
 

FABRICATION AND CHARACTERIZATION OF  

GRADED MAGNETOCRYSTALLINE ANISOTROPY IRON-NICKEL-PLATINUM  

ALLOY THIN FILMS  

 

by 

BIANZHU FU 

GREGORY B. THOMPSON, COMMITTEE CHAIR 
MARK L. WEAVER 

J. W. HARRELL 
ROBIN D. FOLEY 
GARY WARREN 

 

A DISSERTATION 

 

Submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy 

in the Department of Metallurgical and Materials Engineering 
in the Graduate School of 

The University of Alabama 

 

 

TUSCALOOSA, ALABAMA 

 

2011 

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright Bianzhu Fu 2011 
ALL RIGHTS RESERVED 



 

ii 
 

ABSTRACT 

The further increase of magnetic storage density is limited by superparamagnetism: the 

size of the magnetic grains has reached a scale (several nanometers) at which thermal 

fluctuations can erase the stored information. Attempts to increase the thermal stability by 

making the grains ‘magnetically harder’ have failed because they have also made them 

impossible to write with available write fields. One approach to overcome this perplexing 

dilemma is to grade the uniaxial magnetocrystalline anisotropy, Ku, such that one end is 

‘magnetically soft’ to switch while the other end is ‘magnetically hard’ to anchor the switch from 

intrinsic thermal stability issues. This change in Ku can be accomplished by changing the 

composition of the magnetic material along the magnetic easy-axis direction. However, there has 

been a lack of experimental studies on the fabrication of the gradients in the [001] orientation in 

FePt based structures coupled with isolated magnetic pillars to verify domain wall switching 

advantages in gradients.  

In this dissertation, a highly ordered [001] oriented FexNi0.48-xPt0.52 (0<x<0.48) 

compositional gradient thin film was deposited onto Pt (12 nm)/Cr (4 nm) underlayers on an 

MgO [001] substrate. The influence of the Pt/Cr underlayers on the (001) growth texture and L10 

chemical ordering of the single compositional FexNi0.48-xPt0.52 thin films and the gradient 

FexNi0.48-xPt0.52 (0<x<0.48) films were studied using X-ray diffraction (XRD) and in situ stress 

measurements. This gradient thin film was fabricated into nano-dots with a diameter 

approximately 80 nm and 200 nm pitch-to-pitch spacing in hexagonal arrays using electron beam 

lithography and reactive ion etching for magnetic characterization. The magnetic properties of a 



 

iii 
 

patterned single composition film, exchange-coupled-composites (ECC) multilayer film, and a 

continuous graded film were studied. A Victoria figure of merit which compares the switching 

strength and thermal stability for all three films was low. This has been mainly contributed to the 

nano-dots diameters being larger than single switching volume domains. Normalizing the figure 

of merit by the single composition value did show that the ECC and gradient films had 

significant switching and thermal stability advantages over single, magnetically hard 

compositions. This dissertation demonstrates experimentally that aligned, patterned and graded 

magnetocrystalline anisotropic energy films can provide further decreases in grain sizes for 

ultrahigh density magnetic media while still using available write head technologies. A formable 

challenge of reducing nano-dots sizes over large patterning areas, to increase the absolute value 

of the figure of merit, provides direction for future studies. 
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CHAPTER 1  

THE MOTIVATION FOR GRADED MAGNETOCRYSTALLINE MEDIA 

1.1 Introduction  

 Since the invention of the commercial hard disk drive by IBM in 1955, the area density in 

magnetic recording disks has grown rapidly, shown in figure 1.1 [1]. The first hard disk drive 

had a magnetic recording density approximately 2000 bits/in2 [2]. In 1980s, a 5 1/4 inch hard 

disk was introduced and the magnetic recording density increased to 10 Mbits/in2 [3]. Currently, 

a 3.5 inch hard disk can have a magnetic recording density as high as 500 Gbits/in2. Clearly, 

during the last 50 years, the magnetic recording technology has developed tremendously. 

Recently, this growth rate of magnetic recording areal density has decreased because of the 

superparamagnetism problem. In this chapter, the principles of magnetic recording technology 

and why graded magnetocrystalline anisotropy media is a possible solution to continue the areal 

recording density growth trend will be discussed. 

1.2 Principle and development of magnetic recording technologies 

In magnetic recording, one binary data bit is represented by the ferromagnetic materials’ 

magnetization direction, spin-up or spin-down. Each magnetic bit consists of several grains that 

are exchange-coupled to ensure a high signal-to-noise ratio (SNR) for reliable reading and 

writing [4,5]. The typical hard drive components are shown in figure 1.2 [6]. The magnetic 

materials, usually thin films, form the platter to store binary information and a read/write head 

senses and writes the binary information in the platter. During the writing process, the write 

element produces a strong local magnetic field to reverse the magnetization orientation of the 
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magnetic bit. During the reading process, the magnetic flux direction of the magnetic bit is read 

by a Giant Magneto-Resistance (GMR) or Tunnel magnetoresistance (TMR) sensor in the read 

head [6,7]. In figure 1.2, the magnetization direction is oriented in the plane of the platter, which 

is called longitudinal magnetic recording. Current commercial hard drive orients the 

magnetization direction perpendicular to the platter and is referred as perpendicular magnetic 

recording. Compared to longitudinal recording, perpendicular recording has advantages in 

writability and recording density [4,8]. Perpendicular recording has well-aligned medium and the 

medium can be effectively placed in the gap of the head to improve the recording capacity and 

writability.  

To increase the storage density, shown in figure 1.1, the bit size and thus the 

corresponding grain size needs to be decreased. As the grain size is reduced, the media may pass 

the ferromagnetic limit where the magnetization direction or stored information can fluctuate 

because of the thermal energy [6,9,10]. This is called the superparamagnetism problem in 

magnetic recording. Current magnetic recording media is composed of a thin film alloy of 

Cobalt-Platinum-Chromium (CoPtCr) and has a grain size of ~ 8-10 nm [5,6]. Thus, any further 

reduction of the grain size will surpass the superparamagnetic limit region and new materials are 

required for further grain size reduction.  
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Figure 1.1: The development of magnetic recording density, taken from reference [1]. 

 

 

Figure 1.2:  A schematic description of commercial computer hard disk drive components, taken 
from reference [6].  
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1.3 Superparamagnetism and possible solutions 

 The energy barrier, ∆E, for magnetization switching is the product of the uniaxial 

magnetocrystalline anisotropy, Ku, of the medium and the volume, V, of the grains [11, 12]: 

∆                  1.1 

As the magnetic volume is decreased in size to accomordate high storage densities, the energy 

barrier, ∆E, needs to be larger than the thermal energy, kBT, where kB is the Boltzman constant 

and T is the temperature of the envrionment. When this energy barrier is small, the thermal 

fluctuation time is comparable to time used to measure the magnetization of the recording media 

and their magnetization appears to be in average zero. This is referred to as the 

superparamagnetic barrier. For a magnetic recording disk with 10 year thermal stability, a 

minimum ratio of KuV/kBT ~65 is required [13-15]. For 10 Tbits/in2 recording density, the 

magnetocrystalline anisotropy must be increased to at least 4.2×106 erg/cm3 and the magnetic 

volume can be as small as  8 nm in diameter at a thin film thickness of ~10 nm. Futher volume 

reductions will require higher Ku materials, one of which is L10 FePt with a Ku approximately 

7×107 erg/cm3 [16]. 

 With an increase in the uniaxial magnetocrystalline anisotropy of the magnetic recording 

materials, a stronger write head field which can switch the magnetic recording bits is required. 

Available writing head fields are approximatelly 2.5T [17], which is too low to switch high Ku 

materials as L10 FePt.  

Thus, a contradiction exists: for the volume reductions, high Ku materials like L10 FePt 

are required but they are magnetically too hard to write. Since the magnetocrystalline anisotropy 

is decreased with increasing temperature, one proposed method to solve this dilema is heat-

assisted-magnetic-recording (HAMR) [18-21]. During the writing process, a laser can be utilized 
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to locally heat the recording medium to reduce the  magnetocrystalline anisotropy temperorally 

so that it can be switched. However, this method will increase the complexity and cost of the 

writing head. Such a design is also not compatible with the the current hard drive technology.  

Another approach to increase recording density is patterned media [22-25]. For patterned 

media, each single patterned element can be a magnetic recording bit, without a group of grains, 

for higher recording densities. However, since each patterned bit is small in volume, a high Ku 

material is still required [26] and thus there still exists the writability problem. Exchange-coupled 

composites (ECC) [27,28] are a proposed materials design to solve this problem. 

1.4 Exchange-coupled-composite (ECC) media and gradient media concepts 

 Victora et al. [27] proposed the concept of ECC media, which consists of an exchange-

coupled hard/soft bilayer in which the reversal of the soft layer at low fields facilitates the 

reversal of the hard layer, while the hard layer provides the pinning stability against thermal 

fluctuations, figure 1.3. Thus, the basic concept of the ECC media is to reduce the writing field 

but still to maintain good thermal stability. A unitless parameter referred to as the Victora figure 

of merit, ε, is used to characterize the properties of ECC. The figure of merit is defined  as [29]:  

 2∆ /      1.2 

In this equation, ∆E is the energy barrier defined in equation 1.1, Hs is the switching field, Ms is 

the saturation magnetization, and V is the switching volume. For uniform composition media 

(without any tilting during the writing process), the figure of merit is 1 since both the random 

thermal flunctuation and the magnetic switching process have the same energy barrier and 

switching path. However, for a two layer ECC media, the figure of merit can be as high as 2, 

which means the switching field is reduced to ½ with the same thermal stability (energy barrier) 

because of the changed switching path. Since the ECC concept was proposed, much effort has 
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been contributed to optimizing the  design of ECC media [27,30-32]. To provide better ε, a larger 

ratio of the two anisotropies Ku2/Ku1, a volume ratio V2/V1 close to 0.1, and a small magnetization 

ratio M2/M1, have been determined to be the optimized parameters [27, 30]. Also, the geometry 

of the hard/soft region of the ECC can contribute to the thermal stability [31]. With an optimized 

design, Victora’s model suggests that 1 Tb/in2 is possible using ECC concepts [33]. 

The magnetization reversal process of the ECC media is a two step process: (1) the 

nucleation of the reverse domain wall in the soft region and (2) the propagation of the domain 

wall through the hard/soft interface into the hard region where the domain can become pinned 

[27,32]. The switching field of the ECC media is determined by the following equation [32]: 

max ,    1.3 

where Hn is the nucleation field and Hp is the pinning field. A small nucleation field , Hn, can be 

achieved by using a magnetically soft phase in the soft end of the ECC media. The nucleation 

field is generally smaller than the pinning field; therefore, the pinning field usually determines 

the switching field. The affectivity of the ECC depends on discrete interfaces between the 

magnetic and nonmagnetic layers to break the magnetic exchange coupling. Thus, increasing the 

number of interfaces reduces the required switching field [34]. As the number of the interfaces 

increases, the switching field can be further reduced. Thus, it has been proposed that a medium 

with columnar grains that has a continuously varying anisotropy, with one end of the grain 

magnetically soft and the other end magnetically hard, could yield similar and even superior 

switching properties as ECC, shown in figure 1.4. Similar to ECC media, the magnetization 

reversal process in a continuous graded magnetocrystalline anisotropy media is a two step 

process: (1) the nucleation of the reversal domain wall in the soft region,  and (2) the propagation 

of the domain wall to the hard region through the graded Ku region [32,34,35]. The domain wall 
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Figure 1.3: Schematic description of ECC media and its switching process, taken from reference 
[27]. 

 

 

 

 

Figure 1.4: A schematic description of gradient media, taken from reference [35]. 
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energy per unit area can be estimated as [36]: 

4        1.4 

where Aexc is the exchange constant. Therefore, the magnetic field required to propagate the 

domain from the soft region to the hard region would be [37]: 

   1.5 

where Js is the magnetic polarization. From this equation, it can be seen that the pinning field is 

zero for a pillar with uniform composition. However, for pillars with graded Ku, the pinning field 

would be different from one position to another position. Thus, a minimum pinning field can be 

obtained if the pinning field is constant through out the whole pillar. From equations 1.4 and 1.5, 

the Ku should change quadratically in order to achieve the smallest pining field [37,38]. 

With such an optimized gradient, several simulations [28,30,31] have shown that gradient 

media can have a Victora figure of merit as high as 3.85 and still maintain good thermal stability, 

which is very close to the theoretical value of 4. Recording simulations [32,37] show that a high 

storage density up to 10 Tbit/in2 is possible with optimized read/write head designs using graded 

media. Finally, the ECC and gradient media concepts have additional advantages such as a 

narrower switching field distribution and a faster switching time, as opposed to uniform 

patterned media. Collectively, this makes graded media a candidate for next-generation magnetic 

recording media. 

1.5 Current experimental work on ECC and gradient media  

Though several simulations have predicted that a combination of the thermal stability and 

lower switching field advantages are to be gained by ECC and gradient media, there are 

relatively few experimental works to implement the ECC and graded media concepts [39-51]. Of 

these reports, most work has been focused on ECC media [39-47,50-51]. Wang et al. [48] first 



 

9 
 

reported the Co-PdSiO and FeSiO ECC media and confirmed the lower switching field 

advantages. L10 FePt (Pd)/Fe and L10 FePt (Pd)/fcc FePt ECC media have also been studied and 

the advantages of ECC media were confirmed [39-47,50]. In some of those studies, a third 

element like C [42,46] and TiO2 [45] were also added to the magnetic media in order to 

magnetically separate the grains. However, most of these studies had a core-shell geometry, in 

which islands of L10 FePt(Pd) particles or thin films were covered by a continuous layer of a soft 

magnetic material such as A1 FePt or Fe. The variety of FePt island sizes, shapes, and interface 

geometries of hard/soft layers makes it difficult to study and evaluate ECC media. Therefore, 

effort has been put forth on the fabrication of nano-dots over large areas where the switching 

behavior can be more easily characterized [47,51]. 

