 nanoparticles. For 

FePt/Fe3O4 nanoparitcles with different size FePt and similar Fe3O4 shell thickness, the 

proportion of Fe3O4 was higher in particles with smaller FePt which resulted in higher increase 

in magnetization and decrease in coercivity. Hence, though 4 nm FePt particles’   magnetization    

 

 
 

Figure 4.8 Variation in coercivity of the annealed FePt/Fe3O4 (a) core/shell nanoparticles of 
different FePt core sizes (4–8 nm) and Fe3O4 shell thickness (0–3 nm) and (b) heterodimer 

nanoparticles of different sizes FePt (4–8 nm) and Fe3O4 (0–10 nm). 

 67



 

 

was lower than 8 nm FePt, after coating 1 nm Fe3O4 shell on both, the increase in 

magnetization and decrease in coercivity was higher in 4 nm FePt which decreased the 

difference between them. If the shell thickness was increased to 2 nm, the different further 

decreased and so on.  

 

 

Figure 4.9 Variation in saturation magnetization of the annealed FePt/Fe3O4 (a) core/shell 
nanoparticles of different FePt core sizes (4–8 nm) and Fe3O4 shell thickness (0–3 nm) and (b) 

heterodimer nanoparticles of different sizes FePt (4–8 nm) and Fe3O4 (0–10 nm). 
 

4.3.3.2 Energy Product 

The energy product ((BH)max) dependence on the soft phase dimension of the core/shell 

and heterodimers FePt/Fe3O4 nanoparticles with different sizes is given in Fig. 4.10. It is found 

that unlike coercivity and saturation magnetization, the relation between (BH)max and Fe3O4 

dimension is not monotonous. In the case of core/shell particles, the (BH)max was increased 

initially with increasing Fe3O4 shell thickness and decreased after certain Fe3O4 shell thickness. 

As mentioned in 1.3.7, for the nanocomposite with sufficiently high Hc values (Hc > 2πMs), the 

maximum energy product is limited by equation 1.6 (BH)max ≤ (2πMs)2. It is clear from results in 
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previous section that increasing the soft phase dimension results in a trade off between the 

magnetization and coercivity. Hence, in our case the magnetization was increased the expense 

of coercivity by increasing the Fe3O4 shell thickness and the energy product was increased (up 

to 2 nm Fe3O4 shell thickness). However, if the coercivity falls below the sufficiently high values 

as in case of 3 nm Fe3O4 shell thickness, then the energy product starts again decreasing. Our 

optimized conditions show that the highest energy product 17.8 MGOe was obtained in 8 nm/2 

nm FePt/Fe3O4 core/shell nanoparticles after being annealed at 650 °C for 1h. This value is 

36% higher than the theoretical value of 13 MGOe for the nonexchange-coupled isotropic FePt 

single-phase material. Unlike core/shell particles, the (BH)max from the heterodimers 

nanoparticles was not improved after being attached with Fe3O4. Instead of improvement, the 

(BH)max was found even lower than FePt nanoparticles of all different sizes (Fig. 4.10(b)). This is 

because energy products are not only dependent on the magnetization and coercivity but also 

on the hysteresis loop squareness which has been discussed in the next paragraph. 

 

 

Figure 4.10 Variation in maximum energy product of the annealed FePt/Fe3O4 (a) core/shell 
nanoparticles of different FePt core sizes (4–8 nm) and Fe3O4 shell thickness (0–3 nm) and (b) 

heterodimer nanoparticles of different sizes FePt (6–8 nm) and Fe3O4 (0–10 nm). 
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Figures 4.11(a) and 4.11(b) show the hysteresis loops of annealed core/shell and 

heterodimer FePt/Fe3O4 nanoparticles, respectively. The dimension of FePt core was kept 

same of 8 nm as an example. The hysteresis loop of the annealed single-phase FePt 

nanoparticles is also included in the Figure 4.11 for comparison purpose. It can be seen that the 

single-phase FePt nanoparticles have the highest coercivity but the lowest magnetization. All 

the hysteresis loops of core/shell particles were found smooth (Figure 4.11(a)) however, one 

can see kinks in the hysteresis loops for the heterodimer nanoparticles (Figure 4.11(b)), 

indicating less effective exchange coupling between the hard and the soft phases. It was the 

main reason of lesser energy product of heterodimers nanoparticles than core/shell 

nanoparticles.  

 

Figure 4.11 Room-temperature hysteresis loops of annealed FePt/Fe3O4 (a) core/shell 
nanoparticles with 8 nm FePt core and Fe3O4 shell thickness increasing from 1 to 3 nm. (b) 

Heterodimer nanoparticles with 8 nm FePt and Fe3O4 from 5 to 10 nm at 650 °C for 1 h. 
 

4.3.3.3 Delta M Curves  

To further understand the difference in exchange coupling strength caused by the 

morphology, Henkel plots (δm plots, also called as delta M plots) of the annealed core/shell and 

heterodimer nanoparticles with similar composition were measured. The soft-phase fraction in 

the core/shell particles with 2 nm shells was about the same as in the heterodimers particles 
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with 8 nm Fe3O4 attachments, both were around 50% volume. The δm values can be measured 

by δm = md (H)−[1−2mr (H)], where md is normalized demagnetization remanence and mr is the 

normalized isothermal magnetization remanence.108,109 Figure 4.12 shows the δm curves of the 

8 nm/2 nm core/shell and 8 nm/8 nm heterodimer FePt/Fe3O4 nanoparticles after annealing at 

650 °C for 1 h. It is clearly seen that the positive δm values were obtained in both the core/shell 

and heterodimer nanoparticles, indicating the exchange coupling between the hard and soft 

phases. Moreover, the δm value of the annealed core/shell nanoparticles is substantially higher 

than that of the annealed heterodimer nanoparticles. This confirmed that the exchange coupling 

in the core/shell nanoparticles is stronger than that in the heterodimer nanoparticles. More 

interestingly, the curve for the heterodimers sample shows more negative portion, which is a 

measure for dipolar interaction. We observed that the negative portion is enhanced when large 

amount of soft phase is added to nanocomposite magnets. However, as we indicated that the 

soft phase fraction in these two samples is the same. This difference may be explained by a 

less homogeneous distribution of the soft phase in the nanocomposite magnets made from 

heterostructured nanoparticles. 

 

 

 

 

 

 

 

 

 

 

Figure 4.12 Delta M curves of 8 nm/2 nm core/shell and 8 nm/8 nm heterodimer FePt/Fe3O4 
nanoparticles after annealing at 650 °C for 1 h. 
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4.4 Conclusion 

FePt/Fe3O4 bimagnetic nanoparticles of two different morphologies; core/shell and 

heterodimer have been prepared in a one and two step synthesis by reduction in platinum 

acetylacetonate and thermal decomposition of iron pentacarbonyl. The morphology of the 

nanoparticles was controlled by changing solvent in the reaction. The size of FePt and Fe3O4 

was tuned by changing different reaction parameters. The size of FePt was tuned from 4 to 8 

nm and the size of Fe3O4 was tuned from 1 to 3 nm in core/shell and 5 to 10 nm in 

heterodimers. After being annealed in a reducing atmosphere, the FePt/Fe3O4 nanoparticles 

form a hard magnetic nanocomposite with enhanced magnetic properties, which are closely 

related to dimensions of the soft and hard phase components and their morphology. The 

heterodimer nanoparticles resulted in relatively poor magnetic properties compared to the 

core/shell nanoparticles due to insufficient exchange coupling. By optimizing the dimensions of 

the FePt and Fe3O4 in core/shell bimagnetic nanoparticles, energy product up to 17.8 MGOe 

has been achieved, which is 36% higher than the theoretical value for isotropic single-phase 

FePt. These bimagnetic nanoparticles can be excellent building blocks for high performance 

nanocomposite magnets and high density recording media.  
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CHAPTER 5 

WARM COMPACTION OF FePt/Fe3O4 NANOPARTICLES 

5.1 Introduction 

Exchange-coupled hard/soft nanocomposite magnets have attracted great interest110-113 

in the last decade because of their potential in achieving giant energy product (BH)max that may 

be as large as 100 MG Oe.7,107 The magnetic behavior of these exchange-coupled 

nanocomposite is closely related to grain size and nanostructured morphology. Effective 

interphase exchange coupling can be obtained only if dimensions of the soft-phase component 

in a nanocomposite magnet are not larger than a twice the domain wall thickness of hard phase 

component. 12,114–118 This critical thickness is typically in the range of several nanometers. The 

grain size in nanocomposite magnets fabricated by conventional top down methods, including 

mechanical alloying and rapid quenching, usually has a wide distribution, and can hardly be 

controlled below the critical length. An alternative bottom-up approach therefore is necessary to 

fabricate nanocomposite magnets with controllable nanoscale morphology.  

FePt nanoparticles synthesized by chemical solution methods have aroused significant 

attention because of their very small particle size and size distribution, which make them ideal 

building blocks for exchange-coupled nanocomposite bulk magnets.21,71,119,120 The biggest 

challenge for the bottom-up approach is how to produce bulk nanostructured magnets without 

losing the homogenous nanoscale morphology. Conventional compaction and condensation 

techniques cannot be applied to nanoparticles since those techniques require extensive heat 

treatments which lead to excessive grain growth which can destroy the nanoscale morphology. 

