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Abstract 

Hard disk drives (HDDs) is currently the dominant digital data storage device 

and are expected to remain this position due to predicted continuing advantages in 

recording capacity and price of per storage unit, comparing to solid-state 

drives (SSDs). Among magnetic recording technologies for HDDs, perpendicular 

magnetic recording is considered to be advantageous for overcoming 

superparamagnetic limitation and achieving high areal recording density. Therefore, 

recording media with perpendicular magnetic anisotropy have attracted much research 

interest in the past decades. For example, metallic layered structures (such as Co/Pt, 

Co/Pd) and L10-FePt/CoPt alloy films have been intensively studied as promising 

materials for ultrahigh density magnetic recording.  

 In this work, magnetic anisotropy of metal/ceramic-FePt/AlN layered structures 

has been systematically studied. By using nitride layer, the interface diffusion which 

often occurs in metallic layered structure can be effectively avoided. It is found that 

FePt/AlN layered structure shows unconventional magnetic anisotropy transition after 

thermal annealing comparing to the well-studied metallic layered structures. The 

interface anisotropy and magnetoelastic effect introduced by layered structure are also 

unique in the past studies of FePt alloy. Microstructures, residual stress and interface 

quality are investigated to disclose the origin of perpendicular magnetic anisotropy in 

FePt/AlN layered structure and the mechanism of magnetic anisotropy transition. 

 

 

 



ii 
 

Contents 

 

Abstract .......................................................................................................................... i 

 

Contents ........................................................................................................................ ii 

 

Chapter 1 Introduction........................................................................................... - 1 - 

1.1 Magnetic anisotropy..................................................................................... - 1 - 

1.2 Perpendicular magnetic anisotropy for magnetic recording ........................ - 2 - 

1.3 Sources of magnetic anisotropy ................................................................... - 3 - 

1.3.1 Magnetocrystalline anisotropy .............................................................. - 4 - 

1.3.2 Shape anisotropy ................................................................................... - 5 - 

1.3.3 Magnetoelastic (Stress) anisotropy ....................................................... - 5 - 

1.4 Thin film recording media for perpendicular recording .............................. - 6 - 

1.4.1 CoCrPt-SiO2 granular film .................................................................... - 6 - 

1.4.2 Co/metal layered structure ..................................................................... - 7 - 

1.4.3 L10 FePt and CoPt granular film ........................................................... - 7 - 

1.5 Objectives of this work ................................................................................ - 8 - 

1.6 Organization of this thesis ......................................................................... - 10 - 

Reference ......................................................................................................... - 11 - 

 

Chapter 2 Preparation and characterization of FePt/AlN layered structures - 16 - 

2.1 Sample preparation .................................................................................... - 16 - 

2.1.1 DC magnetron sputtering .................................................................... - 16 - 

2.1.2 Vacuum annealing ............................................................................... - 17 - 

2.2 Structure characterization .......................................................................... - 18 - 

2.2.1 Transmission electron microscopy ...................................................... - 18 - 

2.2.1.1 Fundamentals of TEM ........................................................... - 18 - 

2.2.1.2 Observation for FePt/AlN layered strucure ........................... - 19 - 

2.2.2 X-ray diffraction .................................................................................. - 20 - 

2.2.2.1 Fundamentals of XRD ........................................................... - 20 - 

2.2.2.2 Results of FePt single layer and FePt/AlN layered structure . - 21 - 

2.2.3 X-ray reflectivity ................................................................................. - 22 - 

2.2.3.1 Fundamentals of X-ray reflectivity ........................................ - 22 - 

2.2.3.2 Measurement of FePt/AlN layered structure ......................... - 22 - 

2.3 Magnetic measurement .............................................................................. - 23 - 

2.3.1 Determination of the magnetic anisotropy .......................................... - 23 - 

2.3.2 Fundamentals of vibrating sample magnetometer ............................... - 24 - 

2.3.3 Results of FePt single layer and FePt/AlN layered structure .............. - 24 - 

2.4 Summary .................................................................................................... - 25 - 

Reference ......................................................................................................... - 27 - 

 



iii 
 

Chapter 3 Magnetic properties of FePt/AlN layered structures ...................... - 37 - 

3.1 Introduction ................................................................................................ - 37 - 

3.2 Experimental parameter ............................................................................. - 38 - 

3.3 Fe50Pt50/AlN layered structures.................................................................. - 38 - 

3.4 Fe45Pt55/AlN layered structures.................................................................. - 41 - 

3.5 Fe40Pt60/AlN layered structures.................................................................. - 41 - 

3.6 Summary .................................................................................................... - 45 - 

Reference ......................................................................................................... - 47 - 

 

Chapter 4 Mechanism of magnetic anisotropy transition in FePt/AlN layered 

structures ............................................................................................................... - 60 - 

4.1 Introduction ................................................................................................ - 60 - 

4.2 Origin of perpendicular magnetic anisotropy in FePt/AlN layered structure ... - 

61 - 

4.2.1 Magnetic properties of AlN (20nm)/[FePt (2nm)/AlN (20nm)]5 layered 

structure............................................................................................................ - 61 - 

4.2.2 Microstructure ..................................................................................... - 62 - 

4.2.3 Stress analysis ...................................................................................... - 63 - 

4.2.3.1 Fundamental of stress measurement by X-ray diffraction method - 

63 - 

4.2.3.2 Stress evaluation for AlN (20nm)/[FePt (2nm)/AlN (20nm)]5 

layered structure ................................................................................. - 66 - 

4.2.4 Interface quality analysis ..................................................................... - 67 - 

4.2.5 Discussions on the origin of perpendicular magnetic anisotropy in 

FePt/AlN layered structure .............................................................................. - 68 - 

4.3 Magnetic anisotropy energy of FePt/AlN layered structure ...................... - 69 - 

4.3.1 Calculations of magnetic anisotropy energy ....................................... - 70 - 

4.3.2 Volume contribution and interface contribution of magnetic anisotropy 

energy ............................................................................................................... - 70 - 

4.4 Mechanism of magnetic anisotropy transition in FePt/AlN layered structure .. - 

71 - 

4.4.1 Residual stress in FePt/AlN layered structure ..................................... - 72 - 

4.4.2 Interface quality of FePt/AlN layered structure .................................. - 73 - 

4.4.3 Discussions on the mechanism of magnetic anisotropy transition in 

FePt/AlN layered structure .............................................................................. - 74 - 

4.5 Summary .................................................................................................... - 75 - 

References ........................................................................................................ - 77 - 

 

Chapter 5 Influence of AlN layer thickness on the magnetic anisotropy of 

FePt/AlN layered structures ................................................................................. - 95 - 

5.1 Introduction ................................................................................................ - 95 - 

5.2 Experimental details................................................................................... - 95 - 

5.3 Magnetic properties of AlN (t)/[FePt (2nm)/AlN (t)]5 layered structure .. - 96 - 

5.4 Interface quality analysis of AlN (t)/[FePt (2nm)/AlN (t)]5 layered structure . - 



iv 
 

97 - 

5.5 Microstructures .......................................................................................... - 98 - 

5.5.1 X-ray diffraction results ...................................................................... - 98 - 

5.5.2 Cross-sectional TEM observation ....................................................... - 99 - 

5.6 Discussions on the mechanism of AlN layer thickness effect ................... - 99 - 

5.7 Summary .................................................................................................. - 101 - 

References ...................................................................................................... - 102 - 

 

Chapter 6 Conclusions ........................................................................................ - 110 - 

 

Publications ......................................................................................................... - 113 - 

 

Acknowledgements ............................................................................................. - 115 - 

 

 

 

 



- 1 - 
 

Chapter 1 Introduction 

The origin of and the possibility to control magnetic anisotropy have been a hot 

issue for a long time.
[1–3]

 Especially, the perpendicular magnetic anisotropy (PMA) 

has drawn much research interest for its application in hard disk drives (HDDs). 

Firstly introduced by IBM in 1956, HDDs became the dominant digital data 

storage device since the early 1960s and are expected to remain this position for 

general purpose computers due to predicted continuing advantages in recording 

capacity and price of per storage unit, comparing to solid-state drives (SSDs).
[4-6] 

Among magnetic recording technologies for HDDs, perpendicular magnetic recording 

is considered as a promising technology to realize these advantages on account of 

high magnetization stability which can overcome the thermal effects appearing as 

increases areal recording density.
[7]

 So as a core element of such technology, 

perpendicular recording media with PMA have been extensively studied in the past 

decades.
[8-10]

 The study of candidate for future perpendicular recording media will 

accelerate the evolution of HDDs. 

In this chapter, a summary on the fundamental of magnetic anisotropy and 

magnetic recording technology will be shown firstly. Then the objectives and 

organization of this thesis will be given. 

1.1 Magnetic anisotropy 

The directional dependence of a material's magnetic properties is called magnetic 

anisotropy. Simply speaking, there are easy and hard axes for magnetization in a 

magnetically anisotropic material. An easy axis is an energetically favorable direction 

of spontaneous magnetization and hard axis means the energies required to magnetize 

will be maximum along that direction. The two opposite directions along an easy axis 

http://en.wikipedia.org/wiki/IBM
http://en.wikipedia.org/wiki/Anisotropy
http://en.wikipedia.org/wiki/Magnetic
http://en.wikipedia.org/wiki/Spontaneous_magnetization


- 2 - 
 

are usually equivalent, and the actual direction of magnetization can be along either of 

them. Basing on the number of easy and hard axes, magnetic anisotropy can be called 

as uniaxial anisotropy, triaxial anisotropy and cubic anisotropy. There is only one 

easy axis in uniaxial anisotropic material. For triaxial anisotropy, there is a single easy 

axis, but it also has a hard axis and an intermediate axis. The magnetic materials with 

cubic anisotropy have three or four easy axes. The magnetic anisotropy mainly refers 

to uniaxial anisotropy in this thesis. 

The magnetic anisotropy is one of the most important properties of magnetic 

materials and has different kinds of applications. For example, materials with high, 

medium and low magnetic anisotropy can be applied to permanent magnets, 

information storage media and magnetic recording heads respectively.
[11] 

 

For thin film materials, if the easy direction of the magnetization is perpendicular 

to the plane, we can call this perpendicular magnetic anisotropy (PMA). The PMA is 

currently of great research interest for its important applications in magnetic random 

access memory (MRAM),
[12]

 and especially in high density magnetic recording 

technology for HDDs. 

1.2 Perpendicular magnetic anisotropy for magnetic recording  

Nowadays, huge amount of data is stored in commercial data storage devices. 

Storage devices can be classified into different types depending on data storage 

method. For popular ones, there are optical storage devices (CDs, DVDs), 

semiconductor storage devices (flash memories and SD cards), magnetic-optical 

storage devices (MO disks) and magnetic storage devices (such as magnetic tapes and 

HDDs). Among them, HDDs are the dominant storage device for general purpose 

computers due to the large capacity and low cost. 

When invented by IBM in 1957, the areal density of first HDD was only 2 Kb/in
2
. 
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Then HDDs were undergoing a rapid development, and the areal density had reached 

200 Gb/in
2
 by 2004, about one million times larger.

[5]
 However, accompanying the 

increasing of areal density, the traditional magnetic recording method, which can be 

called as longitudinal recording, is facing a serious problem, the thermal effects. The 

energy required to reverse the magnetization of a magnetic particle can be expressed 

as K=KuV,
[13]

 where Ku is the uniaxial (effective) anisotropy energy and V is the 

volume of magnetic particle. So if the size of magnetic particle is too small, the 

magnetization can be reversed by local thermal fluctuations and the data stored will 

be lost. Therefore, the thermal effects seriously restrict the raise of areal density. To 

solve this problem, the perpendicular magnetic recording was proposed by Iwasaki 

and Takemura in 1975.
[14]

 

Figure 1-1 shows the schematic diagram of the longitudinal recording and 

perpendicular recording. As seen in this figure, the perpendicular magnetic recording 

magnetizes the magnetic elements perpendicularly to the surface of disk plane. By 

this way, the volume of magnetic elements can be maintained by increasing vertical 

size while decreasing the in-plane size to increase areal density. Since the 

magnetization is aligned perpendicularly to disk surface, perpendicular magnetic 

anisotropy is necessary for recording media. After thirty years for exploring suitable 

recording media, the first commercial HDD was presented by TOSHIBA in 2005. By 

august 2010, HDDs with areal density of 667 Gb/in
2
 were available commercially, 

and the density is predicted to continue to grow.
[15]

 It is reasonable to consider the 

needs of HDDs using perpendicular recording technology will go up in future, so the 

study of perpendicular recording media with PMA is of great significance.  

1.3 Sources of magnetic anisotropy 

Strong perpendicular magnetic anisotropy is the key point of perpendicular 
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recording media. It is necessary to know the various sources of magnetic anisotropy 

for designing new media for perpendicular recording. Basing on the different 

dependences of magnetic properties, there are several different types of anisotropy 

which can be called as magnetocrystalline anisotropy, shape anisotropy and 

magnetoelastic anisotropy. The descriptions of each type of anisotropy will be given 

in the following. 

1.3.1 Magnetocrystalline anisotropy 

Dependence on the orientation of the magnetization relative to the crystalline 

axes is called magnetocrystalline anisotropy. For a simple example, magnetization 

curves for magnetite are shown in figure 1-2.
[16] 

It can be seen that the curves are 

different when measuring along different crystal directions. For magnetite, above 130 

K, <111> is the easy direction of magnetization and <100> is the hard direction of 

magnetization. 

The magnetocrystalline anisotropy mainly originates from spin–orbit interaction. 

In a magnetic material, the spins are coupled via the spin–orbit interaction to the 

orbits which are influenced by the crystal lattice. In principle, also the dipolar 

interaction could contribute to the magnetocrystalline anisotropy. However, for cubic 

crystals the sum of the dipole–dipole energy will be zero due to the special symmetry 

and the contribution can be neglected.
[17]

 

For thin film materials, especially the layered structures (multilayers), the atoms 

located at surface or interface could show very different magnetocrystalline 

anisotropy from that of the bulk atoms due to the reduced symmetry. Such anisotropy 

is called as surface (interface) anisotropy and firstly predicted by N´eel for cubic 

ferromagnetic crystals in 1954.
[18]

 This interface anisotropy is one of the most 

important origin of PMA for the layered structures and will be discussed more 

detailedly in subsequent chapters. 

http://en.wikipedia.org/wiki/Magnetic
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1.3.2 Shape anisotropy 

The shape effect on material's magnetic properties is shape (magnetic dipolar) 

anisotropy. It originates from the long range magnetic dipolar interaction. A 

magnetized matter will produce magnetic charges or poles at the surface. This surface 

charges distribute non-uniformly depending on the shape of matter and result in 

another magnetic field which acts in opposition to the magnetization that produces it, 

called the demagnetizing field. For example, for matters with elliptic shape, the 

demagnetizing field will be smaller if the magnetization is along the long axis than 

that when along the short axis, due to the different distributions of surface charges. 

