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ABSTRACT 

 

PREPARATION AND CHARACTERIZATION OF HARD MAGNETIC 

NANOPARTICLES 

 

 

Publication No. ______ 

 

Daren Li, M. S. 

 

The University of Texas at Arlington, 2006 

 

Supervising Professor:  J. Ping Liu 

Hard-magnetic nanoparticles with uniform size distribution have attracted huge 

attention in the past several years because of their unique magnetic properties and 

potential for many applications such as high density recording media, exchange-coupled 

nanocomposite permanent magnets and biomedical applications. In this thesis, 

preparation and characterization of hard magnetic nanoparticles with different sizes are 

reported. Monodisperse FePt nanoparticles with face-centered cubic (fcc) structure were 

synthesized by chemical solution method and particle diameter was tuned from 2 to 15 

nm by varying reaction conditions. Monodisperse hard-magnetic FePt nanoparticles 
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with ordered face-centered tetragonal (fct) structure were prepared by the salt-matrix 

annealing technique. Morphological, structural, and compositional characterizations of 

the nanoparticles were performed by Transmission Electron Microscopy (TEM), high 

resolution TEM (HRTEM), X-Ray Diffractometer (XRD), and Inductively Coupled 

Plasma-Optical Emission Spectroscopy (ICP-OES) analyses. Magnetic properties of 

nanoparticles of different sizes were studied by Alternating Gradiant Magnetometer 

(AGM), Superconducting Quantum Interference Device (SQUID) magnetometer and 

Vibrating Sample Magnetometer (VSM). It has been found that particle size has 

significant effect on the characteristics of the fct FePt nanoparticles, such as long-range 

ordering parameter, coercivity and Curie temperature.  
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CHAPTER 1 

INTRODUCTION OF MAGNETISM AND  
MAGNETIC MATERIALS 

1.1 Introduction 

The word “magnet” means “the stone from Magnesia” in Greek and Magnesia is 

the name of a Greek province where Greeks found the magnetite. Later on, huge and 

extensive efforts have been made on the study of magnetism and magnetic materials. In 

1820, Oersted found that electric current could generate a magnetic field. The first 

electromagnet was then invented by Sturgeon five years later. Gauss, Maxwell and 

Faraday had significant contributions to theoretical magnetism. Curie and Weiss 

discovered the spontaneous magnetization and its relation with temperature. Bloch, 

Landau and Néel did systemic studies on magnetic domains. Magnetism is considered as 

an indispensable subject in science, engineering and technology, and magnetic materials 

are important components in wide applications of industries and medications. [1] 

Magnetism is a very well known branch of physics and it is defined as a 

phenomenon in which an attractive or repulsive force is exerted by matters. If this 

phenomenon is caused by the movement of electrons from the change of electric field, it 

is classified as electromagnetism. On the other hand, if it is caused by the subatomic 

motion of electrons in substances, it is called permanent magnetism. [2-3] Therefore, in 

general, magnetic phenomena are caused by the motion of electrons.   
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1.2 Atomic Theory of Magnetism 

All substances in nature are electronic, which means that all atoms are consist of 

positive and negative charges. The positive charges are called protons and the negative 

charges are called electrons. It is common knowledge that electric fields are caused 

spontaneously by electronic charges. However, as an integrally related aspect to 

electricity, magnetism is not caused by “magnetic” charges, which do not exist. Thus, the 

only source of magnetism is the relative motion of electronic charges. From the atomic 

point of view, there are two kinds of electronic motions, the orbital motion and the spin 

motion of electron. Figure 1.1 shows these two motions of electrons. The orbital motion 

is that an electron rotates around the nucleus and the spin motion is that an electron 

rotates around an axis that goes through its center. These two electron motions are the 

main source of most of the magnetic phenomena in substances. [1-6] 

   

 

electron  
orbit  

nucleus  

 

spin  
 

 

 

 

 

Figure 1.1 The motions of an electron on the orbit about the nucleus in an atom 
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1.3 Categories of Magnetism in Materials 

When magnetic field is applied on the materials, different interactions of atomic 

moments with the field occur for different materials. According to these different 

interactions with a magnetic field, we can put materials into different categories. In 

nature, they are classified in three major categories: diamagnetism, paramagnetism and 

ferromagnetism. Another two categories of weakly attractive materials are 

ferrimagnetism and antiferromagnetism.       

Figure 1.2 shows the ordering of magnetic moments in different magnetic 

materials. Except for classifying magnetic materials in how they react to an external 

magnetic field, we can also tell the difference from the magnetic ordering. The magnetic 

moments are oriented randomly in paramagnetic materials. Ferromagnetic materials have 

parallel-aligned magnetic moments. On the other hand, magnetic moments in 

antiferromagnetic and ferrimagnetic materials are both arranged in an antiparallel manner 

with the same and different magnitudes of moments, respectively.   
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Figure 1.2 Ordering of magnetic moments in magnetic materials 
 

The graphs of M or B versus H are called magnetization curves, which is another 

way to characterize the categories of magnetic materials. Figure 1.3 shows the 

magnetization curves of diamagnetic, paramagnetic and antiferromagnetic materials. All 

of these curves are linear with different signs of slopes, which give information about the 

susceptibility and permeability of the materials. Figure 1.4 shows the M-H curve of 

ferrimagnetic or ferromagnetic materials. The significant difference that distinguishes 

ferri- or ferromagnetic materials from others is that, firstly, a relatively larger 

magnetization is obtained when a small external magnetic field is applied. Secondly, the 

magnetization increases only very slightly when the applied field increases to a certain 

level, which is called saturation. From the curves, both susceptibility and permeability are 
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large and positive. Thirdly, the magnetization does not decrease to zero when the field 

decreases to zero, which indicates that ferri- and ferromagnetic materials have permanent 

magnetic moments.                                                              

    

 

 

 
 
 
 
 
 
 
 
 
 
 

paramagnetic or 
antiferromagneti
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diamagnetic 
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Figure 1.3 Magnetization curves of diamagnetic, paramagnetic and 
antiferromagnetic materials [6] 
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ferromagnetic 
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H  
Figure 1.4 Magnetization curves of ferrimagnetic or ferromagentic materials [6] 
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1.3.1 Quantities and Units in Magnetism 

Before we start the detail discussion about the different categories of magnetism 

in materials, let us get familiar with the common quantities and units in magnetism. A 

magnetic field can be created by a magnet or an electric current in the area around it. 

Magnetic field strength or intensity is usually described by H and the physical quantity 

that represents the effect of a magnet or current is the magnetic induction or magnetic 

flux density B. In CGS units, the units of B and H are gauss (G) and oersted (Oe), 

respectively and the relation between H and B is: 

 4π= +B H M  (1.1) 

where M is called magnetization or polarization which results from the two atomic 

motions mentioned above. Before defining M, we need to know the definition of 

magnetic moment m. Magnetic moment m is the moment of the torque exerted on the 

magnet when it is perpendicular to a uniform field of one Oersted. And magnetization M 

is the total magnetic moment m per unit volume and its unit is emu/cm3.  

 The quantity that measures the efficiency that an applied field induces a magnetic 

dipole is called susceptibility, 

 χ =
Μ
Η

 (1.2) 

And the ratio of B to H is called permeability, which indicates how permeable the 

material is to the magnetic field. A material with a larger amount of flux density in its 

interior has a higher permeability. 

 µ =
B
H

 (1.3) 
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Using equation (1.1), (1.2) and (1.3), we can get, 

 1 4µ πχ= +  (1.4) 

which only holds in CGS system of units.  

1.3.2 Diamagnetism 

Theoretically, diamagnetism results from the Lenz’s law, which states that when 

an external magnetic field is applied on an electrical circuit, it induces in itself a current 

that is opposite in direction to the original current. This law also can be applied on 

electrons moving in an atomic orbit. When an increasing magnetic field is applied, the 

induced current decreases the orbital magnetic moment. Therefore, the differential 

susceptibility dM
dH

χ =  is negative. We call this phenomenon diamagnetism. [4-6] NaCl 

and CuO are the examples of diamagnetic materials. 

1.3.3 Paramagnetism 

Paramagnetic materials are those with non-zero magnetic moment on their atoms, 

ions or molecules. Thus, an applied magnetic field can align these moments to create a 

positive susceptibility. At the same time, diamagnetic phenomenon also occurs, but the 

atomic moments are much greater than the induced moments in magnitude. The inverse 

dependence of susceptibility on temperature in paramagnetism is known as Curie’s law. 

[1-6] 

 C
T

χ = =
M
H

 (1.5) 
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where C is a constant. Many salts of transition elements and some of the metals such as 

aluminum are of paramagnetism. Ferromagnetic and antiferromagnetic materials above a 

critical temperature of magnetic ordering also show paramagnetic behavior. 

1.3.4 Ferromagnetism 

Ferromagnetic materials are characterized by a spontaneous parallel alignment of 

atomic magnetic moments, such as iron, nickel and gadolinium. This alignment 

disappears when temperature is above a critical temperature that is called Curie 

temperature. In ferromagnetic materials, there is a non-zero magnetic moment even in the 

absence of an external magnetic field. In 1906, Weiss for the first time described the 

phenomenon of ferromagnetism by his molecular field theory. [3-4] According to his 

theory, each of the atomic moments is interacting with each other magnetically. The net 

interaction of all the moments causes an effective magnetic field, which is proportional to 

the magnetization. 

 E α=H M  (1.6) 

Then the total magnetic field comprising the external field is: 

 tot E α= + = +H H H H M  (1.7) 

Substituting equation (1.7) in equation (1.5), 

 (C
T

α= +M H M )  (1.8) 

Using the definition of susceptibility χ =
M
H

, 

 
c

C C
T C T T

χ
α

= = =
− −

M
H

 (1.9) 
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Equation (1.9) is called Curie-Weiss law with Tc = αC as the Curie temperature. It 

describes the temperature dependence of the susceptibility on temperature above Tc. 

When T = Tc, the susceptibility χ diverges, which means a none-zero M exits even when 

the applied magnetic field H is zero. This none-zero M is called spontaneous 

magnetization. When T > Tc, there is no spontaneous magnetization without applied 

magnetic field. However, a non-zero magnetization appears again under the influence of 

an external magnetic field and the susceptibility behavior of a ferromagnetic matter is 

analogous to that of a paramagnetic one. [1, 4-5]  

1.3.5 Antiferromagnetism and Ferrimagnetism 

In an antiferromagnetic material, there are neighboring atomic moments which 

have exchange coupling. This effect results in an antiparallel orientation of moments, 

which is exactly the opposite of ferromagnetic materials. Because of this antiparallel 

alignment of moments, the magnetization is zero and the susceptibility is small and 

positive. At a temperature above a critical point, the susceptibility of antiferromagnetic 

materials follows a paramagnetic behavior. The examples of antiferromagnetism include 

FeO, and Fe3Mn.  [1-6] 

Ferrimagnetic materials are similar to aniferromagnetic materials in which the 

coupling effect creates an antiparallel alignment of magnetic moments. However, 

differently from antiferromagnetic materials, the magnetic moments are not equal to each 

other so they do not cancel each other and a finite net moment exits, which is known as a 

spontaneous magnetization. Magnetites like FeO·(Fe2O3) and GdFe2 are of 

ferrimagnetism. [1-6] 
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1.4 Ferromagnetic materials 

Ferromagnetic materials are of great value due to their property of permanent 

magnets. Understanding of some important concepts and the classification of 

ferromagnetic materials according to their characteristics is very helpful for better 

applications. 

1.4.1 Concepts 

Curie temperature (Tc) - It is a critical temperature at which the thermal energy 

overcomes the exchange interaction between magnetic movements and results in 

randomization. At a temperature lower than the Curie temperature, the magnetic 

moments are oriented in a parallel manner, which results in spontaneous magnetization 

characterizing the property of permanent magnets. Above the Curie temperature, this 

parallel orientation of magnetic moments disappears and the material shows a similar 

behavior as paramagnetism. When this happens, the material will lose all the spontaneous 

magnetization. 

Magnetic domains - In theory, in a piece of ferromagnetic material below its 

Curie temperature, the exchange energy aligns all the atomic magnetic moments so that 

they act cooperatively to yield a macroscopic total magnetic moment. Nevertheless, this 

piece of ferromagnetic material usually has no magnetic moment with the absence of 

external magnetic field. In 1906, Weiss gave the solution to this puzzle. [3-4] He 

proposed that there are many small regions in the ferromagnetic materials, which have 

magnetic moments pointing to different directions. These small regions are called 

magnetic domains. By canceling out each other, the total magnetic moment remains 
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nearly zero. The boundaries between different domains are called domain walls, which 

are a result of competition of energies. [4-5]       

Magnetic Anisostropy - Magnetic anisotropy means the dependence of the 

magnetic properties on the direction in which they are measured. [3-4, 6] Magnetic 

properties such as magnetization and hysteresis are affected by the magnitude and type of 

the magnetic anisotropy. The energy associated with the alignment of magnetization due 

to magnetic anisotropy is called anisotropy energy and given by: 

 2sinaE K θ=  (1.10) 

where θ is the angel between Ms and the easy axis and K is the anisotropy constant. There 

are two important categories of magnetic anisotropy, magnetocrystalline anisotropy and 

shape anisotropy.  