To date, there have been very limited data reported on direct compaction of intermetallic 

nanoparticles, especially for nanoparticles with size down to several nanometers. Recent 

attempts to fabricate bulk nanostructured magnets by using unconventional compaction 
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techniques including plasma sintering and dynamic compaction have resulted limited 

success.121-123 Bulk samples with density up to 80% theoretical value have been obtained. The 

challenge remains in producing bulk nanostructured magnets with density close to theoretical 

values. 

High-pressure warm compaction is one of the advanced compaction techniques in 

powder metallurgy and has been widely used in automobile parts manufacturing in the past 

decade.124–127 This technique is established on the knowledge that metallic powders have better 

plasticity and compressibility at elevated temperatures and therefore are easier to be deformed 

to form high density bulks under a certain pressure, compared with cold pressing. Unlike hot 

pressing, warm compaction is performed at modest temperatures at which the metallic powders 

are chemically stable and no excessive grain growth occurs.  

In this chapter, preparation and characterization of bulk FePt/Fe3Pt nanocomposite 

magnets have been reported. The chemically synthesized core/shell FePt/Fe3O4 nanoparticles 

and FePt+Fe3O4 mixed nanoparticles were compacted at 400 °C, 500 °C and 600 °C to 

compare the magnetic and structural properties. Later the FePt/Fe3O4 compacted samples were 

post annealed at 650 °C in forming gas (93% Ar + 7% H2) for 1h. Fe3O4 was reduced and the 

samples were converted into L10 FePt/Fe3Pt magnetic nanocomposite. The high coercivity of 

L10 FePt and high magnetization of Fe3Pt resulted in high energy product of the FePt/Fe3Pt 

nanocomposite magnets. The density of the compacted sampled was as high as 85% of 

theoretical values. By doing micro structural (XRD, TEM) characterization, it was found that the 

nanoscale morphology can be retained after compaction and even after post-annealing for both 

core/shell and mixed nanoparticles bulk samples. From magnetic characterization, it was found 

that the bulk samples compacted of core/shell nanoparticles have more effetive better exchange 

coupling and therefore higher energy product than compacted samples of mixed nanoparticles.  
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5.2 Experimental 

5.2.1 Synthesis of Core/Shell and Mixed FePt/Fe3O4 Nanoparticles 

8 nm/2 nm FePt/Fe3O4 bimagnetic core/shell nanoparticles were chosen for 

compaction, since they give the highest energy product in nanoparticles assembled thin films as 

discussed in Chapter 4. To prepare mixture of FePt and Fe3O4 nanoparticles, 8 nm FePt and 4 

nm Fe3O4 nanoparticles were mixed in such a ratio (6:1) that their ratio of Fe and Pt were same 

as in 8 nm/2 nm FePt/Fe3O4 core/shell nanoparticles. The FePt and bimagnetic core/shell 

FePt/Fe3O4 nanoparticles were synthesized by standard airless chemical solution procedures 

as mentioned in chapter 3 and 4. The 8 nm FePt nanoparticles used in FePt/Fe3O4 mixture 

were synthesized with procedure given in Chapter 3 and were exactly similar in composition 

and magnetic properties to the 8 nm FePt particles used as seeds for FePt/Fe3O4 core/shell 

nanoparticles synthesis. To prepare 4 nm Fe3O4 nanoparticles, Fe(acac)3 (2 mmol) was mixed 

in phenyl ether (20 mL) with 1,2-hexadecanediol (10 mmol), oleic acid (6 mmol), and oleylamine 

(6 mmol) under nitrogen and was heated to reflux for 30 min. After cooling to room temperature, 

the dark-brown mixture was treated with ethanol under air, and a dark-brown material was 

precipitated from the solution. The product was dissolved in hexane in the presence of oleic 

acid and oleylamine and reprecipitated with ethanol to give 5-nm Fe3O4 nanoparticles. The 

FePt/Fe3O4 nanoparticles (core/shell and mixture) were centrifuged 3 times with ethanol and 

finally dried in vacuum for 24 hours. 

5.2.2 Warm Compaction of FePt/Fe3O4 Nanoparticles 

The dried nanoparticles were heated under Ar atmosphere at 350 °C for 1 h to remove 

surfactants. Then 1.0g of these start powders were then compacted with a warm-compaction 

Rockland press under pressure of 2.0 GPa for 15 min at temperatures ranging from 400 °C to 

600 °C. The obtained bulk samples had dimensions 7.5 mm diameter and 2.5 mm thickness. 

The Archimedes method was employed for measurements of bulk sample density. The detailed 

procedure of compaction experiment is as follows:  
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First the sample assembly placed in pressure vessel. Then the ram spacer, piston, 

pressure vessel and pressure plates were placed on the press in the same order (Figure 5.1). 

The sample assembly was prepared as shown in the Figure 5.2. The thermocouple assembly 

was inserted through the hole in the top plate. Water was used as coolant in the press. The 

pressure plates and pressure vessel were coated with grease to avoid the corrosion by water. 

The initial pressure from top was applied up to 4000 psi. Then the water supply was connected. 

Then the top pressure was increased till 7000 psi and kept it constant. Then the bottom 

pressure was applied until 3000 psi. The temperature controller was switched on and the 

heating was started.  

Top plate 
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Figure 5.1 Photograph of Rockland press with assembled parts. 
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Heating was achieved by passing an electrical current through a graphite furnace 

placed inside sample assembly. Temperature was controlled by a Eurotherm temperature 

controller and silicon controlled rectifier supplied by Rockland Research. The heating was 

controlled manually though the heating rate was kept 100 ºC per minute. As the final 

compaction temperature was reached, the bottom pressure was increased further till 6300 psi 

(calibrated for 2 GPa in press) and kept for 15 minutes. After that, the temperature was 

decreased to room temperature and then the bottom pressure was completely released slowly. 

Then the water supply was removed and in the end the top pressure was released. Finally, the 

compacted sample was taken out from the pressure vessel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 Schematic of internal parts of warm compaction sample assembly. 
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 5.2.3 Annealing and Characterization of Compacted FePt/Fe3O4 Nanoparticles 

The density of the compacted sampled was measured using Archimedes method. Then 

a part of compacted samples were then annealed at 650 °C for 1 h under the flow of forming 

gas (Ar+7%H2) in a tube furnace. Both the unannealed and annealed compacted sample were 

then used for magnetic and structural analysis. The morphology and crystalline structure were 

characterized by scanning electron microscopy (SEM), transmission electron microscopy 

(TEM), and x-ray diffraction (XRD). The composition of the compacted samples were checked 

by energy dispersive x-ray (EDX) analysis in SEM. Magnetic properties were measured with 

superconducting quantum interference device (SQUID) magnetometer with a maximum applied 

field of 70 kOe. The TEM images were recorded on a JEOL 1200 EX electron microscope at an 

accelerating voltage of 120 kV. Powder X-ray diffraction (XRD) spectra were recorded on a 

Philips MPD diffractometer with a Cu Kα X-ray source (ì ) 1.5405 Å).  

TEM samples of as-compacted samples were prepared using the conventional bulk 

TEM sample preparation technique. A disc of less than 3 mm diameter and 1 mm thickness was 

cut from an as-compacted sample. Then pyrex (sample holder) with a small piece of low melting 

wax was placed on hot plate which was set at 150 °C. When the wax melted, the disc was 

placed onto pyrex where the wax was located. Then pyrex was removed from hot plate and disc 

was mounted on the pyrex when the wax was cured. The pyrex was placed in a disc grinder to 

carry out mechanical polishing on sand papers or diamond paper with different grit size. The 

sample was polished until a mirror-finished surface was obtained. Then the disc was removed 

from the pyrex by melting the wax on the hot place and cleaned in the acetone to remove the 

remaining wax. Then the polished side of disc was mounted down onto the pyrex using low 

melting wax and the other side of the disc was mechanically polished on 600 grit sand paper to 

reduce the thickness of the sample to ~100 µm. Then the pyrex was placed on precision dimple 

grinder and sample was polished using Cu wheel and fine diamond paste until it is thinned to a 

thickness of ~15 µm. Then the sample was polished using felt polishing ring and alumina 
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polishing suspension to get a mirror finished surface. Then the sample was removed from pyrex 

and placed into ion-mill (PIPS, 4.5 kV) until perforation. 

5.3 Results and Discussion 

Figure 5.3 shows the TEM image of as-synthesized 8 nm/2nm core/shell and mixed 8 

nm FePt/ 4 nm Fe3O4 nanoparticles.  The ratio of Fe and Pt was kept same as in both of them 

to obtain similar magnetic properties. The main purpose to prepare FePt/Fe3O4 nanoparticles 

with two different morphologies was to compare their post-compaction magnetic properties and  

 

 

 

 

 

 

 

 

 

Figure 5.3 TEM image of as-synthesized (a) 8 nm/2nm core/shell and (b) mixed 8 nm FePt/ 4 
nm Fe3O4 nanoparticles (the scale bar is 20 nm). 

 

 

 

 

 

 

 
 

 
Figure 5.4 Photographic image of bulk sample of core/shell nanoparticles compacted at 600 ºC.  
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find out which morphology given better exchange coupling and hence higher energy product. 

Figure 5.4 shows the photographic image of bulk sample of core/shell nanoparticles compacted 

at 600 ºC. 

