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Abstract 

In future extremely high density magnetic recording, FePt is considered as a 

promising candidate for future recording media materials. In this thesis work, FePt media 

with composite structure have been systematically studied in the forms of both granular 

media and bit patterned media (BPM).  

Continuous FePt films with surface roughness of less than 0.3 nm are achieved in 

FePt hard magnetic films, exchanged coupled composite (ECC) films and graded films. 

Nanoimpriting and block-copolymer lithography are employed to fabricate BPM. The 

switching field distribution (SFD) broadening and degradation of FePt BPM are studied. 

The reduction of SFD has been achieved using a post-annealing process. Both ECC and 

graded FePt BPM with sub-30 nm dot size have been experimentally demonstrated on 

large substrates for the first time. It is confirmed that the patterned graded BPM sample 

has smaller switching field and larger thermal energy barrier than the ECC sample does.  

Ultra-thin FePt granular media with graded composition was directly fabricated 

using a spontaneous layer diffusion process between the FePt and Pt layers during film 

deposition. A large gain factor of 3.74 was found in this spontaneously formed FePt 

graded granular media. 

A nanopatterning process, named as the Embedded Mask Patterning (EMP), is 

proposed and experimentally demonstrated based on the FePt magnetic recording media. 

In this process the granular structure is defined by a sputtering-deposited mask layer, 

while the magnetic properties are determined by the FePt continuous film. Grain size can 

be decreased by optimizing the mask layer only.  

 A non-ideal surface anisotropy effect has been observed on the magnetization 

reversal process of both L10 phase FePt nanoparticles, and (001) textured L10 FePt thin 

film with island structure. The broken symmetry of the surface creates surface anisotropy 

and also weakens the exchange coupling. The elimination of the surface effect has been 

experimentally demonstrated by epitaxially capping a Pt layer on FePt. After being 

embedded in a Pt matrix, the exchange coupling between the surface portion and internal 

portion of FePt islands was enhanced. 
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Chapter 1. INTRODUCTION 

1.1 Magnetism 

Even in ancient times, magnetism has been widely studied and utilized in modern 

human society. Magnetic data storage, permanent magnets and magnetic resonance 

imaging are three most important applications of magnetic technology. In magnetic 

materials, the spin and orbital angular motion of electrons generate magnetization and 

magnetic moment. Their several types of magnetism, which are classified by their 

response to applied magnetic field and interaction with neighboring atoms. 

A. Diamagnetism 

With diamagnetic behavior, the magnetic moments tend to be aligned anti-parallel to 

the applied field. All materials experience diamagnetism, but its effect is very weak. 

Therefore it only dominates in nonmagnetic materials. 

 B. Paramagnetism 

In a paramagnetic material, the magnetic moments can be aligned by external field 

and be saturated if the field is very strong. However, after removing the external field, the 

alignment of the moments will become random and net magnetization will decrease to 

zero. 

C. Ferromagnetism  

From the view of application, ferromagnetism is the most important type of 

magnetism. In ferromagnetic materials, the magnetic moments of neighboring atoms are 

strongly coupled together, and response to external fields. But unlike paramagnetic 

materials, a ferromagnetic material show hysteresis, because it has nonzero remanence 

(remanent magnetization) at zero field.  
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Figure 1.1 a typical hysteresis loop of ferromagnetic materials1

Figure 1.1

 

 shows a typical hysteresis loop of ferromagnetic materials. It recorded 

how the magnetization changed with magnetic field. When the field is sufficiently large, 

it saturates the magnetic material and all the magnetic moments are aligned parallel to 

external field. After removing the field, the exchange coupling among the moments tends 

to keep the alignment even after removing the external field, and leads to a net 

magnetization at zero field. To achieve zero net magnetization, an opposite field is 

required applying to the material. The value of this opposite field is called coercivity.  

When a ferromagnetic magnet is extremely small, the thermal effect becomes 

dominant. Similar to paramagnetism, in this condition the magnetic moments tend to be 

randomly aligned and net magnetization is zero without external field. This phenomena is 

called superparamagnetism. It is one of the most important limitations to prevent further 

increasing the density of magnetic recording.  

D. Antiferromagnetism 

In an antiferromagnetic material, the magnetic moments tend be aligned anti-parallel 

to their adjacent moments. The atoms are coupled by a negative molecular field and the 

moments of two neighbors point to opposite directions. The net magnetization of 

antiferromagnetic materials is zero. Typically, antiferromagnetic materials are ionic 

compounds, such as oxides. 

E. Ferrimagnetism  
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Similar to antiferromagnetism, in ferromagnetic materials, the neighboring pairs of 

electrons tend to point opposite direction. However, the magnetizations of two sublattices 

are different. Therefore, the net magnetization of ferrimagnetism is nonzero. 

 

1.2 Basics of magnetic recording 

1.2.1 Magnetic recording 

With the invention of magnetic tape and hard disk drive, magnetic recording 

technology has made significant progress in the past decades, and has become a core 

technology in this information society. The first commercialized hard disk drive, which 

was named 350 RAMAC (Random Access Method of Accounting and Control), was 

demonstrated by IBM in September 1956. It contained fifty 24-inch disks and weighed 

hundreds of kilograms. Its areal density was only 5 Kbit/in2 and capacity was only 5 MB, 

but it successfully realized random access by moving its magnetic head to any storage 

area on the disk. In 1968, IBM first proposed Winchester technology; its disk packs, head 

and arm assembly were sealed. As a prototype of the most modern hard disk drive, the 

IBM 3340 was introduced in 1973 based on Winchester technology. Then, with the 

invention of thin film head, the volume of hard disk drive was tremendously reduced. 

Today, the areal density of magnetic recording media is approaching 1 Tbit/in2, and 

commercialized hard disk drive with capacity up to 4 TB is available for personal 

computer. Figure 1.2 shows the evolution of areal density of hard disk from the period of 

first commercialized product to the future.  
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Figure 1.2 Roadmap of areal density evolution of hard disk drive.2 

As can be seen in the figure, the annual growth rate of areal density reached a 

maximum value of around 60 percentages in the 1990s. Then the growth became slower 

because the magnetic recording was believed to approach physical limitation. Now, the 

areal density has increased 9 orders from 1950s.  

 

 
Figure 1.3 Basic mechanical structure and components of a hard disk drive. 

Figure 1.3 shows the basic structure and components of a hard disk drive. Data are 

stored in a stack of disks. The disks are rotated by the spindle. The spin speed ranges 
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from a few thousand RPM to more than 10 thousand RPM. The faster the rotation is, the 

shorter the accessing time. The head is used to read and write data to and from the disks. 

With the rotation of disk and movement of the arm, head can access any area on the disk. 

A hard disk drive also has complicated electronics components which operate the 

recording process, convert the reading back signal to digital data and set appropriate 

current of head to record digital information in disks. The disks are formatted to have a 

lot of tracks, which are concentric circles. The data is only stored on the tracks. However, 

the tracks are not physically divided, but marked with different magnetic states. All the 

data is recorded in a magnetic thin film with granular structure on top of the disks.   

 

 
Figure 1.4 Schematic figure of the granular structure of recording media and bit.3 

As shown in the bottom of Figure 1.4, the recording media is composed of countless 

tiny grains. The grain size is less than 10 nm. All grains are ferromagnetic material and 

isolated by non-magnetic materials, such as oxides. A bunch of grains are used to record 

a single bit and exchange coupled together as ferromagnetic materials. Each bit can be 
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magnetized by a writing head (writer) and its magnetization can be sensed by a reading 

head (reader).  This is how the information data been accessed. 

1.2.2 Record and play back process 

A. Record process 

In a recording process, writing current is generated according to the information to 

be stored. The current magnetizes the writer and produces magnetic field towards media. 

In a region on the recording media, where the magnetic field is larger than the switching 

field, the magnetization of recording bit is reversed. Thus, the information is recorded.  

B. Play back process 

The reader has a magnetoresistive (MR) unit, the resistance of which changes with 

its magnetization status. With the MR component, reader can detect magnetic flux. As the 

disk rotated and the reader moves along the tracks and bit transitions, the change of the 

magnetization flux is sensed by the reader and induced a voltage which can be recognized 

by the electronic part. 

1.2.3 Longitudinal recording 

 

Figure 1.5 Schematic of longitudinal recording.4 
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In a longitudinal recording system, the magnetization of the bits lies in the plane. 

The stray field generated from a ring head was used to write data. Figure 1.5 

demonstrates a schematic of longitudinal recording system. It was widely used for 

decades but became seriously flawed when people wanted to further increase the areal 

density. At the transition, the magnetization of two adjacent bits point toward together. A 

bit which experiences the demagnetization field from its neighbor becomes unstable and 

its magnetization could be changed with thermal fluctuation effect. The transition 

between two bits will become broader and lower the signal to noise ratio. Another 

drawback is that the writing field is the stray field of a ring head. It is not sufficient large 

to write recording media with high coercivity and high thermal stability. These 

disadvantages prevent the longitudinal recording being used in high density recording 

strategy. Then, perpendicular recording emerges as times require. 

1.2.4 Perpendicular recording 

 

Figure 1.6 Schematic of perpendicular recording.4 
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As the name suggests, in perpendicular recording, the magnetization of recording 

bits point out-of -plane. It was first proposed by S. Iwasaki in 19775. Figure 1.6 shows the 

schematic of perpendicular recording, with this configuration, the magnetization of 

adjacent bits does not point each other. Its grains are much more stable compared to the 

longitudinal recording. Hence the grain can be further shrunk to increase areal density. A 

Ring head is no longer used in perpendicular recording and replaced by single pole head. 

The pole head can generate stronger magnetic field than the ring head does. In addition, a 

soft underlayer was put beneath the recording layer. This layer can mirror the writer and 

enhance the field. With the existence of stronger field, high anisotropy magnetic 

materials can be used to fabricate the recording media to form small and thermally stable 

grains.  

 

1.2.5 Issues in future ultra-high density magnetic recording 

 

Figure 1.7 Trilemma of future high density magnetic recording 

As described before, the growth of areal density has slowed down in the past ten 

years. Some inevitable issues have to be faced and solved before further pushing forward 

the increase of recording density. From the perspective of recording media, there are 

three fundamental requirements: signal to noise ratio (SNR), thermal stability and 

writability. High SNR makes the information detectable to reader. High thermal stability 

insures the bit has a stable state with small grain size. A writable bit means that its 
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switching field is smaller than the writing field. However, it is very difficult to fulfill all 

these three requirements. Figure 1.7 demonstrates this so called trilemma.  

 

A. SNR 

There are several kinds of noise in magnetic recording system. Reader generates 

noise voltage due to the resistance of MR element. It can be expressed as: 

                                                      𝑁𝑉 = �4𝑘𝑇𝑅∆𝑓                                                         

(1.1) 

where k is Boltzmann constant, T is absolute temperature, R is resistance and Δf is 

the band width. And the SNR can be written as: 

                                                  𝑆𝑁𝑅 = 𝐽2𝜌𝐷𝑊𝑡
64𝑘𝑇∆𝑓

�∆𝜌
𝜌
�                                                        

(1.2) 

where J is current density, D and W are the dimension of MR element. ∆𝜌
𝜌

 is the 

change of resistivity. 

From the view of media, transition noise is dominant. Media SNR can be written as: 

                                                    𝑆𝑁𝑅 = 0.31𝑃𝑊50𝐵𝑊
𝑎2𝑠

                                                    

(1.3) 

where PW50 is the pulse width of read back process, B is bit length, W is track width, 

𝑎 is transition parameter and 𝑠 is cross track correlation width. Both 𝑎 and 𝑠 are associate 

with the grain size of media. If grain size decreases, both 𝑎 and 𝑠 are reduced. Then, the 

SNR will be increased. Therefore, the media grain size has to be decreased to maintain 

sufficient SRN while increasing the areal density. 

B. Thermal stability 

The magnetization of a magnetic particle has a chance to flip even without any 

external field. This is called thermal fluctuation. The possibility of a particle to be 

swathed in time t can be expressed as: 

                                                       𝑝 = 𝑡𝑣0𝑒−∆𝐸/𝑘𝐵𝑇                                                     

(1.4) 

where ΔE is the energy barrier to prevent the switching and 𝑣0 is a constant value of 

109-1010 Hz. Set 𝑝 as 0.5, ΔE can be written as: 
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                                                       ∆𝐸/𝑘𝐵𝑇 = 𝑙𝑛(2𝑡𝑣0)                                                

(1.5) 

For magnetic recording, the data are supposed to be stable in 10 years, which means 

t=10 years. Therefore, ΔE/kBT=60, which is a typical value to evaluate the thermal 

stability of recording media. A grain in the media can be treated as a single domain 

particle and its thermal energy barrier can be estimated as   

                                                            ∆𝐸 = 𝐾𝑢𝑉                                                           

(1.6) 

where V is the volume of a single grain and KU is the magnetocrystalline anisotropy 

of the media material. While increasing the real density, V has to be reduced. Therefore, 

High KU materials are required to maintain the thermal stability, otherwise the energy 

barrier will be too low and the particle will be switched by thermal fluctuation. In this 

case, the ferromagnetic particle becomes superparamagnetic. This issue is called the 

‘superparamagnetic limitation’. 

Another way to increase thermal stability is bit patterned media (BPM) 6. In BPM, 

the media is no long granular configuration, but a continuous film followed by a 

patterning process. Unlike the conventional media, in which a bit is composed of a bunch 

of grains, BPM is patterned to dot array and a single dot acts as a bit. Since the volume of 

a dot in BPM is much larger than a grain in conventional media, it is thermally stable 

even with high areal density. 

C. Writability 

As mentioned before, to reverse the magnetization of a bit and record information, 

the writing field has to be larger than the switching field of media. However, the writing 

field is limited. It is proportional to the saturation magnetization (MS) of the writing 

materials. The Slater-Pauling curve in Figure 1.8 shows the magnetic moment of 

common magnetic materials. From this figure, we can see that FeCo has the highest 

moment among all known materials. Its saturation magnetization is 2.45 T.7 This is also 

the highest available writing field. 
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Figure 1.8 Slater-Pauling cure.8 

Since the writing field is limited, the switching field of media has to be engineered to 

be lower than the writing field. However, since the high KU materials are required to in 

high density recording media to maintain thermal stability, it is inevitable to use media 

material whose coercivity is higher than the writing field. Two strategies were proposed 

to solve this writability issue. One is heat assisted magnetic recording (HAMR).9 ,10 

Usually, the coercivity of a ferromagnetic material will be reduced at high temperature 

and approach zero when the temperature is near a certain value, called Curie temperature 

(TC). In a HAMR system, the bit to be recorded is locally heated to reduce its switching 

field before writing. This allows HAMR media to overcome the superparamagnetic 

limitation. The second strategy is composite media. At first, exchange coupled composite 

(ECC) media, which has two exchange-coupled magnetic regions with different 

switching fields in individual recording grains, was modeled and experimentally 

demonstrated to address the writability and adjacent track erasure issues11,12. In ECC 

media, the switching field is lowered with the help of a soft magnetic region, and its 

thermal stability is maintained by the hard magnetic region. Then, graded media, in 

which the magnetic anisotropy gradually changes along the grain columnar direction, was 

proposed to further reduce the switching field.13,14 
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1.3 Magnetic materials for high density recording media 

1.3.1 Current hexagonal Co-alloys 

Table 1.1 High KU magnetic materials.15 

type material Ku 
(107erg/cm3) Ms (emu/cm3) Hk(kOe) Tc(K) Dp(nm) 

Co alloys 
CoCrPt 0.20 298 13.7 -- 10.4 

Co 0.45 1400 6.4 1401 8.0 
Co3Pt 2.0 1100 35 -- 4.8 

L10 alloys 

FePd 1.8 1100 33 760 5.0 
FePt 6.6-10 1140 116 750 3.3-2.8 
CoPt 4.9 800 123 840 3.6 
MnAl 1.7 560 69 650 5.1 

Rare-earth Fe14Nd2B 4.6 1270 73 585 3.7 
transition metals SmCo5 11-20 910 240-400 1000 2.7-2.2 

 

Table 1.1 lists the common high KU materials which are currently used or could be 

potentially used in recording media. In the table, KU is the magnetocrystalline anisotropy, 

MS is the saturation magnetization, HK is the anisotropy field, TC is the Curie temperature 

and DP is the minimum stable particle size. 

Co based hexagonal close packed (hcp) alloys are widely used in commercial hard 

disk drive as recording media materials. Co-alloys have uniaxial anisotropy and the easy 

axis is along the c direction. Although Co has higher KU value than CoCrPt does, it is 

CoCrPt not Co which is used in recording media. There are two reasons: 

1. In a magnetic recording media, the magnetic grains have to be isolated by 

nonmagnetic materials, to make the adjacent grains exchange-decouple. Doping 

Cr element into Co-alloy can separate the Co grains. Some of the Cr atoms 

diffuse in to Co grains, but more Cr form grain boundary and exchange 

decoupled the Co grains. 

2. The magnetocrystalline anisotropy can be enhanced by doping Pt. Generally, 

high coercivity and thermal stability are reqired in recording media.  

Since Co-alloy does not have high anisotropy, its minimum stable particle size is as 

large as 10 nm, which is much larger than the required size for future high density 

recording. Therefore, ultra-high KU materials, such as SmCo5 and FePt became more 
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popular, and finally FePt was considered to be the best candidate because of its desireable 

magnetic stability and chemical stability.  

1.3.2 SmCo5 

As shown in Table 1.1, SmCo5 has the largest KU value among all magnetic 

materials. Its KU value can be as high as 2x108 erg/cc, and a SmCo5 magnetic particle 

can be thermally stable, even it is as small as 2.5 nm. However, SmCo5 has a very serious 

corrosion issue. It is not chemically stable and very easilycorroded, even in normal 

environment, because it contains a rare earth element.  

Figure 1.9 shows the diagram of Sm-Co binary alloy. SmCo5 phase just has a small 

window in the phase diagram. Therefore the fabrication and composition are critical to 

achieve SmCo5 phase. In fact, the Sm2Co17 phase, which has smaller KU value than the 

SmCo5 phase, will be mixed into SmCO5 if the fabrication is not well controlled. 

 

Figure 1.9 Phase diagram of Sm-Co binary alloy.16 

 

 

Figure 1.10 show the lattice structure of SmCo5. It has a super lattice structure, in 

which pure Co atomic layer and Co-Sm mixed atomic layer are alternatively arranged. 
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Figure 1.10 Lattice structure of SmCo5
17 

 

1.3.3 L10 FePt 

As shown in Table 1.1, L10 phase FePt has the second largest magnetocrystalline 

anisotropy of all common magnetic materials. But, unlike SmCo5, it is not only 

magnetically stable, but also chemically stable. An L10 ordered FePt magnetic particle is 

thermally stable even its size is as small as 3 nm. Therefore, it was considered as the most 

promising candidate for future extremely high density magnetic recording media material, 

especially for the HAMR media.  

 

A 

B 

A 
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Figure 1.11 Phase diagram of Fe-Pt binary alloy.18 

Figure 1.11 shows the phase diagram of FePt binary alloy. In FePt solid alloy, when 

the atom ration of Fe to Pt is around 1 to 1, there are two phases. One is disordered phase 

with FCC structure, and the other one is ordered phase with FCT structure. Figure 1.12 

demonstrates the lattice structure of these two phases. To transform A1 phase to L10 

phase, we can either anneal the disordered FePt at high temperature or increase the 

fabrication of FePt thin film during deposition. 
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Figure 1.12 Lattice structure of (up) A1 phase FePt and (down) L10 phase FePt. 

The disordered phase is called the A1 phase. Its lattice structure is face centered 

cubic (FCC), with a lattice constant a around 0.39 nm. In A1 phase, Fe and Pt atoms are 

randomly arranged. Its anisotropy is low, and it cannot be used to store data.  In L10 

ordered phase FePt, the Fe and Pt atoms are arranged layer by layer. The c axis of its unit 

cell is shorter than a and b axis. The asymmetry of unit cell makes the L10 FePt has 

uniaxial magnetocrystalline anisotropy. The easy axis is along c axis. L10 phase FePt has 

very large magnetocrystalline anisotropy. Shima experimentally demonstrated coercivity 

as high as 105 kOe in FePt thin film, by depositing FePt onto single crystal MgO 

substrate at 780 oC, and measuring the sample at 4.5 K19.  