Magnetocrystalline anisotropy is intrinsic to materials while all other types of 

anisotropy are induced by processing methods. In magnetocrystalline anisotropy, the 

magnetization tends to orient itself along a preferred crystallographic direction called the 

easy axis. The magnetocrystalline anisotropy energy can be defined as the energy 

difference between samples magnetized along easy and hard directions. One example of 

magnetocrystalline anisotropy like iron and nickel is shown in figure 1.5. The easy axis 

for iron and nickel is (100) and (111), respectively. The final spontaneous magnetization 

is the same for both easy and hard directions but the applied field needed to reach that 

value is obviously different in each direction. 
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Hard direction 

Easy direction 

 
 

Figure 1.5 Magnetization curves of small particles with applied magnetic fields 
along its easy and hard directions 

 

Although a polycrystalline sample without any preferred orientation in its grain 

does not have overall magnetocrystalline anisotropy, it will be easier to be magnetized 

along the long axis if the shape of sample is not spherical, which is known as shape 

anisotropy. The cause of shape anisotropy is that the demagnetizing field is less along the 

long axis direction because the induced poles at the surface are farther apart and the 

smaller applied field negates the demagnetizing field. The shape anisotropy can be as 

important as magnetocrystalline anisotropy. For example, a long rod of iron with 

Ms=1714 emu/cm3 has a shape anisotropy constant Ks=1.85×107 erg/cm3, which is much 

greater than many cases of magnetocrystalline anisotropy. [3-4] 

Hysteresis - When a piece of ferromagnetic material is magnetized by an 

increasing applied magnetic field and then the field is decreased, the magnetization does 

not follow the initial magnetization curve obtained during the increase. In other words, it 
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is a phenomenon of irreversibility of magnetization curve and this phenomenon is called 

hysteresis. [4, 6] As described in figure 1.6, as the applied field H increases, 

magnetization approaches to a saturation value Ms, which is called saturation 

magnetization. The magnetization does not go back to zero when the field decreases to 

zero. Instead, it remains a certain value of magnetization when the field is zero, which is 

called remanence Mr. When the magnetic field is applied in a revered direction, 

magnetization reaches zero at a field magnitude called coercivity Hc. Further increase of 

field in the reversed direction, the M-H curve follows the same behavior as the positive 

side. This M-H curve is then called the hysteresis loop.    

HHc

M

Mr

Ms

 

 

 

 

 

 

 
 
Figure 1.6 A full hysteresis loop. Ms is the saturation magnetization, Mr is the 
remanence magnetization and Hc is the coercivity 

  

1.4.2 Soft Magnetic Materials 

 Ferromagnetic materials are generally divided into two categories, soft magnetic 

and hard magnetic materials, according to their hysteresis properties. Soft magnetic 

materials are those that can be magnetized and demagnetized very easily under low 
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strength of external magnetic field. There is low magnetization left after the field is 

removed. Therefore, relatively, soft magnetic materials have low coercivity, typically less 

than 10 Oe, high saturation magnetization Ms but low remanence Mr, as shown in figure 

1.7. Materials such as iron, silicon iron, aluminum iron, etc., are common soft magnetic 

materials. They are widely used in the magnetic cores of transformers, motors, inductors 

and generators. 

 

H

M Soft 

Hard 

 

 

 

 

 
 
 

Figure 1.7 Hysteresis loops of typical hard and soft magnetic materials 
 

1.4.3 Hard Magnetic Materials 

In the B-H loop shown in figure 1.8, the maximum product value of B and H is 

called the maximum energy product (BH)max, which is a parameter to demonstrate the 

maximum work that can be done by the magnet. Therefore, (BH)max is the figure of merits 

for permanent magnetic materials. Large coercivity Hc and saturation magnetization Ms 

result in large (BH)max. However, for materials with sufficiently high Hc values (Hc > 

2πMs), the theoretical limit of the energy product is, [7]        
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  (1.11) ( ) ( )2

max
2 sBH Mπ≤

From figure 1.8, we can see the (BH)max also depends on the shape of the hysteresis loop. 

Hysteresis loops with higher squareness result in higher maximum energy products. 
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Figure 1.8 A typical B-H loop of ferromagnetic materials 
 

The term “hard” means that this kind of materials is more difficult to be 

demagnetized. Therefore, it requires higher magnetic field to be demagnetized to zero, 

which indicates that the coercivity is higher. In fact, the relatively high coercivity, which 

is usually larger than 1000 Oe, is the evidence of hard magnetic materials, as shown in 

figure 1.7. Also, the remaining magnetization is relatively large after removal of the 

magnetizing field, which means that the hard magnetic materials have higher remanence 

Mr. Because of this ability to store magnetization in the absence of field, hard magnetic 

materials are also known as permanent magnetic materials. The most well known hard 

magnetic materials are cobalt-rare earth alloys (SmCo5 and Sm2Co17), neodymium-iron-
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boron (Nd2Fe14B), iron-platinum (FePt), cobalt-platinum (CoPt), hard ferrites (SrO-Fe2O3 

or BaO-6Fe2O3) and Alnicos.  

 

 

 

 

 

 

 

 

 

Figure 1.9 Evolution of (BH)max of permanent magnets in the 20th century 

 

The performance of a permanent magnetic material is specified by the value of 

(BH)max. As the hard magnetic materials are being developed, (BH)max has experienced a 

huge increase in the past one hundred years, as shown in figure 1.9. [8] Driven by the 

theoretical limit of maximal energy product described by equation (1.11), huge efforts 

have been put into developing new hard magnetic materials with high anisotropy and 

magnetization. However, these new hard-magnetic compounds such as SmCo5, Sm2Co17 

and Nd2Fe14B have magnetization values significantly lower than those of traditional soft 

magnetic materials, which results in lower theoretical limit of maximal energy product 

(4πMs), compared to Co, Fe or Fe65Co35 with the 4πMs values of 18, 21, and 24 kG, 
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respectively [7]. Researchers began to realize that it is difficult for magnetic materials 

with only single phase to reach another stage of energy product. In 1991, Kneller and 

Hawig proposed an alternative approach to enhance the energy product by making a 

nanocomposite of exchange-coupled hard and soft magnetic phases. [9] The hard phase 

provides the high magnetic anisotropy and stabilizes the exchange-coupled soft phase 

against demagnetization and the soft phase provides the high magnetization to enlarge the 

maximal energy product (BH)max, as shown in Figure 1.10.  

 

 

 

 

 

 

 
Figure 1.10 Hysteresis loops of soft, hard, and nanocomposite magnetic materials 

Soft magnet with high Ms

Hard magnet with high Hc

 
 
 
 
 
 

M

H 

Exchange-coupled 
nanocomposite magnet

H

M 

 

Coehoorn and colleagues for the first time observed the exchange-coupled 

nanocomposite in a melt-spun Nd4.5Fe77B18.5 sample that was annealed with the presence 

of the Fe3B phase. [10] Skomski and Coey did systemic theoretical study of exchange 

coupled films and predicted that energy product as high as 120 MGOe might be reachable 

by the exchange coupling in oriented nanostructured magnetic materials. [11, 12] 
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CHAPTER 2 

MAGNETIC NANOPARTICLES 

2.1 Introduction 

Nanoparticles are typically defined as solid substances less than 100 nm in all 

three dimensions. The productions and applications of uniform nano-scaled particles have 

been rapidly developed in the past two decades due to the fact that small size and high 

surface-to-volume ratio of nanoparticles provide unique physical and chemical properties. 

[15, 44, 51] Magnetic nanoparticles are of special interest because of their unique 

magnetic properties due to their nano size (<100 nm) and they have great potential in 

many technological applications. [40] 

2.1.1 Single-Domain Particles  

 The magnetostatic energy of a material could be decreased by restructuring it into 

domains. [3-4] Because it needs energy to complete the formation of domains, in large 

volume of particle there would be a minimum domain size below which the energy 

needed for domain formation exceeds the benefits from decreasing the magnetostatic 

energy. This means a single particle with size comparable to the minimum domain size 

will not break into domains and remains single domain. [3-4] 

 The magnetization of a single-domain particle lies along the easy axis direction in 

the absence of applied magnetic field. When a field is applied opposite to the direction of 

the magnetization, the magnetic moments rotate through the hard direction to a new easy 
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direction. There is no domain structure change with this magnetization switching. It is 

always more difficult to overcome the anisotropy force that holds the magnetization in 

the easy direction to rotate the magnetization than to move a domain wall, thus, single-

domain particles have a larger coercivity than multi-domain materials, as shown in figure 

2.1 (a).   
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Figure 2.1 (a) Coercivity dependence on particles diameter, (b) Typical 
magnetization curve of superparamagnetic materials 

 

2.1.2 Superparamagnetism 

 The phenomenon of superparamagnetism is observed in small single-domain 

particles and it occurs when the materials are composed of very small particles (usually 

below10 nm). [3-4] The energy required to change the direction of magnetization of a 

crystallite is called the crystalline anisotropy energy, which depends on both the material 

properties and the particle size, as described in the following equation,  

 aE K Vµ=  (2.1) 

where Kµ is the anisotropy energy density and V is the magnetic switching volume of the 

crystallite. As the crystallite size V decreases, so does the crystalline anisotropy energy. 
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When the crystallite size reaches below a critical limit, the thermal energy is sufficient to 

overcome the coupling interactions between neighboring atoms even though the 

temperature is below the Curie or Neel temperature, which leads to the change in 

direction of magnetization of the entire crystallite. The resulting fluctuation of the 

magnetization direction causes the magnetic field to average to zero. The material 

behaves in a manner similar to paramagnetism, except that the magnetic moments of the 

entire crystallite tend to align under the magnetic field instead of each individual atom 

being independently influenced by an external magnetic field. A typical magnetization 

curve measured from superparamagnetic materials is shown in figure 2.1 (b).  

This superparamagnetic size limit can be estimated by the Neel relaxation time 

equation given below, [123] 

 exprel o
B

K V
t

k T
µτ

⎛ ⎞
= ⎜

⎝ ⎠
⎟  (2.2) 

where τo is the relaxation time factor of the order of 10-9 seconds and kBT is the thermal 

energy with the Boltzmann constant kB. When the magnetic measurement time meas relt t< , 

the sample belongs to ferromagnetism. And when , it belongs to 

superparamagnetism. Therefore, the ratio of crystalline anisotropy energy K

meas relt t>

µV to the 

thermal energy kBT should satisfy the condition below for the superparamagnetic size 

limit, 

 meas

B o

K V tln
k T
µ

τ
⎛

≥ ⎜
⎝ ⎠

⎞
⎟  (2.3) 
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In the case of high-Kµ magnetic mateials such as FePt, SmCo5 and CoPt, etc., in 

order to maintain the thermal stability of the sigle-domain nanoparticles, this ratio should 

satisfy, [118-120] 

 60
B

K V
k T
µ ≥  (2.4) 

Therefore, we can estimate the superparamagnetic size limit Ds by assuming the cubic 

shape of grains, [13] 

 

1
360 B

s
k TD

Kµ

⎛ ⎞⋅
= ⎜⎜
⎝ ⎠

⎟⎟  (2.5) 

 

 As for FePt nanoparticles, taking Kµ=6.6~10×107 erg/cm3, T=300 K and 

kBT=3.77×10-14 erg, the superparamagnetic size limit Ds is 2.8~3 nm at room temperature. 

[13, 121, 122] This theoretical superparamagnetic size limit also predicts that FePt 

nanoparticles below a critical size limit can not convert to hard magntic phase. [13] This 

transition size limit has been proved to be well matched with the range of the 

superparamagnetic size limit, theoretically and experimentally. [109-111, 113] 

2.2 Synthetic Techniques 

The preparations of monodisperse magnetic nanoparticles can be divided into 

“bottom-up” or “top-down” methods. In a “bottom-up” approach, small building blocks 

such as atoms and clusters are assembled to form nanoparticles. Examples of this 

approach include chemical synthesis, laser-induced assembly and colloidal aggregation. 

[55, 59-64, 68, 78-82] In the top-down approach, large objects are broken down to finer 
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particles such as mechanical milling. [83, 84] Various synthetic strategies for preparation 

of magnetic nanoparticles have been investigated, including chemical co-precipitation 

[51, 59], sonochemical reactions [81, 85], sol-gel [86, 87], microwave heating [88, 89], 

mechanochemical [50, 90], micelle microemulsion [55, 61, 62, 79, 80, 91], hydrothermal 

[55, 92], and ball milling [83, 84]. Compared to other methods, chemical synthesis has 

often been found the best method for the production of high- quality magnetic 

nanoparticles. 