5.3.1 Density 

It is known that the limit for density of a randomly packed particle system is only 64% if 

no deformation is involved.128 To obtain a higher density, it is necessary to realize plastic 

deformation of the particles. For nanoparticles, the deformation is not as easy as for large 

particles because of the reduced dislocations in the particles, which explains low density values 

obtained in nanoparticle compacts. Figure 5.5 shows the dependence of density of the 

core/shell and mixed nanoparticles bulk samples on the compaction temperature (Tcp). One 

can see that the density increased monotonously with compaction temperature for both 

core/shell and mixed FePt/Fe3O4 nanoparticles compacts. The mixed nanoparticles compact 

prepared at pressure 2.0 GPa and Tcp of 600 °C has the highest density (11.7 g/cm3) which is 

about 84% of the full density value (14.5 g/cm3) for the FePt/Fe3Pt composite. Such high density 

is a result of a significant plastic deformation of the nanoparticles at the applied high pressure.  

 

 

 

 

 

 

 

 

 

 

Figure 5.5 Dependence of density on compaction temperature for (a) core/shell and (b) mixed 
FePt/Fe3O4 nanoparticles compacts. 
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5.3.2 Phase Transition 

XRD patterns of the bimagnetic core/shell FePt/Fe3O4 nanoparticles bulk samples 

compacted at 400, 500 and 600 °C are shown in Figure 5.6. For comparision, the XRD pattern 

of uncompacted core/shell nanoparticles (starting powders) have also been shown. It can be 

seen that the starting powders mainly consists of fcc FePt and Fe3O4 phases. The compaction 

at 400 °C led to the phase transition of FePt component from fcc to L12 structure while Fe3O4 

was still existing. With increasing Tcp up to 600 °C, the fcc FePt phase completely converted 

into L12 phase and the Fe3O4 still existed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 XRD of as-synthesized core/shell FePt/Fe3O4 nanoparticles and their bulk samples 
compacted at 400, 500 and 600 °C. 

 

Since the L12 phase of as-compacted samples had low magnetic anisotropy, they were 

annealed at 650 °C for 1 hour in forming gas to convert L12 FePt phase into high anisotropic L10 
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phase. During annealing Fe3O4 was reduced and converted into Fe or Fe3Pt and as a result, 

FePt/Fe3Pt nanocomposite was formed. Figure 5.7 shows XRD of core/shell FePt/Fe3O4 

nanoparticles (starting powders) and their bulk samples compacted at 400, 500 and 600 °C and 

post-annealed at 650 °C for 1 hour in forming gas. It can be seen that both, powders and 

compacted samples converted to chemically ordered L10 FePt phase. However, it is very hard 

to index Fe3Pt peaks separately since they are very similar to L10 FePt peaks. The grain size 

calculated from the XRD patterns using Scherrer’s formula also has been given in the Figure 

5.7. The final grain size in annealed free powders was found higher than post annealed 

compacted samples which indicated control in grain growth after warm compaction of 

nanoparticles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 XRD of core/shell FePt/Fe3O4 nanoparticles and their bulk samples compacted at 
400, 500 and 600 °C and post annealed at 650 °C for 1 h in forming gas. 
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5.3.3 Grain Size  

To quantitatively determine the effect of warm compaction on the microstructure, the 

grain size of FePt were determined from the XRD patterns in Figure 5.6 and 5.7 using the 

Scherrer’s formula.129 Figure 5.8 shows the dependence of grain size on the compaction 

temperature for both core/shell and mixed FePt/Fe3O4 starting powders and their compacts. As 

we can see from Figure 5.8, the grain size increased linearly with Tcp up to 20.9 and 22.1 nm 

for core/shell and mixed nanoparticles, respectively when Tcp was 600 °C. Nevertheless, the 

grain size was still under control in the nanoscale. The grain size of post-annealed (forming gas 

at 650 °C for 1 h) compacted samples was also included in Figure 5.8 to illustrate the effect of 

heat treatment on the morphology. It is found that the annealing led to the grain growth from 7.3 

to 13.4 nm for the 400 °C core/shell nanoparticles compacted sample, while only from 18.1 to 

19.8 nm for the sample with Tcp was 600 °C. The similar pattern was obtained for mixed 

nanoparticles though the grain size in mixed nanoparticles was higher than core/shell 

nanoparticles in both as-compacted and post annealed compacted samples. It may be because 

the Fe3O4 shell in core/shell nanoparticles protected the FePt core from sintering as reported 

previously.119
 

 

 

 

 

 

 

 

 

 

 

Figure 5.8 Dependence of grain size on compaction temperature for FePt/Fe3O4 core/shell and 
mixed nanoparticles as-compacted and post-annealed compacted samples. 

 83



 

 (c) (b) 
 

 

 

 

 

(a) 

Figure 5.9 TEM images of FePt/Fe3O4 core/shell nanoparticles bulk samples compacted at (a) 
400, (b) 500, and (c) 600 °C (the scale bar is 20 nm). 

 

Figure 5.9 shows the bright field TEM images of the bulk samples of core/shell 

FePt/Fe3O4 nanoparticles compacted under 2.0 GPa pressure at 400, 500 and 600 °C. The 

TEM images show that grain size increases with Tcp as expected. The grain size is about 7±2 

nm, 14±3 and 20±5 nm for the 400, 500 and 600 °C-compacted samples, respectively. The 

grain size and size distribution are quite small compared to those for bulk materials fabricated 

by traditional techniques. This is also in agreement with Figure 5.8 that exhibits the dependence 

of average grain size on the compaction temperature.  

 

5.3.4 Exchange Coupling and Magnetic Properties 

5.3.4.1 Magnetization and Coercivity 

Figure 5.10 shows the dependence of saturation magnetization (Ms) measured in an 

applied field of 7 T) and coercivity (Hc) on compaction temperature (Tcp) for as-compacted 

samples of core/shell and mixed FePt/Fe3O4 nanoparticles while assuming their density equal to 

theoretical density. The value of Ms and Hc at Tcp = 20 °C is actually from the starting powders 

for both core/shell and mixed FePt/Fe3O4 nanoparticles. The starting core/shell powders had 

almost no coercivity, while the 400 °C compacted sample gave Hc of 288 Oe which was further 

increased to 322 Oe with increase in Tcp from 400 to 600 °C. The similar pattern was also 

observed starting mixed powders. The slight increase in coercivity originated from the formation 
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of the L12 phase. L12 FePt is a face centered cubic structure and chemically ordered, in which 

the Pt atoms occupy the face centers while the Fe atoms occupy the corners. Due to the 

ordering, It is ferromagnetic and exhibit a low coercivity and saturation magnetization of 720 

emu/cc. However, the magnetization of fcc FePt phase is 950 emu/cc. This was also the reason 

the Ms value was decreased when particles were compacted at 400 °C. The further increase of 

Tcp resulted in a further decrease of Ms, due to the complete development of L12 FePt phase 

during the compaction. There was a slight difference in Ms values of core/shell and mixed 

nanoparticles compacted samples for any compaction temperature which could be due to the 

difference in their final grain size as discussed in section 5.3.3.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10 The dependence of saturation magnetization (Ms) and coercivity (Hc) on 
compaction temperature (Tcp). 

 

Since the coercivity of as-compacted FePt/Fe3O4 samples was significantly low, they 

were annealed under forming gas (93% Ar + 7% H2) for 1 h to improve their coercivity. The 

magnetization as well as their coercivity and hence the energy product of the compacted 
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samples were drastically increased after annealing. Figure 5.11 shows dependence of 

Remenance Ratio (Mr/Ms) on compaction temperature (Tcp) for the post-annealed core/shell 

and mixed nanoparticles bulk samples. The increase in Ms of the post-annealed compacted 

samples (both core/shell and mixed FePt/Fe3O4 nanoparticles) was attributed to the 

decomposition of Fe3O4 phase and the formation of Fe or Fe3Pt with high magnetization in the 

reducing atmosphere. Ms value up to 1090 emu/cm3 was obtained by post-annealing. It is also 

found that the Ms of the core/shell and mixed nanoparticles post annealed compacted samples 

was very similar. However, the Mr values were higher for core/shell nanoparticles compacts 

which resulted in higher values of remanence ratio (Mr/Ms) for core/shell nanoparticles 

compacts as shown in Figure 5.11. This may be due to the better hard/soft phase exchange 

coupling in core/shell nanoparticles than mixed nanoparticles. This phenomenon has been 

explained in details later in the section 5.3.4.3. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11 Dependence of remanence ratio (Mr/Ms) on compaction temperature (Tcp) for the 
post-annealed FePt/Fe3O4 core/shell (c/s) and mixed (mix) nanoparticles bulk samples. 
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Figure 5.12 shows dependence of coercivity (Hc) on compaction temperature (Tcp) of 

the post-annealed core/shell and mixed nanoparticles bulk samples. Similar to Ms, the Hc of all 

the compacted samples increased after annealing which shows that the phase transition from 

L12 to L10 resulted in magnetic hardening. It is also found that the Hc of the core/shell and 

mixed nanoparticles sample was also very similar however, the Hc seems to decrease with 

higher compaction temperature. The reason of this decrease may be an overgrowth in grain 

size due to post annealing of samples. The grain size of samples was already increased after 

compaction and was highest for samples compacted at 600 C. Therefore further growth of grain 

size during annealing attributed to deterioration of coercivity based on their compaction 

temperature. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12 Dependence of coercivity (Hc) on compaction temperature (Tcp) for the post-
annealed core/shell and mixed nanoparticles bulk samples. 