This brings about an easy axis of magnetization along the long axis.
[19]

 

For thin films, the strong demagnetizing fields are usually responsible for the 

commonly observed in-plane anisotropy. 

1.3.3 Magnetoelastic (Stress) anisotropy 

Before explaining the magnetoelastic anisotropy, I would like to introduce the 

magnetostriction. Magnetostriction is a phenomenon of ferromagnetic materials that 

the sample dimensions change during the process of magnetization. This effect is also 

related to spin-orbit coupling. Upon magnetization, demagnetized crystal will 

experience a strain that can be measured as a function of applied field along the 

principal crystallographic axes.
[20]

 

Magnetoelastic is the ‘inverse’ of magnetostriction. Strain in a ferromagnet can 

also change the magnetocrystalline anisotropy and may thereby alter the direction of 

the magnetization. In another word, a uniaxial stress can produce a unique easy axis 

of magnetization if the stress is sufficient to overcome all other anisotropies. 

For layered structures, residual stresses often occur in magnetic layers due to the 

existences of interface. So the influences from magnetoelastic anisotropy are also 

significant. 

http://en.wikipedia.org/wiki/Magnetic
http://en.wikipedia.org/wiki/Ferromagnetic
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1.4 Thin film recording media for perpendicular recording 

Perpendicular recording requires the recording media to have perpendicular 

magnetic anisotropy, i.e., the easy-magnetization axis is perpendicular to the film 

plane. According to the equation K=KuV, for a given K which maintains the 

magnetization stable, the larger the (effective) anisotropy energy Ku is, more further 

the volume of magnetic grain can be decreased to improve the areal recording density. 

Therefore large anisotropy energy is required for recording media materials. To 

pursue such perpendicular recording media, magnetocrystalline anisotropy, 

magnetoelastic anisotropy and interface anisotropy as introduced above are used to 

obtain strong PMA. On the other hand, from the applied perspective, the magnetic 

grains must be isolated by the non-magnetic surroundings to decouple the magnetic 

grains. In the following, perpendicular recording media popular for now, either 

applied as the media of commercial HDDs or intensively studied as the candidates for 

future media, will be introduced. 

1.4.1 CoCrPt-SiO2 granular film 

Co-Cr alloy has been selected as longitudinal recording media for HDDs since 

1980s, due to the high magnetocrystalline anisotropy and the property of magnetically 

induced phase separation. Then the alloy system extended to the Co-Cr-Pt and 

Co-Cr-Ta alloys in the 1990s.
[21]

 In 2002, Oikawa added SiO2 to Co-Cr-Pt alloy for 

perpendicular recording media. The additive of SiO2 formed good amorphous-like 

boundaries at ambient temperature and enhanced the grain isolation and the CoCrPt 

was in hexagonal closed packed structure with easy-magnetization direction 

perpendicular to the film plane.
[22]

 Now the CoCrPt-SiO2 granular media have been 

widely used in the commercial perpendicular recording HDDs. 
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1.4.2 Co/metal layered structure 

Layered structures or multilayers are periodic stackings of a layer A on a 

different layer of material B. With few exceptions, these layers are polycrystalline and 

highly textured along the growth direction. Because of differences in the lattice 

constant between the two different materials, large strains can develop within 

individual layers. Also, since the layers of these layered structures are very thin 

(below 100 Å), the density of interfaces or the ratio of interfacial atoms along the film 

thickness direction is high. If one layer is magnetic material, then such layered 

structures can be characterized by the common sources of magnetic anisotropy as 

introduced above, i.e., magnetocrystalline anisotropy, magnetoelastic anisotropy and 

interface anisotropy. Therefore, magnetic layered structure should be a vehicle for 

tailoring perpendicular magnetic anisotropy.
[23]

 Carcia et al firstly reported PMA for 

layered structure in Co/Pd system and attributed it to the interface anisotropy which 

was predicted by Néel for thin film materials.
[24]

 Later, PMA was also been found in 

other metal/metal LS, such as Co/Pt, Co/Au, Co/Ru.
[25-27]

 

1.4.3 L10 FePt and CoPt granular film 

Face centered tetragonal (L10 phase) FePt and CoPt alloys have been extensively 

studied as future high density recording media due to the high uniaxial 

magnetocrystalline anisotropy along c-axis. To separate the recording elements, much 

work has been done on CoPt and FePt granular films with various non-magnetic 

matrices such as Al2O3, B2O3, BN.
[28-30]

 However, there still remain problems for 

practical application. One is the high ordering transformation temperature and the 

other is that, it is difficult to magnetize such material by the current magnetic head 

because of the large coercivity. To decrease the ordering temperature, a method of 

alloying with Ag, B and Pb was proposed.
[31-33]

 On the other hand, to solve the writing 

problem, a new recording technology called heat assisted magnetic recording is also 
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found to be effective.
[34]

 

1.5 Objectives of this work 

In the search for candidate recording media, layered structure (or multilayered) 

thin films have drawn much research interest because that, owing to the abundance of 

interfaces, the anisotropy could be dominated by the interface anisotropy which was 

firstly predicted by N´eel. For experiments on layered structures, PMA was first 

observed in the metallic layered structure Co/Pd system in 1985 and then in several 

other Co-based layered structures: Co/Pt, Co/Au, Co/Ru and Co/Ir.
[35]

 The PMA was 

attributed to interface anisotropy due to the broken crystal symmetry at interface as 

introduced above. Later, subsequent research found that the magnetoelastic anisotropy, 

originates from stresses stored in magnetic layer owing to the lattice mismatch at the 

interface, can also contribute to PMA for such metallic layered structures.
[36-37] 

However, the problem is that, interfacial diffusion or mixing often occurs between 

two different metallic layers. This will strongly depress the PMA. 

In contrary to the well-studied metallic layered structures, the metal/ceramic 

layered structure has been seldom studied as recording media. In fact, the 

metal/ceramics interface is expect to show better thermal stability than the 

metal/metal layered structures, especially when annealing at high temperatures. 

Furthermore, the large interface mismatch between metal and ceramic would also 

introduce comparatively high strain/stress in the relatively soft metal layer and thus 

induce strong magnetoelastic anisotropy. In 2007, our group firstly reported PMA in 

metal/ceramics-CoPt/AlN layered structures.
[38]

 The magnetic anisotropy of the films 

changed from in-plane direction to the direction perpendicular to the film plane after 

annealing. In subsequent works, the internal stresses were quantificationally 

studied.
[39]

 It was found that the stresses in CoPt layers undergone a transition from 
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compressive to tensile as annealing temperature increased. Since the CoPt alloy has a 

negative magnetostriction constant, such stress transition will introduce positive 

magnetoelastic anisotropy which favors the perpendicular magnetization. On the other 

hand, the CoPt/AlN interface quality was found to be improved through annealing. 

This can also enhance the interface anisotropy. Therefore, we cannot determine the 

main origin of the PMA in CoPt/AlN layered structures from interface anisotropy and 

magnetoelastic anisotropy. 

To solve this problem, the study of FePt/AlN layered structures is proposed. 

Because the FePt alloy has positive magnetostriction constant, the contributions from 

interface anisotropy and magnetoelastic anisotropy are expected to be separated. 

Moreover, L10-FePt alloy films, which possess large uniaxial magnetocrystalline 

anisotropy energy, have been considered as a promising material for ultrahigh density 

magnetic recording. Recently, much work has been devoted to lowering the ordering 

temperature of FePt alloy, or finding new ways to promote ordering transformation, 

such as electromigration induction.
[40, 41]

 However, there has been little work 

concerning the magnetoelastic effect and interface anisotropy of FePt films. Therefore, 

the study on the magnetic behavior of FePt/AlN layered structures is of great 

significance for the research of both metal/ceramics layered structures and FePt alloy. 

The objectives of this study are as follows: 

(1) To systematically study the magnetic behavior of FePt/AlN layered structures, 

finding out the influencing factors on the magnetic anisotropy. 

(2) To investigate the origin of perpendicular magnetic anisotropy in FePt/AlN 

layered structures and disclose the mechanism of magnetic anisotropy transition in 

the layered structures.  
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1.6 Organization of this thesis 

Chapter 1 Introduction: The background, objectives of this study are given. 

For better understanding, the fundamental of magnetic anisotropy, magnetic recording 

and perpendicular recording media are introduced. 

Chapter 2 Preparation and characterization of FePt/AlN layered structure: 

The experimental methods of layered structure preparation, microstructure 

characterization and magnetic property measurement are introduced. Some typical 

structural results and magnetic properties of FePt/AlN layered structure are also 

given. 

Chapter 3 Magnetic properties of FePt/AlN layered structure: Detail 

experimental results on the magnetic properties of FePt/AlN layered structures with 

different annealing temperatures and FePt layer thicknesses are given. The layered 

structure shows unconventional magnetic anisotropy transition after thermal annealing 

and perpendicular magnetic anisotropy is realized. 

Chapter 4 Mechanism of magnetic anisotropy transition in FePt/AlN 

layered structure: The origin of the perpendicular magnetic anisotropy and the 

mechanisms of magnetic anisotropy transition in FePt/AlN layered structure are 

investigated. The effects of annealing temperature and FePt layer thickness on 

magnetic anisotropy are studied through residual stress and interface quality analyses. 

Chapter 5 Influence of AlN layer thickness on the magnetic anisotropy of 

FePt/AlN layered structure: The results on the magnetic properties of FePt/AlN 

layered structures with different AlN layer thicknesses are shown. It is found that the 

perpendicular magnetic anisotropy of FePt/AlN layered structure can be further 

enhanced by decreasing the AlN layer thickness. The enhancement in perpendicular 

magnetic anisotropy is explained by the influencing mechanism discussed in chapter 
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4.  

Chapter 6 Conclusions: The general conclusions of this study are given. 
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Figure 1-1 Schematic diagrams of the longitudinal recording and 

perpendicular recording. 
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Figure 1-2 Magnetization curves of magnetite. 
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Chapter 2 Preparation and characterization of FePt/AlN 

layered structures 

This chapter presents the experimental techniques employed to fabricate and 

characterize FePt/AlN layered structures in this study. DC magnetron sputtering was 

applied for sample preparation by using a facing target sputtering system. Structural 

properties of the layered structures were investigated by x-ray diffraction (XRD), 

x-ray reflectivity (XRR) and transmission electron microscopy (TEM). Magnetic 

behaviour of the samples was assessed by the vibrating sample magnetometer (VSM). 

Moreover, a series of typical results are also shown in this chapter. 

2.1 Sample preparation 

2.1.1 DC magnetron sputtering 

Sputter deposition has a high degree of significance in thin film science as well 

as in industry. A wide range of materials can be sputter deposited, including high 

purity metallic films, metallic oxides, nitrides and carbides. The thickness of films so 

prepared can range from approximately 1 nm to several microns, and the film 

properties are highly reproducible. The major problems associated with the 

conventional sputtering technique are the low deposition rates and the poor film 

microstructures. A high sputtering gas pressure of ~10 Pa is typically used, otherwise 

the plasma formation process cannot be self-sustained. A great advance in the field of 

sputtering came with the introduction of the magnetron sputtering. The trajectories of 

electrons in the plasma can be diverted in the presence of a magnetic field, leading to 

a certain degree of confinement of electrons around the target surface. This effectively 

increases the chance of ionization of the working gas, permitting a larger deposition 

rate by working at a lower sputtering gas pressure. Plasma stabilization can be 



- 17 - 
 

realized with a working gas pressure as low as tenths of Pa to improve film 

crystallinity, which is impossible for conventional sputtering set-ups.
[1] 

 

In this study, the FePt/AlN layered structures were fabricated by a dual facing 

target DC magnetron sputtering systems. Figure 2-1 shows the schematic diagram of 

the apparatus. As the diagram shows, the apparatus equips with two pairs of facing 

targets. One pair is consisted of two Fe-Pt targets (a Fe plate with diameter of 100mm 

and a 50 diameter Pt plate inserted in the middle of Fe plate compose one target, and 

the atomic ratio of Fe to Pt for deposited films can be adjusted by adding extra small 

Pt plate on the Fe plate), and two Al targets form another pair. Before deposition, the 

sputtering chamber is pumped to a high vacuum below 5×10
-5

 Pa, by a vacuum 

system consisted of a rotary pump and a turbomolecular pump, to obtain high quality 

film. Argon and nitrogen gases are imported into the sputtering chamber as working 

gases by two independent gas lines, and the Ar/N2 flow ratio can be easily controlled 

by the flowmeters. Thus AlN layers of wurtzite structure can be deposited by reactive 

sputtering at Al target side and FePt layers of FCC structure are deposited at the other 

side. During sputtering, the sample holder is rotated to each target side to from the 

FePt/AlN layered structure on the quartz glass substrate. The rotation of the sample 

holder is performed by a programmable motor, so the deposition time can be precisely 

controlled through a computer. 

2.1.2 Vacuum annealing 

The as-deposited FePt/AlN films are annealed in a tube furnace equipped with a 

vacuum system which is consisted of rotary pump and a turbomolecular pump. High 

vacuum (10
-5

 Pa) is achieved to avoid oxidation during annealing process. Annealing 

temperature is real-time monitored by thermocouple and controlled by an 

automatic temperature control system. 

http://en.wikipedia.org/wiki/Turbomolecular_pump
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2.2 Structure characterization 

For layered structures, the interface analysis is of great important. The 

cross-sectional transmission electron microscopy (TEM) and X-ray reflectivity (XRR) 

are quite suitable to investigate the interface. In this section, brief descriptions of 

TEM, XRR, and also, conventional x-ray diffraction (XRD) will be introduced. Some 

typical characterization results of FePt/AlN layered structure will also be given. 