As compared to ECC media, there are even fewer experimental studies on gradient 

media. Fang et al. [49] and Zha et al. [50] have fabricated continuously graded anisotropy in 

FexCu1-xPt thin films by controlling the ordering parameter with the Cu addition. They have 

showed that such a continuous gradient anisotropy media can be fabricated. However, in their 

studies, the thin films were oriented in the <111> direction but FePt’s magnetic easy axis is 

[001]. Therefore, these thin films are not suitable for perpendicular magnetic recording. In 

addition, these thin films are also continuous and not patterned into isolated dots for proper 

switching characterization. Hence, there is still a lack of experimental work on the fabrication of 

patterned perpendicular gradient media, the characterization of gradient anisotropy distributions, 

and the testing of lower switching field advantages of gradient media over conventional 

perpendicular patterned media. 
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1.6 FePt based alloy thin films as gradient media 

 Extensive studies have been performed on L10 FePt thin films because of its high 

magnetocrystalline anisotropy Ku≈ 7*107 erg/cm3 [16]. This makes it an ideal choice as the hard 

end in gradient media. The as-deposited FePt thin film normally adopts solid solution, A1 phase, 

which is magnetically soft and not applicable for magnetic recording. It must be annealed at 

>500oC to form the L10 phase, shown in figure 1.5. When an [001] FePt thin film transforms 

from the disordered A1 phase to the chemically ordered L10 phase, three variants can exist, 

figure 1.6 [52]. Since the magnetic easy-axis of FePt is in the [001] orientation (along the c-axis), 

it is desired that the c-axis lies perpendicular to the growth plane for perpendicular magnetic 

recording. Currently, most of the FePt studies have been carried on the reduction of grain size 

[53-58], the reduction of annealing temperature to obtain L10 ordering [59-63], and the 

enhancement of the [001] orientation growth of FePt as a perpendicular recording media [55, 64-

72].  

To fabricate FePt based gradient media, two experimental methods can be applied [35]. 

One is spatially varying the composition to control various magnetic anisotropies and the other is 

varying the L10 ordering parameter by changing the temperature treatment during deposition 

[73]. In this study, the former method was explored. 

The materials selected for this study are a series of vertically compositional gradient 

FexNi0.48-x Pt0.52 (0<x<0.48) films. There are several advantages for this system: (1) Both the FePt 

and NiPt adopt the A1 phase when sputter deposited and transform to the L10 phase upon 

annealing when the composition is close to 50%-50%, as shown in figure 1.5. [74]; (2) The L10 

FePt phase has a high magnetic anisotropy [16] where as the L10 NiPt alloy has a low magnetic 

anisotropy with a value close to zero [75]; and (3) these three elements can be alloyed, where Ni  
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Figure 1.5: The phase diagram of FePt alloys and NiPt alloys, taken from reference [73]. 
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Figure 1.6: (a) The three orientation variants that form when A1 FePt orders to L10 FePt. (b) The 
magnetic easy-axis of [001] oriented FePt thin films, taken from reference [52]. 

 

 

 

 

Figure 1.7: The change of magnetocrystalline anisotropy, Ku, and saturation magnetization, Ms, 
of (FexNi1-x)0.55Pt0.45 (0<x<1) thin films at various Ni contents, taken from reference [76].  
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and Fe occupy the same sublattice positions, to make various compositions where the magneto-  

-crystalline anisotropy can be controlled, figure 1.7 [76]. 

1.7 Outline of the dissertation research 

 As discussed in section 1.5, there are relatively few experimental reports on gradient 

media. Consequently, there is a lack of fundamental experimental results to address three very 

important questions for gradient media: (1) Can a compositional gradient be grown in the [001] 

orientation since FePt thin films need to be annealed to form the L10 phase? From a materials 

point of view, atoms tend to diffuse from higher chemical potential to lower chemical potential 

[77]. Therefore, can such a compositional gradient be fabricated and maintained? (2) If such a 

compositional gradient is deposited, how does the magnetocrystalline anisotropy change with 

composition and how can the magnetocrystalline anisotropy gradient be characterized? (3) Can 

the gradient be patterned into isolated features with small enough sizes to measure the lower 

switching field advantages [28,30,31]?   

The first part of the dissertation describes the deposition of the FexNi0.48-xPt0.52 

(0<x<0.48) gradient. The FexNi0.48-xPt0.52 (0<x<0.48) gradient thin films were deposited in the 

[001] orientation for magnetic easy axis alignment. The growth mechanisms, stress evolution, 

and magnetic properties of the FexNi0.48-xPt0.52 (0<x<0.48) gradient were characterized and 

compared to single composition FexNi0.48-xPt0.52 (0<x<0.48) thin films. The stability of the 

compositional gradient is discussed. This information can be found in Chapters 2 and 3. Once the 

gradient was grown in the correct orientation, it was patterned into nano-dots to study the 

magnetic switching behavior. This information can be found in Chapter 4. 

 After the patterning process, the magnetic properties of  the gradient were measured, in 

which  the switching field and the thermal stability were extracted and compared to that of a 
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uniform composition thin film and ECC media in Chapter 5. Finally, the summarization of the 

work and possible future work directions are discussed in Chapter 6. 
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CHAPTER 2 

EXPERIMENT DETAILS 

2.1 Introduction  

In this chapter, the details of the experimental procedures are described. The experiment 

setup and background to grow FexNi0.48-xPt0.52 (0<x<0.48) thin films, thin film stress 

measurements, the structure characterization and magnetic measurements of these thin films are 

presented. The fabrication process of the magnetic thin films into nano-dots is not included, but 

presented separately in Chapter 4. 

2.2 Thin film growth 

 The FexNi0.48-xPt0.52 (0<x<0.48) alloy thin films were co-sputter deposited from >99.5% 

pure elemental targets in an AJA ATC-1500 stainless-steel chamber, as shown in figure 2.1. The 

base pressure prior to deposition was <1×10−8 Torr. All the thin films were deposited on 500 µm 

thick MgO (100) substrates at 500oC. When growing thin films on the MgO substrates, the heater 

was set at the same temperature to obtain a near equivalent temperature as measured for a Si 

substrate. This Si substrate temperature was quantified by the non-contact K-space Associates 

BandiT system, which monitors the Si band gap absorption edge to determine the temperature of 

the wafer. The band gap absorption edge for MgO substrate is too large and not calibrated for 

this instrument. The substrates were held at the deposition temperature for at least one hour to 

stabilize prior to deposition. During deposition, ultrahigh purity Ar was flowed at 10 standard 

cubic centimeter minute (sccm) to 2 mTorr as the working gas to generate the plasma. The thin 

films with both single composition and graded composition were studied. For the single  
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                  Figure 2.1: The AJA ATC-1500 sputtering system used in the experiments. 
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composition thin films, two thin film structures were grown: single composition FexNi0.48-xPt0.52 

(0<x<0.48) alloy thin films deposited onto the MgO (001) substrates and single composition 

FexNi0.48-xPt0.52 (0<x<0.48) alloy thin films deposited on the underlayers of Pt (12 nm)/ Cr (4 

nm) onto the MgO (001) substrates. Such Pt/Cr underlayers have been reported to improve the 

long range ordering of FePt thin films grown on MgO (001) substrates [73] and will be discussed 

in detail in Chapter 3. The graded composition of FexNi0.48-xPt0.52 (0<x<0.48) thin films were 

deposited onto the Pt (12 nm)/ Cr (4 nm) underlayers on the MgO (001) substrates. The FexNi0.48-

xPt0.52 (0<x<0.48) graded thin films had a constant Pt composition with a change in Fe and Ni 

atoms ratio throughout the thin film. In order to grow a controlled gradient, five FexNi0.48-xPt0.52 

(x=0,0.1,0.23,0.39,0.48) thin films with uniform single composition were deposited separately to 

determine the corresponding deposition power to obtain specific Fe and Ni contents for the 

gradient. The composition of those thin films was determined by scanning electron microscopy-

energy dispersive spectroscopy (SEM-EDS). The deposition power was carefully set and 

controlled by a Labview control program to obtain the desired compositional gradient during 

deposition. In this study, a linear compositional gradient were studied. Figure 2.2 shows the 

power output with time to grow such a linear compositional gradient. 

2.3 Thin film in situ growth stress measurements 

The in situ growth stress of the thin films was measured by k-space Associates’ Multi-

beam optical sensor system (MOSS), which is mounted on a port of the sputtering chamber. As a 

thin film grows, the substrate will bend in response to the growth stress generated during 

deposition. The MOSS measures this bending of the substrate to determine the thin film stress. 

The principle for MOSS to measure thin film stress is the well known Stoney’s equation [78]:       
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Figure 2.2: (a) The predicted composition change with thickness. (b) The deposition rate change 
with power.  (c) The composition changes with deposition power. (d) Deposition power output to 
grow FexNi0.48-xPt0.52 (0<x<0.48) linear compositional gradient.  
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           2.1 

In this equation, Es/ (1-vs) is the biaxial modulus of the substrate, ts and tf are the thickness of the 

substrate and thin film respectively, L is the substrate-detector optical length, R0 and R1 are the 

radius of curvature of the measured substrate before and during film deposition. 

To measure the curvature change, the MOSS uses a laser that produces a square array of 

parallel beams formed from a parallel and vertical etalon. The laser rays reflect off the thin film 

growth surface and are captured by a charge-coupled device (CCD) camera, seen in figure 2.3. 

As the curvature of the substrate changes, the spatial distance between the laser array spots 

would also change and the curvature, hence stress, is measured. The laser spots are captured 

using a high-resolution CCD detector that enables the MOSS to easily detect the changes in laser 

spot positions with micro-meter precision. The MOSS technique enables real-time stress 

measurements during thin film growth with high time and space resolution [79]. 

In this experimental setup, the parameters for equation 2.1 are the following: The 

distance between the detector and the substrate, L, is 88 cm, the biaxial modulus of the substrate 

was 305 GPa [80], and the thickness of the MgO (100) substrate was ~ 500 μm. 
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Figure 2.3: (a) Schematic description of the setup of the MOSS:  The etalon splits the original 
laser beam into an array of parallel laser beams, which reflect off the sample surface and are 
imaged by a CCD area detector.  (b) Superposition of laser spots imaged by CCD detector from a 
silicon surface before (red) and after (blue) deposition, taken from reference [79]. 
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2.4 Thin film structure characterization 

The structure of the thin films was characterized by X-ray diffraction (XRD), scanning 

electron microscopy (SEM), and transmission electron microscopy (TEM).  

2.4.1 Quantification of thickness and composition 

The thickness of the thin films was estimated by the deposition rate and verified by small 

angle X-ray reflectivity [81] using an X’Pert Philips X-ray diffractometer operated with a Cu Kα 

source at 45 keV and 40 mA. The composition of the alloy thin films was also controlled by the 

deposition rate from each single elemental sputtering target. The average composition of the thin 

films was verified using scanning electron microscopy-energy dispersion spectrometry (SEM-

EDS) using a Jeol 7000 operated at 30 keV. 

2.4.2 The characterization of the thin films by X-ray diffraction  

X-ray diffraction was used for thin film phase identification and epitaxial growth analysis. 

All the X-ray diffraction studies were performed on X’Pert Philips X-ray diffractometer. For the 

thin film phase identification, all the samples were aligned with the MgO (200) peak in 

maximized intensity to obtain consistent and comparable results. The order parameter, S, was 

quantified by the equation [82]: 

⁄

⁄
                         2.2 

The calculated ratio of integrated x-ray intensities for the (001) and (002) reflections were 

obtained using the JCPDS index card #03-065-9121. 

After the 2 theta-omega XRD scan, a subsequent Omega scan was performed to quantify 

the (001) texture of the thin film. Omega scans were done at a fixed detector position (thus a 

fixed 2-theta value) and only changed the angle of the incoming X-ray.  
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In order to explore the epitaxial growth mechanism of the L10 FexNi0.48-xPt0.52 (0<x<0.48) 

thin films grown on MgO (001) substrates with the Pt/Cr underlayers, azimuth scans and 

reciprocal space mapping (RSM) was performed. RSM scan quantify the strain and relaxation 

between the substrate, underlayer and the magnetic thin film layers. If the thin film grows 

perfectly epitaxially on the substrate, the thin film would have the same in-plane lattice constant 

as the substrate. However, if the epitaxial strain is completely relaxed, the in-plane lattice 

constant of the thin film is more closely associated with its bulk value, shown in figure 2.4 [83]. 

After the scan, the data was combined and plotted in Matlab 9.0. 
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Figure 2.4: (a) The lattice constant change in epitaxial thin film growth. If the thin film is fully 
strained, the in-plane lattice constant of the thin film is strained to match the lattice constant of 
the substrate. If the thin film is fully relaxed, the lattice constant of the thin film is not distorted 
and close to its bulk value, taken from reference [83]. (b) The principle of RSM scan: A 
combined plot of (Qx, Qz) plane and position of Bragg peaks of FePt (113), Pt (113), and MgO 
(113) for FePt thin films grown on the underlayers of Pt/Cr on MgO (001) substrate. Qx and Qz 
are the in-plane component and out-of-plane component of the scattering vector respectively. 
Laue zone is not accessible in X-ray reflection scan. This diagram is based on reference [83]. 
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2.4.3 TEM cross-section foils preparation 

Unlike “bulk” samples or average composition measurements where SEM-EDS signal is 

sufficient for quantification analysis, this study needed to quantify the compositional gradient in 

the growth direction. This was accomplished by scanning transmission electron microscopy- 

energy dispersive spectroscopy (STEM-EDS), in which the electron probe-specimen interaction 

volume is much smaller than SEM-EDS [84]. The TEM cross-section samples were made using 

the FEI Quanta 3D dual-beam focused ion beam-scanning electron microscope (FIB–SEM) [85]. 