In this thesis work, FePt is the primary magnetic material to demonstrate advanced 

recording media. 
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1.4 Thin film fabrication technology 

1.4.1 Vacuum system 

Vacuum systems are widely employed in nanotechnology. Lots of characterization 

methods and almost all fabrication processes of thin film materials have to be carried out 

in vacuum. Vacuum is evaluated by pressure. Depends on the pressure value, the quality 

of vacuum is divided into the following ranges (as shown in Table 1.2): 

 
Table 1.2 Vacuum range and pressure. 

 pressure (Torr) 

Atmospheric pressure 760 

Low vacuum 760 to 25 

Medium vacuum 25 to 1×10-3 

High vacuum 1×10-3 to 1×10-9 

Ultra high vacuum 1×10-9 to 1×10-12 

Extremely high vacuum <1×10-12 

 

Typically, a vacuum system used for thin film deposition is in the high vacuum range. 

A molecular beam epitaxy system, which is used to deposit single crystal thin films, 

requires ultra high vacuum level. Another important parameter related to vacuum is mean 

free path λmfp. It stands for the distance of a molecular has to travel until it collides with 

another one. A simple calculation of mean free path can express as follows, 

                                                         λmfp = 5 × 10−3/P                                                   

(1.7) 

where P stands for pressure. In a high vacuum system, the mean free path is larger 

than the chamber size, which means that molecules collide only with the wall. Vacuum 

pumps are employed to pump down a vacuum chamber from atmosphere to vacuum. In 

fact, every vacuum chamber is leaking, though the leakage may be extremely small. The 

pumps have to keep pumping the system all the time. At least two levels of pumps are 

required to achieve and maintain vacuum. The first stage is using a roughing pump, 

usually a rotary mechanical pump, to pump down the chamber from atmosphere to low 
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vacuum. Then, a high vacuum pump will be started to continuing pump the chamber 

down to high vacuum range, and the roughing pump is switched to pump the outlet of the 

high vacuum pump as a backing pump.  

In thin film deposition or characterization vacuum system, there are several common 

high vacuum pumps:  diffusion pump, turbomolecular pump, cryo-pump and ion pump.  

The maintenance of vacuum system is very important and skillful. And the most 

common procedure of maintenance is leak detecting. The most difficult step is to locate 

the leaking point. A helium leak detector, which indicates the helium flow rate, can 

significantly reduce the period of leakage detection. First, attach a helium leak detector to 

the leaked vacuum system; Then, the chamber can be pumped down using the pumping 

system integrated in the leak detector. Third, blow helium gas to the suspected leakage 

points. If the point is leaking, helium flow rate displayed on the leak detector will 

increase. 

 

1.4.2 Plasma and glow discharge 

Plasmas are weakly ionized gases which contain electrons, ions, natural atoms and 

molecular. Low pressure plasmas are widely used in thin film related technology. There 

are several types of low pressure plasmas in low pressure condition: glow discharge 

plasma, capacitively coupled plasma (CCP), cascaded arc plasma source, inductively 

coupled plasma (ICP), and wave heated plasma. Different types are used in different 

applications. For example, glow discharge and CCP are used to in DC and RF sputtering 

process, respectively. CCP and ICP are used to enhance the reactive ion etching (RIE). 

Take the glow discharge for example. To generate plasma in a vacuum chamber, two 

metal electrodes have to be integrated. Then a purge noble gas, which is usually Ar in a 

sputtering process, is added into the chamber with an appropriate flow rate to maintain a 

low pressure gas environment. The discharge can be initiated by applying a sufficiently 

high DC voltage between two electrodes.  

At the beginning, an electron near the cathode is accelerated toward the anode by the 

applied electric field. The electron collides with a new atom of the noble gas and turns it 
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into a positive ion and an electron. This process can be expressed using the following 

equation, 

                                                   𝑒− + 𝐴 = 2𝑒− + 𝐴+                                                         

(1.8) 

Now there are two electrons and one positive ion. The electrons will bombard the 

other neutral gas atoms and generate more and more positive ions and electrons. The 

positive atoms will be accelerated toward the cathode and bombard the cathode. This 

effect continues until an avalanche current causes the gas to breakdown. The distance 

between electrodes has to be long enough and the gas pressure has to be low enough in 

order to ensure the electrons can get sufficient energy before collision.  

 

 
Figure 1.13 Structure of a DC glow discharge with corresponding potential, ion density and electron density.20 

Figure 1.13 shows the structure of a DC glow discharge and corresponding potential, 

ion density and electron density.  Near the surface of cathode, there is a dark space called 

Aston Dark Space (Aston D. S.). Both low energy electrons nd high energy positive ions 

are contained in this thin area. Cathode glow appears beyond the Aston D. S.. It is a 

highly luminous layer. Next to the cathode glow, it is dark area called cathode dark space. 

In this area some electrons are accelerated to begin collision, some others collides with 

natural atoms without produce ion. The next is negative glow, in which the visible 
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emission is generated by the interactions between assorted secondary electrons and 

neutrals with attendant excitation and de-excitation. The following regions are Faraday 

dark space, and positive column. These regions are not used in sputtering process. During 

sputtering, the substrate is placed inside the negative glow, so the regions beyond 

negative glow do not appear. The target is placed at the cathode so that it will be 

bombarded by the accelerated positive ions. As shown in the other charts of Figure 1.13, 

the potential, ion density and electron density are highly nonlinear, and the sputtering 

regions have largest ion density. 

1.4.3 Sputtering system 

In this work, sputtering is the main process used to fabricate magnetic thin films, but 

unlike a simple cathode-anode pair which is used to generate plasma, a set of magnets are 

placed at the back side of the cathode. This configuration is called magnetron sputtering.   

 
Figure 1.14 Schematic of magnetron sputtering21 

As shown in Figure 1.14, magnetic fields are generated from the side magnets, then 

penetrate the target, and finally return to the central magnet. The electrons will be trapped 

near the surface of target by magnetic fields and continue rotating around in circular 

motion. The plasma near the target surface will be significantly enhanced because more 

and more electrons increase the possibility of collision and ionization. With same voltage, 

one to two orders of magnitude more current is drawn in magnetron sputtering compared 

to simple discharges. In other words, compared to simple sputtering, a magnetron 

sputtering configuration can have higher deposition rate and lower operation voltage. The 
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required operation pressure of working gas also can be reduced, because the magnetic 

fields can maintain high density of electrons in plasma.  

In thin film deposition, many kinds of materials are expected to be sputtered. DC 

sputtering works very well with the conductive materials. However, when working with 

nonconductive materials, DC sputtering will not work. When sputtering nonconductive 

materials, for example SiO2, after the positive ions are accelerated and bombard the target, 

positive charges accumulate at the target surface and will not be neutralized. In this case, 

RF sputtering, which is an AC sputtering with radio frequency, is required. At high 

frequency, the current can pass through dielectric materials, as well as the charges on the 

target surface, but in order to make ions bombard the target not the substrate, a negative 

target self-bias is required to direct the positive ions to target. 

 

 
Figure 1.15 8-target magnetron sputtering               

In this thesis work, an eight-target magnetron sputtering system, shown in Figure 

1.15, is used. It was modified from a MBE system. Therefore it is mainly sealed using CF 

flanges and can maintain a vacuum with base pressure around 4x10-8 torr. Its structure 

diagram is shown in Figure 1.16 
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Figure 1.16 Structure diagram of 8-target magnetron sputtering system. 

As shown in Figure 1.16, this sputtering system contains two vacuum chambers. One 

is load-lock which can store 5 substrate holders. The other one is main chamber which 

has 8 magnetron sputtering guns and is used for thin film deposition. The load-lock 

chamber is pumped by a cryopump. The main chamber is pumped by cryopump and a 

turbo pump, which is backed by a mechanical rotary pump. During sputtering, the main 

chamber is only pumped by the turbo pump, and the working pressure is controlled by 

adjusting the valve between turbo pump and main chamber. The mechanical pump is also 

used to pump down both chambers from atmosphere to low vacuum.  

A heater is equipped in the main chamber and placed at the back side of the substrate 

holder. It can be used not only to heat the substrate before and during sputtering, but also 

to anneal samples. The maximum temperature is around 550 oC. 

Usually, the working gas is pure Ar, but O2 gas also can be mixed into Ar to perform 

reactive sputtering.  
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Figure 1.17 Schematic figure of main chamber of the 8-target magnetron sputtering system. 

Figure 1.17 demonstrates the schematic of main chamber. 8 magnetron sputtering 

guns are arranged on a circle. The substrate holder and its shutter are placed on the 

rotation stage, which is at the con-focal point of the 8 guns. 

 

1.4.4 Thin film growth 

One of the key points of this work is to control the microstructure of thin films. 

Typically the thin films used in magnetic recording media are polycrystalline films. The 

granular structure and surface morphology are very critical and substantially determine 

the performance of recording media.  

 
Figure 1.18 Thornton’s Zone model for sputter deposited metal films22 
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Figure 1.18 displays the schematic of sputtered-film structures as Thornton’s zone 

model. The microstructure of a sputtered-film largely depends on the fabrication 

condition and sputtering parameters. Both argon pressure and substrate temperature are 

important to control the grain size of a thin film. Basically, higher temperature leads to 

larger grain size. 

 
Figure 1.19 Schematic illustration of three common epitaxial growth modes23 

As shown in Figure 1.19, in the morphological view, the film growth also has 

different moes: 

1) Frank-van der Merwe mode: 

The adatoms take priority to fill up the edge of step until the lower step is filled up. 

Thus, the film is deposited layer by layer. 

2) Volmer-Weber mode: 

The adatoms nucleate at a few points and pile up as islands. 

3) Stranski-Krastanov mode: 

It is the combination of the above two modes. At the beginning, the film is deposited 

layer by layer, and then islands will be formed at top. 
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1.5 Thin film characterization techniques 

1.5.1 X-ray diffraction 

X-ray diffraction (XRD) is one of the basic tools to study the crystalline structure 

and texture of materials. Its working principle can be expressed in Bragg’s law (eq. 1.9), 

 

                                                           𝑛λ = 2𝑑 sin 𝜃                                                          

(1.9) 

where n is the order of reflection, λ is the wave length of x-ray, d is spacing between 

adjacent diffraction planes in lattice, and θ is the angle between incident x-ray and 

diffraction plane. The value of λ depends on the x-ray source. The most common x-ray 

source is Cu, and the wave length of Cu kα radiation is 1.54 Å. However some materials 

tend to absorb x-rays with wave length in this range and make the detected intensity very 

low. In this case, other types of x-ray source, such as Co, can be used to improve the 

signal.  

 

 

 
Figure 1.20 Schematic of X-ray diffractometer.24 

Figure 1.20 shows the schematic of an x-ray diffractometer. It contains three basic 

components, which are x-ray source, sample stage and x-ray detector. Depending on the 

configuration and design of x-ray diffractometer itself, two of the three components 

rotate during operation. No matter how they rotate, the detector and source have same 
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included angle (θ) with sample plane. The machine records the reflected x-ray intensity 

while scan θ in certain range. The XRD spectrum is drawn based on intensity vs. 2θ. 

When θ matches any diffraction plane according to Bragg’s law (eq. 1.9), the intensity 

will increase and a peak will be shown in spectrum. Then, the distance between 

diffraction planes, which is called d-spacing, can be calculated based on the position of 

peaks and Bragg’s law.  

θ-2θ scan is just the basic application of x-ray diffractometer. Changing the 

configuration of an x-ray diffractometer, many other functions can be implemented. For 

example, x-ray reflectivity can be used to measure thickness and density of thin film. 

 

1.5.2 Magnetic measurements 

A magnetometer is a basic tool to study magnetic materials. In this thesis work, 

several types of magnetometers are used to measure hysteresis loops which provide a 

variety of magnetic properties, such as saturation magnetization, coercivity, remnant 

coercivity, switching field distribution, thermal energy barrier, and so on. 

A. Vibrating sample magnetometer 

The vibrating sample magnetometer (VSM) is widely used in magnetic 

measurements, because  it is easy and fast to use. Figure 1.21 demonstrates the working 

principle of a VSM. 
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Figure 1.21 Schematic of vibration sample magnetometer.25 

A sample is placed on a sample holder pole and inserted into a gap between two 

electromagnets, on which a pair of pickup coils is attached.  During measurement, 

magnetic field is generated from the electromagnets and applied to sample. Meanwhile, 

the sample is vibrated by the sample holder and generates an inductive voltage in the 

pickup coils. Fixing the amplitude and frequency of vibration, the voltage magnitude only 

depends on the magnetization of sample. Therefore, the curve of magnetization (M) vs. 

magnetic field (H) can be produced.  

B. Magneto-optic Kerr effect 

The polarization angle of a polarized laser, which is reflected from a magnetic 

material surface, is changed. The change of polarization angle depends on the sample’s 

magnetization. This effect is called Magneto-optic Kerr Effect (MOKE). Compared to 

VSM, MOKE can provide much faster measurements, such as dynamitic measurement in 

microsecond scale, but the sample angle in MOKE measurement is fixed by the 

configuration, while in VSM, it is very convenient to test the angle dependence. 

 

1.5.3 Electron Microscopy 

C. Scanning electron microscope 
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Scanning electron microscopy (SEM) is a very important tool to observe the 

morphology of sample surface in nano-scale. Typical resolution of a SEM is around 1 nm. 

It is not difficult to prepare thin film or a micro/nano device samples for SEM 

observation. A conductive surface is all you need in SEM, to neutralize the local charges 

in the observed area. For the samples with insulating surface, a thin conductive film, such 

as carbon, silver, or platinum, can be sputtered onto the surface to make it conductive.  

 
Figure 1.22 Schematic figure of a scanning electron microscopy.26 

Figure 1.22  shows the schematic figure of a SEM. Electrons are generated from the 

electron gun, and accelerated to collide with the specimen surface. A set of lenses are 

placed at the path of electrons to control them. Unlike the optical microscope system, the 

lens in electron microscope is a coil, which can generate magnetic field to apply Lorenz 

force to electrons. When the electrons interact with the sample surface, they will generate 

secondary electrons. A detector will collect the secondary electrons and record the data.  

However, the resolution of SEM is limited by the way it collects the information of 

sample surface. The secondary electrons do not only fly to the detectors, but randomly fly 

in any direction. Of course, some of these electrons interact with the adjacent area of the 

sample and also generate new secondary electrons. The detector also records these new 
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generated secondary electrons, but mixed them with the previous electrons which were 

generated at the selected area. 

For micro/nano devices, SEM can provide sufficiently high resolution. But it can not 

differentiate the microstructure of thin film, for example granular structure.  

 

D. TEM 

It is no exaggeration to say that transmission electron microscope (TEM) is the most 

important characterization tool in material research. TEM can help to study 

microstructure, grain size, grain boundary, crystalline structure, lattice, defects, element, 

chemical state, composition, and so on. A powerful TEM can even differentiate the 

elements of alloy in atomic scale27. Figure 1.23 schematically shows the structure of a 

TEM. 

 
Figure 1.23 Schematic figure of a transmission electron microscopy28 

Similar to SEM, electrons are extracted from filament and accelerated to pass 

through a set of lens, apertures, and stigmators, and reach the sample. But in TEM, the 

electrons pass through the sample and finally hit a screen, a CCD camera or a detector. 

While passing the sample, electrons interacted with the sample. Depends on the 
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interaction, the electrons are classified and used to analyze different information of the 

sample.  

The un-diffracted or inelastic scattered electrons can be used to reproduce high 

resolution image. This projected image of sample is called the bright field (BF) image. In 

a BF image, the resolution can reach atomic scale, and its contrast reflects the 

information of atomic (Z) number and crystalline orientation. Typically, the higher the Z 

number, the darker that contrast of the BF image. 

Diffracted electrons create diffraction patterns, which contain the crystalline 

structure information, but unlike XRD, the electron diffraction reflects the in-plane lattice 

planes instead of the out-of-plane lattice planes. A diffraction aperture can be placed at 

the electron path to only expose the sample where the researcher is interested. Thus the 

selected area can be analyzed independently. This technique is called select area electron 

diffraction (SAED). Typically, there are two kinds of diffraction: parallel electron 

diffraction and convergent beam electron diffraction (CBED).  

In diffraction mode, an objective aperture can be placed on a single diffraction 

pattern, and block all the other patterns. For example, if the (001) diffraction pattern is 

only exposed by the objective aperture, only the electrons diffracted by the (001) plane 

can pass through the aperture. Then, using these electrons to reproduce the image, only 

(001) oriented grains can observed. This technique is call dark field (DF) imaging. 

Above techniques are just the basic functions of TEM. In the TEM there are lots of 

advanced functions, such as scanning TEM (STEM), annular dark field (ADF), high 

angle ADF (HADDF). Also, more types of analysis can be performed in TEM with 

additional attachments, such as energy-dispersive x-ray spectroscopy and electron energy 

loss spectroscopy. 

One of the most difficult procedures is sample preparation. The sample has to be 

extremely thin so than electrons can penetrate it. The thickness of sample must be smaller 

than 100 nm. For ultra-high resolution and advanced analysis, the sample thickness has to 

be within 10 nm. Sometimes one can deposit nanoparticles or thin films directly on a 

TEM grid carbon thin film. But in most cases, the sample has to be polished to have a 

thin are for TEM analysis. This is a very tedious and skillful work. Depends on the tools 
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used for sample preparation, usually there are three methods to prepare TEM samples: (1) 

Dimpling, (2) Wedge polishing, and (3) Focus Ion Beam (FIB). 

 

1.5.4 Surface analysis 

E. Atomic force microscope 

Surface roughness is an important property in thin film research as well as magnetic 

recording media. In a hard disk drive, the head is flying on the media with a height as 

small as a few nanometers. Recently, the fly height was reduced within 1 nm. Therefore, 

the film surface has to be super flat, to prevent the head from colliding with the media. 

The surface roughness of recording media is required to be no larger than 0.3 nm. TEM 

only provides a projection view, not the surface morphology. Although SEM can provide 

surface image with good resolution, it cannot quantitatively evaluate the sample surface. 

Actually, atomic force microscopy (AFM) is the most common tool to analyze thin film 

surface. Figure 1.24 shows the schematic of AFM working principle. 

 
Figure 1.24 Schematic of AFM working principle 29 

As shown in Figure 1.24, in AFM, a cantilever is driven by a motor and moves 

across the sample surface. There is a probe at the end of the cantilever, facing the sample. 
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According to the interaction between the probe and sample surface, the cantilever goes up 

and down. A laser beam is pointed to the cantilever and reflected to a detector. The leaser 

point on the detector will move with the attitude change of cantilever, and of course 

represent the morphology of sample surface.  

Typically, an AFM has two scanning modes, with different types of cantilever. One 

is contact mode. In contact mode, the probe attaches to sample surface and directly 

reproduce its morphology. The other one is called tapping mode. In tapping mode, the 

probe does not attach to the sample surface. The cantilever is oscillating and its frequency 

is affected by the atomic force interaction between sample surface and probe. Therefore, 

surface morphology will change the atomic force interaction and then change the 

oscillation frequency of cantilever. Thus the morphology can be reproduced by the AFM 

system.  

Since there are many kinds of interaction between the sample and probe, the AFM 

can detect lots of information other than surface morphology. For example, the magnetic 

signal of recording media can be sensed by AFM with a special probe. 

 

F. Magnetic force microscope 

Magnetic force microscope (AFM) is a special mode of AFM. Besides software 

configuration, the only difference between MFM and normal AFM is the probe. A MFM 

probe is coated with magnetic material. Before analysis, the MFM probe is required to 

have high magnetocrystalline anisotropy and has to be magnetized using a permanent 

magnet, in order to prevent the magnetic state of probe being changed by the magnetic 

sample. Operating the MFM probe under tapping mode, the AFM system can mapping 

the magnetic states of sample surface based on the magnetic force interaction between 

sample and probe.  

With MFM, it is convenient to map domain wall structures of a magnetic thin film 

and the recording bits of recording media. In addition, an in-plane magnetic field can be 

applied to the sample during MFM analysis, to observe the change of domain wall 

structure. However, MFM is limited in dynamic analysis of magnetic thin films with 

perpendicular anisotropy, because it is very difficult to apply an out-of-plane magnetic 

field, which is along the direction of the microscope column. Another disadvantage is 
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that the resolution of a normal MFM/AFM is 10 nm or larger, which is too large to 

observe the magnetic grains for high density recording media, but it is good enough to 

observe the magnetic dots of bit patterned media. 

 

1.5.5 Composition analysis 

Composition is a very critical parameter in thin film fabrication. The performance 

and properties of thin film samples mostly depend on its composition and fabrication 

process. Therefore, the analysis of composition is extremely important. In this thesis 

work, three methods are mainly used to determine composition. They are energy-

dispersive x-ray spectroscopy, electron energy loss spectroscopy, and Rutherford 

backscattering spectrometry. 