2.2.1 Transmission electron microscopy 

2.2.1.1 Fundamentals of TEM 

Transmission electron microscopy (TEM) is a microscopy technique that uses a 

beam of electrons to transmit through an ultra-thin specimen and obtain the 

microstructure information from the penetrate electrons. The electrons are emitted by 

a source and are focused and magnified by a system of magnetic lenses. The electron 

beam is confined by the two or three condenser lenses which also control the 

brightness of the beam, passes the condenser aperture and hits the sample surface. The 

electrons that are elastically scattered consist the transmitted beams, which pass 

through the objective lens. The objective lens forms the image display, and the 

following apertures, the objective and selected area aperture, are used to choose of the 

elastically scattered electrons that will form the image of the microscope. Finally, the 

beam goes to the magnifying system that is consisted of three lenses, the first and 

second intermediate lenses which control the magnification of the image and the 

projector lens. The formed image is shown on an imaging device, such as 

a fluorescent screen, on a layer of photographic film, or to be detected by a sensor 

such as a CCD camer.
[2]

 

A conventional TEM generally has two working modes, the image mode and the 

diffraction mode. Figure 2-2 shows the ray paths of two different modes. 

http://en.wikipedia.org/wiki/Microscope
http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Fluorescent
http://en.wikipedia.org/wiki/Photographic_film
http://en.wikipedia.org/wiki/CCD_camera
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The objective lens forms a diffraction pattern in the back focal plane with electrons 

scattered by the sample and combines them to generate an image in the image plane. 

Thus, diffraction pattern and image are simultaneously present in the TEM. Which of 

them appears in the object plane of the intermediate lens and then are magnified by 

the projective lens decides the working mode. Switching the location of the object 

pane of the intermediate lens can be easily achieved by changing the strength of the 

intermediate lens.
[3,4]

 

2.2.1.2 Observation for FePt/AlN layered strucure 

In this study, the TEM observations were performed by a JEOL 3010 

transmission electron microscope operating at a voltage of 300kV. The films for TEM 

observations were deposited on Si (100) wafers with a natural silicon oxide surface 

layer, which could provide a similar growth-condition with quartz glass substrate. On 

the other hand, there is a possibility that the layered structure is destroyed after 

annealing. To confirm the formation of the layered structure, film of AlN 

(20nm)/[FePt (2nm)/AlN (20nm)]5 annealing at 500°C for 3 hours was prepared and 

observed. 

Figure 2-3 shows the TEM image of the annealed film. It can be clearly observed 

that the periodic structure of FePt/AlN film is well formed even after annealing. The 

interfaces between FePt and AlN layers are flat and distinct and the degree of 

interface diffusion is seemed to be very low. The darkness of the FePt layers is due to 

the high mass-density of FePt, while the dark areas in the AlN layers are mainly from 

the diffraction contrast. The amount of dark areas in first AlN layer deposited directly 

on the substrate is much less than that in later deposited AlN layers. This indicates the 

crystallinity of AlN layers is improved by depositing on FePt layers, although the AlN 

grains are very small. Moreover, by comparing with the proportional scale shown in 

figure, it is seen that the thicknesses of FePt and AlN layers are equivalent to the 

http://www.microscopy.ethz.ch/lenslight.htm
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design values.   

The electron diffraction pattern of the layered structure is shown in Figure 2-4. A 

FCC FePt (111) diffraction spot which overlaps a wurizite structure AlN (002) spot 

can be observed. This indicates the FePt layer is (111) textured and the AlN layer is 

(002) textured, paralleling to film surface. 

2.2.2 X-ray diffraction 

2.2.2.1 Fundamentals of XRD 

X-ray diffraction is a powerful tool for investigating the crystal structure and the 

morphology of thin films and bulk materials. The method is based on the Bragg 

condition, i.e. constructive interference of waves scattered at the atomic planes 2dsinθ 

= nλ,
 
where d is the distance between the two adjacent atomic planes, λ is the 

wavelength of the x-ray and n is an integer. As the characteristic lattice distance is in 

the range of several Å, X-rays are used as their wavelengths correspond to such a 

small scale. 

θ/2θ scan is the most commonly used scan mode for XRD. Figure 2-5 illustrates 

the specular reflection geometry, which satisfies the condition that the incidence angle 

θ on the surface of the sample equals the reflection angle at the other side of the film 

normal. The incident angle is always half the diffraction angle in this scan mode 

which is therefore called as θ/2θ mode. The detector D rotates at twice speed of the 

sample and the reflected intensity at the angle of 2θ is measured. This arrangement is 

sensitive only to the atomic planes parallel to the surface of the sample. At large 

angles (θ > 10°) the resolved distances are in the range of the interatomic spacing, 

allowing the study of the crystallographic structure of the solids.
[5]

 

For measurements of atomic planes do not parallel to the surface of the sample, 

2θ-ω scan is commonly used. 
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2.2.2.2 Results of FePt single layer and FePt/AlN layered structure 

Conventional XRD measurements (θ/2θ scan) in this study are performed by a 

Bruker D8 Advance diffractometer with Cu Kα irradiation operating at 40kV and 

300mA. To investigate the influences of the formation of layered structure, layered 

structures of AlN (20nm)/[FePt (2nm)/AlN (20nm)]5 and FePt single layer films with 

a thickness equivalent to the total FePt thickness in the layered structure (10nm) were 

prepared and measured. 

Figure 2-6 shows the XRD profiles of the as-deposited layered structure and 

single layer film. It can be seen in Figure 2-6 (a) that the FePt single layer film shows 

poor crystallinity, no obvious diffraction peak can be found. For result of layered 

structure as shown in Figure 2-6 (b), the FePt layer and AlN layer show preferred 

orientations of FCC [111] and HCP [001] parallel to the growth direction, which is 

consistent with TEM observation. What is important is that, comparing to the single 

layer film, the FePt crystallinity is improved. This means the crystallinity of FePt 

layer can also be improved by forming the layered structure (or depositing on AlN 

layers).  

Figure 2-7 shows the XRD profiles of the layered structure and single layer film 

annealed at 500°C for 3 hours. In Figure 2-7 (a), a weak FePt (111) peak are found for 

single layer film, indicating the crystallinity is improved upon annealing. The 

intensities of FePt (111) and AlN (002) peaks of the layered structure as shown in 

Figure 2-7 (b) are also observably increased, confirming the annealing effect on 

crystallinity. Moreover, for annealed layered structure, satellite peaks appears around 

the FePt (111) peak due to the modulation of the periodic structure, which implies the 

interface quality of the FePt/AlN layered structure is enhanced by annealing. 



- 22 - 
 

2.2.3 X-ray reflectivity 

2.2.3.1 Fundamentals of X-ray reflectivity 

The X-ray reflectivity (XRR) measurement is a technique which is used to 

analyze X-ray reflection intensity curves from grazing incident X-ray beam to 

determine thin-film parameters including thickness, density, and surface or interface 

roughness. Simply speaking, if the surface or interface is not perfectly sharp and 

smooth then the reflected intensity will deviate from that predicted by the law of 

Fresnel reflectivity. Then the deviations can be analyzed to obtain the surface or 

interface roughness. The density and film thickness (or period length of layered 

structure) can also be calculated from the critical angle for total reflection.
[6]

 

The X-rays undergo total reflection when incident on a surface of a material at a 

very low grazing angle, which is known as the critical angle for total reflection, θc. 

Figure 2-8 shows the X-ray optics for the cases of the incident angles smaller, equal to, 

and greater than the θc. There is an initial drop of the reflection intensity at the critical 

angle. For layered structure, the period length can be obtained by the equation 

2D               =mλ, where D is the period length of layered structure and m is 

an arbitrary integer.
[7] 

 

2.2.3.2 Measurement of FePt/AlN layered structure 

The x-ray reflectivity measurements in this study are performed by a Bruker D8 

Advance diffractometer with Cu Kα irradiation operating at 40kV and 300mA. 

Figure 2-9 shows the XRR profile of the layered structure of AlN (20nm)/[FePt 

(2nm)/AlN (20nm)]5 annealing at 500°C for 3 hours. In this figure, bragg peak which 

is caused by the modulation of the periodic structure can be clearing observed until 

10°, indicating good periodicity and interface quality for the layered structure. This 

result is in good agreement with the TEM observation and XRD measurement. From 

the bragg peak position and the critical angle for total reflection, the period length is 
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calculated to be 224.85 Å, which is almost equivalent to the design periodic length 

220 Å of the AlN (20nm)/[FePt (2nm)/AlN (20nm)]5 layered structure. 

2.3 Magnetic measurement 

2.3.1 Determination of the magnetic anisotropy 

Hysteresis loop is a closed curve showing the variation of the magnetization of a 

ferromagnetic material with the external magnetic field producing it, when the 

magnetization is changed through a complete cycle. A great deal of information can 

be learned about the magnetic properties of a material by studying its hysteresis loop, 

such as saturation magnetization (Ms), remanence (Mr), coercivity (Hc) and anisotropy 

field (Hk). The determination of the magnetic anisotropy (and effective magnetic 

anisotropy energy) of thin film material is usually performed by measuring the 

hysteresis loops along the in-plane direction and direction perpendicular to the film 

surface.
[8]

 

Figure 2-10 shows the typical hysteresis loops of thin film material with 

perpendicular magnetic anisotropy. It is clear that it is easy to obtain the magnetic 

saturation along perpendicular direction (which means the easy magnetization 

direction is along film normal), whereas an external magnetic field that is equivalent 

to the anisotropy field (Hk) is needed to reach saturation when magnetizing the film 

along in-plane direction. For such a case, we can say the film show perpendicular 

magnetic anisotropy, and the effective magnetic anisotropy energy Keff (Ku for 

materials with uniaxial magnetic anisotropy) is positive and equivalent to the area 

between the perpendicular and in-plane hysteresis loops. For the opposite situation, 

i.e., easy axis of magnetization is along in-plane direction and hard axis is along film 

normal, we say the film show in-plane magnetic anisotropy, and the effective 

magnetic anisotropy energy Keff is negative and also equivalent to the area between 
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the two hysteresis loops. 

2.3.2 Fundamentals of vibrating sample magnetometer 

The hysteresis loop can be obtained by the vibrating sample magnetometer 

(VSM), which measured the magnetic response of the sample with regards to an 

external applied field. Developed by Foner about half a century ago,
[9, 10]

 the VSM is a 

commonly employed technique in the characterization of all kinds of magnetic 

samples, ranging from thin films to bulk materials, with a sensitivity generally down 

to the range of μemu. The technique is non-destructive, and no sample preparation is 

needed in general.  

The principle of the measurement is simple. Sample to be examined is placed in 

the middle of an applied magnetic field, together with a pair of stationary pick-up 

coils. By vibrating the sample in a uniform field, the sample is set into relative motion 

with the pick-up coils and signals (in the form of induced e.m.f., according to the 

Faraday’s Law) are generated in the pick-up coils due to the presence of the 

oscillating magnetic flux from the sample. By calibrating the VSM with a known 

strength of magnetization, absolute values of magnetic moments in the samples along 

the field direction can be obtained. 

2.3.3 Results of FePt single layer and FePt/AlN layered structure 

The hysteresis loops of the FePt/AlN layered structures in this work are 

measured by a RIKIN BHV-50V vibrating sample magnetometer at room temperature. 

The measurements are performed along two directions, parallel and perpendicular to 

the film plane. 

Figure 2-11shows the magnetic hysteresis loops of the as-deposited FePt 10nm 

single layer film and AlN (20nm)/[FePt (2nm)/AlN (20nm)]5 layered structure. In 

figure 2-11 (a), it is clear that the as-deposited FePt single layer film shows strong 

in-plane magnetic anisotropy. Although the FePt/AlN layered structure also shows 

http://dict.youdao.com/w/principle/
http://dict.youdao.com/w/of/
http://dict.youdao.com/w/measurement/
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in-plane anisotropy as shown in figure 2-11 (b), the anisotropy field (Hk) is small 

comparing to the single layer film, indicating the in-plane anisotropy is weakened by 

forming the layered structure. This result is opposite to that of CoPt/AlN layered 

structure, in which the in-plane magnetic anisotropy is enhanced by forming layered 

structure.
[11]

 Another phenomenon needed to be mentioned is that, the saturation 

magnetization of the layered structure is lower than that of single layer film. Since the 

sputtering of the layered structure is carried out with an argon and nitrogen gas 

mixture, a sort of iron-nitride may formed during the sputtering process, and then 

influence the magnetic property of the layered structure. 

Figure 2-12 shows the hysteresis loops of FePt 10nm single layer film and AlN 

(20nm)/[FePt (2nm)/AlN (20nm)]5 layered structure annealed at 500°C for 3 hours. In 

figure 2-12 (a), the annealed FePt single layer film shows enhanced in-plane 

anisotropy. However, for result of the layered structure as shown in figure 2-12 (b), 

the easy direction of the magnetization changes from in-plane to perpendicular 

direction upon annealing, which means PMA is achieved in FePt/AlN layered 

structure. Moreover, the saturation magnetization of the annealed layered structure is 

equivalent to that of single layer film. Because the iron-nitride would decompose 

during annealing, so the influence from nitride can be removed through annealing 

process. 

2.4 Summary 

In summary, FePt/AlN layered structures with designed layer thickness were 

fabricated. Both as-deposited and annealed layered structure show preferred 

orientations of FePt [111] and AlN [001] parallel to the growth direction. The 

crystallinity and interface quality are found to be improved upon annealing. For 

magnetic property, the formation of layered structure can favour the magnetization in 
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perpendicular direction and the thermal annealing shows very different effects on the 

single layer film and layered structure. In next chapter, the effect of annealing and 

FePt layer thickness on magnetic properties of FePt/AlN layered structures will be 

discussed in detail. 
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Figure 2-1 Schematic diagram of the dual facing target DC magnetron 

sputtering apparatus. 
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Figure 2-2 Ray paths of image mode and the diffraction mode. 
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Figure 2-3 Cross-sectional TEM image of FePt/AlN layered structure. 
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Figure 2-4 Electron diffraction pattern of FePt/AlN layered structure. 
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Figure 2-5 Schematic of the θ/2θ scan geometry. 
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Figure 2-6 XRD profiles of the as-deposited (a) FePt 10nm single layer film 

and (b) AlN (20nm)/[FePt (2nm)/AlN (20nm)]5 layered structure. 
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Figure 2-7 XRD profiles of the annealed (a) FePt 10nm single layer film and 

(b) AlN (20nm)/[FePt (2nm)/AlN (20nm)]5 layered structure. 
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Figure 2-9 XRR profile of the annealed AlN (20nm)/[FePt (2nm)/AlN 

(20nm)]5 layered structure. 

