
ABSTRACT 
 
 
 
TRICHY, GOPINATH. Growth, Characterization and Magnetic Properties of Epitaxial 
FePt Nanostructures. (Under the direction of Prof. Jagdish Narayan).  
 

The primary objective of this dissertation was to study the growth, microstructure and 

magnetic properties of FePt nanostructures so as to demonstrate their suitability for high-

density magnetic storage applications. The FePt system is an attractive candidate for 

high-density storage (greater than 100 Gbits/in2) due to its extremely high uniaxial 

magnetocrystalline anisotropy (Ku = 7.0 ×107 erg/cm3). The high magnetocrystalline 

anisotropy permits the use of smaller particles before the onset of superparamagnetism; 

this directly leads to larger recording densities. As a part of this study, we have pioneered 

the epitaxial growth of c-axis FePt on single crystal Si (100) substrates. This holds 

tremendous future promise in terms of integration of our magnetic structures with the 

existing Si-based technology.  Integration of FePt on Si (100) was achieved by using 

epitaxial TiN as a template buffer. The TiN template controls the FePt growth along the 

magnetically hard c-axis and it also acts as an effective diffusion barrier. The FePt/TiN/Si 

(100) heterostructure was synthesized using pulsed laser deposition. X-ray diffraction 

results showed strong c-axis growth and significant L10 order. Transmission electron 

microscopy revealed the following epitaxial relationship; FePt (001) <001>║TiN (100) 

<001>║Si (100) <001>. In spite of the large misfit strains (ε) involved (εFePt/TiN = 9.5 % 

and εTiN/Si = 22 %), epitaxy was achieved in the FePt/TiN/Si heterostructure by the 

unified paradigm of domain matching epitaxy (DME). 



In this work FePt was synthesized both as continuous thin films and individual discrete 

nanoparticles. The effect of microstructure on magnetic properties of the epitaxial FePt 

system was studied in detail. The microstructure was progressively varied from a 9 nm 

nanoparticle system to a 30 nm thick continuous film. Magnetic hysteresis measurements 

showed that all the samples were predominantly perpendicularly magnetized with higher 

coercivity, squareness and remanence when compared to the in-plane loops. The 

individual nanoparticles, being in a single domain state, showed higher coercivity than 

the continuous thin film. Within the nanoparticle regime coercivity increased with 

increasing particle size. The highest coercivity of 13,500 Oe was obtained for a bead-like 

microstructure, when the individual nanoparticles just begin to merge to form a 

continuous thin film. The continuous thin film showed least coercivity because of its 

multi-domain state and lack of defects or pinning sites. The best microstructure in terms 

of magnetic storage was the 18 nm sized nanoparticle system, with a perpendicular 

coercivity of 10,000 Oe. For this system, if we assume one bit of information to be stored 

in each nanoparticle, a storage capacity of 1 Terabit/in2 can be realized. All the samples 

under study showed perpendicular hysteresis loops with remarkable squareness (≥ 0.95). 

The coercivity of the FePt system can also be controlled via the composition. For the 18 

nm system, the perpendicular coercivity was decreased from 10,000 Oe to 3,200 Oe by 

changing the composition from Fe50Pt50 to Fe41Pt59. A negative magnetoresistance (MR) 

of 0.57 % was observed at room temperature for the Fe50Pt50 bead-like thin-film system. 

The MR loops showed hysteretic behavior with maximum resistance at Hc. The values of 

coercivity in the MR and MH measurements were consistent. The presence of MR in the 



FePt system was attributed to thin domain walls, whose thickness is comparable to spin 

diffusion lengths. The negative MR effect was explained based on spin and domain wall 

dependent electron scattering.  
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Chapter 1 

1 Introduction 
 

Over the past couple of decades there has been an ever increasing demand for digital 

information storage. To cope with this need, hard disks with minimum size are required 

to store maximum information. With the current technology, that uses CoCrPt as the 

recording medium and a longitudinal magnetic recording format, one can get to areal 

densities as high as 100 Gbit/in2. To get beyond this limit (and up to 1 Tbit/in2), we have 

to look for new materials and improved recording techniques. The FePt system is an 

attractive candidate for high-density storage due to its extremely high uniaxial 

magnetocrystalline anisotropy (Ku = 7.0 ×107 erg/cm3). The high magnetocrystalline 

anisotropy permits the use of nano-sized particles before the onset of 

superparamagnetism; this directly leads to larger recording densities. Additionally, the c-

axis aligned FePt system is well suited for perpendicular recording. A four-fold increase 

in storage density can be realized by employing the perpendicular magnetic recording 

technique.  

 

Importance of the FePt material system 

The L10 ordered FePt material system is a promising candidate for magnetic storage and 

recording applications owing to its excellent properties including, high uniaxial 

magnetocrystalline anisotropy, high coercivity, high saturation magnetization and good 
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chemical stability [1]. In order to achieve areal densities beyond the 100 Gbit/in2 regime, 

the grain size has to be reduced to the nano regime. Below a critical size 

superparamagnetism takes over, i.e. the magnetization of the particle becomes unstable 

due to thermal fluctuations rendering the system unsuitable for permanent magnetic 

storage [2].  The high anisotropy of the FePt system increases the anisotropy energy 

(KuV) and permits the use of smaller particles (down to 3 nm) before the onset of 

superparamagnetism. Therefore, use of FePt as a magnetic storage media can improve 

areal density. 

 

For magnetic storage one requires a square hysteresis loop, with two distinct states of 

magnetization (0 and 1), that can switch at well defined fields. This is usually achieved 

by manipulating the magnetic anisotropy of the material. Magnetic anisotropy originates 

from several factors such as the crystal structure, shape and stress [3]. Since the FePt 

system has extremely high crystalline anisotropy, this factor is used to achieve good 

squareness in the hysteresis loops. For the FePt system the crystalline anisotropy is a 

maximum along the c-axis. Hence to use FePt as a magnetic storage media, one needs to 

synthesize c-axis oriented single crystalline FePt structures. Texture in any other 

orientation will yield hysteresis loops that are not square and hence will not switch at 

well defined fields.  If the structure is polycrystalline, the crystalline anisotropies of 

individual grains will be randomly dispersed and the magnetic loop will be far from 

square (undesirable for magnetic storage). The c-axis oriented (001) FePt structures are 

also suitable for perpendicular magnetic recording. Perpendicular recording is 
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characterized by improved areal density and minimal demagnetizing fields [4]. It also 

provides an approach to grow long columnar grains that have the capability to delay onset 

of superparamagnetism. 

 

Importance of size reduction 
 
Reducing the size of the magnetic grains improves areal density, i.e. a greater number of 

bits can be packed in a given area. In recent years considerable attention has been focused 

on the synthesis and study of magnetic nanoparticles for high-density magnetic recording 

applications [5-7]. Interesting properties are observed when the dimensions of magnetic 

particles are tailored to sizes comparable with the characteristic magnetic length scales 

such as magnetic exchange length and domain-wall width [8,9]. For the purpose of 

magnetic storage, size reduction and the transition to single domain state manifests 

favorable changes in coercivity, remanence and domain reversal mechanisms.  

 

In order to be used for storage, magnetic particles are required to have uniformity in size, 

composition and crystallographic orientation. Also, the magnetic particles need to be 

well-separated to minimize exchange coupling and improve the signal to noise ratio. In 

such systems, each particle will have the capability to store one bit of information. In the 

case of continuous magnetic media, data is stored as bits (zeros and ones) in magnetic 

patches, which may contain a number of magnetic grains. It is important to realize that 

the demagnetizing fields of neighboring patches can interfere with each other [3]. When 

scaled to nanoregime (to improve areal density), the spin of a bit can be flipped by its 
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oppositely aligned neighbor. Hence, the bits need to be magnetically isolated. One 

approach would be to synthesize physically isolated magnetic nanoparticles. In such a 

case, each particle will be a single domain and it will have the capability to switch 

independently, without any interference from its neighbor [10].  

 

Our approach 

This dissertation focuses on the growth, characterization and magnetic properties of 

epitaxial FePt nanostructures for high-density magnetic storage applications. FePt was 

synthesized both as continuous thin films and individual discrete nanoparticles. Here, it is 

worth mentioning that in this study the nanoparticles are also referred to as nanoislands or 

nanodots. As a part this study, we have pioneered the epitaxial growth of c-axis FePt on 

single crystal Si (100) substrates. 

 

Until now single crystal MgO coupons have been largely used as the substrate for 

epitaxial growth of FePt [11 and references therein]. However, MgO will be unsuitable 

from a viewpoint of practical applications, due its high single-crystal cost, limited wafer 

size, hygroscopic nature and poor mechanical strength. The unique feature of our study 

stems from the usage of Si (100) as the substrate. This holds tremendous future promise 

because Si is the base material of the microelectronics industry and its usage facilitates 

potential integration of our magnetic structures with present day 

microelectronic/nanoelectronic devices. 
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The FePt system has been synthesized by a wide variety of processing techniques in 

various forms including: epitaxial thin films [11,12], textured non-epitaxial films [13] 

and nanoparticles/islands [5,6]. Some popular synthesizing techniques used are; 

sputtering [11,12], MBE [14,15] and chemical synthesis [5,16].  Each technique has its 

own advantages and disadvantages in terms of the resulting morphology and 

crystallographic orientation. For example, nanoparticles have been successfully 

synthesized by chemical routes (with uniform size) [5] and ion implantation [17], but 

such techniques do not offer control over orientation, which is of prime importance if one 

has to exploit the magnetocrystalline anisotropy of the system. It is important to realize 

that physical vapor deposition methods based on substrate controlled epitaxy are more 

suitable for synthesizing crystallographically oriented FePt nanostructures. In this work, 

pulsed laser ablation was employed to synthesize different forms of FePt nanostructures. 

Pulsed laser deposition (PLD) is a high energy non-equilibrium processing technique, 

where the energy of the ablated species can be as high as 10-100 eV [18]. This feature 

affords several advantages, including the ability to form novel phases, and to reduce 

processing temperatures. Accordingly, we have shown that we can synthesize FePt with 

significant L10 order at a low processing temperature of 500 ° C. It is important to reduce 

ordering temperature (thermal budget) from an application point of view. 

 

Scientific challenges during growth 

Integration of FePt on Si (100) was achieved by using epitaxial TiN as a template buffer. 

Insertion of TiN as the template buffer leads to FePt growth oriented along the 
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magnetically hard [001].  TiN also acts as a diffusion barrier between FePt and Si. The 

synthesis of the heteroepitaxial FePt/TiN/Si (100) structure poses a great challenge 

because of the large lattice misfit strains (ε) involved, ε  (FePt/TiN) = 9.5 % and ε  

(TiN/Si) = 22 %. Epitaxy in such large mismatch systems was achieved by domain 

matching epitaxy (DME) [19]. Within each domain, integral multiples of lattice planes 

match across the film-substrate interface and the domains themselves are separated by 

dislocations. In the case of the FePt/TiN system, 10/9 and 11/10 domains alternate (with a 

frequency factor of 0.547) to accommodate the 9.5 % misfit. Here, by a 10/9 domain we 

mean that 10 planes of FePt match with 9 planes of TiN and similarly in the 11/10 

domain, 11 planes of FePt match with 10 planes of TiN. Epitaxy of TiN on Si, which has 

a 22% misfit, was achieved by alternating 3/4 and 4/5 domains with equal frequency [19]. 

 

The rest of the dissertation is presented in the following six chapters. 

 

Chapter 2: This chapter presents the background knowledge relevant to this study. 

 

Chapter 3: This chapter outlines the experimental techniques used in this study. 

 

Chapter 4:  This chapter presents the growth, characterization and magnetic properties of 

the off-stoichiometric Fe41Pt59 continuous thin films. DME of the FePt/TiN system is 

discussed in detail. Magnetic properties as a function of growth temperature are also 

discussed. 
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Chapter 5: This chapter presents results pertaining to the growth of Fe41Pt59 

nanoparticles. Extensive TEM results are presented to study the epitaxy, L10 order, 

morphology and Volmer-Weber growth of the nanoparticles. Magnetic properties of the 

nanoparticles are investigated and compared with continuous thin films. 

 

Chapter 6:  This chapter discusses the effect of microstructure on the magnetic properties 

of the Fe50Pt50 system. The microstructure was progressively varied from a 9 nm 

nanoparticle system to a 30 nm thick continuous thin film. Magnetic properties of an 

equiatomic Fe50Pt50 system was compared with an off-stoichiometric Fe41Pt59 system.  

 

Chapter 7: The magnetoresistance behavior of the FePt system was investigated in this 

chapter.  Magnetoresistance was studied as a function of temperature and orientation of 

field and current. 
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Chapter 2 

2 Related background knowledge 
 
2.1 Magnetism  

2.1.1 Magnetic materials and their classification 
 

Most materials can be classified as ferromagnets, paramagnets and diamagnets depending 

upon their response in a magnetic field [1,2]. The response to a magnetic field is recorded 

as a plot of M versus H, called the magnetization curve. Here, M is the magnetization 

(emu/cm3) and H is the external magnetic field (Oe). Figure 2-1 shows MH plots for 

ferromagnetic, paramagnetic and diamagnetic materials [3].  

 

Ferromagnetism 

Ferromagnetic materials have the ability to get magnetized due to the presence of an 

external magnetic field, and importantly they remain magnetized (for a certain period of 

period of time) even after the external field is removed. In the magnetized state the 

domains in the material orient themselves along the magnetic field direction and give rise 

to a net magnetic moment [1,2]. In the unmagnetized state the magnetization vectors of 

the individual domains are randomly oriented and hence net magnetic moment is zero. It 

is important to realize that within a domain the individual atomic dipole moments are 

aligned parallel to each other contributing to a net magnetic moment. Depending upon the 

distance between individual atomic moments in a lattice, the exchange interaction aligns 
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the atomic moments parallel or anti parallel to each the other. If the individual atomic 

dipole moments are aligned parallel then it results in ferromagnetism. 

Antiferromagnetism results from an anti-parallel arrangement. When the temperature is 

increased thermal agitation destroys the parallel arrangement of the atomic dipole 

moments. Hence above a certain temperature, called the Curie temperature (Tc), 

ferromagnets become paramagnets. In case of ferromagnetic materials magnetization 

increases nonlinearly with field and saturates above a certain field (see Fig 2-1). These 

materials are associated with large magnetization values and large and positive 

susceptibility (χ).  

 

χ = Μ / Η                                                                                                                           (1) 

 
 

Paramagnetism 

In paramagnets the atomic moments are weakly coupled to each other. In presence of the 

magnetic field these individual moments align with the field resulting in a net magnetic 

moment. When the field is removed the atomic dipoles orient themselves randomly due 

to thermal agitation and the net magnetic moment becomes zero. Magnetization increases 

linearly with applied field. Susceptibility is small and positive (see Fig. 2-1). A material 

in a paramagnetic state follows the Curie-Weiss law [1,2].  This law takes into account 

both the localized moment theory and the interaction between atomic moments [1,2]. The 

Curie-Weiss law is given as, 
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χ = C / (T−θ)                                                                                                                     (2) 

 

Where C is a material constant called the Curie constant and T is the temperature. For θ = 

0, the Curie-Weiss law reduces to the Curie law. According to the Curie law, an increase 

in temperature causes thermal agitation and alignment of the magnetic moments becomes 

difficult resulting in reduced susceptibility. When θ ≠ 0, there exists interaction between 

individual magnetic moments and the material is paramagnetic only above the transition 

temperature θ. Below the transition temperature the material shows ferromagnetism [1,2]. 

 

Diamagnetism occurs in materials that have no net magnetic moment as a result of their 

atomic shells being completely filled. Diamagnets have small and negative susceptibility. 

In antiferromagnets the individual magnetic moments interact and adjacent moments are 

aligned anti-parallel to each other. Just like the paramagnets in case of the 

antiferromagnets, magnetization varies linearly with field and the susceptibility is small 

and positive.  The above discussion is summarized in Fig. 2-1.  
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Figure 2-1. Classification of materials based on their response to an applied magnetic 
field [3]. 
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2.1.2 The MH loop: Hysteresis curve 
 
 

When a magnetic field is applied to a ferromagnetic material, its magnetization increases 

non-linearly and finally saturates above a certain field. A typical hysteresis curve for a 

ferromagnetic material is shown in Fig. 2-2. The curve from zero magnetization to 

saturation is called the virgin curve. In the initial part of the virgin curve, small changes 

in field lead to large changes in magnetization. Beyond saturation, increase in field does 

not effect magnetization to a great extent. The saturation magnetization is denoted by the 

point Ms on the hysteresis curve (see Fig. 2-2). It is important to realize that Ms is a 

material property and does not change with microstructure [1,2]. But the field at which 

saturation occurs is microstructure dependent. After saturation, when H is decreased in 

the opposite direction, the magnetization follows a different path. This implies that the 

system shows hysteresis. The magnetization that remains at zero field is called 

remanence. It is denoted by the point Mr on the hysteresis curve (see Fig. 2-2). The 

reverse field required to bring back the system to zero magnetization is called the 

coercivity (Hc). When the field is decreased further, saturation is achieved in the negative 

direction. When the magnetic field is applied through all the five quadrants, the complete 

hysteresis curve is obtained. Depending upon the coercivity, ferromagnetic materials are 

generally classified as hard and soft magnets. Hard magnets are associated with large 

coercivity and they saturate at high fields. Soft magnets saturate at low fields and have 

low coercivity.  The squareness of the hysteresis loop is an important factor for magnetic 
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storage applications. Generally, the squareness is evaluated as the ratio of remanence 

(Mr) and the saturation magnetization (Ms). 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2-2. Typical hysteresis curve for a ferromagnetic material. 
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2.1.3 Magnetic domains  
 

Domains are formed in a ferromagnetic system so as to minimize the total magnetic 

energy [1,2]. The main components of magnetic energy that govern domain formation are 

the exchange energy, the magnetostatic energy and the magnetocrystalline energy. 

Exchange energy tends to align the atomic dipole moments (or electron spins) parallel to 

each other [1,2]. Exchange energy prefers the formation of one large domain with all the 

dipoles aligned parallely. However, a ferromagnetic material containing one large single 

domain will have large magnetostatic energy rendering the system unstable. 

Magnetostatic energy is associated with opposing demagnetizing fields (see Fig. 2-3). 

Domain formation occurs in order to reduce these demagnetizing fields as shown in Fig. 

2-3b and Fig. 2-3c [2]. Figure 2-3c shows a domain pattern with zero magnetostatic 

energy (i.e. no magnetic poles exist). It is important to realize that at the boundary 

between two domains the magnetic moments are not parallel to each other. This means an 

increase in exchange energy. So domain formation involves a balance between competing 

exchange and magnetostatic energies. The other important factor involved in domain 

formation is the magnetocrystalline energy. Ferromagnetic crystals have preferred easy 

axis magnetization directions. The domains tend to form along these easy axis directions 

in order to minimize the energy of the system. For example, in case of bcc iron which has 

<100> as the easy axis direction, the domain arrangement shown in Fig. 2-3c will have 

minimum magnetocrystalline energy [2]. Within the boundaries of the domains the 

direction of magnetization changes through the hard axis. Hence magnetocrystalline 
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energy prefers large domains, with minimum domain boundaries. It is also important to 

note that width of the domain wall depends on the balance between exchange energy and 

the magnetocrystalline energy. Exchange energy prefers wider walls, whereas 

magnetocrystalline energy prefers narrow walls [1,2]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) (b) (c) 

 
 
 
 
 

Figure 2-3. Formation of domains in a magnetized block to minimize the magnetostatic 

energy [2]. 
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2.1.4 Single domain state 
 

Single domains exist at a critical size below which it is energetically unfavorable to form 

multi-domains. The balance between exchange energy and magnetocrystalline energy 

yields typical domain wall widths of about 100 nm [1,2]. So if a system consists of 

particles sized below 100 nm, they assume single domain character simply because a 

domain wall cannot fit inside. Interesting properties are observed when the dimensions of 

magnetic particles are tailored to sizes comparable with the characteristic magnetic length 

scales like magnetic exchange length and domain-wall width [4-6]. Inherent properties of 

a magnetic system such as saturation magnetization, Curie temperature, anisotropy and 

domain reversal are affected due to reduction in size [4]. For the purpose of high density 

magnetic storage, the most relevant property that is associated with size reduction is the 

transition to single domain state that manifests changes in coercivity, remanence and 

domain reversal mechanisms.  