A. Energy-dispersive x-ray spectroscopy 

Energy-dispersive x-ray spectroscopy (EDS or EDX) is normally equipped in 

electron microscope, either SEM or TEM. When high energy electrons interact with 

atoms, elemental characteristic x-ray will be generated. The energy of the x-ray depends 

on the energy levels of the atoms, which are excited by high energy electrons; by 

detecting x-ray energy, the element of the atoms can be determined. During operation, the 

EDS detector is placed at one side of the electron microscope column, thus it is better to 

slightly tilt sample toward the detector, to enhance the signal. However, EDS is not a 

high accuracy analysis method either in spatial resolution or in quantitative composition 

determination. The chemical state of element will affect the composition ratio 

determination and the spatial resolution of EDS mapping cannot be less than a few 

nanometers. 

B. Electron energy loss spectroscopy 

Electron energy loss spectroscopy (EELS) is an advanced application in TEM. Not 

all TEM systems have an EELS function. In order to do EELS analysis, an EELS detector 

must be placed at the bottom of TEM column. The transmitted electrons can be classified 

into two types: elastic scattered electrons and inelastic scattered electrons. The EELS 

detector only collects the inelastic scattered electrons. After penetrating the sample, 

inelastic scattered electrons lose a part of their kinetic energy because of the interaction 
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from atomic nucleus. The amount of energy loss depends on the type of nucleus which 

interacts with the electrons. In other words, the energy loss is elemental characteristic.  

 
Figure 1.25 Schematic configuration of electron energy loss spectrum.30 

Figure 1.25 shows the schematic configuration of EELS. A prism with magnetic 

field is placed on the path of the transmitted electrons. When electrons enter the prism, 

they will be deflected by the Lorenz force from the magnetic field, and finally hit a 

detector. However, electrons with different energy loss have different deflection angles, 

and will hit different positions on the detector. Based on deflection distance, the energy 

loss can be calculated by software, and then the element can be determined. Unlike the x-

ray detected by EDS, the inelastic scattered electrons only interact with atomic nucleus 

and provide high accuracy in quantitative analyzing the elements of sample. With a 

scanning transmission microscope (STEM), EELS can reproduce an elemental mapping 

with very high resolution, by scanning the sample pixel by pixel. The pixel can be as 

small as around 1 angstrom. Additionally, EELS can be used to measure the sample 

thickness and valence states of the elements. 

 

C. Rutherford backscattering spectrometry 

Rutherford backscattering spectrometry (RBS) provides perhaps the highest accuracy 

in all common composition analysis methods. In RBS analysis, sample is placed into a 

vacuum chamber, and bombarded by high energy Helium ions. The high energy ions are 

scattered after elastic collision with nucleus in the sample; by detecting the energy of 

backscattered ions, elements of the sample can be determined. Since the energy of 

backscattered ions is mainly changed by the nucleus, the RBS result is barely affected by 
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valence states, and can be used for high accuracy quantitative analysis. After an 

appropriate simulation, the structure of a multilayer thin film can be determined. 

However, since only the nucleus with a certain mass can reflect high energy ions, RBS is 

not suitable for analysis of light elements. 

 

1.6 Scope of this thesis 

In this thesis work, FePt type recording media will be discussed and demonstrated 

comprehensively. Granular media, bit patterned media, ECC media, and graded media, 

HAMR media are all involved. Basically, recording media can be simply classified into 

granular media and bit patterned media. However, since a L10 ordered FePt has a very 

large KU value, assistance is required to help switch the recording bit of FePt media. At 

least one of the ECC, graded or HAMR techniques has to be integrated to reduce 

switching field. There are 6 combinations. However, HAMR refers to a whole system 

including laser, sink layer, circuit and so on. Therefore, HAMR system will to be 

experimentally demonstrated in this thesis, which only contains the magnetic recording 

layer.  

Compared to granular media, bit patterned media is more suitable to study the 

physics and performance of recording process, because the latter is more controllable in 

structure and has less mixture composition such as non-magnetic gain boundary materials. 

Therefore FePt type bit patterned media will occupy a large amount of this thesis. 

Economical and high throughput patterning processes will be demonstrated in details. 

Pure FePt, ECC and graded continuous films will be developed and patterned into dot 

arrays. Important issues, including thermal stability, chemically ordering, etching damage, 

switching field distribution, and so on, will be discussed, and some of them will be 

addressed.  

However, granular media is still dominant in current recording system, and will 

continue its leading role at least in the near future. This thesis work will experimentally 

demonstrate new ideas to fabricate FePt granular media. FePt granular media with graded 

structure will be fabricated in a simultaneous process and FePt granular media with sub-5 
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nm grain size will be fabricated using a nanopatterning process, in which the hard mask 

will be deposited using sputtering. 
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Chapter 2. PROGRESS ON FEPT RECORDING MEDIA 

2.1 Introduction 

In future extremely high density magnetic recording, the center to center distance 

between magnetic grains of hard disk media is required to be shrunk further down to sub 

4 nm to support recording areal density up to 5 Terabit/in2 while the magnetic is still kept 

thermally stable. FePt, which is chemically stable and has ultra-high magnetocrystalline 

anisotropy of 7x107 erg/cc, is considered as a promising candidate for future recording 

media materials. In principle, a fully L10 ordered FePt grain maintains thermal stability 

for sizes as small as 3 nm.1 The progress on FePt recording media in the past decade will 

be reviewed in this chapter. 

2.2 Low temperature chemical ordering 

The transformation from FePt A1 phase to L10 phase has been found to occur when 

it is heated to around 400 °C.2 However, a chemically disordered A1 phase FePt thin film 

has to be annealed at 600 °C to form a fully ordered L10 FePt layer.3 But for recording 

media fabrication, it is important to achieve (001) textured L10 FePt thin film at relatively 

low deposition temperature, and without post annealing. Considering that during the 

transformation from A1 phase to L10 phase, the FePt lattice changed from fcc structure to 

fct structure with shorter c axis, an in-plane strain is expected to promote the phase 

transformation and lower the ordering temperature. The strain comes from the lattice 

misfit between FePt and its underlayers. The lattice of underlayer should be slightly 

larger than that of the (001) plane of L10 FePt, otherwise it might match another lattice 

plane of FePt. The lattice misfit between Ag (001) plane and FePt (001) plane was found 

to be able to reduce the L10 ordering temperature, but the FePt film was not well (001) 

textured.4,5  

Xu et al. successfully fabricated (001) textured L10 FePt film on Cr100-xRux 

underlayer at low substrate temperature of 400 °C.6 Since the lattice misfit is very critical, 

they carefully adjusted the lattice constant of CrRu underlayer by varying the 

composition ratio of Cr to Ru, and found that Cr91Ru9 is the best composition for FePt 



Chapter 2. Progress on FePt recording media 

39 
 

fabrication. A Pt layer was inserted between CrRu and FePt to prevent the diffusion of 

Cr.7 

Figure 2.1 (a) shows how the out-of-plane coercivity, in-plane coercivity and lattice 

misfit between CrRu and FePt change with the Ru content. Figure 2.1 (b) displays the 

XRD spectra of Cr91Ru9/Pt/FePt films with different deposition temperature. According 

to the figure, FePt was well L10 ordered at 350 °C, and its ordering and texture were 

greatly enhanced at 400 °C. Similar effects were found with different underlayers, such 

as PtMn, CrW, and RuAl.8 ,9,10 

 

 
 

 
Figure 2.1 (a) How the out-of-plane coercivity, in-plane coercivity and lattice misfit between CrRu and FePt 
change with the Ru content. (b) displays the XRD spectra of Cr91Ru9/Pt/FePt films with different deposition 

temperature. [Ref. 6] 
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Besides, increasing sputtering gas pressure and adding other elements, such as C, Sb, 

Ag, B, Cu, Ir, were also found to effectively reduce the L10 ordering temperature of 

FePt.11,12, 13,14,15 It is believed that the diffusion of small dopant atoms promotes the 

diffusion of Fe and Pt atoms and helps them to find low-energy sites. By post-annealing 

[Fe/Pt/SiO2]18 monolayers film at 350 °C for just 60 s, Wu et al. fabricated highly 

ordered and (001) textured FePt film with well isolated granular structure. 16 

 

2.3 Grain size and distribution control for heat assisted magnetic recording. 

Since FePt media has a large switching field, in order to switch an FePt recording bit, 

traditional techniques will not work as the head field is not large enough. Heat Assisted 

Magnetic Recording (HAMR) was proposed to decrease the switching field. 17 , 18  It 

becomes more and more promising to support extremely high recording density with the 

recent demonstration of 1 Terabit/in2 areal density by Seagate Technology. 19  

The key challenge of fabricating high density FePt media is to fabricate a highly L10 

ordered FePt granular thin film with extremely small grain size and good (001) texture. 

Using RuAl as an underlayer and setting the fabrication temperature to 350 oC, Shen et al. 

achieved 6.6 nm FePt grains with a size distribution of 17% and a coercivity of 8 kOe.10 

The characteristic of this work is that the columnar growth was initiated from the 

underlayer, not FePt recording layer only. Zhang et al. fabricated FePt-Ag-C film at 550 
oC and the coercivity was 35 kOe. 20  In their work, the FePt grain size was 6.2 nm. Also 

using 550 oC as the depositioin temperature, Mosendz et al. created FePt-Ag-C media 

with a coercivity of as high as 48 kOe, but the grain size increased to 7.2 nm. 21 Figure 

2.2 shows the results of their work. From the cross-sectional image in Figure 2.2 (b), the 

spherical shape of the FePt grains can be clearly observed. This is a common draw-back 

of the non-columnar growth, which limits the thickness of magnetic layer. When 

exceeding a critical thickness, a second layer of disoriented particles would be 

formed.11,21 

 



Chapter 2. Progress on FePt recording media 

41 
 

 
Figure 2.2 (a) plan-view TEM image, (b) cross-sectional TEM image, (c) in-plane and out-of-plane hysteresis 

loops of FePtAg-C granular media. [Ref. 21] 

Granz et al. successfully reduced the FePt grain size down to 2.5 nm by depositing 

the FePtB film at room temperature, but the FePt was in disordered phase with 

superparamagnetic behavior. 22   Dong et al. created sub-6 nm FePt grains with a 

coercivity of 21.5 kOe by depositing FePt-SiNx-C film at a relatively low temperature of 

380 oC, however, the grains were not well isolated. 23 As shown in Table 2.1, a dilemma 

for the fabrication of FePt media with desirable properties is that a high temperature 

deposition leads to good L10 ordering thus high coercivity, but results in large grain sizes, 

while a low temperature deposition leads to small grain sizes, but results in poor L10 

ordering thus low coercivity. Optimizing the deposition parameters and searching for 

doping materials may help improve the performances, but still cannot solve this dilemma 

completely. In order to solve this problem, a fundamentally new process is required to 

break down the interlock between the requirements for small grain sizes and large 

coercivity for FePt HAMR media. 
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Table 2.1 A brief summary of FePt granular media fabrication 

 Grain size (nm)  H
C
 (kOe)  Fabrication temperature  

FePt-B(-Ag) 2.5  0.05, disordered  Room temperature,.  
FePt-Ag-C  6.2  35  550 

o
C,  

FePt-Ag-C  7.2  48 500-550 
o
C  

FePt-SiN
x
-C  5.5 (not well isolated)  21.5 380 

o
C  

FePt-Cu  6  8.0  350 
o
C  

 

2.4 Bit patterned media 

In conventional recording media, a single recording bit contains a certain amount of 

magnetic grains to maintain signal to noise ratio. Therefore, thermal fluctuation effect 

will become serious when further reduce the bit size and grain size. Other than simply 

utilizing high KU materials, bit patterned media is another option to overcome the thermal 

effect issue. In bit patterned media (BPM), every single magnetic entity is exchange 

decoupled and can store information independently. 24  It has been considered as a 

promising candidate for future high areal density magnetic recording. A single magnetic 

entity in BPM can be as large as a recording bit in conventional recording media with 

same recording density, but more thermally stable. Figure 2.3 shows the comparison of 

conventional media and BPM.25 
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Figure 2.3 Comparison of (left) conventional media and (right) bit patterned media. [Ref. 25] 

Even with BPM, to get ultra-high recording density, thermal effect is still inevitable. 

To achieve 10T bit/in2 areal density in BPM, the bit size is required to be as small as 8 

nm. Therefore, BPM still requires materials with very high magnetic anisotropy to 

guarantee thermal stability of the individual bits. L10 ordered FePt alloys was considered 

as one of the potential materials for the recording layer in BPM due to its large KU. 

However, the fabrication process of BPM is far more complicated and expensive 

than that of conventional media. Patterning process has to be employed following thin 

film deposition. In fact, the biggest challenge is to economically fabricate magnetic dot 

arrays. Typically, there are three methods to transfer the dot array patterns down to 

magnetic continuous films. 

1) Electron beam lithography; 

2) Nanoimprinting; 

3) Block copolymer self-assemble. 

In electron beam lithography, the nanostructures are defined by electron beam one by 

one. It is very accurate but costs too much. Therefore it is impossible to utilize this 

process on every hard disk. On the contrast, the other two processes are much more 

economical and feasible in media fabrication.  

Several methods have been proposed for fabricating patterned structure for BPM 

either by depositing materials on pre-patterned substrate26 or patterning the pre-deposited 
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magnetic film by e-beam lithography 27  over small area, nanoimprinting 28  and self-

assembled di-block copolymer 29,30,31 over large area. Anodic Aluminum Oxide (AAO) 

was used as an economic mold to fabricate FePt BPM with nanoimpringting.32 Block 

copolymer lithography has been considered as the most likely route to higher areal 

density beyond that achievable by electron beam lithography and it is economical too. 

Fabrication of L10 single layer FePt bit patterned media using block copolymer 

lithography was reported by Hieda et al.31 They had fabricated the hole array first and 

filled them with spin on glass (SOG). Then, the matrix was removed and the SOG dots 

were used as the etching mask. Directly transferring the dot array pattern of block 

copolymer to FePt was demonstrated by Wang et al.33 Figure 2.4 shows the SEM plan-

view image of the block-copolymer patterned FePt dots with 31 nm dot size and 8% size 

distribution. 

 

 

 

 

 

 
Figure 2.4 SEM plan-view image of FePt BPM fabricated using BCP. [Ref. 33] 



Chapter 2. Progress on FePt recording media 

45 
 

Usually, the coercivity of the as-patterned FePt dots could not reach the expected 

value, which would be a few Tesla.29,33,34,35,36,37 This fact suggests that the patterning 

process may cause degradation of the FePt properties. Disordered FePt phase region was 

found on the FePt patterned dots, and the coercivity could be significantly increased after 

post-annealing at a very high temperature.36 Another key issue of the patterned media is 

the switching field distribution (SFD). A wide SFD seriously affects the definition of the 

recording bits and limits the recording density. The dot size distribution and anisotropy 

distribution are the major sources of the SFD. Wang et al. reported using post-annealed 

the patterned films at a relatively low temperature of 350 °C, to enhance the L10 ordering 

and reduce SFD.38 The results are summarized in Table 2.2. 

 

 

 

 

 

 
Table 2.2 Results summary of continuous film, as-patterned BPM and annealed BPM [Ref. 38] 

 H
C
 (kOe) Switching field 

distribution 
Ordering 

parameter S 
FWHM of FePt (001) 

rocking curve 
Continuous film 3.82 - 0.72 5.95º 

As-patterned BPM 16.0 34% 0.48 7.26º 
Annealed BPM 17.1 15% 0.57 6.81º 

 

2.5 Exchange coupled composite structure 

Besides HAMR, exchange coupled composite (ECC) structure was proposed as an 

efficient way to switch high KU media. 39,40 In ECC media, a single magnetic grain is 

divided into two parts with different anisotropy. One part is magnetically hard and the 

other part is magnetically soft. The hard part has high anisotropy and can keep the grain 

thermally stable, while the soft part will help reverse the magnetization of whole grain 

during writing process. Figure 2.5 shows how the magnetization switches in an ECC 

grain.  
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Figure 2.5 magnetization reversal in an ECC grain. [Ref. 39] 

Initially, the magnetization of both hard and soft region pointed up. Then, an external 

magnetic field applied to the grain from up to down. The magnitude of the applied filed is 

smaller than the coercivity of hard region but larger than the coercivity of soft region. 

Therefore the magnetic moment of soft region started to rotate. The exchange coupling 

between the soft region and hard region make them tend to align to same direction. 

Therefore the moment of hard region will rotate even its coercivity is larger than the 

applied field. And finally, with proper magnitude of applied field and help of soft region, 

the magnetization of hard region will be reversed.  

Basically, the soft region helps to reduce switching field while the hard region helps 

to maintain thermal stability. However, even though the ECC structure can make a 

magnetic grain switchable, it also significantly increases the volume of a single grain, 

which is not preferred in recording media. Actually, in conventional structure, even keep 

the magnetic materials unchanged, the thermal stability can be doubled by doubling the 

volume of grain. The ECC structure has to be carefully designed to balance this dilemma. 

A gain factor was defined to evaluate the advantage of an ECC media to conventional 

media, 39 



Chapter 2. Progress on FePt recording media 

47 
 

                                                          ξ = 2ΔE
MS•HSW•V

                                                           

(3.1) 

Where ξ is the gain factor, ΔE is thermal barrier of magnetic reversal, MS is 

saturation magnetization, HSW is switching field, and V is the volume of grain. In 

conventional media, ΔE=KUV=(MS•HSW/2) •V. Therefore its ξ equals 1. But for ECC 

media, its real thermal energy barrier is larger than (MS•HSW/2) •V, and its ξ is larger than 

1. Theoretically, the maximum ξ of ECC structure is 2. Suess et al. used exchange spring 

model rather than two-spin model to demonstrate the similar structure. 41 In their model, 

during switching, a domain wall was initiated in the soft region of composite grains and 

push through the boundary of two regions. 

L10 FePt based ECC media has been widely studied and experimentally 

demonstrated with various soft region designs. Typically there are two types of Soft layer. 

One type is FePt with low L10 ordering or low coercivity. The ordering or coercivity of 

FePt can be tuned by depositing FePt at relatively low temperature, 42  doping other 

elements, 43  or varying sputtering condition. 44  The other type of soft layer is other 

magnetic materials with relatively low coercivity than that of FePt.45,46,47,48 In addition, 

FePt ECC media with ledge-type structure or  core-shell structure were fabricated and 

found to be more efficient in switching field reduction.49,50,51 

FePt based ECC media were also demonstrated in the form BPM.33, 52 , 53  With 

appropriate patterning process, the fabrication of ECC BPM is easier than that of ECC 

granular media, because BPM only requires continuous film stacks other than granular 

films with non-magnetic dopants. Therefore, in BPM, the film stacks are more 

controllable and have more freedom in design. Figure 2.6 shows the TEM cross-sectional 

image of a patterned ECC dots, whose structure is FePt/Fe/Ru(capping layer). 
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Figure 2.6 TEM cross sectional image of a patterned ECC dots with structure of FePt/Fe/Ru(capping). 

 

2.6 Graded media 

To further enhance the writability of composite structure, graded media was 

proposed. 54,55 In graded media, KU value gradually changed along the grain columnar 

direction. Domain wall assisted switching was also suggested with a similar consideration. 
56  ECC structure and graded structure are schematically compared in Figure 2.7. 
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Figure 2.7 Schematic comparison of an ECC grain and a graded grain. 

As mentioned above, an ECC grain is divided into two parts with different KU value. 