Figure 2-8 X-ray optics for the cases of the incident angles 

smaller, equal to, and greater than the critical θc. 
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Figure 2-10 Typical hysteresis loops of thin film material with perpendicular 

magnetic anisotropy. 
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Figure 2-11 Magnetic hysteresis loops of as-deposited (a) FePt 10nm single layer 

film and (b) AlN (20nm)/[FePt (2nm)/AlN (20nm)]5 layered structure. 

Figure 2-12 Magnetic ysteresis loops of annealed (a) FePt 10nm single layer film and 

(b) AlN (20nm)/[FePt (2nm)/AlN (20nm)]5 layered structure. 
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Chapter 3 Magnetic properties of FePt/AlN layered 

structures 

3.1 Introduction 

Thin film materials with perpendicular magnetic anisotropy have been of great 

interest for perpendicular magnetic recording in the recent years.
[1, 2]

 Among them, 

layered structure thin films offer the possibility that, because of the abundance of 

interfaces, the anisotropy is dominated by the existence of interface anisotropy as 

predicted by Néel.
[3]

 For experiments, much work have been done on 

magnetic/nonmagnetic metallic layered structures, such as Co/Pt, Co/Pd, Co/Au.
[4-8] 

In 

the previous work, our group firstly reported perpendicular magnetic anisotropy in 

metal/ceramic layered structure, CoPt/AlN layered structure. The research results of 

CoPt/AlN layered structure have shown the advantage of metal/ceramic layered 

structure for forming sharp interface and then developing strong interface magnetic 

anisotropy. Therefore further study on the magnetic behavior of FePt/AlN layered 

structure to develop potential for such kind of metal/ceramic layered structure is of 

great significance. 

For metallic layered structures, the importance of the sharpness and flatness of 

interfaces for introducing perpendicular magnetic anisotropy has been proved.
[9]

 

Besides that, other factors which can influence the magnetic anisotropy also need to 

be noticed. Theoretical studies indicate the important role of the band structure in 

achieving PMA. In general, an increase in the anisotropy can be expected when the 

energy separation of the electronic states, one located below and the other above the 

Fermi level, will be reduced.
[10]

 Such situation can occur only for a special symmetry 

and an appropriate position of Fermi level, which is strongly dependent on the alloy 
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composition and crystal texture. On the other hand, the contributions from such 

interface magnetic anisotropy are also influenced by the interface/volume atomic ratio 

as a matter of course. 

In this chapter, the magnetic properties of FePt/AlN layered structure with 

different FePt alloy compositions have been systematically studied. The results of the 

influences of annealing temperature and FePt layer thickness on magnetic properties 

will be given as following. 

3.2 Experimental parameter 

Table 3-1 shows the experimental parameters used in this study. As seen in this 

table, FePt/AlN layered structures with different FePt alloy compositions, Fe50Pt50, 

Fe45Pt55 and Fe40Pt60, have been fabricated in this study. The emphasis of the study 

is placed on the Fe40Pt60 layered structures, which are showing strong perpendicular 

magnetic anisotropy. In this thesis, except for special remarks, all the FePt/AlN 

layered structures refer to the Fe0.4Pt0.6/AlN layered structures. 

3.3 Fe50Pt50/AlN layered structures 

Figure 3-1 shows the magnetic hysteresis loops of the AlN (10nm)/[Fe0.5Pt0.5 

(2nm)/AlN (10nm)]5 layered structures annealing at 500°C, 600°C and 700°C for 3 

hours. The as-deposited film shows in-plane magnetic anisotropy, which means the 

easy magnetization direction is along the film plane, mainly due to the shape 

anisotropy (or demagnetizing field) of the FePt layers. Upon annealing, such in-plane 

anisotropy is weakened. The films turn to isotropy, a situation of similar 

magnetization behavior between the in-plane direction and perpendicular direction, 

when annealing at 500°C and 600°C. However, the in-plane anisotropy appears again 

in film annealed at 700°C, and the coercivity slightly increased. No perpendicular 

http://dict.youdao.com/w/experimental/
http://dict.youdao.com/w/parameter/
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magnetic anisotropy has been observed in this set of layered structures. 

Figure 3-2 shows the XRD profiles of the AlN (10nm)/[Fe0.5Pt0.5 (2nm)/AlN 

(10nm)]5 layered structures annealing at 500°C, 600°C and 700°C. All the films show 

preferred orientations with AlN [001] and FePt [111] parallel to the growth direction. 

As temperature increases, the intensities of the both AlN 002 and FePt 111 peak 

increases correspondingly, indicating the improvement of the crystal quality and the 

preferred orientation. For annealed layered structures, satellite peaks appears around 

the FePt (111) peak. That is to say, the periodic structure of the FePt/AlN films has not 

been broken during annealing in this work, even at 700°C. On the contrary, the 

periodicity was improved. 

Figure 3-3 shows the magnetic hysteresis loops of the AlN (10nm)/[Fe0.5Pt0.5 

(2.5nm)/AlN (10nm)]5 layered structures annealing at 500°C, 600°C and 700°C. As 

seen in this figure, the in-plane magnetic anisotropy of the as-deposited layered 

structures is stronger than that of as-deposited FePt 2nm layered structure. At an 

annealing temperature of 500°C, this in-plane anisotropy grows weak, and then turns 

to isotropy at 600°C. When annealing at 700°C, the layered structure show in-plane 

anisotropy again. 

Figure 3-4 shows the magnetic hysteresis loops of the AlN (10nm)/[Fe0.5Pt0.5 

(3nm)/AlN (10nm)]5 layered structures annealing at 500°C, 600°C and 700°C. It is 

clear that the in-plane anisotropy gets further stronger than that of layered structures 

with smaller FePt layer thickness. This thickness effect indicates the important role of 

interface/volume atomic ratio in determining the anisotropy of layered structures. 

Upon annealing below 700°C, the in-plane anisotropy is gradually weakening as well 

as described above. 

Figure 3-5 shows the magnetic hysteresis loops of the AlN (10nm)/[Fe0.5Pt0.5 

(4nm)/AlN (10nm)]5 layered structures annealing at 500°C, 600°C and 700°C. The 
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layered structures show similar behavior of magnetic anisotropy with films introduced 

above. However, a phenomenon needed to mention is that, the coercivity of the 

layered structure annealed at 700°C is obviously increased. It is well-know that a 

variety of factors can influence the coercivities of ferromagnetic films, e.g., growth 

conditions,
[11]

 crystalline grain size
[12]

 and internal stress
[13]

. We believe the stress 

transition in FePt layers, which will be discussed in chapter 4, may be one reason for 

this increase of coercivity. For another consideration, it may be because of the 

occurrence of disordering-ordering transformation. For FePt alloy, a 

disordering-ordering transformation may occur during annealing. In that case, the alloy 

will transform from a disordered FCC phase to an ordered FCT phase which can 

introduce great magnetocrystalline anisotropy along <001> direction and significantly 

improve the coercivity. Therefore, the increase of the coercivity may be also due to the 

beginning of the ordering transformation when annealing at high temperature. 

In summary, the works on the AlN (10nm)/[Fe0.5Pt0.5 (t)/AlN (10nm)]5 (t is the 

thickness of FePt layer) layered structures have been introduced in this section. By 

fixing the AlN layer thickness to 10nm, the influences of annealing temperature and 

FePt layer thickness on magnetic properties have been studied. It is found that the 

as-deposited Fe0.5Pt0.5/AlN layered structures show in-plane magnetic anisotropy, and 

such in-plane anisotropy is enhanced as the FePt layer thickness increases. This 

indicates the important role of interface/volume atomic ratio in determining the 

anisotropy of layered structures. Upon annealing, the in-plane anisotropy is gradually 

weakened till the films show isotropy, which means the annealing can favour the 

magnetization along perpendicular direction. However, no perpendicular magnetic 

anisotropy has been observed in Fe0.5Pt0.5/AlN layered structures. 
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3.4 Fe45Pt55/AlN layered structures 

Figure 3-6 shows the magnetic hysteresis loops of the AlN (10nm)/[Fe0.45Pt0.55 

(2.5nm)/AlN (10nm)]5 layered structures annealing at 400°C, 500°C and 600°C for 3 

hours. Although the as-deposited film show in-plane magnetic anisotropy as well as 

Fe0.5Pt0.5/AlN layered structure, the anisotropy of the layered structure can be altered 

through annealing. It can be seen that, the easiness of perpendicular magnetization 

increases as the annealing temperature increases. And when further increasing 

annealing temperature to 600°C, the magnetization easy axis changes from the 

in-plane direction to the perpendicular direction, which means perpendicular magnetic 

anisotropy is achieved though the effective magnetic anisotropy energy (the area 

between the perpendicular and in-plane magnetic hysteresis loops) is low. Therefore, 

by varying the FePt alloy composition, perpendicular magnetic anisotropy has been 

observed in Fe0.45Pt0.55/AlN layered structures. 

3.5 Fe40Pt60/AlN layered structures 

According to the results of Fe0.5Pt0.5 and Fe0.45Pt0.55 layered structures, we have 

found that the relatively low content of Fe in FePt layer is beneficial to obtain 

perpendicular magnetic anisotropy. In this section, the results of the AlN 

(20nm)/[Fe0.4Pt0.6 (t)/AlN (20nm)]5 layered structures will be given. The AlN layer 

thickness is fixed at 20nm, while the FePt layer thickness is varied in a wide range 

(from 1nm to 10nm) to systematically study the influences of FePt layer thickness and 

annealing temperature on magnetic properties of the layered structure. 

Figure 3-7 shows the magnetic hysteresis loops of the as-deposited AlN 

(20nm)/[Fe0.4Pt0.6 (t)/AlN (20nm)]5 (t is the thickness of FePt layer and is varied from 

1nm to 10nm) layered structures. It is found that the layered structure of t = 1nm 
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shows superparamagnetic behavior, implying the critical thickness for the 

superparamagnetic/ferromagnetic transition of FePt layer at room temperature is 

between 1nm and 1.5nm. This result is different from that of CoPt/AlN layered 

structure, which shows a critical thickness between 0.5nm and 1nm. It may be 

resulted from the low magnetocrystalline anisotropy of FCC FePt. The film of t = 

1.5nm shows magnetic isotropy, whereas the FePt single layer film shows strong 

in-plane magnetic anisotropy as introduced in chapter 2. Therefore, the formation of 

the layered structure can strongly favor the magnetization along perpendicular 

direction for FePt film. When the FePt layer thickness increases to 2nm and above, 

the layered structures show in-plane magnetic anisotropy, which is mainly due to the 

shape anisotropy of FePt layer. A phenomenon needed to pay attention is that, the 

extent of such in-plane magnetic anisotropy increases obviously as FePt layer 

thickness increases from 1.5nm to 5nm, indicating the magnetic anisotropy of layered 

structure is strongly dependent on the interface/volume atomic ratio owing to the large 

influence from interfacial atoms. However, the influence of interfacial atoms seem 

that it can be neglected comparing to that of volume atoms when the FePt layer 

thickness increases to 9nm, because the extents of the in-plane anisotropy of t = 9nm 

and t = 10nm layered structures are almost the same. No perpendicular magnetic 

anisotropy has been observed in as-deposited layered structures. 

Figure 3-8 shows the magnetic hysteresis loops of the AlN (20nm)/[Fe0.4Pt0.6 

(t)/AlN (20nm)]5 (t is the thickness of FePt layer in the unit of nanometer) layered 

structures annealed at 300°C. It can be seen that, the annealed layered structure of t = 

1nm remains in superparamagnetic state. However, one obvious difference from the 

as-deposited films is that the perpendicular magnetic anisotropy has been observed in 

the annealed FePt/AlN layered structure of t = 1.5nm. When t = 2nm, the layered 

structure shows magnetic isotropy, and the magnetization easy axis changes to the 
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in-plane direction again when the FePt layer thickness further increases to 3nm and 

above. By comparing to the results of the as-deposited films, we found the annealing 

can favor the magnetization along perpendicular direction for the layered structures of 

t = 1.5nm, 2nm and 3nm. Nevertheless, what is interesting is that the annealing shows 

different effect on the magnetic behavior of the layered structures with thicker FePt 

layer thickness. As seen in this figure, the layered structure of t = 5nm shows the same 

magnetic behavior with as-deposited one, and the in-plane magnetic anisotropy of the 

layered structures of t = 7nm, 9nm and 10nm is enhanced by annealing. Therefore, the 

annealing favors the magnetization along perpendicular direction in the FePt layer 

thickness range of 1.5nm to 3nm, while favors the in-plane magnetization for the 

layered structures of t = 7nm, 9nm and 10nm. About the FePt layer thickness effect, 

the magnetic anisotropy of the layered structure gradually changes from perpendicular 

to in-plane direction as the FePt layer thickness increases. Lager FePt layer thickness 

results in stronger in-plane magnetic anisotropy as the same as the as-deposited 

layered structures. 

Figure 3-9 shows the magnetic hysteresis loops of AlN (20nm)/[Fe0.4Pt0.6 (t)/AlN 

(20nm)]5 (t is the thickness of FePt layer in the unit of nanometer) layered structures 

annealed at 500°C. The 500°C annealed layered structures show similar behavior of 

magnetic anisotropy with the 300°C annealed layered structures. The perpendicular 

magnetization of the layered structures of t = 1.5nm, 2nm and 3nm is further 

enhanced by annealing, as a result, the critical FePt layer thickness for the transition 

of perpendicular/in-plane magnetic anisotropy is about 3nm, whereas the critical 

thickness for the 300°C annealed layered structures is 2nm. The increase in the critical 

FePt layer thickness indicates that some positive contributions to the perpendicular 

magnetic anisotropy are enhanced by increasing the annealing temperature. Therefore, 

comparatively strong perpendicular magnetic anisotropy can be observed in the 



- 44 - 
 

layered structures of t = 1.5nm, 2nm. On the other hand, this strong perpendicular 

magnetic anisotropy falls off and turns to in-plane anisotropy as the FePt layer 

thickness increases, and the in-plane magnetic anisotropy of the layered structures of t 

= 7nm, 9nm and 10nm is also further enhanced by annealing comparing to the 300°C 

annealed layered structures. Since the layered structure of t = 5nm still shows the 

same behavior of magnetic anisotropy with the as-deposited and the 300°C annealed 

layered structures, it seems that t = 5nm is the critical FePt layer thickness for the 

different annealing effects on the magnetic properties of the FePt/AlN layered 

structure. 