Prior to the preparation process, the thin films were coated with a 100 nm Cr sacrificial layer to 

protect the thin films from the Ga ion implantation from the focused ion beam. In the FIB, a 

wedge that was approximately 20 µm long and 2 µm wide was cut out of the thin film sample. 

Then the wedge was mounted to a Cu grid and thinned to about 200 nm with the ion beam at 30 

keV and current settings at 0.5 nA to 0.1 nA. The sample was put into a Gatan precision ion 

polishing system (PIPS) for a “clean-up” (removal of Ga damage from the surface) with beam 

energies of approximately 2 keV at an angle of 7 degrees. The procedure is schematically shown 

in figure 2.5. 

Once the TEM cross-section samples were prepared, they were studied using a FEI 

Tecnai F20 (S)TEM. The F20 (S)TEM is equipped with a STEM high angle annular dark field 

(HAADF) detector, where the HAADF image is formed from incoherently scattered electrons 

that are sensitive to the atomic number [84]. The (S)TEM operated at 200 keV with a FEI spot 

size of 9. All the images and analysis was taken at the MgO [010] zone axis so that the electron 

beam is perpendicular to thin film growth direction. The compositional profile was obtained by a 

STEM-EDS line profile. The drifting of the sample during the EDS acquire was corrected by the 

FEI TIA control software every 10 seconds during acquisition. 
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Figure 2.5: A schematical description of the TEM cross-section sample preparation by FIB-
SEM dual beam (a) Deposited Pt and cut trench, (b) rough FIB thinnings, (c) lift-out by 
Omniprobes, (d) Mounted on Cu grid and final FIB thinning, (e) An example of a TEM cross-
section bright field image, (f) An example of STEM-HAADF image. 
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2.5 Magnetic property measurements 

The magnetization-applied field (MH) hysteresis loops of all the samples were performed 

with an alternating gradient magnetometer (AGM). The measurement was taken at ambient 

temperature at a collection time of ~90 seconds. The saturation moment, Ms, was determined 

from the easy-axis loops when the slope of the MH curve was zero. The saturation field, Hk, was 

determined from the hard axis loop where the onset field reached a magnetization of the Ms value. 

The Ms and Hk values of the five single composition FexNi0.48-xPt0.52 (0<x<0.48) thin films are 

listed in table 2.1. The magnetocrystalline anisotropy was calculated using the following 

equation with the measured Ms and Hk values in table 2.1: 

2                         2.3 

where 2πMs
2 is the shape anisotropy. The calculated Ku value was listed in table 2.1 and plotted 

in figure 2.6 as a function of the Ni content. 

The dynamic remnant coercivity of the samples was also taken using AGM. During these 

measurements, the magnetic field was first set up to the saturation field, and then quickly 

changed to the applied field (<3s). After the desired waiting time, the magnetic field was 

decreased to zero immediately (<3s) and the remnant curve was measured.   

The magnetic domains of the thin films were imaged by the magnetic force microscopy 

(MFM). Prior to MFM measurements, the surface roughness of the film was first measured by 

atomic force microscopy (AFM) in the tapping mode using a Digital Instruments NanospecIV 

AFM. After the AFM measurement, the tip was lifted-off at a height of ~50 nm to do MFM. The 

AFM/MFM images were taken with 4 µm×4 µm area at 1 Hz. 

To correlate the compositional gradient to the magnetic properties, scanning electron 

microscopy-polarization analysis (SEM-PA) was performed. In SEM-PA, the spin polarization 
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of the secondary electrons emitted from the magnetic sample is imaged directly to characterize 

the net spin density in the materials [86-87]. Since only the spin polarization of secondary 

electrons near the surface (within a few nano-meters) can be collected and imaged for magnetic 

information, by subsequently ion milling away the surface layer, a 3D magnetic structure 

(similar to 3D magnetic force microscopy images) can be collected and the magnetocrystalline 

anisotropy Ku can be qualitatively characterized [88]. The SEM-PA study was conducted in 

collaboration with the National Institute of Standards and Technology (NIST), at Gaithersburg, 

Maryland with Dr Benjamin J. McMorran. 
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Sample Fe0.48Pt0.52 Fe0.39Ni0.09Pt0.52 Fe0.23Ni0.25Pt0.52 Fe0.1Ni0.38Pt0.52 Ni0.48Pt0.52 

Hk (kOe) 55 42 22 8 0 

Ms (emu/cm3) 1007 866 495 71 N/A 

Ku (106 

erg/cm3) 
34 23 7 0.3 0 

 

Table 2.1: A summarization of the magnetic properties of the (FexNi1-x)0.48Pt0.52 (0<x<1) thin 
films with various Ni contents.  

 

                

                                                                           

 

Figure 2.6: The predicted change of magnetocrystalline, Ku, with various Ni contents. 
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CHAPTER 3 

EPITAXIAL GROWTH OF (001) FePt AND FexNi0.48-xPt0.52 (0<x<0.48) THIN FILMS 

3.1 Introduction 

  For perpendicular magnetic recording, the easy axis of the L10 FexNi0.48-xPt0.52 

(0<x<0.48) magnetic recording media has to be aligned out-of-plane. Thus, a highly chemically 

ordered L10 FexNi0.48-xPt0.52 (0<x<0.48) thin film with good (001) texture is desired. While there 

are several reports in the literature on optimizing the [001] growth orientation and L10 ordering 

of FePt thin films on MgO substrates with the addition of Cr and Pt underlayers 

[64,66,67,73,89,90,91], there have been no studies on how the growth stress evolves with the 

addition of these underlayers. The in situ growth stress would reveal the adatom mobility and 

growth modes of these thin films. Thus, the study of the FePt thin film in situ growth stresses 

would reveal its growth mechanisms that can only be inferred with post growth characterization. 

In the first part of this chapter, the growth stresses of (001) orientated FePt thin films are studied 

and correlated with their microstructures. In the subsequent sections, the influence of underlayers 

on Fe-Ni-Pt ternary alloy thin films growth and the gradient of FePt with Ni are characterized 

and discussed.  

As already discussed in Chapter 2, to control the magnetocrystalline anisotropy, Ku, Ni 

atoms were added to the FePt thin films. Since Ni has a smaller lattice constant than Fe, the Pt/Cr 

underlayers are expected to have a different influence on the FexNi0.48-xPt0.52 (0<x<0.48) thin 

films’ growth as compared to FePt thin films. To date, there have been no studies on how these 

underlayers would affect the growth of FexNi0.48-xPt0.52 (0<x<0.48) ternary alloy thin films. In 
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this study, the influence of the addition of Ni to FePt alloy thin films on the (001) texture and the 

L10 chemical ordering is investigated and compared to FePt binary alloy thin films. Currently, 

there are only a few studies that have been performed on the growth of gradient media. Zha et al. 

deposited (Fe53Pt47)100-xCux continuous gradient thin films in the [111] orientation [50], but it is 

not applicable for perpendicular magnetic recording because the magnetic easy-axis is not 

perpendicular to the thin film growth plane.  

3.2 The influence of Cr/Pt underlayers on the growth of FePt thin films 

  Three FePt thin films were grown in this study. The three thin film structures are 

schematically shown in figure 3.1(a): Sample (i) is a 50 nm Fe0.48Pt0.52 thin film grown on the 

MgO (001) substrate; Sample (ii) is a 50 nm Fe0.48Pt0.52 thin film grown on the underlayers of Pt 

(12 nm)/ Cr (4 nm) onto the MgO (001) substrate; and  Sample (iii) is a 50 nm Fe0.48Pt0.52 thin 

film grown on the underlayers of a graded FexPt1-x (6 nm, where x changes from 0 to 0.48 

linearly)/ Pt (6 nm)/Cr (4 nm) onto the MgO (001) substrate. Figure 3.1(b) is the X-ray diffraction 

(XRD) results for these three FePt thin films with these different underlayers. It can be seen that 

the (002) peak of Sample (ii) and (iii) shifts to a higher angle compared to Sample (i). The L10 

chemical order parameter of those three thin films was estimated to be 0.39, 0.64, and 0.74 

respectively. The order parameter was calculated using the procedure discussed in Chapter 2. 

With the introduction of the Pt/Cr underlayers, a higher chemical order parameter is obtained. 

This is consistent with reports in the literature [66,73]. What is more interesting is that the 

Fe0.48Pt0.52 thin film has an even higher chemical order parameter with the introduction of the 6 

nm graded FexPt1-x buffer layer (where x changes from 0 to 0.48 gradually) between the Pt 

underlayer and Fe0.48Pt0.52 thin film. The graded buffer layer reduced the mismatch stress between 

the Fe0.48Pt0.52 thin film and the Pt underlayer. This suggests that the lattice mismatch between the  
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Figure 3.1: (a) The structure of the 3 samples. (b) Out-of-plane XRD scan of the the three FePt 
thin films with various underalyers. (c) The (001) rocking curve of the three FePt thin films with 
various underalyers. 
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 magnetic thin film layer and the underlayer or substrate is critical for controlling the chemical 

ordering of the FePt thin film. In figure 3.1(c), the rocking curve of the (001) peak for the three 

thin films are plotted. It is clear that Sample (i) has the largest full-width-half-maximum 

(FWHM), while sample (iii) has the narrowest full-width--half-maximum (FWHM). This 

indicates that the FePt thin film with the graded buffer layer (Sample (iii)) has a superior (001) 

texture. This graded buffer layer effectively reduced the mismatch stress between the FePt thin 

film and the Pt underlayer and improved the (001) growth texture. This result is different from 

what is reported in the literature [66]. Ding et al. noted that the Cr underlayer was undermining 

the (001) texture, because the FWHM of the Cr underlayer was wider than the MgO substrate 

reflection itself [66]. However, an opposite trend is observed in this study. This apparent 

contradiction will be explained in detail in the following section. 

The epitaxial relationship between the FePt/MgO and FePt/Pt/Cr/MgO is studied in terms 

of off-specular reflections of the FePt {111}, Pt {111} and MgO {111} peaks. These results are 

plotted in figure 3.2. For Sample (i), the FePt {111} reflection intensities follow the MgO {111} 

reflection intensities, which is consistent with the literature [66]. However, for Sample (ii), the 

FePt {111} reflection intensities no longer trend with the MgO {111}, but with the Pt {111} 

reflection intensities. This is consistent with the literature [64, 66]. Since the Cr underlayer is 

only 4 nm, there is no observable peak because of its low scattering intensity for such a small 

thickness. The introduction of the Pt underlayer offers two advantages: (1) it prevents the 

diffusion of Cr atoms into the FePt layer which would deteriorate the perpendicular magnetic 

properties [64,66,91]; (2) A Pt rich (001) FePt thin film would have a lower ordering temperature 

[92]; therefore, the diffusion of the Pt atoms into FePt thin films would improve the ordering of 

the FePt thin films. In Ding et al. [66], only a Cr underlayer was deposited without subsequent Pt 
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Figure 3.2: Azimuthally scans of (a) MgO {111} and FePt {111} of Sample (i), and (b) MgO 
{111}, Pt {111} and FePt {111} of Sample (ii). 

 



 

34 
 

layer. 

The in situ stress measurements of the three samples are shown in figure 3.3. In figure 

3.3(a), the in situ growth stress evolution of the Cr underlayer, the Pt underlayer, and the FePt 

thin film is plotted. For the 4 nm Cr underlayer, a tensile stress as large as 5 GPa is observed. 

This stress originated from the mismatch stress between the Cr layer and the MgO substrate. 

However, the mismatch stress for an un-relaxed Cr layer is approximately 13.5 GPa (see 

Appendix G for more details). This large discrepancy is attributed to the instant strain relaxation 

of the Cr thin film. For the Pt underlayer, a compressive stress is observed, which is in opposite 

sign of mismatch stress between the Cr layer and Pt layer. This indicates that Pt no longer grows 

on Cr layer in a layer-by-layer epitaxial mode. Instead, it grows in a 3D nucleation and growth or 

Volmer-Webb epitaxial mode [93,94], which is very similar to evaporated epitaxial metal thin 

film growth [93,94]. The growth of the Fe0.48Pt0.52 thin film on the Pt underlayer is also in 

Volmer-Webb epitaxial mode.  

The comparison of the FePt thin film growth stresses for the three samples with different 

underlayers is plotted in figure 3.3(b). It is evident that all the FePt thin films grow with a stress 

typical of a Volmer-Webb epitaxial growth mode [93,94]. Another interesting observation is that 

the growth stress gradually becomes smaller for Samples (i), (ii) and (iii), respectively. The 

lattice mismatch between the FePt thin films and the underlayer/substrate becomes smaller as the 

thin film structure changed from (i) to (iii). In addition, the chemical ordering of the (001) FePt 

thin film causes an expansion in the a-axis (in-plane) and a contraction in c-axis (out-of-plane), 

which further reduces the lattice mismatch. This creates a tensile stress. However, an opposite 

trend is observed in this thin film stress study: a larger tensile stress (smaller compressive stress) 

developed as the thin film structure changed from (i) and (iii). This is attributed to the FePt thin 
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Figure 3.3: (a) In situ growth stress of Fe0.48Pt0.52/Pt/Cr grown on MgO substrate, Sample (ii). 
(b) Comparison of in situ growth stresses of Fe0.48Pt0.52 thin films with various underlayers. 
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layer being epitaxially grown on the Pt underlayer, where both the Pt underlayer and the FePt 

thin film are fully relaxed with respect to the MgO substrate. This is supported from the 

reciprocal space map (RSM), shown in figure 3.4. As seen from figure 3.4, the FePt thin films 

and the Pt underlayer has the same in-plane lattice constant, but they are fully relaxed as 

compared to the substrate. A change in lattice constant (or epitaxial strain) in FePt thin films, 

mentioned above, would not be reflected on the in situ stress measurement in figure 3.3 since it 

relaxes at the interfaces between the Pt layer and the MgO substrate. Actually, such an increase 

in tensile stress is consistent with the increase in the order parameter of these three thin films. As 

reported in [95], a densification process (the annihilation of defects) would occur prior L10 

chemical ordering, which would induce a strong tensile stress and this tensile stress could serve 

as an extra driving force for the nucleation of the ordering phase. This is probably why a higher 

L10 chemical ordering is observed as the thin film structure changes from (i) to (iii). 