But in a graded grain, there is no sharp interface to separate different regions. It gradually 

changed from magnetically hard to magnetically soft. Graded structure is expected to 

have better performance than ECC structure does. In other words, with proper design, 

graded structure can have higher thermal barrier but lower switching field than ECC 

structure does. Theoretically, the gain factor of a graded media can be as high as 4.55  

In the view of fabrication, the graded structure of FePt can be achieved by annealing 

a FePt/Fe bilayer structure,57 or gradually varying the dopant content.58 Unlike ECC 

media, varying the sputtering condition may not be a practical way to fabricate graded 

media. However, since experiments are usually not ideal, FePt thin films or grains are not 

completely uniform. Even an FePt layer was purposely deposited as pure L10 FePt, its 

L10 ordering or composition always varied in the film normal direction. This 

imperfection provides an easy method to build up graded structure. Wang et al. found that 

in the structure of RuAl/Pt/FePt thin film, a compositionally graded interface was created 

between FePt and Pt, while deposited at 350 °C.59 Figure 2.8 shows the Fe content 

distribution along the columnar direction of the grains, which was obtained from EELS 

line scan analysis in TEM. The designed thickness of FePt is 6 nm, but the distribution of 

Fe expanded to 9 nm. The graded structure was proved by the line-scan profile. The gain 

factor of this sample was estimated to be 3.74, which is quite close to the limit. 
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Figure 2.8 (a) Cross-sectional STEM annular dark field image of sample Pt(7 nm)/FePt(6 nm) rotated by 90 degree 

counterclockwise (left: film top). (b) A schematic of how the Fe composition changes with position, in which the higher the 
brightness, the more the Fe. (c) EELS line scan analysis of Fe content in one columnar grain along the film normal. The curve 

of Fe-L3 edge areal density vs. position was plotted in (c) with associated position in (a) and (b). [Ref. 59] 

FePt type graded media was also realized in BPM.38 Unlike the granular media with 

graded structure, it was found that either varying deposition temperature or adjusting the 

composition during sputtering process is not suitable to create a graded continuous film 

for BPM, because both these methods caused large surface roughness. A layer inter-

diffusion process is recommended for the graded continuous film fabrication, with which 

the thin film surface is confirmed to be flat. 
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2.7 Conclusion 

In this chapter, the progress on FePt perpendicular recording media has been 

reviewed systematically. 
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Chapter 3. FEPT THIN FILM FABRICATION AND COMPOSITE 
STRUCTURE 

3.1 Introduction 

As mentioned previously, there is a trilemma in high density magnetic recording 

media design. To achieve high signal to noise ratio (SNR), a recording bit must contain a 

certain number of magnetic grains. Therefore, the grain size has to be reduced with the 

bit size. However, the thermal stability decreases with the grain size. Hence, magnetic 

materials with high magnetocrystalline anisotropy (KU) are required to fabricate 

recording media. But high KU leads to high switching field. To reverse a recording bit, 

writing field has to be larger than switching field, but the writing field is limited. 

Recently, L10 ordered FePt with (001) texture has been considered as the most promising 

candidate for future high density magnetic recording media due to its ultra-high 

magnetocrystalline anisotropy of ~ 7x107 erg/cc.1 However the writing capability of the 

recording head is among the most important concerns of future FePt recording media. 

Exchange coupled composite (ECC) media, which has two magnetic layers with different 

anisotropies and switching fields in the recording layer, was proposed theoretically2,3 and 

implemented experimentally4 as a promising solution to address this issue. Figure 3.1 

shows a schematic comparison between conventional structure and ECC structure. 
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Figure 3.1 schematic comparison between conventional structure and ECC structure 

The left figure in Figure 3.1 is a magnetic grain of conventional recording media 

with a uniform anisotropy along its columnar direction. For high density recording, it 

must have high anisotropy to against thermal fluctuation. In ECC media, as shown in the 

right figure of Figure 3.1, a single magnetic grain is divided into two parts with different 

anisotropy. One part is magnetically hard and the other part is magnetically soft. The hard 

part has high anisotropy and can keep the grain thermally stable, while the soft part will 

help reverse the magnetization of whole grain during writing process. However, even 

though the ECC structure can make a magnetic grain switchable, it also significantly 

increases the volume of a single grain, which is not preferred in recording media. 

Actually, in conventional structure, even keep the magnetic materials unchanged, the 

thermal stability can be doubled by doubling the volume of grain. The ECC structure has 

to be carefully designed to balance this dilemma. A gain factor was defined to evaluate 

the advantage of an ECC media to conventional media, 39 

                                                          ξ = 2ΔE
MS•HSW•V

                                                           

(3.1) 
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Where ξ is the gain factor, ΔE is thermal barrier of magnetic reversal, MS is saturation 

magnetization, HSW is switching field, and V is the volume of grain. In conventional 

media, ΔE=KUV=(MS•HSW/2) •V. Therefore its ξ equals 1. But for ECC media, its real 

thermal energy barrier is larger than (MS•HSW/2) •V, and its ξ is larger than 1. 

Theoretically, the maximum ξ of ECC structure is 2. Although ECC structure was 

initially proposed as a simple columnar structure with two different layers, it is not 

limited to be this form. Goll et al. proposed several different types based on FePt/Fe 

structure5, as shown in Figure 3.2. 

 
Figure 3.2 Different configurations of ECC structure (Ref. 5) 

As shown in Figure 3.2 (a), depends on the shape of soft capping layer, a single ECC 

dot can be classified into mushroom-type, gamma-type and capped-type. In the view of 

whole media, the FePt dots can be connected using soft region, and can be classified 

based on how the Fe region surrounds FePt dots. Based on simulation results, they 

claimed that mushroom-type structure shows the best thermal stability ratio.  

To further enhance the writability of composite structure, graded media was 

proposed. 6,7 In graded media, KU value gradually changed along the grain columnar 
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direction. Domain wall assisted switching was also suggested with a similar consideration. 
8  As mentioned above, an ECC grain is divided into two parts with different KU value. 

But in a graded grain, there is no sharp interface to separate different regions. It gradually 

changed from magnetically hard to magnetically soft. Graded structure is expected to 

have better performance than ECC structure does. In other words, with proper design, 

graded structure can have higher thermal barrier but lower switching field than ECC 

structure does. It was theoretically that the gain factor of a graded media can be as high as 

455. However, no experimental result approaches 4. 

 

3.2 Core-shell  type FePt ECC media 

3.2.1 Experiment 

Based on the ECC concept, a large coercivity reduction is seen in the FePt/Fe 

bilayers, FePt L10/A1 stack9, 10, 11, and ledge-type structure.5 As an extension of ledge-

type composite, a simulation work indicates that half-filled nanopattern has the highest 

thermal barrier and its coercivity was decreased by a factor of 7. 12 However, because of 

the large volume of soft materials, its gain factor is only 1.23. Therefore, the thickness of 

ECC media is a drawback in magnetic recording. Is there any method to reduce its 

thickness but keep the advantage of switching field reduction? The answer is yes. The 

solution is making the soft layer cover all the surface of hard region, not only being 

placed on the top. This is so-called core shell structure.  

Goh et al. theoretically studied this structure and provided simulation results. 13 

Figure 3.3 schematically shows their model.  
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Figure 3.3 Micromagnetic simulation model in Ref. 13. 

 

Their results showed that core-shell structure successfully caused significant 

reduction of switching field. 

The advantage of core-shell structure was experimentally demonstrated and 

confirmed by Ma et al. 14.  In this work, we have prepared a set of FePt/Fe composite 

grain films with different Fe layer thickness. A core-shell type nanocomposite structure is 

developed. The switching field, thermal stability, and gain factor are studied. Compared 

to the original bi-layer ECC structure, the height of composite dot can be reduced to meet 

the requirement of recording media. In addition, a modified formula for gain factor is 

proposed to demonstrate the advantage of core-shell ECC structure over original ECC 

structure. 

The L10 FePt/Fe ECC films were prepared on single crystal MgO substrate by our 8-

target magnetron sputtering system. At first, substrate was heated to 450 °C for one hour. 

Then, FePt thin film was co-sputtered from elemental targets while maintain the high 

temperature. After the deposition, the substrate was cooled down to room temperature, 
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and finally an Fe layer was deposited on FePt. The nominal thickness of FePt layer is 

fixed at 3.2 nm. The composition of FePt layer was Fe54.8Pt45.2. The nominal thickness of 

Fe capping layer varied from 2 nm to 12 nm. 

Since there is large difference between the surface energy of FePt and MgO, the thin 

FePt layer will form island structure to reduce the total surface energy, while deposited 

on MgO surface at high temperature.  

 
Figure 3.4 schematic figure of the morphology of FePt and FePt/Fe films on MgO substrate. 

Figure 3.4 shows the schematic figure of the morphology of FePt and FePt/Fe films 

on MgO substrate. FePt film forms isolated islands. Fe layer tends to cover the surface of 

FePt islands, rather than the exposed surface of MgO substrate, because FePt has higher 

surface energy than MgO does. Thus the core-shell structure is created.  

The structural properties are measured by x-ray diffraction (XRD), scan electronic 

microscopy (SEM) and high resolution transmission electronic microscopy (HRTEM). 

Chemical ordering parameter S of FePt is calculated by the intensity ratio of (001) peak 

to (002) peak, which theoretic value is 1.9 [15]. S=1 presents fully ordered, and S=0 

completed disordered. The magnetic properties are measured by superconductor quantum 

interfere devices (SQUID) and vibrating sample magnetometry (VSM). Film composition 

is measured by Rutherford backscattering (RBS). 
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3.2.2 Results and discussion 

Figure 3.5 shows the XRD θ-2θ scan spectra of the core-shell type ECC samples, 

including the pure FePt sample. Strong FePt (001) peaks can be observed in all films 

whose Fe layer thickness varies from 0 to 12 nm. According to the intensity ratio of (001) 

peak to (002) peak, the chemical ordering parameter S of L10 FePt is about 0.8.  

 
Figure 3.5 XRD θ-2θ scan spectra of the core-shell type ECC samples. 

Both TEM images in Figure 3.6 (a) and SEM image inset reveal a island structure of 

the pure FePt film. Average grain size of these FePt islands is about 14.2 nm, and the 

height is 6.95 nm, which is calculated by a number of islands from the TEM cross-section 

images. Moreover, there is a large distance of 7 nm among them. When a 3-nm-thick Fe 

layer deposited on the FePt, it follows the morphology of FePt islands, and surrounds 

islands (Figure 3.6 (b)). The inset high resolution image shows that FePt islands are 

enclosed by Fe layer. Moreover, the Fe thickness is 3.05 nm, which is almost as same as 

the nominal thickness. Compared with conventional ECC structure, the core-shell 

structure has larger interface between the hard and soft regions. It is expected that the 
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core-shell structure has a larger domain wall area when an opposite external field is 

applied.  

 

 
Figure 3.6  TEM cross-sectional images of (a) FePt and (b) FePt/Fe(3nm); (c), (d) schematic figures of core-shell 

structure 

The core-shell type composite structure is again schematically illustrated in Figure 

3.6 (c) and (d). The FePt island is enveloped by an Fe layer (Figure 3.6 (c)). When the Fe 

layer is thin as in the case of 3-nm-thick Fe, the island size of the composite 

nanostructure increases, but they are still isolated. The composite island size gradually 

increases with the increases of Fe layer thickness. When the Fe layer thickness exceeds 5 

nm, adjacent islands start to connect each other (Figure 3.6 (d)). 
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Figure 3.7 hysteresis loop of pure FePt film. 

 

Figure 3.7 shows the hysteresis loop of pure FePt film whose nominal thickness is 

about 3.2 nm. The magnetic easy axis is along the normal direction of the film plane. Its 

coercivity is about 30.6 kOe, and the anisotropy field is beyond 40 kOe. As expected, 

coercivity decreases greatly when a thin Fe layers cover the FePt islands, as shown in 

Figure 3.8. 
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Figure 3.8 The Fe layer thickness dependence of magnetic properties: (a) the saturation magnetization. The inset 

is the square ratio of magnetization; (b) the coercivities. 

Figure 3.8 shows the dependence of magnetic properties of core-shell- type L10 

FePt/Fe composite granular film on the thickness of Fe layer. Coercivity is 7.85 kOe for 

FePt grains with a 3-nm-thick Fe layer, 1.45 kOe for FePt with a 5-nm-thick Fe. 

According to the domain wall motion assisted magnetic recording (DWAMR) model for 

ECC media, a power law could be used to describe the reduction of coercivity, and an 

exponent 1.38 is suggested by the experimental fitting, which is indicated in the figure by 

the dotted line10. However, their curve cannot simulate the current coercivity reduction. 

The reason is the core-shell structure has large domain wall. 

  As described in the DWAMR model, the domain wall gradually compressed to the 

interface between the hard and the soft material, and effective domain wall energy ET 

accumulates, including exchange-coupling energy, anisotropy energy and Zeeman energy 

in the wall. At the point where the stored energy exceeds the domain wall energy of the 

hard region, the domain wall injects into the hard region from the interface, resulting in 

magnetization reversal. In an ideal cubic core-shell type composite structure, there are 
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four additional surfaces for the domain wall formation, which increase the effective 

energy ET by a factor of 5. Thus, magnetization reversal can happened at low switching 

field. Furthermore, wall energy decreases due to wall shrinking after its injection, and is 

consistent with the reversal. Hence, drastic coercivity reduction is expected.  

 
Figure 3.9 The recoil curves of FePt/Fe (3nm) nanocomposite: (a) Out-of-plane, and (b) In-plane. The fields 

labeled in the figures are the applied fields that start the measurements. 

The ECC characteristics of magnetization reversal are demonstrated by the recoil 

curves in Figure 3.9 for FePt(3.2 nm)/Fe(3nm) core-shell type composites. When the 

opposite field is decreased from 5.2 kOe, a sharp magnetization increase which is close to 

hysteresis loop along perpendicular direction is observed in Figure 3.9 (a), indicating the 

switching mechanism is dominated by the reversible switching. Just as the exchange 

spring magnet, the reversed magnetization of soft Fe region returns back when the 

applied field is removed since magnetization of FePt grains has not been reversed.15,16 

When the opposite field is a little beyond the coercivity, a slow magnetization increase 

appears in the second recoil curve upon removal of the applied field, and then a sharp 

increase in magnetization follows. A kink marks the different variation. Obviously, the 
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slight magnetization increase corresponds to the reversed rotation of FePt and 

decompressing of domain wall, while the sharp increase is due to the Fe rotation. When 

the field decreased from a larger field (-12 kOe), the kink occurs at the similar applied 

field as that of the second recoil curve. Magnetization increases in the case much slower 

than in above cases. Figure 3.9 (b) shows the recoil curves along in-plane direction. After 

the opposite fields are removed, all the magnetization reversals are reversible and 

uniform. The results indicate that the easy axis of the FePt/Fe is close to the 

perpendicular 

The energy barrier, which characterizes the thermal stability of recorded information, 

would decrease with the addition of a soft magnetic layer5,17,18. In general, measured 

magnetization reversal fields depend not only on temperature, but also on the duration of 

an applied field. The duration of an applied field, which opposes the initial saturation 

field, can be used to measure the energy barrier according to the Sharrock equation:  

                                           𝐻𝐶(𝑡) = 𝐻0 �1 − �𝑘𝐵𝑇
∆𝐸

𝑙𝑛 �𝑡𝑓0
𝑙𝑛2
��
1/𝛾
�                                              

(3.2)  
where HC (t) is the coercivity at the switching time t. H0 is the intrinsic switching 

field. f0 = 1010 Hz is the attempt frequency. The model is demonstrated effectively for 

exchange-coupled composite media, replacing ∆E by (K HVH+KSVS). Here, the indexes H 

and S denote hard and soft regions, respectively. The exponent of the power decreases 

with the addition of the soft layer. In our measurements, γ=1.5, 1.36 and 1.33 are used for 

FePt, FePt/Fe (3nm) and FePt/Fe (5 nm), respectively. The dependence of the switching 

field of FePt/Fe (3 nm Fe) ECC media on time is shown in Figure 3.10. 
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Figure 3.10 Time dependence of reverse applied field of FePt/Fe (3 nm) ECC media. The field applied opposed 
to saturation state, is a little smaller than coercivity measured at the normal sequense. The time is the duration 

through which the net magnetization is zero. 

The switching field is about 10.6 kOe. Then, the energy barrier ΔE for 3-nm FePt 

island-like film is 216 kBT. When FePt islands are covered by an Fe layer, the energy 

barrier decreases to 172 kBT and 95 kBT for Fe layer thicknesses 3 nm and 5 nm, 

respectively.  

In the definition of gain factor ξ, both the energy required for magnetization reversal 

and the volume effect are considered. The gain factors of FePt/Fe core-shell type 

composite structure, are 1.45 and 1.82 for Fe thicknesses of 3 nm and 5 nm, respectively. 

However, unlike the convention ECC structure, in a core-shell type composite dot, just a 

small part of the soft region is placed on top of hard region. Large reduction of coercivity 

can be achieved in core-shell structure while its thickness does not significantly increase. 

Therefore the gain factor should be re-defined in the view of the real-world application. 

Considering the change of island’s height only, the gain factor can be written in the 

following form, using the energy required for magnetization reversal of the hard region, 

and the thickness of composite media: 



Chapter 3. FePt thin film fabrication and composite structure 

67 
 

                                                      𝜉 = Δ𝐸
𝑀𝑆
𝐻𝐻𝑆𝑊𝑉𝐻

∙ 𝑡𝐻

𝑡𝑆+𝑡𝐻
                                                      

(3.3) 

Then the modified gain factor is 1.89 and 3.55 for FePt/Fe with the Fe layer 

thickness of 3 nm and 5 nm, respectively. 

 

3.2.3 Tilted axis 

 
Figure 3.11 high-resolution cross-section TEM image of an FePt/Fe(3 nm) core-shell type composite island. 

Figure 3.11 shows the high-resolution cross-section TEM image of an FePt/Fe(3 nm) 

core-shell type composite island. The FePt (001) planes are clearly seen, epitaxial 

growing on MgO (200) planes. However, Fe (110) planes whose spacing is 0.202 nm 

grows along the film normal direction on FePt (001) plane.  
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Figure 3.12 the remanence curves of the core-shell type FePt/Fe with Fe thickness of (a) 3 nm and (b) 4 nm. 

Figure 3.12 (a) and (b) shows the remanence curves of the core-shell type FePt/Fe 

with Fe thickness of 3 nm and 4 nm, respectively. For the FePt/Fe island with 3-nm-thick 

Fe layer, the in-plane remanence is almost zero. However, there is an obvious remanence 

curve along in-plane direction for the FePt/Fe with Fe thickness of 4 nm. It implies that 

the effective easy axis tilts from the normal direction in the sample with thick soft layer. 

In order to indentify the tilted easy axis in the core-shell nanocomposite, the angle 

dependences of remanent magnetizations along both the film normal and in-plane 

direction are measured simultaneously by using two couples of coils in a Vector VSM 

without any applied field. For the FePt/Fe(3 nm) core-shell islands, the maximum of the 

remanence is not exactly along the normal direction, but an angle of about 10o from the 

film normal, shown in Figure 3.13.  
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Figure 3.13 The dependence of remanent magnetization on the angle between the film normal and the direction 
of magnetic field in a VSM: (a) FePt/Fe(3 nm) nanocomposite; (b) FePt/Fe(5 nm) nanocomposite. The sample 
rotates against the magnet, and no field is applied. MX represents the normalized magnetization along the film 

normal, and MY represents the normalized in-plane magnetization. Besides, the weak variation of total 
magnetization M is due to the calibration error between X and Y coils. The original direction of the film normal 

is set as 0. The easy axis direction is marked by the red arrow in both figures. 

As described before, the FePt grains have good (001) orientation and highly 

chemical ordering. Its magnetization vector aligns along the perpendicular direction. 

Through exchange coupling the magnetization vector of Fe layer should follow that of 

FePt, along the film normal also. The remanence derivation indicates that the easy aixs of 

the FePt/Fe composites tilted from the normal direction. Larger derivation of 50° is seen 

in the FePt/Fe nanocomposite with thicker soft layer (5 nm). In the case, the easy axis 

tends to the film plane. 
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Figure 3.14 The dependence of remanent coercivity HCR (left column) and magnetization MR (right column) on 

the angle between the film normal and applied field, for FePt/Fe(3nm) (up row) and FePt/Fe(4nm) 
nanocomposite (loe row): (a) HCR of FePt/Fe(3nm); (b) MR of FePt/Fe(3nm); (c) HCR of FePt/Fe(4nm); (d) MR of 

FePt/Fe(4nm). 

The oblique of easy axis is confirmed by the angle dependence of remanent 

coercivity and magnetization derived from the DCD curves (Figure 3.14). The DCD 

curves are measured upon different angles between the applied field and the film normal. 

For FePt/Fe with 3 nm Fe layer, as shown in Figure 3.14 (a), the remanent coercivity 

gradually decreases with the angle, reaching the minimum at 30° of 20% lower than that 

along the film normal, and then increases again. This is a characteristic of the exchange 

coupled media. Moreover, the remanence is kept until the angle increases up to 15°, and 

then decreases with the angle increase as shown in Figure 3.14 (b). The easy axis should 

be near the perpendicular direction. When the Fe layer thickness increases to 4 nm, the 

remanent coercivity firstly increases with the angle, reaching the maximum, and then it 

decreases (Figure 3.14 (c)). This is a typical feature of media with tilted easy axis19. 