The chemical synthesis of nanoparticles in a solution occurs by chemical 

reactions forming stable nuclei with subsequent particle growth. [44, 50] Upon the 

addition of precipitating, reducing, or oxidizing reagents to the solution containing the 

reactants, chemical reactions occur and solution becomes supersaturated with products. 

The thermodynamics equilibrium state of the system is restored by condensation of nuclei 

of the reaction product. Kinetic factors compete with the thermodynamics of the system 

in a growth process. The kinetic factors such as reaction rates, transport rates of reactants, 

accommodation, removal, and redistribution of matter compete with influence of 

thermodynamics in particles growth. The particle morphology is influenced by factors 

such as supersaturation, nucleation and growth rate, colloidal stability, recrystallization 

and aging process. When the nuclei are formed nearly at the same time in a 

supersaturated solution, subsequent growth of these nuclei results in the formation of 

particles with a very narrow size distribution. To maintain a narrow size distribution, it is 

very important to prevent agglomeration, Ostwald ripening, or continued nuclei 

formation.  
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Nanoparticles possess large surface areas and often form agglomerates as a result 

of attractive van der Waals forces and the tendency of the system to minimize the total 

surface or interfacial energy. Agglomeration of particles can occur during any of the 

following stages: synthesis, drying, handling, and processing. In many applications and 

processing where dispersed particles or stabilized dispersions are required, undesirable 

agglomeration in each synthesis and processing step must be prevented. Surfactants are 

any substance that lowers the surface or interfacial tension of the medium in which it is 

dissolved. Surfactants are used during nanoparticles synthesis in order to reduce particle 

interaction through an increase in repulsive forces. They are used to control particle size 

and distribution in most chemical synthesis routes. 

2.3 FePt Nanoparticles 

FePt nanoparticles draw great attention from nanomagnetism researchers because 

it is the only available type of hard magnetic nanoparticles with high magnetocrystalline 

anisotropy (6.6~10.0×107 erg/cm3). [13] They are the most promising candidate for 

ultrahigh-density magnetic recording media [14], high-energy-product permanent 

magnets [15] and sensors and drug carriers in biomedical technology [16]. There are 

different approaches to produce FePt nanoparticles, such as mechanical ball milling [34] 

and sputtering deposition [35]. However, the magnetic properties and particle size 

distribution are not qualified for the applications mentioned above. In the year of 2000, 

Sun and co-workers reported their breakthrough in chemical synthesis of FePt 

nanoparticles [14]. These chemically synthesized FePt nanoparticles are monodisperse 

with very uniform size distribution. Since this milestone was built, the synthesis of 
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monodisperse FePt nanoparticles with size ranging from 2 to 15 nm have been achieved 

successfully [14, 17-19, 36]. However, as-synthesized FePt nanoparticles are of face-

centered cubic (fcc) phase that does not provide any magnetocrystalline anisotropy 

required by the applications mentioned above. In order to solve this problem, heat 

treatment at a temperature higher than 500oC must be performed to transfer fcc phase to 

face-centered tetragonal phase (fct) with high magnetocrystalline anisotropy. 

Undesirably, coalescence and sintering of nanoparticles also occur at these temperatures 

because surfactants coating on the nanoparticles decomposes at around 400oC. [30] This 

coalescence and sintering phenomenon makes the direct applications of monodisperse 

hard magnetic nanoparticles impossible.  

Extensive efforts have been made to obtain monodisperse fct FePt particles. One 

of the approaches is to lower the onset temperature for the fcc-to-fct phase transition. By 

doping mental elements such as Ag, Au and Cu in the FePt phase, the onset temperature 

of the fct phase was lowered to 400°C. [20-25] Direct synthesis of the fct structured FePt 

nanoparticles by the polyol process using high-boiling-point solvents is another major 

approach. [26-29] In this approach, higher synthetic temperatures are applied, which 

allows partial formation of the fct phase. Recently, the method of protecting FePt 

nanoparticles from sintering during heat treatments by chemically stable coating 

materials has been developed. Immiscible silica matrix [30], and polyethyleneimine 

linker molecules [31] are one of these coating materials. FePt nanoparticle arrays with 

these coating were annealed at temperatures higher than 700 oC without sintering. 

However, these two approaches are only suitable for monolayers of separated 
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nanoparticles on substrates. The technique of coating monodisperse FePt nanoparticles 

with silicon oxide appeared later on, which allows the heat treatment temperatures as 

high as 900 oC without sintering. [37, 38] Nevertheless, the addition of chemically stable 

impurities from the coating is the huge holdback of the hard magnetic nanoparticles 

applications. Other approaches to obtain monodisperse fct nanoparticles include rapid 

thermal annealing [32] and pulse laser annealing [33]. So far, all these reported 

approaches have been only successful in producing partially transformed fct FePt 

nanoparticles and high coercivities needed for the applications mentioned above have not 

been developed. On the other hand, coating techniques brought in the inexpungible 

impurities in spite of completing the fct phase transition. Therefore, in order to make the 

applications of hard magnetic nanoparticles realized, it is highly desirable to find 

processing techniques to produce completely transformed fct FePt nanoparticles. In 2005, 

Liu’s group [70] made a great break-though by successfully preparing monodisperse fct 

FePt nanoparticles with high coercivity and without remaining any nonmagnetic 

impurities, which started the new chapter of the direct applications of hard magnetic 

nanoparticles with high magnetic anisotropy. 

2.4 Soft Ferrite Nanoparticles 

There is an increasing interest in magnetic ferrite nanoparticles in recent years 

because of their broad applications in different technological fields including permanent 

magnets, magnetic fluids, magnetic drug delivery, and high-density recording media. [15, 

39-54] The cubic MFe2O4 or MO·Fe2O3 (M = Fe, Co) is a common type of magnetic 

ferrite that has a cubic inverse spinel structure with oxygen forming a fcc closed packing 
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and M +2 and Fe+3 occupy either tetrahedral or octahedral sites. Magnetic configuration of 

MFe2O4 material can be engineered by adjusting the chemical identity of M+2 to provide 

a wide range of magnetic properties. [56, 63] Synthesis of ferrite nanoparticles with 

uniform size is the key for many applications because the magnetic properties depend 

strongly on their dimensions.  

Recently, great efforts have been made to achieve a fine-tuning of the size of 

ferrite nanoparticles by using different synthesis techniques and varying experimental 

parameters such as heating rate and amount of surfactants.  Kim and colleagues prepared 

cobalt ferrite nanoparticles ranging from 2 to 14 nm by controlling co-precipitation 

temperature of Co+2 and Fe+2 ions in alkaline solution, however, the size distribution was  

wide. [57] Chinnasamy’s group applied a modified oxidation process to synthesize cobalt 

ferrite particles with diameters ranging from a few micrometers to about 15 nm. [58] 

Rajendrain et al. demonstrated the technique of synthesizing cobalt ferrites with sizes of 6 

to 20 nm in aqueous solution at room temperature by the oxidative co-precipitation of 

Fe2+ and Co2+. [59] Morais et al. shown the size-controlled synthesis of the nanoparticles 

of 10 to15 nm in aqueous solution at 95oC by controlling stirring speed. [60] Moumen 

and co-workers used oil-in-water micelle to achieve the size control of Co-ferrite in the 

range of 2 to 5 nm. [61] Liu et al. also reported the size-controlling synthesis of Co-ferrite 

nanoparticles according to Moumen’s micelle method but they improved the size range to 

2 to 35 nm. [62] Most recently, Sun et al. synthesized ferrite nanoparticles with sizes 

variable from 3 to 20 nm in diameter by combining nonhydrolytic reaction with seed-

mediated growth method. [63, 64]   
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Ferrite nanoparticles have been synthesized by a wide variety of methods as 

mentioned above. Although these methods are applicable to produce nano-sized ferrite 

particles, the quality of the nanoparticles is often poor. In many cases, a large size 

distribution is reported and size control is arbitrary. It is desirable to have nanoparticles 

of specific size and property for particular application. For example, magnetic 

nanoparticles must be superparamagnetic at room temperatures in order to avoid 

agglomeration to use as ferrofluids and in biomedical application such as MRI contrast 

agents. [65] However, the superparamagnetic state must be avoided in high-density 

information storage since the superparamagnetic relaxation of the data bits will cause the 

magnetic moment of each bit to fluctuate and as consequence all the stored information 

will be lost. Compared with other methods used for preparing ferrites nanoparticles, the 

chemical solution method [63, 64] has its unique advantages in producing small particles 

size (down to 3 nm) with very narrow size distribution, as well as good crystallinity and 

stability. 

2.5 Applications of Magnetic Nanoparticles 

High-Density Magnetic Recording - The area density of magnetic recording 

surpassed 10 Gbit in-2 in the past decade and is trying to reach the level of 1 Tbit in-2 in 

the near future. [47, 66, 67] In order to reach this ultra-high density recording, self-

assembled nanoparticle media in which data are stored in an array of single-domain 

magnetic particles must be used to overcome the limitation of thin film media in which 

each bit of information is stored over hundreds of grains. Such a high-density recording 

media requires a very uniform size distribution and high magnetic anisotropy from 
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magnetic nanoparticles. [48] Synthesis and assembly of magnetic nanoparticles have 

great potential of being the solution of future high-density recording media. [46]  

FePt L10 nanoparticles are the most promising candidate for the future magnetic 

recording media because of its high magnetocrystalline anisotropy, which is much higher 

than those of the currently used CoCr-based alloys. [68] This large crystalline anisotropy 

allows the thermally stable grain diameter down to 2.8 nm. [69] However, the heat 

treatment needed to complete the phase transition from fcc of as-synthesized particles to 

fct leads to agglomeration and sintering of nanoparticles, which results in poor control of 

orientaion of nanoparticles and limits their technological applications. [46, 71] As 

mentioned previously, the new technique [70] that produces monodisperse fct FePt 

nanoparticles with high coercivity enables the application of these hard magnetic 

nanoparticles in high-density recording. Other possible materials for future high-density 

magnetic recording include CoFe2O4 [50-52] and CoPt [72]. 

Nanocomposite Magnets - A nanocomposite magnet recently developed is 

composed of magnetically soft and hard ultra-fine grains, the magnetizations of which are 

coupled by the inter-grain exchange interaction. [73] Because of the presence of the soft-

phase grains and the coupling of the magnetizations, nanocomposite magnets are 

expected to have superior hard magnetic properties, such as high remanence, coercivity 

and energy product. The nanocompoiste magnet was predicted to have maximum energy 

product (BH)max exceeding 100 MGOe [74] because of the exchanging coupling between 

soft and hard grains [9]. The hard magnetic phase provides the high anisotropy and 

coercivity, and the soft magnetic phase enhances the magnetic moments. The moments in 
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the soft grains near the interfaces are pinned to the hard grains by the exchange coupling 

and the centers of the soft grains can rotate in a reverse field, which results in enhanced 

remanent magnetization and reversible demagnetization curves because the moments of 

the soft grains will rotate back to align with the neighboring hard grains when the applied 

magnetic field is removed. 

A small grain size (less than 20 nm) and a uniform mixture of the hard and soft 

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

There are two methods to accomplish the nanocomposite of hard and soft phases. In 

2002, Zeng and co-workers demonstrated that exchange-coupled nanocomposite magnet 

of FePt-Fe3Pt can be made by self-assembly technique using monodisperse nanoparticles 

of FePt and Fe3O4. [15] In the exchange-coupled isotropic FePt-Fe3Pt nanocomposite, the 

energy product of 20.1 MGOe was achieved, which is 50% higher than the theoretical 

value from a single hard phase, non-exchange-coupled isotropic FePt. Another method 

except for self-assembly of nanoparticles is core/shell nanoparticles. Recently, the same 

group has prepared an exchange-coupled bimagnetic core/shell nanoparticles system with 

ferromagnetic FePt core and ferrimagnetic MFe2O4 (M=Fe, Co) shell. [54] The advantage 

of this core/shell system is that the magnetic properties such as magnetization and 

coercivity can be controlled by tuning the dimensions and therefore the material 

parameters of the core and shell. This system shows the great hope of achieving the 

predicted high energy products in exchange-coupled nanocomposite magnets. An 

anisotropic nanocomposite magnet with both the hard and soft phases aligned is expected 

to show much higher energy product than the isotropic one. [15] However, controlling 
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morphology including grain size and grain alignment in nanocomposite magnet remains a 

great challenge. [42] 

Biological Applications - As the technology of magnetic nanoparticles is being 

developed, more and more biological applications of magnetic nanoparticles have 

become possible. Firstly, magnetic nanoparticles are controllable in size ranging from a 

few nanometers up to tens of nanometers, which matches the sizes of a cell (10-100 µm), 

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

These magnetic nanoparticles can be coated with biomoleclues and will have interaction 

or binding with biological entitygets when they get close to the cell or gene. New 

technology in molecular chemistry is trying to create true molecular magnets, in which 

the resulting magnets have precisely defined atomic weight and magnetic properties so 

that they are more compatible to biological entitygets. For example, ferritin is a natural 

participant in the metabolic processes of most animals, which consists of a segmented 

protein shell and an inner space filled with a hydrated iron oxide similar to ferrihydrite. It 

has been recently found that the ferrihydrite core could be replaced by magnetite and the 

protein shell could be reconstituted by controlling the oxidative conditions. [76] 

Secondly, magnetic nanoparticles can be manipulated by an external magnetic field 

gradient so that hey can be used to deliver a package like an anticancer drug to a targeted 

region in the tissue such as a tumor. Thirdly, magnetic nanoparticles can also be made to 

resonantly respond to a time-varying magnetic field with an associated transferred energy 

from the field to the nanoparticles. Therefore, these magnetic nanoparticles can be heated 

up, which leads to their use as hyperthermia agents, which delivers toxic amounts of 
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thermal energy to targeted bodies such as tumors. [16, 39-42] Other biological 

applications of magnetic nanoparticles include magnetic sensors and transducers and cell 

labeling from magnetic cell-separation techniques. 