 

5.3.4.2 Energy Product 

All the efforts in controlling grain size are made for the purpose to realize intergrain 

magnetic exchange coupling and thus to achieve high energy products ((BH)max). The energy 

 87



 

product dependence on compaction temperature (Tcp) of the post-annealed core/shell and 

mixed nanoparticles bulk samples has been given in Figure 5.13. The energy product for post-

annealed core/shell nanoparticles compacts were found higher than mixed nanoparticles which 

could be due to the higher Mr values of core/shell nanoparticles compacts (Figure 5.10). The 

higher Mr values improve the squareness of the hysteresis loops and therefore the energy 

products. The energy product based on the theoretical density was highest for bulk samples 

compacted at 500 ºC for both core/shell and mixed FePt/Fe3O4 nanoparticles. The highest 

energy product in all the bulk samples found was 18.1 MGOe (core/shell nanoparticles 

compacted at 500 ºC and post annealed at 650 ºC) based on the theoretical density which is 

39.2% higher than the theoretical limit 13 MG Oe for the single phase isotropic FePt magnets. If 

compared with the highest energy product obtained in core/shell nanoparticles assembled thin 

films (17.8 MGOe), these results clearly imply that there was no deterioration of magnetic 

properties of nanoparticles after compaction.  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.13 Dependence of energy product ((BH)max) on compaction temperature (Tcp) for post-
annealed core/shell and mixed nanoparticles bulk samples based on their theoretical and real 

densities. 
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The energy products for core/shell and mixed nanoparticles compacts based on their real 

density also has been given in the Figure 5.13. Based on the real density, the highest energy 

product found for core/shell nanoparticles was 14.5 MGOe (compacted at 500 C) and 13.8 

MGOe for mixed nanoparticles (compacted at 600 ºC). 

 

5.3.4.3 Delta M Curves  

To understand the difference in exchange coupling strength in core/shell and mixed 

nanoparticles compacts, Delta M (δm) measurements (Henkel plots) were performed as 

discussed in section 4.3.3.3.130–132 The value of the δm can be calculated as δm = md 

(H)−[1−2mr (H)] where md is demagnetization remanence and mr is isothermal magnetization 

remanence. Both of these values are normalized by the saturation remanence. Nonzero δm is 

caused by magnetic interactions between particles or grains. The positive δm is interpreted as a 

sign for magnetic exchange coupling and the negative δm is a sign of magnetic dipolar 

interaction. Figure 5.14 shows δm plots of core/shell and mixed nanoparticles bulk samples 

compacted at 500 °C and post annealedat 650 °C. These particular samples were chosen to 

compare since they both gave the highest energy product. The δm value for the core/shell 

sample is found higher than mixed nanoparticles compacted sample, indicating stronger 

exchange coupling in the former. This is also reflected by the shape of the demagnetization 

curves of core/shell and mixed nanoparticles bulk samples compacted at 500 °C and post 

annealed at 650 °C, as shown in the Figure 5.15. The squareness of core/shell nanoparticles 

compacted samples was better than mixed nanoparticles compacts. The remanence ratio (Mr 

/Ms) was calculated where Mr and Ms is the remanent and saturation magnetization. The Mr/Ms 

of the core/shell nanoparticles compacted sample (0.72) is higher than that of the mixed 

nanoparticles compacted samples (0.67), which is also consistent with the δm measurement. 
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Figure 5.14 δm plots of core/shell and mixed nanoparticles bulk samples compacted at 500 °C 
and post annealed at 650 °C. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15 Demagnetization curve of core/shell and mixed nanoparticles bulk samples 
compacted at 500 °C and post annealed at 650 °C.  
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5.4 Conclusion 

High density FePt/Fe3Pt bulk nanocomposite magnets have been obtained by the warm 

compaction method. The chemically synthesized 8 nm/2 nm FePt/Fe3O4 core/shell and 8nm 

FePt/ 4nm Fe3O4 mixed nanoparticles with similar magnetic properties were compacted under 

2.0 GPa at 400 °C, 500 °C and 600 °C. A density up to 84% of the full density has been 

achieved while the nanoscale morphology is retained. The fcc FePt phase was changed to L12 

FePt phase during the compaction while Fe3O4 phase still existed. After annealing 650 °C in 

forming gas (93% Ar + 7% H2) for 1h, the FePt/Fe3O4 compacted samples were converted into 

L10 FePt/Fe3Pt magnetic nanocomposite. The nanoscale morphology was retained even after 

post-annealing for both core/shell and mixed nanoparticles bulk samples. Magnetic properties of 

bulk samples were significantly improved after annealing. There was no deterioration of 

magnetic properties of nanoparticles after compaction. The highest energy product in all the 

bulk samples found was 18.1 MGOe (core/shell nanoparticles compacted at 500 ºC and post 

annealed at 650 ºC) based on the theoretical density which is 39.2% higher than the theoretical 

limit of 13 MG Oe for the single phase isotropic FePt magnets. Based on the real density, the 

highest energy product found was 14.5 MGOe. It was found by measuring δm that the core/shell 

nanoparticles compacted samples have more effective exchange coupling and hence higher 

energy products than mixed nanoparticles compacted samples. Our results show that warm 

compaction technique is promising for producing high performance bulk nanocomposite 

magnets for advanced applications. 
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CHAPTER 6 

SYNTHESIS AND CHARACTERIZATION OF FePt/Au and FePtAu NANOPARTICLES 

6.1 Introduction 

Magnetic nanoparticles have been proposed for biomedical applications54, 66 due to their 

controllable size (5-100 nm) and ability to move under external magnetic fields. However, as-

synthesized particles can not be used directly without further functionalization. They must be 

chemically stable, biocompatible and their surface should be easy to functionalize. If thin Au 

layer is coated on the surface of magnetic nanoparticles then the gold coated magnetic 

nanoparticles can be easily used in magnetically driven biomedical applications since Au 

satisfies all three conditions mentioned above. 133,134 However, so far for all the biomedical 

applications, only Au coated superparamagnetic nanoparticles have been available. There are 

several reports on the synthesis of binary metallic oxide/Au nanoparticles either in form of 

core/shell135,136 or dumb-bell shapes where gold has been coated or attached to metallic oxide 

magnetic nanoparticles.137,138 However, the bio-applications of oxide/Au nanocomposites are 

limited due to the super-paramagnetic behavior of the oxide nanoparticles. Single domain 

ferromagnetic nanoparticles can have better signals in magnetic sensors or respond more 

readily to an applied field gradient than superparamagnetic nanoparticles of the same size. 

Currently available ferromagnetic nanoparticles such as Fe and Co less than 10 nm are 

superparamagnetic. On the other hand, nanoscale Fe particles are so unstable that they will 

spontaneously burst into flames when exposed to air. Co particles are less reactive, but an 

oxide coating will still form if exposed to air. FePt nanoparticles are an important class of 

magnetic nanoparticles since they show ferromagnetism and chemical stability even when 

particle size down to 3 nm.139 The syntheses of FePt/Au heterostructured nanoparticles have 

been reported as a strong candidate of biological detection.140,141  
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Figure 6.1 Au coated FePt nanoparticles attached to functional groups through Au-S bonds. 
 

In the first part of this chapter, we report the synthesis of FePt/Au core/shell 

nanoparticles using solution phase chemistry. First FePt nanoparticles were synthesized and 

then coated with Au layer. Au coating not only prevent any reaction with the external 

environment, it also provides a good surface for subsequent functionalization with chemical or 

biological agents (Figure 6.1). For example, if we want to attach an organic molecule to the 

particle, we can take a thiol or S group and use a covalent bond with the Au to attach it. Though 

as-synthesized FePt nanoparitcles has disordered fcc crystal structure and are 

superparamagnetic in nature, they can be converted to L10 phase which is ferromagnetic after 

annealing at 400 °C. 

Another potential application, for which FePt nanoparticles are the most suitable 

candidates, is recording media. Magnetic recording technology has made tremendous gains in 

data storage density, partly by scaling down the grain size of thin-film media. However, further 

scaling to support future increases will bring the grain sizes near the superparamagnetic limit. 

This has led to a search for new materials and new microstructures for magnetic recording. The 
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magnetocrystalline anisotropy of these materials must be high enough to prevent thermal decay 

of written information on magnetic recording media. The FePt-base nanostructured materials 

are excellent candidates because of their good chemical stability and high magnetocrystalline 

anisotropy (~107 erg/cc) observed in the ordered intermetallic phase.142,143 This large crystalline 

anisotropy allows for thermally stable grain diameters down to 2.8 nm. The synthesis and 

characterization of a well-organized magnetic array of such particles can contribute to the 

design of a magnetic medium capable of recording densities beyond 1 Tb/in2.144,145 The 

challenges to realize this Tb/in2 goal are to make uniform high-coercivity FePt nanoparticles and 

nanoparticle assemblies with controlled assembly thickness, surface roughness, and 

mechanical robustness.  