The reason for the easy-axis tilt is due to the demagnetized energy and anisotropy 

energy. The demagnetized field is about 6 kOe, estimated by the geometry and 

magnetization as a homogenous dot. On the other hand, the normal direction is not the 

easy axis of Fe layer with (110) orientation. Hence, the effective anisotropy is not along 

the film normal as that of L10 FePt only, and then remanent magnetization should tilt 
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from the normal direction to decrease the total energy. The tilted easy-axis observed in 

the core-shell exchange coupled nanocomposite is assumed to initiate the nucleation and 

contribute to the drastic coercivity reduction. 

In conclusion, Table 3.1 summarizes the experimental results of core-shell type 

FePt/Fe ECC media, including the original (ξ) and modified gain factor (ξ’). 
Table 3.1 The magnetic properties and gain factors of FePt/Fe bilayers. Two kinds of gain factor ξ are obtained. 

ξΔE by measured energy barrier, and ξ’ by the modified formula 

FePt/Fe MS 

(emu/cc) 

HSW 

(kOe) 

ΔE 

(kBT) 

V 

(103 

nm3) 

t 

(nm) 

ξΔE 

(ECC) 

ξ’ 

(NP) 

tFe=0 870 39.7 216 1.18 6.95 1.00 1.00 

tFe=3 nm 1010 10.6 172 2.08 9.20 1.45 1.89 

tFe=5 nm 1260 2.02 95 3.86 11.6 1.82 3.55 

FePt/Fe MS 

(emu/cc) 

HSW 

(kOe) 

ΔE 

(kBT) 

V 

(103 

nm3) 

t 

(nm) 

ξΔE 

 

ξ’ 

 

Core-shell structure could be potentially used in bit patented media (BPM), since 

there are sufficient spacing among the patterned bits. And the modified gain factor (ξ’) 

can be used to evaluate the performance of core-shell type ECC BPM. 

 

3.3 Spontaneously formed FePt graded granular media 

So far, although CoCrPt composite media can be fabricated by varying the thickness 

of CoCrPt layer 20, the  FePt composite media has only been fabricated by adjusting 

either the substrate temperature or varying the magnetic layer composition during the thin 

film deposition process 21,22,23,24,25,26,27,28. Both of these two methods are time-consuming 

and not compatible with current hard disk media production line. Also, with these 

methods, it is very difficult to maintain the columnar grain structure for the graded 

magnetic grains. A one-step process to deposit the magnetic layer is highly demanded for 

the fabrication of graded media.  The inter-diffusion of Mn and Cr was found in the film 

structure of CoCrPt/CrMn and CoCrPt/Cr, and influenced the magnetic properties of the 
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CoCrPt 29 . In this work, we reported a spontaneous layer inter-diffusion process to 

fabricate FePt graded granular media, by utilizing the compositionally graded interface 

between ultra thin FePt recording layer and Pt interlayer. 

A relatively high deposition temperature (350 °C), which was set just around the 

minimum level of L10 FePt ordering temperature, enhanced the inter-diffusion between 

FePt and Pt layers and thus created a FexPt100-x graded structure. The graded magnetic 

layer was formed in one step and no multiple soft magnetic regions are required. More 

importantly, the switching and saturation field of the media are 5.5 kOe and 12 kOe, 

respectively, which are recordable using the available recording head. A large gain factor 

as high as 3.74 was achieved for such media with the thermal barrier around 160 kBT. It 

can be potentially used in conventional perpendicular recording systems or future bit 

patterned media (BPM) systems without integrating thermally assisted magnetic 

recording30,31. 

 

3.3.1 Experiment 

Thin films with the structure of Glass substrate/Al2O3(3 nm)/Ta(2 nm)/RuAl(20 

nm)/Pt(x nm)/FePt(y nm)/Cu(2 nm) were prepared using a DC magnetron sputtering 

system at 350 °C. The role of the Cu top layer was to diffuse into grain boundaries of 

FePt layer and exchange-decouple the FePt grains32. Co-sputtering of elemental targets 

was used to prepare both RuAl and FePt layers. The base pressure of the sputtering 

chamber was better than 2×10-7 torr and the substrate was heated to 350 °C before 

sputtering. The atomic composition ratio of FePt and RuAl layers was both 50 to 50. Two 

sets of samples were fabricated. In one set, the FePt layer thickness varied from 4 to 6 nm 

while keeping Pt layer at 7 nm. In the other set of samples, the Pt layer thickness varied 

from 7 to 12 nm while keeping FePt at 6 nm. The crystallographic texture of the samples 

was measured by an x-ray diffractometer (XRD) with Cu Kα radiation. The magnetic 

properties were tested using a vibrating sample magnetometer (VSM). The 

microstructure was observed with a FEI Tecnai F30 high-resolution (scanning) 

transmission electron microscope ((S)TEM). The Fe composition profile was analyzed 
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using the electron energy loss spectroscopy (EELS) on the F30 TEM. The sputtering rates 

were calibrated using TEM cross-sectional analysis. 

3.3.2 Results and discussion 

 
Figure 3.15 (a) XRD spectrum and (b) Out-of-plane hysteresis loop of the sample Pt(7 nm)/FePt(6 nm); (c) Coercivity vs. 

FePt thickness while keeping Pt as 7 nm; (d) coercivity vs. Pt thickness while keeping FePt as 6 nm. We only listed the 
magnetic layer in figure captions. 

 

 

Figure 3.15 (a) shows the XRD spectrum of the sample Pt(7 nm)/FePt(6 nm). All the 

peaks were contributed by the FePt, Pt, and RuAl with good (001) texture. The out-of-

plane hysteresis loop was shown in Fig. 1 (b). The coercivity is 5 kOe and the remnant 

squareness is 0.88, which is required to approach 1, in order to reduce the DC noise. 33 As 

designed, the Cu capping layer might diffuse into the grain boundary of the FePt grains, 
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and result in a hysteresis loop with a typical exchange-decoupled behavior. Further 

evidence on the exchange-decoupling of FePt grains will be provided in later section. 

Keeping the Pt interlayer thickness as 7 nm, coercivity vs. FePt thickness (tFePt) was 

plotted in Figure 3.15 (c). The coercivity dropped from 5 kOe to 3 kOe when the FePt 

thickness decreased from 6 nm to 4 nm. We chose the Pt layer at 7 nm based on the 

following experiment. Keeping the FePt thickness at 6 nm, the Pt interlayer thickness 

varied from 7 nm to 12 nm. Figure 3.15 (d) shows the coercivity vs. the Pt thickness (tPt). 

The coercivity did not show any significant change when the Pt thickness decreased from 

12 nm to 7 nm.  
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Figure 3.16 (a) TEM plan-view image of the sample Pt(7 nm)/FePt(6 nm). The mean diameter of the grains is around 12 nm. 

(b) Bright field cross-sectional image clearly shows the granular structure and the different layers except the Cu capping layer. 
(c) STEM annular dark field cross-sectional image shows the entire layer structure including the Cu capping layer. The 

thicknesses of corresponding layers are: RuAl (20 nm), Pt (7 nm), FePt (6 nm), Cu (1 nm). 
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Figure 3.16 (a) shows the TEM plane view image of the film Pt(7 nm)/FePt(6 nm). 

The average grain size is around 12 nm. Figure 3.16 (b) is the bright field TEM cross-

sectional image. Clear grain boundary was shown in the Pt/FePt layer. The diameter of 

the grains is 12 nm, which is consistent with the plan-view TEM image. The Cu capping 

layer could not be seen in the bright field image. But the STEM annular dark field (ADF) 

image as shown in Figure 3.16 (c) displays the entire layer structure including the Cu 

capping layer, because the ADF technique is more sensitive to the Z number difference of 

elements compared to bright field technique. The thickness of Cu layer in the ADF image 

is only 1 nm. The rest of 1 nm Cu diffused in the FePt grain boundary and exchange-

decoupled the FePt grains as evidenced in Figure 3.16 (b). 

We estimated the diffusion length of Fe from FePt layer to Pt layer. The diffusion 

length can be written as L=(Dt)0.5, 34  where D=D0exp(-Q/(kBT)) is the diffusion 

coefficient and t is the annealing time. For Fe atom diffusion in Pt layer, we used the 

parameters of D0=2.5x10-6 m2/s and the activation energy Q=2.434eV as provided by Ref. 

35. The transformation from FePt A1 phase to L10 phase has been found to occur when it 

is heated to around 400 °C.36 However, a chemically disordered A1 phase FePt thin film 

has to be annealed at 600 °C to form a fully ordered L10 FePt layer. 37 In our deposition 

process with in-situ substrate heating, the L10 phase FePt was formed even the substrate 

temperature was around 350 °C, with the assistance of the strain energy from the 

underlayer and the kinetic energy of the as-deposited Fe and Pt atoms. Based on this, we 

made the following assumptions: 1) the energy of the as-deposited Fe atoms at 350 °C in 

our case is under a proper strain and is close to the energy of the Fe atoms at 600 °C 

annealing and 2) the effective “annealing” time is close to the FePt layer sputtering time, 

which was around 300s. The calculated diffusion length of Fe atoms in Pt layer is 2.6 nm.  
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Figure 3.17 (a) Cross-sectional STEM annular dark field image of sample Pt(7 nm)/FePt(6 nm) rotated by 90 degree 

counterclockwise (left: film top). (b) A schematic of how the Fe composition changes with position, in which the higher the 
brightness, the more the Fe. (c) EELS line scan analysis of Fe content in one columnar grain along the film normal. The curve 

of Fe-L3 edge areal density vs. position was plotted in (c) with associated position in (a) and (b). 

EELS line scan was performed to measure the Fe distribution in a single columnar 

grain along the film normal. Fe-L3 edge areal density was measured by scanning from left 

side (film top surface) to right side (Pt layer) in Figure 2.8 (a), which is the cross-

sectional STEM ADF image of sample Pt(7 nm)/FePt(6 nm), with a step size of 0.32 nm. 

The profile of Fe- L3 edge areal density is shown in Figure 2.8 (c). Figure 2.8 (b) is a 

schematic to guide how the Fe composition changed with position, in which the higher 

the brightness, the more the Fe. Comparing Figure 2.8 (b) and (c) to (a), we could see 

clearly that Fe elements existed in not only FePt layer but also Pt layer. The thickness of 

the FePt is around 6 nm, but in the Fe content profile, the Fe distribution expanded to 9 
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nm with a graded composition distribution, which means the Fe atoms diffused into the 

Pt interlayer and created a graded interface. The observed Fe diffusion length in Pt layer 

from Figure 2.8 (c) is about 3.0 nm, which is very close to the above calculated value (2.6 

nm). 

 
Figure 3.18 (a) Delta M curve of sample Pt(7 nm)/FePt(6 nm). The negative peak at 5 kOe field indicates the dominant dipole 

interaction of FePt grains. Thermal decay measurement was performed and the experimental data were shown in (b) as the 
scattered dots. The line was obtained by fitting the experimental data to the Sharrock equation. The thermal barrier is 160 

kBT. 



Chapter 3. FePt thin film fabrication and composite structure 

79 
 

Delta M measurement was carried out to confirm the exchange decoupling of FePt 

grains. The curve is shown in Figure 3.18 (a). A strong negative peak at around 5 kOe, 

which corresponds to the coercivity, indicates that magnetostatic interaction is dominant 

in the film. 

Furthermore, we tested the gain factor of the fabricated FePt graded media. As 

mentioned before, gain factor is expressed as ξ=2ΔE/(MS•HSW•V), where ΔE is the 

thermal energy barrier, MS is the saturation magnetization, HSW is the switching field. V 

is the activation volume. The diffusion of Fe atoms made it almost impossible to get the 

accurate value of V. However, since MS•V=magnetic moment, which is an experimental 

data, this will not influence the gain factor calculation. ΔE was obtained by measuring the 

time-dependent switching field and fitting to the Sharrock equation (eq. 3.2). The 

experimental data and fitting results are shown in Figure 3.18 (b). The energy barrier ΔE 

is 160 kBT and the gain factor ξ is 3.74. 

 

In summary, a graded FePt granular media was fabricated at 350 °C substrate 

temperature without depositing any soft magnetic layers purposely. The spontaneous 

inter-diffusion between FePt and Pt layers enabled the FePt composition gradient, which 

led to the anisotropy and saturation magnetization gradient. The gain factor of the graded 

media was evaluated to be 3.74. Choosing proper seed layer and grain boundary materials 

could further reduce the FePt grain size. 38 , 39  The fabrication process of this 

spontaneously-formed graded media is potentially compatible with today’s disk media 

fabrication, and can be extended to other hard magnetic materials such as L10 CoPt and 

Co3Pt. Considering that the deposition time in today’s industrial fabrication process is 

much shorter than that of this work, the substrate temperature can be increased to 

accelerate the diffusion and improve the ordering of FePt as well. 

 

3.4 Conclusion 

In this chapter core-shell type ECC media has been experimentally demonstrated and 

systematically studied. It is confirmed that it has better performance than conventional bi-

layer ECC structure des. 
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FePt based graded granular media was fabricated using a spontaneous inter-diffusion 

process. Its gain factor is as large as 3.74, which exceeds the limit value of ECC structure. 

This spontaneously-formed graded media is potentially compatible with today’s disk 

media fabrication 
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Chapter 4. FEPT BIT PATTERNED MEDIA 

 

4.1 Introduction 

In conventional recording media, a single recording bit contains a certain amount of 

magnetic grains to maintain signal to noise ratio. Therefore, thermal fluctuation effect 

will become serious when further reduce the bit size and grain size. Other than simply 

utilizing high KU materials, bit patterned media is another option to overcome the thermal 

effect issue. In bit patterned media (BPM), every single magnetic entity is exchange 

decoupled and can store information independently. 1  It has been considered as a 

promising candidate for future extremely high areal density magnetic recording. A single 

magnetic entity in BPM can be as large as a recording bit in conventional recording 

media with same recording density. And, obviously, BPM is much more thermally stable 

than the conventional media. Figure 2.3 shows the comparison of conventional media and 

BPM.2 

 

 
Figure 4.1 Comparison of (left) conventional media and (right) bit patterned media. 

Even with BPM, to get ultra-high recording density, thermal effect is still inevitable. 

To achieve 10T bit/in2 areal density in BPM, the bit size is required to be as small as 8 
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nm. Therefore, in future extremely high recording system, BPM still requires materials 

with very high magnetic anisotropy (Ku) to guarantee thermal stability of the individual 

bits.3 L10 ordered FePt alloys with perpendicular anisotropy can be considered as one of 

the potential materials for the recording layer in BPM due to its large Ku of ~ 7x107 

erg/cc.4 

However, the fabrication process of BPM is far more complicated and expensive 

than that of conventional media. Patterning process has to be employed following thin 

film deposition. In fact, the biggest challenge is to economically fabricate magnetic dot 

arrays. Typically, there are three methods to transfer the dot array patterns down to 

magnetic continuous films. 

4) Electron beam lithography; 

5) Nanoimprinting; 

6) Block copolymer self-assemble. 

In electron beam lithography, the nanostructures are defined by electron beam one by 

one. It is very accurate but cost too much. Therefore it is impossible to utilize this process 

on every hard disk. On the contrast, the other two processes are much more economical 

and feasible in media fabrication. In this thesis work, both nanoimpringting and block 

copolymer self-assemble were included. 

 

4.2 Patterning process 

4.2.1 Nanoimprinting 

For modern fabrication process, high throughput and low cost are two very important 

requirements in both industry and academics. However, when the lithography feature 

sizes become extremely small, approaching sub-100 nm or even sub-10 nm, it is very 

difficult to meet these two requirements. The conventional optical lithography was 

limited by diffraction limitation. According to Rayleigh criterion, the smallest resolution 

of the optical lithography is 0.61λ/NA, where λ is the wave length of the exposing light 

and NA is the numerical aperture. Normally the resolution is around hundreds of 

nanometers. With some very complicated systems, the EUV optical lithography can reach 
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sub-100 nm. However, it still can not fulfill the requirements to further reduce the feature 

size and cost. Electron beam lithography has the capability to create sub-10 nm feature 

size. But its high cost and low throughput make it difficult to be accepted for mass 

productions.  

As a high throughput, high resolution parallel patterning method, nanoimprint 

lithography (NIL) was proposed by Chou et al.5 and was accepted as a very promising 

candidate for future nanofabrication process. NIL has now passed a barrier from a 

laboratory scale to industrial preproduction. Data storage will most likely be the first 

industrial application field where replication techniques will be able to replace standard 

methods of lithography. Also, much interest in NIL processes comes from a large 

community of sensor, biochip, and nano-optics manufacturers and institutes. 

 

 
Figure 4.2 Baseic steps of nanoimprint lithography 

 
The basic steps of nanoimprint lithography were shown in Figure 4.2.6 The first step 

is pressing a mold with nanostructures on the surface into a substrate covered by a thin 

resist layer. The second step is removing the mold. These two steps duplicated the 

nanostructures on the mold surface to the resist as a mirror pattern. Height difference was 

built up on the resist. However residual resist layer remains on the bottom of the lowest 

level. Therefore, in the third step, reactive ion etching (RIE) was used to remove the 

residual layer. This step is quite critical. Since the goal is to just remove the residual and 

keep the other height contrast. Then, the substrate surface was exposed. Finally, the 
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pattern in the resist was transferred into the substrate by RIE, ion milling or other etching 

process. Compared to the conventional patterning process, nanoimprint lithography 

requires no any energetic beams, such as light, x-ray and electron beam. So the resolution 

of the nanoimprint lithography is not limited by the wave diffraction and interaction with 

the resist or materials. And unlike self-assembled molecules, nanoimprint is a physics 

process and can create any pattern provided by the mold. However, the mold itself has to 

be prepared by conventional lithography. Actually, most of the cost in nanoimprint 

lithography is the mold. Currently, there are two main types of nanoimprint lithograpy7. 

One is called thermal NIL and the other is called UV NIL. 

The thermal type NIL was proposed in Chou’s work.6 Temperature sensitive resist 

was spin coated onto the sample and post baked. After heating, the resist will be liquefied 

or become soft. For example, the PMMA resist has small thermal expansion coefficient 

and small pressure shrink coefficient. Its glass-transition temperature is about 105 oC. 

Lines and dots with 25nm – 30 nm feature sizes were created in their work. 

 
Figure 4.3 Schematic figure of the thermal type NIL process 

 
Figure 4.3 shows the schematic figure of the thermal type NIL process. After been 

liquefied by heating, the resist was pressed to fill the space on the mold surface under 

high pressure. The pressure was kept for a while. And the temperature was reduced to 

room temperature. Then, the pressure was reduced to atmosphere. To perform this 
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process, the sample was placed between two flexible membranes. The air between the 

two membranes will be pumped out and high pressure gas will fill the outside space of 

the membranes to apply uniform pressure to the membranes, and meanwhile, to the 

sample. After reduced the temperature and pressure, the mold was removed. The residual 

layer was etched by the O2 plasma in RIE. Finally, the sample was ready for the pattern 

transfer. 

Although this process is quite simple, there are some disadvantages. The high 

temperature and high pressure make it more difficult to depart the mold from the 

substrate after imprinting, because they may enhance the bonding between the resist and 

the mold. Also, the process has to be performed under high temperature. If the substrate 

we want to pattern has some materials sensitive to temperature, the thermal type NIL is 

not a good choice. 

Figure 4.4 shows the schematic figure of the UV-type NIL. 
 

 
Figure 4.4 schematic figure of the UV-type NIL 

 
A very low viscosity resist was dispensed on the substrate. Then a mold which was 

transparent to ultraviolet (UV) light was pressed to the substrate. Capillary forces then 

pulled the mold into conformal contact with the substrate. At this point the mold was 

exposed with UV light from back side to cure the resist. The mold was then separated 

UV light 
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from the substrate by a reverse motion. Then the residual layer of the resist was removed 

by O2 RIE. Finally the pattern was transferred.  

UV curable NIL resist has to be sensitive to the UV light. It is composed of a 

mixture of monomers or prepolymers and a suitable photoinitiator, and often chemicals 

are added which decrease the effect of radical scavengers on photopolymerization 8 . 