Ferrofluids - In the ferrofluid applications, magnetic nanoparticles are coated 

with a surfactant so that they can be prevented from agglomeration by overcoming the 

van der Waals forces that exists between the particles [44] and dispersed in solutions. The 

magnetic fluid has zero net magnetization as a result when it is not in presence of external 

magnetic field. When a strong magnet or magnetic field is brought close to the magnetic 

fluid, several spikes will appear because the fluid arranges itself along the magnetic field 

lines created by the magnet or the field. When the field is removed, the particles disperse 

again with random orientations and establish zero net magnetization. [44, 77] This 

property of responding to the applied magnetic field enables ferrofluids to be used in 

contact and hydrodynamic seals. They have low friction moments and a high degree of 

sealing and can be used to seal vacuum systems and high-pressure chambers, and to 

separate different media. Another 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 that increases the cooling approximately by a factor of three. 
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CHAPTER 3 

CHEMICAL ORDERING AND MAGNETIC  
ORDERING IN NANOPARTICLES 

3.1 Chemical Ordering 

3.1.1 Introduction 

In most solid-state substances, especially for alloys, there are more than one kind 

of atoms in the lattice structure. In the case of binary compounds, atoms A and B are 

arranged on the atomic sites of the crystal lattice. When these different kinds of atoms 

occupy the sites randomly, we call this atomic arrangement chemically disordered. After 

some treatments, the A atoms may occupy in an orderly and periodic way on a certain set 

of atomic sites and the B atoms do similarly on another set of atomic sites. When this 

phenomenon occurs, we call this atomic arrangement chemically ordered and a 

superlattice structure is processed. There are great differences in physical and chemical 

properties between the disordered and ordered atomic arrangements for most of the 

substances. Therefore, the transition between disordered and ordered phase and the level 

of ordering are essentially important for the applications of the materials. 

3.1.2 Long-Range Ordering 

When this ordering phenomenon occurs in a large range of distance in the crystal 

structure, we call it long-range ordering. Let us consider a binary composition with atoms 

A and B. In the ordered atomic arrangement, these two kinds of atoms occupy α-sites and 
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β-sites, respectively. The atomic fractions of this composition are xA and xB, where xA + 

xB = 1. Define yα and yβ as the fractions of α-sites and β-sites, where yα + yβ = 1. 

Introduce four parameters: 

rα : fraction of α-sites occupied by the right atoms, 

  wα : fraction of α-sites occupied by the wrong atoms, 

rβ : fraction of β-sites occupied by the right atoms. 

  wβ : fraction of β-sites occupied by the wrong atoms. 

where rα + wα = 1 and  rβ + wβ = 1. 

Because of the truth that fraction of the sites occupied by A atoms must be equal 

to the fraction of A atoms, and the it is the same as B atoms, we have the following 

relations: 

 
,a

B

y r y w x
y r y w x
α β β

β β α α

A+ =

+ =
 (3.1) 

Define the long-range ordering parameter as S, which is linear to (rα + rβ): [93, 94] 

 ( )S a b r rα β= + +  (3.2) 

Since S = 0 for a completely disordered arrangement and S = 1 for a fully ordered 

arrangement, for the first condition, 

 ( ) 0A BS a b x x a b= + + = + =  (3.3) 

For the second condition, 

 2S a b 1= + =  (3.4) 
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Using equation (3.3) and (3.4), the long-range ordering parameter can be expressed in 

this form: 

 1S r r r w r wα β α β β= + − = − = − α  (3.5) 

Applying equation (3.1), then the expression of S becomes: 

 BA r xr xS
y y

βα

β α

−−
= =  (3.6) 

  The long-range ordering parameter S reaches unity as its maximum value for a 

completely ordered atomic arrangement and any value less than unity for a partially 

ordered atomic arrangement. Because of the definition of S, the structure factor for the X-

ray reflections of the superlattice structure is proportional to S and thus S can be 

calculated from experiments, where the structure factor is related to the sum of all the 

atomic positions in the unit cell structure. Taking both α-sites and β-sites into account, 

the structure factor can be defined as: 

 , (3.7) ( ) ( ) ( ) (2 n n n n n ni hx ky lz i hx ky lz
A B B AF r f w f e r f w f eπ

α α β β
α β

+ + + += + + +∑ ∑ )2π

where f is the average scattering factor for each kind of site. 

Now let us take a look at some examples of the long-range ordering in three alloy 

materials. Figure 3.1 shows the atomic structures of β-CuZn, Cu3Au and CuAu I types 

materials when ordering occurs. In X-ray diffraction analysis, reflections that do not 

depend on the degree of ordering are called fundamental reflections and those that do are 

called superlattice reflections. The latter is the evidence of ordering. 
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Figure 3.1 Ordered structures of (a) β-CuZn, (b) Cu3Au and (c) CuAu 

 

In the case of partial ordering, equation (3.1), (3.5) and (3.7) are used to get the 

representations of the structure factors for different types of materials.  

(1) β-CuZn type: 

β = (000); α = (½, ½, ½); yα = ½; yβ = ½; 

( ) ( ) ( )i h k l
A B BF r f w f e r f w fπ

α α β β
+ += + + + A ,   

If even,  h k l+ + =

fundamental: ( ) ( ) ( )2B A A B B B AF r f w f r f w f x f x fβ β α α= + + + = + A ,              

If odd,  h k l+ + =

superlattice: ( ) ( ) ( )B A A B BF r f w f r f w f S f fβ β α α= + − + = − A . 

(2) Cu3Au type: 

β = (000); α = (½, ½, 0), (0, ½, ½), (½, 0, ½); yα = ¾; yβ = ¼; 

( ) ( ) ( ) ( ) ( )i h k i k l i l h
A B BF r f w f e e e r f w fπ π π

α α β β
+ + +⎡ ⎤= + + + + +⎣ ⎦ A ,  
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If hkl are unmixed,  

fundamental: ( ) ( ) ( )3 4B A A B B B AF r f w f r f w f x f x fβ β α α= + + + = + A ,              

If hkl are mixed,  

superlattice: ( ) ( ) ( )B A A B BF r f w f r f w f S f fβ β α α= + − + = − A . 

(3) CuAu I type: 

β = (000), ((½, ½, 0); α = (½, 0, ½), (0, ½, ½); yα = ½; yβ = ½; 

( ) ( ) ( ) ( ) ( )1i h l i k l i h k
A B B AF r f w f e e r f w f eπ π π

α α β β
+ + +⎡ ⎤ ⎡= + + + + +⎣ ⎦ ⎣ ⎤⎦ ,  

If hkl are unmixed,  

fundamental: ( ) ( ) (2 4B A A B B B AF r f w f r f w f x f x fβ β α α⎡ ⎤= + + + = +⎣ ⎦ )A ,                        

(3.8) 

If even, k l odd,  h k+ = + =

superlattice: ( ) ( ) (2 2B A A B BF r f w f r f w f S f fβ β α α⎡ ⎤= + − + = −⎣ ⎦ )A .                              

(3.9) 

Having the representations of the structure factors and knowing equation (3.10), we can 

obtain the long-range ordering parameter S by calculating FF*, where F* is the complex 

conjugate of F. 

 *I L A D FF= × × ×  (3.10) 

where, 

I : integrated intensity of XRD peaks, 

L : Lorentz polarization factor, 
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A : absorption factor, 

D : temperature factor. 

3.1.3 Long-Range Ordering Parameter  
of FePt by X-ray Diffraction 

The long-range ordering parameter of FePt nanoparticles can be determined by 

using the X-ray diffraction (XRD) method. FePt alloy belongs to the CuAu I type atomic 

structure. There are two different phases of FePt with different atomic structures. Figure 

3.2 shows the atomic structures of face-centered cubic (fcc) and face-centered tetragonal 

(fct) phase FePt. For fcc phase FePt, Fe and Pt atoms occupy randomly in the atomic sites 

in the crystal lattice. On the other hand, they are arranged in an orderly and periodic way 

for fct phase FePt. For this ordered atomic structure, Pt atoms can only occupy the center 

layer of the lattice and Fe atoms can only occupy the other layers except the center one. 

The transition from fcc phase to fct phase is extremely important because there are 

essential and huge difference in magnetic property between these two different atomic 

arrangements.  

 

 

 

   
 
 

Heat 
treatment 

(a) (b)

Fe or Pt atom Fe atom 
Pt  atom 

Figure 3.2 Atomic structures of (a) fcc and (b) fct phase FePt 
 

In order to do dispersion correction to allow assuming that the sample surface is 

sufficiently smooth, we take the average scattering factor f as a complex number. Thus, 
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average scattering factor f= +∆ , where f is th real part and ∆ is the imaginary part. 

According to equation (3.8) and (3.9), [95] 

 ( ) ( ) ( )* 16 Fe Pt Fe PtM M M
Fe Fe Pt Pt Fe Fe Pt Ptfund

FF x f e x f e x e x e− − − −⎡ ⎤= + + ∆ + ∆⎣ ⎦
M , (3.11) 

 ( ) ( ) ( )2 22* 4 Pt Fe Pt FeM M M M
Pt Fe Pt Fesuper

FF S f e f e e e− − − −⎡ ⎤= − + ∆ −∆⎢ ⎥⎣ ⎦
. (3.12)   

Using equation (3.10), (3.11) and (3.12), 

( )
( )

( ) ( )
( ) ( )

( )
( )

( ) (

2
2 2

4*
*

4

Fe Pt Fe Pt

Pt Fe Pt Fe

Fe Pt Fe Pt

M M M M
Fe Fe Pt Pt Fe Fe Pt Ptsuper

M M M M
fund Pt Fe Pt Fe

M M M
Fe Fe Pt Pt Fe Fe Pt Ptsuper fund

fund super

x f e x f e x e x eFF
S

FF f e f e e e

x f e x f e x e x eL A DI
I L A D f

− − − −

− − − −

− − − −

⎡ ⎤+ + ∆ + ∆⎣ ⎦= ⋅
⎡ ⎤− + ∆ − ∆⎢ ⎥⎣ ⎦

⎡ ⎤+ + ∆ + ∆× × ⎣ ⎦= ⋅ ⋅
× × ( ) (

)M

)2 2
Pt Fe Pt FeM M M M

Pt Fe Pt Fee f e e e− − − −⎡ ⎤− + ∆ − ∆⎢ ⎥⎣ ⎦

 

Allowing the approximation, [96] 

1
2

0.85 super

fund

I
S

I
⎛ ⎞

≅ ⋅⎜⎜
⎝ ⎠

⎟⎟                                   (3.13) 

Equation (3.13) is an approximate method to obtain S based on the previous studies of 

long-range ordering parameter. [93-96] This method uses the ratio of integrated 

intensities of the superlattice peak to the fundamental peak from XRD patterns. The low-

order fundamental reflections are much stronger than the superlattices reflections, and 

their measured values tend to be too small due to extinction; hence, we prefer to use the 

weaker high-order fundamentals when calculating S. [93] 
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3.1.4 Long-Range Ordering Parameter  
by Transmission Electron Microscope 

Transmission electron microscope (TEM) is another method to determine the 

long-range ordering parameter S other than XRD. The scattering amplitude of atoms for 

electrons is much larger than that for X-rays. Therefore, electron diffraction has greater 

ability to pick up signals of fundamental and supperlattice reflections from small volume 

of ordered nanoparticles than XRD. [98-100] The advantage of this method is that it can 

characterize the ordering information of a particular single nanoparticle.   