Figure 3-10 shows the magnetic hysteresis loops of AlN (20nm)/[Fe0.4Pt0.6 

(t)/AlN (20nm)]5 (t is the thickness of FePt layer in the unit of nanometer) layered 

structures annealed at 700°C. The perpendicular magnetic anisotropy has been also 

observed in the layered structures of t = 1.5nm, 2nm. Although the increase in the 

FePt layer thickness switches the layered structure to be in-plane magnetic anisotropic 

as the same as the films annealed at low temperatures, the extent of the in-plane 

magnetic anisotropy increases more slowly. This means the in-plane magnetic 

anisotropy of layered structures with thick FePt layer is suppressed when annealing at 

700°C.  

Another important feature in this figure is the increases of coercivity. It is seen 

that the coercivities of the layered structures of t = 1.5nm, 2nm and 3nm slightly 

increases comparing to the layered structures annealed at low temperatures. We 

believe the stress transition in FePt layers, which will be discussed in chapter 4, may 

be one reason for this increase. For the layered structures of t = 5nm, 7nm, 9nm and 

10nm, the coercivities increase obviously and the in-plane and out-of-plane 

(perpendicular direction) coercivities are almost identical, which may be due to the 

occurrence of disordered-ordered transformation of FePt alloy. Commonly, the 
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as-prepared FePt layer or nanoparticles are in chemically disordered A1 phase with 

very low magnetocrystalline anisotropy. The A1 phase has face centered cubic (FCC) 

structure and the two atoms occupy the FCC sites randomly. Upon annealing, it can 

transform into chemically ordered L10 phase, which has face centered tetragonal 

(FCT) structure and the two atom species from alternating atomic layers. Due to 

strong spin-orbit coupling of the Pt 5d electrons such L10 phase has very large 

magnetocrystalline anisotropy,
[14]

 and the easy axis is along [001] direction.
[15]

 Since 

the FePt layers in the layered structures are (111) textured, about 55° away from the 

[001] direction, the influences from ordered transformation will result in a trend to 

magnetic isotropy in FePt/AlN layered structure and increase the coercivities of both 

in-plane and perpendicular directions. Moreover, the ordered transformation is a size 

dependent effect,
[16]

 and the characteristic size for the two-dimensional FePt layer is 

the thickness. Thus the ordered transformation could occur in the layered structures 

with thick FePt layer. 

3.6 Summary 

In this chapter, the results of FePt/AlN layered structure with different FePt alloy 

compositions have been introduced. The influences of annealing temperature and FePt 

layer thickness on magnetic properties of the layered structures have been 

systematically studied. It is found that: 

1. Perpendicular magnetic anisotropy has been observed in annealed Fe0.45Pt0.55 and 

Fe0.4Pt0.6 layered structures. 

2. The as-deposited Fe0.4Pt0.6 (t)/AlN layered structures of t = 1.5nm shows magnetic 

isotropy, indicating the formation of the layered structure and the relatively low 

content of Fe in FePt layer is beneficial to the magnetization along perpendicular 

direction. 
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3. As the FePt layer thickness increases, the layered structures tend to show in-plane 

magnetic anisotropy. And such in-plane anisotropy further increases with the 

increasing of the FePt layer thickness. 

4. Upon annealing, the magnetizations along perpendicular direction of the layered 

structures with small FePt layer thickness (t = 1.5nm, 2nm and 3nm) are gradually 

enhanced as the annealing temperature increases. The perpendicular magnetic 

anisotropy can be observed in annealed layered structures with FePt layer 

thickness below 3nm. However, for the layered structures with large FePt layer 

thickness (t = 7nm, 9nm and 10nm), the in-plane magnetizations are enhanced by 

the annealing process. 

It is interesting that the layered structure can undergo a gradual transition from 

in-plane anisotropy to perpendicular magnetic anisotropy with increasing annealing 

temperature, and the annealing shows different effects on magnetic property in the 

different FePt layer thickness ranges. The origin of the perpendicular magnetic 

anisotropy found in annealed layered structure and the mechanisms of the FePt layer 

thickness and annealing effects on magnetic property will be detailed discussed in the 

next chapter. 
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Table 3-1 Sputtering parameters 

 

 

 

 

 

 

 

 

Base pressure Below 5×10
-5

 Pa 

Sputtering gas Ar: 3.5sccm N2: 1.5sccm 

Sputtering pressure 0.2 Pa 

Deposition rate FePt: 0.1nm/s  AlN: 0.089nm/s 

Substrate temperature Room temperature 

Sputter power FePt: 80W  Al: 80W 

Substrate Quartz glass 

Film configuration 

Sub/AlN(tAlN)/[FePt( tFePt )/AlN ( tAlN )]5 

tFePt = 1, 1.5, 2, 3, 5, 7, 9, 10nm 

tAlN =5, 10, 20, 40nm 

FePt alloy composition Fe50Pt50, Fe45Pt55, Fe40Pt60 

Annealing condition 
500°C, 600°C, 700°C 

3 hours 
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Figure 3-1 Magnetic hysteresis loops of the AlN (10nm)/[Fe0.5Pt0.5 (2nm)/AlN 

(10nm)]5 layered structures annealing at 500°C, 600°C and 700°C for 3 hours. 
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Figure 3-2 XRD profiles of the AlN (10nm)/[Fe0.5Pt0.5 (2nm)/AlN (10nm)]5 layered 

structures annealing at 500°C, 600°C and 700°C. 
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Figure 3-3 Magnetic hysteresis loops of the AlN (10nm)/[Fe0.5Pt0.5 (2.5nm)/AlN 

(10nm)]5 layered structures annealing at 500°C, 600°C and 700°C. 
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Figure 3-4 Magnetic hysteresis loops of the AlN (10nm)/[Fe0.5Pt0.5 (3nm)/AlN 

(10nm)]5 layered structures annealing at 500°C, 600°C and 700°C. 
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Figure 3-5 Magnetic hysteresis loops of the AlN (10nm)/[Fe0.5Pt0.5 (4nm)/AlN 

(10nm)]5 layered structures annealing at 500°C, 600°C and 700°C. 
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Figure 3-6 Magnetic hysteresis loops of the AlN (10nm)/[Fe0.45Pt0.55 (2.5nm)/AlN 

(10nm)]5 layered structures annealing at 400°C, 500°C and 600°C for 3 hours. 
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Figure 3-7 Magnetic hysteresis loops of the as-deposited AlN (20nm)/[Fe0.4Pt0.6 

(t)/AlN (20nm)]5 layered structures. 
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Figure 3-8 Magnetic hysteresis loops of the AlN (20nm)/[Fe0.4Pt0.6 (t)/AlN 

(20nm)]5 layered structures annealed at 300°C. 
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Figure 3-9 Magnetic hysteresis loops of AlN (20nm)/[Fe0.4Pt0.6 (t)/AlN 

(20nm)]5 layered structures annealed at 500°C. 
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Figure 3-10 Magnetic hysteresis loops of AlN (20nm)/[Fe0.4Pt0.6 (t)/AlN 

(20nm)]5 layered structures annealed at 700°C. 



- 60 - 
 

Chapter 4 Mechanism of magnetic anisotropy transition in 

FePt/AlN layered structures 

4.1 Introduction 

Layered structures (multilayer films) with perpendicular magnetic anisotropy 

(PMA) have drawn much research interest for their potential applications in high 

density magnetic recording.
[1, 2] 

Figure 4-1 shows the schematic of the layered 

structure. Because of the abundance of interfaces, layered structures offer the 

possibility that the anisotropy can be dominated by the contributions of interfacial 

atoms. Carcia et al firstly reported PMA for layered structure (LS) in Co/Pd 

system.
[3,4] 

They found Pd/Co layered structures have PMA when the Co layer is 

below 8Å and a inverse Co thickness dependence of anisotropy energy and anisotropy 

field, then attributed the PMA to the interface anisotropy which is originated from the 

lowered symmetry at the interface, as theoretically predicted by Néel for thin film 

materials.
[5]

 Later, PMA has also been found in other metal/metal LS, such as Co/Pt,
[4]

 

Co/Au, Co/Ru.
[6]

 Such interface anisotropy can be enhanced by improving the 

interface quality. den Broeder et al
[7]

 reported that for Co/Au LS, the films show PMA 

until the Co thickness is 14Å after annealing at 250-300°C, and explained this effect 

by a strongly enhanced interface anisotropy, which is due to sharpening of the 

interfaces. G. Gubbiotti et al have also studied the effect of annealing on magnetic 

properties of Co/Au LS at 250°C, and confirmed the enhancement of PMA for LS 

with Co thickness 9 and 12 Å.
[8]

 

Magneto-elastic effect is another important source of PMA for layered structures. 

Chappert et al
[9]

 suggested that large strains can develop within layers because of the 

lattice mismatch at the interface, and such strain can significantly contribute to the 



- 61 - 
 

anisotropy of layered structures via magnetostriction effect. Lee et al
[10]

 also 

considered that, for Co/Au and Co/Cu LS, magneto-elastic effect is the main source of 

PMA, and then explained the thickness dependence of anisotropy solely by the misfit 

strain variations in Co layer, which is caused by the coherent–incoherent transition as 

described by van der Merwe.
[11]

 In our previous work we have firstly reported PMA 

in magnetic alloy/nitride-CoPt/AlN layered structures.
[12]

 Good consistence between 

anisotropy transition and in-plane stress change strongly implies the contribution from 

magneto-elastic anisotropy. 

In the previous chapter, we have found the perpendicular magnetic anisotropy in 

FePt/AlN layered structures. The perpendicular magnetic anisotropy appears after 

annealing, and the annealing shows different effects on magnetic property in the 

different FePt layer thickness ranges. In this chapter, the origin of the perpendicular 

magnetic anisotropy in annealed layered structure and the mechanisms of the FePt 

layer thickness and annealing effects on magnetic property will be investigated from 

the aspects of residual stress and interface quality.  

4.2 Origin of perpendicular magnetic anisotropy in FePt/AlN layered 

structure 

In chapter 3, we found the layered structure can undergo a gradual transition 

from in-plane anisotropy to perpendicular magnetic anisotropy with increasing 

annealing temperature. This interesting behavior is distinct from the well-studied 

metallic layered structures. In this section, the mechanism of such annealing 

temperature dependence of magnetic anisotropy will be studied using the AlN 

(20nm)/[FePt (2nm)/AlN (20nm)]5 layered structure, which clearly shows the 

anisotropy transition when annealing at different temperatures. 

4.2.1 Magnetic properties of AlN (20nm)/[FePt (2nm)/AlN (20nm)]5 layered 
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structure 

A series of hysteresis loops (M/H) taken from 

Sub/AlN20nm/(FePt2nm/AlN10nm)5 layered structures annealed at different 

temperatures are shown in figure 4-2. The transition from in-plane anisotropy to PMA 

with increasing annealing temperature can be observed. The as-deposited film (figure 

4-2a) shows in-plane anisotropy with magnetic anisotropy energy of -0.51×10
6 

erg/cc. 

And then there is a crossover at an annealing temperature of 300 °C, the 

magnetization behaviors in the in-plane and perpendicular directions becomes almost 

the same (figure 4-2b). When annealed at 400 °C, the film shows clearly an easy axis 

of magnetization perpendicular to the film plane with a high remanent magnetization 

to saturation magnetization ratio in perpendicular direction (figure 4-2c). Then the 

magnetization in the in-plane direction becomes harder as annealing temperature 

further increases. When annealed at 600 °C, the film shows a relatively strong PMA 

with magnetic anisotropy energy of 1.06×10
6 

erg/cc (figure 4-2e). However, it drops 

to 0.95 ×10
6 

erg/cc for the film annealed at 700°C (figure 4-2f). 

4.2.2 Microstructure 

From the conventional x-ray diffraction results, as shown in figure 4-3, both 

as-deposited and annealed LS show preferred orientations of FePt [111] and AlN 

[001] parallel to the growth direction. After annealing, the intensities of the both FePt 

111 and AlN 002 peak increases correspondingly, indicating the improvement of the 

crystalline quality and the preferred orientation. When annealing at temperatures 

above 500°C, highly symmetrical satellite peaks as a symbol of a periodic structure 

have been found around the FePt 111 peak, which stands for the interface quality of 

the FePt/AlN LS are enhanced by annealing in this work. Another phenomenon 

needed to mention is that the peak position of FePt 111 shifts to higher angles with the 

increasing of annealing temperature, meaning the reduction of FePt (111) interplanar 
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distance. The structure of the films was also characterized by electron diffraction 

using TEM. The electron diffraction pattern was taken from the LS annealed at 500°C, 

which was deposited on Si (100) wafer with a natural silicon oxide surface layer. 

From the inset figure in figure 4-3, a FePt (111) diffraction spot overlapping AlN 

(002) spot can be observed. This confirms the texture orientation of LS obtained by 

XRD. It also should be noted for FePt alloy, a disordered-ordered transformation may 

occur during annealing. In that case, the alloy will transform from a disordered FCC 

phase to an ordered FCT (L10) phase which possesses strong uniaxial 

magnetocrystalline anisotropy parallel with c-axis direction and can significantly 

increase the coercivity.
[13-15]

 In the present work, no diffraction spot for the FePt (002) 

is found and all the films show relative small coercivity, so it is reasonable to consider 

that no order transformation occurred.  

4.2.3 Stress analysis 

The reduction in interplanar distance of FePt (111) orientated parallel with film 

surface strongly implies an in-plane stress transition tending to tensile inside the FePt 

layers. In order to understand the origin of PMA in this work, the stress change with 

annealing temperature was studied. 

4.2.3.1 Fundamental of stress measurement by X-ray diffraction method 

The X-ray diffraction method is expected to be one of the most useful techniques 

to measure the residual stress in polycrystalline thin films. The traditional XRD 

method for residual stress measurement is known as the sin
2
ψ method, which is based 

on the measurement of the shift of a diffraction peak position recorded for different ψ 

angles.
[16, 17]

 In this approach, a specific diffraction plane is selected and the 

interplanar spacing is measured from a coupled θ–2θ scan (standard Bragg–Brentano 

(B-B) geometry) of the specimen at different specimen tilt angle ψ—the angle 

between the diffracting plane normal and the specimen surface normal. Thereafter the 
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residual strain can be derived from the slope of a linear plot between the fractional 

change of the plane spacing (i.e. strain) and sin
2
ψ. In most cases a biaxial stress model 

is then used for thin film materials to convert the strain measured to the stress. 