Immediately during contact of the mold with the liquid resist, the capillary force fills the 

mold with the resist, and pulls the mold toward the substrate. Therefore, the general 

strategy is as follows: (i) low viscosities are needed both for rapid dispensing and filling 

of mold. (ii) Thin resist layer are used to achieve a homogeneous film thickness. (iii) 

Cross-linking and photopolymer conversion are adapted to achieve high curing speed and 

high etch resistance in the following plasma etching process. Also, resists with adapted 

dielectric properties have been developed for specific applications such as the dual 

damascene process for the structuring of interconnects on microchips9,10. 

Compared to the thermal type NIL, UV NIL has several advantages. It does not 

require heating process. So the temperature sensitivity of the materials is not an issue. 

The resist for the UV NIL has a very low viscosity. The capillary force can play a major 

role in the imprinting process. Therefore high pressure is not necessary. Since the UV 

NIL process can be performed under room temperature and relatively low pressure, it will 

cost less damage to the mold and the substrate, and the mold life time will be much 

longer compared to the thermal type. 

However, to ensure the UV light transmit through the mold and reach the resist, the 

mold has to be transparent. It means that we need to choose specific materials for the UV 

NIL mold. But for the thermal NIL, common Si wafer can be used for the mold materials. 

One of the biggest issues in the nanoimprint lithography is the demolding process. 

During the imprinting process, the mold was pressed to the resist by a high pressure. The 

resist has to be contact to the mold and deform with the surface topography of the mold. 

However, the surface tension and the bonding between the resist and the mold have to be 

considered. Because the surface of the substrate is flat and the surface of the mold is very 

rough with the pattern, the surface area on the mold is much larger than the surface area 

of the substrate. This means, if the mold and the substrate have the same surface 

materials, the former will have higher surface energy. And the resist is tending to attach 
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to the mold rather than the substrate. What we expect is that, after demolding, the surface 

topography of the resist will not change. However, without specific treatment, the 

demolding is very difficult. Since the resist may attach to the mold tightly, some or even 

most of the resist will be peeled with the mold. The patterns on the resist will be 

destroyed. The smaller the feature size, the more serious the problem is. Therefore, 

people had to come out some method to prevent the resist from sticking to the mold.  

To solve this problem, people studied the atoms and molecules in the interfaces in 

order to find suitable lubrication and anti-sticking materials and methods. Molecular 

dynamics simulation was performed to calculate the surface energy 11 . The surface 

modification was considered to be an ideal way of solving it. Normally, fluoroalkylsilane 

was coated onto the mold surface as a release agent to significantly reduce the adhesion 

between mold and resist12. To coat the release agent, the mold was put in a chamber. A 

small container was placed near the mold with a few drops of the fluoroalkylsilane. Then, 

the chamber was evacuated by a pump. And the solution will be evaporated, and form a 

self-assembly monolayer (SAM layer) on the mold surface. With the assist of the SAM 

layer, the mold surface was modified to be hydrophobic. Removing the mold in the 

demolding process will be much easier and will not damage the pattern on the resist. 

Also, there are other methods to do the surface modification of the mold. CHF3 and 

SF6 were used as feed gases in RIE. With the plasma provided by the RIE, they will 

decompose and form CF2 layer on the mold surface. The formulas were listed below, 

CHF3 = CF2 + HF                                                                  (1) 

CHF3 = C + 2F + HF                                                               (2) 

SF6 = S + 6F                                                                      (3) 

C + 2F = CF2                                                                      (4) 

Using 1H,1H,2H,2H-perfluorooctyl-trichlorosilane trichlorosilane,CF3–

(CF2)5(CH2)2–SiCl3, or F6 liquids solution to coat SAM layer are all good choices for 

nanoimprinting mold anti-sticking treatment. The advantage of using SAM layer as 

release agent is that it has good stability and easy fabrication. 
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4.2.2 Block copolymer self-assemble 

Block copolymer (BCP) lithography13,14,15  could have been considered as the most 

likely route to higher areal density beyond. As a chemical method, BCP is economical 

and easy to form nanostructures over large area. Figure 4.5 shows how to form a nanodot 

array using BCP. 

 
Figure 4.5 Phase transformation and nanodot array formation of block copolymer 

A typical di-block copolymer molecular is combined by two types of polymers, 

which are polystyrene (PS) and polydimethylsiloxane (PDMS), respectively. The 

copolymer can be dissolved in solution such as toluene. The volume ratio of PDMS to PS 

has to be carefully designed. After annealing, which can be either thermal annealing or 

vapor annealing, phase separation will happen and the PDMS will form dots while PS 

will form matrix as a self-assemble process. The PDMS dot array can be used as the hard 

mask of pattern transfer process to create dot array on magnetic thin film. 

Figure 4.6 shows the typical process of BCP lithography. 
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Figure 4.6 Schematic diagram of fabrication process of block-copolymer lithography. 

 

As shown in Figure 4.6, the BCP was spin coated onto the sample and annealed. 

Then, the surface PDMS was selectively etched using reactive ion etching with proper 

recipe. The PS matrix was removed by oxygen plasma. The PDMS dots were left as 

masks. Then the pattern was transferred into the magnetic layer using ion milling. Finally 

the residual BCP was removed. In this thesis work, most patterning processes were done 

by using BCP. 
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4.3 L10 FePt type bit patterned media 

4.3.1 Development of FePt continuous film 

FePt thin films are required to be flat and continuous for pattern transfer. The films 

were deposited on single crystal MgO substrates using an eight-target magnetron 

sputtering system. The base pressure was lower than 5x10-8 torr. The full structure of the 

composite medium was CrRu(30nm)/Pt(3nm)/FePt(10nm)/Ru(3nm). At first, the 

substrate was heated to 350 °C. Then, CrRu underlayer was co-sputtered with atomic 

ratio of 9 (Cr) to 1 (Ru), followed by the deposition of Pt interlayer. We used Pt 

interlayer instead of commonly used MgO interlayer to ensure continuous film 

microstructure in this ultra-thin FePt layer. The FePt would form discontinuous island 

structure on MgO when the FePt layer were very thin and deposited at a relatively high 

temperature.16 Fe and Pt were co-sputtered onto the Pt layer to get L10 FePt. Finally the 

samples were capped with 3 nm Ru at room temperature for protection. 

Figure 4.7 shows the AFM image of FePt continuous film. Its surface roughness is 

0.218 nm. 
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Figure 4.7 The AFM images of FePt continuous film, with surface roughness of 0.218 nm 

Figure 4.8 (a) shows the XRD spectra of FePt continuous film, and confirms it is 

well ordered and has (001) texture. According to the intensity ratio of (001) peak to (002) 

peak, its ordering parameter S is 0.72,17  but we need to consider that the 3 nm Pt 

interlayer generates a weak Pt (200) peak overlapped with the FePt (002) peak, and 

contributes to the intensity of the latter. Therefore, the calculated S value is a 

underestimated one. The inset in Figure 4.8 (a) is FePt (001) rocking curve. Its FWHM is 

5.95º. The out-of-plane hysteresis loops of continuous film are shown in Figure 4.8 (b). 

The HC of the continuous film is 3.82 kOe. 
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Figure 4.8 (a) XRD spectra and (b) Out-of-plane hysteresis loop of FePt continuous film. Its HC value is 3.82 kOe. 
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4.3.2 FePt BPM fabricated using nanoimpringting lithography 

The mold (also called as template or stamp) is the crucial part of the NIL that 

determines the throughput and resolution of the later in practical applications. Usually 

electron beam lithography or focused ion beam lithography followed by the pattern 

transfer using reactive ion etching (RIE) is used for making the mold. The high cost and 

low throughput of these methods limit the usefulness of the NIL for fabricating nano-

patterns over large area for the research and also practical applications. Therefore, 

exploring the fabrication of low- cost and highly robust large area mold is a must to enjoy 

the full potential of the NIL. However, to date, only very few works have been reported 

in this highly demanding area. Park et al.18 fabricated the large area mold by using block-

copolymer lithography that involved an extra pattern transfer step. Kim et al. 19 and Lee 

et al. 20, used AAO membrane filled with carbon and aluminum respectively, that also 

involved number of harsh steps like, fabrication of AAO membrane that is difficult to 

handle due its brittle nature, attaching that AAO membrane with another rigid substrate, 

deposition of carbon or aluminum, heat treatment, ion milling and chemical etching. 

The fabrication procedure is schematically shown in Figure 4.9 (a-f). The procedure 

consists of two main processes: (i) preparation of the AAO mold with different hole 

diameter, coating it with thin SiO2 followed by SAM layer deposition and (ii) 

nanoimprinting. At first, a 500 nm Al film with a thin Ti underlayer is deposited on a 4 

inch (~10.2cm) circular disc of a Si wafer by thermal evaporation [Figure 4.9 (a)]. This 

Al film is anodized in phosphoric and Oxalic acid by a two- step anodization process as 

described elsewhere to get the AAO with pore diameter of 160 nm and 75 nm 

respectively.21,22 Then the AAO mold is coated with a very thin~ 2-3 nm SiO2 layer by 

atomic layer deposition (ALD) technique followed by the coating with commonly used 

silane based SAM (Heptadecafluro 1,1,2,2-Tetra-Hydrodecyl Trichlorosilane) layer 

[Figure 4.9 (b)]. The surface modification of the AAO by SiO2 is the key to the success 

of the direct use of AAO mold for NIL. Either Si wafer or FePt film grown on Si wafer is 

coated with nanonex-1050 thermal resist by spin coating [Figure 4.9 (c)]. Then thermal 

nanoimprinting has been performed by using nanonex BX200 nanoimprinter on Si wafer 

and FePt thin film spin coated with thermal resist [Figure 4.9 (d)]. The resist flown into 
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the AAO holes remain as pillars after demolding [Figure 4.9 (e)]. The FePt film is 

patterned by RIE and Ar ion milling using the resist pillars as mask [Figure 4.9 (f)]. The 

remaining resist pillars are removed by chemical etching in acetone and RIE that leaves 

FePt pillars on the substrate [Figure 4.9 (g)].  
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Figure 4.9 Schematic drawing of the fabrication of FePt patterned structure by using anodize alumina (AAO) 

mold. (a) deposition of Al film on Si wafer, (b) fabrication of AAO and coated it with thin SiO2 and SAM layer, 
(c) spin coating of the resist on FePt thin film, (d) nanoimprinting, (e) demolding, (f) removal of the residual 

layer by reactive ion etching (RIE) and transfer the pattern into FePt film by Ar ion milling (f) removal of the 
resist to leave the FePt pillars on substrate. 

We have started with a mold with large feature size. Figure 4.10 (a) shows the AAO 

mold fabricated in phosphoric acid. The diameter of the AAO holes is varied from about 
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80 nm to 160 nm and the height of the holes is about 400 nm. We do not pay attention to 

the ordering and size distribution of the AAO pores that can be achieved very easily by 

optimizing the anodization parameters.23 Figure 4.10 (b) shows the SEM image of the 

imprinted resist on Si wafer by using the mold shown in Figure 4.10 (a) coated with SAM 

layer only without any SiO2 coating. The resist over more than 50% area are peeled off 

with the mold as represented by the bright areas. Although resist remain adhered on the 

rest part of the substrate but no features are observed as indicated by the high 

magnification image of the corresponding area shown in the inset. The friction and 

sticking problem between the mold and the resist is one of the main challenges in 

nanoimprinting technology. With the nanostructure size becoming smaller and smaller, 

the surface to volume ratio increases dramatically and the fiction and sticking problem 

become more severe. When the mold makes contact with the substrate coated with resist, 

the high surface energy produces a large amount of surface force. With the interaction 

between surfaces, the profile of the two surfaces changes and reestablishes a new energy 

equilibrium state that produces sticking. Due to the sticking forces between surfaces, the 

nano system produces a big friction force, especially during the demolding process. 

Among the several options, 24 , 25 , 26  application of the silane based hydrophobic self-

assembled monolayer (SAM), namely, “Heptadecafluro 1,1,2,2-Tetra-Hydrodecyl 

Trichlorosilane” has been reported as the most successful lubrication method. We do not 

get any imprinting result by using this silane based SAM layer directly on our AAO mold 

as shown in Figure 4.10 (b) due to the inferior bonding between Al2O3 and the SAM 

layer. We modify the surface of the AAO mold by coating it with a very thin~ 2-3 nm 

SiO2 by ALD followed by the deposition of SAM layer on it. Eventually, we achieve 

excellent imprinting over more than 1 cm2 area with almost 100% replication of the mold 

as shown in Figure 4.10 (c). The imprinting from even the smallest features is also clearly 

shown in the inset of Figure 4.10 (c). The imprinted feature size is reduced by about 45% 

after removal of the residual layer by RIE due to the lateral etching. The coating of the 

AAO mold with SiO2 layer reduces the surface energy of the mold and enhances the 

bonding with SAM layer, which is the key of getting successful imprinting. 
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Figure 4.10 SEM plane -view images of (a) AAO mold, (b) as-imprinted image of resist by using mold without 

SiO2 coating, inset is the magnified view of the indicated area, and SEM cross-sectional image of (c) as-
imprinted image of resist pillars by using the mold with thin ~ 2-3 nm SiO2 coating. 

 



Chapter 4. FePt bit patterned media 

99 
 

After achieving very good imprinting of resist pillars with large feature size on Si 

wafer, we concentrate our effort to reduce the feature size and fabricate L10 FePt 

patterned structure. The FePt continuous thin film was spin- coated with 150 nm thick 

thermal resist (PMMA) and patterned by using an AAO mold with smaller feature size. 

 

Figure 4.11 (a) shows the plan-view SEM images of the mold. This mold is 

fabricated by anodizing the Al film in oxalic acid to get smaller hole diameter.27 The area 

of the mold is about 1 cm2. The diameter and height of the AAO holes in the mold is 75 

and 150 nm, respectively. The imprinting is done at 350 psi, 175 °C for 3 minutes. Figure 

4.11 (b) shows the SEM cross-sectional image of as imprinted resist pillars on FePt thin 

film. The diameter of the most of the resist pillars isare almost same as the diameter of 

the mold but the height of the some of them isare smaller than the corresponding depth of 

the mold’s features. This is may be due to the lack of sufficient flatness of the mold and 

insufficient initial resist thickness. Figure 4.11 (c) shows the plan-e view SEM image of 

the FePt dots on the Si wafer after removing the residual layer and transferring the pattern 

by Ar ion milling using the resist pillars as mask. The average diameter of the FePt dots 

is about 40 nm with a size distribution of about 10 %. The size of the dots is about 45% 

smaller than the mold feature size as well as as-imprinted resist pillars. This size 

reduction is good in agreement with the reduction of size for the large feature sized mold 

as described in previous section and indicates that the size of imprinted features again can 

be tuned by controlling the depth of the mold’s features and residual layer thickness. 

Some of the dots as indicated by the black arrows in the inset of Figure 4.11 (c) are 

almost etched away due to the smaller mask height onto it as indicated by the white 

arrows in Figure 4.11 (b). As a result, the density of the FePt dots is somewhat smaller 

than the density of the holes in the mold. The magnetic properties of this patterned FePt 

structure is measured by using SQUID at room temperature. The perpendicular coercivity 

of the patterned structure is about 12 kOe that is about 3.5 times larger than that of the 

continuous film. This HC value is much lower than that of the isolated FePt islands on 

MgO.28 Several mechanisms can be considered for this low Hc value of the patterned 

structure. First, diffusion may occur at the interface between the Pt layer and the FePt 

layer as Pt is used as interlayer, therefore the composition and switching field at the 
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interface may differ with the other part. The FePt at the interface with smaller switching 

field may be exchange coupled with the adjacent part with larger switching field and 

reduce the Hc. Second, the re-deposition effect may add some disordered FePt onto outer 

surface of the pillars. This re-deposited disordered FePt may act as nucleation sites to 

start the magnetization switching at low field that can reduce the coercivity. 
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Figure 4.11 SEM plane view images of (a) AAO mold coated with thin SiO2 layer. The average hole diameter is 
about 75 nm. (b) the cross-sectional SEM image of as-imprinted resist pillars. Some pillars with smaller height 
are indicated by white arrows and (c) plan-e view SEM image of FePt dots on Si wafer. Some dots with reduced 

height are indicated by black arrows. 

To summary, we have demonstrated the direct use of anodize alumina (AAO) 

fabricated on Si wafer as a large area mold for nanoimprinting. The sticking problem 
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between the mold and the resist has been overcome by modifying the AAO surface by 

coating it a very thin SiO2 layer. Moreover, we successfully fabricate L10 FePt patterned 

structure with 40 nm feature size over large area with a size distribution below 10%. 

Optimization of naonimprinting parameters and flatness of the mold may open the path to 

fabricate patterned magnetic nanostructures with reduced feature size and high density 

for practical applications. 

 

4.3.3 FePt BPM fabricated using block copolymer self-assemble 

Fabrication of L10 single layer FePt bit patterned media using block copolymer 

lithography has been reported by Hieda et al. 29, where they have fabricated the hole array 

first and filled them with spin on glass (SOG). Then, the matrix has been removed and 

the SOG dots have been used as the etching mask. In this work, BCP was used as hard 

mask for pattern transfer directly to fabricate FePt BPM.30 Figure 4.12 shows the SEM 

plan view image of BCP-fabricated FePt BPM. The FePt bit size is around 31 nm and the 

pitch size is around 37 nm. 
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Figure 4.12 SEM plan-view image of FePt BPM fabricated using BCP. 

Figure 4.13 shows the TEM cross-sectional image of the FePt BPM. The physical 

isolation of the FePt bits can be clearly observed in the TEM images. Thus the exchange-

decoupling between adjacent bits is realized and confirmed.  

 
Figure 4.13 TEM cross-sectional image of FePt BPM fabricated using BCP. 

 

Figure 4.14 (a) is the XRD spectra of the as-patterned FePt BPM. After patterning, 

the ordering parameter S of FePt decreases from 0.72 to 0.48. And the FWHM of FePt 

(001) rocking curve, which is shown as the inset of Figure 4.14 (a), increases from 5.95º 

100 
nm 
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to 7.26º, compared to the continuous film, the as-patterned film has lower FePt chemical 

ordering and broader distribution of easy axis orientation.  

Figure 4.14 (b) shows the out-of-plane hysteresis loop of the patterned sample and its 

recoil loop, which starts from the coercivity point. The coercivity is 16.0 kOe. The recoil 

curve demonstrates an ECC-characteristic magnetization reversal. When the applied field 

decreases from the coercive field, an increase of magnetization is observed, indicating a 

reversible switching. The following part of the recoil loop is flat, suggesting that 

irreversible switching mechanism also exists. This serious non-uniformity, which was 

created during the pattern transfer process, broadened the switching field distribution 

(SFD). According to the ΔHC method,31 SFD was calculated by ΔHC/1.35HC. ΔHC was 

defined as the difference between the field positions of recoil loop and major loop at the 

point of M=0.5MS. This is a rough estimation of intrinsic SFD. Here ΔHC is 7.3 kOe and 

HC is 16.0 kOe. Therefore the SFD of this as-patterned sample is 34%. Although dot size 

distribution is an important source of SFD, it is probably not the reason for a large SFD, 

because the size distribution is less than 10%. 
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Figure 4.14 (a) XRD spectra, (b) out-of-plane hysteresis loop and recoil loop of the as-patterned FePt BPM. The 

inset in (a) is FePt (001) rocking curve, whose FWHM is 7.26º. The ordering parameter of FePt is 0.48, and 
coercivity is 16.0 kOe. Delta HC is 7.3 kOe and SFD is 34%. 

 

There are limited papers related to the degradation of FePt films after patterning. 

Usually, the coercivity of the as-patterned FePt dots could not reach the expected value, 

which would be a few tesla. This fact suggests that the patterning process may cause 

degradation of the FePt properties. Disordered FePt phase region was found on the FePt 

patterned dots, and the coercivity could be significantly increased after post-annealing at 

a very high temperature.32 Another key issue of the patterned media is the SFD. A wide 
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SFD seriously affects the definition of the recording bits and limits the recording density. 

The dot size distribution and anisotropy distribution are the major sources of the SFD. 

Exchange coupled composite (ECC)33,34 effect could help narrowing the SFD of FePt 

BPM,35 but the problem was sidestepped that the FePt dots were still far from uniform in 

properties. 

To study the degradation of FePt dots caused by the pattern transfer process, we 

proposed and demonstrated that annealing the patterned samples in vacuum can increase 

the crystallinity of FePt and reduce its SFD.  

The patterned sample was then annealed in vacuum for one hour at 350 ºC, which is 

the same as the deposition temperature for the continuous thin film. Although annealing 

the sample at higher temperature may further increase the ordering of FePt, it may also 

significantly change other properties of the film and the comparison would be invalid. 