        In this method, the electron diffraction pattern of the sample is obtained on the 

image plates from TEM. Quantitative analysis of diffraction beam intensities is carried 

out according to the exposure time and similarly to XRD method, the ratio of the 

intensities of the superlattice to the fundamental is used to determine S. However, the 

strong interaction between electrons and nanoparticles creates multiple scattering instead 

of single scattering that is interpreted by XRD method, which makes the normal analysis 

of using ratios of intensities incorrect. Previous studies show that the multislice approach 

must be used to simulate the transmission behavior of electrons through crystals and 

calculate the intensities of propagating electrons. [97-100] In this approach, experimental 

parameters such as specimen thickness, incident-beam direction, specimen composition, 

lattice parameters are to be considered. Computer softwares that perform the multislice 

similation, such as “Mac Tempas”, calculate the final intensities of superlattice and 

fundamental and the long-range ordering parameter. [99] In these studies of S by electron 

diffraction, the particles are usually c-axis oriented perpendicular to the specimen plate 

due to the method of producing the particles. Hence, [110] and [220] reflections are used 
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for superlattice and fundamental, respectively. This TEM method gets involved with 

computational simulations and clarifies the corresponding relationship between intensity 

ratios and long-range ordering parameters.  

3.1.5 Size-Dependent Chemical Ordering of FePt Nanoparticles 

 It has been found that the chemical ordering of FePt nanoparticles is strongly 

dependent on particle size. Under the assumption that the system is isotropic and of the 

same composition, and the particle shape is spherically symmetrical, the long-range 

ordering parameter S should obey the Euler equation in spherical coordinators. [109] 

2

2

42 s
s

d S dS f
dr r dr S

κκ ∂∆
+ =

∂
 

with the boundary conditions, 

0 at 0dS r
dr

= =  

and 

0 at 
2
dS r= = , 

where sκ  is the gradient energy coefficient of ordering parameter S and d is the diameter 

of FePt nanoparticles. This second-order differential equation is solved numerically for 

various values of particle diameter d. The calculation shows that the proportional relation 

exists between long-range ordering parameter S and particle diameter d. Moreover, this 

calculation also predicts that there will be a critical particle size below which long-range 

ordering can not complete. Monte Carlo simulations can be used to demonstrate the size-

dependent long-range ordering parameter of FePt nanoparticles theoretically. [112, 113] 
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Takahashi and co-workers experimentally proved the size-dependence of ordering in FePt 

nanoparticles by TEM characterization of FePt nanoparticles deposited on Al2O3 films. 

[109, 110] Miyazaki and colleagues also concluded similar result for the FePt 

nanoparticles grown on MgO films. [111] According these previous studies, the critical 

size is within a range between 2.5 to 4 nm. [109-113] All these previous works of size-

dependent long-range ordering can only provide the local ordering information in a very 

limited area of a sample with similar particle sizes because the particle size distribution is 

wide. Universal long-range ordering study must be conducted in a sample with narrow 

particle distribution, which represents the ordering information of the particular particle 

size. Method that produces chemically ordered FePt nanoparticles with narrow size 

distribution is desired for more accurate size-dependent long-range ordering study.   

3.2 Magnetic Ordering 

3.2.1 Introduction 

 If there is no magnetic interaction between individual magnetic moments, in the 

absence of a magnetic field, the vector moment of each magnetic ion in solid materials 

will average to zero. Nevertheless, as we discussed in the previous chapter, there exists 

magnetic orderings in some solid materials. In such types of materials, individual 

magnetic ions have non-vanishing average vector moments even in the absence of 

external magnetic field below a critical temperature, and this phenomenon is called 

magnetic ordering of solid materials. 

 Individual localized moments in a magnetically ordered solid material may or 

may not add up to a net magnetization as a whole. If they do, the microscopic magnetic 
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ordering is revealed by the existence of a macroscopic bulk magnetization that is known 

as spontaneous magnetization and this type of ordered materials is called ferromagnetic 

material. As described in figure 1.2, the magnetic moments in a ferromagnetic material 

have the same orientation and magnitude in the absence of external fields so that their 

summation causes a non-zero spontaneous magnetization. The more common case in 

solid materials is that the sum of the individual localized moments is zero in a 

magnetically ordered material, which results in zero spontaneous magnetization from the 

microscopic ordering. Such type of ordered materials is called antiferromagentic material 

and its magnetic moments have the same magnitude but in two groups pointing to 

opposite orientations, because of which the magnetic moments cancel out by themselves, 

resulting in zero total magnetization. In ferromagnetic materials, all local moments have a 

positive component along the direction of the spontaneous magnetization to generate a 

non-zero spontaneous magnetization. Solid materials that are able to generate non-zero 

spontaneous magnetization but fail to satisfy this criterion is called ferrimagnetic 

material. In this kind of materials, the exchange coupling between nearest neighboring 

moments intend to align in an antiparallel manner, however, these neighboring moments 

are not identical in magnitude and will not cancel out, which leaves a net non-zero 

spontaneous magnetization. 

3.2.2 Thermodynamic Properties at the Onset of Magnetic Ordering 

 As discussed in the previous chapter, the critical temperature above which 

magnetic ordering vanishes is called Curie temperature (Tc) in ferromagnetic or 

ferrimagnetic materials and Néel temperature (TN) in antiferromagnetic materials. Below 
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these critical temperatures, magnetic ordering, no matter parallel or antiparallel 

arrangement, exists as the nature of the materials because of the exchange interaction 

between neighboring magnetic moments. As the temperature is approaching to the critical 

temperature from below, the thermal energy is becoming sufficient to overcome the 

exchange interaction between magnetic moments. Once the temperature reaches the 

critical temperature, the magnetic ordering disappears completely. In the case of 

ferromagnetic or ferrimagnetic materials, spontaneous magnetization decreases to zero 

continuously. The observed magnetization just below Curie temperature Tc can be 

described in a power law, 

( )M T ~ ( )cT T β−  

where β is typically in the range from 0.33 to 0.37. [101-102] The onset of magnetic 

ordering can be also demonstrated by the zero-field susceptibility as the temperature 

decreases to Curie temperature Tc from above. In most cases, the susceptibility varies 

inversely with T at all temperatures. However, in ferromagnetic materials, the 

susceptibility is observed to diverge as T decreases to Tc and follows, 

( )Tχ ~ ( )cT T γ−− , 

where γ is typically between 1.3 and 1.4. [101, 103] 

3.2.3 Curie Temperatures of Nanoparticles 

 In the case of nanoparticles, Curie temperature has been found to decrease as the 

particle size decreases. This size-dependent behavior of Curie temperature of 

nanoparticles is based on the condition of similar microstructure and composition of 
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materials because they are also effective factors of Curie temperature other than particle 

size. Satisfying this condition, the reason for this behavior of nanoparticles can be 

described by the finite size scaling theory, [104] 

 ( ) ( )
( )

1

0

c c

c

T T d d
T d

υ
−

∞ − ⎛ ⎞
= ⎜ ⎟∞ ⎝ ⎠

 (3.14) 

where ( )cT d  is the Curie temperature as a function of particle size d,  is the bulk 

Curie temperature, d

( )cT ∞

0 is a constant and υ  is the critical exponent of the correlation 

length. The finite size scaling theory predicts the shift in the transition temperature from 

that of the bulk depends on the size of the system. In other words, the decreasing particle 

size results the decline in the Curie temperature, which indicates that magnetic ordering 

of smaller nanoparticles disappears at a lower temperature than bigger nanoparticles. 

[104-106] Moreover, this size-dependent behavior of Curie temperature also implies that 

the coupling interactions between neighboring magnetic moments that cause the magnetic 

ordering in smaller particles are weaker than that in bigger particles so that thermal 

energy can more easily overcome the interactions. On the other hand, this behavior is 

observed to be consistent with the long-range chemical ordering of nanoparticles. In most 

cases, more ordered atomic arrangement causes more ferromagnetic or ferrimagnetic 

phases and results in stronger coupling interactions between magnetic moments, which is 

the origin of magnetic ordering. Therefore, more developed long-range chemical ordering 

of nanoparticles results in more stable magnetic ordering, which is characterized by 

higher Curie temperatures. [107, 108]  
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CHAPTER 4 

EXPERIMENTAL PROCEDURES AND EQUIPMENTS 

4.1 Synthesis of FePt Nanoparticles 

FePt nanoparticles were synthesized by chemical reduction of platinum 

acetylacetonate (Pt(acac)2) and iron pentacarbonyl (Fe(CO)5) or iron acetylacetonate 

(Fe(acac)3) as iron precursor, with or without 1,2-hexadecanediol at high temperature in 

solution phase in standard airless argon atmosphere. FePt particles with diameters from 2 

to 15 nm can be synthesized by varying precursors, amount of surfactants and heating 

rate of the system. [14, 17-19]  

As shown in figure 4.1, the typical synthesis route of 4 nm FePt nanoparticles 

followed Sun’s method. [14] Platinum acetylacetonate (197 mg, 0.5 mmol), 1,2-

hexadecancediol (390 mg, 1.5 mmol), and dioctylether (20 ml) were mixed and heated to 

100 oC in argon atmosphere. Then oleic acid (0.16 ml, 0.5 mmol), oleylamine (0.17 ml, 

0.5 mmol) and Fe(CO)5 (0.13 ml, 1 mmol) were injected, and the mixture was heated to 

the reflux temperature (295 oC). The refluxing was processed for 30 minutes. The heat 

source was then removed and the reaction mixture was allowed to cool down to room 

temperature. The purification of nanoparticles was carried out by centrifugation in hexane 

and ethanol at 6000 rpm for 10 minutes. This purification process was repeated 3 times at 

least and the purified FePt nanoparticles were then re-dispersed in hexane. 
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Figure 4.1 Scheme for synthesis of FePt nanoparticles 

 

Synthetic parameters were adjusted to synthesize FePt nanoparticles with 

diameters other than 4 nm. Normally, only FePt nanoparticles larger than 4 nm can be 

synthesized by Fe(CO)5 as iron precursor. By changing the iron precursor from Fe(CO)5 

to Fe(acac)3 and keeping the rest of the synthetic conditions the same, FePt particles with 

average size of 2 nm could be produced. Surfactants typically play crucial role in 

modifying nanoparticle size. The molar ratio of surfactants:Pt(acac)2 was observed to 

affect the particle size. When the reaction heating rate was maintained at 5ºC/min, 

particles with average size of 4 nm was obtained if the molar ratio was 1:1, while 

particles size increased to 8 nm if the ratio was increased to 4:1. Another factor that 

affects the particle size is the heating rate. Keeping all the other synthetic parameters 

constant in the 8 nm particle synthesis, if the heating rate was increased from 5 to 

15ºC/min, the average size of FePt particles decreased from 8nm to 6 nm. FePt particles 

larger than 8 nm could only be made indirectly. 10 nm Pt cores were synthesized by 

addition of Pt precursor at 290°C in a mixture of octyl ether and surfactants. Then the 

Fe(CO)5  

Pt(acac)2

+ 

Oliec acid + oleylamine 
Reflux 295 oC 

1,2 hexadecanediol 
+ octyl ether 

 

  

 

   

 

 

 46



 

particles were coated with iron to make 15 nm Pt/Fe3O4 core-shell particles. This kind of 

particles could be converted to FePt after annealing. 

4.2 Salt-Matrix Annealing Technique 

 As mentioned in 2.3, as-synthesized FePt nanoparticles have to be heat-treated at 

a temperature higher than 500oC to be converted from fcc chemically disordered phase to 

fct chemically ordered phase. Salt-matrix annealing technique was used to process this 

heat treatment and prevent sintering and agglomeration of nanoparticles during heat 

treatment. 

 Firstly, sodium chloride (NaCl) was chosen to be the separating media due to its 

high chemical stability.  The NaCl powder with particle size less than 10 µm was 

prepared by mechanical surfactant-assisted ball milling. A 500 ml Nalgene high-density 

polyethylene plastic container was inserted into a stainless steel container as shown in 

figure 4.2. And then the milling mixture as shown below was loaded into the plastic 

container. 

• 50 grams of NaCl powder, 

• 500 grams of 10 mm in diameter 316 stainless steel balls, ball to powder weight 

ratio is 10:1, 

• 200 ml of heptane, 

• 20 ml of surfactant (oleyl amine), 10% of heptane.  

The mixture was milled for 24 hours and the dispersion of NaCl in heptane with the 

assistance of surfactant was obtained. 
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Figure 4.2 The ball milling set-up for milling of NaCl powders 

 

 Secondly, as-synthesized FePt nanoparticles dispersed in hexane was mixed with 

NaCl dispersion in heptane. The weight ratio of NaCl to FePt was varied, from 1:1 to 

400:1. A Büchi R-200 rotary evaporator as shown in figure 4.3 was used to achieve 

homogeneous mixing and evaporation of solvents. After all the solvents were evaporated, 

dry mixture of FePt in NaCl matrix was obtained. Milling and crushing of the dry mixture 

was then performed by using a marble and a pestle.     