The magnetic properties for the three thin films are measured by alternating gradient 

magnetometery (AGM) and are shown in figure 3.5. For Fe0.48Pt0.52 thin film grown on MgO 

substrates, poor perpendicular magnetic anisotropy is observed. This is consistent with the XRD 

results, which showed the ordering parameter is small (approximately 0.39) and the FWHM of 

the (001) peak is wide. As suggested in [73], both the low L10 ordering of the FePt thin films and 

the poor (001) texture would lead to an increase in the in-plane coercivity and the tilting of 

magnetic easy-axis away from the perpendicular orientation. The asymmetry in the hysteresis 

loop is probably because the sample is not saturated at 15 kOe applied field in AGM 

measurement. For both the FePt thin films grown on the Pt/Cr underlayers and the gradient FePt 

buffer layer/Pt/Cr underlayers, they all show good perpendicular magnetic anisotropy. Since the 

hysteresis loop along the hard-axis is not saturated, the anisotropy field, Hk, of these two thin 
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Figure 3.4: Reciprocal space mapping of the (113) peak of the Fe0.48Pt0.52 thin film, Pt 
underlayer, and MgO substrates. The thin film peaks and substrate peak were scanned separately 
and then composed together to save XRD scanning time. 
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Figure 3.5: The magnetic properties measurement: (a) is Sample (i), (b) is Sample (ii), and (c) is 
Sample (iii). 
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films cannot be determined accurately. But an extrapolation of the hard axis loop shows that the 

anisotropy fields, Hk, of the two FePt thin films were approximately 55 kOe and 80 kOe 

respectively. Sample (iii) exhibits better perpendicular magnetic anisotropy. Again, this is 

consistent with the XRD results showing that Sample (iii) has a better (001) texture and a larger 

L10 chemical order parameter. 

3.3 The influence of Cr/Pt underlayers on the growth of Fe-Ni-Pt single compositional thin films 

 Five FexNi0.48-xPt0.52 (x=0,0.1,0.23,0.39,0.48) thin films with various Fe and Ni contents 

were deposited on the underlayers of Pt (12nm)/Cr (4 nm) on MgO (100) substrates. The XRD 

results of these five thin films are plotted in figure 3.6. As can be seen, all five thin films show 

(001) texture with good L10 chemical ordering. The (001) peak shifts towards a higher angle with 

the addition of Ni content. This is attributed to the lattice constant of Ni being slightly smaller 

than Fe [76,96,97].  

 To compare how the FexNi0.48-xPt0.52 (x=0,0.1,0.23,0.39,0.48)  thin films grow with and 

without the Pt/Cr underlayers, a Fe0.1Ni0.38Pt0.52 thin film was selected as a comparative example 

to study. The XRD results of two Fe0.1Ni0.38Pt0.52 thin films with and without Pt/Cr underlayers 

are shown in figure 3.7. As revealed in figure 3.7(a), with the introduction of the Pt/Cr 

underlayers, the Fe0.1Ni0.38Pt0.52 thin films have a slightly larger chemical order parameter. 

Interestingly, different from the FePt thin films, the FWHM of the (001) peak for the 

Fe0.1Ni0.38Pt0.52 thin film does not become smaller with the introduction of the Pt/Cr underlayers. 

Actually, the Fe0.1Ni0.38Pt0.52 thin film without the Pt/Cr underlayers has better (001) texture, 

which is surprising and quite different from the FePt thin film grown on Pt/Cr/MgO substrate. A 

possible explanation is that there are two competing mechanisms to grow (001) texture: (1) The 

Cr/Pt underlayers may induce the (001) out-of-plane orientation (c-variant lies perpendicular to  
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Figure 3.6: The XRD results of the FexNi0.48-xPt0.52 (x=0,0.1,0.23,0.39,0.48) single 
compositional thin films grown on Pt (12nm)/Cr (4 nm) onto MgO (001) substrates. 
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Figure 3.7: The two theta-omega scan (a) and rocking curve along (001) peak (b) of the 
Fe0.1Ni0.38Pt0.52 thin films grown with and without Pt (12 nm)/ Cr (4 nm) underlayers onto MgO 
(001) substrates. 
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growth plane) instead of some in-plane (001) ordering (c-variant lies in growth plane). This is 

evident by the FePt (200) peak for the thin film without the Pt/Cr underlayers, which is not 

observed for the thin films with the Pt/Cr underlayers, shown in figure 3.1(b). The (001) out-of-

plane ordering would improve the (001) texture. (2) However, as reported in [66], the quality of 

the epitaxial layer of the Cr and Pt is less than that of MgO substrate; therefore, a degeneration of 

the (001) texture would occur with the addition of these underlayers. Such competing 

mechanisms might be different for thin films with various Ni contents. As reported in [98], an 

increase of the Ni content in Fe-Ni-Pt ternary alloy thin films would cause the c-axis of the Fe-

Ni-Pt L10 phase to orient in-the-plane. This is evidenced by figure 3.6, which shows that there is 

an obvious (200) component of the Ni0.48Pt0.52 thin films. This indicates that some amount of the 

Ni0.48Pt0.52 L10 phase aligned in the in-plane c-axis orientation. Thus, the introduction of Ni does 

influence the growth of the FexNi0.48-xPt0.52 (x=0,0.1,0.23,0.39,0.48)  thin films on the Pt/Cr 

underlayers. 

 The hysteresis loops of these five thin films are plotted in figure 3.8. Four of the five thin 

films show perpendicular magnetic anisotropy, except for the Ni0.48Pt0.52 thin film because it is 

magnetically soft. The saturation magnetization and the coercivity decreased with the addition of 

Ni content. This is consistent with literature reports [76,96,97]. The extrapolated anisotropy 

field, saturation magnetization, and the magnetic anisotropy values are summarized in table 2.1 

in Chapter 2. The success of growing FexNi0.48-xPt0.52 (x=0,0.1,0.23,0.39,0.48)  thin films in 

[001] orientation with various Ku values does show that a gradient media can be fabricated by 

changing the Ni content in the FexNi0.48-xPt0.52 (0<x<0.48) thin film with [001] orientation. The 

growth of such a gradient is shown in the next section. 
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Figure 3.8: The hysteresis loop of the FexNi0.48-xPt0.52 (x=0,0.1,0.23,0.39,0.48) single 
composition thin films with various Ni contents: (a) x=0.48,(b) x=0.39, (c) x=0.23, (d) x=0.1, (e) 
x=0. 
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3.4 The growth of the FexNi0.48-xPt0.52 (0<x<0.48) thin film with a linear compositional gradient 

  By changing the deposition power of the Fe and Ni targets constantly, a FexNi0.48-xPt0.52 

(0<x<0.48) gradient can be achieved. In order to obtain a highly ordered L10 phase, the films 

need to be deposited at 500oC. At such temperatures, would the gradient be homogenized, 

according to Fick’s first diffusion law [77]? Scanning transmission electron microscopy-energy 

dispersive spectroscopy (STEM-EDS) of the thin film cross-section is shown in figure 3.9. Both 

the Cr and Pt layer can be seen from the EDS line profiles. A clear Ni and Fe gradient is 

demonstrated while the Pt content was kept approximately constant. Thus, the compositional 

gradient was still maintained even if the deposition temperature was as high as 500oC. This 

stability of a compositional gradient will be addressed in detail in the discussion section. 

 The influence of the Pt/Cr underlayers on the growth of the FexNi0.48-xPt0.52 (0<x<0.48) 

gradient is plotted in figure 3.10. As shown in the two theta-omega scans, the gradient has a 

slightly higher chemical ordering parameter with the Pt/Cr underlayers, as evident by its slightly 

larger intensity ratio of the (001)/(002) peaks. However, from the rocking curve along the (001) 

peak, there is a small increase in the FWHM, which is consistent with the discussion in section 

3.3. The azimuth scan along the {111} peak of the FexNi0.48-xPt0.52 (0<x<0.48) gradient, Pt 

underlayer and MgO substrate are plotted in figure 3.11. Just as the FePt thin films grown on 

Pt/Cr underlayers, figure 3.2, the gradient FexNi0.48-xPt0.52 (0<x<0.48) thin film growth no longer 

follows the MgO substrate, but the Pt underlayer. This demonstrates that apart from the 

composition gradient variations, there is no large difference in the growth of the linear 

compositional gradient FexNi0.48-xPt0.52 (0<x<0.48) thin film, as compared to the single 

composition FePt thin film growth.  
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Figure 3.9:  (a) STEM-HAADF images of the FexNi0.48-xPt0.52 (0<x<0.48) linear compositional 
gradient grown on Pt/Cr underlayers onto the MgO (001) substrate. (b) The EDS line profile 
along the cross-section of the thin film. 
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Figure 3.10: The two theta-omega scan (a) and rocking curve along (001) peak (b) of the linear 
compositional gradient FexNi0.48-xPt0.52 (0<x<0.48) thin films grown with and without Pt/Cr 
underlayers on MgO (001) substrates. 

 

 

 

  

 Figure 3.11: Azimuthally scans of MgO {111}, Pt {111} and FePt {111} of linear 
compositional gradient FexNi0.48-xPt0.52 (0<x<0.48) thin film grown on the Pt/Cr underlayers onto 
MgO (001) substrates. 
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  The slight difference in growth of the FexNi0.48-xPt0.52 (0<x<0.48) gradient is revealed in 

the in situ stress measurements, figure 3.12. The stress from the Cr and Pt underlayers for both 

samples are subtracted for clearer observation of only the FexNi0.48-xPt0.52 (0<x<0.48) stress 

contribution, similar to figure 3.3. As seen in the thin film stress evolution in figure 3.12, the 

FePt thin films had a smaller and smaller compressive stress as the thin films become thicker, 

while the FexNi0.48-xPt0.52 (0<x<0.48) gradient thin films did not show any compressive stress 

relaxation with thin film growth. The former, as discussed in the above session 3.2, is typical of 

Vomer-Webb epitaxial growth. For the FexNi0.48-xPt0.52 (0<x<0.48) gradient thin film, the slope 

of the in situ stress evolution slightly increased with the thin film growth. Since the next layer of 

FexNi0.48-xPt0.52 (0<x<0.48) thin films grow epitaxial on the previous FeyNi0.48-yPt0.52 (0<y<0.48) 

layer (x<y), such a stress relaxation would initially not be possible because different species are 

being added to the thin film as it grows. This lack of stress relaxation during the growth suggests 

that there might be some intrinsic differences in the growth of the gradient. Figure 3.13 is the 

reciprocal space mapping of the (113) peak of the Pt underlayer and the FexNi0.48-xPt0.52 

(0<x<0.48) gradient thin film. Compared to the single FePt thin film, figure 3.4, a larger 

variation in the out-of-plane [001] direction of the FexNi0.48-xPt0.52 (0<x<0.48) gradient thin film 

(113) is observed. This indicates a large distribution of the out-of-plane lattice constants, which 

is consistent with STEM-EDS results, shown in figure 3.9, demonstrating that the gradient is still 

maintained after the growth.   

The magnetic hysteresis loop for the FexNi0.48-xPt0.52 (0<x<0.48) linear compositional 

gradient thin film is plotted in figure 3.14. For the FePt thin film, a perpendicular magnetic 

anisotropy is only achieved with the Pt/Cr underlayers, figure 3.5. This is different from the 

FexNi0.48-xPt0.52 (0<x<0.48) linear compositional gradient thin film. With or without the Pt/Cr 
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Figure 3.12: A comparison in situ growth stress of FexNi0.48-xPt0.52 (0<x<0.48) gradient and FePt 
thin films grown on Pt/Cr underlayers onto MgO (100) substrates. 

 

Figure 3.13: Reciprocal space mapping of the (113) peak of the FexNi0.48-xPt0.52 (0<x<0.48) 
gradient and Pt. 
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Figure 3.14: (a) Magnetic hysteresis loop of the FexNi0.48-xPt0.52 (0<x<0.48) gradient grown on 
MgO (001) substrate. (b) Magnetic hysteresis loop of the FexNi0.48-xPt0.52 (0<x<0.48) gradient 
thin films grown on the Pt/Cr underlayers onto the MgO (001) substrate.  
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underlayers, both show a good perpendicular magnetic anisotropy. This magnetic behavior is 

consistent with the XRD results, which shows that the FexNi0.48-xPt0.52 (0<x<0.48) gradient thin 

film with the Pt/Cr underlayers has only a slightly larger L10 chemical ordering but a little wider 

FWHM along the (001) peak, figure 3.10. A detailed study of the magnetic switching behavior of 

the FexNi0.48-xPt0.52 (0<x<0.48) linear compositional gradient requires the patterning of the 

gradient thin film, which will be presented in detail in Chapters 4 and 5. 

3.5 Discussion 

 In the previous three sections, the growth of the Fe0.48Pt0.52 thin film with the Pt/Cr 

underlayers, the influence of Ni addition to the growth of Fe-Pt thin films, and the growth of the 

FexNi0.48-xPt0.52  (0<x<0.48) gradient thin film were investigated. The (001) epitaxial growth of 

the FexNi0.48-xPt0.52 (0<x<0.48) thin films depended on the lattice mismatch of the thin film with 

the underlayers and/or substrates, while the degree of L10 chemical ordering depended on the 

surface mobility of the atoms during deposition [89]. In this study, the degree of the (001) 

epitaxy is characterized by the FWHM of the (001) peak. As revealed by figure 1(c), the 

decrease of the FWHM of the Fe0.48Pt0.52 (001) peak confirmed that a superior (001) epitaxy was 

obtained with the reduction of the lattice mismatch. From the reciprocal space map, figure 3.4 

and 3.13, this is explained by the FexNi0.48-xPt0.52 (0<x<0.48) thin film layer having the same in-

plane lattice constant with the Pt underlayer. Thus, a smaller lattice constant in the underlayer is 

helpful for the (001) epitaxial growth of the FexNi0.48-xPt0.52 (0<x<0.48) thin film.  