A report by Sun et al. has generated considerable interest in the use of self-assembled 

FePt nanoparticles for ultrahigh-density recording media.71 These nanoparticles are coated with 

an organic surfactant and can be dispersed in hydrocarbon solvents. When the dispersions are 

cast onto solid substrates and the solvent evaporates, and these nanoparticles self-assemble 

into ordered two- or three-dimensional arrays. However, as-synthesized FePt nanoparticles are 

of disordered fcc structure and should be annealed at above 500 oC to convert to ordered L10 

structure that has high magnetocrystalline anisotropy.71 From a practical viewpoint, such high 

temperature processing is unsuitable for mass-production of magnetic recording media. In 

addition, at this temperature, the surfactant protecting nanoparticle decomposes which results in 

particle sintering and grain growth, leading to wide size distributions and deterioration of the 

monodispersity and nanomorphology of the particles.146 This breakdown is highly detrimental for 

maintaining ultra-high density bit cell sizes. Several methods have been developed to produce 

thin particle films with controlled thicknesses that are more resistant to sintering during 

annealing. Sun and coworkers have used a layer-by-layer deposition process in which 

monolayers of FePt nanoparticles are separated by a polymer layer, reducing sintering and 

allowing accurate control of the coating thickness.147,148 Momose et al. have used spin coating 
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to produce uniform films with controllable thickness.149 By adjusting the spin conditions with 

excess surfactant in the dispersion, they were able to substantially reduce sintering during the 

annealing process. Yu et al. have used an amino-functional silane coupling layer to anchor the 

FePt nanoparticles to a silicon surface.150 No significant sintering occurred after annealing at 

800 oC; however, chemical ordering to the L10 phase was weak, suggesting a possible 

connection between sintering or particle size and degree of order.151 

Our approach has been directed towards reducing the ordering temperature of this 

alloy, thereby reducing the annealing temperature and thermal energy for sintering.152-158 

Kitakami et al. found that the addition of Sn, Pb, Sb, Bi, Au and Ag into sputtered CoPt thin films 

promotes a disordered–ordered transformation, resulting in an appreciable reduction of the 

temperature for ordering.159,160 They also stated that the ordering is promoted by defects 

produced by the additives during annealing, because those additives have very low surface 

energy and are easy to segregate.161 Additive Au have been found to be effective in sputtered 

FePt films to decrease the ordering temperature.162 FePd is a well-known high-anisotropy L10 

material, and additive Cr is used extensively in magnetic thin film media for grain isolation. In 

the second part of chapter we also report a composition controlled synthesis of Au doped FePt 

nanoparticles. It has been found that by tuning the concentration of Fe, Pt and Au in 

FexPtyAu100-x-y nanoparticles, the phase transition temperature can be reduced by more than 

200 oC without sacrificing saturation magnetization of FePt nanoparticles.  

6.2 Experimental 

6.2.1 Synthesis of FePt/Au Core/Shell Nanoparticles 

FePt/Au core/shell nanoparticles were synthesized using seed-mediated approach 

which consists of a synthesis of FePt nanoparticles and then Au coating over FePt 

nanoparticles. 8 nm FePt nanoparticles, which were used as seeds, were prepared via 

reduction of Pt(acac)2 and decomposition of Fe(CO)5 under argon gas. FePt nanoparticles were 

then taken as seeds and an Au shell was grown over it by reductive decomposition of 
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Au(CH3CO2)3 in presence of surfactants. The key parameter of producing Au coating over FePt 

nanoparticles is the type of solvent used for the synthesis of FePt nanoparticles. Different 

solvents were used for FePt nanoparticles synthesis and it was found that FePt surface can be 

homogeneously coated with Au shell only if FePt nanoparticles are synthesized using benzyl 

ether as solvent. In case of other solvents either coating did not take place or FePt 

nanoparticles were not homogeneously coated. An outline of the reaction route is presented in 

the Figure 6.2. 

 

 

 

 

 

 

Figure 6.2 Schematic showing synthesis of FePt/Au core/shell nanoparticles. 

 

To prepare 8 nm FePt nanoparticles, similar recipe as mentioned in section 3.2 was 

used. 5 mL of hexane dispersed 8 nm FePt nanoparticles (approximately 30 mg), Au(CH3CO2)3 

(0.13 mmol, 50 mg), 1,2-hexadecanediol (0.69 mmol, 180 mg), benzyl ether (15 mL), oleic acid 

(6.2 mmol, 2.0 mL) and oleylamine (5.9 mmol, 2.0 mL) were added into the 125 mL flask 

containing a magnetic stir bar under Ar gas flow. The flask was heated up to 100 ºC and held 

for 10 min to evaporate the hexane, then heated up to 190 ºC with heating rate of 1 ºC/min and 

refluxed at this temperature for 15 h. The solution started changing color from black to dark red 

at around 150 ºC, suggesting the nucleation of Au nanoparticles. After 15 h of reflux, the 

solution was cooled down to room temperature under Ar gas flow. The dark red FePt/Au 

core/shell nanoparticles were precipitated by adding 30 mL of ethanol and separated by 

centrifugation at 6000 rpm for 20 min. The product was washed three times using mixture of 
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hexane and absolute ethanol (10 mL hexane and 35 mL ethanol) and finally the precipitated 

particles were dispersed in 15 mL of hexane. 

6.2.2 Phase Transfer of FePt/Au Core/Shell Nanoparticles 

15 mL of hexane dispersed FePt/Au core/shell nanoparticles capped with oleic acid and 

oleyl amine ligands were mixed with 15 mL of hexane and 15 mL of octane in a 50 mL 

centrifuge tube. 5.0 mL of a saturated solution of 11-mercaptoundecanoic acid in 

cyclohexanone were added into the tube and the tube was placed in an ultrasonication water 

bath. After 10 min of ultrasonic, the dark red solution was separated by centrifugation at 6000 

rpm for 20 min. The particles were rinsed first with cyclohexanone, then ethanol, and finally with 

acetone until the supernatant were clear. After each wash, the particles were centrifuged at 

6000 rpm for 20 min and redispersed with a minimal amount of cyclohexanone. The particles 

were then added to a vial filled with 5 mL of distilled water and 1 mL of ammonium hydroxide 

(NH4OH). After shaking, a dark red dispersion of the FePt/Au core/shell particles in water was 

obtained. 

6.2.3 Synthesis of FePtAu Nanoparticles 

FexPtyAu100-x-y nanoparticles were prepared by the polyol method reported by Kang et. 

al.155 with slight modification. All the reactions were carried out using standard schlenk line 

technique. In brief, 0.5 mmol of platinum acetylacetonate (Pt(acac)2) and designated amount of 

gold acetate (Au(ac)3) were added to 125 mL flask containing a magnetic stir bar and mixed 

with 10 mL of phenyl ether. After purging with argon for 30 min at room temperature, the flask 

was heated up to 80 ºC. Then, 0.5 mmol oleic acid, 0.5 mmol oleyl amine, and designated 

amount of iron pentacarbonyl (Fe(CO)5) were added and then the solution was refluxed for 30 

min before cooling down to room temperature. There was no additional reducing agent added in 

the reaction since the reduction potential of Au and Pt is too low, therefore Pt(acac)2 and 

Au(ac)3 can be reduced by oleyl amine itself.163,164 The black product from the synthesis was 

precipitated by adding ethanol and separated by centrifugation and redispersed in hexane.  
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6.2.4 Purification, Annealing and Characterization of FePt/Au and FePtAu Nanoparticles 

After being washed in ethanol three or more times, the FePt/Au and FePtAu 

nanoparticles were dispersed in hexane and stored in glass bottles under refrigeration. To 

prepare TEM samples, a drop of the nanoparticle dispersion solution in octane was put on the 

formvar side of a 300-mesh carbon coated copper TEM grid. The solvent was allowed to 

evaporate slowly in air and the nanoparticles self assembled on the grid. Samples for magnetic 

characterization were prepared by depositing a drop of the final hexane dispersion on a 3x3 

mm2 silicon substrate, evaporating the solvent at room temperature, and further drying in 

vacuum, which led to the formation of FePt/Au and FePtAu nanoparticle-assembled thin films.  

The FePt/Au samples were annealed at 400 °C for 1 h under the flow of forming gas (Ar+7%H2) 

in a tube furnace while the FePtAu samples were annealed from 300 to 500 °C for 1 h in same 

reducing atmosphere. 

The morphology and crystalline structure were characterized by scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), and x-ray diffraction (XRD). The 

composition of the samples was checked by energy dispersive x-ray (EDX) analysis in SEM and 

TEM. Magnetic properties were measured with superconducting quantum interference device 

(SQUID) magnetometer with a maximum applied field of 70 kOe. The TEM images were 

recorded on a JEOL 1200 EX electron microscope at an accelerating voltage of 120 kV. Powder 

X-ray diffraction (XRD) spectra were recorded on a Philips MPD diffractometer with a Cu Kα X-

ray source (ì ) 1.5405 Å). For FePt/Au nanoparticles, particle morphology, crystal structure and 

composition were also analyzed by high-resolution transmission electron microscope (HRTEM) 

with selected area electron diffraction (SAED), nano-beam diffraction (NBD), nano energy 

dispersive spectroscopy (nano-EDS). HRTEM analysis was done at University of Alabama and 

images were recorded on a JEOL 4000 electron microscope at an accelerating voltage of 400 

kV. Ultra violet-Visible spectroscopy (UV-Vis) was used to determine the plasmon absorption 

band of Au nanoparticles.  
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6.3 Results and Discussion 

6.3.1 Micro-structural Characterization on FePt/Au Core/Shell Nanoparticles 
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Figure 6.3 (a) TEM image and (b) the size distribution graph of FePt seed nanoparticles, (c) 
TEM image and (d) the size distribution graph of FePt/Au core/shell nanoparticles. The Au shell 

thickness was estimated to be ~1 nm. 
 