 

Generally, a single domain state is associated with a higher coercivity than the multi- 

domain state [1,2]. In a demagnetized state, the magnetization of a single domain will be 

oriented along its easy-axis direction. Now if a field is applied in the opposite direction, 

magnetization reversal takes place by rotation of the magnetization vector through the 

hard direction. It is important to realize that this rotation of the magnetization vector 

through the hard axis is difficult since it has to overcome the strong anisotropic forces 

that hold the spin along the easy direction. In comparison, magnetization reversal by 
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domain wall motion in a multi-domain state is much easier. Hence a system in a single 

domain state shows higher coercivity than a multi-domain configuration.  Figure 2-4 is a 

schematic showing the variation of coercivity with particle size [1]. In a multi-domain 

state the coercivity increases with decreasing particle size. Maximum coercivity is 

realized when the system changes from a multi-domain to a single domain state, the point 

Ds in Fig. 2-4. Within the single domain state, coercivity decreases with decrease in 

particle size. Finally, below particle size Dp, superparamagnetism prevails and the system 

shows zero coercivity. The phenomenon of superparamagnetism happens when the 

anisotropy energy (KuV) of the system becomes less than the thermal energy (kT). In 

such a situation the spins flip randomly instead of staying fixed. Here, Ku is the 

anisotropy constant and V the volume of the particle. For the purpose of magnetic 

storage, one would like to be in the single domain regime so that the system has high 

coercivity. A high coercivity implies that data can be stored for a longer duration. Also, 

for high coercivity materials small bit sizes can be stabilized leading to improved areal 

density [2].  
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Figure 2-4. Variation of coercivity with particle size [1]. 
 
 
 

2.1.5 Magnetocrystalline anisotropy 
 

The total energy in a single domain state is dependent on the magnetization vector 

direction. The system has lowest energy when the magnetization vector is oriented along 

the easy direction. External energy has to be provided in order to overcome the 

anisotropic energy barrier and orient the magnetization vector along a hard direction 

[1,2]. The anisotropic energy for a system is given as, 
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E = -KuV cos2θ                                                                                                                  (3) 

 

Where Ku is the anisotropy constant, V is the volume, and θ is the angle between 

magnetization vector and easy direction. From this equation it is clear that the system has 

least energy when the magnetization vector is parallel to the easy direction. Anisotropy 

originates in small magnetic particles mainly from the crystal structure, shape and stress 

[1,2]. In this study we are primarily concerned with the magnetocrystalline anisotropy 

and will discuss it further.  

 

Magnetocrystalline anisotropy originates from the crystal structure. It can be understood 

as a tendency of the magnetization vector to align itself along a preferred crystal 

direction. For example in fcc materials, <111> is the easy axis and <100> is the hard axis 

direction. For bcc the easy axis direction is <100> and for hcp materials it is <0001> [2]. 

The magnetocrystalline anisotropy originates from the spin-orbit-lattice coupling. An 

externally applied field that tries to reorient the electron spin along a hard axis, faces 

resistance from the orbital state of the spin which is strongly coupled to the neighboring 

atoms of the lattice [1,2]. 

 

The magnetocrystalline anisotropy greatly affects the hysteresis curve. Figure 2-5 shows 

schematic hysteresis loops along the easy and hard-axis direction for a single domain 

system. The easy-axis loop has higher coercivity, remanence and squareness when 

compared to the hard-axis loop. The orientation of the magnetization vectors in the 
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demagnetized and saturation state are also shown in Fig. 2-5. In the demagnetized state, 

the spins are oriented along the easy axis such that they cancel out each other. When a 

field is applied along the easy axis we obtain a square hysteresis loop (shown in red 

color). At saturation the spins are aligned parallel to the field direction which is also the 

easy direction. Very little energy is required to get from an unmagnetized spin 

configuration to a saturation spin configuration. Hence the easy-axis loop saturates at low 

fields.  The saturation spin state is a stable configuration and when the applied field 

direction is reversed the system resists any change from the already existing stable 

configuration. Hence the easy axis loop has high remanence and coercivity. In 

comparison the green colored loop or the hard-axis loop is far from square and shows 

minimal remanence and coercivity. In this case it is very difficult to get from the stable 

demagnetized state to the unstable saturation state and requires high energy. Hence the 

system saturates at high fields. Also, the spin configuration in the saturation state is 

highly unstable (spins are aligned with the hard axis). So when the field is reversed, the 

system quickly tries to revert back to a stable configuration in which spins are parallel to 

an easy direction. Hence, the hard axis loop has low remanence and coercivity. Here it is 

important to realize that for the purpose of magnetic storage square hysteresis loops are 

preferred. Magnetic storage requires two distinct magnetization states (0 and 1) that flip 

at well defined fields. Hence most materials used as magnetic media have their easy axis 

aligned along the magnetization direction [1,2]. 
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Figure 2-5. Effect of magnetocrystalline anisotropy on the hysteresis curve. The spin 

configuration in the demagnetized and saturation state is also shown. 

 
 
 

 

 

 

 23



2.1.6 Magnetic storage  
 

Over the past couple of decades there has been an ever increasing demand for digital 

information storage. To cope with this need, hard disks with minimum size are required 

to store maximum information. Figure 2-6 shows the projected increase in areal density 

with time [7]. The world’s first hard disk drive with an areal density of 2000 bit/in2 was 

made in 1956 by IBM. In comparison, the current generation hard disk drives have areal 

densities close to 80 Gbit/in2, i.e. a 17 million increase in areal density in 50 years. In the 

near future one would want to follow the hatched trend shown in Fig. 2-6, leading up to 

the Terabit/in2 regime. The hard disk drive has three main components; the storage 

medium, the write head and the read head. The storage medium is where the data is 

actually stored in the form of magnetized bits. The write head records data in the storage 

media (by electromagnetic induction) in the form of ones or zeros. The read head senses 

the recorded data either by reversal of electromagnetic induction or magnetoresistance 

[2]. In this study our focus will be on the storage medium.  

 

With the current technology, that uses CoCrPt (Ku = 2×106 erg/cm3) as the recording 

medium and a longitudinal magnetic recording format, one can get to areal densities as 

high as 100 Gbit/in2. Beyond this limit superparamagnetism sets in for the smaller 

CoCrPt grains. Superparamagnetism causes the spins to flip around randomly and hence 

the system can no longer be used for magnetic storage [8]. So to get beyond the 100 

Gbit/in2, we have to look for new materials and improved recording techniques. The FePt 
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system is an attractive candidate for high-density storage due to its extremely high 

uniaxial magnetocrystalline anisotropy (Ku = 7×107 erg/cm3) [9]. The high 

magnetocrystalline anisotropy permits the use of smaller size particles before the onset of 

superparamagnetism; this directly leads to larger recording densities. The focus of this 

study will be to show that FePt is a suitable system for ultra-high density magnetic 

storage. 

 

Figure 2-6. Projected increase in areal density with time [7]. 
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Perpendicular recording is another approach used to defeat superparamagnetism and 

improve areal density [10].  The technique of perpendicular recording is illustrated in Fig. 

2-7. A four fold increase in storage density can be realized by employing the 

perpendicular magnetic recording technique. As shown in Fig. 2-7, in the perpendicular 

recording scheme the north pole and south pole of neighboring bits are packed next to 

each other. This causes a reduction in magnetostatic energy and thereby bits can be 

packed closer to each other leading to improved areal density. In comparison, the 

longitudinal recording format has an end to end type of bit arrangement. This causes 

repulsion and hence bits cannot be packed closely. The onset of superparamagnetism can 

also be delayed by using the perpendicular recording technique. In this approach, by 

growing long columnar grains the volume of each grain can be increased. Thus, the 

anisotropy energy (KuV) improves and remains greater than thermal energy (kT). 

 

 

 

 

 

 

 

 

 

 

 26



 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-7. Schematic of the perpendicular and longitudinal recording techniques [11]. 
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2.2 Pulsed laser deposition 

2.2.1 Overview 
 

Pulsed laser deposition (PLD) is a versatile non-equilibrium thin film growth technique 

based on physical vapor deposition. It involves the use of a high-powered laser to 

vaporize the target material required for thin film deposition. Laser-assisted growth was 

first demonstrated by Smith et. al. [1] in 1965 using a high power ruby laser.  However, it 

was in the 1980’s that PLD gained prominence and was developed as a powerful thin 

film deposition technique. In 1983, Cheung et. al. [2] successfully synthesized epitaxial 

Hg0.7Cd0.3Te/CdTe and CdTe/GaAs using PLD. Later in the decade, in 1987 Dijkkamp 

et. al. [3] demonstrated the growth of YBa2Cu3O7 superconducting thin films on sapphire. 

Since then PLD has been widely used to synthesize a variety of high quality thin films of 

metals, oxides and nitrides. 

 

The PLD system consists of three main components; the laser, the vacuum chamber and 

the optics that control the laser. Due to this simplicity, the start-up cost for a PLD system 

is extremely low [4]. In fact, a PLD system can be set up at 1/10 the cost of a MBE 

system. Some lasers that can be used for PLD are; ruby laser, CO2 laser, Nd-YAG laser 

and excimer lasers. The excimer laser is the most widely used, due to its unique 

characteristics (discussed in the next section). During PLD, the laser is directed into the 

vacuum chamber and focused onto the target by a set of lenses and mirrors. The vacuum 

chamber houses the target holder, the substrate holder and the vacuum gauges. The 
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focused laser beam interacts with the target surface creating a luminous plasma plume. 

Laser-solid interaction and creation/expansion of the plasma is a complicated process and 

will be discussed in detail in the next section. The ejected species comprising the plume 

consists of high-energy atoms, electrons, molecules, free radicals and sometimes clusters, 

particulates and molten globules [4]. These species then deposit on the substrate forming 

the thin film.  

 

2.2.2 Advantages and disadvantages of PLD 
 

There are several advantages associated with PLD that make it a popular thin film 

deposition technique. Most advantages arise due to the high energy of the ablated species 

[5,6]. The energy of the ablated species can be as high as 10 to 100 eV (i.e. about 100-

1000 kT). In comparison, the energy of the ejected species in an evaporation technique 

(thermal or e-beam) is about 0.1 eV at 1200 K [5,6]. Listed below are some advantages 

and salient features of the PLD technique. 

 

1. The high energy of the plume makes PLD a highly non-equilibrium processing 

technique. Using PLD complex metastable phases can be formed that would 

otherwise be difficult to form by equilibrium synthesizing routes. For example, L10 

ordered FePt (superlattice structure) can be synthesized using PLD at a low 

processing temperature of 500 °C [7].  
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2. In case of a multi-component system (like YBCO) the high energy of the plume helps 

to reproduce the stoichiometry of the target in the film [8]. The forward directed 

nature of the plume in PLD is responsible for maintaining stoichiometry [5,6]. Due to 

the high energy density of the laser, the material removal from the target is so fast 

that vapor pressures of the individual components do not play a role. 

3. The high energy of the plume reduces processing temperatures. For example, 

epitaxial TiN can be grown on Si (100) at 600 °C by PLD [9]. On the other hand 

CVD growth of TiN requires temperatures as high as 900 °C. 

4. Multi-layered heterostructure thin films can easily be synthesized using PLD. The 

target carousel can be suitably manipulated to hold multiple targets (4 to 6 targets). 

This means multi-layered films can be deposited without breaking the vacuum. For 

example, using PLD epitaxial growth of PZT/YBCO/STO/MgO/TiN/Si(100) was  

demonstrated by Sharma et. al [10]. Here, the idea was to integrate PZT with Si 

(100). The rest of the layers act as template buffer layers.  

5. Conceptually, any material can be ablated to form a thin film as long as it has a large 

enough absorption coefficient for the laser used [4]. 

6. Depending on the repetition rate of the laser the deposition rate of the film can be 

controlled. In fact, in PLD the number of nucleation sites can be controlled such that 

they are much higher than those formed in MBE or sputter deposition. By controlling 

the impingement rate and increasing nucleation site density the smoothness of the 

film can be improved [4-6].  
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7. It is important to realize that in the PLD system the energy source, which is the laser, 

is placed externally. The vacuum chamber in itself is devoid of filaments and other 

sources of contamination, thereby resulting in a clean process environment. The 

interaction between the laser and gas species in the vacuum chamber is minimal. This 

means that the dynamic range of deposition pressures could be high, resulting in less 

stringent vacuum requirements. Also, the spatial confinement of laser-solid 

interaction and the subsequent plume render PLD a clean process. The deposited 

films are thus relatively contamination free [4].   

 

On the other hand, PLD also suffers from some disadvantages. The area of deposited 

material obtained by PLD is relatively low (typically 1 cm x cm). In the case of large 

substrates, non-uniformity in film thickness is observed due to the forward directed 

nature of the plume [4]. Deposition on larger substrates and uniformity of film thickness 

can be achieved to some extent by rastering the laser beam over a large target and/or 

rotation and translation of the substrate [11]. The other important drawback of PLD is the 

formation of chunks during ablation, which can prove to be detrimental to the quality of 

the film [12]. Chunks are nothing but large (few microns) particulates or globules of 

molten material. These undesirable chunks are formed due to improper ablation that 

involve various mechanisms such as subsurface boiling, expulsion of the liquid layer by 

shock wave recoil and exfoliation [4, 5, 6, 12]. By careful manipulation of the laser 

parameters, the size and number of chunks can be minimized to some extent [4,12].  

Chunk control is also possible by increasing the absorption coefficient and thermal 
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conductivity of the target material.  A compact target with better cohesion of the grains 

also reduces the emission of chunks.  

 

2.2.3 Types of lasers used for PLD 
 

The term LASER stands for light amplification by stimulated emission of radiation.  A 

laser emits coherent light, with a well defined wavelength, in a narrow low divergent 

beam.  Hence, lasers can be focused and directed effectively to be used for material 

processing. The most important lasers used for PLD are the Nd:YAG [13,14] and the 

excimer laser [15,16]. Nd:YAG  is a solid state neodymium doped yttrium aluminum 

garnet laser. The fundamental frequency for this laser is 1064 nm. But these lasers can be 

doubled, tripled or quadrupled to produce 532 nm, 355 nm and 262 nm wavelengths. The 

more popular laser used for PLD is the excimer laser. The excimer laser is a type of 

chemical laser that uses a combination of an inert gas and a reactive gas. Typically the 

inert gases used are Argon, Krypton and Xenon. The reactive gases typically used are 

fluorine and chlorine. The excimer lasers are pulsed and operate in the ultra-violet range. 

They typically operate with pulse duration in the nanosecond regime and repetition rates 

up to 100 Hz. They can have output energy as high as 1 J/pulse. Various excimer lasers 

with their corresponding wavelengths are listed in table 2-1. The term excimer is a short 

form of excited dimer. In these systems lasing action is possible due the population 

inversion that develops between a bound excited state and a repulsive ground state. The 

excited state is formed from the inert gas (Kr) that forms temporarily bound molecules 
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either with themselves or the halide (KrF). The excited state is usually induced by an 

electric discharge. The excited state then gives up its energy via stimulated emission to 

form the dissociated ground state molecules. This happens very rapidly (within 

picoseconds), resulting in a population inversion between the excited and ground state 

molecules. The lasing equations for a KrF excimer laser are shown below [17]. 

 

2Kr(g) +  F2(g)                                          2KrF(g)                                               (excited state)  
External energy by 
electric discharge 

 

2KrF(g)    2Kr(g)  +   F2(g)  +  energy              (dissociated state) 

 

 

Table 2-1. Various excimer lasers with operating wavelengths. 

 

Excimer laser Wavelength (nm) 

F2 157 

ArF 193 

KrCl 222 

KrF 248 

Cl2 259 

XeCl 308 

XeF 351 
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2.2.4 Physics of the laser-solid interaction 
 

Although the PLD system in itself is easy to build and operate, the underlying physics 

involving the laser-solid interaction is quite complex. At energy densities above the 

threshold for vaporization the laser solid interaction was analyzed and modeled by Singh 

et. al. [5,6]. Depending upon the interaction of the laser with the target material, Singh et. 

al. [5,6] divided the laser ablation process into three important regimes:  

 

1. Interaction of the laser beam with the bulk target resulting in evaporation of the surface 

layers. This regime can be termed as the evaporation regime. 

2. The interaction of the laser beam with the evaporated material resulting in the 

formation of a high-temperature isothermal expanding plasma. This regime prevails when 

the target starts to evaporate and continues until the end of the pulse. 

3.  The anisotropic three-dimensional adiabatic expansion of the plume giving rise to the 

characteristic forward directed nature of the deposition. It is important to realize that this 

regime starts after the termination of the laser pulse. 

 

Each of these regimes are discussed below in brief. 

Laser target interaction: 

When a laser beam strikes the target, the electromagnetic energy is used to excite free 

electrons in the target material. The thermal energy generated by the electron-phonon 

coupling then evaporates the target material. It is important to realize that the reaction 
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time for this process to occur is on the order of picoseconds [4-6]. In order to have better 

laser-solid coupling the target must be suitably prepared. A target with high roughness, 

low reflectivity (R) and high absorption coefficient (αt) allows for efficient laser-solid 

coupling and thus provides a low threshold energy for vaporization. Depending on the 

laser wavelength and the porosity and surface roughness of the target, typical values of 

threshold energy vary from 0.11 to 0.40 J/cm2 [5]. It is important to realize that the 

energy deposited by the laser beam comprises, the energy required to evaporate the target 

material, conduction heat loss in the target and energy loss due to laser absorption by the 

expanding plasma. Using these concepts of energy balance, the thickness of the target for 

which evaporation (ΔXt) takes place can be calculated as [5,6], 

 

ΔXt = (1-R) (E-Eth) / (ΔH + CvΔT)                                                                                   (4) 

 

Where R is the reflectivity, Eth is the threshold energy,  ΔH is the latent heat, Cv is the 

volume heat capacity and ΔT is the maximum rise in temperature. It is important to 

realize that this equation is valid when the thermal diffusion length (2Dt)0.5 is larger than 

the light penetration depth (L = 1/αt) [6]. Here D is the thermal diffusion constant and t is 

the pulse duration of the laser. This validation is true for most metallic and 

semiconducting targets. However, for low thermal diffusivity materials (non-metallic 

targets), i.e. (2Dt)0.5 < 1/αt a second regime is relevant,. Here, thermal diffusivity does 
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not play an important role and evaporation depth mainly depends on the attenuation 

distance of the laser beam [4-6].  

 

Plasma formation and initial isothermal expansion: 

The laser interaction with the target material yields surface temperatures in the range of 

2000-3200 K [5,6]. This results in the emission of positive ions and electrons from the 

free surface. Generally, the ablation of the target is accompanied by the formation of a 

plasma (bright glow) extending normal to the target surface. The plasma contains charged 

and neutral species of atoms and molecules. The plasma also interacts with the incoming 

laser; this produces temperatures higher than the vaporization temperature in the plasma. 

The absorption of laser energy by the plasma occurs due to electron-ion collisions. This 

absorption primarily occurs by an inverse Bremsstrahlung process that involves 

absorption of a photon by a free electron [5,6,18]. The absorption coefficient (αp) of the 

plasma is given as [5,6], 

 

αp = 3.69 x 108 (Z3ni
2 / T0.5ν3) [1- exp(-hν/KT)]                                                               (5)  

 

Where, Z is the average charge, ni is the ion density, T is the temperature of the plasma, h 

is Planks constant, K is the Boltzmann constant and ν is the free energy of the laser light. 

Since the absorption coefficient (αp) is proportional to ni
2, the laser light is heavily 

absorbed close to the target surface, where the density of the ionized species is high. In 

comparison the leading edge of the plume, is associated with high expansion velocities 
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and low electron and ion densities. Hence, the outer edge of the plasma is transparent to 

the laser beam. The [1- exp(-hν/KT)] term takes into account the losses that occur due to 

stimulated emission depending upon the plasma temperature and laser wavelength [5,6]. 

A variety of processes such as impact ionization, photo ionization, thermal ionization and 

electronic ionization effect the extent of ionization of the laser generated species.  