 

Figure 4.3 Büchi R-200 rotary evaporator 
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 Thirdly, the homogeneous mixture was annealed in forming gas (93% H2 + 7% 

Ar2) in different conditions from 600 to 750 oC for 2 to 8 hours to investigate the fcc-to-

fct transition by using a Lindberg Blue-M tube furnace. After annealing, the mixture was 

then washed by de-ionized water for at least three times to remove NaCl. Centrifugation 

at 6000 rpm for 2 minutes was used to separate the FePt nanoparticles from the water. 

Acetone was used to absorb the remaining water and centrifugation was again applied to 

get separated FePt nanoparticles. Finally, these annealed FePt nanoparticles could be re-

dispersed in cyclohexane with the assistance of surfactants.    

4.3 Characterization Techniques 

4.3.1 X-ray Diffraction (XRD) 

Philips PW 1710 X-ray diffractometer with Cu-Kα radiation (wavelength 

λ=1.54056 Ao) was used for crystalline structure characterization of samples. The 

samples were prepared by depositing nanoparticles on glass substrate and X-ray was 

applied on the sample. The incident X-ray follows Bragg’s law as described in figure 4.4 

and the following formula: [94] 

2 sinn dλ θ= , 

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-spacings 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 
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of θ. When a mixture of different phases is present, the resultant diffractogram is formed 

by addition of the individual patterns.  

 

  λ

d θ  

θ  

 

 

 

 

 

 

 
Figure 4.4 Bragg’s law 

 

4.3.2 Transmission Electron Microscope (TEM) 

JEOL's 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 

and the solvents were allowed to evaporate in air. Formvar is more hydrophobic than 

carbon and hence the solvent (octane is also hydrophobic) can spread out easily on the 
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grid instead of staying agglomerated in the form of a small drop. Thus, nanoparticles 

coated with surfactants can assemble on the grid. However, for TEM imaging of 

nanoparticles, it is important to avoid excessive surfactant coating, which causes 

difficulties for the electron beam to transmit through the sample, therefore reduce the 

contrast and quality of the observation of nanoparticles.   

Figure 4.5 shows a typical structure of a conventional TEM. 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 onto 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 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 shown if the diffraction mode of TEM is 

set. 
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Figure 4.5 Structure of the conventional TEM 

 

4.3.3 High-Resolution TEM (HRTEM) 

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. 

4.3.4 Compositional Characterization  

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

composition of selected samples was processed by Galbraith Research Labs. Powder 

samples were prepared and sent for ICP-OES analysis. 
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4.3.5 Magnetic Measurements 

4.3.5.1 Sample Preparation for Magnetic Measurements 

Samples for magnetic measurements were prepared by depositing a few drops of 

the final dispersion of nanoparticles on a 3 × 3 mm silicon substrate and evaporating the 

solvents at room temperature, which led to the formation of nanoparticle assemblies on 

the substrates. The samples were then dried in a vacuum to remove volatile organics from 

the assemblies. Epoxy as the binder was used to prevent nanoparticles from motion 

during magnetic measurements. In the case of fct FePt nanoparticles, samples were also 

prepared by mixing nanoparticles with epoxy or PVC as binder on Si substrates, or by 

freezing nanoparticle-dispersions in alcohol or water, with or without magnetic field 

alignment. Hardened epoxy or PVC and frozen solvents provide accurate magnetic 

measurements of nanoparticles by avoiding nanoparticle motions while magnetic filed is 

applied.  

FePt nanoparticles embedded in salt-matrix right after annealing were prepared as 

the samples for Curie temperature measurements in order to avoid grain growth of 

nanoparticles when high temperature was applied during M-T measurements. The 

samples without protection of salt-matrix were also measured for the purpose of 

comparison. 

4.3.5.2 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. The sample is magnetized by a static DC field and an alternating gradient magnetic 
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field produces an alternating force that applies on the sample. This force (F) is 

proportional to the magnitude of the alternating magnetic field (Mag) and the magnetic 

moment (M) of the sample. Thus,  

( ) &( )F Mag M∝  

If (Mag) is kept constant,  

F M∝ . 

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. 

4.3.5.3 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 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 
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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. 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 requirement of SQUID is 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. 

4.3.5.4 Vibrating Sample Magnetometer (VSM) 

VSM is an integrated magnetometer in Physical Property Measurement System 

(PPMS). It can generate a magnetic field as high as 140 kOe and provide a magnetic 

moment sensitivity up to 1 µemu. The magnetic measuring mechanism of VSM also 

belongs to inductive technique and is similar to SQUID except that the motion of sample 

in detecting coils for VSM is much faster than SQUID. The normal operating temperature 

of VSM is from 1.9 K to 400 K, however, a VSM with an oven option can be operated 

from room temperature to 1000 K. The measurement of VSM is faster than SQUID but 

with lower sensitivity. Measurements that require saturation field higher than 70 kOe and 

temperatures higher than 400 K are performed by VSM instead of SQUID.  
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CHAPTER 5 

RESULTS AND DISCUSSIONS 

5.1 Long-Range Ordering of FePt Nanoparticles 

5.1.1 Phase and Compositional Analysis 

 As described in 4.2, monodisperse face-centered tetragonal (fct) FePt 

nanoparticles were prepared by salt-matrix annealing technique. The as-synthesized FePt 

nanoparticles with different diameters embedded in salt-matrix were annealed in forming 

gas in different conditions to investigate the relation between annealing conditions and 

the chemical ordering. Figure 5.1 shows the XRD patterns of FePt nanoparticles with 

diameters from 4 to 15 nm annealed in salt-matrix at 600 oC for 2 hours and 700 oC for 2 

and 4 hours. As shown in the patterns, (001) and (110) peaks, which is characteristic for 

chemically ordered fct FePt phase, started to develop when the particles were annealed at 

700 oC for 2 hours. These XRD peaks that appear only in ordered phase are called 

superlattice peaks. As the annealing time increased to 4 hours, superlattice peaks (001) 

and (110) were more developed, indicating that the fcc-to-fct transition was more 

complete. The position of peaks shifts to the high-angle direction as the transition is more 

complete, most obviously for the (111) peaks, which is caused by the lattice length 

change when atomic structure changes from fcc to fct. 4 nm FePt particles were selected 

to run heat treatments at 700 oC for extended time. Figure 5.2 shows the XRD patterns of 
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4 nm FePt particles annealed 700 oC for 6 and 8 hours. No obvious evidence can be found 

that longer annealing time (>4 hours) can further develop the transition.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 5.1 XRD patterns of as-synthesized and annealed FePt nanoparticles with 
diameters of (a) 4 nm, (b) 6 nm, (c) 8 nm and (d) 15 nm 
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Figure 5.2 XRD pattern of 4 nm FePt nanoparticles annealed at 700 oC for 4, 6 
and 8 hours 

 

 In the case of 2 nm FePt particles, the electron diffraction of TEM has to be used 

to perform the phase identification instead of XRD for the reason that no XRD peaks 

were obtained because the grain size is too small for XRD analysis. Figure 5.3 is the 

selected area electron diffraction images of 2 nm FePt nanoparticles annealed at 600 oC 

for 2 hours and 700 oC for 4 and 8 hours. Only (111) and (200) fundamental electron 

diffraction rings can be found and all superlattice rings are missing in all these selected 

area electron diffraction images, which indicates that the fcc-to-fct transition did not 

occur even when the 2 nm FePt nanparticles were annealed at 700 oC for 8 hours in salt-

matrix. This result is consistent with the previous studies that FePt nanoparticles below a 

critical size limit could not be converted to fct phase. [109-111, 113] 
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Figure 5.3 Selected area electron diffraction patterns of 2 nm FePt nanoparticles 
annealed at (a) 600 oC for 2 hours, (b) 700 oC for 4 hours and (c) 700 oC for 8 
hours 

 

In the XRD patterns, there are no peaks for the separating media NaCl, which 

means that the water-washing technique effectively removed the salt-matrix after 

annealing. ICP-OES confirmed that the NaCl level is as low as 0.099% in weight and the 

average composition of the nanoparticles is Fe52Pt48. Therefore, salt-matrix annealing 

technique can produce fct phase FePt particles without any non-magnetic impurities. 

From the following discussions, we will see that these fct FePt particles are monodisperse 

and size/shape-retained as the as-synthesized nanoparticles. 

 The equation below is the Scherrer equation from which grain size of XRD 

samples can be calculated. [93, 94] 

( )
0.94
2 cos

L
B

λ
θ θ

=  

where L is the crystal dimension, λ = 0.154056 nm is the wavelength of the X-ray, B(2θ) 

is the full width in radians subtended by the half-maximum intensity width of the peak at 
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angle θ. The (111) peaks were chosen to calculate the grain sizes as demonstrated by 

figure 5.4. The average grain sizes of FePt nanoparticles annealed at 700 oC for 4 hours 

are 4.7 nm, 6.8 nm, 8.2 nm and 13.3 nm for 4 nm, 6 nm, 8 nm and 15 nm particles, 

respectively. These grain sizes of the 4 nm, 6 nm and 8 nm particles also represent the 

particle sizes because all of them are of single-crystalline structure. The relatively smaller 

grain size of 15 nm is due to the polycrystalline structure of the 15 nm FePt 

nanoparticles. (See 2.5.1) Thus, salt-matrix annealing can complete the fcc-to-fct 

transition and prevent the grain growth during heat treatment at the same time. 
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Figure 5.4 (111) XRD peaks of 4 nm, 6 nm, 8 nm and 15 nm FePt nanoparticles 
annealed at 700 oC for 4 hours 

 

5.1.2 Long-Range Ordering Parameter 

 As we discussed in 3.1.3, the long-range ordering parameter of FePt nanoparticles 

can be calculated by equation 3.13. In X-ray diffraction, the low-order fundamental 

 60



 

reflections are much stronger than the superlattice reflections, and their measured values 

tend to be very small due to extinction. Hence, we prefer to use the weaker high-order 

fundamentals when calculating S. [93] Following the previous study of long-range 

ordering parameter of FePt nanoparticles, (001) and (002) were selected as the 

superlattice and fundamental peaks, repectively. [96] Thus, the long-range ordering 

parameter of our FePt nanoparticles is represented in the equation below. 

1
2

002

0.85 001IS
I

⎛ ⎞
≅ ⋅⎜ ⎟

⎝ ⎠
 

where I001 and I002 are the integrated intensities of (001) and (002) peaks, respectively. 

From this equation, the long-range ordering parameter of FePt nanparticles with different 

diameters annealed in different conditions were calculated and plotted as shown in figure 

5.5. As the annealing temperature or time increases, the long-range ordering parameter S 

increases for specific particle size, which indicates that chemical ordering of FePt is more 

complete with increasing annealing temperature or time. S vanishes for 2 nm FePt 

nanoparticles because no (001) superlattice structure was found in the SAED patterns as 

shown in figure 5.3. According to figure 5.5, as the particle diameter increases from 4 to 

8 nm, the long-range ordering parameter S increases as well, which follows the size-

dependent theory of long-range ordering parameter discussed in 3.1.5. The long-range 

ordering parameter of 15 nm FePt nanoparticles is lower than that of the 8 nm particles, 

which may be due to the polycrystalline structure of the large particles. The grain 

boundaries in a 15 nm FePt nanoparticles may play the role of holdback in the process of 

chemical ordering. The S of 4 nm, 6 nm, 8 nm and 15 nm FePt nanoparticles annealed at 
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700 oC for 4 hours is 0.85, 0.92, 0.98 and 0.94, respectively, which are the maximum S 

values obtained for particular particle sizes in our experiment. 
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Figure 5.5 Long-range ordering parameter vs. particle diameter for different 
annealing conditions 

 

Our analysis shows that the long-range ordering parameter S increases when the 

annealing temperature or time increases, or the particle size increase. When the FePt 

particle size is 8 nm and the annealing condition is 700 oC for 4 hours, S almost reaches 

unity, which is for the perfect chemical ordering. 