Figure 6.3(a) shows the transmission electron microscope (TEM) image of 

monodisperse FePt nanoparticles and Figure 6.3(b) shows the size distribution graph of FePt 

nanoparticles taken as seeds, indicating 8 nm as an average size with narrow size distribution. 

Figure 6.3(c) and 6.3(d) show the TEM image and the size distribution graph of FePt/Au 
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core/shell nanoparticles. TEM analysis on FePt seed nanoparticles and FePt/Au core/shell 

nanoparticles revealed that the particle size increased from 8 nm of FePt particles to ~10 nm 

after Au shell was developed over the FePt core nanoparticles. It can also be seen that the 

particles contrast has been changed with increasing of particle size, suggesting that the surface 

morphology of FePt nanoparticles has been changed by Au coating.FePt/Au core/shell 

nanoparticles were further characterized by high-resolution TEM (HRTEM). As shown in Figure 

6.4(a), the HRTEM image of FePt seed nanoparticles clearly shows the interfringe spacing of 

0.224 nm and 0.196 nm, corresponding to the interplane distance of (111) and (200) planes in 

face centered cubic (fcc) FePt. In comparison, as shown in Figure 6.4(b) and 6.5(a), the 

HRTEM analysis on the shell region of FePt/Au core/shell nanoparticles revealed the interfringe 

spacing of 0.232-0.236 nm which is indexed as (111) plane in fcc Au, indicating the  
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Figure 6.4 HRTEM image of (a) FePt nanoparticles with interfringe spacing of 0.224 nm (111) 
and 0.196 nm (200), and (b) FePt/Au core/shell nanoparticles with interfringe spacing of 0.236 

nm (Au (111) of the shell region. 
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Figure 6.5(a) HRTEM image of FePt/Au core/shell nanoparticles with interfringe spacing of Au 
(111) in the shell region and (b) XRD patterns of FePt and FePt/Au core/shell nanoparticles. 
 

FePt nanoparticles are successfully coated with crystalline Au shell.165 Nevertheless, 

the interfringe of core region of FePt/Au core/shell nanoparticle is difficult to index due to the 

overlapping of fringes between FePt core and Au shell. This further suggested that FePt 

nanoparticles are completely encapsulated inside Au shell. X-ray diffraction patterns of FePt/Au 

core/shell nanoparticles shows the co-existence of FePt and Au peaks (Figure 6.5(b)), and 

further suggested the core/shell structure. 
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Figure 6.6 (a) TEM image and (b) SAED pattern for group of FePt/Au core/shell nanoparticles, 

(c) HRTEM image and (d) NBD pattern for single FePt/Au core/shell nanoparticle. 
 

The diffraction studies including selected area electron diffraction (SAED) and nano-

beam diffraction (NBD) further confirmed that FePt nanoparticles are coated with crystalline Au 

shells. The SAED pattern of group of particles show both the fcc Au and fcc FePt diffraction 

rings in the selected area (Figure 6.6(a) and 6.6(b)), implying the coexistence of FePt/Au 

core/shell nanoparticles. The NBD analysis on single particle shows the diffraction spots of FePt 

and Au (Figure 6.6(c) and 6.6(d)), suggesting the Au coating on FePt particle and single 

crystalline nature of the particle. Moreover, the nano-EDS spectrum confirmed the existence of 

Fe, Pt and Au elements in single FePt/Au core/shell nanoparticle (Figure 6.7). 
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Figure 6.7 Nano-EDS spectrum of single FePt/Au core/shell nanoparticle. 

 

6.3.2 Optical and Magnetic Properties of FePt/Au Core/Shell Nanoparticles 

The small Au nanoparticles have a strong absorption band in the visible region, known 

as the surface plasmon.166 For the FePt/Au core/shell nanoparticles, the surface plasmon band 

shows red-shift compared to the pure Au nanoparticles as shown in Figure 6.8, implying that the 

surface of Au nanoparticles has been changed after coating. In comparison, FePt nanoparticles 

do not show any characteristic absorption in the selected region. It is well known that Fe3O4/Au 

core/shell nanoparticles show the similar absorption band shift due to the morphology change 

induced by Au coating.137,138 

Figure 6.9(a) shows the hysteresis loops of as-synthesized and annealed FePt/Au 

core/shell nanoparticles. Since the as-synthesized FePt nanoparticles have the disordered fcc 

phase which is super-paramagnetic at room temperature, the as-synthesized FePt/Au core/shell 

nanoparticles also show the super-paramagnetic loop. However, after annealing in forming gas 

(93% Ar + 7% H2) at 400 °C for 1h, FePt/Au core/shell nanoparticles show coercivity of ~2 kOe, 

suggesting that FePt has transferred from disordered fcc phase to ordered L10 phase which has 
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strong magnetic anisotropy. In Figure 6.9(b), TEM image of FePt/Au core/shell nanoparticles 

after annealing shows that there is no significant agglomeration in the FePt/Au nanoparticles.  

 

 
 

 

 

 

 

 

 

 

 

Figure 6.8 UV-Vis absorption spectra of FePt, Au and FePt/Au core/shell nanoparticles.  
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Figure 6.9 (a) Hysteresis loops of as-synthesized FePt/Au core/shell nanoparticles and 
annealed particles at 400 ºC for 1 h in forming gas. (b) TEM image of FePt/Au core/shell 

nanoparticles after annealing at 400 ºC for 1 h in forming gas.  
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6.3.3 Water Soluble FePt/Au Core/Shell Nanoparticles for Biomedical Applications 

Water solubility of the nanoparticles is desired for bio-medical applications. The water 

solubility of the nanoparticles was achieved by replacing the capping ligands, oleic acid and 

oleyl amine, on the surface of FePt/Au core/shell particle with 11- mercaptoundecanoic acid. 

After the ligands exchange, the core/shell nanoparticles became water soluble since the outer 

hydrophilic group of the surfactant molecule dissolves the nanoparticles in water while –SH 

group attached on the Au shell and stabilize the nanoparticles. An outline of the ligands 

exchange leading to water solubility of nanoparticle is shown in Figure 6.10. Figure 6.11 shows 

the photograph of the FePt/Au core/shell nanoparticles dispersed in (A) hexane and (B) water. 

 

 

 

 

 

 

 

Figure 6.10 Schematic of preparation of water soluble FePt/Au core/shell nanoparticles. 

 

 

 

 

 

 

 

 

Figure 6.11 Photograph of the FePt/Au core/shell nanoparticles dispersed in (a) hexane and (b) 
water. 

 105



 

6.3.4 Micro-structural Analysis of FePtAu Nanoparticles 

Figure 6.12 shows a TEM image of the as-synthesized Fe42Pt41Au17 nanoparticles. The 

reason to choose this particular composition for FePtAu nanoparticles has been explained later 

in section 6.3.5.1. The TEM image reveals that the particles were of size 3.5 nm and 

monodisperse with a  

 

 

 

 

 

 

Figure 6.12 TEM image of as-synthesized Fe42Pt41Au17 nanoparticles (the scale bar                  
is for 20 nm). 

narrow size distribution. Figure 6.13(a) shows the XRD patterns of as-synthesized Fe51Pt49 and 

Fe42Pt41Au17 nanoparticles. The peak positions and intensity ratio of both samples match well 

with disordered fcc structure of FePt. However, It is seen that the (111) peak of Fe42Pt41Au17 

nanoparticles was shifted to low angle in comparison to Fe51Pt49 nanoparticles, indicating the 

lattice expansion of FePt nanoparticles after the addition of Au. The resulted lattice expansion of 

Fe42Pt41Au17 nanoparticles was due to the larger atomic volume of Au (10.2 cm3/mol) than that 

of Fe (7.1 cm3/mol) and Pt (9.1 cm3/mol).167 The particle size calculated for Fe42Pt41Au17 

nanoparticles using Scherrer’s formula47 is consistent with the TEM image. 
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Figure 6.13 XRD patterns of (a) as-synthesized Fe51Pt49 and Fe42Pt41Au17 nanoparticles          
(b) Fe42Pt41Au17 nanoparticles after annealing at temperatures from 300 oC to 500 oC. 