 

Figure 2-8 is a schematic that shows the different regimes that are present during the 

laser-solid interaction [6]. Region A is the unaffected bulk target and B is the thickness of 

the target material that is evaporated. Region C is the plasma region close to the target 

that absorbs the laser heavily. In this region, evaporated particles are continuously 

injected into the plasma. Region D depicts the outer region of the plasma that expands 

rapidly. In the region near the target surface, a dynamic self-regulating equilibrium exists 

between the plasma absorption coefficient and the rapid transfer of thermal energy into 

kinetic energy (due to injection of evaporated particles of the target into the plume). 

These compensating mechanisms govern the isothermal temperature attained by the 

plasma near the target surface [5,6].  
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Figure 2-8. Schematic illustration showing different regimes during laser irradiation of 

the target: (A) Bulk target that remains unaffected, (B) Thickness of the target material 

that evaporates, (C) region in which the plasma absorbs the laser heavily and (D) the 

expanding plasma region that is transparent to the laser [5,19]. 

 

Singh et. al.[5,6] have come up with expressions that determine the variation of density, 

pressure and velocity along the direction perpendicular to the target surface.  Figure 2-9 

is a summary of their results. It should be noted that the direction perpendicular to the 

target surface is the x direction. It is clear from the figure that the density of particles is a 
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maximum in the near-target regions, where as the velocity is minimum. The particle 

density in the plasma in the near surface regions can be approximated as a Gaussian. It 

has also been observed that the initial dimensions of the plasma are larger in the 

transverse direction when compared to the longitudinal direction. During the initial stages 

the velocity is low and acceleration is relatively high. After a while, when the expansion 

velocity increases, the acceleration decreases and eventually reaches zero. This aspect 

governs the elongated shape of the plasma.   

 

 

 

 

 

 

 

 

 

 

Figure 2-9. Schematic illustration showing the variation of the pressure (P), velocity (V) 

and density (n) with the distance (moving out of the plasma) [6]. 
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Adiabatic expansion of the plasma: 

After the plasma formation and isothermal regime, the plasma plume expands 

adiabatically into the vacuum. The adiabatic expansion regime initiates after the 

termination of the laser pulse [6]. It is important to realize that in this regime, there is no 

injection of particles from the target into the plume and also the laser is no longer being 

absorbed by the plume. Singh et. al. [5,6] have developed equations that explain the 

adiabatic expansion in relation to the dimensions of the plume. They have come up with 

the following inferences. In this regime, the expanding plasma is associated with very 

high velocities arising from the thermal energy being converted to kinetic energy. The 

loss in thermal energy leads to a drop in temperature determined by a balance between 

cooling due to expansion and energy gain due to recombination of ions in the plasma. 

Figure 2-10 shows a schematic of the developing shape of the plume in the adiabatic 

regime. The initial dimensions of the plasma are larger in the transverse directions, i.e. in 

the y and z direction (see Fig. 2-10). In the longitudinal x direction the expansion is 

minimal. The transverse dimensions are in the order of a few millimeters as opposed to 

20-100 microns in the longitudinal direction. It is also important to note that the plasma is 

elliptically shaped with y axis being the major axis (see Fig. 2-10a). During the adiabatic 

expansion regime, the longitudinal x dimension expands rapidly resulting in the 

characteristic PLD plume. The plasma pressure drops rapidly until most of the thermal 

energy is converted to kinetic energy. Then the plume has no more energy for expansion 

and the plasma elongates in the shorter dimension. Eventually, an elliptical shape is 
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retained but with the z dimension being the major axis (see Fig. 2-10b). This theory was 

confirmed from the shape of the deposited YBCO film on Si, as shown in Fig. 2-10c.   

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2-10. (a) Schematic illustration showing the initial elliptical shape of the plasma 

just after the laser pulse is terminated. (b) Final shape of the plasma when it hits the 

substrate. (c) Shape of  a YBCO film deposited on a Si substrate [6]. 
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2.3 Growth 

 
Thermodynamic understanding of thin film growth identifies three basic modes of growth 

[1]. The surface energy of the substrate (γs), the surface energy of the film (γf) and the 

interfacial energy (γsf) govern the growth mode for a given system. The three growth 

modes are illustrated in Fig. 2-11.  

 

1. Frank-van der Merwe (FM):   

In this mode, deposition proceeds by two dimensional layer-by-layer growth. Complete 

wetting of the substrate surface occurs, i.e. the first set of atoms condense to form a 

monolayer on the substrate, after which the second layer comes in and builds on the first 

layer to form the film [1]. For this reason the FM growth mode is also referred to as the 

2D growth mode. The FM growth mode is illustrated schematically in Fig. 2-11a. The 

following condition favors FM growth;  

 

γf + γsf < γs                                                                                                                          (6)                               

 

This equation suggests that the system gains energy when totally covered by the thin-film 

layer. Equality in equation (6) explains FM growth mode in the case of homoepitaxy, i.e. 

the substrate and the film material is the same. It is also important to realize that for FM 

growth to occur γf should be much less than γs and the interfacial energy (γsf) should be 
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low. Most metal on metal and semiconductor on semiconductor systems follow the FM 

mode of growth. In the context of this study, TiN grows on Si (100) by FM growth. 

 

2. Volmer-Weber (VW): 

The VW growth mode is associated with the formation of 3D islands. Instead of wetting 

the surface, individual cluster-like islands are formed. This type of growth is illustrated in 

Fig. 2-11b. VW growth happens when the following equation is valid, 

 

γf + γsf > γs                                                                                                                          (7) 

 

i.e. the surface energy of the substrate is less than sum of the surface energy of the film 

and the interfacial energy [1].  Here, as shown in the Fig. 2-11b, the interfacial energy is 

high and the surface energies of the film and substrate are low. So the system adjusts 

itself so that the high-energy interface formed is minimal and in doing so 3D islands are 

formed instead of a continuous wetting layer. It is important to realize that for longer 

growth times, the islands keep growing in size and finally neighboring islands coalesce to 

form a continuous thin film. This type of growth can be observed in systems where 

metals are grown on insulators, example Ni on amorphous Al2O3. In the context of this 

research, FePt grows on TiN via the VW growth mode. 
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3. Stranski-Krastanov (SK): 

This mode combines the 2D and the 3D growth modes as illustrated in Fig. 2-11c. 

Initially, a continuous wetting layer is formed over the substrate. Due to the lattice 

mismatch, strain accumulates in the 2D film and in order to relieve this strain 3D islands 

are formed [3,4]. It is important to note that the islands grown in the SK mode are 

coherently strained and dislocation free, i.e., the accumulated strain that switches the 

growth mode from 2D to 3D is relieved by forming coherently strained islands rather 

than by introducing dislocations [2-4]. This type of strain relaxation is called the volume 

elastic relaxation and it competes with the formation of dislocations [5]. SK growth also 

follows equation (6). But in this case the interfacial energy and the surface energy of the 

substrate are high and the surface energy of the film is low.   
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(a) (b) (c)    

 
 
 

Figure 2-11. Schematic illustration of the three crystal growth modes [6]. 
 
 

2.3.1 Island growth 
 

In the previous section we have looked at the thermodynamical aspect of thin-film 

growth. In the actual practice of thin-film growth, in addition to thermodynamics, 

kinetics plays a very important role. The kinetic aspect looks at local factors in the system 

such as the density of arriving atoms (determined by the deposition rate) and surface 

mobility of the deposited adatoms (governed by substrate heating and local defects such 

as kinks, steps or vacancies). The literature shows several studies that report growth of 
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nanoscale islands with a narrow size distribution and no Ostwald ripening. These include 

material systems like GeSi/Si (100) [7], InAs/GaAs (001) [8] and Ni/Al2O3/Si (001) [9]. 

It is important to understand that thermodynamic stability corresponds to a global 

minimum in the free energy of the system. Kinetic theories would suggest that after 

forming the 3D islands they would tend to grow to seek thermodynamic stability. But this 

unwanted process can be controlled kinetically. By controlling the kinetics we seek a 

local minimum in the system free energy as shown in Fig. 2-12 [2].  Figure 2-12 is a plot 

between the total energy of the system and the island size. One example of controlling the 

kinetics to prevent Ostwald ripening would be to cap the 3D islands with a suitable 

material immediately after growth [10]. Another technique would be to cool down the 

system immediately after the formation of the islands [11]. 
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Figure 2-12. Kinetically obtained local minima in energy [2]. 

 

An accepted model described in references 2, 12 and 13 takes into account the total 

energy of the system governed by the island energy, the interaction energy and the 

surface energy. The energy of the island comprises the lattice mismatch and the edge 

energy. The interaction energy arises from the elastic interactions between neighboring 

islands. The surface energy arises due to the discontinuity in the surface tensor at each 

island edge [13]. This model shows that for a certain growth parameter regime the 

equilibrium state for a system of 3 dimensional coherently strained islands corresponds to 

a periodically ordered array of islands in 2D, with no Ostwald ripening. The ordering in 

terms of size is explained taking into account the driving forces. Two important driving 
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forces have been identified, the elastic relaxation due to discontinuity of the intrinsic 

surface stress tensor at the island edges and the strain induced renormalization of the 

surface energies [12, 13]. It is important to note that although the total surface area is 

increasing owing to the formation of 3D islands, the renormalization results in a decrease 

in the total surface energy. Hence in terms of energy Ostwald ripening is unfavorable and 

it does not occur. The derivation of the total energy of the system leading to Fig. 2-12 is 

briefly described below. 

 

ET = Eisland + Einteraction + Esurface

 

Eisland = energy from lattice mismatch + edge energy 

 

Einteraction = elastic interaction energy 

 

Esurface = energy due to discontinuity in the surface stress tensor 

 

Assuming the condition for equilibrium to be the total energy minimization, the model 

comes up with following set of equations. The total energy (ET) of the system as a 

function of island size (L) is given as, 
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Where E0 is the characteristic energy per atom defined as; 
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L0 is the characteristic length given as; 
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And α is the control parameter, defined as the ratio of the change in surface energy due to 

island formation and the contribution of the edges to the elastic relaxation energy. It is 

given as;  
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The parameters involved in the above equations are defined below; 

λ = elastic modulus 

ϕ = tilt angle of the side facets of the island that shows up during surface renormalization 

of the surface stress tensor and the edge energy 

f2, f3 are geometric factors depending on the island shape 

η = characteristic energy per unit length of the edge 

τ = surface stress tensor  
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a = lattice parameter 

Ω = atomic volume 

ΔΓ = change in the renormalized surface energy due to island formation per unit volume 

 

From the above analysis, it was inferred that for α <1, the plot between the total energy 

and island size gives a local minimum in energy around the characteristic length L0 (see 

Fig. 2-12). This plot shows that for the system to be in a kinetically driven metastable 

state one needs to choose an appropriate island size close to L0. For α >1, there exists a 

thermodynamic preference towards clustering, which is undesirable. 
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2.4 Domain matching epitaxy 

2.4.1 Thin film growth by DME 
 
 
Epitaxial growth of thin films with minimal defects is the key for the optimized 

performance of modern day microelectronic, optical and magnetic devices [1-3]. Epitaxy 

is the growth of a single crystal film on top of a single crystal substrate [4]. Traditionally, 

it was understood that both the film and the substrate would have the same crystal 

structure and orientation. Homoepitaxy refers to the case where the grown film is made 

up of the same material as the substrate. In this case the lattice parameters of the film and 

the substrate are the same, i.e. no misfit strain exists and there are no missing interfacial 

bonds. Heteroepitaxy refers to the case where the film and the substrate are composed of 

different materials.  In this case film properties largely depend on the mismatch between 

the film and substrate lattice parameter, the difference in the film and substrate chemistry 

and the difference in the thermal expansion coefficient of the film and the substrate. 

Thin-film growth in the case of heteroepitaxial systems can occur via the formation of a 

coherently strained lattice [4]. Due to the mismatch in lattice constants, the epilayer tries 

to assume the lattice constant of the substrate and in doing so the epilayer becomes 

strained [5-7]. With increase in thickness the strain energy in the system keeps 

increasing. Finally, dislocations or missing half planes are formed to relieve the built-in 

strain in the system [5-7].  
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Figure 2-13. Schematic illustration of lattice matching epitaxy (a) film and substrate 

shown individually before growth, (b) pseudomorphic or coherent growth below critical 

thickness, (c) formation of dislocation or missing half plane beyond the critical thickness 

[8]. 

 

The conventional lattice matching epitaxy explains heteroepitaxial growth for lattice 

misfit strains less than 7-8 %. The misfit strain in this case is calculated from the 

following expression, 

 

ε = af /as -1                                                                                                                       (12) 

 

This misfit strain is accommodated by the coherently strained layer below a critical film 

thickness. Thus as shown in Fig. 2-13b, the film grows pseudomorphically until the 

critical thickness is reached. Beyond the critical thickness it becomes energetically 
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favorable to form dislocations (see Fig. 2-13c) [5-7]. These dislocations relieve the 

remaining strain in the system. The dislocations that are formed at the film surface glide 

to the interface. The burgers vector and planes of the dislocation are governed by the 

active slip systems and glide planes are determined by the crystal structure of the film 

[1,5,9]. In the case of VW or 3D growth, the edge of the islands that are associated with 

dislocations have Burgers vectors dictated by geometrical constraints [7]. As an example, 

90° dislocations at the edge of Ge islands on Si have a/2<110> as the Burgers vector and 

lie in the (001) film-substrate interface [10]. It is important to note that smaller misfits are 

associated with smaller interfacial energy and coherent epitaxy conditions [1,5]. Above 

the 7-8 % misfit regime, it was understood that textured or poly-crystalline films would 

form. This notion was changed when Narayan et. al. [5] proposed the concept of domain 

matching epitaxy (DME). 

 

DME is a new paradigm of thin film growth, where integral multiples of lattice planes 

match across the film-substrate interface and the size of the domain equals integral 

multiples of planar spacing [5,11,12,13]. This idea is fundamentally different from the 

conventional lattice matching epitaxy where lattice constants are matched one-to-one 

across the film-substrate interface to grow epitaxial films with less the 7-8 % misfit. By 

invoking the concept of DME, epitaxy can be explained in systems with high misfit, i.e. 

beyond the 7-8 % misfit regime [5]. It is important to realize that when the film and the 

substrate have similar crystal structure the matching of planes is the same as matching of 

 57



lattice constants. Hence for low misfit systems (less than 7-8 %) with the same crystal 

structure, DME reduces to the conventional lattice matching epitaxy.  

 

In DME, the large misfit between the film and the substrate is accommodated by a series 

of interface dislocations. Due to the large misfit, the dislocations are introduced within 

the first few monloayers and the rest of the film can be grown defect free. It is important 

to note that at misfit strains greater than 8 % we are looking at critical thicknesses less 

than a monolayer [5]. The atomic steps formed within the second monolayer provide 

nucleation sites for the dislocations. The dislocations have to travel only a monolayer 

before they reach the interface. If the growth mode is FM or 2D, then the dislocations 

propagate to the sides of the wafer and in doing so they are confined to the interface. In 

this case the formation of undesirable threading dislocations is minimal [5]. On the other 

hand, if initial growth of the monolayer is a mixture of 2D and 3D growth (VW growth) 

then the dislocation segments may not propagate throughout the entire length and 

threading dislocations form. So using DME one can control the dislocation density and 

confine dislocations to the interface depending on the growth characteristics and number 

density of surface steps [5].  

 

The oxide systems form a critical example where DME can be used to grow high quality 

films. In general, in oxide systems such as LSMO, LCMO and PZT the nucleation and 

propagation of a dislocation is difficult. And when these oxide thin films are grown on 

low misfit substrates like STO only a part of the strain is relieved by dislocations and this 
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strain builds up with increasing thickness. This could prove detrimental to the film 

properties. However, by invoking the concept of DME, one can get strain-free oxide 

films by growing them on high-misfit substrates like MgO [14]. In a large misfit 

condition, the critical thickness is less then a monolayer. Additionally, during the initial 

stages of growth there are a lot of steps formed that make dislocation nucleation easy.  In 

this condition once the dislocation nucleates it does not have to propagate far (only a 

monolayer) to reach the interface. So for oxide growth via DME, the dislocations are set 

at the interface and the entire strain is relieved within a monolayer. The rest of the film 

then grows strain free.  

 

The conventional lattice matching epitaxy for low misfit systems suffers from some 

critical disadvantages. Firstly, complete strain relief can be difficult to achieve via the 

conventional lattice matching epitaxy. This is particularly true in systems where 

nucleation and propagation of dislocations is difficult. Secondly, there is a high 

probability of forming threading dislocations that ruin the device. For low misfit systems 

the critical thickness is large. The dislocations nucleate only after the critical thickness is 

reached and must then glide across the film thickness to the interface. This process results 

in the formation of half-loops that are composed of two threading segments and a straight 

segment along the interface.  

 

In the following section mathematical concepts governing the DME framework will be 

described. Domain matching epitaxy, as the name suggests is based on the idea of 
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matching lattice planes of the film and the substrate [5]. Within a domain integral planes 

of the film and substrate match and the domains themselves are separated by missing 

half-planes (dislocation). The film and the substrate can have either a fixed or same 

orientation depending on the kind of misfit [5].  The planes that are matched in DME can 

be different as long as they maintain similar crystal symmetry. In comparison, in the case 

of conventional lattice matching epitaxy for low misfit systems (< 7-8 %) only the same 

planes of the film and substrate are matched. In DME the initial misfit strain (ε) can be 

very large and it is given as [5], 

 

1−=
s

f

d
d

ε                                                                                                                       (13) 

 

Where df and ds are the planar spacing of the film and substrate, respectively. This misfit 

can be relaxed by matching m planes of the substrate with n planes of the film.  So the 

residual misfit (εr) can be calculated as [5], 

 

1−=
s

f
r nd

md
ε                                                                                                                 (14)                                

 

If mdf = nds and εr =0, then perfect matching occurs. This means a single m/n domain 

repeats itself throughout the system to relax the misfit strain. On the other hand if εr is 

non-zero and has a finite value, then two domains exist that alternate with a certain 
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frequency to provide for a perfect matching.  So by introducing the frequency factor α we 

arrive at the following equation [5],  

 

(m + α) df = (n + α) ds                                                                                                              (15) 

 

To understand this concept let us proceed with an example where α = 0.5. In this case 

there exist two domains m/n and m+1/n+1, that alternate with equal frequency to relieve 

the misfit strain in the system. If we assume that df >ds, then it implies that n > m.  Hence,  

 

n-m =1 or f(m)                                                                                                                 (16) 

 

where f(m) is a function of m.  From the above equations we arrive at  

 

(m + α) ε = 1 or f(m)                                                                                                       (17) 

 

This equation governs the concept of DME and is plotted in Fig. 2-14 [5]. In this figure 

the misfit strain is plotted versus the inverse of the integral multiple of planes matching 

across the interface. It provides a unified framework encompassing both the LME and 

DME with misfit strains ranging from 2 – 50 %. In this plot, n-m = 1 for ε = 0 to 50 % 

and n-m = f(m) for ε = 50 to 100 %.  Table 2-2 is a summary of various heteroepitaxial 

systems that can be grown by DME [5]. Included in the table are the m/n ratio, planar 
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spacing and misfit strain. This table provides a clear picture of the number of planes that 

are involved in domain matching for a particular misfit strain.  

 

 

Figure 2-14. Unified plot of misfit strain vs film-substrate planar spacing ratio showing 

 

 

 

both the LME (< 7 % strain) and DME regions [5]. 
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Table 2-2. Domain matching epitaxy details for various heteroepitaxial systems [5]. 
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2.4.2 DME of the TiN/Si (100) system 
 

c  concomitant need to understand the growth of 

epitaxial TiN on Si (100). In our study TiN is used as a template buffer to control growth 

of FePt along the [001] direction. It also acts as an excellent diffusion barrier between 

FePt and the underlying Si (100) substrate. The quality of the c-axis oriented FePt thin 

films depends directly on the quality of the TiN buffer layer. A perfectly epitaxial TiN 

buffer layer is a must for desired [001] growth of FePt. The growth of epitaxial TiN on Si 

(100) is a major scientific challenge because of the 22 % misfit strain involved. The 

lattice parameter of TiN is 4.24 Å and for Si the lattice parameter is 5. 43 Å.   