As shown in figure 4-4, the biaxial surface stress field is defined by the principal 

residual and/or applied stresses, σ1 and σ2, with no stress normal to the surface. The 

stress to be determined is the stress, σΦ, lying in the plane of the surface at an angle, Φ, 

to the maximum principal stress, σ1. The direction of measurement is determined by 

the plane of diffraction. The stress in any direction (for any angle, Φ) can be 

determined by rotating the specimen in the x-ray beam. If the stress is measured in at 

least three different directions, the principal stresses and their orientation can be 

calculated. Consider the strain vector, εΦψ, lying in the plane defined by the surface 

normal and the stress, σΦ, to be determined. εΦψ is at an angle ψ, to the surface normal, 

and can be expressed in terms of the stress of interest and the sum of the principal 

stresses as εΦψ=((1 + v)/E)σΦ sin
2
ψ− (v/E)( σ1 + σ2). If we express the strain in terms of 

the crystal lattice spacing as εΦψ=(dΦψ−d0)/d0, where d0 is the stress-free lattice 

spacing, the strain becomes the lattice spacing measured in the directionΦ, ψ.
[18]

 

However, the problem encountered in using this method is that the change of 

interplanar spacing is not solely due to the strain in all the cases. In generally, the 

interplanar spacing can be affected by the strain, symmetry change and crystal lattice 

distortion caused by other reasons. Therefore, the interplanar spacing change in the 

equation above stands for the total lattice distortion, not the strain. It will bring errors 

when evaluating the stress by this total crystal lattice distortion.  

To solve this problem, a method which evaluates the stress via primitive cell was 

proposed by our group. Figure 4-5 shows the schematic of FCC unit cell, in which red 

lines compose the primitive cell of FCC lattice. If there is no lattice distortion in the 

crystal, we can get ap =aFCC, bulk/  ,  = 60°, where ap, aFCC, bulk are the lattice 
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constants of the primitive cell and FCC unti cell (bulk value) respectively,  is the 

lattice angle of primitive cell. Therefore, the lattice distortion can be exactly described 

by the change of the lattice parameter of primitive cell. For example, the schematic of 

the FePt (111) textured structure is shown in figure 4-6. If there is no lattice distortion, 

the lattice parameters of primitive cell are equivalent to bulk values. When ap is larger 

than the bulk value and remains unchanged, this stands for a simple expansion. If 

the is larger than 60°, this means the crystal texture is undergoing a tensile stress. 

For (111) textured film,  can be obtained by measuring the interplanar distances 

of (111) and (11-1) planes at ψ = 0° and 70.5°, respectively. The interplanar distance 

of primitive cell can be expressed as  
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4.2.3.2 Stress evaluation for AlN (20nm)/[FePt (2nm)/AlN (20nm)]5 layered 

structure 

The residual stresses in thin film is in most cases under the plane stress state, and 

considering the FePt layers have fiber texture with the axis of <111> perpendicular to 

the film surface, it is reasonable to assume a state of equi-biaxial stress, i.e. σ1=σ2=σ‖, 

σ3=0, where σ‖is the stress of any direction in the film plane. Therefore, the in-plane 

stresses can be derived by measuring the interplanar distance of FePt {111} planes at 

ψ=0° and 70.53°. 

Figure 4-7 shows the 2θ-ω XRD profiles of layered structures with different 

tilting angle of scattering vector, ω=0° (figure 4-7(a)) and ω=70.53° (figure 4-7(b)), 

with respect to the film normal. Peak fittings were performed and the interplanar 

distances were specified by software highexpert. Then the in-plane stresses can be 

derived with S11=8.24×10
−3

 GPa
−1

, S12=−3.41×10
−3

 GPa
−1

 and S44=10.5×10
−3

 GPa
−1

, 

which are calculated from the stiffness tensor of bulk FCC FePt crystals (C11=291.2 

GPa, C12=205.3 GPa and C44=95.1 GPa).
[19]

 

The lattice angle of primitive cell are plotted with annealing temperature and 

shown in figure 4-8. And the in-plane stresses are also plotted with annealing 

temperature and shown in figure 4-9. Large compressive stresses are found in the 

as-deposited film. Upon annealing, such stresses are gradually released as temperature 

increases. When annealed at 700 °C, the stresses turn to tensile. Generally speaking, 

stresses in thin films have three main origins: intrinsic stresses (usually compressive) 

brought about by the nature of the sputtering process; thermal stresses due to the 

differences in thermal expansion coefficients of two constituents and stress caused by 

lattice mismatch between two dissimilar layers.
[20,21]

 We believe the stress transition in 

the FePt layer can be attributed to the relaxation of in-plane compressive stress 

through annealing and the interfacial constraints coming from AlN layer. It is known 
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that FePt alloy has a thermal expansion coefficient in bulk value more than twice as 

large as AlN,
[22]

 so the contraction of FePt layers along the in-plane directions will be 

restricted by AlN layer in the cooling process after annealing, then a tensile stress can 

be introduced. 

 The existence of stress can affect the magnetic anisotropy in the form of 

magnetoelastic energy. The magneto-elastic energy per unit volume inside a film is 

given by Eme=－(3/2)λσcos
2
θ,

[23]
 where λ is the magnetostriction constant along the 

magnetization direction, σ is the stress and θ is the angle between the magnetization and 

stress directions. It is known that the FePt alloy has a positive magnetostriction 

constant,
[24, 25]

 so in-plane compressive stresses (σ<0) can result in a positive 

magnetoelastic anisotropy which favours the magnetization in perpendicular direction 

according to the equation above. However, the PMA of the annealed layered 

structures cannot be explained solely by the magnetoelastic effect, because the 

as-deposited films undergo larger compressive stress, nevertheless, they show 

in-plane magnetic anisotropy. 

4.2.4 Interface quality analysis 

As mentioned above, the interface quality plays an important role in determining 

the interface anisotropy. Draaisma et al
[26]

 also reported higher interface anisotropy 

for vapor-deposited Co/Pd LS which was attributed to their sharper interfaces. 

However, for M/M films, interfacial diffusion is often occurred accompanying by the 

weakening of the satellite reflections and a decrease of the anisotropy.
[27]

 According 

to the XRD results (figure 4-3) shown above, it is found that the interfacial diffusion 

are effectively avoided by using nitride AlN layers and the interface quality is 

improved by annealing process. To confirm this effect of annealing on the interface 

quality, XRR measurement and TEM observation were performed. Figure 4-10 shows 

the XRR profiles of the films annealed at different temperatures. A number of 
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superlattice peaks can be identified for all the films, indicating good periodicity of the 

layered structures. What is important is that, the decay rate of amplitude of the 

oscillation at higher angles decreases with increasing annealing temperature. This 

suggests that the sharpness and flatness of interfaces are gradually improved by 

annealing. The TEM image as shown in figure 4-11 is taken from the film annealed at 

500°C. The image reveals flat and distinct interfaces between FePt and AlN layers, 

which confirm such improvement. The annealing effect on interface flattening can be 

explained by the removal of defects and the coalescence of grains. On the other hand, 

den Broeder et al suggested a backward diffusion between two insoluble layers, 

which meant the mixed regions could turn back to the pure layers by thermal 

treatment. They found the Co/Au interfaces become sharper due to this "negative" 

diffusion by annealing at 250°C or 300°C, but when annealed at 400°C the periodic 

structure was found to be destroyed.
[7]

 In this work, it is proved that the interface 

quality can be improved through annealing until relative higher temperature, while the 

periodic structure is maintained. 

4.2.5 Discussions on the origin of perpendicular magnetic anisotropy in FePt/AlN 

layered structure 

It is known that the interface anisotropy arises from the asymmetric environment 

of interface atoms as compared with bulk atoms, so it is very sensitive to the precise 

distribution of magnetic and nonmagnetic atoms at the interface. With a rough 

interface, some in-plane neighbors are lacking, leading to a reduction of this 

asymmetry as compared to atoms located at the middle of flat areas. The relation 

between interface anisotropy and interface quality can be express as ΔKN/KN=－

2σ/ξ,
[9]

 where σ is roughness and ξ is the correlation length. Therefore, the reduction 

of interface anisotropy can be restrained by the interface flattening, that is to say, the 

improvement of interface quality will result in a strongly enhanced interface 
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anisotropy, and then promote the magnetization in perpendicular direction for the 

annealed FePt/AlN layered structures. For the weakening of PMA in film annealed at 

700°C, it can be explained by the relative larger change in stress between 600°C and 

700°C, which may override the contribution from interface anisotropy. 

In summary, the interface anisotropy and the magnetoelastic anisotropy can both 

contribute to the magnetization in perpendicular direction, resulting in weaker 

in-plane anisotropy of as-deposited FePt/AlN layered structure comparing to the FePt 

single layer film. Upon annealing, although the contribution of magnetoelastic 

anisotropy is decreasing due to the stress transition, the enhancement of interface 

anisotropy is dominated. Therefore, the perpendicular magnetic anisotropy appears in 

the annealed layered structure.  

For the FePt alloy composition dependence of magnetic property, one 

consideration is that since the number of valence electrons is related to the composition 

of FePt alloys, the position of Fermi level, which affects the magnetocrystalline 

anisotropy, are varied by changing the alloy composition. On the other hand, the 

magnetostriction constant that is sensitive to alloy composition can affect the magnetic 

anisotropy in the form of magnetoelastic energy as discussed above. The expected 

magnetostriction constant change may be also responsible for the different magnetic 

behaviors of FePt/AlN layered structures with different FePt alloy compositions.  

4.3 Magnetic anisotropy energy of FePt/AlN layered structure 

In the previous section, the magnetic behavior of AlN (20nm)/[FePt (2nm)/AlN 

(20nm)]5 layered structure has been discussed. In this section, the magnetic anisotropy 

energy of layered structures with different FePt layer thicknesses and annealing 

temperatures are studied for giving an overview of magnetic anisotropy transition in 

FePt/AlN layered structure. 
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4.3.1 Calculations of magnetic anisotropy energy 

The (effective) magnetic anisotropy energy (Keff) is calculated by measuring the 

area between the in-plane and the perpendicular hysteresis loops as introduced in 

chapter 2. To ease understanding, it is defined that the positive (negative) Keff 

indicates the perpendicular (in-plane) magnetic anisotropy. 

Figure 4-12 shows the products of the Keff and FePt layer thickness tFePt for the 

FePt/AlN layered structures shown in figure 3-7 to figure 3-10. As seen in this figure, 

the as-deposited layered structures undergo a magnetic anisotropy transition from 

isotropy (Keff is about zero) to in-plane anisotropy (Keff is negative) as FePt layer 

thickness increases. For the annealed films, perpendicular magnetic anisotropy (Keff is 

positive) appears in layered structures with small tFePt, and transits into in-plane 

anisotropy when tFePt is over a critical thickness. However, the annealing shows 

different effects on magnetic anisotropy in the different tFePt range as mentioned in 

chapter 3, and it can be clearly observed in this figure. The magnetizations in 

perpendicular direction are gradually enhanced as annealing temperature increases for 

layered structures with tFePt below 5nm, resulting in the improvement of perpendicular 

magnetic anisotropy and the increase of critical tFePt for magnetic anisotropy transition 

from perpendicular to in-plane direction. The layered structures of tFePt= 1.5 and 2nm 

annealed at 500°C show magnetic anisotropy energies of 0.90×10
6 

erg/cc and 

0.52×10
6 

erg/cc respectively. For the layered structures with tFePt above 5nm, the 

in-plane magnetic anisotropy is enhanced upon annealing, and such enhancement is 

more obvious in the films with larger tFePt. It is seemed that 5nm is the critical 

thickness for the different annealing effects, because the 5nm layered structure shows 

almost the same magnetic anisotropy energy when annealing at different 

temperatures.  

4.3.2 Volume contribution and interface contribution of magnetic anisotropy 
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energy 

The effective magnetic anisotropy energy Keff (erg/cm
3
) could be 

phenomenologically separated in a volume contribution KV (erg/cm
3
) and an extra 

interface contribution KS (erg/cm
2
) and approximately expressed as Keff = KV + 2KS/t, 

where t is the thickness of a magnetic layer. This relation represents a weighted 

average of the magnetic anisotropy energy of the interface atoms and the inner atoms 

of a magnetic layer of thickness t. Also the layer is assumed to be bounded by two 

identical interfaces accounting for the prefactor 2. This equation can be also written as 

Keff·t = KV·t + 2KS. Therefore, by estimating the value of Keff·t at tFePt =0, the KS can 

be directly determined from figure 4-12. For layered structures as-deposited, annealed 

at 300°C and 500°C, the 2KS are 0.21 erg/cm
2
, 0.40 erg/cm

2
 and 0.69 erg/cm

2
 

respectively. It is clear that the KS (KS incorporates Néel-type interface anisotropy, this 

will be introduced in the next section) is gradually enhanced as annealing temperature 

increases, which is responsible for the magnetic anisotropy transition discussed in the 

previous section. This result has shown the advantage of metal/ceramic layered 

structure in improving the KS, because the KS of metallic layered structures is always 

strongly depressed by the interdiffusion or intermixing, especially after thermal 

annealing.  

4.4 Mechanism of magnetic anisotropy transition in FePt/AlN layered 

structure 

In the previous sections, we have found the interface anisotropy and 

magnetoelastic anisotropy can affect the magnetic behavior of FePt/AlN layered 

structure. In this section, the mechanism of magnetic anisotropy transition as shown in 

section 4.3 is discussed from the aspects of residual stress and interface quality 

analyses. 
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4.4.1 Residual stress in FePt/AlN layered structure 

The magnetoelastic anisotropy is caused by reverse magnetostriction effect as 

introduced in chapter 1. The existence of stress can affect magnetic anisotropy in the 

form of the magnetoelastic energy. Therefore, it is necessary to study the residual 

stress transition in FePt/AlN layer structure when changing the FePt layer thickness 

and annealing temperature. 

The in-plane residual stresses in FePt layer are analyzed by measuring the 

interplanar distance of FePt {111} planes at ψ=0° and 70.53°, with respect to the film 

normal. The 2θ-ω XRD profiles of as-deposited and annealed AlN (20nm)/[FePt 

(t)/AlN (20nm)]5 (t =3nm, 5nm, 7nm and 9nm) layered structures measured at 

different tilting angle of scattering vector are shown in figure 4-13 to figure 4-16. It is 

clear that all the layered structures show preferred orientations of FePt [111] and AlN 

[001] parallel to the growth direction. Upon annealing, the (111) peak positions of all 

the layered structures with different FePt layer thicknesses shift toward higher angle 

as annealing temperature increases, which implies the gradual change of residual 

stress inside the FePt layers. The FePt (111) peak position also shows some 

dependence on the FePt layer thickness, indicating the residual stress is also affected 

by the FePt layer thickness. In addition, the full widths at half maximum of FePt (111) 

peaks become smaller and smaller as the FePt layer thickness increases, owing to the 

increase of the FePt grain size in perpendicular direction. On the other hand, the FePt 

(11-1) peaks can be clearly observed in all the layered structures measured at 

ψ=70.53°, however, there is almost no position shift for the FePt (11-1) peaks as 

annealing temperature increases. All the peaks were fitted and the interplanar 

distances were specified by software HIGHEXPERT.  