 

The disordered fcc Fe42Pt41Au17 nanoparticles have low magnetocrystalline anisotropy, 

and hence were superparamagnetic at room temperature. To obtain high uniaxial 

magnetocrystalline anisotropy, Fe42Pt41Au17 nanoparticles were annealed at temperatures 

between 300oC to 500oC. Figure 6.13(b) illustrates the XRD patterns of Fe42Pt41Au17   

nanoparticles annealed at different temperatures. Annealing induces the Fe and Pt atoms to 

rearrange into the long-range chemically ordered L10 phase. This phase transition from 

disordered fcc to ordered L10 depends on annealing temperature and can be seen as 

emergence of the superlattice (001) and (110) peaks and the shift of the (111) peak to high 

angle with increasing annealing temperature. Careful examination of the curves in Figure 

6.13(b) shows that very weak peaks for the L10 FePt phase started appearing after heat 

treatment at 300 °C, indicating that partial ordering began around this temperature. This 

temperature, however, is more than 200 °C below that required for self-assembled FePt 

nanoparticles with no additive which indicates the transition temperature of fcc to L10 FePt 

phase decreased more than 200 °C due to the presence of Au.71 It can be also seen that with 
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increasing annealing temperature, the intensity of the superlattice peaks became stronger; 

indicating that increase of annealing temperature favors the phase transition. The appearance 

of (111) peak of Au was also observed with increasing annealing temperature as reported 

previously.164,167   

 

 

Figure 6.14 Dependence of (a) (111) Lattice spacing and (b) ordering parameter on annealing 
temperature for Fe51Pt49 and Fe42Pt41Au17 nanoparticles. 

 

The plots in Figure 6.14(a) compare values of the (111) lattice spacing for Fe51Pt49 and 

Fe42Pt41Au17 nanoparticles as a function of annealing temperature. The lattice spacing for 

Fe42Pt41Au17 nanoparticles approaches the bulk value for L10 FePt (d111 = 2.197 Å) at a lower 

annealing temperature after introducing gold, indicating the phase transition was promoted by 

the addition of gold. Figure 6.14(b) illustrates the ordering parameter as a function of annealing 

temperature for Fe51Pt49 and Fe42Pt41Au17 nanoparticles. The ordering parameter (S) which is 

an indicator of percentage of ordered phase was calculated as   

S = (I001/ I002)0.85 

where I001 and I002 are intensities of peak (001) and (002), respectively in XRD patterns of 

annealed FePt and FePtAu nanoparticles. At each annealing temperature, the ordering 

parameter of the Fe42Pt41Au17 nanoparticles is found larger than that of the Fe51Pt49 
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nanoparticles which also indicated that ordering in Fe42Pt41Au17 nanoparticles was promoted 

due to the presence of gold. 

6.3.5 Magnetic Properties of FePtAu Nanoparticles 

6.3.5.1 Effect of Au Concentration  

Table 6.1 Composition and magnetic properties of FexPtyAu100-x-y nanoparticles with increasing 
concentration of Au. 

 

Fe(CO)5 

(mmol) 

Pt(acac)2 

(mmol) 

Au(ac)3 

(mmol) 

Composition of 

FexPtyAu100-x-y 

Coercivity   after 

annealing at 

500 oC  (kOe) 

Saturation Magnetization 

after annealing at 500 oC  

(emu/g) 

1.0 0.5 0.0 Fe51Pt49 2.0 50 

1.0 0.5 0.1 Fe46Pt45Au9 3.3 43 

1.0 0.5 0.15 Fe44Pt43Au13 6.9 38 

1.0 0.5 0.2 Fe42Pt41Au17 13 33 

1.0 0.5 0.25 Fe38Pt37Au25 7.5 27 

1.0 0.5 0.3 Fe35Pt35Au30 3.5 21 

 

Table 6.1 shows the synthetic conditions of the Au-doped FePt nanoparticles. In the 

first series of experiments, the molar concentration of Fe and Pt precursors were kept constant 

while molar concentration of Au precursor was varied. Effort was made to control the atomic 

ratio of Fe to Pt close to unity in FexPtyAu100-x-y nanoparticles. The as-synthesized equi-atomic 

FePt nanoparticles with different atomic percent of Au additive were annealed at 500 oC and 
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their corresponding coercivity and saturation magnetization was measured. As shown in the 

table, initially the coercivity of FexPtyAu100-x-y nanoparticles increased with increasing 

concentration of Au and the maximum coercivity of 13 kOe was obtained for FePt nanoparticles 

having 17 atomic percent of Au.  In comparison, pure Fe51Pt49 nanoparticles yielded only 2 kOe 

of coercivity when annealed at the same temperature. However, the coercivity of the 

FexPtyAu100-x-y nanoparticles was found to decrease when Au concentration was increased 

above 17 atomic percent.  On the other hand, unlike the coercivity trend, the magnetization 

monotonously decreased with increase of Au content owing to the diamagnetic nature of Au. It 

is clearly seen from the table that, Fe42Pt41Au17 nanoparticles have the highest coercivity, and 

hence was selected for detail micro-structural characterization as shown in section 6.3.4.  

6.3.5.2 Effect of Fe Concentration   

Table 6.2 Composition and magnetic properties of FexPtyAu100-x-y nanoparticles with increasing 
concentration of Fe. 

Fe(CO)5 

(mmol) 

Pt(acac)2 

(mmol) 

Au(ac)3 

(mmol) 

Composition of 

FexPtyAu100-x-y 

Coercivity   after 

annealing at 

500 oC  (kOe) 

Saturation Magnetization 

after annealing at 500 oC  

(emu/g) 

1.0 0.5 0.2 Fe42Pt41Au17 13 33 

1.2 0.5 0.2 Fe46Pt39Au15 14.8 39 

1.4 0.5 0.2 Fe51Pt36Au13 18 47 

1.6 0.5 0.2 Fe55Pt33Au12 15.5 53 

1.8 0.5 0.2 Fe60Pt30Au10 4.5 61 
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To complete the loss in saturation magnetization caused by Au doping, 

Fe concentration in FexPtyAu100-x-y nanoparticles was increased.  Table 6.2 shows composition 

and magnetic properties of the samples in which the molar concentration of Pt and Au 

precursors were kept identical to that used to synthesize Fe42Pt41Au17 nanoparticles (Table 6.1) 

while the molar concentration of Fe precursor was varied. As the amount of Fe precursor was 

increased in the synthesis, increase in ratio between Fe and Pt while decrease in Au content 

was observed in the composition of FexPtyAu100-x-y nanoparticles. The coercivity and saturation 

magnetization values given in Table 2 were obtained from FexPtyAu100-x-y nanoparticles 

annealed at 500 oC. As expected, the saturation of FexPtyAu100-x-y nanoparticles was increased 

with increasing amount of Fe in their composition. It was interesting to observe that along with 

the saturation magnetization, the coercivity of FexPtyAu100-x-y nanoparticles also increased with 

increasing concentration of Fe and maximum coercivity of 18 kOe was obtained from 

Fe51Pt36Au13 nanoparticles. However, it is not clear how the increase in Fe-content enhanced 

the coercivity. Nevertheless, further increase of Fe concentration (above 51%) resulted in 

decrease of coercivity as shown in Table 6.2. 

6.3.5.3 Effect of Annealing Temperature 

Figure 6.13(a) shows the dependence of coercivity on annealing temperature of 

Fe51Pt49, Fe44Pt43Au13 and Fe51Pt36Au13 nanoparticles. Similar concentration of Au was chosen 

in both the Au-doped FePt nanoparticles for comparison. It is very clear from the figure 6.15(a) 

that the coercivity of FePt, Fe44Pt43Au13 and Fe51Pt36Au13 nanoparticles increases with 

increasing annealing temperature. It can also be seen from the Figure 6.15(a) that at the same 

annealing temperature, the coercivity of Fe44Pt43Au13 nanoparticles was higher than Fe51Pt49 

nanoparticles and was further increased by increasing Fe/Pt atomic ratio from 1 (Fe44Pt43Au13)  

to 1.4 (Fe51Pt36Au13) keeping atomic percent of Au constant. The coercivity of Fe51Pt36Au13 

nanoparticles after annealing at 300 oC was 2.6 kOe while the coercivity of Fe51Pt49 

nanoparticles was negligible at this temperature. To achieve similar coercivity in Fe51Pt49 
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nanoparticles, the particles have to be annealed above 500 oC.71 This is the second proof that 

for the Fe51Pt36Au13 nanoparticles, the phase transition temperature from fcc to L10 structure 

was reduced by more than 200 °C.  

 

Figure 6.15(a) Coercivity dependence of Fe51Pt49, Fe42Pt41Au17, and Fe51Pt36Au13 nanoparticles 
on annealing temperature. (b) Hysteresis loops of Fe51Pt49, Fe44Pt43Au13 and Fe51Pt36Au13 

nanoparticles after annealing at 500 oC for 1 hour in forming gas. 

 

Figure 6.15(b) shows the hysteresis loops of Fe51Pt49, Fe44Pt43Au13, and Fe51Pt36Au13 

nanoparticles after annealing at 500 oC for 1 h in forming gas. As shown in the figure, the 

coercivity of Fe44Pt43Au13 nanoparticles is higher than that of Fe51Pt49 nanoparticles; however 

the saturation magnetization is lower. In comparison, the saturation magnetization of 

Fe51Pt36Au13 nanoparticles was close to Fe51Pt49 nanoparticles while the coercivity was 

significantly higher than both Fe44Pt43Au13 and Fe51Pt49 nanoparticles. These results clearly 

show that by tuning the stoichiometry of the FexPtyAu100-x-y nanoparticles, Au doping enhances 

the coercivity of FePt nanoparticles without sacrifice of saturation magnetization. 
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6.3.5.4 Real Effect of Doping 

It has been reported previously168 that addition of Au in FePt nanoparticles decreases 

the ordering temperature; however it promotes the grain growth during heat treatments due to 

the low surface energy of Au. Since grain growth of FePt nanoparticles during annealing also 

promotes the chemical ordering, it was not clear whether the decrease in ordering temperature 

was due to Au doping or due to the enhanced grain growth during annealing. Figure 

6.16(a) shows the grain size of Fe51Pt49 and Fe51Pt36Au13 nanoparticles as a function of 

annealing temperature. The grain size was calculated from the XRD curves of annealed 

nanoparticles using Scherrer’s formula.47 It can be seen that the grain size of Fe51Pt36Au13 

nanoparticles is larger than that of Fe51Pt49 nanoparticles at similar annealing temperatures 

which indicates that presence of Au promoted the grain growth in Fe51Pt36Au13 nanoparticles.  