 

Epitaxial growth of TiN on Si can be achieved by domain matching epitaxy [11,15]. 

Growth was performed by pulsed laser deposition using a KrF excimer laser with 

wavelength = 248 nm and pulse duration = 25 ns. Ideal conditions for TiN growth are as 

follows; temperature = 600-620 °C, pressure = 10-7 torr and laser density = 2-3 J/cm2. 

Figure 2-15 shows a high-resolution cross-section TEM image of TiN/Si(100) interface 

[5]. The diffraction pattern (inset) shows a cube-on-cube epitaxy, with all three <100> 

planes of the film parallel to the substrate. The missing half-planes or dislocations are 

clearly marked between the domains. We observe the presence of two domains in this 

figure. The larger domain involves matching of 5 planes of TiN with 4 planes with of Si. 

In the smaller domain 4 planes of TiN match with 3 planes of Si. The 4/5and 3/4 domains 

In the ontext of this dissertation there is a
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alternate with a frequency factor α = 0.5 to accommodate the 22 % misfit in the system. 

This means perfect matching occurs for α = 0.5, as the following analysis shows,  

 

(m+α) dSi = 3.5aSi = 19.01                                                                                               (18) 

 

(n + α) dTiN = 4.5aTiN = 19.08                                                                                          (19) 

 

Therefore (m+α) dSi = (n + α) dTiN indicates perfect matching with no residual strain left 

in the system. Energy conditions also favor the concept of DME. As described in ref. 

[12], there is a significant reduction in energy for epitaxial growth of TiN on Si(100) by 

DME, when compared to the unrelaxed state.  

 

 Detailed analysis of HRETEM images reveal the burgers vector as a/2<110> lying in the 

{111} planes. Two sets of a/2<110> dislocations interact at the interface to produce 

a/2<110> dislocations lying in the {001} interface. 

 

a/2[101](11-1)  + a/2[10-1](111)  =   a/2[110](001)                                                       (20) 

 

The finding of a/2<110> dislocations in the {111} planes in TiN is significant and can 

impact mechanical and physical properties of TiN. Usually, the slip system requirement 

dictates a/2<110> burgers vector in the {110} plane for TiN (NaCl type crystal structure).  
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Figure 2-15. Cross section HRTEM image of the TiN/Si interface showing domain 

matching. The inset is a SAD pattern in a <110> zone showing cube-on-cube epitaxy [5]. 
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2.5 The FePt system 

2.5.1 Introduction and magnetic properties of the FePt material system 
 

The FePt system has been the focus of numerous research studies over the past decade [1-

27]. Such extensive study has been motivated mainly because of the superior magnetic 

properties of FePt. The L10 ordered FePt phase is a hard magnet with excellent magnetic 

properties as reported in [1] and references therein. Most importantly, FePt has very high 

uniaxial magnetocrystalline anisotropy. The bulk value is Ku = 7 x 107 erg/cm3.  It also 

has reasonably high saturation magnetization (Ms = 1140 emu /cm3). The Curie 

temperature which is as high as 750 °C [1] allows for room temperature ferromagnetic 

applications [1]. It is also chemically very stable. These properties render the FePt system 

very attractive for high-density magnetic storage and recording applications. Table 2-3 

from ref. [1] compares the magnetic properties of the FePt system with other hard 

magnetic systems that are potentially suitable for magnetic storage. In addition to the 

properties discussed above, FePt has high domain wall energy and narrow domain walls. 

A system with high domain wall energy prefers the formation of single domains. A single 

domain system is highly effective for magnetic storage (see section 2.1.4). The domain 

wall width (δw) can be evaluated using, 

 

5.0

⎥
⎦

⎤
⎢
⎣

⎡
=

u
w K

Aπδ                                                                                                                 (21) 
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Considering the stiffness constant A = 10-6 ergs/cm and anisotropy constant Ku = 6 x 107 

ergs/cm3, the domain wall width (δw) was calculated to be 3.9 nm. The domain wall 

energy (γw) was calculated to be 39 erg/cm2 using the following equation. 

 

( ) 5.04 uw AK≅γ                                                                                                                 (22) 

 

Table 2-3 also lists the single domain particle size (Dc) for various systems. This value is 

calculated from the following equation. 

 

2

4.1

s

w
c M

D
γ

=                                                                                                                                                               (23) 

 

Where γw is the domain wall energy and Ms is the saturation magnetization. Considering 

 γw = 39 erg/cm2 and Ms = 1140 emu/cm3, Dc is calculated to be 340 nm. This means that 

a FePt particle as large as 340 nm in size can still remain in a single domain state. 

Another important parameter shown in Table 2-3 is the minimal stable grain size Dp. If 

one assumes a storage time constant of 10 years, then the stability criterion is given as 

[1], 

 

KuV > 60 kT                                                                                                                    (24) 
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Where Ku is the anisotropy constant, V is the volume of the grain, k is the Boltzmann 

constant and T is the temperature. For room temperature storage, T = 300 K and 

assuming cubic grains, the minimal stable grain size Dp can be calculated as, 

 

Dp = (60 kT/Ku)1/3                                                                                                            (25) 

 

This value for FePt is about 3 nm. This means that a 3 nm FePt particle will be stable and 

will have the capacity to store data up to 10 years. FePt particles smaller than 3 nm will 

be unstable i.e., thermal energy (kT) will become larger than anisotropy energy (KuV). In 

this case spins will be inclined towards random flipping rendering the system unsuitable 

for permanent date storage.  
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Table 2-3. The properties of the FePt system in comparison with other hard magnetic 

materials (see text for more description) [1]. 

 

 

 

 

 

 

 

 

 

 

2.5.2 Crystal structure  
 

The equilibrium phase diagram of FePt is shown in Fig. 2-16 [2,3]. Three important 

phases exist in the FePt system: FePt3, FePt and Fe3Pt.  The FePt3 and Fe3Pt phases have 

the face centered cubic L12 ordered structure. These phases are magnetically soft. Our 

interest lies in the magnetically hard FePt phase. As seen from the phase diagram FePt 

exists in two important phases: the ordered phase (γ1) and the disordered phase (γ). The 

ordered phase has a L10 type of crystal structure [4], which is also known as the face 

centered tetragonal structure or the CuAu type crystal structure. The space group is 

P4/mmm. Figure 2-17a shows the L10 ordered FePt unit cell. The Fe and Pt atoms occupy 
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specific locations in the unit cell and under an equiatomic composition the Fe and Pt 

atomic planes are stacked alternatively along the c-axis. It is important to realize that 

ordering tends to make the FePt unit cell slightly tetragonal in nature. The lattice 

parameters for a bulk crystal are a = 3.838 Å and c = 3.715 Å. The L10 structure is 

responsible for the superior magnetic properties of FePt. The uniaxial magnetocrystalline 

anisotropy is maximum along the c-axis and its value is about Ku = 7 x 107 ergs/cm3 [1]. 

In comparison the disordered FePt phase is magnetically soft with a much lower cubic 

anisotropy constant (K1 = 6 x 104 ergs/cm3) [5]. It has a FCC crystal structure and as 

shown in Fig. 2-17b the Fe and Pt atoms are located randomly in the unit cell. The 

disordered phase exists above the transformation temperature. For an equiatomic 

composition the transformation temperature is about 1550 °C. It is also important to note 

that the L10 ordered phase can be formed in the composition regime that varies from 

about Fe38Pt62 to Fe62Pt38.  
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Figure 2-16. Equilibrium phase diagram of the FePt system [2]. 
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                        (a) (b) 
 
 
 

Figure 2-17. Schematic illustration of the unit cell for the (a) disordered and (b) L10 

ordered Fe50Pt50 system. 

 
 

2.5.3 FePt thin films and their properties 
 
Early work on the magnetically hard FePt system in the bulk form was done by Magat et. 

al. [6]. Over the past few years FePt has been studied mainly in the thin-film form 

because of potential magnetic storage applications. The magnetic properties of the FePt 

system depend largely on its microstructure, which mainly depends mainly on the growth 

process and processing temperature. The FePt system has been synthesized in various 

forms including epitaxial thin films [7-9], textured non-epitaxial films [10] and nano 

structures/particles/islands [11-13] using a wide variety of processing techniques. Some 
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popular synthesis techniques used are; sputtering [7-9], MBE [14,15] and chemical 

synthesis [11,13].  Each technique has its own advantages and disadvantages in terms of 

the morphology and crystallographic orientation obtained. For example, FePt 

nanoparticles have been successfully synthesized by chemical routes [11] and ion 

implantation [12], but such techniques do not offer control over orientation, which is of 

prime importance if we have to exploit the magnetocrystalline anisotropy in the system. 

The chemical routes offer excellent control over size and spatial resolution but require an 

additional annealing step to impart texture and desired order in the nanostructures 

[11,13]. However, the annealing process can be detrimental, as it can cause interfacial 

diffusion, destroy self-assembly and induce unwanted nanoparticle coarsening and 

agglomeration. It is important to realize that physical deposition methods based on 

substrate controlled epitaxy are more suitable for synthesizing crystallographically 

orientated FePt nanostructures. Growth processes such as MBE, sputtering and PLD fall 

into this category. Until now single crystal MgO substrates have been used to synthesize 

c-axis oriented epitaxial FePt thin films [7,8,9,14]. However, MgO is hygroscopic and 

high costs are incurred in using MgO single-crystal substrates. This makes MgO an 

unattractive candidate for the magnetic recording industry. The unique feature of our 

study stems from the use of single crystal Si (100) substrates. Silicon is cheap and readily 

available, but most importantly, by using Si (100) we potentially provide for direct 

integration with the present day microelectronic devices. 
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The magnetic properties of the FePt system depend on its morphology, i.e. continuous 

films exhibit different properties when compared to nanoparticles. Size reduction to the 

nanoregime can lead to a huge change in magnetic properties. Some properties that are 

associated with the size reduction are: transition to single domain state, large coercivity, 

low saturation magnetization and high Curie temperature [16-19]. Individual 

nanoparticles can attain single domain state, which affects the domain reversal 

mechanisms [16-19].  For the FePt system increase in growth temperature changes the 

growth mode from 2D to 3D, i.e. at lower temperatures continuous thin films are formed 

and at higher temperatures individual nano islands are formed [20]. Takahashi et. al. [20] 

have reported the growth of isolated 30 nm thick FePt particles on MgO at 700° C. These 

particles are completely ordered and have single domains. This unique microstructure 

gives rise to magnetically isolated FePt particles with a coercivity of 4 T. Magnetic 

properties of the FePt system also depend on the film thickness [8,21]. In general, the 

coercivity decreases with increasing thickness. Thick films (300-400 nm) behave much 

like the bulk system [22].   

 

Researchers have also found that twins and anti phase domains (APD) in the FePt system 

affect the magnetic properties [23-25]. The twins and APDs are formed to relieve the 

strain that builds up in the system due to the disorder-order transformation. During 

growth the disorder-order transformation can occur from multiple nucleation sites and 

when these domains grow and come together an anti phase boundary is formed [26]. 
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Defects such as twins and anti phase domains can act as domain pinning sites and lead to 

improved coercivity values [24,25].   

 

The extent of ordering also determines the magnetic properties of the FePt system 

[7,9,16]. The order parameter (S) quantifies the extent of ordering. The order parameter is 

calculated from X-ray diffraction experiments, depending upon the ratio of intensities of 

the fundamental and superlattice peaks. This procedure is described in chapter 4. Usually 

the coercivity increases with an increase in the order parameter [7,9,16]. The order 

parameter is a function of growth temperature. A higher temperature provides enough 

energy to drive the Fe and Pt atoms to the right locations in the unit cell and thus leads to 

improved ordering. Ordering is also dependent to some extent on the composition of the 

FePt system. Shima et. al. [27] have found that a Pt rich off-stoichiometric system orders 

at lower temperatures. The composition of the FexPt1-x system also affects magnetic 

properties such as coercivity and anisotropy constant [7,28].  
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Chapter 3 

3 Experiments 
 
3.1 Growth 

 

Thin film and nanostructure growth in this study was performed by pulsed laser 

deposition. The theory and principle involved in this process has been discussed in detail 

in the previous chapter (section 2.2). This section will deal with the experimental 

parameters involved during thin film growth by pulsed laser deposition. The experimental 

setup of the PLD system is illustrated schematically in Fig. 3-1. The KrF excimer laser 

source used was the LPX 210 from Lambda Physik. The laser wavelength was 248 nm 

and pulse duration was 25 ns. The laser can operate at a maximum energy of 674 mJ at 

24 KV. The laser beam is directed into the vacuum chamber using an aperture, mirror and 

a lens. The mirror is used to control the position at which the laser strikes the target inside 

the chamber. The lens is used to focus the laser beam on the target. Essentially, the lens 

offers control over the spot size. The laser beam enters into the vacuum chamber through 

the laser window. A quartz laser window with a CaF2 coating is used for this purpose. 

The CaF2 coating minimizes losses due to reflection. The laser beam is directed such that 

it strikes the target at an incident angle of 45°. Due to laser-solid interaction a plume is 

formed and deposition occurs onto the substrate.  
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Figure 3-1. Schematic illustration of the PLD setup. 
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The PLD chamber holds a target assembly that can be mounted and detached from the 

top. The target carrousel is designed to hold up to four targets. The target carousel is 

connected to a hand-driven motion controller in order to position any required target in 

the path of the laser beam. The multi-target assembly enables easy growth of multi-

layered thin films. The individual targets themselves are designed to rotate by using a 

small driving motor. By rotating the target we ensure that the laser beam strikes the target 

at different locations. Thus uniform ablation of the target occurs and exfoliation is 

reduced.   

 

The substrate assembly is located parallel to the target surface at a distance of 4.5 cm.  It 

has been found that with increase in substrate target distance, the maximum thickness at 

the center of the film decreases rapidly [1,2]. However, the uniformity of film in terms of 

its thickness improves with increase in substrate target distance. Singh et. al. [1,2] have 

reported the variation of the maximum thickness of the film with the substrate-target 

distance (d) as d-p. Here p is the expansion coefficient, with a value of 3 for three 

dimensional spherical expansion and a value of 1 for linear expansion in one dimension.  

The value of p is also a function of spot size [1,2]. Larger spot sizes make the plume 

more forward directed, i.e. a more linear type of expansion. For smaller spot size the 

plume is spherical. This can be explained in terms of a (cos θ)n type of dependence [1,2]. 

For a forward directed plume n = 8-12. For a point source, like in the case of e-beam 

evaporation, n will be equal to 1. In such a case the plume will be largely spherical with 

minimal forward directedness.  
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In our study, the spot size for TiN growth is usually large (0.1 cm2) and hence the plume 

is relatively more forward directed. The forward directed TiN plume helps maintain 

stoichiometry and nullifies the effect of the high vapor pressure of nitrogen. Kinetic 

calculations from the oxidation reaction of SiO2 reveals that, at  base pressure of 10-7 torr 

and temperature of 600 °C a monolayer of SiO2 can be formed. During PLD, the forward 

directed TiN plume is highly energetic and will sputter away any SiO2 formed on the Si 

surface. Additionally, due to the high energy of the plume the impurities get pushed out 

and TiN forms on a bare and pure Si surface. Due to these reasons, epitaxial growth of 

TiN on Si is possible at a relatively low temperature of 600 °C by PLD.  

 

For FePt growth, a smaller spot size (0.06 cm2) is used, mainly to increase the energy 

density. Generally, laser ablation of metals requires a larger energy density [3]. In the 

case of metals, laser-solid coupling may be difficult when the surface is shiny. A smooth 

shiny surface causes losses due to reflection. In this study, both the Fe and Pt targets were 

mechanically polished with a large grit size paper (240-400) to roughen the surface. The 

TiN target also needs maintenance. After 3 to 4 growths the TiN target shows a shiny 

silver color deviating from the usual golden yellow color. This color change is attributed 

to Ti enrichment. To remove this Ti enriched layer, the target is polished with a 600 grit 

paper until a yellow colored surface shows. The polished TiN target has to be cleaned 

thoroughly (with methanol and dry nitrogen gas) to remove any grit particles that are 

sticking on the surface. 
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It is important to realize that a clean Si surface is absolutely essential for epitaxial 

growth. So special care is taken to clean the Si substrate. The Si substrate is first 

ultrasonically degreased using acetone for 2-3 minutes. This is followed by a methanol 

rinse. The spotless Si surface is then etched with HF for 40-50 seconds. This removes the 

native oxide layer and forms a hydrogen terminated surface. The cleaned Si substrate is 

then loaded into the vacuum chamber as soon as possible.  The substrate temperature is 

slowly heated up to 200 °C. Once the required vacuum is reached, the temperature is 

quickly ramped to 600 °C and film deposition initiated in order to minimize oxidation of 

the Si surface.  

  

Ablation and deposition rates of Fe and Pt were studied individually. It was found that 

growth rate of Pt was greater than Fe. Accordingly, a segmented geometry was used 

consisting of two individual pieces of Fe and Pt with respective areas crossed to produce 

FePt with compositions varying from Fe40Pt60 to Fe50Pt50. The growth parameters for TiN 

and FePt used in this study are listed in Table 3-1. The base pressure was maintained at 

10-7 torr.  
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Table 3-1. Growth parameters for TiN and FePt. 
 

 Energy density Temperature (°C) Repetition rate Growth time 

TiN 2 J/cm2 600-620 10 Hz 4-6 min 

FePt 4-5  J/cm2 500-600 5-15 Hz 25-300 sec 

 
 

 
 
3.2 Structural characterization 

 
 
The microstructural characterization of the PLD grown samples were done by X-ray and 

TEM. Compositional analysis was done by RBS.  The following sections describe these 

techniques in brief. 

 

3.2.1 X-ray diffraction (XRD) 
 

X-ray diffraction (XRD) was used to study the crystal structure and orientation of our 

samples. This technique also provides information about the phase composition, lattice 

parameter, grain size and lattice strain. Specifically, in this study XRD was used to 

determine the presence of L10 order in the FePt system. The extent of ordering can be 

quantified by the order parameter (S). The procedure to calculate the order parameter is 

described chapter 4.   
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The XRD technique is based on diffraction governed by the Bragg’s law [4]. Diffraction 

typically occurs when waves interact with a periodic structure. It is important to realize 

that the wavelength of the wave should be about the same as the repeat distance of the 

periodic structure for diffraction to occur [4]. Inter-atomic distances are of the order of a 

few angstroms. X-rays have wavelengths of the same order and hence they are used to 

investigate the crystals. When an X-ray beam is incident on a crystal it interacts with the 

parallel plane of atoms either constructively or destructively depending upon the path 

difference. Bragg’s law is satisfied when the waves interfere constructively and the 

following condition is met [4]. 

 

nλ = 2d sinθ                                                                                                                       (1) 

 

Where n is an integer indicating the order of reflection, λ is the wavelength of the X-ray 

beam, d is the inter-planar spacing and θ is the incident angle. X-ray diffraction is carried 

out using a diffractometer. For this study we used a Rigaku Geigerflex diffractometer 

with Cu Kα radiation (λ = 1.54 Å). Essentially, a diffractometer consists of an X-ray 

source, a monochromator, a slit, a sample holder and a detector. The schematic of an 

XRD system is shown in Fig. 3-2. The X-ray source is a tube consisting of a tungsten 

filament (cathode) and a Cu target (anode). A huge potential difference (~30 KV) causes 

the filament to emit electrons, which are accelerated to collide with the cathode in order 

to produce X-rays.  Slits are used to adjust the shape and size of the beam. The detector 

 87



measures the intensity of the diffracted beam through an angle of 2θ.  Generally in a θ-2θ 

scan, the sample moves by θ and the detector moves by 2θ.  
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Figure 3-2. Schematic illustration of the XRD θ-2θ scan. 

 

The X-ray diffraction technique provides crystal information from a relatively large area 

of the sample. It is a non-destructive technique and requires minimal sample preparation.  