Figure 4.15 (a) displays the XRD pattern and FePt (001) rocking curve of the annealed 

sample. Compared to the as-patterned one, ordering parameter increases from 0.48 to 

0.57, and the FWHM of the FePt(001) rocking curve decreases from 7.26º to 6.81 º. 

Quality improvement is observed in the annealed FePt patterned dots, though it is still not 

as good as the continuous film. 

 



Chapter 4. FePt bit patterned media 

107 
 

 
Figure 4.15 (a) The XRD spectra, (b) out-of-plane hysteresis loop and recoil loop of the annealed FePt BPM. The 
inset in (a) is FePt (001) rocking curve. The ordering parameter of FePt is 0.57, the FWHM of the rocking curve 

is 6.81º, and coercivity is 17.1 kOe. Delta HC is 3.4 kOe and SFD is 15%. 

 

The out-of-plane hysteresis loop and recoil loop of the annealed sample are shown in 

Figure 4.15 (b). The coercivity is 17.1 kOe, but the ECC characteristic in the recoil loop 

is completely eliminated. The typical irreversible magnetization behavior observed is 

evidence of single domain switching. This may not imply that the FePt is fully L10 
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ordered. A possible explanation is that the soft regions of these dots are small in volume 

and they are fully exchange-coupled by the hard regions on the same FePt dot. ΔHC is 

reduced from 7.3 kOe to 3.4 kOe and SFD drops from 34% to 15%. SFD is significantly 

decreased while the L10 ordering of FePt is increased and its easy-axis orientation 

distribution is reduced. These results demonstrate that post-annealing is an effective way 

to address the etching damage problem and could be a necessary step for FePt BPM 

fabrication in future.  

All the data of the continuous film, as-patterned BPM and annealed BPM provided 

above are summarized in Table 2.2. Please note that all the listed S values should be 

smaller than the real values because of the existence of Pt (200) peak, which is partially 

overlapped with FePt (002) peak. Also, the real coercivity should be larger than 17.1 kOe, 

because the sample was not fully saturated at 25 kOe, which is the highest magnetic field 

of the measurement system in this work. 
Table 4.1 Results summary of continuous film, as-patterned BPM and annealed BPM 

 H
C
 (kOe) Switching field 

distribution 
Ordering 

parameter S 
FWHM of FePt (001) 

rocking curve 
Continuous film 3.82 - 0.72 5.95º 

As-patterned BPM 16.0 34% 0.48 7.26º 
Annealed BPM 17.1 15% 0.57 6.81º 

 
 

4.4 Conclusion 

In this chapter, FePt bit patterned media has been fabricated using nanoimprinting 

and block copolymer self-assemble, with dot size of sub-50 nm and sub-30 nm, 

respectively. AAO was used as a mold of nanoimprinting process to pattern FePt for the 

first time. 

The crystallinity of FePt was partially damaged during patterning processes, e.g. the 

ion milling process. Annealing the patterned samples at 350 ºC, the L10 ordering of FePt 

was improved and SFD was narrowed. Using partially ordering FePt as the magnetic soft 

region for either ECC or graded BPM was not recommended. 
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Chapter 5. FEPT TYPE ECC AND GRADED BIT PATTERNED MEDIA 
 
 

5.1 Introduction 

Bit patterned media (BPM) with exchange coupled composite (ECC) or graded 

structure has been widely studied to improve the writing capability. 1,2,3,4,5 As shown in 

Figure 5.1, the fabrication of ECC or graded FePt BPM contains several major stages. 

First step is the fabrication of the continuous film. Its quality is so critical that it 

substantially determines the magnetic properties of BPM. The surface roughness of 

recording media is required to be no larger than 0.3 nm. A planarization process can be 

employed to improve the flatness of media surface. However, it may not work for ECC or 

graded type BPM, if the film surface is not flat enough before patterning. Every single bit 

has to be kept intact; otherwise its properties may change significantly. For example, if 

two graded bits are not at the same height level, after planarization, the upper one will 

lose part of its graded region and its switching field will be different from the other bit.  

Therefore, for ECC or graded BPM, the continuous film must have a sufficiently flat 

surface, however, there is no report focusing on the continuous magnetic thin film 

designed for BPM. 
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Figure 5.1 Major stages and trilemma of FePt ECC or graded BPM fabrication 

 

In this work, FePt-type BPM with both ECC and graded structures with 25 nm dot 

size are fabricated and studied. Several challenges have been addressed in fabricating 

FePt BPM, including the ways to prepare the FePt continuous films with a well-

controlled graded anisotropy and small surface roughness. Di-block copolymer 

lithography was used to pattern the FePt based continuous films over 2-inch-diameter 

substrates. One of the key findings of this work is that either varying deposition 

temperature or adjusting the composition during sputtering process is not suitable to 

create a graded continuous film for BPM, because both these methods caused large 

surface roughness. A layer inter-diffusion process is recommended for the graded 

continuous film fabrication, with which the thin film surface is confirmed to be flat. 

Figure 5.2 schematically demonstrate this process. 
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Figure 5.2 Formation of FePt/Fe graded interface. 

As shown in Figure 5.2, an FePt/Fe bi-layer ECC continuous film was fabricated at 

first. Then, post anneal this film at high temperature to make the Fe and FePt inter-

diffused between each other and create a compositionally graded interface. 

 

5.2 Development of FePt type continuous film with composite structure 

The continuous FePt film and graded films were deposited on single crystal MgO 

substrates using a DC magnetron sputtering system with base pressure better than 1x10-7 

torr. The structure of the samples are MgO sub/Cr/Pt/recording layer/Ru(3 nm). Each 

layer was sputtered from an elemental target. The Ru layer was deposited at room 

temperature to protect against oxidation. Cr/Pt underlayer was fabricated at 350 ºC. Cr 

was deposited as a seed layer to ensure the epitaxial growth of FePt continuous film, 

because the FePt forms an island-like structure when it is directly sputtered on MgO 

substrate at high temperature. 6  The Pt interlayer was designed to prevent the inter-

diffusion between Cr and FePt.7 The structure of recording layer varies according to the 

types of samples. For all samples, FePt hard magnetic layer was fabricated at 350 ºC with 

an atomic ratio of 1 : 1. 

The sample names and magnetic layer structures of all samples are listed in Table 5.1. 
Table 5.1 The recording layer structure and fabrication condition of all continuous films. 

continuous 
films  

FePt layer 
thickness  

Soft\graded layer  
fabrication temperature 

Annealing  
temperature  

Hard I  10nm  N  N  
Hard II  5nm  N  N  

ECC  5nm  Fe(5nm), Room temperature  N  
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Graded I-200  5nm  Fe(5nm), Room temperature  200 
o
C  

Graded I-300  5nm  Fe(5nm), Room temperature  300 
o
C  

Graded II  5nm  Fe(5nm), 350°C  N  
Graded III  5nm  Fe

x
Pt

1-x
(5nm), 350°C (x gradually increased from 

0 to 1)  
N  

 

Sample ‘Hard I’ and ‘Hard II’ are hard magnetic films. They only have FePt as 

recording layer, with thickness of 10 nm and 5 nm only. Sample ‘ECC’ has FePt(5 

nm)/Fe(5 nm) bi-layer structure, in which the Fe soft layer was deposited at room 

temperature. There are three types of graded films, whose recording layer’s thicknesses 

are all 10 nm. The basic structure of the graded recording layers is FePt (5 nm)/ graded 

layer (5 nm). For Graded I type, a 5-nm-thick Fe layer was deposited on FePt at room 

temperature. Then, the sample was annealed in vacuum for one hour to create the graded 

structure between Fe and FePt layers. 8 In other words, ‘Graded I’ was achieved by 

annealing the ‘ECC’ sample for one hour. ‘Graded I-200’ was annealed at 200 ºC. 

‘Graded I-300’ was annealed at 300 ºC. Different annealing temperature creates different 

graded FePt/Fe structures. For ‘Graded II’, 5 nm-thick Fe layer was deposited right after 

the deposition of FePt at 350 ºC. In this case, the Fe ad-atoms have much more energy 

and longer diffusion length compared to the case of ‘Graded I’, because of the kinetic 

energy of as-deposited Fe atoms. Thicker graded region was expected in Graded II. For 

‘Graded III’, its recording layer’s structure is FePt (5 nm)/FexPt1-x (5 nm). During the 

deposition of FexPt1-x layer, the temperature was maintained at 350 ºC, and the value of x 

was gradually increased from 0.5 to 1 by adjusting the sputtering power of Fe and Pt, 

which means the composition of the graded layer gradually changed from Fe50Pt50 to Fe.  
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Figure 5.3 The AFM images of (a) ‘Hard I’, (b) ‘Hard II’, (c) ‘ECC’, (d) ‘Graded I-300’, (e) ‘Graded II’ and (f) 

‘Graded III’. (e) Surface roughness of all continuous films.  

The surface roughness of sample ‘Hard I’, ‘Hard II’, ‘ECC’, ‘Graded I-200’, ‘Graded 

I-300’, ‘Graded II’ and ‘Graded III’ are 0.25 nm, 0.188nm, 0.101 nm, 0.195 nm, 0.218 

nm, 5.224 nm and 2.49 nm, respectively. The chart in Figure 5.3 (e) shows these values 

corresponding to the samples and reveals the huge difference of surface roughness. 

Sample ‘Hard I’, ‘Hard II’, ‘ECC’ and ‘Graded I’ type have relatively small roughness 

while ‘Graded II’ and ‘Graded III’ have very rough surfaces, especially ‘Graded II’. The 

AFM topography images of sample ‘Hard’ and ‘Graded I-300’ are shown in Figure 5.3 (a) 

and (b), respectively. Depositing 5 nm Fe on 5 nm FePt to fabricate ‘ECC’ sample 

reduced the surface roughness to 0.101 nm. The ‘Graded I-300’, which was annealed at 

300 °C, is still smoother than sample ‘Hard I’. 
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‘Graded II’ and ‘Graded III’ are very rough and their Fe layers may not even be 

continuous. Large isolated grains are observed in the AFM image of ‘Graded II’ in Figure 

5.3 (e). The height of the islands is as large as tens of nanometers. The large roughness of 

5.224 nm makes it impossible for recording media application. ‘Graded III’, whose AFM 

image is shown in figure 2 (d), also has large islands, compared to ‘Graded II’, its islands 

are smaller and the spacing between the islands is larger. Since the FexPt1-x layer of 

‘Graded III’ has more Fe near the surface, the island structure could be formed when the 

Fe concentration exceeded a certain level. A conclusion can be drawn that Fe-rich film 

formed large islands on FePt when deposited at high temperature. A possible explanation 

is that Fe layer could be BCC structure, whose surface energy is much larger than that of 

FePt9. The surface energy of L10 FePt and bcc Fe are summarized in Table 5.2, according 

to Ref. 9. 
Table 5.2 Surface energy of L10 FePt and bcc Fe. 

 Surface energy (eV/atom) 
(001) (111) (110) 

L10 FePt 0.991 0.675 1.440 
Fe (bcc) 1.261 2.355 0.872 

 

The surface energy of L10 FePt (001) plane is 0.991 eV/atom. When Fe was 

deposited at low temperature, it formed (110) texture,10 whose surface energy is lower 

than that of FePt (001) plane. To minimize the energy of whole system, Fe smoothly 

covered the surface of (001) textured FePt. But high temperature deposition would induce 

the epitaxial growth of Fe on (001) textured FePt. Hence, when Fe was deposited at high 

temperature, it formed (001) texture, whose surface energy is higher than that of FePt 

(001) plane. Fe atoms formed island-like structure to minimize the surface energy. 

Therefore, to fabricate FePt/Fe continuous film, Fe has to be deposited at a relatively low 

temperature.  
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Figure 5.4 (a) XRD spectra of sample ‘Hard I’; (b) Out-of-plane hysteresis loops of the continuous films sample 
‘Hard I’, ‘Hard II’, ‘ECC’, ‘Graded I-200’, ‘Graded I-300’, ‘Graded II’ and ‘Graded III’. Their HC values are 

2.28 kOe, 1.38 kOe, 0.66 kOe, 0.59 kOe, 0.52 kOe, 1.18 kOe, and 1.62 kOe respectively. 
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Figure 5.4 (a) shows the XRD spectra of sample ‘Hard I’, and confirms that it is well 

ordered and has (001) texture. According to the intensity ratio of (001) peak to (002) peak, 

its ordering parameter S is 0.72, 11 but we need to consider that the 3 nm Pt interlayer 

generates a weak Pt (200) peak overlapped with the FePt (002) peak, and contributes to 

the intensity of the latter. Therefore, the calculated S value is underestimated. The inset in 

Figure 5.4 (a) is FePt (001) rocking curve. Its FWHM is 5.95º. The out-of-plane 

hysteresis loops of continuous films are shown in figure 2 (b). The HC of the continuous 

films of sample ‘Hard I’, ‘Hard II’, ‘ECC’, ‘Graded I-200’, ‘Graded I-300’, ‘Graded II, 

and ‘Graded III’ are 2.28 kOe, 1.38 kOe, 0.66 kOe, 0.59 kOe, 0.52 kOe, 1.18 kOe, and 

1.62 kOe respectively. 

 

5.3 FePt type ECC and graded bit patterned media 

The continuous films were then patterned to dot arrays using di-block copolymer 

self-assemble masks followed by an ion milling etching process as described in reference 

1.  
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Figure 5.5 SEM plan-view image of the patterned ‘ECC’ film. The inset is a cross-sectional TEM image of a 

single ECC dot. 

Figure 5.5 shows the SEM plan-view image of the patterned ‘ECC’ sample, and the 

inset is a cross-sectional TEM image of a single ECC dot. The center to center distance of 

the magnetic dots is 37 nm, and the dot size is around 25 nm. The cross-sectional image 

shows that a patterned dot is conical frustum. Therefore the dot size in the plan-view 

image is around 30 nm. The other patterned samples are structurally similar to patterned 

‘ECC’ sample. 
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Figure 5.6 The out-of-plane hysteresis loops of (a) patterned ‘Hard I’ and ‘Hard II’, (b) patterned ‘Graded II’ 
and ‘Graded III’, (c) patterned ‘ECC’, ‘Graded I-200’, and ‘Graded I-300’. Their HC are 16 kOe, 13 kOe, 1.3 

kOe, 12.1 kOe, 4.64 kOe, 4.47 kOe and 5.08 kOe, respectively. 
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The HC of the patterned ‘Hard I’, ‘Hard II’, ‘ECC’, ‘Graded I-200’, ‘Graded I-300’, 

‘Graded II, and ‘Graded III’ are 16 kOe, 13 kOe, 1.3 kOe, 12.1 kOe, 4.64 kOe, 4.47 kOe 

and 5.08 kOe, respectively. Their out-of-plane hysteresis loops are shown in Figure 5.6. 

The HC of these the patterned ‘ECC’, ‘Graded I-200’ and ‘Graded I-300’, whose 

continuous films had flat surface, are less than one third of the patterned ‘Hard I’ 

sample’s HC, and also less than half of the patterned ‘Hard II’ sample’s HC. However, the 

condition of patterned ‘Graded II’ and ‘Graded III’, whose continuous films were 

extremely rough, is totally different. For ‘Graded II’, both coercivity and the shape of 

MH loop did not significantly change after patterning. It suggests that the even exchange 

decoupling is not realized in the patterned ‘Graded II’. For patterned ‘Graded III’, its 

coercivity is as large as pattered ‘Hard II’. It indicates that the expected graded structure 

has no effect on this sample. It is again confirmed that a rough continuous film is not 

suitable for BPM fabrication, and the inter-layer diffusion process works very well. 

The thermal energy barrier (ΔE) values of patterned ‘ECC’, ‘Graded I-200’ and 

‘Graded I-300’ are obtained by measuring the time-dependant switching field from 

thermal decay and fitting to Sharrock equation. The results are listed in Table 5.3. The 

ΔE of the patterned Hard sample was not obtained because it could not be saturated. It 

should be pointed out that the error bar for the estimation of the thermal energy barrier is 

large based on this available method. In future, to find an accurate measurement method 

is highly desirable for this research.   

 
Table 5.3 HC and ΔE of patterned ‘ECC’, ‘GRADED I-200’ and ‘GRADED I-300’ 

Sample HC (kOe) Energy barrier ΔE (kBT) 
Patterned ECC 4.64 190 

Patterned Graded I-200 4.47 230 
Patterned Graded I-300 5.08 234 
 

The HC of these three patterned samples are very close to each other. But the ΔE of 

the patterned graded samples is significantly larger than that of the patterned ‘ECC’ 

sample. This is reasonable, because the annealing process created a compositionally 

graded interface between FePt and Fe, and the volume ratio of the relatively hard region 

increased. Therefore the graded samples are more thermally stable than the ECC sample. 
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Although the ΔE values of the two patterned graded samples are almost the same, 

patterned ‘Graded I-200’ has a smaller HC than patterned ‘ECC’ does, while patterned 

‘Graded I-300’ has a larger HC. It is clear that different annealing process created 

different graded structures.  

Figure 5.7 shows the DCD curve of the patterned ‘ECC’ sample obtained from MFM 

analysis. The MFM images were taken after saturating the sample followed by applying 

different reverse fields, ranging from 0 to -15 kOe.12 The numbers of bright and dark dots 

were counted and converted to the Mr/Ms value by calculating the portion of the reversed 

dots. Then the Mr/Ms vs. reversed fields was plotted as the DCD curve. The MFM 

images of -1 kOe, -6 kOe and -9 kOe reverse fields are shown in Figure 5.7 (b), (c) and 

(d), respectively.  

 

 
Figure 5.7 (a) DCD curve obtained from MFM images of patterned ‘ECC’ sample, and MFM images with 

different remanent states: after applied reverse field (b) -1 kOe, (c) -6 kOe and (d) -9 kOe, respectively. The 
DCD curve was plotted by counting the number of the reversed magnetic islands under different remanent 

states from MFM images. 
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From these MFM images, we can find that the irreversible switching, which was 

represented by the bright dots in the MFM pattern, happened even when the reverse field 

was just -1 kOe. As the reverse field increasing to -6 kOe, lots of small clusters appeared, 

in which the adjacent bits have the similar contrast, indicating the strong interaction 

between the bits. According to the two-spin model10, when the reverse field was applied 

to the ECC bit, the magnetization of the soft region fell down before the magnetization of 

the hard region started to rotate. At this stage, the soft region had a lateral dipole field 

which might be applied to the neighbors. Therefore, when the external field was smaller 

than its intrinsic switching field, the ECC bit generated lateral dipole field to its 

neighbors and assisted the switching. Meanwhile, its own switching was helped by the 

neighbors too. This phenomenon suggests that the dipole interaction from neighboring 

bits may play an important role in the reversal process of the bit patterned media and 

increase the switching field distribution (SFD). The saturation magnetization (MS) of this 

sample was 810 emu/cm3 before patterning. The inter-diffusion between Pt layer and 

FePt layer made the Ms value lower than expected. The maximum demagnetization field 

can be roughly estimated as large as around 4π[MS•(d2/D2)]= 7141 Oe, where d is the bit 

size and D is the pitch size. It is desirable to further reduce the MS in order to reduce the 

magnetostatic interaction. 

 

5.4 Conclusion 

In this work, depositing Fe on FePt at room temperature and then annealing it to 

create graded anisotropy through the layer inter-diffusion process was proposed and 

demonstrated to fabricate FePt graded BPM. An Fe-rich film would form a very rough 

surface with extremely large grains when deposited onto FePt at high temperature. 

Annealing the FePt/Fe film, whose Fe layer was deposited at room temperature, didn’t 

increase the surface roughness, and was recommended for the fabrication of future FePt 

bit patterned media with graded structure. Compared to the FePt BPM with ECC 

structure, FePt BPM with graded structure showed smaller HC and larger thermal energy 

barrier. In ECC BPM, the dipole interaction may play an important role in the switching 

process of the sample. 
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Chapter 6. EMBEDDED MASK PATTERNING: A NANOPATTERNING 
PROCESS TO FABRICATE FEPT GRANULAR 

6.1 Introduction 

In future extremely high density magnetic recording, the center distance between 

magnetic grains of hard disk media is required to be shrunk further down to sub 4 nm to 

support recording areal density up to 5 Terabit/in2 while the magnetic is still kept 

thermally stable. FePt, which is chemically stable and has ultra-high magnetocrystalline 

anisotropy of 7x107 erg/cc, is considered as a promising candidate for future recording 

media materials. In principle, a fully L10 ordered FePt grain maintains thermal stability 

for sizes as small as 3nm. 1 Since the FePt media has a large switching field, in order to 

switch a FePt recording bit, traditional techniques will not work as the head field is not 

large enough. Heat Assisted Magnetic Recording (HAMR), 2 , 3  Exchange Couple 

Composite (ECC) media 4 , 5 , and graded media 6 , 7 , were proposed to decrease the 

switching field, and experiments have confirmed their effectiveness. HAMR has been 

more promising to support extremely high recording density with the recent 

demonstration of 1 Terabit/in2 areal density by Seagate Technology.  8 

The key challenge of fabricating high density FePt media is to fabricate a highly L10 

ordered FePt granular thin film with extremely small grain size and good (001) texture. 