5.2 Morphology of fct FePt Nanoparticles 

5.2.1 TEM Analyse 

 TEM was used to observe the morphology of the fct FePt nanoparticles obtained 

from salt-matrix annealing technique. Figure 5.6 (a), (b) and (c) show the TEM images of 

fct FePt with diameters of 15 nm, 8 nm and 4 nm annealed in salt-matrix at 700 oC for 2 
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hours. From these TEM images, we can see all these fct phase FePt nanoparticles after 

being annealed are monodisperse and their size distribution is very narrow. As described 

in the HRTEM image in figure 5.6 (d), after salt-matrix annealing, 8 nm fct FePt 

nanoparticles remained the same cubic shape as the as-synthesized particle, which 

indicates that this technique can retain particle size as well as particle shape. The 

HRTEM images (figure 5.6 (d) and (e)) also show clearly the crystalline lattices of 4 nm 

and 8 nm fct FePt nanoparticles, which are of single-crystalline structure. On the other 

hand the HRTEM image in figure 5.7 shows that the 15 nm fct FePt nanoparticles are of 

polycrystalline structure, which was probably caused by the core-shell structure of the as-

synthesized particles (discussed in 4.1). After salt-matrix annealing, the Fe3O4 shell was 

reduced and sintered into the Pt core of the particle, and formed polycrystalline FePt 

nanoparticle. There are several crystal grains in a nanoparticle, having different 

magnetocrystalline orientations, which is the reason why 15 nm FePt nanoparticles have 

relatively lower chemical ordering (discussed in 5.1.2) and anisotropy (discussed in 5.3) 

compared to particles with other sizes.  
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Figure 5.6 TEM images of salt-matrix-annealed fct FePt nanoparticles annealed at 
700 °C for 2 hours. (a) 15 nm with NaCl:FePt ratio of 100 : 1, (b) 8 nm with the 
ratio of 40 : 1, (c) 4 nm with the ratio of 40 : 1, (d ) and (e) are the high resolution 
TEM images for (b) and (c), respectively [70] 
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Figure 5.7 HRTEM image of an fct FePt nanoparticle annealed at 700 °C for 4 
hours in salt-matrix, showing the polycrystalline morphology [70] 

 

In order to maximize the fcc-to-fct conversion, the time of the salt-matrix 

annealing was extended from 2 hours to 4 hours at temperature of 700 oC. By adjusting to 

the proper NaCl:FePt ratio (discussed in 5.2.2 and 5.2.3),  monodisperse fct FePt 

nanoparticles with diameters from 4 nm to 15 nm were obtained though 2 nm FePt 

nanoparticles with retained size did not convert to fct phase as discussed in 5.1.1. Figures 

5.8 (a) to (e) show the TEM images of as-synthesized FePt nanoparticles with sizes from 

2 nm to 15 nm. Figure 5.8 (e) shows the core-shell structure of 15 nm as-synthesized 

nanoparticles as described in previous discussions. Figure 5.8 (f) shows the TEM image 

of 2 nm unconverted FePt particles annealed at 700 oC for 8 hours and (g) to (j) show 

those of 4 to 15 nm fct FePt particles annealed at 700 oC for 4 hours. By comparing the 

TEM images of as-synthesized and annealed particles, we can conclude that the salt-

matrix annealing technique has been applied to successfully produce monodisperse fct 
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phase FePt nanoparticles with retained sizes and shapes as starting as-synthesized 

nanoparticles in the annealing condition that completes the maximum atomic ordering, 

therefore the maximum converted fct phase. In the case of 2 nm FePt nanoparticles, even 

after being annealed in salt-matrix at 700 oC for 8 hours, the particle size was retained so 

that no fcc-to-fcc conversion was obtained as discussed in 5.1.1. 

 
 
Figure 5.8 TEM images of as-synthesized FePt nanoparticles (a) 2 nm, (b) 4 nm, 
(c) 6 nm, (d) 8 nm, (e) 15 nm and FePt nanoparticles (f) 2 nm annealed at 700oC 
for 8 hours, (g) 4 nm, (h) 6 nm, (i) 8 nm, (j) 15 nm annealed at 700oC for 4 hours 
 

5.2.2 NaCl:FePt Ratio Effect  

The NaCl:FePt ratio in salt-matrix annealing technique has been adjusted from 

1:1 to 400:1 to investigate the optimal experimental parameters. Figure 5.9 shows TEM 

images of the as-synthesized 15 nm FePt nanoparticles and the particles after being 

annealed at 700 oC for 2 hours with different NaCl:FePt ratios.  For the ratio of 4:1, large 

particles as big as 50 nm can be found and the sample has a very wide size distribution 

because of sintering of particles during annealing. (see figure 5.9 (b)) When the ratio was 

increased to 40:1, the sintering was dramatically reduced except a few larger particles can 
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still be observed, as seen in figure 5.9 (c). Figure 5.9 (d) shows that when the ratio of 

100:1 was used, the sintering was prevented completely and the particles size and shape 

were retained. It is proved that the higher the NaCl:FePt ratio is, the lesser the sintering 

occurs during annealing. In the case of the 15 nm FePt particles, when the ratio is lower 

than 40:1, monodisperse fct nanoparticles cannot be obtained from the heat treatment at 

700 oC for 2 hours. When the annealing condition is fixed, lower salt ratios give 

significant particle sintering and agglomeration.  

 
 
Figure 5.9 TEM images of 15 nm FePt nanoparticles (a) as-synthesized, and 
annealed in salt-matrix at 700 oC for 2 hours with NaCl:FePt ratios of (b) 4:1, (c) 
40:1 and (d) 100:1 

 

5.2.3 FePt Particle Size Effect 

On the other hand, in salt-matrix annealing, the degree of sintering of particles is 

also related to the particle size of starting fcc FePt nanoparticles. Figure 5.10 shows the 

TEM images of 4 nm FePt nanoparticles annealed in different conditions with different 

NaCl:FePt ratios. Under the same annealing condition, 40:1 ratio was sufficient to 

prevent the sintering for 4 nm particles (figure 5.10 (a)) while sintering still occurred for 

15 nm particles. This is related to the fact that particles with larger diameter have much 

larger spherical surface area, which results in higher probability to contact each other in 
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the NaCl matrix during the heat treatments. Therefore, for particles with larger diameter, 

higher salt ratios must be used to effectively separate particle from particle in the matrix 

during heat treatment and eventually prevent sintering and agglomeration. 

 
 
Figure 5.10 TEM images of 4 nm FePt nanoparticles annealed at (a) 700 oC for 2 
hours with NaCl:FePt ratio of 40:1, (b) 700 oC for 4 hours with NaCl:FePt ratio of 
100:1, (c) 700 oC for 8 hours with NaCl:FePt ratio of 100:1 and (d) 700 oC for 8 
hours with NaCl:FePt ratio of 400:1 

 

5.2.4 Annealing Condition Effect 

 In the study of 4 nm FePt nanoparticles, annealing time longer than 4 hours at 700 

oC was tested. It has been found that both the annealing conditions and NaCl:FePt ratios 

have significant effects in preventing sintering of particles. As shown in figure 5.10 (b), 

when the NaCl:FePt ratio was increased from 40:1 to 100:1 and the annealing time was 

extended from 2 hours to 4 hours, monodisperse 4 nm FePt nanoparticles could still be 

obtained. However, the ratio of 100:1 was not sufficient to prevent sintering when the 

annealing time was increased to 8 hours. 4 nm nanoparticles sintered to form particles as 

large as 20 nm (see figure 5.10  (c)). When the ratio was continuously increased from 

100:1 to 400:1, sintering of particles was successfully prevented again for annealing up to 

8 hours, as shown in figure 5.10 (d). Thus, annealing at higher temperatures or extended 
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time should be accompanied with higher NaCl:FePt ratios to avoid sintering and obtain 

monodisperse nanoparticles. 

5.3 Magnetic Properties of FePt Nanoparticles 

Figure 5.11 shows the hysteresis loops of 2 nm FePt nanoparticles annealed in 

salt-matrix in different conditions, which were measured in AGM. Coercivity was not 

developed for all annealing conditions because 2 nm FePt nanoparticles did not convert 

to fct phase with magnetic anisotropy. On the other hand, significant coercivity was 

observed when FePt nanoparticles with sizes from 4 to 15 nm were converted to fct phase 

with high magnetic anisotropy. As shown in the hysteresis loops measured by SQUID in 

figure 5.12, for all particles with different sizes, coercivity increases with considerable 

values as the annealing temperature or time increases. When the annealing condition was 

700 oC for 4 hours, the maximum coercivity values were obtained, which are 8 kOe, 23.3 

kOe, 28.5 kOe and 16.7 kOe for 4 nm, 6 nm, 8 nm and 15 nm fct FePt nanoparticles, 

respectively.  

Figure 5.13 shows the relation between the coercivity measured at room 

temperature and the particle diameter, which follows the same trend as the long-range 

ordering parameter as shown in figure 5.5. From 4 nm to 8 nm, coercivity increases when 

the particle diameter increases for each particular annealing condition, which may be 

related to the size-dependent chemical ordering of FePt nanoparticles. Larger 

nanoparticles with more developed chemical ordering have higher anisotropy, therefore, 

higher coercivity. [115] The relatively low coercivity of 15 nm fct FePt nanoparticles 

may be due to their polycrystalline morphology. As shown in the HRTEM image in 
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figure 5.7, the superposition of coercivities of crystal grains pointing to different 

directions results in lower sum of coercivity as a particle. As figures 5.5 and 5.13 

demonstrate, both chemical ordering and magnetic anisotropy are particle-size-dependent 

for FePt nanoparticles, which leads to the size-dependent long-range ordering parameter 

and coercivity, respectively. Figure 5.14 shows the hysteresis loops of fct FePt 

nanoparticles measured at temperatures as low as 5 K. As temperature decreases from 

room temperature, the magnetic anisotropy of the nanoparticles increases, which results 

in increasing coercivity. 
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Figure 5.11 Hysteresis loops of 2 nm FePt nanoparticles annealed in salt-matrix in 
different conditions 
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Figure 5.12 Hysteresis loops of FePt nanoparticles with diameters of (a) 4 nm, (b) 
6 nm, (c) 8 nm and (d) 15 nm annealed in different conditions 
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Figure 5.13 Coercivity vs. particle diameter under different annealing conditions 
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Figure 5.14 Coercivity vs. temperature for different particle sizes 
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Theoretically, fct FePt particles with magnetocrystalline anisotropy should be 

aligned under magnetic field and therefore, the aligned specimens could show different 

magnetization curves when being measured in different directions. Huge efforts have 

been made to produce anisotropic nanostructured assemblies in our experiment. The fct 

FePt nanoparticles were mixed in binders, such as epoxy or PVC, and put in a magnetic 

field as high as 29 T. The field was applied on the specimens until the liquid blinders 

were hardened so that nanoparticles would be aligned. However, no obvious difference 

was found in the magnetization curves measured in the parallel and perpendicular 

directions to the aligning field (figure 5.15). 
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Figure 5.15 Hystersis loops of 8 nm fct FePt nanoparticles aligned under 29 T 
magnetic field mixed in epoxy 
 

One possible reason for this failure of alignment is that each of the fct FePt 

nanoparticles is a small permanent magnet so that they attract each other to form large 

 73



 

aggregations, which makes the rotation of individual particles difficult. Besides the 

magnetic force, the chemical bonding among the surfaces of nanoparticles may also be 

the reason of the formation of large aggregations. Another possible reason may be that it 

is difficult to rotate the nanoparticles with very fine dimension in the epoxy binder 

because of the friction. This extremely high friction is caused by the high viscosity of 

epoxy and the huge surface area of the nanoparticles.  

To reduce the friction, the fct FePt nanoparticles were aligned in low-viscosity 

binders, such as alcohol and water, under a magnetic field of 7 T in SQUID. The 

specimens were cooled down under the magnetic field, from room temperature at which 

alcohol and water are in liquid form, to temperatures below their freezing points, and the 

demagnetization curves were measured at these temperatures. These curves were then 

compared with the ones measured for the same specimens cooled without the magnetic 

field, which results in randomly oriented nanoparticles. Figure 5.16 shows the 

demagnetization curves measured from the aligned and random nanoparticles in frozen 

alcohol at temperature of 10 K. Significantly higher remanence and coercivity can be 

observed for the aligned nanoparticles though we were not able to saturate the 

magnetization under 7 T magnetic field at 10 K.  
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Figure 5.16 Demagnetization curves measured at 10 K from the aligned and 
random 8 nm fct FePt nanoparticles in frozen alcohol 
 

Another reason for the difficulty in aligning the nanoparticles is associated with 

the polycrystalline feature of the annealed 15 nm fct FePt nanoparticles. Figure 5.7 shows 

an example of an annealed 15 nm FePt nanoparticle in a high resolution TEM image. The 

sample comprises of more than 50% of the plycrystalline particles, by a rough estimation. 