The X-ray holder used in this study is shown in Fig. 3-3. The sample is mounted onto the 

holder using clay. Care needs to be taken to mount the sample such that it is in the plane 

of the sample holder with no tilt. The sample surface should be relatively clean. It is 

important to realize that in the XRD technique only the planes parallel to sample surface 

contribute to the signal. For a single crystalline sample only one set of planes are parallel 
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to the surface. So an XRD scan of a single crystal should have only one peak and higher 

order peaks of the same family. In the case of a poly crystalline film, several planes 

belonging to different grains will be parallel to the sample surface. Hence the XRD scan 

of a poly sample will have numerous peaks representing various planes. An amorphous 

sample will have a wide diffused peak at about 20°. 

 

 

 

 

 

 

 

 

 

 

Figure 3-3. Sample holder used for XRD. 

 

Although, the XRD technique provides easy and quick information about crystal 

orientation and phase composition it suffers from its own disadvantages. Importantly, it 

gives information about texturing only in the growth direction. If the amount of material 

is less than 10 % by weight, detection by X-ray becomes difficult. Particles or 

precipitates with sizes in the nano-regime may not be detected. For exact orientation 
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relationship and atomic resolution characterization transmission electron microscopy is 

necessary. 

 

3.2.2 Transmission electron microscopy (TEM) 
 

For atomic scale characterization and exact orientation relationship TEM is the most 

effective and direct technique available. TEM can also be used to investigate defects such 

as dislocations and their burgers vectors, stacking faults, twins and precipitates. Chemical 

composition and subsequent qualitative analysis can be done using electron energy loss 

and X-ray spectroscopy. Specifically, in our study TEM was used to study the size, shape 

and spatial orientation of the FePt islands. Selected area diffraction patterns in the <110> 

and <001> zones were compared and analyzed to study the L10 order in the FePt system. 

High resolution cross section imaging was used to study domain matching epitaxy at the 

FePt/TiN interface. For this purpose we used a JEOL 2010F transmission electron 

microscope with a point-to-point resolution of 1.8 Å. A Gatan imaging filtering system 

was used for HRTEM. 

 

The TEM uses an electron beam as a probe. Typically, a TEM operating at 200 KV 

generates an electron beam with wavelength λ = 0.03 Å [5]. According to the Raleigh 

criterion (shown below) resolution is directly proportional to wavelength [5].  

 

δ = 0.61λ / β                                                                                                                      (2) 
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Here δ is the resolution, λ is the wavelength and β is the semi-angle of collection of the 

magnifying lens. The smaller the wavelength the better the resolution. Hence resolution 

obtained in a TEM is in the order of few angstroms, i.e. atomic level resolution. 

Essentially, a TEM consists of two main components; the illumination system and the 

imaging system. The illumination system consists of the electron gun and 

electromagnetic lenses that focus the beam onto the sample [5,6]. The electron beam 

interacts with the specimen. The imaging system detects the scattered electrons to form 

the image/diffraction pattern. The important TEM techniques used in this study were; 

diffraction, bright field and dark field imaging and high resolution TEM. 

 

Diffraction: The TEM operates in two modes; the diffraction mode and the image mode. 

Diffraction patterns can be formed on the screen by placing the back focal plane on the 

objective plane of the intermediate and projector lens [5,6]. For thin samples information 

obtained in the diffraction mode is mainly from elastically scattered electrons. Since the 

electron wavelength is small, the Ewald sphere will have a large radius. Consequently, 

almost a plane section of the reciprocal lattice (zero order Laue zone) is observed during 

electron diffraction [5,6]. Generally, a parallel beam of electrons is used for diffraction 

(selected area diffraction). If information from a smaller area is required, then a 

convergent beam of electrons can be used (convergent beam electron diffraction) [5]. 

Single crystal samples scatter the electron coherently and thus produce a spot diffraction 

pattern. Polycrystalline samples produce ring-like patterns. Sample with nano-sized 
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grains produce spotty discontinuous rings. The diffraction pattern of an amorphous 

sample will show a diffused ring. 

 

Imaging: Bright field imaging is done using the transmitted beam of electrons. This is 

done by inserting the objective aperture in the back focal plane (the plane where the 

diffracted image is formed) [5,6]. The objective aperture then allows only the transmitted 

beam through for bright field imaging. The dark field imaging is done when the 

diffracted beam is allowed to pass and the transmitted beam is blocked. The best contrast 

is obtained in a two beam condition [5,6]. In this condition the sample is titled such that 

only one diffracted beam is strong enough to remain. Essentially, two spots remain in the 

diffraction pattern the central transmitted spot and another strong diffraction spot with a 

known g-vector. If the objective aperture is placed on the central spot we obtain a bright 

field image. If the sample is tilted such that the diffracted beam passes through the 

aperture then we obtain a dark field image. 

 

HRTEM: This technique allows lattice imaging of the sample. Here, atomic level 

resolution is obtained by allowing many beams to pass through the objective aperture.   

The diffracted beams interfere with the direct beam resulting in a phase contrast [5,6]. 

This phase contrast contributes to a high resolution TEM image. For proper analysis of a 

HRTEM image the sample should tilted to an exact zone. Choosing the proper defocus 

condition (based on the contrast transfer condition) is also of prime importance for good 
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resolution of a HRTEM image. A first Scherzer defocus condition with minimal objective 

lens astigmatism is used to obtain a good HRTEM image. 

 

TEM sample preparation 

The cross section TEM samples were prepared by a series of steps including mechanical 

polishing, dimpling and ion-milling. To begin with, two small sample pieces (about 4 x 4 

mm) were stuck together with the film side facing each other. An M-Bond 610 adhesive 

was used to stick the samples together. The sample was then mounted onto a pyrex stub. 

Then the sample was mechanically polished until a mirror like surface was obtained. For 

this purpose, a series of emery papers with reducing grit sizes were used. Final polish was 

done using a 0.1 and 0.05 micron alumina slurry. The sample was then flipped over. Now 

the sample was thinned down to a thickness of about 100 microns from the rough side. A 

smooth grit paper (1200-4000) was then used to bring down the thickness of the sample 

from 100 to 70 microns. The sample was then dimpled using a Gatan dimpling machine. 

Dimpling involved grinding with a Cu wheel and further polishing with a cloth wheel. 

Diamond pastes of 6, 3 and 1 micron sizes were used during dimpling. After dimpling up 

to a thickness of 15-20 microns, ion-milling was performed. For this purpose a precision 

Gatan 691 PIPS ion milling machine was used. A small hole at the interface was formed 

by sputtering the sample with Ar ions. The energy of the Ar ion beam was maintained at 

~ 5 KeV with a tilt angle of 5°. For plane view TEM samples, the sample was stuck onto 

the stub with film side facing down. The sample was then mechanically thinned, dimpled 

and ion milled until electron transparency was achieved. 
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3.2.3 Rutherford backscattering (RBS) 
 

Rutherford backscattering spectroscopy (RBS) is a powerful characterization technique 

used to investigate the composition, concentration and depth profiles in thin films. It also 

gives information about epitaxial quality and thickness of the film. In our study, RBS was 

used to determine the composition of the FePt film. The RBS system at UNC Chapel Hill 

(under the care of Prof. N. Parikh) was used for this purpose. The RBS system essentially 

consists of three main components; an ion source (usually He2+ ions), a linear accelerator 

(that accelerates the ions to energies as high as 1-3 MeV energy) and a detector (that 

detects backscattered ions). The system in this study uses a van de Graaff accelerator to 

produce 1.6 MeV He2+ ions. The incident ions are elastically scattered via columbic 

interactions with the nuclei of the atoms in the sample. The ions that are backscattered at 

angles greater than 165° are captured by the detector. The number and energy of the ions 

that are backscattered are recorded and analyzed to derive the required information. The 

data processed by the RBS technique is usually plotted in terms of the yield and energy 

(see figure 3-4). The concentration of an element is directly proportional to the yield and 

and inversely proportional to the square of the atomic number. Figure 3-4 is an RBS 

spectrum obtained for the FePt/TiN/Si system. The composition of FePt from this 

spectrum can be calculated using the following equation. 
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Where A represents the area under the corresponding peak and Z is the atomic number. In 

this case the composition was calculated to be Fe50Pt50. 
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Figure 3-4. RBS spectrum of the Fe50Pt50 system. 
 
 
 
 

 

 95



3.3 Magnetic characterization 

 
Magnetic characterization was performed by using a superconducting quantum 

interference device (SQUID). A 4 Tesla Quantam Design MPMS system was used for 

this purpose. A SQUID is designed based on the principle of the Josephson effect and it 

can detect extremely small magnetic signals in the range of 10-10 Oe [7]. It consists of a 

Josephson junction made from a superconducting ring with a gap that is filled with an 

insulating material (see Fig. 3-5). In the presence of a small magnetic field 

superconducting electrons tunnel thorough the insulating barrier creating small changes 

in the critical current density that are recorded and analyzed for the output signal.  

 

Before measuring the MH loops, the samples were demagnetized by oscillating the 

magnetic field around the zero value. MH measurements were done over five quadrants. 

In most cases the MH loops were corrected for a substrate contribution. This was done by 

fitting the diamagnetic slope and subtracting it from the raw magnetic moment values. 

 

The magnetoresistance measurements were performed using the Quantum Design 

physical property measurement system (PPMS).  The transport measurements were done 

using a four probe measurement configuration. The MR measurements were done in two 

different configurations. In the in-plane configuration, the magnetic field was parallel to 

the current and the sample surface. In the perpendicular configuration, the magnetic field 

was perpendicular to current and the perpendicular to sample surface. In other words the 

 96



current direction remains parallel to sample surface in both cases, while the field is 

switched perpendicular and parallel to the sample surface. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3-5. Schematic illustration of a Josephson junction in a SQUID [8]. 
 
 

 97



References 

 

1. R. K. Singh and J. Narayan, Phys. Rev. B 41, 8843 (1990). 

2. R. K. Singh, O. W. Holland, and J. Narayan, J. Appl. Phys. 68, 233 (1990). 

3. Pulsed Laser Deposition of Thin Films, edited by D. B. Chrisey and G. K. Hubler, 

Wiley-Interscience, New York, 1994. 

4. B. D. Cullity, Elements of X-Ray Diffraction, Addison-Wesley Publishing Co. Inc. 

(1982). 

5. D. B. Williams and C. B. Carter, Transmission Electron Microscopy, Plenum Press, 

New York (1996). 

6. G. Thomas and M. J. Goringe, Transmission Electron Microscopy of Materials, John 

Wiley and Sons, Inc (1981). 

7. N. A. Spaldin, Magnetic materials: Fundamentals and device applications, Cambridge 

University Press (2003). 

8. http://hyperphysics.phy-astr.gsu.edu/hbase/solids/squid.html 

 
 

 

 

 

 

 

 98

http://hyperphysics.phy-astr.gsu.edu/hbase/solids/squid.html


Chapter 4 

4 L10 ordered epitaxial FePt (001) thin films on TiN/Si(100) 

by pulsed laser deposition 

 

4.1 Abstract 

 

Epitaxially oriented magnetic FePt (001) thin films were grown on Si (100) substrates 

with TiN as a template buffer by using pulsed laser deposition. The epitaxial relationship 

and presence of L10 order were studied by X-ray diffraction and further confirmed by 

detailed transmission electron microscopy. The effectiveness of using TiN as a template, 

for an epitaxial magnetic FePt heterostructure integrated with silicon and for inducing L10 

order in the FePt films, has been demonstrated. The following epitaxial relationship was 

obtained in the FePt thin film: FePt (001) <001>║ TiN (100) <001> ║ Si (100) <001>. 

The 9.5 % misfit strain between FePt and TiN is relaxed by domain matching epitaxy 

where 10/9 and 11/10 domains alternate across the interface. The composition of the FePt 

system, as determined by Rutherford backscattering, was Fe41Pt59. Magnetic 

measurements show that the ordered FePt films are predominantly perpendicularly 

magnetized and have high values of coercivity and squareness suitable for magnetic 

recording devices. 
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4.2 Introduction 

 

Synthesis and study of magnetic FePt thin films has received considerable attention in 

recent years owing to its potential use in the high-density recording media [1-3]. The 

FePt material system exhibits excellent magnetic properties such as high uniaxial 

magnetocrystalline anisotropy (7×107 erg/cm3), high coercivity, high saturation 

magnetization and good chemical stability [4]. The superior magnetic properties of the 

FePt system arise due to its ordered L10 structure and under equiatomic composition the 

ordered structure has Fe and Pt atomic planes stacked alternatively along the c-axis. 

Naturally, the motivation here is to synthesize ordered (001) epitaxial FePt thin films, so 

that we can take advantage of the high degree of magentocrystalline anisotropy along the 

[001] direction and put it to use for perpendicular magnetic recording.  

 

To date, in most studies single crystal MgO substrates have been used to synthesize 

epitaxial (001) FePt thin films [1,2,3,5]. However, MgO is hygroscopic and high costs are 

incurred in using MgO single-crystal substrates. This makes MgO an unattractive 

candidate for the magnetic recording industry. The unique feature in the present study 

stems from the usage of single crystal Si (100) substrates. Silicon is cheap and readily 

available, but most importantly, by using Si (100) we achieve integration with the present 

day microelectronic devices. In our study, we have synthesized L10 structured epitaxial 

(001) FePt thin films on Si (100) using TiN as a template buffer. It is important to note 

that growth of FePt directly on Si is not desirable due to various issues including the 
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diffusion of Fe and Pt into Si and the preferred (111) growth of FePt. Hence, the need of 

a buffer layer arises to control the growth orientation of FePt. Insertion of TiN as the 

template buffer leads to FePt growth oriented along the magnetically hard [001].  

Additionally, TiN is metallic (ρ = 15 μΩ.cm) and it provides an excellent diffusion 

barrier [6]. Sputter deposition and molecular-beam epitaxy have been the most common 

processing techniques to form L10 ordered FePt films, as reported in [1] and references 

therein. In the present work, we have shown that pulsed laser deposition can also be used 

to synthesize high quality epitaxial FePt thin films. Keeping in mind that the processing 

temperatures need to be low in the magnetic recording industry [7], an intermediate 

growth temperature of 500° C, with no further post-annealing treatments, has been 

optimized to grow the ordered FePt (001) thin films.  

 

4.3 Experiment 

 

A KrF excimer laser with a wavelength of 248 nm and pulse width of 25 ns was used for 

pulsed laser deposition. Prior to deposition, the Si (100) substrates were taken through a 

cleaning procedure that involved ultrasonic degreasing with acetone, rinsing with 

methanol and finally etching with hydrofluoric acid (HF) to remove any native oxide 

layer and to form a hydrogen terminated surface. A clean Si surface is absolutely 

essential for growth of the epitaxial TiN template buffer. The TiN buffer layers were 

grown at a temperature of 600° C and an energy density of 2 J/cm2. Growth parameters 

used for the FePt films were as follows; base pressure 10-7 torr, energy density ~5 J/cm2 
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and growth temperature 500-600 °C. The growth rate for FePt was about 0.08 nm/s. X-

ray diffraction (XRD) experiments were done using a Rigaku Geigerflex Diffractometer 

with Cu Kα radiation and a graphite monochromator.  Transmission electron microscopy 

was done using a JEOL 2010F TEM, operating at 200 KV, with a resolution of 0.18 nm. 

Magnetic property measurements were done using a superconducting quantum 

interference device (SQUID). The composition of the FePt thin film was determined by 

Rutherford backscattering spectrometry (RBS), where scattering yield is proportional to 

Z2 (Z is the atomic number).  Figure 4-1 shows the RBS yield as a function of 1.6 MeV 

incident helium ions. From the fit to the yield curve, the composition was determined to 

be Fe41Pt59. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-1. RBS spectrum of the FePt system. 
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4.4 Results and discussion 

 

Experiments involving growth of FePt/TiN/Si(100) films were carried out at different 

temperatures. It was found that a low deposition temperature of 500° C produced optimal 

L10 order and epitaxial growth along [001] direction. Figure 4-2 shows the XRD scan of 

the sample grown at 500° C. There is only one family of TiN reflections (200) and (400) 

indicating that it grows epitaxially on Si (100). FePt has two prominent reflections, the 

(001) superlattice peak and the (002) fundamental peak. No peaks from any other planes 

of FePt are present. This indicates a strong orientation relationship along the [00l] 

direction i.e. the direction perpendicular to the plane of the film. The sharp FePt (001) 

superlattice peak whose intensity exceeds the fundamental FePt (002) peak indicates the 

presence of strong L10 order. The fundamental (002) peak also contains in part the 

slightly displaced (200) reflection indicating tetragonality due to the L10 structure. The 

(200) reflection indicates that the film is partially ordered. The extent of ordering can be 

determined using the order parameter (S), which is calculated as, 

 

S2 = (I001/I002)exp / (I001/I002)cal,                                                                                            (1) 

 

Where I001 and I002 are the integrated intensity of the (001) superlattice peak and (002) 

fundamental peak and (I001/I002)exp and (I001/I002)cal are the experimental and calculated 

peak intensity ratio, respectively. Following the procedure described by Cebollada et. al. 

[8], the order parameter was calculated to be S = 0.70. When the composition of the FePt 
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system deviates from the equiatomic composition, the maximum theoretical order 

parameter can be estimated as Smax = 1-2Δx [1], where Δx is the deviation from 

equiatomic composition 0.5. Following this equation Smax for the off-stoichiometric 

Fe41Pt59 system was estimated to be 0.82. 

 

 

  

Figure 4-2. X-ray scan of the FePt thin film sample grown at 500 °C. 
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Epitaxial nature of the FePt film was further confirmed by TEM analysis. Figure 4-3a 

shows a low magnification crosssection TEM micrograph of the FePt film grown on a 

TiN template with Si (100) as the substrate. The FePt film is continuous and has a 

thickness of about 30 nm. The thickness of the TiN template is about 28 nm.  The cross 

sectional selected area diffraction (SAD) pattern of this heterostructure along a <011> 

zone axis is shown in Fig. 4-3b. In all the directions marked in this SAD pattern the 

diffraction spots of Si (inner), TiN (middle) and FePt (outer) are aligned. This indicates 

an epitaxial relationship of the FePt film and the TiN template with the Si (100) substrate. 

It is essentially a cube on cube epitaxy with all three <100> axes of the film and the 

template parallel to the substrate. Thus, we obtain an orientation relationship as FePt 

(001) <001>║ TiN (100) <001>║ Si (100) <001>. Other than the regular FCC 

fundamental diffraction spots, the SAD also shows additional superlattice spots (labeled 

in white in Fig. 4-3b) that indicate the presence of L10 order in FePt. These spots can be 

seen along the [200] and [02-2] direction and are marked as (100) and (01-1). These 

results confirm earlier results obtained by XRD that showed ordering of the FePt system 

under study.  Ordering of the FePt unit cell tends to make it slightly tetragonal in nature. 

The c/a ratio calculated for the L10 ordered FePt thin film in our study was 0.975, with a 

= 3.846 Å and c = 3.75 Å.  

 

 

 

 

 105



 

 

 

 

 

 

 

 

Figure 4-3. (a) Cross section TEM image of the continuous FePt thin film sample (b) The 

corresponding SAD pattern, in a <110> zone. 

  

 

 

 

 

 

 

 

 

 

 

Figure 4-4. HRTEM image of the FePt/TiN interface in a <110> zone. 
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Figure 4-4 shows a HRTEM image of the FePt and TiN interface. The matching of 

atomic planes across the interface is clearly seen. The interface is sharp, clear and devoid 

of any interfacial reaction. The lattice parameter of TiN is calculated to be 4.24 Å and 

considering the lattice parameter of FePt to be 3.838 Å, the lattice mismatch between TiN 

and FePt is 9.5 %. Here it is to be noted that TiN (4.24 Å) and MgO (4.21 Å) have similar 

lattice parameters and hence lattice mismatch with FePt remains almost the same in both 

cases [9]. This means that TiN can effectively replace MgO, in order to induce L10 order 

during growth of FePt films. Thus, we can use a Si (100) substrate with a TiN template 

layer to successfully grow FePt films and can achieve the same results in terms of the L10 

ordering as can be obtained by using MgO substrate. 