In the literature [89], the influence of the 3 nm Cr seed layer and 9 nm Cr seed layer on 

the FePt/Pt epitaxial growth was reported. It was found that a higher degree of epitaxy can be 

obtained with a thinner Cr layer. Several studies [89,99] have reported similar results that either 

a thin Fe or Cr seed layer facilitated the (001) epitaxial growth of FePt thin films. This too can be 
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explained by the reciprocal space mapping results in figure 3.4 and 3.13. It is observed that the Pt 

underlayer was fully relaxed as compared to the MgO substrate with the introduction of the 4 nm 

Cr seed layer. The large tensile stress (but only half of its epitaxial mismatch stress) for the 4 nm 

Cr layer indicated that this 4 nm Cr underlayer grew semi-coherently with the MgO substrate, 

figure 3.3(a) and appendix F. However, a thicker Cr layer may start to grow incoherently with 

the MgO substrate because of the build-up of stress. Also, the growth of the FePt and Pt layer 

will follow the thicker Cr layer, as showed by the azimuth scan of the Cr and FePt layers in ref 

[66] and the high resolution TEM images in ref [64]. This suggests that such a 4 nm Cr thin layer 

might be able to modify the surface of the MgO substrate, either structurally or chemically, to 

allow the Pt to grow in a relaxed condition, figure 3.3 and 3.4. Interestingly, as pointed out by 

Thiele et al. [89], such a Cr or Fe underlayer is not necessary to obtain reasonable (001) FePt 

epitaxial growth with molecular beam epitaxy (MBE) of FePt on a MgO substrate [100]. Also, 

with a newly grown MgO layer, such a Cr or Fe underlayer is not required as well [101,102]. 

This suggests that a thin Cr or Fe underlayer may counteract the defects/differences that form on 

MgO substrates (see Appendix B). For MBE growth or newly grown MgO layers, these defects 

and differences are not expected. 

The present study, as well as other reports [66,73], showed that the introduction of the 

Pt/Cr underlayers effectively reduced the lattice mismatch between the FePt based thin films and 

the underlayers. This resulted in an increased L10 chemical ordering of the FePt based thin films. 

While the diffusion of the Pt layer into FePt based thin film may attribute to this increase [92], 

the fact that the FePt thin film with a graded FexPt1-x (0<x<0.48) buffer layer has a higher order 

parameter and that the order parameter increased with the decreasing of the Pt d-spacing (see 

appendix B) suggests that the underlayer also plays a role in regulating the growth of L10 FePt 
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based thin films. This is related to the stress evolution of the Fe0.48Pt0.52 thin films. As shown in 

figure 3.3(b), a smaller compressive stress is observed with the introduction of the Cr/Pt 

underlayers. As discussed in the section 3.2, the change in lattice mismatch is not attributed to 

this change in stress behavior but because of the chemical ordering process itself.  

Although the FexNi0.48-xPt0.52 (0<x<0.48) gradient thin film was grown at 500oC and it 

took >2 hours to cool to ambient temperature post-deposition, the compositional gradient was 

still maintained. According to Fick’s first law of diffusion [77], compositional gradients are 

thermodynamic driving forces for diffusion. This could result in the homogenization of the Ni 

and Fe atoms in the FexNi0.48-xPt0.52 (0<x<0.48) gradient thin film and loss of the composition 

(hence magnetocrystalline anisotropy) gradient. Since the Ni atoms occupied the Fe-sub-lattice 

[76,96,97], the preference of preferred lattice site in an ordered intermetallic resisted the 

homogenization of the system. This is consistent with the study done by Montsouka et al. [103].  

In their study of FePt/NiPt bilayers, they found that the interdiffusion of the FePt/NiPt bilayer 

did not occur until 900K (623oC) and ascribed this phenomenon to the large energy barrier, as 

high as 1.4 eV, for atoms to diffuse along the c-axis [103, 104], which is the [001] growth 

direction for these thin films. Moreover, they [103] proposed a 6-jump cycle and bivacancy 

migration mechanisms for atoms to diffuse along the c-axis in the L10 ordered structure. Both 

mechanisms are a complex process, which suggests that the homogenization diffusion is 

difficult, even if it is energically favorable. 

3.6 Conclusions 

In this chapter, the influence of Pt/Cr underlayers on the growth of FePt thin films was 

investigated by in situ growth stress measurement. Unlike previous reports, which relied on post-

growth XRD studies, the in situ stress studies provided insight on how the FePt thin film growth 
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was altered with the introduction of these underlayers. A smaller growth stress was observed 

with the introduction of the Pt/Cr underlayers. It was found that a smaller lattice misfit improved 

the (001) texture, L10 chemical ordering, and thus provided better perpendicular magnetic 

properties. The growth of the FePt thin films was studied by azimuth scans and reciprocal space 

mapping. The FePt thin films grew in Volmer-Weber epitaxial growth mode from the Pt 

underlayer and no significant strain between the FePt/Pt thin films and the MgO substrate were 

found. 

The Pt/Cr underlayers were used for a series of FexNi0.48-xPt0.52 (x=0,0.1,0.23,0.39,0.48)  

single composition thin films. An increase in order parameter was observed with the introduction 

of the underlayer, as compared to thin films without Pt/Cr underlayers. However, the (001) 

texture did not necessarily improve with the addition of these underlayers. This was attributed to 

the c-axis being aligned in the plane with the increasing Ni content. Perpendicular magnetic 

alignment was achieved for all but one of the five Fe-Ni-Pt thin films. The lack of alignment is 

associated with NiPt being magnetically soft. 

A linear compositional gradient FexNi0.48-xPt0.52 (0<x<0.48) thin film was deposited. 

Although the gradient thin film was deposited at 500oC, the compositional gradient was still 

maintained because of the ordered intermetallic resisted the homogenization of the gradient.  
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CHAPTER 4 

THE FABRICATION OF FexNi0.48-xPt0.52 (0<x<0.48) GRADIENT NANO-DOTS 

4.1 Introduction 

 Exchanged-coupled-composites (ECC) and gradient media are proposed to reduce the 

switching field but still maintain the thermal stability for smaller magnetic recording bits 

[23,25,28]. The challenge to implement this concept is to deposit compositional gradient thin 

films whose easy magnetization axis align out-of-plane and to fabricate the thin films into 

magnetically isolated nano-dots. The isolated nano-dots should be sufficiently separated from 

each other to prevent magnetic exchange-coupling between neighboring nano-dots but still close 

enough to provide sufficient signal for reliable magnetic measurements. Although there have 

been several reports [47,51,105-108] on the fabrication of FePt/soft-magnetic materials exchange 

coupled media, i.e. L10 FePt/Fe, there has been no studies on the fabrication of compositional 

gradient (FexNi0.5-xPt0.5 (0<x<0.5) thin films into isolated nano-dots and how the nano-

fabrication process could change the structural and magnetic properties. In this chapter, the 

fabrication process of FexNi0.48-xPt0.52 (0<x<0.48) nano-dots with graded composition using 

electron beam lithography and Ar reactive ion etching (RIE) process are discussed. The 

structural and magnetic properties before and after the patterning process are presented.  

4.2. The fabrication process  

 The FexNi0.48-xPt0.52 (0<x<0.48) compositional gradient thin films were deposited on 

single crystalline MgO (001) substrates in an AJA ATC-1500 stainless-steel chamber. The thin 

film structure is MgO substrate/ Cr (4 nm)/ Pt (12nm)/ FexNi0.48-xPt0.52 (50nm, 0<x<0.48). The 
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details of the thin film deposition process were presented in Chapter 3. The patterning process of 

the FexNi0.48-xPt0.52 (0<x<0.48) thin films are shown in figure 4.1. After the deposition process, 

the sample was solvent-cleaned with acetone and methanol and then dehydrate baked at 110oC 

for 5 minutes. After cleaning, a layer of Hexamethyldisilazane (HDMS) was spin coated at 5000 

rpm. This was followed by the spin-coating of the 200 nm Poly(methyl methacrylate) (PMMA) 

photoresist. The HDMS layer improved the adhesion between the PMMA and the metallic thin 

films. The coated sample was baked at 170oC for 60 minutes.  Since the MgO substrate was not 

conductive, a 10 nm Au thermal flash deposit was applied to increase the electrical conductivity 

necessary for the electron beam lithography exposure process. This thin Au layer was removed 

immediately after the electron beam exposure. The E-beam lithography was set at 100 keV high 

tension and 1 nA current with a nominal dose of 500 µC/cm2. This dose was optimized to obtain 

the best feature size. Post E-beam exposure process, the sample was developed in Methyl 

isobutyl ketone (MIBK) and Isopropanol (IPA) solution (volume ratio 1:3) for 60 s and then 

rinsed in IPA for 20 s before drying. After developing, the sample was prepared for metal mask 

deposition. Two mask materials were used: 50 nm Al and 50 nm Ti. After metal deposition, the 

residual photoresist was removed by N-Methyl Pyrrolidinone and Proprietary Surfactant mixture 

(called PG remover). This “lift-off” process took approximately 30 minutes in an ultra-sonic 

vibrated water bath. The sample was then cleaned in an O2 plasma at 10W for 5 minutes to 

remove any residual polymer off the surface. Following the plasma cleaning, the pattern was 

transferred from the mask materials to the magnetic thin films by Ar ion etching. The etching 

process took approximately 150-200s at 200W with Ar gas flow at 30 mTorr and He gas flow at 

5 mTorr.  
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Figure 4.1:  The nano-dots fabrication process.  
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4.3. Results and discussion 

4.3.1 Size variations obtained by E-beam lithography and reactive ion etching process 

 Figure 4.2 shows SEM images of various dot sizes after Ar ion etching: 100 nm dots-200 

nm square pitch, 50 nm dots-150 nm square pitch, 30 nm dots-100 nm square pitch, and 16 nm 

dots-60 nm square pitch pattern. The size presented here are the E-beam exposure size, not the 

actual size of the nano-dots. The actual size of these nano-dots is summarized in detail in table 

4.1. It can be seen that with the decreasing dot sizes, the pattern become prone to defects in the 

shape of dots and loss of material. As the dot size decreased to a 16 nm diameter, the pattern 

became irregular. Dots with a pre-set diameter of 30 nm were the smallest size feature that could 

be fabricated consistently. From figure 4.2, the 30 nm dots-100 nm square pitch pattern is very 

close to each other after etching. In order to study how close the spacing between dots should be, 

patterns with various pitch-to-pitch spacings were fabricated with 30 nm diameters and are 

shown in figure 4.3. Similar to the 30 nm-100 nm square pitch pattern, the 30 nm-100 nm pitch 

hexagonal pattern is spatially too close to each other. For the 30 nm dots-200 nm hexagonal pitch 

and 30 nm dots-300 nm hexagonal pitch pattern, the pattern appears physically well separated. 

The pattern in figure 4.3 has a hexagonal arranged array instead of the square arranged array, as 

shown in figure 4.2, in order to increase the packing density of nano-dots to achieve sufficient 

signal-to-noise ratio (SNR) for the magnetic measurements discussed in Chapter 5. 

To determine how the spacing would affect the magnetic properties, magnetic force 

microscopy (MFM) images are taken and are shown in figure 4.4. From the MFM images, 

similar conclusions can be drawn. For the 30 nm dots-100 nm pitch hexagonal pattern, the MFM 

pattern still has the interconnected stripe shape as that of thin films before patterning [109]. This 

suggested that these patterned nano-dots are still exchange-coupled with each other and this 
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 Al mask materials Ti mask materials 

Patterns Exposure 

size (nm) 

Final size 

(nm) 

Exposure size 

(nm) 

Final size 

(nm) 

30 nm dots-100 nm pitch square 30 79±10 30 79±5 

50 nm dots-150 nm pitch square 50 126±8 50 101±9 

100 nm dots-200 nm pitch square 100 179±8 100 159±8 

30 nm dots-200 nm pitch hexagonal 30 109±10 30 82±8 

 
Table 4.1: A summarization of patterned nano-dots sizes. 

 

 

Figure 4.2: SEM images of various dot sizes: (a) 100 nm dots-200 nm spacing,(b) 50 nm dots-
150 nm spacing, (c) 30 nm dots-100 nm spacing, and (d) 16 nm dots-60 nm spacing. The size 
presented here is the E-beam exposure size, not the actual size of the nano-dots. 
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Figure 4.3: SEM images of the dots with various spacing after etching: (a) 30 nm dots-100 nm 
spacing, (b) 30 nm dots-200 nm spacing, and (c) 30 nm dots-300 nm spacing. The size presented 
here is the E-beam exposure size, not the actual size of the nano-dots. 
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observation is consistent with SEM results, which shows that the nano-dots are physical 

contacted with each other. For the 30 nm dots-200 nm hexagonal pitch and 30 nm dots-300 nm 

hexagonal pitch pattern, bright and dark contrast dots in the MFM can be seen at the same 

location as those dots in the corresponding AFM images. This indicates that these dots for these 

two patterns are sufficiently separated from each other, which is also consistent with SEM 

images in figure 4.3. An interesting thing to note is that those bright and dark contrast dots 

appear to be single domains in the remnant states. As reported by Breitling et al. [47], this is 

because of the large nucleation field required for self-demagnetization. The dots size is actually 

larger than a single domain size, which is estimated to be approximately 10-20 nm for this 

material studied [109]. 