The in-plane stresses calculated from figure 4-13 to figure 4-16 are plotted 

against FePt layer thickness and shown in figure 4-17. Large compressive stresses, 
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brought about by the nature of the sputtering process, are found in the as-deposited 

layered structures with small FePt layer thickness. Such compressive stresses 

decreases gradually as the FePt thickness increases until 7nm. It is considered that the 

compressive stress is relieved through dislocations, which occurs more easily with 

larger thickness. Similar trends are also found in annealed layered structures, while 

the films show smaller and smaller compressive stresses as the annealing temperature 

increases, which can be explained by the stress relief due to annealing. Another 

important feature is that tensile stresses are developed in annealed films, and grow 

larger at high annealing temperature. We ascribe the appearance of this annealing 

temperature dependent tensile stresses to the large difference in thermal expansion 

coefficient between FePt and AlN. It is known that FePt has a thermal expansion 

coefficient in bulk value more than twice as large as AlN. 

The magnetoelastic effect or magnetoelastic anisotropy energy can be described 

as Kme=－(3/2)λσ, where λ is the magnetostriction constant along the magnetization 

direction, σ is the in-plane stress.
[28]

 Since the FePt alloy has a positive 

magnetostriction constant, in-plane compressive stresses (σ<0) can result in a positive 

magnetoelastic energy which favours the magnetization in perpendicular direction 

according to the equation above. Therefore, as the annealing temperature increases, 

the residual stress transition from compressive to tensile in FePt layer will decrease 

this magnetoelastic energy which contributes to the perpendicular magnetization. 

When the stresses become tensile, the magnetoelastic energy turns to negative and 

favours the in-plane magnetization. 

4.4.2 Interface quality of FePt/AlN layered structure 

It is known that the interface quality plays an important role in determining the 

interface anisotropy. By improving the interface quality, the interface anisotropy can 

be strongly enhanced, and then promote the magnetization in perpendicular direction 
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for layered structure. In the previous section, we have found the interface quality of 

FePt/AlN layered structure is gradually improved upon annealing. In this section, the 

influence of FePt layer thickness on interface quality is studied.  

The x-ray reflectivity measurements are performed by a Bruker D8 Advance 

diffractometer with Cu Kα irradiation operating at 40kV and 300mA. Figure 4-18 

shows the XRR profile of the layered structure of AlN (20nm)/[FePt (3nm)/AlN 

(20nm)]5 annealed at different temperatures. Bragg peaks which are caused by the 

modulation of the periodic structure can be clearing observed in all the films, 

indicating good periodicity and interface quality of the layered structures. The decay 

rate of amplitude of the oscillation at higher angles decreases as annealing 

temperature increases, indicating the interface quality is improved by annealing as 

well as the FePt 2nm layered structure discussed in section 4.2. Figure 4-19 shows the 

XRR profile of the as-deposited and annealed (300°C) AlN (20nm)/[FePt (5nm)/AlN 

(20nm)]5 layered structures. The improvement effect of annealing on interface quality 

is also found. Figure 4-20 shows the XRR profile of the as-deposited AlN 

(20nm)/[FePt (9nm)/AlN (20nm)]5 layered structure. The film maintains good 

interface quality. By summarizing the results shown above, it is found that the FePt 

layer thickness shows little influence on the interface quality, and the annealing 

process can improve the interface quality in whole FePt thickness range of this study. 

Therefore, the interface magnetic anisotropy of FePt/AlN layered structures with 

different FePt layer thicknesses can be considered to be the same, the magnitude of 

contribution from KS depends only on the interface/volume atomic ratio according to 

the equation of Keff = KV + 2KS/t. 

4.4.3 Discussions on the mechanism of magnetic anisotropy transition in 

FePt/AlN layered structure 

In general, shape anisotropy (or demagnetization energy), magnetocrystalline 
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anisotropy, magnetoelastic anisotropy Kme,V compose the volume contribution KV, and 

interface contribution KS incorporates Néel-type interface anisotropy, magnetoelastic 

interface anisotropy Kme,S originated from coherent stresses. However, since the lattice 

misfit between FePt and AlN layer is about 13% at interface, it is reasonable to 

consider that there is no coherent-incoherent strain transition occurred in FePt layers. 

The interface is supposed to be incoherent, consisting large quantity of dislocations. 

Under such assumption Kme,S can be neglected in this work, and KS is almost solely 

Néel-type. So for layered structure of tFePt below 5nm, although the relief of 

compressive stress caused by annealing (shown in figure 4-17) will decrease the 

perpendicular (positive) magnetoelastic anisotropy as discussed above, the enhanced 

interface anisotropy becomes dominant then Keff of annealed films increases. When 

tFePt becoming thick, the contribution from KS is relatively small according to the 

equation of Keff = KV + 2KS/t, and tensile stresses developed during annealing will 

result in a negative magnetoelasitc anisotropy which overwhelms the interface 

anisotropy, thus decreases Keff as shown in figure 4-12.  

4.5 Summary 

In this chapter, the origin of perpendicular magnetic anisotropy in FePt/AlN 

layered structure has been studied. It is found that the interface quality and residual 

stress in FePt layer strongly affect the magnetic anisotropy of layer structure in the 

form of interface anisotropy and magnetoelastic anisotropy respectively. Therefore, 

the mechanism of magnetic anisotropy transition in FePt/AlN layered structure has 

been investigated by disclosing the influences of annealing temperature and FePt 

layer thickness on the interfaces and stress condition. The conclusions are made as 

following: 

1. The interface anisotropy and the magnetoelastic anisotropy can both contribute to 
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the magnetization in perpendicular direction, resulting in weaker in-plane 

anisotropy of as-deposited FePt/AlN layered structure comparing to the FePt 

single layer film. 

2. The FePt/AlN interface quality is gradually improved with increasing annealing 

temperature, leading to the promotion of interface anisotropy which is responsible 

for the perpendicular magnetic anisotropy found in the annealed layered structure.  

3. The residual stress in FePt layer undergoes a transition from compressive to 

tensile as annealing temperature increases. This will decrease the positive 

magnetoelastic energy which contributes to the perpendicular magnetization. 

When the stresses become tensile, the magnetoelastic energy turns to negative and 

favours the in-plane magnetization. 

4. For layered structure of FePt layer thickness below 5nm, the enhanced interface 

anisotropy is dominant then the magnetic anisotropy energies of annealed films 

increases. When FePt layer thickness is above 5nm, the contribution from 

interface anisotropy is relatively small, and stress transition caused by annealing 

will modify the magnetoelasitc anisotropy then decreases the magnetic anisotropy 

energies as annealing temperature increases. 
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Magnetic anisotropy can be dominated 

by the contributions of interfacial atoms. 

Figure 4-1 Schematic of the layered structure. 
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Figure 4-2 Hysteresis loops (M/H) of Sub/AlN20nm/(FePt2nm/AlN10nm)5 

layered structures, (a) as-deposited, (b)-(f) vacuum annealed at 300 °C, 400 °C, 

500 °C, 600 °C and 700 °C. 
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Figure 4-3 Conventional X-ray profiles of as-deposited and annealed AlN 

(20nm)/[FePt (2nm)/AlN (20nm)]5 layered structure. The inset electron diffraction 

pattern is taken from a film annealed at 500 °C 
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Figure 4-4 Plane Stress at a Free Surface. 

Figure 4-5 Schematic of FCC unit cell. Red lines compose the 

primitive cell of FCC lattice. 
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Figure 4-6 Stress determination by using primitive cell. 
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Figure 4-7 2θ-ω XRD profiles of AlN (20nm)/[FePt (2nm)/AlN (20nm)]5 

layered structures with different tilting angle of scattering vector, (a) 

ω=0°and (b) ω=70.53°. 
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Figure 4-9 In-plane stresses in FePt layers as a function of annealing 

temperature. 

Figure 4-8 Lattice angle of primitive cell plotted with annealing 

temperature. 
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Figure 4-10 XRR profiles of AlN (20nm)/[FePt (2nm)/AlN (20nm)]5  layered 

structures, (a) as-deposited, (b)-(d) annealed at 400 °C, 500 °C and 700 °C 

 

Figure 4-11 Cross-sectional TEM image of AlN (20nm)/[FePt (2nm)/AlN 

(20nm)]5   layered structure annealed at 500°C. 
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Figure 4-12 Keff·tFePt plotted against tFePt for FePt/AlN layered structures 

annealed at different temperature. 
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Figure 4-13 2θ-ω XRD profiles of as-deposited and annealed AlN 

(20nm)/[FePt (3nm)/AlN (20nm)]5 layered structures measured at 

different tilting angle of scattering vector. 
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Figure 4-14 2θ-ω XRD profiles of as-deposited and annealed AlN 

(20nm)/[FePt (5nm)/AlN (20nm)]5 layered structures measured at 

different tilting angle of scattering vector. 
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Figure 4-15 2θ-ω XRD profiles of as-deposited and annealed AlN 

(20nm)/[FePt (7nm)/AlN (20nm)]5 layered structures measured at 

different tilting angle of scattering vector. 
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Figure 4-16 2θ-ω XRD profiles of as-deposited and annealed AlN 

(20nm)/[FePt (9nm)/AlN (20nm)]5 layered structures measured at 

different tilting angle of scattering vector. 
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Figure 4-17 In-plane stresses in FePt layers as a function of FePt layer 

thickness. 
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Figure 4-18 XRR profile of the layered structure of AlN 

(20nm)/[FePt (3nm)/AlN (20nm)]5 annealed at different 

temperatures. 
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Figure 4-19 XRR profile of the as-deposited and annealed (300°C) 

AlN (20nm)/[FePt (5nm)/AlN (20nm)]5 layered structures. 

Figure 4-20 XRR profile of the as-deposited AlN (20nm)/[FePt 

(9nm)/AlN (20nm)]5 layered structure. 
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Chapter 5 Influence of AlN layer thickness on the magnetic 

anisotropy of FePt/AlN layered structures 

5.1 Introduction 

By using nitride AlN layer, metal/ceramics layered structures can show better 

thermal stability than the metal/metal layered structures.
[1]

 In this work, we have 

found that the interfacial diffusion are effectively avoided and the interface quality is 

improved by annealing process. In addition, the AlN layer thickness is also found to 

show influences on the magnetic anisotropy of FePt/AlN layered structure.  

In this chapter, the influence of AlN layer thickness on the magnetic anisotropy 

of FePt/AlN layered structure is studed. Since we have found that the interface 

anisotropy strongly contributes to the perpendicular magnetic anisotropy for FePt/AlN 

layered structure, the emphasis of the study is placed on the effects of AlN layer 

thickness on the interface anisotropy. 

5.2 Experimental details 

FePt/AlN layered structure were sputter deposited on fused quartz substrates at 

ambient temperature. The base pressure prior to deposition was lower than 5×10
-5

 Pa. 

The sputtering gases were Ar and N2 with a flow rate ratio of 7:3. Fe0.4Pt0.6 layers of 

solid solution with FCC structure were deposited at Fe-Pt target side at a rate of 

0.1nm/s. AlN layers of wurtzite structure were deposited by reactive sputtering at Al 

target side at a rate of 0.089 nm/s. The layered structures were deposited as 

sub/AlN(t) nm/[FePt 2nm/AlN (t) nm]5 (t = 5nm, 10nm, 20nm, 40nm). The deposited 

films were subsequently annealed in a vacuum condition with the pressure below 

5×10
-4

 Pa at 300°C, 500°C and 700°C.  

The microstructure was investigated by conventional x-ray diffraction (XRD), 
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X-ray reflectivity (XRR) and transmission electron microscopy (TEM). The XRD and 

XRR profiles were measured by a Bruker D8 Advance diffractometer with Cu Kα 

irradiation operating at 40kV and 300mA. The cross-sectional TEM observations 

were performed by a JEOL 3010 transmission electron microscope operating at a 

voltage of 300kV. The specimens for TEM observations were prepared by a standard 

procedure, i.e., mechanical thinning, followed by Ar
+
 ion milling at 10.0 kV. The 

magnetic properties were investigated using a RIKIN BHV-50V vibrating sample 

magnetometer. 

5.3 Magnetic properties of AlN (t)/[FePt (2nm)/AlN (t)]5 layered structure 

Figure 5-1 shows the magnetic hysteresis loops of the as-deposited AlN 

(t)/[FePt(2nm)/AlN (t)]5 (t = 5nm, 10nm, 20nm, 40nm) layered structures. All the 

films show small in-plane magnetic anisotropy, and no obvious difference is found 

between layered structures with different AlN layer thicknesses. Figure 5-2 shows the 

magnetic hysteresis loops of the AlN (t)/[FePt(2nm)/AlN (t)]5 (t = 5nm, 10nm, 20nm, 

40nm) layered structures annealed at 300°C for 3 hours. There are crossovers at an 

annealing temperature of 300 °C, the magnetization behaviors in the in-plane and 

perpendicular directions becomes almost the same for all the films. However, it can be 

seen that the magnetization in perpendicular direction is slightly enhanced as the AlN 

layer thickness decreases. Figure 5-3 shows the magnetic hysteresis loops of the AlN 

(t)/[FePt(2nm)/AlN (t)]5 (t = 5nm, 10nm, 20nm, 40nm) layered structures annealed at 

500°C for 3 hours. As seen in this figure, all the films show perpendicular magnetic 

anisotropy. What is important is that the perpendicular magnetic anisotropy grows 

stronger significantly as the AlN layer thickness decreases. The AlN 

(5nm)/[FePt(2nm)/AlN (5nm)]5 layered structure shows the strongest perpendicular 

magnetic anisotropy with magnetic anisotropy energy of 1.40×10
6 

erg/cc, while the 
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magnetic anisotropy energy of AlN (40nm)/[FePt(2nm)/AlN (40nm)]5 layered 

structure is only 0.64×10
6 

erg/cc. This result is different from that of CoPt/AlN 

layered structure, whose optimized AlN layer thickness for high perpendicular 

magnetic anisotropy is 10nm.
[2]

 Figure 5-4 shows the magnetic hysteresis loops of the 

AlN (t)/[FePt(2nm)/AlN (t)]5 (t = 5nm, 10nm, 20nm, 40nm) layered structures 

annealed at 700°C for 3 hours. The 700°C annealed layered structures show similar 

behavior of magnetic anisotropy with the 500°C annealed layered structures. The AlN 

(5nm)/[FePt(2nm)/AlN (5nm)]5 layered structure shows clearly perpendicular 

magnetic anisotropy, whereas, it changes into isotropy when the AlN layer thickness 

increases to 40nm.  