 

The epitaxial growth of FePt on TiN poses a great challenge because of the large misfit 

involved (misfit strain = 9.5 %).  Epitaxy in such large mismatch systems is achieved by 

domain matching epitaxy (DME), where integral multiples of lattice planes match across 

the interface [10]. Figure 4-5 is an FFT (fast Fourier transform) image showing planes 

perpendicular to the FePt/TiN interface. This FFT was obtained from the HRTEM image 

shown in Fig. 4-4 by masking all but the planes perpendicular to the interface. It is clear 

from Fig. 4-5 that 10/9 and 11/10 domains alternate to accommodate the 9.5 % misfit in 

the FePt/TiN system. The frequency with which the 10/9 and 11/10 domains alternate is 

given by the frequency factor α, which was calculated to be 0.547 [10]. With α = 0.547, 

the residual misfit is fully accommodated because, 10.547 x (aFePt ) = 40.479 matches 

quite well with  9.547 x (aTiN ) = 40.4793. Here, by a 10/9 domain we mean that 10 
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planes of FePt match with 9 planes of TiN and similarly in the 11/10 domain, 11 planes 

of FePt match with 10 planes of TiN. The domains themselves are separated by 

dislocations or half planes (marked in Fig. 4-5).  In this context, epitaxy of TiN on Si is 

even more challenging because the misfit here is even larger, 22%. Epitaxy of TiN on Si 

is achieved by alternating 3/4 and 4/5 domains with equal frequency [10]. 

 

 

 

 

Figure 4-5. FFT image showing domain matching at the FePt/TiN interface. 

 

Figure 4-6a shows the magnetization versus field curves at 300 K for the FePt thin film 

sample grown at 500° C. The perpendicular loop showed improved coercivity, remanence 

and squareness when compared to the parallel loop, indicative of the easy axis of 

magnetization being oriented perpendicular to the sample surface.  
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Figure 4-6. (a) Room temperature magnetic hysteresis loops of the FePt thin film sample 

grown at 500 °C in the perpendicular and in-plane directions. (b) MH loops at 5K. 
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In the direction perpendicular to the film plane, which is the easy axis of magnetization, 

the sample shows high coercivity (Hc
┴ = 2250 Oe). The saturation magnetization was 740 

emu/cm3 and squareness was, Mr/Ms = 0.7. Some hysteresis behavior is also seen in the 

direction parallel to the film (Hc
║ = 600 Oe). It is also evident from Fig. 4-6 that the 

perpendicular loop saturates at much smaller fields, whereas the parallel loop closes only 

at high fields. In-plane remanent magnetization can be attributed to the small fraction of 

FePt that remains in the disordered phase and some residual misoriented fraction of FePt 

that has its c-axis along the film plane. In addition to the room temperature 

measurements, magnetic properties of the FePt thin film were also evaluated at lower 

temperatures. Figure 4-6b shows hysteresis loops obtained in both the perpendicular and 

in-plane directions at 5 K. Here, the difference between the perpendicular and in-plane 

loops is not pronounced like the case of the room temperature data. This may be 

attributed to higher stresses in the film at low temperatures. The anisotropy due to stress 

can then negate some of the crystalline anisotropy [11]. The coercivity at 5 K in the 

perpendicular direction is 4060 Oe and in the in-plane direction it is about 2520 Oe.  

 

When the growth temperature was increased to 600 °C, we observed marked 

improvement in anisotropic ordering and related magnetic properties. Figure 4-7 shows 

the XRD scan of the FePt thin film grown at 600 °C.  The order parameter (S) calculated 

from equation (1) improved to 0.77. Magnetic hysteresis curves at room temperature for 

the sample grown at 600 °C are shown in Fig. 4-8. When compared to the sample grown 

at 500 °C, the squareness of the perpendicular loop increased remarkably. The squareness 
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(Mr/Ms) value was as high as 0.95, with remanence Mr = 740 emu/cm3 and saturation 

magnetization Ms = 780 emu/cm3. The coercivity in the perpendicular direction increased 

to Hc
┴ = 2450 Oe. When compared to the perpendicular loop the in-plane magnetization 

was minimal, indicating large magnetic anisotropy. The perpendicular hysteresis loop for 

this system, ideal for magnetic storage, showed two opposite states of magnetization that 

switch at well-defined fields. The values of coercivity obtained in this study are 

appreciable keeping in mind the off-stoichiometric nature of the composition (Fe41Pt59). 

Similar values for coercivity have been reported in the literature for sputtered epitaxial 

FePt/MgO thin films synthesized at similar growth temperatures [1,2].  
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Figure 4-7. XRD scan of the FePt film grown at 600 °C. 

 

 

 

 

 

 

 

 

 

 

Figure 4-8. Room temperature magnetic hysteresis loops of the FePt thin film sample 

grown at 600 °C in the perpendicular and in-plane directions. 
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4.5 Conclusions 

 

In summary, we have shown that L10 ordered epitaxial FePt (001) films can be grown at a 

moderate temperature of 500° C using pulsed laser deposition. The films were essentially 

grown on a Si (100) substrate with epitaxial TiN template layer. Growth on Si (100) can 

potentially prove to be useful in making devices that are compatible with the 

microelectronic devices. Favorable results in terms of the order parameter (S = 0.70) 

showed that TiN can be effectively used as a template to induce L10 order. The epitaxial 

relationship and presence of L10 order were studied by XRD and further confirmed by 

TEM. The following epitaxial relationship was obtained in the FePt structures: FePt (001) 

<001>║ TiN (100) <001> ║ Si (100) <001>. The 9.5 % misfit strain between FePt and 

TiN was relaxed by domain matching epitaxy where 10/9 and 11/10 domains alternate 

across the interface. Hysteresis loops along the direction perpendicular to the plane of the 

film showed high coercivity, remanence and squareness when compared to the loops that 

are parallel to the film plane. At 500 °C the perpendicular coercivity was 2250 Oe and the 

squareness was 0.7. A remarkable squareness of 0.95 was achieved when growth 

temperature was increased to 600 °C. Such magnetic properties are significant keeping in 

mind the off-stoichiometric nature of the film (Fe41Pt59). 
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Chapter 5 

5 Growth, characterization and magnetic properties of 

epitaxial FePt nanodots on Si (100) 

 

5.1 Abstract 

 

In this chapter, we report on the pulsed-laser deposition of epitaxial FePt nanodots onto 

Si (100) substrates using TiN as a template buffer. X-ray diffraction studies show that the 

FePt nanodots are primarily oriented along the [001] direction and show L10 ordering 

with order parameter (S) equal to 0.75. The composition of the nanodots was Fe41Pt59. 

Cross sectional transmission electron microscopy revealed the following epitaxial 

relationship; FePt (001) <001>║TiN (100) <001>║Si (100) <001>. Plan view 

transmission electron microscopy analysis showed that the FePt nanodots are well 

separated and have an average size of 18 nm. Selected area electron diffraction patterns 

along the <110> and <001> zone axes were analyzed to study the L10 order in the FePt 

nanodots. Room-temperature magnetic-hysteresis measurements showed that the islands 

are predominantly magnetized in the perpendicular direction with higher coercivity (Hc
┴ 

= 3200 Oe) as compared to the parallel direction (Hc║ = 1000 Oe). In this system, each 

nanodot acts as a single domain and assuming one bit of information is stored in each 
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nanodot, magnetic storage density can exceed one Terabits per square inch, 

corresponding to 250 million pages of information per chip. 

 

5.2 Introduction 

 

In recent years considerable attention has been focused on the synthesis and study of 

magnetic nanoparticles for high-density magnetic recording [1-7]. For this purpose, we 

require magnetic particles in the nano-regime with uniform size, composition and 

crystallographic orientation. Tailoring the dimensions of the magnetic particles to sizes 

comparable with characteristic magnetic length scales, like magnetic exchange length and 

domain width, can give rise to interesting properties [5-8]. Inherent properties of a 

magnetic system like saturation magnetization, Curie temperature and anisotropy are 

affected by reduction in size [5]. For the purpose of high density magnetic storage, the 

most relevant property that is associated with size reduction is the transition to single 

domain state and accompanying large increase in coercivity [6-8]. Also, well-separated 

magnetic nanoparticles have minimal magnetic coupling, leading to a better signal to 

noise ratio that is essential for magnetic recording applications. 

 

The L10 ordered FePt material system is a promising candidate for magnetic recording 

applications owing to its excellent properties including, high uniaxial magnetocrystalline 

anisotropy, high coercivity, high saturation magnetization and good chemical stability 

[9]. The high magnetocrystalline anisotropy permits the use of smaller particles before 
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the onset of superparamagnetism, which may translate into potentially larger recording 

densities. Hence the primary motivation to synthesize and study perpendicularly oriented 

FePt nanoparticles dispersed in a non-magnetic matrix is to combine favorable properties, 

which accompany size reduction, with superior magnetic properties of FePt and arrive at 

a system that is highly suitable for high-density perpendicular magnetic recording. 

 

Different techniques like sputtering [4], MBE [10], ion-beam synthesis [2], electron-

beam evaporation [11] and chemical synthesis [1] have been employed to synthesize FePt 

nanoparticles. Synthesis using chemical approaches requires an additional annealing step 

to impart texture and desired order in the nanoparticles. However, the annealing 

processes can be detrimental, as it can cause interfacial diffusion, destroy self-assembly 

and induce unwanted nanoparticle coarsening and agglomeration [12]. It is important to 

realize that physical vapor deposition methods based on substrate controlled epitaxy are 

more suitable for synthesizing crystallographically oriented FePt nanostructures. 

 

We report here the synthesis of self-assembled epitaxial FePt nanoparticles by pulsed 

laser deposition (PLD) where desirable magnetic properties can be achieved without 

further annealing. PLD is a high energy non-equilibrium processing technique, where the 

energy of the ablated species can be as high as 10-100 eV [13]. This feature affords 

several advantages, including the ability to form novel phases, and to reduce processing 

temperatures. In particular, it is important to reduce ordering temperature (thermal 

budget) from an application point of view. It has been reported previously that off-
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stoichiometric FePt systems that are rich in Pt content tend to order at lower temperatures 

[14] and exhibit higher values of anisotropy [15]. Hence, the Pt-rich off-stoichiometric 

system Fe41Pt59 was chosen for this study. Accordingly, we will show that we can induce 

considerable L10 order at a low processing temperature of 500 ° C in the Fe41Pt59 system.   

 

5.3 Experiment 

 

The FePt nanodots were grown on an epitaxial TiN template with Si (100) as the 

substrate. Use of Si (100) substrate is significant as well as challenging because it permits 

integration with modern microelectronic devices. The TiN template is used to control the 

epitaxy and induce L10 ordering in the FePt nanodots. TiN is a nonmagnetic metal with 

resistivity close to 15 μΩ cm in single crystal form, and it also acts as an excellent 

diffusion barrier [16]. The FePt/TiN/Si heterostructure was synthesized by pulsed-laser 

deposition using KrF excimer laser with wavelength = 248 nm and pulse duration = 25 

ns. A rotating multi-target assembly was used to grow the TiN template and FePt films. 

Substrate preparation of Si (100) involved the following steps; ultrasonic rinsing, 

cleaning with acetone, methanol rinse and then etching with Hf (49%) in order to 

dissolve the native oxide layer and obtain hydrogen-terminated Si (100). For the growth 

of a TiN template the following deposition parameters were used:  base pressure 10-7 torr, 

temperature 600-620 °C and energy density ~2 J/cm2.  Growth parameters used for the 

FePt nanodots were as follows; base pressure 10-7 torr, temperature 500 °C and energy 

density ~5 J/cm2. Ablation and deposition rates of Fe and Pt were studied individually. 
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For the growth of FePt, the target assembly included a segmented geometry of two 

individual pieces of Fe and Pt, appropriately crossed for a desired composition. The 

composition analysis was done by using Rutherford backscattering (RBS). The 

composition was found to be Fe41Pt59 (see chapter 4). 

 

X-ray diffraction (XRD) was used to determine the growth orientation and texture of the 

samples. A Rigaku Geigerflex Diffractometer with Cu Kα radiation (λ = 1.54 Å) and a 

graphite monochromator was used for the XRD experiments. For in-depth 

crystallographic analysis, transmission electron microscopy (TEM) was performed using 

a JEOL 2010F TEM operating at 200 KV with a resolution of 0.18 nm, which was 

equipped with Gatan Image Filter (GIF) system. To determine the morphology and size 

of the FePt islands, both cross section and plan view TEM samples were studied. TEM 

samples were prepared by mechanical polishing, followed by dimpling and Ar-ion 

milling until electron transparency was attained. Magnetic property measurements were 

performed using a superconducting quantum interference device (SQUID). 
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5.4 Results and discussion 

 

Figure 5-1 is an XRD pattern of the FePt nanodot sample showing a strong [001] 

orientation i.e. the c-axis is perpendicular to the sample surface. In this XRD pattern we 

see the FePt (002) fundamental peak, the FePt (001) superlattice peak, the TiN (200) and 

(400) template peaks and the Si (400) substrate peak.  The occurrence of the FePt (001) 

superlattice peak indicates the presence of L10 ordering. The ordering can be quantified 

by the order parameter (S), which is defined as,  

 

S2 = (I001/I002)exp / (I001/I002)cal,                                                                                            (1) 

 

where I001 and I002 are the integrated intensity of the (001) superlattice peak and (002) 

fundamental peak and (I001/I002)exp and (I001/I002)cal are the experimental and calculated 

peak intensity ratio, respectively. Following the procedure described by Cebollada et. al. 

[17], the order parameter was then calculated to be, S = 0.75. Here it is important to note 

that the maximum order that can be achieved in the off-stoichiometric Fe41Pt59 system is 

Smax = 0.82 [18]. The XRD pattern in Fig. 5-1 also shows some minor structural 

imperfections like the FePt (200) peak. This indicates that a small fraction of the islands 

may either be disordered or may be misaligned such that their c-axis is parallel to the 

sample surface. 
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Figure 5-1. XRD pattern of the FePt nanodot sample grown on a Si (100) substrate using 

TiN as a template buffer. 

 

Figure 5-2a shows a cross section TEM micrograph of the FePt islands, including the TiN 

template and the Si substrate. The FePt islands seem to have a trapezoidal shape with flat 

facets, similar to the observations by Kim et. al. [4]. The islands seem to be well 

separated and have an average thickness of about 5 nm. The SAD (selected area 

diffraction) pattern in a <110> zone axis from a region comprising the FePt island, the 

TiN template and the Si substrate is shown in Fig. 5-2b. In all the directions marked in 

this SAD pattern the diffraction spots of Si (inner), TiN (middle) and FePt (outer) are 
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aligned. This indicates an epitaxial relationship of the FePt island and the TiN template 

with the Si (100) substrate. It is essentially a cube on cube epitaxy with all three <100> 

axes of the FePt island and the TiN template aligned with the Si substrate. From this we 

obtain an orientation relationship as follows; FePt (001) <001>║ TiN (100) <001>║ Si 

(100) <001>. The fundamental diffraction spots of FePt are labeled in black and the 

additional superlattice spots that arise due to L10 ordering are labeled in white. These 

spots can be seen along the [200] and [02-2] direction and are marked as (100) and (01-

1). Ordering tends to make of the FePt unit cell slightly tetragonal in nature. The c/a ratio 

estimated for the L10 ordered FePt nanodot in our study was 0.968, with a = 3.85 Å and c 

= 3.73 Å. The lattice mismatch between TiN and FePt is 9.5 %. And between the TiN 

template and Si (100) substrate the misfit is 22 %. Epitaxy in such large misfit systems 

was achieved by domain matching epitaxy (see chapter 2 and chapter 4 for details).  

 

Figure 5-2c is a cross section HRTEM (high resolution transmission electron 

microscopy) image showing a single FePt island and the TiN template. The interface 

between FePt and TiN is clear, sharp and devoid of any interfacial reaction. The two 

cross-sectional images (Fig. 5-2a and Fig. 5-2c) show that the FePt islands have well-

defined edges with no indication of a wetting layer. Thus, formation of FePt islands on 

TiN follows a 3D Volmer-Webber mode of growth. It is important to note that short 

deposition times (about one minute) were employed to form these nanodots. This was 

done to inhibit the growth to the early stage, before the individual islands started to merge 

and form a continuous film. The values of surface energy also suggest a 3D-type of 
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growth mode. Surface energy for relaxed geometries of (100) TiN (σTiN) is reported to 

be 1.28 J/m2 [19] and for (001) FePt (σFePt) it is about 2.18 J/m2 [20]. From these values it 

is clear that, 

 

 σFePt + σinterface > σTiN                                                                                                        (2) 

 

This condition suggests a Volmer-Weber type of growth mode. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 123



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-2. (a) Cross section TEM image showing the FePt nanodots, the TiN template 

and the Si substrate. (b) The corresponding SAD pattern in a <110> zone. (c) HRTEM 

image showing a single FePt nanodot and the TiN template. 
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Figure 5-3. (a) HRTEM image showing part of the FePt nanodot and the TiN buffer layer 

(b) FFT from a region comprising TiN only (c) Corresponding indexed schematic of the 

TiN FFT. (d) FFT from a region comprising FePt only (e) Corresponding indexed 

schematic of the FePt FFT. 

 

Figure 5-3a is a cross sectional HRTEM image showing part of the FePt nanodot and the 

TiN template. Figure 5-3b is a FFT (fast Fourier transform) image, from a region 

comprising TiN only, showing a regular FCC diffraction pattern in a <110> zone. This 

pattern has been indexed in a corresponding schematic in Fig. 5-3c. Figure 5-3d is a FFT 

image from a region including just the FePt nanodot. The corresponding indexed 

schematic is shown in Fig. 5-3e. It is clear that, in addition to the regular FCC spots 

found in Fig. 5-3b, Fig. 5-3d shows additional superlattice spots at (100) and (01-1) along 
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the [200] and [02-2] directions. These L10 superlattice spots are marked as an “x” in Fig. 

5-3e.  The above analysis clearly establishes the fact that the FePt islands under study are 

L10 ordered. 

 

Figure 5-4a is a plan view TEM image showing distinct, well separated FePt islands in 

the TiN matrix. The corresponding SAD pattern in the <001> zone is shown in Fig. 5-4b. 

We observe in this SAD pattern distinct double diffraction spots, i.e. each major 

diffraction spot is surrounded by other less intense symmetric spots. In this case, the 

double diffraction spots arise due to the overlap of the FePt and TiN planes during 

diffraction. The brighter spots belong to TiN, which has the larger lattice parameter (4.24 

Å).  Among the smaller spots surrounding the brighter TiN spot, some belong to FePt and 

the others correspond to the double diffraction occurring between TiN and FePt. It is 

important to note that there is no contribution from Si in this SAD pattern. This is 

attributed to the sample preparation process wherein we thin the sample from the 

substrate side and hence most of the Si is lost during thinning. Figure 5-4c is a 

corresponding representative schematic diffraction pattern (without double diffraction) 

for a <001> zone axis with all the diffraction spots indexed. Other than the regular FCC 

diffraction spots the SAD shows forbidden reflections or extra superlattice spots that arise 

due to the L10 order in the system. The regular FCC diffraction spots (marked as dark 

circles) that arise in the [001] zone axis are (020), (040), (200), (220), (240), (400), (420), 

(440). The additional/forbidden superlattice spots (marked as x) that appear due to L10 

order are (110), (130), (330), (310), (330).  
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Figure 5-4. (a) Plan view TEM image of the FePt nanodots in a TiN matrix. (b) 

Corresponding diffraction pattern in a <001> zone. (c) Representative indexed diffraction 

pattern. 
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Figure 5-5. (a) HRTEM image showing FePt nanodots with Moiré fringes. (b) HRTEM 

image showing Moiré fringes within a single FePt nanodot. 

 

Figure 5-5a is a high magnification plan view TEM image of the FePt islands. We 

observe Moiré fringes in few of the islands in this figure. Figure 5-5b is a HRTEM image 

showing Moiré fringes in the same region within a single FePt island. The Moires fringe 

arise due to the interference that occurs when the lattice planes of FePt and TiN overlap. 

The condition for the formation of a Moiré pattern is that a beam which has been 

diffracted once by each set of lattice planes is allowed to contribute to the TEM image 

formation.  The formation of Moiré fringes in certain regions indicate that the islands are 

not fully relaxed. It is important to note that the majority of the islands (as seen in Fig. 5-

4a and Fig. 5-5a) are devoid of Moiré fringes. This suggests that most islands are fully 

relaxed. The 9.5 % misfit strain between FePt and TiN is relaxed via domain matching 
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epitaxy, by matching 10/9 planes of FePt and TiN across the interface. Figure 5-6 is a 

histogram showing the size distribution of the FePt islands. The total number of islands 

included in this plot is equal to 303. The average island size was calculated to be ~18 nm.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5-6. Histogram showing size distribution of the FePt nanodots. 