4.3.2 The selection of mask materials and defect control 

 An important observation is that the patterns after etching have a larger size than the pre-

etching size. This is more evident for patterns imaged during the etching process, as seen in 

figure 4.5(a). Although the test of micro-scale features, obtained by photolithography and Ar ion 

etching using Al and Ti masks (done in preparation for e-beam lithography work and data shown 

in Appendix G), showed that both materials could act as a mask material, they exhibited different 

etching behaviors for these smaller nano-dots. As shown in figure 4.5(a), the Al mask can be 

easily eroded as etching progresses. The etched mask material can be attached to the sidewalls of 

the nano-dots [110]. Clearly, this is an undesirable feature for the fabrication process. The 

erosion of the mask materials can be solved by using a harder (more erosion resist) mask 

material. As seen from figure 4.5(b), the Ti mask works better than the Al mask. The final dots 

have a smoother sidewall and thus are smaller in size, shown in table 4.1. For the final large area 

patterning, Ti was chosen as the mask material. The final etched dots are still larger than the pre- 
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Figure 4.4: MFM images (left) and corresponding AFM images (right) of the 30 nm dots with 
various spacing after etching: (a, b) 30 nm dots-100 nm spacing, (c, d) 30 nm dots-200 nm 
spacing, (e, f) 30 nm dots-300 nm spacing. The size of the images is 4 µm by 4 µm. 



 

62 
 

 -set e-beam exposure values, shown in figure 4.5 (b) and table 4.1, and this is contributed to the 

shadowing effect of the mask materials, as reported in reference [111]. 

Another phenomenon noted is that there are defects associated with the patterning 

process. They come from several sources. One is from defects on the surface of the thin films. As 

seen from figure 4.5, even before etching, there are cracks in the thin films which would cause 

distortion of the mask. These distortions are then transferred to the magnetic thin films during 

subsequent etching processes. From figure 4.2, it can be clearly seen that for the 30 nm dots-100 

nm square pitch pattern, the cracks from the thin films destroyed the etched pattern in the 

cracked area. It has been reported [39,112] that FePt thin films < 40 nm grown on MgO 

substrates would form discontinuous islands. The thin films of this study are 50 nm. The 

discontinuous- islands-like morphology should not dominate. It is likely these cracks are a result 

of the thermal stress between the thin film and the MgO substrate during the cooling stage of thin 

film deposition [72]. Upon slowly cooling of the substrate after deposition in the sputtering 

chamber, the propagation of these cracks was qualitatively reduced. 

 Another source of the defects is the etching process. The erosion of the mask material and 

the re-deposition of etched materials distorted the nano-dots. Though a Ti mask is more erosion-

resistant than an Al mask material, this problem still exists. An ion milling process would be 

more appropriate to keep the dots size smaller, as suggested by others [51,113]. Rather than 

reactive ion etching process, the ion milling has a much lower process pressure and higher ion 

energy which would increase the anisotropic etching and maintain the trench rectangle shape 

[113]. This should be considered for future fabrication studies. 
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Figure 4.5:  The etching of 100 nm dots-200 nm spacing feature with various etching time, (a) 
Al mask, and (b) Ti mask.   
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4.3.3 The structural and magnetic characterization of the etched patterns 

Following the discussions above, a final large area of 3 mm × 3 mm patterning was 

selected with 30 nm dots-200 nm hexagonal pitch using the Ti mask. A 3 mm × 3 mm area of 

patterning is required for the magnetic measurements to ensure a good SNR ratio. The cross-

section scanning transmission electron microscope-high angle annular dark field (STEM-

HAADF) and bright field transmission electron microscope (TEM) image of the etched pattern is 

shown in figure 4.6(b). From this image, it can be seen that the magnetic thin film is completely 

etched but the Cr/Pt underlayers are still left un-etched. This is consistent with the calculated 

etching time. The scanning transmission electron microscope-energy dispersive spectroscopy 

(STEM-EDS) line profile along the etched pillars revealed that the pillars still maintained the 

compositional gradient after the fabrication process. Here, the maintenance of the compositional 

gradient infers that the Ar ion damage is not significant to cause any detectable homogenization 

of the gradient. XRD scans of the etched samples were performed to confirm the L10 structure 

but no film peaks were observed; only the MgO substrate peak was detected (data in Appendix 

C). This is likely because of the small volume of the thin film, which was not large enough to 

obtain sufficient diffraction intensity. 

The confirmation of the L10 structure of the etched thin films is supported by the 

magnetic measurements. As shown in figure 4.7, before patterning, the FexNi0.48-xPt0.52 

(0<x<0.48) gradient thin films showed good perpendicular anisotropy with a coercivity of 2 kOe. 

After patterning, the coercivity increased to about 7.5 kOe. As reported in [35,114,115], both the 

continuous FePt thin films and nano-fabricated FePt dots reverse through the nucleation and 

propagation of domain walls. The coercivity Hc is determined by the nucleation field and pinning 

field of the domain walls. For a continuous thin film, the domain wall would move laterally and 
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 Figure 4.6: (a) SEM images of the etched large area pattern; (b) STEM-HAADF and bright 
field TEM image of the etched pattern; (c) The compositional profile obtained by STEM-EDS. 
The Pt counts are high due to the deposition of Pt protecting layer during the preparation of TEM 
cross-section sample using FIB-SEM. 
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Figure 4.7: Magnetic hysteresis loops of the gradient thin films (a) before and (b) after etching. 
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propagate throughout to the entire thin film if a reverse wall forms at the site with the lowest 

nucleation field. However, for a nano-patterned thin film, the domain wall would nucleate and 

propagate within each dot, where defects were constrained and vertical domain wall motion 

would dominate. Therefore, the coercivity is an average measurement for all the dots. Thus, an 

increase in coercivity is seen after patterning [114]. It can be easily noticed that the saturation 

magnetization decreased after the patterning. This is because of the decreased volume of the 

magnetic material present on the substrate after patterning. 

4.4. Conclusions  

 In this chapter, the fabrication of the FexNi0.48-xPt0.52 (0<x<0.48) nano-dots was 

discussed. Various dot sizes and spacing were studied. It was found that preset patterning values 

of 30 nm dots-200 nm hexagonal patterns were the optimized condition for this study. Two mask 

materials, Ti and Al, were investigated. The Ti mask was found to perform better because it was 

more resist to erosion than Al during the ion etching process. It was also found that many defects 

were associated with the fabrication process. Some defects were from intrinsically thin film 

cracking itself and others from the etching process. The structure characterization and magnetic 

measurements showed that the gradient was still maintained after the patterning process. 
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CHAPTER 5   

THE MAGNETIC PROPERTIES CHARACTERIZATION OF  
FexNi0.48-xPt0.52 (0<x<0.48) THIN FILMS 

5.1 Introduction 

In Chapters 3 and 4, the deposition of the FexNi0.48-xPt0.52 (0<x<0.48) gradient thin film 

and the fabrication of the magnetic thin films into nano-dots were discussed. In this chapter, the 

magnetic properties of these structures were tested and discussed in detail to explore the thermal 

stability and predicted lower switching field advantages of the gradient media. 

5.2 The structural characterization of the thin films pre-patterning 

As discussed in Chapter 3, all the FexNi0.48-xPt0.52 (0<x<0.48) magnetic thin films were 

deposited on the Pt (12 nm)/Cr (4 nm) underlayers on MgO (001) substrates at ~500oC. Three 

thin films were deposited to study the magnetic properties: (1) a Fe0.23Ni0.25Pt0.52 single 

composition thin film with a thickness of ~50 nm, (2) a Fe0.48Pt0.52/Fe0.39Ni0.09Pt0.52 

/Fe0.23Ni0.25Pt0.52/Fe0.1Ni0.38Pt0.52 multilayer thin film or exchange coupled composite with each 

layer ~12.5 nm, and (3) a FexNi0.48-xPt0.52 (0<x<0.48) continuous gradient thin film with a 

thickness of ~50 nm, shown in figure 5.1. Figure 5.2 is the XRD results of these thin films. All 

the thin films showed (001) texture with a narrow full-width-half-maximum (FWHM) of (001) 

peak and high L10 chemical ordering. Interestingly, an additional peak is seen near the (002) 

peak for the multilayer sample. A careful calculation showed that this was a satellite peak from 

the multilayer structure since its corresponding spacing between itself and (002) peak was ~12 

nm, which is close to the layer thickness [116]. This is confirmed by the {111} peak of this 

sample, showing only one {111} peak for the multilayer sample, figure 5.2(b). 
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Figure 5.1: The structure of the three thin films studied for magnetic properties characterization. 
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Figure 5.2: XRD results of the three samples: (a)  Out-of-plane 2 theta-omega scan, (b) In-plane 
2 theta-omega scan, (c) Rocking curve around (001),  (d) Rocking curve around {111} peak. 



 

71 
 

The scanning transmission electron microscopy-energy dispersive spectroscopy (STEM-

EDS) profile of the multilayer sample, Sample (ii), is showed in figure 5.3. From this figure, 

similar to that of the linear compositional gradient, figure 3.9, a compositional gradient in the 

growth direction between Fe and Ni is detected. Interestingly, for the multilayer sample, no 

distinct 4 layers are observed. This is attributed to the electron probe-sample interaction volume 

being too large to detect such discrete interfaces between these layers [84]. The presence of a 

satellite peak in the XRD results, figure 5.2, does indicate the sample exhibited discrete 

compositional interfaces necessary to form the observed diffracted intensity. 

The magnetic properties of the three samples pre-patterning are shown in figure 5.4. 

From the magnetic hysteresis loops, it can be seen that all three thin films show good 

perpendicular magnetocrystalline anisotropy. This is further confirmed by the magnetic force 

microscopy (MFM) images, which show interconnected stripe domain patterns typical of 

perpendicular magnetocrystalline anisotropies of FePt thin films [89, 117]. The MFM images 

also show that the stripes (magnetic domains) are orthogonal to each other. As reported by Thiele 

et al.  [89], this alignment is possibly induced by the steps in MgO substrates during its surface 

polishing. 

As discussed in Chapter 1, one difficulty for graded media is to characterize the magnetic 

anisotropy in the compositional gradient thin films. In this study, the magnetic anisotropy in each 

layer of the thin films was estimated from the single composition thin films, as discussed in 

Chapters 2 and 3. This is an estimate of magnetic anisotropy. Since the magnetic anisotropy is 

related the interface/surface morphologies [118] and the stress conditions of each layer [119], the 

same composition of the layer in the gradient thin films may not have the same 

magnetocrystalline anisotropy as it is in a single compositional thin film. One method to do  
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Figure 5.3: (a) STEM-HAADF image of the FexNi0.48-xPt0.52 (x=0.48,0.39,0.23,0.1) multilayer 
grown on the Pt/Cr underlayers onto MgO (001) substrate. (b) The EDS line profile along the 
cross-section of the thin film. 
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Figure 5.4: The magnetic hysteresis loops and MFM images of the 3 samples pre-patterning. (a) 
Sample (i) or the single composition sample, (b) Sample (ii) or the multilayer sample, and (c) 
Sample (iii) or the gradient media sample. The size of the MFM images is 2 µm by 2 µm. 
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direct magnetic characterization is scanning electron microscopy-polarization analysis (SEM-

PA) studies.  

The SEM-PA results of the multilayer sample, Sample (ii), are shown in figure 5.5. The 

Auger electron scanned line along the milled hole confirms the compositional gradient, which is 

consistent with STEM-EDS results shown in figure 5.2. The polarization of the electrons shows 

that there is an out-of-plane magnetization (Mz) gradient for the multilayer sample, figure 5.5(b). 

Similar decrease in out-of-plane magnetization (Mz) with thin film thickness is also observed for 

the continuous gradient sample, shown in figure 5.6. Such a decrease in out-of-plane 

magnetization (Mz) also infers the decrease in magnetocrystalline anisotropy (Ku) with thickness, 

according to figure 2.6. This indicates that a Ku gradient can be obtained by a compositional 

gradient during thin film growth.  

5.3 The magnetic properties post-patterning 

 All three samples were patterned into nano-dots over a 3 mm × 3 mm area using the 

process discussed in detail in Chapter 4. All post-patterned nano-dots are ~ 80 nm in diameter 

with uniform size. The post-patterning magnetic hysteresis loops for these three samples are 

shown in figure 5.7. It can be seen that after the patterning, the values of coercivity, Hc, and 

saturation magnetization, Ms, changed and this has already been discussed in Chapter 4.  

As predicted by several simulations [27,34,120], the ECC media and graded media, as 

compared to conventional single composition magnetic recording media, have an advantage of a 

smaller switching field while maintaining thermal stability in small volumes. Here the 

experimental results are presented and compared. 
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Figure 5.5: (a) The Auger line scan along the slope of the milled area showing a compositional 
gradient for Sample (ii) or the multilayer sample. (b) The electron polarization analysis showing 
the decrease in out-of-plane magnetization (Mz) along the growth direction for Sample (ii) or the 
multilayer sample. 
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Figure 5.6: A semi-quantitative plot of the decrease in out-of-plane magnetization (Mz) along the 
growth direction for Sample (iii) or the continuous gradient sample through the electron 
polarization analysis. 
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The thermal stability (KuV/kBT) is determined by fitting the Sharrock equation [121]: 

1 ln /      5.1 

where Hcr(t) is the time dependent remnant coercivity, t is the waiting time, Hc0 is the intrinsic 

coercivity, f0 is the attempt frequency, which is taken as 109, and n is the unitless factor, which is 

between 1 and 2 [121,122]. The fitting of the Sharrock equation is plotted in figure 5.8 using 

n=2. The switching fields and thermal stability (KuV/kBT) are extrapolated and tabulated in table 

5.1. Similar conclusions can be drawn using n=1.5 in the Sharrock equation fitting and the 

results are summarized in table 5.2 (The following discussion is based on table 5.1). The single 

composition thin film has the smallest switching field and thermal stability. This is because the 

Fe0.23Ni0.25Pt0.52 thin film has smaller magnetocrystalline anisotropy. Both the multilayer and 

gradient samples have a magnetically harder FePt layer, which increased the switching fields and 

thermal stability. It can also be noted that the thermal stability of the multilayer is much higher 

than that of the gradient media. This is because the multilayer sample has a 12.5 nm FePt 

magnetic hard layer, which is much thicker than the FePt layer in the continuous gradient thin 

film. In order to compare the three samples, the Victora figure of merit (see Chapter 1) is 

calculated using equation 1.2 and tabulated in table 5.1. 