To study the true effect of Au doping on the phase transition, coercivity vs. grain size was 

plotted for Fe51Pt49 and Fe51Pt36Au13 nanoparticles. It can be seen from the Figure 6.16(b) that 

the coercivity of Fe51Pt36Au13 was found higher than that for Fe51Pt49 particles for similar grain 

size which suggested that even though Au promoted the grain growth, the decrease in ordering 

temperature in Fe51Pt36Au13 nanoparticles was primarily due to the Au doping.   

Figure 6.16(a) Grain size dependence of Fe51Pt49, Fe42Pt41Au17, and Fe51Pt36Au13 nanoparticles 
on annealing temperature. (b) Correlation of particle size and coercivity for Fe51Pt49, 

Fe44Pt43Au13 and Fe51Pt36Au13 nanoparticles. 
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6.4 Conclusion 

FePt/Au core/shell nanoparticles have been successfully synthesized using seed 

mediated chemistry where FePt nanoparticles were used as seeds and Au shell was coated by 

reduction of gold acetate. The HRTEM with SAED and NBD analysis confirmed the core/shell 

structure of FePt/Au core/shell nanoparticles. The UV-Vis measurement revealed that FePt/Au 

core/shell nanoparticles show a red shift of surface plasmon absorption band compared to pure 

Au nanoparticles. The FePt/Au core/shell nanoparticles show ferromagnetism after annealing at 

optimum temperature. These FePt/Au core/shell nanoparticles can be further functionalized with 

DNA, protein and/or other bio-molecules and can serve as a potential nanoplatform for bio-

labeling, magnetic separation and bio-sensors. 

Also, FexPtyAu100-x-y nanoparticles have been prepared by polyol reduction of platinum 

acetylacetonate and gold acetate and thermal decomposition of iron pentacarbonyl. The as-

synthesized nanoparticles have their size of 3.5 nm with disordered fcc structure. Upon 

annealing, the particles transform to ordered L10 structure with high magnetocrystalline 

anisotropy. After annealing the samples at 500 °C, the highest coercivity of 18 kOe was 

obtained from the Fe51Pt36Au13 nanoparticles which is substantially higher compared to 2 kOe 

from Fe51Pt49 nanoparticles annealed at the same temperature. It is found that with right 

stoichiometry of the FexPtyAu100-x-y nanoparticles, the phase transition temperature can be 

reduced by more than 200 °C. The similar values of saturation magnetization of 

Fe51Pt36Au13 and Fe51Pt49nanoparticles imply that Au doping enhances the coercivity without 

almost any sacrifice in saturation magnetization. The higher coercivity of Fe51Pt36Au13 than that 

of Fe51Pt49 particles for similar grain size suggests that the increase in coercivity was primarily 

due to Au doping. These nanoparticles can be very useful in recording media since they can be 

converted from superparamagnetic to ferromagnetic at temperatures as low as 300 °C where 

almost no sintering occurs among nanoparticles.  
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

 

Monodisperse FePt nanoparticles with controlled size and geometry have drawn great 

attention in the last decade for fundamental scientific studies and for their potential applications 

in advanced materials and devices such as ultra-high-density magnetic recording media, 

exchange-coupled nanocomposite magnets, biomedicines and nanodevices. This dissertation 

focuses on the synthesis, characterization and their potential applications.  

The FePt nanoparticles of different size (2 to 16 nm) and shape (spherical, cubic, rod) 

were synthesized by a simultaneous thermal decomposition of iron pentacarbonyl (Fe(CO)5) 

and chemical reduction of platinum acetylacetonate (Pt(acac)2) in presence of surfactants (oleic 

acid and oleyl amine). The size and shape of these particles were controlled by tuning 

surfactants and their concentration, type of solvents, nature of precursors, and heating rate. The 

as-synthesized FePt nanoparticles have chemically disordered fcc structure and are 

superparamagnetic at room temperature. Upon heat treatment the nanoparticles were 

transformed into ordered L10 structure, and high coercivity up to 27 kOe was achieved. 

Magnetic properties of the annealed FePt nanoparticles including magnetization and coercivity 

were strongly dependent on particle size, shape, composition and annealing temperature.  

FePt/Fe3O4 bimagnetic nanoparticles with two different morphologies, core/shell and 

heterodimer have been prepared in a one or two-step synthesis. The morphology of the 

nanoparticles was controlled by changing solvent in the synthesis. Size of the FePt particles 

was tuned from 4 to 8 nm and the size of Fe3O4 was tuned from 1 to 3 nm in the core/shell 

particles and 5 to 10 nm in the heterodimers. After being annealed in a reducing atmosphere, 

the FePt/Fe3O4 nanoparticles form a hard magnetic nanocomposite films with enhanced 

 115



 

magnetic properties, which are closely related to dimensions of the soft and hard phase 

components and their morphology. The heterodimer nanoparticles resulted in relatively poor 

magnetic properties compared to the core/shell nanoparticles due to insufficient exchange 

coupling. By optimizing the dimensions of the FePt (8nm) and Fe3O4 (2nm) in core/shell 

bimagnetic nanoparticles, energy product up to 17.8 MGOe has been achieved.  

8nm/2nm FePt/Fe3O4 core/shell and 8nm FePt + 4nm Fe3O4 mixed nanoparticles with 

similar magnetic properties were compacted under 2.0 GPa at 400 °C, 500 °C and 600 °C. A 

density up to 84% of the full density was achieved. The fcc FePt phase was changed to L12 

FePt phase during the compaction while Fe3O4 phase still existed. After annealing at 650 °C in 

forming gas, the FePt/Fe3O4 compacted samples were converted into L10 FePt/Fe3Pt magnetic 

nanocomposites. The nanoscale morphology was retained before and after annealing for both 

core/shell and mixed nanoparticles bulk samples. After annealing, the highest energy product in 

the bulk samples was 18.1 MGOe based on the theoretical density which is 39.2% higher than 

the theoretical limit of 13 MGOe for the single phase isotropic FePt magnets. It was found that 

the bulk samples made from core/shell nanoparticles compacted samples had more effective 

exchange coupling and hence higher energy products than the samples made from mixed 

nanoparticles.  

FePt/Au core/shell nanoparticles were successfully synthesized using seed mediated 

chemistry where FePt nanoparitcles were used as seeds and Au shell was coated by reduction 

of gold acetate. The HRTEM with SAED, NBD analyses, UV-Vis measurement confirmed the 

presence of Au shell on surface of FePt nanoparticles. The as-synthesized FePt/Au core/shell 

nanoparticles were superparamagnetic and converted to ferromagnetic after annealing at 400 

ºC in forming gas without any significant sintering. FePt/Au particles were dispersed in water to 

make them usable for biomedical applications.  

FePtAu nanoparticles were prepared by doping Au into FePt nanoparticles during the 

synthesis. The as-synthesized FePtAu nanoparticles had disordered fcc structure and their size 
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was 3.5 nm. Upon annealing, the particles transformed to ordered L10 structure. It is found that 

with right stoichiometry of the FexPtyAu100-x-y nanoparticles, the phase transition temperature 

was reduced by more than 200 °C. After annealing at 500 °C, the highest coercivity of 18 kOe 

was obtained from the Fe51Pt36Au13 nanoparticles which was substantially higher compared to 2 

kOe from Fe51Pt49 nanoparticles annealed at the same temperature. The similar values of 

saturation magnetization of Fe51Pt36Au13 and Fe51Pt49nanoparticles indicated that the increase 

in coercivity was made without sacrifice in saturation magnetization. 
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APPENDIX A 

INTRINSIC PROPERTIES OF SELECTED MAGNETIC MATERIALS 
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Table A.1 Intrinsic properties of selected magnetic materials.169 
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APPENDIX B 

CONVERSION FACTORS FOR COMMON MAGNETIC TERMS IN CGS AND SI UNITS
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Table B.1 Conversion factors for common magnetic terms in CGS and SI units.59 
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APPENDIX C 

CRYSTRAL STRUCTURE OF FERRITE 
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Figure C.1 Schematic model of the spinel unite cell structure.170 The spinel structure has two 
cation sites: the tetrahedrally coordinated A sites and the octahedrally coordinated B sites. For 

Fe3O4, the A and B positions are occupied by Fe3+ and Fe2+ cations, respectively. 
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APPENDIX D 

PHASE DIAGRAM OF FePt 
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Figure D.1 FePt phase diagram and schematic representation of structure transformation 
between fcc and L10 FePt. Orange circles represent Fe atoms and green circles represent Pt 

atoms in unit cells.171 
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APPENDIX E 

PROPERTIES OF HARD MAGNETIC MATERIALS 
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Table E.1 Properties of hard magnetic materials.51 
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APPENDIX F 

RESEARCH ACCOMPLISHMENTS 
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