 

From the above results it can be inferred that TiN can be used as a suitable matrix to 

grow self assembled FePt nanodots, whose size and crystal orientation can be controlled 

according to our requirement. The cross section and plan view TEM images and 

subsequent analysis confirm that the islands are L10 ordered, well separated and oriented 

such that the c-axis is perpendicular to the sample surface. Inter-particle separation is 

necessary to improve signal to noise ratio in the magnetic recording devices. 

 129



Perpendicular orientation is necessary to exploit the high degree of magnetic anisotropy 

present in the L10 ordered FePt system. 

 

Magnetic properties were evaluated both in the direction perpendicular and parallel to the 

sample surface. It is important to note that the c-axis is the easy axis of magnetization for 

the L10 ordered FePt system. Figure 5-7a shows magnetization versus field curves at 300 

K. The perpendicular loop shows higher squareness, remanence and coercivity when 

compared to the parallel loop. In the perpendicular direction the coercivity is Hc
┴ = 3200 

Oe and the squareness is Mr/Ms = 0.87. Such values of coercivity and squareness are 

significant keeping in mind the off-stoichiometric composition (Fe41Pt59) and the low 

growth temperature involved (500 °C). In contrast, the parallel loop shows much smaller 

hysteresis (Hc
║ = 1000 Oe) and shows a propensity to saturate at much higher fields. The 

in-plane magnetization has a contribution from structural imperfections like the small 

amount of FePt (200) that has in-plane aligned c-axis. In-plane magnetization can also be 

attributed to the small fraction of FePt islands that may exist in a disordered phase. This 

is consistent with the XRD observations that show partial ordering (S = 0.75). There is a 

possibility to improve perpendicular coercivity by employing higher growth temperatures 

so that structural imperfections like FePt (200) can be completely removed (see chapter 

4). Also it has been reported that higher growth temperature (700 °C) promotes 3D or 

island growth [21]. On the other hand it is also important to note that the magnetic 

recording industry prefers lower processing temperatures [22]. Therefore, in this work we 

have tried to optimize the competing parameters of coercivity and process temperature. 
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The perpendicular coercivity (Hc
┴ = 3200 Oe) and processing temperature (500 °C) 

optimized in this work are appropriate for magnetic recording applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-7. (a) Magnetic hysteresis loops of the FePt nanodot sample in the perpendicular 

and in-plane directions at 300 K. (b) Hysteresis loops at 5K. 
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In addition to the room-temperature data, magnetic measurements were also carried out at 

lower temperatures. When compared to the room temperature coercivities, the 5 K 

measurements (see Fig. 5-7b) showed higher coercivities both in the perpendicular and 

in-plane directions. The perpendicular coercivity at 5 K is 4420 Oe and the in-plane 

coercivity at the same temperature is 1980 Oe. In terms of magnetic anisotropy the 5 K 

results are consistent with the 300 K measurements. The perpendicular loop has higher 

coercivity, is square shaped and saturates at lower fields, where as the in-plane loop has 

lower coercivity and seems to saturate at much higher fields.  

 

Further, we present some preliminary results of a multi-layered FePt nanodot structure, 

which is self-organized in three dimensions.  Figure 5-8a is a cross section TEM image 

showing the tri-layered FePt structure grown at 500 °C. Two images from different 

regions of the TEM sample have been put together. Here, we have three layers of FePt 

islands stacked one on top of another with TiN buffer layers in between. The first layer of 

islands formed is clear and distinct. The quality of the second layer is inferior when 

compared to the first; most of the third layer is lost during the process of TEM sample 

preparation.  
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Figure 5-8. (a) Cross section TEM images of the tri-layered nanodot system captured 

from different parts of the TEM sample (b) The corresponding SAD pattern in a <011> 

zone (see text for description). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-9. X-ray scan of the FePt tri-layered nanodot sample grown at 500 °C. 
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The X-ray results, shown in Fig. 5-9, contain reflections from FePt (001) and FePt (002). 

Occurrence of the superlattice (001) peak indicates the presence of ordering. Also seen 

are some structural imperfections such as the FePt (200) and FePt (111) peaks. The TiN 

buffer layer is mostly epitaxial with a strong (200) reflection, but there is also a hint of 

the TiN (111) reflection. Figure 5-8b shows a SAD pattern in a <110> zone. Faint 

discontinuous rings of FePt (111), (200) and (220) are observed. The discontinuous rings 

are typical of nanodots with a mixed orientation. The more prominent rings belong to 

TiN (111), (200) and (220). The single crystal spots belong to the Si substrate. We 

believe that the first layer of FePt nanodots grow epitaxially along [001]. The second and 

third layers progressively deteriorate in terms of their [001] epitaxy and start showing 

<111> orientations. This is because the first layer of islands have a perfectly epitaxial 

TiN [200] template to grown on. For the second and third layer of FePt nanodots the TiN 

template buffer layers are inferior in terms of their [200] orientation, because they have 

been grown over a discontinuous layer of FePt islands. Hence some fraction of the 

second and third layer of FePt nanodots instead of growing along [001], assume the more 

energetically favorable [111] orientation.   

 

Magnetic hysteresis curves at room temperature are shown in Fig. 5-10. The 

perpendicular loop shows larger coercivity and squareness when compared to the parallel 

loop, indicating that most nanodots are [001] oriented.  However, the [200] and [111] 

misoriented islands, contribute to in-plane magnetization, which is significant.  The 

perpendicular coercivity is Hc
┴ = 1650 Oe and the parallel coercivity is Hc

║ = 570 Oe.  
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Ideally, we expect improved magnetic properties for this system due to the possible 

magnetic coupling between the islands of the multilayers. But these coercivity values are 

less than those obtained from the continuous film and the single layered island systems. 

This is attributed to the inferior epitaxial quality of the multi-layered system. We consider 

this work as a preliminary result and future work needs to be directed to improve 

epitaxial quality by optimizing the growth conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-10. Room temperature (300 K) magnetic hysteresis loops of the FePt tri-layered 

nanodot sample in the perpendicular and in-plane direction. 
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5.5 Conclusions 

 

In summary, we have shown that epitaxial, c-axis oriented and L10 ordered FePt nanodots 

can be synthesized using pulsed laser deposition. The nanodots were essentially grown on 

a Si (100) substrate with epitaxial TiN as a template buffer. The composition of these 

nanodots was Fe41Pt59, determined by RBS. XRD results showed strong c-axis orientation 

perpendicular to the sample surface. The order parameter (S) was estimated to be 0.75 

from XRD data. Epitaxial nature of the nanodots was studied in detail using cross 

sectional and plan view TEM analysis. TEM results revealed that the nanodots are well 

separated and have an average size = 18 nm and thickness = 5 nm. It was also shown that 

each FePt nanodot is a single crystal, and is oriented along its c-axis and shows L10 

ordering. Magnetic hysteresis measurements showed that the perpendicular loops have 

higher coercivity, higher squareness and higher remanence when compared to the parallel 

loops. The perpendicular coercivity (Hc
┴) at 300 K in the range of 3200 Oe is highly 

desirable for magnetic recording applications. 
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Chapter 6 

6 Structure-magnetic property correlations in the epitaxial 

Fe50Pt50 system 

 
6.1 Abstract 

 
We present findings on the effect of microstructure on magnetic properties of the 

epitaxial Fe50Pt50 system. Epitaxial c-axis oriented FePt was synthesized on Si (100) 

using TiN as a template buffer. The microstructure was progressively varied from a 9 nm 

nanoparticle system to a 30 nm thick continuous thin film. We found that individual 

nanoparticles showed higher coercivity than the continuous thin film. Within the 

nanoparticle regime coercivity increased with increasing particle size. The highest 

coercivity of 13,500 Oe was realized for a bead-like microstructure, when the individual 

nanoparticles just begin to merge to form a continuous thin film. 

 

6.2 Introduction 

 

Over the past couple of decades there has been an ever increasing demand for digital 

information storage. To cope with this need, hard disks with minimum size are required 

to store maximum information. In this context, considerable attention has been focused 

on the synthesis and study of magnetic nanoparticles for high-density magnetic recording 
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applications [1]. Interesting properties are observed when the dimensions of magnetic 

particles are tailored to sizes comparable with the characteristic magnetic length scales 

such as magnetic exchange length and domain-wall width [2]. Inherent properties of a 

magnetic system like saturation magnetization, Curie temperature, anisotropy and domain 

reversal are affected by reduction in particle size. For the purpose of high density 

magnetic storage, the most relevant property that is associated with the size reduction is 

transition to single domain state that manifests changes in coercivity, remanence and 

domain reversal mechanisms. Also, well-separated magnetic nanoparticles will have 

minimal magnetic coupling, leading to better signal to noise ratio that is essential for 

magnetic recording applications [3].  

 

With the current technology, that uses CoCrPt (ku = 2×106 erg/cm3) as the recording 

medium and a longitudinal magnetic recording approach, one can get to areal densities as 

high as 100 Gbit/in2. However, to get beyond this limit one must look for new materials 

and improved recording techniques. The FePt system is an attractive candidate for high-

density storage due to its extremely high uniaxial magnetocrystalline anisotropy energy 

(ku = 7×107 erg/cm3) [4]. The high magnetocrystalline anisotropy permits the use of 

smaller size particles before the onset of superparamagnetism; this directly leads to 

higher recording densities. Additionally, the c-axis aligned FePt system is well suited for 

perpendicular recording. A four-fold increase in storage density can be realized by 

employing the perpendicular magnetic recording approach [5]. It is important to realize 

that physical vapor deposition methods based on substrate controlled epitaxy are more 
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suitable for synthesizing c-axis oriented FePt nanostructures. In this chapter we present a 

systematic study of the effect of microstructure on coercivity for the FePt system. These 

structures were processed by pulsed laser deposition (PLD). Since PLD is a high energy 

non-equilibrium processing technique (the energy of the ablated species can be as high as 

10-100 eV) the processing temperatures for FePt growth could be reduced to 500 °C. As 

a part of this study, we have perfected the epitaxial growth of c-axis FePt on single 

crystal Si (100) substrates. This aspect of our research holds tremendous future promise 

in terms of integration of magnetic devices with Si (100) based technology. To date most 

researchers have used MgO as the substrate for growing epitaxial c-axis oriented FePt 

[6]. However, MgO would be unsuitable from a viewpoint of practical applications, 

because of its high single-crystal cost, limited wafer size, hygroscopic nature and poor 

mechanical properties. We achieved FePt growth along the magnetically hard c-axis 

using epitaxial TiN as the template buffer. TiN is metallic (ρ = 15 μΩ.cm), non-magnetic 

and also acts as a diffusion barrier between FePt and Si.  

 

6.3 Experiment 

 

The FePt/TiN/Si heterostructure was synthesized by pulsed-laser deposition (PLD). For 

PLD, a KrF excimer laser with 248 nm wavelength and 25 ns pulse duration was used. 

Growth parameters for FePt are as follows; growth temperature = 500 °C, energy density 

= 4-5 J/cm2, base pressure = 10-7 torr and growth rate = 0.08 nm/s.  X-ray diffraction 

measurements were done using a Rigaku Geigerflex diffractometer with Cu 
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Kα (wavelength = 0.154 nm) radiation and a graphite monochromator. Transmission 

electron microscopy (TEM) was performed using a JEOL 2010F TEM operating at 200 

KV with a point to point resolution of 0.18 nm. Magnetic measurements were performed 

using a superconducting quantum interference device (SQUID). The composition was 

determined to be Fe50 Pt50 by Rutherford backscattering spectrometry (RBS). 

 

6.4 Results and discussion 

 

The synthesis of the heteroepitaxial FePt/TiN/Si(100) structure poses a great challenge 

because of the large misfit strains (ε) involved, εFePt/TiN = 9.5 % and εTiN/Si = 22 %. 

Epitaxy in such large mismatch systems was achieved by a new paradigm of thin film 

growth called domain matching epitaxy (DME), where integral multiples of lattice planes 

match across the interface [7]. In the case of FePt/TiN epitaxy 10/9 and 11/10 domains 

alternate (with a frequency factor of 0.547) to accommodate the 9.5% misfit in the system 

[8]. Here, by a 10/9 domain we mean that 10 planes of FePt match with 9 planes of TiN. 

Epitaxy of TiN on Si, which has a 22% misfit, was achieved by alternating 3/4 and 4/5 

domains with almost equal frequency. Figure 6-1 shows the XRD patterns of two 

different microstructures; (a) 30 nm thick films and (b) 18 nm sized nano-islands. There 

is only one family of TiN reflections (200) and (400) indicating that it grows epitaxially 

on Si (100). FePt has three prominent reflections, the (001) and (003) superlattice peaks 

and the (002) fundamental peak. The superlattice reflections show up due to the presence 

of L10 order in the FePt film. The X-ray scan of the nano-island sample (Fig. 6-1b) shows 
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lower intensity FePt peaks, because the amount of material deposited in this case is much 

less when compared to the continuous thin film.  
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Figure 6-1. (a) X-ray scan of the 30 nm thick continuous thin film (b) X-ray scan of 

the 18 nm nano-island system. 
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The order parameter for all the samples in this study was in the range of S = 0.92 ± 0.04. 

The order parameter (S) was calculated using the following equation [9]: 

 

S2 = (I001/I002)exp / (I001/I002)cal,                                                                                            (1) 

 

where I001 and I002 are the integrated intensity of the (001) superlattice peak and (002) 

fundamental peak and (I001/I002)exp and (I001/I002)cal are the experimental and calculated 

peak intensity ratio, respectively.   

 

Epitaxy and order in the system was confirmed by plan-view and cross-section TEM. 

Selected area electron diffraction patterns (shown as insets in Fig. 6-2) along the <110> 

and <001> zones were analyzed to reveal the following epitaxial relationship; FePt (001) 

<001>║TiN (100) <001>║ Si (100) <001>. In this study different microstructures were 

synthesized and studied as shown in Fig. 6-2. Starting from the smallest particle size of 9 

nm (Fig. 6-2a), the particle size was steadily increased to 18 nm (Fig. 6-2b) and further 

up to 100 nm (Fig. 6-2c). The shape and size of the 9 nm system seems to be more 

uniform than the 18 nm system. In the 9 nm system the individual nanoparticles are more 

widely spaced, when compared to the 18 nm system which has a more dense packing. At 

about 90 nm the individual particles just begin to merge and form a bead-like 

microstructure. As the growth time is increased further the individual particles merge 

completely to form a continuous film as shown in Fig. 6-2(d).  
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Figure 6-2. TEM images of the FePt microstructures with corresponding SAED 

patterns (a) 9 nm nano-island (b) 18 nm nano-island (c) 90 nm nano-island (d) 

continuous thin film with thickness = 30 nm. The corresponding perpendicular 

hysteresis loops are shown in (e)-(h). 
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Here it is important to note that, FePt grows via the 3D-Volmer Weber growth mode on 

TiN. The values of surface energy also suggest a 3D-type of growth mode. Surface 

energy for relaxed geometries of (100) TiN (σTiN) is reported to be 1.28 J/m2 [10] and for 

(001) FePt (σFePt) it is about 2.18 J/m2 [11]. From these values it is clear that,  

 

σFePt + σinterface > σTiN                                                                                                         (2)  

 

This suggests a Volmer-Weber type of growth mode. In this study, it is important to 

realize that for short deposition times, individual 3D islands are formed that finally merge 

to form continuous films at longer growth times. The island size at which merger occurs 

can be controlled by the growth temperature. At 500 °C, islands 90 nm in size begin to 

merge. Preliminary experiments at higher temperatures close to 600 °C have shown that 

the islands are still separated at a particle size of about 150 nm. The magnetic properties 

vary according to the microstructure, as shown in figures 6-2e to 6-2h. Shown in these 

figures are the hysteresis loops perpendicular to the sample surface. The squareness of 

these loops falls in the range of 0.95 ± 0.03. As the particle size increases from 9 nm to 

18 nm, the coercivity improves from 5800 Oe to 10,000 Oe. For the 90 nm bead-like 

structure, where the islands are just beginning to merge, the coercivity is as high as 

13,500 Oe. And finally for the 30 nm thick continuous film the coercivity drops to 3000 

Oe. This trend is plotted in Fig. 6-3, which follows the classical curve between coercivity 

and particle size. On this curve, the two points D1 and D2 are of prime importance. D1 is 

the particle size at which superparamagnetism sets in and D2 is the particle size at which 
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the system transforms from a single domain state to a multi domain state. For the FePt 

system simple theoretical calculations can be applied to evaluate D1 [12] and D2 [13]. 

 

D1 = (47.77kT/ku)1/3 = 3 nm                                                                                                                                       (3) 

 

Where T is the temperature and ku is the anisotropy constant (7 x 107 erg/cm3). At 

temperature T = 300 K we calculate D1 = 3 nm. 

 

D2 = 24(Aku)/NM2
s = 155 nm                                                                                                                                          (4) 

 

Where A is the stiffness constant = 10-6 erg/cm, N is the demagnetizing factor = 7.81. For 

FePt D2 was calculated to be 155 nm. So when the particle size is between D1 = 3 nm and 

D2 = 155 nm, the FePt particle is a single domain. Hence the first three microstructures in 

our study, the 9 nm, 18 nm and 90 nm systems, fall within the single domain state. And 

within the single domain state, coercivity seems to increase with the particle size. In a 

single domain particle coercivity depends on the anisotropy energy kuV, where ku is the 

anisotropy constant and V the volume. As the volume (size) of the particle increases, the 

anisotropy energy increases and it becomes increasingly difficult to reverse the spins, 

resulting in higher coercivity. The continuous film, shown in Fig. 6-2d, contains multiple 

domains and hence the coercivity drops sharply. In a multi-domain state the domain 

reversal occurs by growth of a favorably oriented domain (i.e. one that has its net 

moment directed closest to the applied magnetic field direction) at the expense of other 
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un-favorable domains. Domain reversal by growth of domains in a multi-domain state 

requires much smaller fields when compared to domain rotation that requires overcoming 

the anisotropic forces in a single domain state. Hence, multi-domain particles have lower 

coercivity. Moreover, the system in Fig. 6-2d is a perfect epitaxial single crystalline thin 

film, with minimal defects. Defects can act as domain pinning sites. The absence of 

defects in 6-2d decreases the coercivity even further.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-3. Plot between coercivity and particle size. The figure also shows the single 

and multi domain regions in the FePt system. 
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Figure 6-4. (a) Magnetic hysteresis curve for the 18 nm nano-island system with 

composition Fe50Pt50 (b) Hysteresis loop for the Fe41Pt59 composition. 
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The best microstructure in terms of magnetic storage would be the 18 nm sized system 

shown in Fig. 6-2b. If we assume one bit of information to be stored in each island, a 

storage capacity of 1 Terabit/in2 can be realized for this system. For a Fe50Pt50 

composition this microstructure has a perpendicular coercivity of about 10,000 Oe (Fig. 

6-2f). The current read/write technology in the magnetic industry may not be able to 

handle such high coercivities. The current technology is built to operate on systems with 

coercivities in the range of 2000-5000 Oe. Keeping this in mind, the Pt rich off-

stoichiometric Fe41Pt59 system discussed in previous chapter and reproduced in Fig. 6-4 

may be ideal. For both the 50:50 and 49:51 systems the in-plane magnetic loops are also 

shown. Due to the high degree of c-axis orientation, the perpendicular loops have high 

coercivity, remanence and squareness when compared to the in-plane loops. In-plane 

magnetization can be attributed to structural imperfections like small fraction of FePt 

islands existing in the disordered phase.  