The Victora figure of merit is smaller than 1 for all three samples. Since the activation 

volume might not be exactly the physical volume of the patterned nano-dots, Sample (i)’s figure 

of merit is normalized to 1 because it is a single composition [48]. This provides a reference to 

normalize Sample (ii) and Sample (iii).  After the normalization, the figure of merit of the 

multilayer and linear compositional gradient samples is 2 and 3.45 respectively. The normalized 

figure of merit (ε>1) suggests that ECC media and gradient media can effectively reduce the 

switching field and maintain the thermal stability, which is consistent with simulation results 
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Figure 5.7: The magnetic hysteresis loops of the three samples post-patterning. (a) Sample (i) or 
single composition sample, (b) Sample (ii) or multilayer sample, and (c) Sample (iii) or gradient 
media sample. 
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Figure 5.8: A fit of Sharrock equation of uniform composition single layer, multi-layer, and 
continuous graded media, using n=2. 
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 Sample (i) Sample (ii) Sample (iii) 

Hc (kOe) 5.2 12.3 7.5 

Hs (kOe) 7.1 14.2 9.1 

TFD (KuV/kBT) 351 1578 898 

ε (figure of merit) 0.022 0.044 0.076 

ε' (normalized figure of merit) 1.00 2.00 3.45 

 

Table 5.1: A summarization of the magnetic properties of the three samples: Sample (i) or the 
single composition sample, Sample (ii) or the multilayer sample, and Sample (iii) or the 
continuous gradient media sample, using n=2. 

 

 Sample (i) Sample (ii) Sample (iii) 

Hc (kOe) 5.2 12.3 7.5 

Hs (kOe) 6.8 13.7 8.8 

TFD (KuV/kBT) 247 819 530 

ε (figure of merit) 0.027 0.033 0.045 

ε' (normalized figure of merit) 1.00 1.22 1.67 

 

Table 5.2: A summarization of the magnetic properties of the three samples: Sample (i) or the 
single composition sample, Sample (ii) or the multilayer sample, and Sample (iii) or the 
continuous gradient media sample, using n=1.5. 
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[27,34,120]. Although the multilayer sample has a higher thermal stability than the continuous 

gradient sample, 1578 versus 898, it has a smaller Victora figure of merit, 2 versus 3.45. This 

suggests that continuous gradient media is more effective at reducing the switching field than 

discrete multilayer interfaces. This is consistent with theoretical calculation reported in [34].   

5.4. Discussion 

In this study, the as-calculated Victora figure of merit is smaller than 1, even for the 

Fe0.23Ni0.25Pt0.52 single compositional sample. This is attributed to the actual physical activation 

volume for the switching process being smaller than the volume of the nano-dots. A simple 

estimate of the magnetic domain length for Fe0.23Ni0.25Pt0.52 materials leads to a value ~12 nm in 

diameter (assuming the thickness of the thin film was 50 nm) [123]. This is much smaller than 

the physical patterned volume and would explain why the Victora figure of merit is so low.  

The Victora figure of merit for a single composition thin film is 1 and for ECC and 

gradient media are between 1 and 4. Using equation 1.2, the switching volume can be 

experimentally estimated as ~13 nm in diameter for the single composition sample, ~9-18 nm in 

diameter for the multilayer sample, and ~10-20 nm in diameter for continuous gradient sample 

respectively (assuming the thickness of all three samples is 50 nm). This experimental estimated 

value is quite consistent with the domain width of ~12 nm in diameter theoretically calculated 

for the Fe0.23Ni0.25Pt0.52 single compositional thin film above. These calculations indicate that the 

patterning dot size should be ~10 nm in diameter or smaller for accurate estimation of Victora 

figure of merit for these samples. To fabricate nano-dots with such a small size (< ~10 nm) over 

large areas (~3 mm × 3 mm) would be extremely challenging and is addressed in Chapter 6. 

Additionally, since all the three thin films were not fully chemically ordered, this could 

contribute to a lower figure of merit. During the reversing process, the domain wall can nucleate 
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in these low Ku sites and propagate laterally. Therefore, a smaller coercivity and thermal stability 

would be observed. To increase the ordering parameter, a higher deposition temperature is 

required [124]. However, a higher deposition temperature is limited by the current deposition 

chamber’s highest obtainable temperature and the homogenization of the gradient [103]. 

Finally, several simulation studies [34,38] have shown that the highest figure of merit can 

be obtained if the gradient of the magnetocrystalline anisotropy changes quadratically with the 

thin film thickness. In this study, the magnetocrystalline anisotropy changed approximately 

linear with thickness. Such a change in Ku has not been optimized here and will be addressed in 

Chapter 6.  

5.5. Conclusions 

In this chapter, the magnetic properties of the single uniform composition magnetic hard 

layer, the ECC multilayer media, and continuous graded media were compared. A fitting of 

Sharrock equation and calculation of normalized Victora figure of merit demonstrated that 

the ECC and graded media can reduce the switching field effectively while still maintaining 

good thermal stability. It was also found that the continuous gradient media is more 

effective at reducing the switching field than discrete multilayer interfaces. However, the 

absolute Victora figure of merit values were smaller than 1 for all three samples because of 

several factors: (1) The necessary switching volume to avoid lateral reversal process being 

smaller than the physical patterned volume of the nano-dots; (2) A lack of fully ordered L10 

phase for the gradient; and (3) The Ku gradient with thickness was not optimized.                                                   
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions  

In this study, the deposition of FexNi0.48-xPt0.52 (0<x<0.48) single composition and 

gradient thin films in [001] orientation were investigated. For FePt thin films, improved (001) 

texture and higher L10 chemical order parameter was obtained with the introduction of the Pt/Cr 

underlayers to reduce the mismatch stresses. With the addition of Ni to FePt thin films, an 

increase in order parameter was also observed with the Pt/Cr underlayers, but the [001] texture 

did not necessarily improve. This was attributed to the c-axis being aligned in the plane with the 

increasing Ni content. A highly ordered [001] oriented FexNi0.48-xPt0.52 (0<x<0.48) compositional 

gradient thin film was deposited and the gradient was maintained because the ordered 

intermetallic resisted the homogenization of the gradient. After the deposition, the FexNi0.48-

xPt0.52 (0<x<0.48) gradient thin films were patterned into nano-dots using electron beam 

lithography and Ar reactive ion etching. It was found that the pre-set patterning values of 30 nm 

dots-200 nm hexagonal pitch patterns were the optimized condition for this study and the Ti 

mask performed better than the Al mask because it was more resist to erosion during the ion 

etching process. This gradient thin film was fabricated into nano-dots with a physical diameter 

approximately 80 nm and 200 nm array pitch-to-pitch spacing over 3 mm × 3 mm for magnetic 

studies. The magnetic properties of the three patterned samples: the single composition magnetic 

hard layer, the exchange-coupled-composites (ECC) multilayer, and continuous graded thin film 

were investigated. It was found that the ECC and gradient media can reduce the switching field 



 

84 
 

effectively while still maintaining good thermal stability. This was characterized by an increased 

normalized Victora figure of merit. However, the absolute values of Victora figure of merit are 

smaller than 1 for all three samples.  

6.2 Future work directions 

6.2.1. The growth of [001] FePt thin films on glass or Al substrates  

In the current study, all the thin films were grown on MgO substrates. However, since 

MgO substrate is cost prohibitive, it may not be a practical substrate for magnetic recording 

media. Therefore, the growth of [001] FePt thin films on glass or aluminum substrates may be 

required. There have been some reports on the success of [001] FePt growth on glass substrates 

[65,102,125]. But those studies used complicated underlayers and were quite dependent on the 

particular deposition system, suggesting difficulties in replication.  

6.2.2 The optimization of the graded thin films: morphology, thickness, and the gradient 

In this study, a linear compositional gradient over a thickness of ~ 50 nm was 

investigated. However, as discussed in Chapter 5, a quadratically changed magnetic anisotropy 

with thickness would be more effective to reduce the switching field [34]. Attempts to grow a 

near quadratically changing magnetic anisotropy thin film was done but this lead to the 

homogenization of the gradient, shown in figure 6.1. The rapid change in deposition power to 

achieve compositional control in each atomic layer was beyond the current sputtering system’s 

control. Therefore, some other methods like molecular beam epitaxy (MBE) or atomic layer 

deposition (ALD) might be more appropriate to grow these thin films. Also, the thickness of the 

gradient should be around 10 nm-20 nm for magnetic recording media. This reduction in 

thickness would also increase the difficulty to achieve the gradient since the diffusion over this 

thickness might homogenize the gradient. Lastly, the thin films should be topographically 
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smooth. However, FePt with a thickness between 10 nm-20 nm often grows in a discrete island 

mode on MgO substrate, providing additional challenges [39,112].  

6.2.3. Simple patterning method 

The isolated nano-dots were fabricated by Electron-beam lithography and reactive ion 

etching, which is ideally limited to small areas and cost prohibitive. Therefore, simple patterning 

methods need to be explored. Methods such as nano-imprint lithography [126] and block 

copolymer lithography [51] are proposed. 
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Figure 6.1: (a) TEM bright field image of FexNi1-xPt gradient in which Ku(z)~Z2; (b) STEM-
HAADF image of FexNi1-xPt gradient in which Ku(z)~Z2; (c) STEM-EDS line scan of the FexNi1-

xPt gradient in which Ku(z)~Z2; (d) Theoretical calculated composition changes with thin film 
thickness to obtain Ku(z)~Z2 gradient. The FexNi1-xPt gradient thin film directly grew on MgO 
substrate. 
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APPENDIX A: X-RAY DIFFRACTION SETUP 

 In this study, a Phi scan and reciprocal space mapping (RSM) were preformed to study 

the epitaxial growth mechanisms of the Fe-Ni-Pt alloy thin films grown on the MgO substrates. 

The first alignment for all the X-rays scans in Philips X’Pert Diffractometer was done to 

optimize the MgO substrate (002) peak intensity at 42.905o by various omega, phi, and chi scans 

after intersecting the beam with the sample and adjusting to a proper eucentric z height. The 

geometry of the Philips X’Pert X-ray diffractometer is shown in figure A.1. 

A.1 Phi scan procedure 

To do a Phi scan on {111} peak of the MgO substrate (or the thin film), the following procedure 

was performed:  

(1) Tilt the sample to about 52o (the angle between (001) plane and (111) plane); 

(2) Do a rough Phi scan to find one (111) peak of the MgO substrate; 

(3) Do a Chi scan around 52o to optimize the tilt angle; 

(4) Do an omega scan to optimize the omega offset; 

(5) Repeat step (3) and (4). 

(6) Now it is ready to a fine Phi scan. The geometry of the sample is shown figure A.2. 
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Figure A.1: The geometry of the Philips X’Pert X-ray diffractometer, images based on [127]. 

  

Figure A.2: The scan direction of the Chi and Phi for the {111} peak of the MgO substrate, Pt 
underlayer, and Fe-Ni-Pt alloy thin films, images based on [128]. 
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A.2 Reciprocal space maps procedure 

To do a reciprocal space map on the (113) peak of the MgO substrate (or the thin film), 

the following procedure was performed:  

(1) Optimize the out-of-plane MgO substrate peak intensity for Ψ and ω; 

(2) Put the Ψ value in the place of ω offset to move to MgO (113) plane and 0 for the Ψ value to 

set the off-axis scan; 

(3) Optimize φ and ω for the sample; 

(4) Run 2-axis scan for the reciprocal space map, set the first scan axis is 2 Theta and the second 

scan axis is Omega. Both the 2 theta scan and omega scan range depend on the thin films and 

substrate peak, which should be estimated from 2 theta-omega scan and omega scan before the 

actual RSM scan. This 2-axis scan does various 2 theta scans at various omega offset values. 
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APPENDIX B: THE INFLUENCE OF SUBSTRATE CONDITIONS  
ON Fe-Ni-Pt THIN FILM GROWTH 

  Not only do controlled experimental conditions, such as growth temperatures, underlayer 

type, and deposition rates effect the growth of the thin films, but the surface conditions of the 

substrate. Figure B.1 is such an example. Four linear compositional gradient FexNi0.48-xPt0.52 

(0<x<0.48) thin films were grown simultaneously in the sputtering chamber. The XRD results 

show that all of them were chemically ordered with [001] texture. A more careful look at the data 

showed a small difference between each of these samples.  

First, the Pt(002) peak shifted with respective to each other; secondly, the rocking curve of 

FePt (001) peak of the four samples showed a small difference in the full-width-half-maximum 

(FWHM). More interestingly, the change in FWHM is related to the change of the Pt(002) spacing, 

figure B.1(b). In this figure, a smaller Pt d(002) lead to a narrower FWHM. As revealed by the 

reciprocal space mapping (RSM) scans in Chapter 3, both the Fe0.48Pt0.52 and FexNi0.48-xPt0.52 

(0<x<0.48) gradient thin films have the same in-plane lattice constant as the Pt underlayer. This 

could be explained by the fact that the lattice constant of the FexNi0.48-xPt0.52 (0<x<0.48) gradient 

thin film is smaller than that of Pt; thus, a smaller Pt constant would be favorable for the growth 

of FexNi0.48-xPt0.52 (0<x<0.48) gradient thin film. As for the change of the Pt d-spacing, since all 

thin films were grown at the same time, the only factor that could affect this behavior was the 

substrate itself. This discrepancy is attributed to the surface quality of the MgO substrate itself. 

As noted, MgO surfaces can absorb moisture from atmosphere and this can be a possible reason 

for these growth differences. Also, the ordering parameter for these four thin films had some 
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small discrepancy as well, with the ratio of the integrated intensity of the (001) peak to (002) 

peak ranging from 0.68-0.74, as shown in figure B.1(c).  