In summary, the perpendicular magnetic anisotropy of FePt/AlN layered 

structure can be enhanced by decreasing the AlN layer thickness. Such AlN layer 

thickness effect is more obviously in the layered structures annealed at high 

temperature. 

5.4 Interface quality analysis of AlN (t)/[FePt (2nm)/AlN (t)]5 layered structure 

Considering the interface anisotropy strongly depends on the interface quality, 

the influence of AlN layer thickness on the interface quality is studied. XRR 

measurements were performed to evaluate the interface quality of FePt/AlN layered 

structure. 

Figure 5-5 shows the XRR profiles of the layered structure of AlN (t)/[FePt 

(2nm)/AlN (t)]5 (t = 5nm, 10nm, 20nm, 40nm) annealed at 500°C. Bragg peaks which 

are caused by the modulation of the periodic structure can be observed in all the films, 

standing for the good periodicity of the layered structures. However, the layered 

structures with larger AlN layer thickness are found to show higher oscillation decay 

rate at high angles, indicating the roughness of interface increases as the AlN layer 
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thickness increases.
[3]

 For quantitative comparison, simulations are performed on the 

AlN (5nm)/[FePt(2nm)/AlN (5nm)]5 layered structure which shows strong 

perpendicular magnetic anisotropy and AlN (20nm)/[FePt(2nm)/AlN (20nm)]5 

layered structure which is studied in chapter 4. Simulations were performed by a 

LEPTOS software. An abrupt interface model with Debye exponent shape was used 

to simulate the theoretical XRR curves. Through fitting these simulative curves to the 

experimental curves by a Levenberg-Marquardt algorithm, the FePt/AlN interface 

roughness can be derived. The derived root-mean square roughnesses (Rrms) are 

0.14nm and 0.4nm for the layered structures of AlN layer thickness 5nm and 20nm, 

respectively. Therefore, it is proved that the interface quality of FePt/AlN layered 

structure can be affected by the thickness of AlN layer. 

5.5 Microstructures 

Microstructures of AlN (t)/[FePt (2nm)/AlN (t)]5 layered structure are also 

studied by conventional x-ray diffraction (XRD) and transmission electron 

microscopy (TEM), to disclose the mechanism of the AlN layer thickness effect. 

5.5.1 X-ray diffraction results 

Figure 5-6 shows the XRD profiles of the layered structure of AlN (t)/[FePt 

(2nm)/AlN (t)]5 (t = 5nm, 10nm, 20nm, 40nm) annealed at 500°C. The layered 

structures with t = 5-40nm show preferred orientations with AlN [001] and FePt [111] 

parallel to the growth direction. As the AlN layer thickness increases, the intensity of 

the AlN 002 peak increases correspondingly, indicating that each AlN layer grown on 

the FePt layers conserves the preferred orientation. However, the most striking feature 

in this figure is that, the intensity of FePt 111 reflections increases significantly as the 

AlN layer thickness decreases, indicating the crystallinity of FePt layer strongly 

depends on the AlN layer thickness. In addition, for the layered structures with t = 
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5nm and 10nm, highly symmetrical satellite peaks are found around the main peak of 

FePt 111, which indicates high-quality interface and periodic structure. This result is 

consistent with the XRR measurement. 

5.5.2 Cross-sectional TEM observation 

Figure 5-7 shows the high resolution TEM images of the layered structure of 

AlN (t)/[FePt (2nm)/AlN (t)]5 (t = 5nm and 20nm) annealed at 500°C. It can be seen 

in both films that the AlN grains show (002) preferred orientations. However, the AlN 

(5nm)/[FePt(2nm)/AlN (5nm)]5 layered structure clearly shows flatter interfaces 

comparing to the AlN (20nm)/[FePt(2nm)/AlN (20nm)]5 layered structure. In the AlN 

(20nm)/[FePt(2nm)/AlN (20nm)]5 layered structure, we can see that the preferred 

orientations of the HCP AlN grains are not highly parallel to the film normal, but 

deviated from the film normal within a small angle. It is considered that the deviation 

of the preferred orientation of AlN grain from the film normal is probably the main 

reason for the roughness of FePt layers, because it is obviously seen that the AlN/FePt 

interface is rougher than the FePt/AlN interface. For the AlN (5nm)/[FePt(2nm)/AlN 

(5nm)]5 layered structure, the AlN layer shows good crystallinity with smaller 

deviation, then resulting in a AlN/FePt interface with smaller roughness. Such flat 

AlN/FePt interface can give positive effect on the growth of (111) texture of the 

subsequent FePt layer. Therefore, we believe that the flattening of interface is 

responsible for the high intensity of FePt 111 reflections found in the layered 

structures with small AlN layer thickness.  

5.6 Discussions on the mechanism of AlN layer thickness effect 

According to the results of XRR measurement and TEM observation, we have 

found that the layered structures with smaller AlN layer thickness show flatter 

interfaces. Since the interface roughness can affect the interface magnetic anisotropy 
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as discussed in chapter 4, the interface anisotropy can be enhanced as the interface 

roughness decreases and then promote the perpendicular magnetic anisotropy for the 

layered structures with smaller AlN layer thickness. On the other hand, the 

crystallinity of FePt layer may also show influences on the interface anisotropy. Engel 

et al.
[4]

 reported that for a system of epitaxially grown Co/Pd superlattices, the 

interface magnetic anisotropy is positive, large, and orientation independent. Thus, 

distinctions in anisotropy between superlattices with interfaces in the (111), (100), 

and (011) directions arise only from magnetostriction and the small bulk Co 

anisotropy. These results are surprising since the three interfaces involved have very 

different geometries and atomic areal densities and because previous experiments on 

Co/Pt and Co/Pd did not display the effect. Later, Victora et al.
[5]

 suggested that this 

surprising "orientation independence" of the Co/Pd interface anisotropy found 

experimentally is an accidental consequence of the precise degree of strain exhibited 

by this system and is not generally expected. Under a specific strain condition, they 

obtained the same interface anisotropy in Co/Pd layered structures with interfaces in 

the (111) and (100) directions. However, this result did not persist in the unstrained 

layered structures. Thus, they suggested that strain was crucial in obtaining the 

orientation independence, i.e., the orientation independence only occurs if the strain is 

fortuitously chosen. For the FePt/AlN layered structure, it is found that the 

strain/stress inside FePt layer can be altered through annealing. The strain/stress 

condition of the annealed layered structure may result in an orientation dependent 

interface anisotropy, which can be enhanced as the crystallinity of FePt (111) texture 

improves. Therefore, the AlN layer thickness effect is more obviously in the annealed 

layered structures. 
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5.7 Summary 

In this chapter, the influences of AlN layer thickness on the magnetic properties 

of FePt/AlN layered structure have been studied. It is found that the perpendicular 

magnetic anisotropy of FePt/AlN layered structure can be enhanced by decreasing the 

AlN layer thickness. The AlN (5nm)/[FePt(2nm)/AlN (5nm)]5 layered structure 

annealed at 500°C shows strong perpendicular magnetic anisotropy with magnetic 

anisotropy energy of 1.40×10
6 

erg/cc. According to the results of microstructure 

analysis, such enhancement of perpendicular magnetic anisotropy is attributed to the 

decrease of interface roughness and the improvement of FePt crystallinity, as the AlN 

layer thickness decreases. 
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Figure 5-1 Magnetic hysteresis loops of the as-deposited AlN (t)/[FePt(2nm)/AlN 

(t)]5 (t = 5nm, 10nm, 20nm, 40nm) layered structures. 
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Figure 5-2 Magnetic hysteresis loops of the AlN (t)/[FePt(2nm)/AlN (t)]5 (t = 

5nm, 10nm, 20nm, 40nm) layered structures annealed at 300°C for 3 hours. 
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Figure 5-3 Magnetic hysteresis loops of the AlN (t)/[FePt(2nm)/AlN (t)]5 (t = 

5nm, 10nm, 20nm, 40nm) layered structures annealed at 500°C for 3 hours. 
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Figure 5-4 Magnetic hysteresis loops of the AlN (t)/[FePt(2nm)/AlN (t)]5 (t = 

5nm, 10nm, 20nm, 40nm) layered structures annealed at 700°C for 3 hours. 
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Figure 5-5 XRR profiles of the layered structure of AlN (t)/[FePt (2nm)/AlN (t)]5 (t = 

5nm, 10nm, 20nm, 40nm) annealed at 500°C. 
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Figure 5-6 XRD profiles of the layered structure of AlN (t)/[FePt 

(2nm)/AlN (t)]5 (t = 5nm, 10nm, 20nm, 40nm) annealed at 500°C. 
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Figure 5-7 TEM images of AlN (t)/[FePt (2nm)/AlN (t)]5 layered 

structures (t = 5nm and 20nm) annealed at 500°C. 
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Chapter 6 Conclusions 

The magnetic anisotropy transition of FePt/AlN layered structure has been 

studied in this thesis. The FePt/AlN layered structures were fabricated by DC 

magnetron sputtering using quartz glass substrate. The magnetic properties of 

FePt/AlN layered structure have been systematically studied by varying annealing 

temperature, FePt layer thickness and AlN layer thickness. To disclose the origin of 

perpendicular magnetic anisotropy in annealed layered structure and the mechanism 

of magnetic anisotropy transition, microstructures, residual stress and interface quality 

of the FePt/AlN layered structure have been investigated. The experimental results are 

summarized, and the conclusions of this thesis are made as following. 

The FePt/AlN layered structures with good periodicity and accurate layer 

thickness are successfully fabricated. The as-deposited layered structure shows weak 

in-plane magnetic anisotropy (the easy direction of magnetization is along the film 

plane) comparing to the FePt single layer film, indicating the formation of layered 

structure can favor the magnetization in perpendicular direction. As the FePt layer 

thickness increases, the in-plane magnetic anisotropy of layered structure is enhanced.  

The magnetic anisotropy of FePt/AlN layered structure can be altered through 

annealing. For layered structure with small FePt layer thickness, it is found that the 

easy magnetization direction gradually changes from in-plane direction to 

perpendicular direction as annealing temperature increases. The AlN 

20nm/(FePt2nm/AlN10nm)5 layered structures annealed at 600°C show strong 

perpendicular magnetic anisotropy (the easy direction of magnetization is along the 

film normal) with magnetic anisotropy energy of 1.06×10
6 

erg/cc. As the FePt layer 

thickness increases, the annealed layered structures undergo a transition of magnetic 

anisotropy from perpendicular to in-plane direction. However, in contrary to the 
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layered structure with thin FePt layer, the in-plane magnetic anisotropy of layered 

structures with larger FePt layer thickness is enhanced with the increase of annealing 

temperature. It seems that 5nm is the critical FePt layer thickness for the different 

annealing effects. 

The interface quality analysis shows that the interface quality of FePt/AlN 

layered structure is improved by annealing. The flattening of interface can strongly 

enhance the Néel-type interface anisotropy and promote the magnetization in 

perpendicular direction. On the other hand, according to the stress analysis we find 

the residual stresses inside FePt layer turn from compressive to tensile as annealing 

temperature increases. With a positive magnetostriction constant, this will decrease 

the positive magnetoelastic energy which can contribute to the perpendicular 

magnetic anisotropy. In conclusion, FePt/AlN layered structures show strong interface 

anisotropy, which is the main origin of perpendicular magnetic anisotropy in 

FePt/AlN layered structures. 

The effective magnetic anisotropy energies Keff of the FePt/AlN layered 

structures with different FePt layer thicknesses and annealing temperatures have been 

calculated. The effective magnetic anisotropy energy Keff (erg/cm
3
) is 

phenomenologically separated in a volume contribution KV (erg/cm
3
) and an extra 

interface contribution KS (erg/cm
2
). Because of the large lattice misfit between FePt 

and AlN layer, it is reasonable to consider that KS is solely Néel-type interface 

anisotropy and the magnetoelastic anisotropy is part of KV. The KS is gradually 

enhanced by annealing and shows a value of 0.4 erg/cm
2
 in the layered structures 

annealed at 500°C, indicating the perpendicular magnetic anisotropy of the annealed 

FePt/AlN layered structure is mainly from the interface anisotropy. Therefore, for 

layered structures with FePt layer thickness below 5nm, although the relief of 

compressive stress caused by annealing will decrease the perpendicular (positive) 



- 112 - 
 

magnetoelastic anisotropy as discussed above, the enhanced interface anisotropy 

becomes dominant then Keff of annealed films increases. When the FePt layer is thick, 

the contribution from KS (interface anisotropy) is relatively small according to the 

equation of Keff = KV + 2KS/t, and tensile stresses developed during annealing will 

result in a negative magnetoelasitc anisotropy which overwhelms the interface 

anisotropy, thus decreases Keff. Therefore, in this work, we have proved that Fe40Pt60 

alloy has positive magnetostriction coefficient, and the magnetic metal/nitride layered 

structures can show strong interface anisotropy. For FePt alloy, such interface 

anisotropy can overcome the magnetoelastic effect below a critical thickness for FePt 

layer. 

The FePt layer thickness dependence of Keff can be explain by the decrease of 

contribution from KS as FePt layer thickness increases, i.e., the lowering of 

interface/volume atomic ratio. Moreover, the stress measurement results show that the 

internal stresses in the FePt layers change from compressive to tensile with the 

increase of FePt layer thickness. The introduction of tensile stress can give negative 

contribution to KV in the form of magnetoelastic anisotropy and favor the in-plane 

magnetization. 

The perpendicular magnetic anisotropy of FePt/AlN layered structure can also be 

enhanced by decreasing the AlN layer thickness. The AlN(5nm)/[FePt(2nm)/AlN 

(5nm)]5 layered structure annealed at 500°C shows strong perpendicular magnetic 

anisotropy with magnetic anisotropy energy of 1.40×10
6 

erg/cc. According to the 

results of microstructure analysis, such enhancement of perpendicular magnetic 

anisotropy is attributed to the decrease of interface roughness and the improvement of 

FePt crystallinity, as the AlN layer thickness decreases. 
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