 

6.5 Conclusions 

 

In summary, we have studied the variation of coercivity with microstructure for the 

epitaxial Fe50Pt50 system. Growth of the high misfit FePt/TiN/Si(100) heterostructure was 

accomplished by domain matching epitaxy. It was shown that individual nanoparticles 

being in a single domain state have larger coercivity than continuous thin films. Within 

the nanoregime, coercivity increased with increasing particle size. The continuous thin 

film showed the lowest coercivity because of its multi domain state and lack of defects or 
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pinning sites. We also showed that by varying the composition, we can control the 

coercivity and hence can tailor the system for diverse applications. 
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Chapter 7 
 

7 Magnetoresistance of the L10 ordered epitaxial FePt system 

 
 
7.1 Abstract 

 

The magnetoresistance of highly ordered (001) epitaxial FePt thin films has been 

investigated. The Fe50Pt50 films were grown by pulsed laser deposition and showed a 

bead-like microstructure. This system showed a maximum MR of 0.57 % at room 

temperature, when the field was perpendicular to the current. The MR loops showed 

hysteresis behavior consistent with the MH loops. Anisotropy in resistance was observed 

when the orientation was changed such that the field was parallel to current flow. The 

MR behavior in the FePt system has been attributed to spin dependent electron scattering 

and scattering due to domain walls.  

 

7.2 Introduction 

 

The FePt system has been the focus of numerous research studies in recent years owing 

to its superior magnetic properties [1 and references therein]. The high uniaxial 

magnetocrystalline anisotropy (7 ×107 erg/cm3) renders this system suitable for ultra high 

density storage and recording applications [2]. Though much work has been done on FePt 

for storage purposes, its magnetoresistance (MR) properties have been left largely 
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unexplored. Such a study will be useful for fabricating devices that require both magnetic 

storage and sensor applications. 

 

Within the limited literature available, there are studies that report MR behavior of FePt, 

both in the thin film and granular forms [3-5]. The microstructure, extent of L10 order and 

magnetization direction affect the MR properties in the FePt system [3-5]. Ishio et. al. [3] 

have reported a GMR of 0.18 % in equiatomic sputtered thin films. In a FePt-Ag 

composite film a GMR as high as 0.7 % has been reported by Zhang et. al [4]. 

 

In this chapter, we report on the MR studies of epitaxial FePt thin films, with a bead-like 

microstructure, as a function of temperature. The strength of this study stems from the 

use of Si (100) as the substrate. Using Si enables potential integration of our structures 

with modern day microelectronic devices. In order to align the FePt structures along the 

magnetically hard c-axis, a TiN template buffer layer was used.  Additionally, TiN also 

acts as a diffusion barrier between the FePt film and the Si substrate.  

 

7.3 Experiment 

 

The FePt thin films were synthesized by pulsed laser deposition. A KrF excimer laser 

with wavelength = 248 nm and pulse width = 25 ns was used for this purpose. Growth 

parameters for FePt are as follows: base pressure = 10-7 torr, energy density = 5 J/cm2 and 

temperature = 500 °C. The synthesis of the heteroepitaxial FePt/TiN/Si (100) structure 
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poses a great challenge because of the large misfit strains (ε) involved, εFePt/TiN = 9.5 % 

and εTiN/Si = 22 %. Epitaxy in such large mismatch systems was achieved by a new 

paradigm of thin film growth called domain matching epitaxy (DME) [6]. The epitaxial 

concepts and domain matching of the FePt/TiN [7] and TiN/Si [6] system have been 

discussed else where.  

 

The FePt samples were characterized in detail by X-ray diffraction and transmission 

electron microscopy (TEM). For transmission electron microscopy, a JEOL 2010F 

microscope with a point to point resolution of 1.8 nm was used. The MH and MR 

measurements were performed using a Quantum Design physical property measurement 

system (PPMS) equipped with a vibrating sample magnetometer (VSM) setup. A four 

probe arrangement was used for transport measurements. The bias currents used were in 

the range of 400-500 μA. The MR measurements (up to H = ±70 KOe) were performed 

in two orientations: (A) the perpendicular orientation where the field was perpendicular 

to the current and the sample surface and (B) the in-plane orientation where the field was 

parallel to the current and sample surface. In both the orientations the direction of the 

current remains the same i.e., parallel to the sample surface. 
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7.4 Results and discussion 

 

This section is divided into two parts. The first section will discuss MR results of the 

bead-like Fe50Pt50 thin film. In the second section preliminary MR results pertaining to a 

Fe41Pt59 multilayer structure will be discussed. 

 

Section 1:  

 

Figure 7-1a shows the cross section TEM image of the Fe50Pt50 sample under study. It 

shows a bead-like microstructure, when the individual nanoislands just begin to merge to 

form a continuous thin film. The FePt growth on TiN follows a Volmer-Weber (3D) 

mode of growth. During the initial stages of growth individual 3D islands are formed and 

for longer deposition times these islands grow and eventually merge to form a continuous 

thin film (see chapter 6 for more details). The beads/islands have an average size of 90 

nm and they are about 22 nm thick at the center of the bead. Figure 7-1b is the 

corresponding SAD pattern. The alignment of the FePt, TiN and Si spots in all the 

directions indicates perfect cube-on-cube epitaxy. The epitaxial relationship is given as 

FePt (001) <001>║TiN (100) <001>║ Si (100) <001>. X-ray scans showed strong [001] 

growth orientation and presence of superlattice peaks. The order parameter was 

calculated to be 0.90. 
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Figure 7-1. (a) Cross section TEM image of the bead-like FePt thin film. (b) The 

corresponding SAD pattern in a <110< zone. 

 

 

Figure 7-2 shows the MH loop at 300 K for the Fe50Pt50 sample under study. The 

perpendicular loop showed improved coercivity, remanence and squareness when 

compared to the parallel loop, indicative of the easy axis of magnetization being oriented 

perpendicular to the sample surface. The perpendicular coercivity was as high as 13500 

Oe and in the in-plane direction the coercivity was 5400 Oe. In-plane remanent 

magnetization can be attributed to the small fraction of FePt that remains in the 

disordered phase and some residual misoriented fraction of FePt that has its c-axis along 

the film plane. 
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Figure 7-2. Perpendicular and in-plane MH loops for the bead-like FePt thin film at room 

temperature. 

 

The MR results are shown figures 7-3a to 7-3d. The magnetoresistance was calculated 

using the following equation, 

 

( )
c
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R
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100
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×−

=                                                                                                       (1) 

 

 158



Where R is the resistance at any field and Rc is the resistance at  Hc (coercive field). It is 

important to note that maximum resistance is observed at Hc. Hence, in this study we 

define MR in terms of the resistance at coercive field. Figures 7-3a and 7-3b show the 

MR behavior in the perpendicular orientation, i.e. the magnetic field is perpendicular to 

the current and the sample surface. It is important to realize that in this case the field is 

along the magnetic easy axis of the sample. The FePt system shows negative 

magnetoresistance, i.e. resistance decreases with increasing field. In Fig. 7-3a as the field 

is swept from -70 KOe to 70 KOe, the MR follows the red curve peaking at Hc. Then as 

the field is swept in the reverse direction (from 70 KOe to -70KOe), the MR follows a 

different path along the green curve. This shows that we have hysteresis in the system. 

Comparing Fig. 7-3a and the perpendicular loop in Fig. 7-2 we find that the hysteresis 

behavior is consistent, in that the coercive field remains the same (Hc
┴ = 13500 Oe). At 

300 K and a 70 KOe field the maximum MR obtained was 0.57 % (see Fig. 7-3a). Close 

to zero field the system shows a switching effect, i.e. the resistance changes sharply with 

change in field. This can be attributed to the presence of a soft magnetic phase in the 

system (arising due to non-uniformity in the FePt partice size  or presence of Fe 

particulates), that also shows up as kink in the MH loop (see Fig. 7-2).  Figure 7-3b 

shows the MR measurement in the same orientation at 10 K. At this lower temperature 

the trends in the MR behavior remain the same. The data is much smoother and the 

switching effect is pronounced. The maximum value of MR increases to 0.74 %.  
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Figure 7-3. Magnetoresistance of the bead-like Fe50Pt50 thin film in the perpendicular 

(H┴I) and in-plane (H║I) orientation at 300 K and 10 K (see text for more details). 
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The MR results for the in-plane orientation are shown in figures 7-3c and 7-3d. Here, the 

magnetic field is parallel to the current and the sample surface, which means that the field 

is along the hard axis of the sample. In the in-plane orientation the MR values are lower, 

when compared to the perpendicular orientation. In the in-plane orientation the field tries 

to align the spins along their hard axis. This can be difficult to accomplish because, the 

spins like to stay fixed along their easy axis (energetically more favorable). So even at a 

high field of 70 KOe, not all the spins are aligned along the hard axis and some spins 

remain in the easy axis orientation. This means ordering in terms of the spins is not 

complete in the in-pane orientation. Hence, the MR effect in the in-plane orientation is 

less when compared to the perpendicular orientation.  This At the 300 K the maximum 

MR is 0.31 % (Fig. 7-3c) and at 10 K the MR improves slightly to 0.35 % (Fig. 7-3d). 

The trends in the MR curve remain the same, i.e. the curves show hysteresis behavior, 

switching effects and they peak at coercive field. The hysteresis behavior in Fig. 7-3c 

reveals a coercivity of about 5100 Oe, which is consistent with the in-plane MH loop in 

Fig. 7-2.  

 

The L10 ordered FePt system has a huge anisotropy constant, Ku = 7 x 107 erg/cm3. The 

higher the anisotropy constant the smaller will be the domain wall width. The domain 

wall thickness (δw) can be calculated as,  

 

5.0

⎥
⎦

⎤
⎢
⎣

⎡
=

u
w K

Aπδ  = 9 nm                                                                                                      (2)                               
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Where A is the stiffness constant and its value for the FePt system is about 10-6 erg/cm. 

The domain wall thickness for the FePt system was calculated to be 9 nm. It is important 

to realize that for FePt, the domain wall thickness is comparable to the spin diffusion 

length at room temperature [3,8]. Therefore, small domain wall widths can be the cause 

of MR in the L10 ordered FePt system. 

 

Spin dependent electron scattering is one possible mechanism to explain the trends shown 

in figures 7-3a to 7-3d. At coercive field the spins in the system are oriented such that 

they nullify each other so that the resultant magnetic moment is zero. The randomness of 

the spins results in increased scattering of the electrons. Hence, resistance is a maximum 

at coercive field. When the field is increased beyond coercive values the spins in the 

system align themselves along the field direction. So at higher fields the spins are more 

ordered, i.e. less electron scattering occurs and resistance drops leading to a negative 

magnetoresistance effect. It is also important to note that in our study the MR curves do 

not seem to saturate even at 70 KOe magnetic fields. Similar behavior for the FePt 

system has been observed by Allia et. al. [8] and Zhang et. al. [4].  

 

The MR beahvior in the FePt system can also be attributed to electron scattering by 

domain walls. It is known that a system with multi domains will show higher resistivity 

than a single domain system [5,9]. Change in resistance can also be attributed to 

randomness of the spins in the domain, within which electrons may get deflected at 

different angles due to a Hall effect [5,10]. In the bead-like structure in our system, each 
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bead is sized about 90 nm. For the FePt system a single domain can exist up to a size of 

150 nm (see chapter 5). So it is safe to assume that each bead will be a single domain, 

with domain walls existing at the junction between two beads. (Future work to study the 

domain pattern and confirm this result by magnetic force microscopy is in progress.) 

Therefore, at low fields the sample contains more domain walls and thus shows higher 

resistance. At higher fields when less number of domain walls exist the resistance values 

drop. Based on the above discussion the MR behavior of the FePt system can be 

attributed to a combined effect of domain wall and spin dependent electron scattering. 

 

Figure 7-4 shows the anisotropy in resistance for the perpendicular and in-plane 

orientations at room temperature. The red loop illustrates the trend in resistance vs field 

for the perpendicular orientation. i.e. when the field is perpendicular to the current and 

the sample surface. The green loop illustrates the in-plane orientation, when the field is 

parallel to the current and sample surface. Higher resistance values were consistently 

observed in the in-plane orientation, when compared to the perpendicular orientation. A 

similar trend was also observed at a low temperature of 10 K.  This result can be 

attributed to the magnetic domain structure. Yu et. al. [5] have observed that for well 

ordered FePt films, the domains align perpendicular to the current in the in-plane 

orientation leading to higher resistance values. Also, when compared to the perpendicular 

orientation, the orientation of the magnetic dipoles in the in-plane condition manifests a 

larger scattering cross-section for the current (conducting electrons).  Hence, resistance 

values in the in-plane orientation are higher. 
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Figure 7-4. Anisotropy in resistance for the perpendicular and in-plane orientations at 

room temperature. 
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Section 2: 

 

Some preliminary magnetoresistance studies were also performed on an off-

stoichiometric Fe41Pt59 multi-layered thin film system. Figure 7-5 is a cross section TEM 

image of the multi-layered sample. The different layers and their thickness are clearly 

marked in this figure. Essentially, the structure consists of two FePt layers that sandwich 

a TiN layer in between. The two FePt layers have similar thickness, equal to 12 nm. The 

TiN barrier layer is 22 nm thick. The XRD scan of this sample is shown in Fig. 7-6. 

Careful XRD and TEM diffraction pattern analysis has shown that the inner (first) FePt 

layer is [001] oriented, i.e. it has its c-axis oriented perpendicular to the sample surface. 

The top (second) FePt layer deteriorates in terms of its [001] epitaxy and has a [111] 

orientation. This is because the first FePt layer has a perfectly epitaxial TiN (200) 

template to grown on. The second FePt layer has to grow on the TiN barrier layer, which 

is inferior in terms of its [002] orientation. Hence the second FePt layer instead of 

growing along [001], assumes the more energetically favorable [111] orientation. It is 

important to realize that the first and second layers will have different individual 

coercivity values due their different crystallographic orientations.  
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 Thickness (nm) 

1st FePt layer 12 

2nd FePt layer 12 
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TiN template layer 35 

 

Figure 7-5. Cross section TEM image of the Fe41Pt59 multi-layered system. The 

thicknesses of the layers are also shown. 
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Figure 7-6. XRD scan of the Fe41Pt59 multi-layered system. 

 

Figure 7-7 shows the MR results of the multi-layered Fe41Pt59 sample. Figures 7-7a and 

7-7b show the MR behavior in the perpendicular orientation, i.e. the magnetic field is 

perpendicular to the current and the sample surface. At 10 K, the MR behavior is shown 

in Fig. 7-7b. In this case, the Fe41Pt59 multi-layered system shows negative 

magnetoresistance at all fields. The MR loops show hysteresis, i.e. as the field is swept 

from -70 KOe to 70 KOe the MR follows the red curve and when field is swept in the 

opposite direction it follows a different path along the green curve. At 10 K the maximum 

MR in the perpendicular orientation is about 1.12 %. When the temperature is reduced to 

 167



2 K, the trend in MR changes drastically (see Fig. 7-7a). In this case, at fields close to 

zero the system shows positive magnetoresistance, i.e. resistance increases with increase 

in field. Positive MR is observed up to the coercive field of about 5.8 KOe. At higher 

fields beyond ± 5.8 KOe the system shows negative magnetoresistance. The maximum 

MR obtained in the perpendicular orientation at 2 K is about 1.07 %. Again the MR 

measurements show hysteretic behavior. The red and the green curve show the forward 

and reverse field cycles in the MR experiment. It is important to note that there is an 

asymmetry in the red and the green curves on either side of the origin. The peaks on 

either side of the origin in the red curve (and the green curve) show different MR values. 

This could be due to the difference in the coercivities of the top and the bottom FePt 

layers. Figure 7-7c shows the MR measurement at 2 K in the in-plane orientation. The 

maximum MR decreases slightly to 0.85 %, but the trend remains the same as in the 

perpendicular orientation. Further experiments that include MFM studies (to study 

domain formation), change in TiN barrier layer thickness and change in the current 

direction (perpendicular to surface through the FePt layers) are in progress in order to 

fully understand and explain these interesting trends in MR at lower temperatures for the 

multilayered system. 
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Figure 7-7. MR behavior of the Fe41Pt59 multi-layered system in the perpendicular and in-

plane orientations at 2 K and 10 K. 
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7.5 Conclusions 

 

The MR behavior of an epitaxial Fe50Pt50 thin film with a bead-like microstructure was 

studied. A negative MR was observed in a temperature range of 10 to 300 K. The MR 

behavior was studied in two orientations: field perpendicular to thecurrent and field 

parallel to the current. The maximum MR at room temperature in perpendicular 

orientation was 0.57 %. The MR loops showed hysteretic behavior with maximum 

resistance occurring at Hc. The values of coercivity in the MR and MH measurements 

were consistent. The presence of MR in the FePt system was attributed to thin domain 

walls, whose thickness is comparable to spin diffusion lengths. The negative MR effect 

was explained based on spin and domain wall dependent electron scattering.  
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8 Summary 

 

This work demonstrates that the epitaxial c-axis oriented FePt system can be used as a 

magnetic media for ultra-high density storage applications. Significantly, we showed that 

epitaxial FePt can be integrated with Si (100). This holds tremendous future promise, 

because Si is the base material of the semiconductor industry and its usage facilitates 

potential integration of our magnetic structures with the present day microelectronic 

devices. Effectiveness of the TiN template to control c-axis growth and induce L10 order 

in the FePt system was demonstrated. Extensive XRD and TEM analysis was done to 

study the epitaxy and L10 order in the FePt system. The following epitaxial relationship 

was obtained: FePt (001) <001║TiN (100) <001>║Si (100) <001>. Growth of the high 

misfit FePt/TiN/Si(100) heterostructure was accomplished by domain matching epitaxy. 

The 9.5 % misfit strain between FePt and TiN was accommodated by alternating 10/9 

and 11/10 domains with a frequency factor of 0.547. 

 

The variation of coercivity with microstructure for the epitaxial FePt system was studied 

in detail. FePt was synthesized both as continuous thin films and individual discrete 

nanoparticles. The microstructure was progressively varied from a 9 nm nanoparticle 

system to a 30 nm thick continuous thin film. The FePt islands were formed by self 

assembly and follow the 3D Volmer-Weber kind of growth mode. For longer deposition 

times the nanodots merged to form continuous thin films. Magnetic hysteresis 
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measurements showed that all the samples were predominantly perpendicularly 

magnetized with higher coercivity, squareness and remanence when compared to the in-

plane loops. Within the nanoparticle regime coercivity increased with increase in particle 

size. The highest coercivity of 13,500 Oe was obtained for a bead-like microstructure, 

when the individual nanoparticles just begin to merge to form a continuous thin film. The 

continuous thin film showed the smallest coercivity because of its multi-domain state and 

lack of defects or pinning sites. The best microstructure in terms of magnetic storage was 

the 18 nm sized nanoparticle system, with a perpendicular coercivity of 10,000 Oe. A 

storage capacity of 1 Terabit/in2 can be realized for this system, if we assume one bit of 

information to be stored in each nanoparticle. All the samples studied showed 

perpendicular hysteresis loops with remarkable squareness (≥ 0.95). Such systems are 

ideal for magnetic storage because they show two opposite states of magnetization that 

switch at well defined fields. It was found that the coercivity of the FePt system can be 

controlled via the composition. For the 18 nm system, the perpendicular coercivity was 

decreased from 10000 Oe to 3200 Oe by changing the composition from Fe50Pt50 to 

Fe41Pt59. A negative magnetoresistance (MR) of 0.57% was observed at room 

temperature for the Fe50Pt50 bead-like thin film system. The MR loops showed hysteretic 

behavior with maximum resistance at Hc. The values of coercivity in the MR and MH 

measurements were consistent. The presence of MR in the FePt system was attributed to 

thin domain walls, whose thickness is comparable to spin diffusion lengths. The negative 

MR effect was explained based on spin and domain wall dependent electron scattering.  
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9 Suggestions for future work 
 

The following ideas can be pursued as an extension to this study. 

1. Further, optimization of the FePt nanoisland size and shape (self assembly) by 

controlling experimental parameters such as laser energy density, repetition rate and 

substrate temperature. 

2. A thin film of FePt (1-3 nm thick) can be deposited at a lower temperature. The 

continuous film will break-up to form islands when annealed at a higher temperature. 

This effect can be used as an alternative processing route and can be studied in detail.  

3. At a low temperature of 2 K, the multi-layered FePt system showed both positive and 

negative MR behavior (see chapter 7). More experiments and analysis need to be 

performed to explain this behavior. 
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