Though these discrepancies are apparent, they are not large enough to counteract the 

influence of the underlayers as discussed above. Therefore, the discussions in the dissertation are 

still valid even though there might be some small difference on the substrate surface properties. 

However, such a result could affect some of the results when all the thin films have the same 

underlayers, as shown in figure B.2(a). For FexNi0.48-xPt0.52 (x=0, 0.1,0.23,0.39,0.48) thin films, 

as reported by the studies in [98], the increase of Ni content would lead to the in-plane ordering 

of the FexNi0.48-xPt0.52 (x=0, 0.1,0.23,0.39,0.48) and a decrease in the ordering parameter. 

However, in figure B.2(a), there is no general trend of how the FWHM or ordering ratio changed 

with Ni content. By taking into account the influence of the Pt underlayer, these results became 

consistent with the literature [98]. In figure B.2(b), for both the Fe and Ni rich thin films, the 

FWHM decreased with decreasing of Pt(002) spacing. This was also observed that for thin films 

with a smaller Ni content; better (001) texture was obtained.  The same influence was observed 

for the influence of Ni content on ordering.  
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Figure B.1:  (a) XRD results of FexNi0.48-xPt0.52 (0<x<0.48) gradient growth simultaneously on 
Pt/Cr/MgO. (b) The influence of Pt d(002) spacing on the FWHM of the gradient thin films. (c) 
The inflence on Pt d(002) spacing on the ordering of the gradeint thin films. 
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Figure B.2: (a) The change of Ni content on the influence of the FWHM of the (001) peak and 
ordering of the FexNi0.48-xPt0.52 (x=0, 0.1,0.23,0.39,0.48) thin films with various compositions. (b) 
The influence of the FWHM due to the Pt d(002) spacing. (3) The influence of the ordering due to 
the Pt d(002) spacing. 
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APPENDIX C: XRD OF PATTERNED Fe-Ni-Pt GRADIENT THIN FILM SAMPLE 

After the patterning process, a 2 theta-omega scan was performed on the Fe-Ni-Pt 

gradient sample. Unfortunately, only the MgO substrate peak was seen and no thin film peaks 

were observed. The result is plotted in figure C.1 for future reference. This is likely because of 

the small volume of the thin film, which was not large enough to obtain sufficient diffraction 

intensity. 

 

 

 

Figure C.1: XRD scan of the patterned FexNi0.48-x Pt0.52 (0<x<0.48) gradient thin film. No Fe-Ni-
Pt thin film peak seen, only the MgO (002) peak is observed. The inset image is the full-view. 
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APPENDIX D: DIFFUSION STUDIES OF Fe AND Ni in Fe-Ni-Pt ALLOY THIN FILMS 

The diffusion of Fe and Ni atoms in the Fe-Ni-Pt alloy thin films was investigated to 

determine the diffusion coefficients. This was a particular concern in the early studies on the 

stability of the gradient with annealing. 

E.1 Experimental details 

Two types of diffusion couples were studied: (1) Ni (250 nm)/ Fe0.5Pt0.5 (120 nm) on 

(001) MgO substrates, (2) Fe (160nm)/ Ni0.5Pt0.5 (110 nm) on (001) MgO substrates. Since 

diffusion is a second order tensor and dependent on crystallographic directions, the Fe0.5Pt0.5 and 

Ni0.5Pt0.5 thin layers were grown at 500oC to achieve [001] orientation. After the growth of the 

Fe0.5Pt0.5 and Ni0.5Pt0.5 layers, the substrates were cooled in vacuum for at least three hours to 

ambient temperature, prior the deposition of the elemental Fe and Ni thin film layers. All the 

diffusion couples were placed in a sealed quartz tube at 30 mTorr ultra-purity Ar/4% H2 gas 

mixture and annealed at various times and temperatures. After the annealing, (scanning) 

transmission electron microscope ((S)TEM) cross-section samples were  made using the method 

described in Chapter 2. The diffusion length of each element was determined by STEM-EDS. 

The diffusion coefficient, D, was estimated using the following equation: 

2.4 /        D.1 

where R is the diffusion length, t is the annealing time. The pre-exponent coefficient and the 

activation energy were determined using: 

exp 
∆    D.2 
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In this equation, D0 is the pre-exponent coefficient, D(T) is the diffusion coefficient at the 

temperature T, ∆E is the diffusion activation energy, kB is the Boltzman constant,and T is the 

absolute diffusion temperature. 

E.2 The diffusion coefficient and activation energy for Ni diffusion into the Fe0.5Pt0.5 thin films 

The Ni (250 nm)/ Fe0.5Pt0.5 (120 nm) diffusion couple was annealed in three different 

conditions:  200oC for 30 min, 280oC for 30 min, and 400oC for 30 min. Figure (D.1) is the X-

ray diffraction (XRD) results. From this figure, all the FePt thin layers are grown with (001) 

texture but have some (200) component, indicating some in-plane c-variant (see Chapter 1 and 

3).  

The STEM-HAADF image of as-deposit Ni (250 nm)/ Fe0.5Pt0.5 (120 nm) diffusion 

couple is shown in figure D.2(a) and the corresponding EDS line profile is in figure D.2 (b). 

Even for the as-deposited diffusion couple, a diffusion length ~14 nm was seen. Two reasons 

might contribute to this intermixed length: (1) The diffusion of Ni atoms to Fe0.5Pt0.5 (120 nm) 

thin layer during the deposition of Ni thin layers, or (2) The electron beam-sample interaction 

volume during the EDS scan [84]. For all the annealed samples, a total diffusion length of 14 nm 

was subtracted from the EDS line profile. Figure D.2(c) and (d) are the STEM-HAADF images 

and EDS line profile of the Ni (250 nm)/ Fe0.5Pt0.5 (120 nm) diffusion couple annealed at 200oC 

for 30 min respectively. The total diffusion length was determined ~54 nm or ~40 nm after the 

subtraction. The actual diffusing length of Ni into the FePt thin layers past the original interface 

was ~20 nm. Using the same procedure, the diffusion length of the Ni (250 nm)/ Fe0.5Pt0.5 (120 

nm) diffusion couple annealed at 280oC for 30 min and 400oC for 30 min were determined. The 

results were tabulated in table D.1. From these results, the pre-exponent coefficient (D0) and the 

activation energy (∆E) was calculated using equation D.2 to be:  
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D0≈2.1×10-17m2*s-1 and ∆E ≈0.2 eV. 
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Figure D.1: The XRD scans of the Ni (250 nm)/ Fe0.5Pt0.5 (120 nm) diffusion couple, using 
Phillps APD diffractometer. 
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Figure D.2: (a) The STEM-HAADF image of as-deposit Ni (250 nm)/ Fe0.5Pt0.5 (120 nm) 
diffusion couple, (b) The corresponding EDS line profile, (c) The STEM-HAADF image of the 
Ni (250 nm)/ Fe0.5Pt0.5 (120 nm) diffusion couple annealed at 200oC for 30 min, and (d) the 
corresponding EDS line profile. 
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Annealing time and temperature Diffusion length (nm) Diffusion coefficient (m2*s-1) 

200oC 30 minutes 20 3.86*10-20 

280oC 30 minutes 23 5.1*10-20 

400oC 30 minutes 37 1.3*10-19 

 

Table D.1: The diffusion length and calculated diffusion coefficient at various annealing 
conditions for the Ni (250 nm)/ Fe0.5Pt0.5 (120 nm) diffusion couple. 
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D.3 The diffusion coefficient and activation energy for Fe diffusion into Ni0.5Pt0.5 thin films 

Similar to the Ni (250 nm)/ Fe0.5Pt0.5 (120 nm) diffusion couple, Fe (160nm)/ Ni0.5Pt0.5 

(110 nm) were annealed at 200oC for 30 min, 280oC for 30 min, and 400oC for 30 min. Figure 

D.3 is the XRD results and figure D.4 is an example of the STEM-HAADF images and EDS line 

profiles. The results are summarized and tabulated in table D.2. The pre-exponent coefficient 

(D0) and the activation energy (∆E) for Fe diffusion were calculated:  

D0≈5.42×10--18m2*s-1 and ∆E ≈0.25 eV. 

This activation energy for Fe diffusion is close to report in ref [129], which is 0.31 eV. But it is 

different from other literature reports [103,104,130] because the diffusion coefficients were 

measured at different experimental conditions. 

D.4 Conclusions 

From these results, it can be seen that Ni atoms diffuse faster than Fe atoms in the [001] L10 

(Fe,Ni)Pt lattice. 
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Figure D.3: The XRD scan of the Fe (160nm)/ Ni0.5Pt0.5 (110 nm) diffusion couple, using Philips 
APD diffractometer.  
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Figure D.4: (a) The STEM image of as-deposit Fe (160nm)/ Ni0.5Pt0.5 (110 nm) diffusion couple. 
(b) The corresponding EDS line profile. (c) The STEM image of Fe (160nm)/ Ni0.5Pt0.5 (110 nm) 
diffusion couple annealed at 400oC for 30 min. (d) The corresponding EDS line profile. 
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Annealing time and temperature Diffusion length (nm) Diffusion coefficient (m2*s-1) 

200oC 30 minutes 12.5 1.51*10-20 

280oC 30 minutes 15.5 2.32*10-20 

400oC 30 minutes 30.5 9*10-20 

 

Table D.2: The diffusion length and calculated diffusion coefficient at various annealing 
conditions for the Ni (250 nm)/ Fe0.5Pt0.5 (120 nm) diffusion couple. 
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APPENDIX E: SHARROCK ANALYSIS 

The following are the steps to perform the Sharrock analysis [121]: 

(1) Measure the dynamic remnant coercivity in the alternating gradient magnetometer (AGM). In 

the AGM, the magnetic field is first applied to the saturation field or higher, then quickly 

changed to the applied field (<3s). After the waiting time tw, the magnetic field is decreased to 

zero immediately (<3s) and the remnant curve is taken, shown in figure E.1(a). The remnant 

magnetization for several waiting times is measured and plotted as a function time, shown in 

figure E.1(b). The time, twp, when the remnant magnetization is 0 is the time for the particular 

applied field Hcrp. In other words, the remnant coercivity for time twp is Hcrp. 

(2) Measure several t(Hcr) (several remnant coercivities for different times) and fit these points 

into Sharrock equation (Chapter 5, equation 5.1), a linear fit can be found with the x-axis being 

sqrt(ln(f0t)) and the y-axis being the time-dependent coercivity (f0 is the attempt frequency, and t 

is the waiting time). Figure E.2 is an example. The remnant coercivity for 4.4 s, 32.5 s, 129 s, 

and 600 s waiting time are 7700 Oe, 7650 Oe, 7600 Oe, and 7550 Oe, respectively. After the 

fitting, the interception on the y-axis is the time-independent coercivity, Hc0, and the slope is –

Hc0*(kBT/KuV), where kB is Boltzmann constant, T is the measuring temperature, Ku is the 

magnetocrystaline anisotropy, and V is the activation volume. 
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Figure E.1: (a) The measurement of remnant magnetization, Mr1, Mr2, and Mr3 at various time 
for applied field Hcr; (2) Plot of remnant magnetization versus waiting time to obtain t(Hcr). 
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Figure E.2: An example of the fitting of Sharrock equation. From the interception on y-axis, the 
Hc0 is estimated to be 9142 Oe. Since the slope –Hc0*(kBT/KuV) is -305.06, the thermal stability 
factor KuV / kBT is estimated to be 898. 
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APPENDIX F: ESTIMATION OF MISMATCH STRESS FOR  
FePt THIN FILM EPITAXIAL GROWTH 

The epitaxial growth of FePt thin films on the Pt/Cr/MgO substrates is shown in figure 

F.1 [90].  Without the Pt/Cr underlayers, the mismatch between the FePt thin films and MgO 

substrate is (3.86Ǻ-4.232Ǻ)/3.86Ǻ×100%=-9.74%. With the Pt/Cr underlayers, the mismatch 

become: (3.86Ǻ-3.92Ǻ)/3.92Ǻ×100%= -1.55%. The mismatch stress between the Cr layer and 

the MgO substrate can be estimated as: ε=(4.08Ǻ-4.236Ǻ)/4.08Ǻ×100%= -3.82%; σ=YCr/(1- 

vCr)×ε=279×(1- 0.21)×0.0382= 13.5 GPa tensile stress [131], where YCr is the Young’s modulus 

of Cr, vCr is the Poisson’s ratio of Cr. In this calculation, bulk Chromium’s Young’s modulus 

was taken as YCr =279 GPa and vCr = 0.21 [132].  
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Figure F.1: The epitaxial growth relationship between the FePt, Pt, Cr and MgO substrate (side-
view), image based on [1]. The epitaxial growth relationship is: FePt(001) // Pt(001) // Cr(001) // 
MgO (001) and FePt[100] // Pt[100] // Cr[110] // MgO[100].  
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APPENDIX G:  THE COMPARE OF Al AND Ti MASK MATERIALS USING  
PHOTOLITHOGRAPHY FOR MICRO-SCALE FEATURES 

During the fabrication of Fe-Ni-Pt alloy thin films into nano-dots, the first step is to select 

appropriate mask materials for Fe-Ni-Pt alloy thin films etching. Similar to that of E-beam 

lithography, the sample was first spin-coated with photoresist and then exposed and developed. 

Then a 50 nm thick Al and Ti layer was deposited on the sample using electron beam 

evaporation respectively and then the residual photoresist were dissolved. For both the samples 

with Al and Ti mask, they were etched using Ar ions at the same condition for 180 s. The result 

was shown in figure G.1. From this figure, this is no difference by using Al or Ti mask materials 

at micro-scale features. 
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Figure G.1: (a) Etched Fe-Ni-Pt alloy thin film lines using Al mask material. (b) Etched Fe-Ni-
Pt alloy thin film lines using Ti mask material. 

 

 

 