In the case of polycrystalline nanoparticles, the relationship between domains and grains 

can be very complicated and the magnetization reversal cannot be described in a simple 

model. Further study is needed for an extended understanding of this issue. 
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5.4 Magnetic Ordering of FePt Nanoparticles 

The magnetic ordering of FePt nanoparticles was characterized by the temperature 

dependence of magnetization from which Curie temperature could be obtained. In this 

characterization carried out by a VSM, temperature was first brought from room 

temperature to a temperature as high as 1000 K and then decreased from high 

temperature back to room temperature so that loops of magnetic moment versus 

temperature could be recorded. Figure 5.17 shows the M-T loops for salt-matrix annealed 

FePt nanoparticles with diameters from 2 to 15 nm, which were measured with and 

without salt-matrix. As shown in the loops in figure 5.17, the magnetization of samples 

vanishes as the temperature increases above a critical point, which indicates that the 

magnetic ordering caused by ferromagnetism starts to disappear above a critical 

temperature, known as Curie temperature. Grain growth of nanoparticles occurred for 

samples measured without salt-matrix at high temperatures due to the absence of the 

protection of salt, which results in sintered bulk samples of FePt. On the other hand, the 

samples measured in salt-matrix could have retained nano-scaled particle sizes so that 

they represent the magnetic ordering behaviors of the FePt nanoparticles with different 

sizes. Obviously, the loops measured without salt-matrix that represent the FePt bulks 

have different behaviors from the ones measured with salt matrix that represent the FePt 

nanoparticles. As it can be observed, for a sample with particular particle size, 

magnetization vanishes at a lower temperature for the samples measured without salt-

matrix than the ones measured with salt matrix. For 2 nm FePt nanoparticles, there is no 
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obvious drop of magnetization to a certain minimum point when it was measured with 

salt matrix, which is very different from the M-T loop measured without salt-matrix.   

Curie temperature was determined by the intersection of the steepest tangents to 

the M-T loops as shown in figure 5.17. [116] The size-dependence of Curie temperature 

is demonstrated in figure 5.18. When the samples were measured in salt-matrix so that 

they were kept in nano-scale with desired particle sizes, Curie temperature increases as 

the particle size increases, as shown in the red curve of figure 5.18. This indicates that fct 

FePt nanoparticles with larger diameter have more stable magnetic ordering so that they 

need higher thermal energy to overcome the exchange interactions between magnetic 

moments, which results in higher Curie temperature. No Curie temperature could be 

determined from the M-T loop of 2 nm FePt nanoparticles measured with salt-matrix, 

which is due to the fact that they were not able to convert to fct hard-magnetic phase.  

In the case of samples measured without salt, the Curie temperature was found to 

be obviously lower than the one measured with salt matrix, which implies that Curie 

temperature experienced significant decline as the nanoparticles turn to bulks. The reason 

for this phenomenon might be due to the nano-scale effect of particles. [104, 114] For 

nanoparticles, there is relatively larger fraction of atoms on the surface, which results in a 

different magnetic interaction behavior and therefore a different Curie temperature 

behavior. The Curie temperatures of samples measured without salt matrix do not follow 

the size-dependent behavior as perfectly as samples measured with salt matrix, which 

may be due to the different degree of sintering. In the case of 2 nm sample, Curie 

temperature could be determined because the sample sintered to form much larger grains 
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so that the fct transition could occur. The behavior of size-dependent Curie temperature 

can be also described in the curve of ∆Tc versus particle size in figure 5.19, where ∆Tc is 

the difference in Tc between samples for particular particle size measured with and 

without salt-matrix. ∆Tc increases as the particle size increases and the inconsistent 

behavior of 15 nm fct FePt nanoparticles may be caused by the difference in the degree of 

sintering as discussed above.  
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Figure 5.17 M-T loops of fct FePt nanoparticles with different sizes measured 
with and without salt matrix 
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Figure 5.18 Curie temperature vs. particle diameter for samples measured with 
and without salt matrix 
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Figure 5.19 ∆Tc vs. particle diameter, where ∆Tc is the difference in Tc between 
samples measured with and without salt matrix 
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CHAPTER 6 

SUMMARY 

There are two major challenges for the applications of FePt nanoparticles. Firstly, 

the as-synthesized FePt nanoparticles are of face-centered cubic (fcc) phase, in which Fe 

and Pt atoms are positioned in atomic sites randomly. The FePt nanoparticles with the fcc 

structure do not have magnetic anisotropy that is necessary for tapplications of hard-

magnetic nanoparticles. In order to make hard-magnetic nanoparticles with high magnetic 

anisotropy, fcc phase FePt nanoparticles must be converted to face-centered tetragonal 

(fct) phase. In the fct structure of FePt, Fe and Pt atoms occupy corresponding atomic 

sites orderly and periodically. Secondly, heat treatments that are required to convert FePt 

nanoparticles from fcc phase to fct phase cause sintering and agglomeration of 

nanoparticles. This phenomenon results in particles with irregular shapes and large size 

distribution, which is a great holdback of the applications of the hard-magnetic FePt 

nanoparticles.   

Salt-matrix annealing technique was developed and applied as the solution to 

these two challenges. NaCl particles with size reduced by wet surfactant-assisted ball 

milling were introduced as the separating media during the heat treatments. FePt 

nanoparticles embedded in the salt-matrix do not contact each other so that sintering can 

be effectively prevented during heat treatments and fcc-to-fct transition is allowed to be 

completed at the same time. Monodisperse fct FePt nanoparticles with sizes varying from 
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2 to 15 nm have been successfully prepared by chemical method. After the salt-matrix 

annealing, the size and shape of the FePt nanoparticles were retained. The XRD analysis 

showed that the chemical ordering of FePt nanoparticles with diameters from 4 to 15 nm 

is most complete when the annealing condition is 700 oC for 4 hours. As the particle size 

increases, the long-range ordering parameter increases. The 15 nm FePt nanoparticles 

have a relatively low ordering parameter due to their polycrystalline structure. Magnetic 

hardening follows the same particle-size-dependent trend as the long-range ordering 

parameter. Coercivity as high as 30 kOe has been obtained for 8 nm fct FePt 

nanoparticles at room temperature. From the electron diffraction analysis, 2 nm FePt 

nanoparticles were found not to convert to fct ordered phase even after being annealed at 

700 oC for 8 hours, because of their small particle size. Curie temperatures of the fct FePt 

nanoparticles were found to be size-dependent as well. Lager particle size results in 

higher Curie temperature. A decrease of Curie temperature was observed when the fct 

FePt nanoparticles were sintered during the M-T measurements. This phenomenon is 

very interesting and the reason for it still needs further study.  

FePt hard-magnetic nanoparticles are one of the best candidates for many 

applications as mentioned in the previous chapters. This study helps us better understand 

the production technique of fct phase FePt nanoparticles and the size-effect on their 

characteristics. So far, the fct FePt nanoparticles produced in this study are the only 

available hard-magnetic nanoparticles at room temperature with particle size down to 4 

nm. Moreover, these nanoparticles are monodisperse and free of non-magnetic impurities 

with controllable size and shape. However, with these fct FePt nanoparticles, extended 
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efforts should be made to produce anisotropic and high-energy-product nanocomposite 

assemblies and bulks, and to achieve the compatibility to biological systems for bio-

applications. 
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APPENDIX A 
 

UNITS OF MAGNETIC PROPERTIES 
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Table A.1 Units of magnetic properties [46] 

Quantity Symbol Gaussian & cgs 
emu 

Conversion factor, C b SI & rationalized mks c

Magnetic flux density, 
magnetic induction 

B gauss (G) d 10-4 tesla (T), Wb/m2

Magnetic flux Μ maxwell (Mx), Gθ 
cm2

10-8 weber (Wb), volt 
second (Vθs) 

Magnetic potential 
difference, 
mangetomotive force 

U, F gilbert (Gb) 10/4π ampere (A) 

Magnetic field strength, 
magnetizing force 

H oersted (Oe), e 
Gb/cm 

103/4π A/m f

(Volume) magnetization g M emu/cm3 h 103 A/m 
(Volume) magnetization 4πM G 103/4π A/m  
Magnetic polarization, 
intensity of magnetization 

J, I emu/cm3 4π×10-7 T, Wb/m2 i

(Mass) magnetization σ, M emu/g 1 
4π×10-7

Aθm2/kg 
Wbθm/kg 

Magnetic moment m emu, erg/G 10-3 A.m2/kg, joule per tesla 
(J/T) 

Magnetic dipole moment j emu, erg/G 4π×10-10 Wbθm i

(Volume) susceptibility χ, κ dimensionless, 
emu/cm3

4π
(4π)2×10-7

dimensionless 
henry per meter (H/m), 
Wb/(Aθm) 

(Mass) susceptibility χρ, κρ cm3/g, emu/g 4π×10-3 

(4π)2×10-10
M3/kg 
Hθm2/kg 

(Molar) susceptibility χmol, 
κmol

cm3/mol, emu/mol 4π×10-6 

(4π)2×10-13
m3/mol 
Hθm2/mol 

Permeability µ dimensionless 4π×10-7 H/m, Wb/(Aθm) 
Relative permeability j µr not defined  dimensionless 
(Volume) evergy density, 
energy product k

W erg/cm3 10-1 J/m3

Demagnetization factor D, N dimensionless 1/4π dimensionless 

a. Gaussian units and cgs emu are the same for magnetic properties. The dfining relation is B=H+4π. 
b. Multiply a number in Gaussian units by C to convert it to SI (e. g., 1 G×10-4 T/G=10-4 T). 
c. SI (Système International ď Unités) has been adopted by the National Bureau of Standards. Where two 

conversion factors are given, the upper one is recognized under, or consistent with, SI and is based on the 
definition B=µo(H+M), where µo=4π×10-7 H/m. The lower one is not recognized under SI and is based on 
the definition B=µoH+J, where the symbol I is often used in place of J. 

d. 1 gauss=105 gamma (γ). 
e. Both oersted and gauss are expressed as cm-1/2θg1/2θs-1 in terms of base units. 
f. A/m was often expressed as “ampere-turn per meter” when used for magnetic filed strength. 
g. Magnetic moment per unit volume. 
h. The designation “emu” is not a unit. 
i. Recognized under SI, even though based on the definition B=µoH+J. See footnote c. 
j. µr=µ/µo=1+χ, all in SI. µr, is equal to Gaussian µ. 
k. BθH and µoMθH have SI units J/m3; MθH and BθH/4π have Gaussian units erg/cm3. 

 

 85



 

 

 

 

 

 

 

 

 

APPENDIX B 
 

CRYSTRAL STRUCTURE OF FERRITE 
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Figure B.1 Schematic model of the Spinel unite cell structure [56] 

 

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. For CoFe2O4, the A and B positions are equally 

occupied by Co and Fe cations. Fe3O4 and CoFe2O4 have almost the same lattice 

parameters: a = 8.3963 Å for Fe3O4, a = 8.39 Å for CoFe2O4. The mass densities for 

Fe3O4 and CoFe2O4 are almost identical. 
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FePt PHASE DIAGRAM 
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Figure C.1 FePt phase diagram and schematic representation of structure 

transformation between fcc and fct FePt. Orange circles represent Fe atoms and 

green circles represent Pt atoms in unit cells [117] 
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Award 

• Awarded "Scharff Award Scholarship" for research achievements on April 25, 

2006 by the Department of Physics, University of Texas at Arlington. 

 

Publications 

• “Monodisperse face-centered tetragonal FePt nanoparticles with giant coercivity”,  

Kevin Elkins, Daren Li, Narayan Poudyal, Vikas Nandwana, Zhiqiang Jin, 

Kanghua Chen and J. Ping Liu, Journal of Physics D: Applied Physics, 38, 2306 

(2005). 

 

• “Hard magnetic FePt nanoparticles by salt-matrix annealing”, Daren Li, Narayan 

Poudyal, Vikas Nandwana, Kevin Elkins, Zhiqiang Jin and J. Ping Liu, Journal of 

Applied Physics, 99, 1 (2006) (in press). 

 

• “Magnetic Properties of FePt Nanoparticles Annealed with NaCl”, B. A. Jones, J. 

D. Dutson, K. O’Grady, B. J. Hickey, Daren Li, Narayan Poudyal and J. Ping 

Liu, IEEE Transactions on Magnetics, (to be published in October 2006). 

    

Conference Presences 

• Accepted abstract “Preparation of Monodisperse Fct FePt Nanoparticles”, Kevin 

Elkins, Daren Li, J. Ping Liu, American Physical Society March Meeting 2005, March, 
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• Accepted abstract and oral presentation “Size Effect on Chemical Ordering in Face-
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Nandwana and J. Ping Liu, American Physical Society March Meeting 2006, March, 

2006, Baltimore, MD, USA. 

 

• Accepted abstract “Magnetism of Discrete L10 Ordered FePt Nanoparticles”, Hao 

Zeng, Michael Demarco, Daren Li, and J. Ping Liu, American Physical Society 

March Meeting 2006, March, 2006, Baltimore, MD, USA. 

 

• Accepted abstract “Magnetic Properties of FePt Nanoparticles Annealed with 

NaCl”, B. A. Jones, J. D. Dutson, K. O’Grady, B. J. Hickey, Daren Li, Narayan 

Poudyal and J. Ping Liu, IEEE International Magnetics Conference 2006, May 

2006, San Diego, CA, USA. 
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