As shown in Table 2.1, Granz et al. successfully reduced the FePt grain size down to 2.5 

nm by depositing the FePtB film at room temperature, but the FePt was in disordered 

phase with superparamagnetic behavior. 9  Zhang et al. fabricated FePt-Ag-C film at 550 
oC and the coercivity was 35 kOe. 10  In their work, the FePt grain size was 6.2 nm. Also 

using 550 oC as the depositioin temperature, Mosendz et al. created FePt-Ag-C media 

with a coercivity of as high as 48 kOe, but the grain size increased to 7.2 nm 11.  Dong et 

al. created sub-6 nm FePt grains with a coercivity of 21.5 kOe by depositing FePt-SiNx-C 

film at a relatively low temperature of 380 oC, however, the grains were not well isolated 
12.  Using RuAl as an underlayer and setting the fabrication temperature to 350 oC, Shen 

et al. achieved 6.6 nm FePt grains with a coercivity of 8 kOe. 13 A dilemma for the 

fabrication of FePt media with desirable properties is that a high temperature deposition 
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leads to good L10 ordering thus high coercivity, but results in large grain sizes, while a 

low temperature deposition leads to small grain sizes, but results in poor L10 ordering 

thus low coercivity. Optimizing the deposition parameters and searching for doping 

materials may help improve the performances, but still cannot solve this dilemma 

completely. In order to solve this problem, a fundamentally new process is required to 

break down the interlock between the requirements for small grain sizes and large 

coercivity for FePt HAMR media.   

 
Table 6.1 A brief summary of FePt granular media fabrication 

 Grain size (nm)  H
C
 (kOe)  Fabrication temperature  

FePt-B(-Ag) 2.5  0.05, disordered  Room temperature,.  
FePt-Ag-C  6.2  35  550 

o
C,  

FePt-Ag-C  7.2  48 500-550 
o
C  

FePt-SiN
x
-C  5.5 (not well isolated)  21.5 380 

o
C  

FePt-Cu  6  8.0  350 
o
C  

 

In this work, we propose and experimentally demonstrate an Embedded Mask 

Patterning (EMP) process which can solve this dilemma. Figure 6.1 schematically shows 

the steps for EMP process. The basic four steps of this process are as follows: 

1) deposit a highly L10 ordered FePt continuous film at high temperature;  

2) tdeposit an embedded mask layer (e.g. Ru-SiO2) with ultra small grain size and 

short center to center distance on top of the FePt continuous film;  

3) remove the SiO2 grain boundary and form Ru dot array mask layer using a 

reactive etching process; 

4) transfer the Ru dot array pattern of the mask layer down to highly ordered FePt 

layer and form the FePt layer with large coercivity and small grain size;  

This process has several advantages over the conventional media fabrication process. 

In this EMP process, the definition of the properties of the magnetic layer is disconnected 

from the definition of the grain size and grain boundary, while still using the sputtering 

process. The mean grain size of the embedded layer could be reduced to sub-3 nm by 

optimizing the granular structure. More importantly, unlike other processes to prepare the 

hard mask by spin-coating or other wet process, this process is compatible with today’s 



Chapter 6. Embedded mask patterning: a nanopatterning process to fabricate FePt 
granular media  

128 
 

media fabrication process since the whole process can be done in vacuum. In principle, 

the etching rate could be as fast as the deposition rate, which will at least maintain the 

hard disk fabrication yield (number of disks per hour).  

 
Figure 6.1 The schematic drawing of the EMP process. Step one: Highly L10 ordered FePt continuous layer was 
deposited on the substrate; Step two: The embedded mask layer (Ru-SiO2) with a fine granular structure was 

deposited on the L10 ordered FePt continuous film. Step three: The SiO2 of hard mask layer was removed using 
a reactive ion etching process (RIE). Step four: The Ru dots array pattern was transferred to FePt layer using a 

RIE process. All four steps could be done in vacuum. 

6.2 Experiments and discussion 

The complete stack structure of the sample is (001) MgO 

substrate/Cr(12nm)/Pt(3nm)/FePt(5nm)/Ru-SiO2(3nm), which was prepared by an eight-

target ultra high vacuum magnetron sputtering system with a base pressure better than 

1x10-7 Torr. Cr layer was deposited as a seed layer to ensure the epitaxial growth of the 

continuous film, 14 because the FePt layer tends to form an island-like structure when it is 

directly deposited on MgO substrate at high substrate temperature. 15,16 The Pt interlayer 

was designed to prevents the interlayer diffusion between the Cr and FePt layer. 17 The 

atomic ratio of Fe and Pt was set as 1:1 for FePt layer. The substrate was heated to 450 

oC before the deposition. The Ru-SiO2 embedded mask layer was then deposited on top 

of the FePt layer by co-sputtering Ru and SiO2 targets with volume ratio of 1:1.  
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Then the SiO2 boundary was selectively removed using a reactive ion etching (RIE) 

process with CF4 and CHF3. The embedded mask layer was converted to a dot array hard 

mask. Then the dot array pattern was transferred to FePt film using a methanol gas 

combined with argon gas.   

Figure 6.2 (a) shows the granular structure of Ru-SiO2 embedded mask layer which 

was directly deposited on the carbon film of a TEM grid. The Ru grains are well 

separated by the SiO2 grain boundary. In this work, the grain boundary was purposely 

made wide to ensure the pattern transfer process successful. Figure 6.2 (b) shows the out-

of-plane hysteresis loop of the FePt continuous film of the sample with the stack structure 

described above. It shows a typical loop of a continuous film with a sharp switching.  
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Figure 6.2 (a) TEM plan-view image of Ru-SiO2 mask layer on the carbon film of a TEM grid; (b) the out-of-

plane hysteresis loop of FePt continuous film of the sample with full structure. 

 The sample was then patterned using the EMP process described above. The 

hysteresis loops of the as-prepared continuous film, the as-patterned film, and the 

annealed patterned film are shown in Figure 6.3.  
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Figure 6.3 The out-of-plane hysteresis loops of the (a) continuous film, (b) as-etched film, and (c) annealed film 

with coercivity of 2.8 kOe, 350 Oe and 2 kOe, respectively. 

Figure 6.3 (a) is the out-of-plane hysteresis loop for the as-prepared continuous film 

before patterning. The sharp switching at the nucleation point indicates a domain wall 

motion type magnetization switching mechanism, which is typical for the continuous film 

with perpendicular anisotropy. After EMP process, the hysteresis loop of the as-patterned 



Chapter 6. Embedded mask patterning: a nanopatterning process to fabricate FePt 
granular media  

132 
 

film no longer possesses a sharp switching. However, its coercivity is also reduced as low 

as 350 Oe, as shown in Figure 6.3 (b). As we know, the etching damage is a common 

problem in the fabrication of FePt bit patterned media, which typically leads to a low 

coercivity than expected. We believe that etching process for this EMP process may 

induce the phase transformation of the continuous FePt film from the magnetic hard L10 

phase to magnetic soft A1 phase or partially ordered phase, which leads to the lower 

coercivity of the as-patterned film. However this kind of phase transformation should not 

lead to significant texture change. Therefore the original (001) texture of L10 FePt can be 

transformed into (002) texture of A1 FePt. This is a major difference between the EMP 

patterned FePt and other FePt layers with extremely small but randomly oriented grains. 

In order to improve the L10 ordering of as-patterned FePt film, the as-patterned sample 

was then annealed in vacuum at 550 oC for 1 hour. The hysteresis loop of the annealed 

sample is shown in  Figure 6.3 (c). Its coercivity was increased to 2 kOe and the loop 

shows a typical single-domain switching behavior. 

    In order to further verify the real cuase for the change of the coercivity, XRD 

spectra were collected for the as-prepared continuous film, the as-patterned and the 

annealed sample. 
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Figure 6.4 XRD spectra of the (a) as-prepared continuous film, (b) as-patterned film, and (c) annealed film.  

      

Figure 6.4 shows the XRD spectra of (a) the as-prepared continuous film, (b) the as-

patterned film and (c) the annealed film. Since the Pt (200) peak overlaps with FePt (002) 

peak, and the Pt peak was greatly enhanced after annealing, it is impossible to compare 

the L10 FePt ordering parameter for the samples. Considering that the intensity of the Cr 

(200) peak did not change at all for all samples, it is reasonable to use the FePt (001) 

peak for comparison. For the as-patterned sample (immediately after etching and pattern 

transfer), the FePt (001) peak almost disappeared, and its (002) peak shifted to a smaller 

angle, which suggests that the FePt became more disordered after the patterning process. 

However, after annealing at 550 oC for 1 hr, the FePt (001) peak became much stronger 

as shown in Figure 6.4 (c). This implies that the L10 ordering and the crystallinity of FePt 

grains were improved after annealing, although not as good as the as-prepared continuous 

FePt film. The FePt (002) peak not only shifted to a high angle, but also became stronger, 

because the crystallinity and texture of Pt was improved during annealing.  Although the 

annealed sample is L10 ordered as indicated by its XRD pattern, its coercivity is still low. 

There could be several reasons for this. Firstly, the annealed sample is still not fully 

ordered, considering the FePt (001) peak of the annealed sample is still much weaker 
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than that of the continuous film. Secondly, the real FePt grains after patterning could be 

very small and hence could not be thermally stable with a low ordering parameter. 

Thirdly, depositing Ru-SiO2 on the FePt continuous layer at high temperature might creat 

a soft magnetic layer at the interface between FePt and Ru-SiO2. This could be resulted 

from the reaction between iron and oxygen. This soft magnetic interface could reduce its 

coercivity further. To clarify this, we purposely varied the FePt thickness while keeping 

the other layers of the stack unchanged. We found that when the FePt layer thickness was 

no more than 2 nm, the FePt (001) peak was very weak and the continuous film was 

almost magnetic soft. Therefore, the oxidation region could be as thick as 2 nm out of the 

total FePt layer thickness of 5 nm. This soft region may significantly reduce the 

coercivity of the FePt grain through an exchange-coupled composite effect.  

 

To improve the portion of the magnetic hard region, we prepared samples with a 

thick FePt layer. A sample with 12 nm-thick FePt layer was patterned using the same 

EMP process, and then was annealed at 550 oC for 1 hr. The hysteresis loops of the as-

patterned and annealed samples are shown in Figure 6.5. For the as-patterned sample 

before annealing, its coercivity is 0.5 kOe. After annealing, its coercivity is increased to 

3.7 kOe, and the hysteresis loop also has a single-domain switching behavior with a 

relatively large nucleation field (2 kOe). 
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Figure 6.5 Hysteresis loops of as-patterned and annealed 12nm-thick FePt sample. 

 

    Figure 6.6 shows the TEM plan-view image of the annealed 5nm-thick FePt 

sample after the EMP patterning process. Isolated FePt grains can be clearly observed. 

The mean grain size is 4.6 nm and the center to center distance is 6.3 nm. The FePt grain 

packing density is only defined by the Ru-SiO2 embedded mask layer. The grain size was 

determined not only by the Ru grain packing density, but also by the width of the SiO2 

grain boundary. The FePt grain size and packing density can be adjusted and optimized 

by changing the sputtering conditions of the embedded mask layer, i.e. sputtering gas 

pressure, substrate temperature and composition ratio. Furthermore, Ru-SiO2 also can be 

replaced with other materials to further reduce the grain size and thus increase the grain 

packing density. For example, Yuan et al. fabricated NiAl-SiO2 granular film with mean 

grain size of 2.5 nm and center to center distance of 4 nm. 18 
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Figure 6.6 TEM plan-view image of the annealed 5nm-thick FePt sample. The grain size is 4.6 nm and the center 

to center distance is 6.3 nm. 

 

6.3 Conclusion 

In summary, we proposed and experimentally demonstrated a media fabrication 

process, named as the embedded mask patterning (EMP), to fabricate FePt granular 

media for future HAMR application. In this EMP process, the definition of the properties 

of the magnetic layer is disconnected from the definition of the grain size and grain 

boundary, while still using the sputtering process. The FePt grain size is only determined 

by the embedded mask layer and etching processes, and in principle can be reduced down 

to sub-3 nm. This EMP process is compatible with today’s media manufacturing line 

because each step could be completed in vacuum without taking the disc out of the 

chamber. 
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Chapter 7. SURFACE ANISOTROPY EFFECT IN L10 FEPT 
NANOPARTICLES 

7.1 Introduction 

Surface atoms play an important role in determining the physical performance of 

nanostructured materials, as they have increased overall fraction of total volume. The 

study of surface effects on magnetic phenomena is especially interesting and important.  

The continued shrinkage of feature sizes in magnetic recording devices 1 and for the 

emergence of spintronics 2 may be fundamentally limited by surface effects. Surface 

magnetism has inspired tremendous interest since the early work of Louis Néel 3 and 

remains as an important research topic 4. However, very few results have been reported 

on direct measurement of the surface anisotropy of magnetic nanoparticles because of 

accessibility issues 5 . Consequently, most of the treatments were done theoretically, 

except for certain thin film cases-- in which large and repeatable surfaces can be 

constructed experimentally 6. In the case of nanoparticles, it is even difficult to determine 

the direction of the magnetic easy axis on the surface 7. Simulation results have shown 

that the surface contribution to the effective anisotropy of magnetic nanoparticles 

depends on both the orientation and magnitude of surface anisotropy, while the latter is 

usually an estimation based on the strength of exchange interaction 8. 

FePt binary alloys with composition of approximately equal atomic ratios have 

two crystal phases at room temperature--the chemically disordered A1 phase and the 

chemically ordered L10 phase. The latter has huge magnetocrystalline anisotropy (MCA, 

7 × 107 erg/cc) with an easy axis along the [001] direction 9. L10 FePt nanoparticles have 

great potential in future information storage media 10 and permanent magnets 11. The 
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large bulk anisotropy could keep the magnetization thermally stable at a size as small as 3 

nm in diameter before becoming superparamagnetic. This size calculation is based on the 

assumption that the bulk anisotropy is independent of particle size, and any particle size 

reduction will not introduce additional physical effects. However, this is not true, since 

roughly half of all the atoms are on the surface for a 3-nm particle; thus significant 

surface effects are expected. Here we use L10 FePt nanoparticles and thin films with 

island structure to experimentally demonstrate the observation and elimination of surface 

anisotropy effect.  

7.2 Experiments and discussion 

A ‘kink’ was observed in the hysteresis loop of L10 FePt nanoparticles, as shown 

in Figure 7.1 (c). The L10 FePt nanoparticles were prepared using a gas-phase 

condensation technique 12 , which can selectively make single-crystalline FePt 

nanoparticles with either A1 or L10 phases 13. Statistical analysis of more than 2800 

particles from 50 different transmission electron microscopy (TEM) micrographs shows 

that these L10 FePt nanoparticles have a Gaussian distribution with a mean effective size 

of 5.8 nm and standard deviation of 11%. The octahedral shape is clearly visible from the 

TEM image in Figure 7.1 (a). The corresponding 3-D particle model, as shown in Figure 

7.1 (b), illustrates the packing sequence of Fe and Pt atoms and all the surface atoms sit 

on (111) planes, which are most closely packed with lowest surface energy. This model 

was built based on the TEM image in Figure 7.1 (a). At this size, surface atoms on the 

eight equivalent (111) planes have an overall volume fraction of 28.3%. 12, 13, 14 
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Figure 7.1 Directly ordered L10 FePt nanoparticles prepared using a gas-phase aggregation technique at room 
temperature. (Ref. 12) (a) TEM image of one chemically ordered particle with its c-axis (the magnetic easy axis) 
lying in-plane; (b) a 3-D atomic reconstruction of the L10 FePt particle. (c) Hysteresis loop of 30 layers of mono-
dispersed L10 FePt nanoparticles, with a coercivity of 33.4 kOe at temperature of 5 Kelvin. (d) The remanence 

state of one octahedral L10 FePt nanoparticle. Here arrows represent the spins from iron atoms and all platinum 
atoms have been omitted for clarity. Red arrows are surface spins and black arrows are interior spins, 

respectively. 

The magnetization reversal process of 30 layers of mono-dispersed L10 FePt 

nanoparticles was measured. The easy axes of over 75% particles were aligned parallel in 

the plane. The samples were prepared through ‘in-flight guided landing’ method by 

applying in-situ magnetic field, which was applied directly over the substrate 14. The 

measurement fields were applied parallel to the easy axis direction. As shown in Figure 
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7.1 (c), the sample has a coercivity value of 33.4 kOe at a measurement temperature of 5 

K. Clearly, there is a kink in the hysteresis loop around zero field region. Similar 

behavior has been found for: highly ordered FePt particulate films 15, octahedral-shaped 

FePt nanoparticles formed using FePt and MgO alternate deposition 16  at substrate 

temperature as high as 780 °C, and FePt-Ag-C recording media fabricated at 550 °C 17. 

The kink was attributed to the existence of poorly ordered phase due to size effect, but 

surface effects were not mentioned. However, considering all the FePt samples listed 

above were highly L10 ordered, it is more likely that the kink came from surface spin 

reversal governed by surface anisotropy. These spins experience an anisotropy associated 

with the broken symmetry of their crystal environment. When this surface anisotropy is 

comparable to, or larger than exchange coupling interaction, the surface spins will favor a 

full alignment along the surface anisotropy direction. Consequently, there will be jumps 

on magnetization curves 18. The validity of the surface anisotropy assumption also lies in 

such an understanding that the bulk anisotropy energy in an FePt system is not simply a 

result of the Néel model or directly due to tetragonal distortion. Instead, the 

magnetocrystalline anisotropy energy comes from the polarization of the Pt 5d electrons 

by the Fe 3d electrons, and the strong spin-orbit coupling in 5d electrons of Pt 19. Every 

Fe atom in the interior part of the nanoparticle has eight Pt atoms as its nearest neighbors, 

but surface Fe atoms have at most six Pt atoms as its nearest neighbors as shown in 

Figure 7.1 (b), four of which are surface Pt atoms. Therefore, the symmetry between Fe 

and Pt is different from the interior to the surface. Since each surface has different normal 

direction, which is structurally associated with the broken symmetry, each surface should 

have its own anisotropy direction. This may cause atoms on different surface to have 
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different remanent states, as shown in Figure 7.1 (d). Also, the exchange coupling in the 

surface portion has to be relatively weak, otherwise the surface spins would be coupled 

with the internal spins, and there would be no kink in the hysteresis loop. 

Based on the discussion above, the most direct approach to overcome the surface 

effect is epitaxially covering the particle surface with Pt atoms, but unfortunately, it is 

difficult demonstrate this process using nanoparticles. It is required to not only embed the 

particles in a Pt matrix, but also induce epitaxial growth at the interface between FePt and 

Pt. In this work, FePt thin films with island-like structure were prepared to address the 

issue. 

It was confirmed that a ultra-thin FePt film formed island-like structure when 

deposited on single crystal MgO (100) substrate at high temperature 15,20, because of the 

difference of surface energy. An FePt island is schematically illustrated in Figure 7.2 (a); 

the island has a (001) texture, which was induced by MgO. It has a uniaxial anisotropy 

with an easy axis perpendicular to the film plane. Similar to the (111) surface of FePt 

nanoparticles, the side wall of FePt island also has broken symmetry and a kink should be 

observed in its hysteresis loop. In order to fix the broken symmetry, we propose coating 

the FePt islands with a Pt thin film that completely covers the surface, as shown in Figure 

7.2 (b). Pt can have lattice matching with FePt and induce epitaxial growth.21 If the Pt 

layer repairs the symmetry, then the exchange coupling should be enhanced. 
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Figure 7.2 (a) The schematic of an FePt island with (001) texture. (b) The FePt island is covered by Pt atoms 
epitaxially. 

 

The samples were prepared using a magnetron sputtering system. First, a single 

crystal MgO substrate was heated to 500 °C then an FePt thin film with 4 nm nominal 

thickness was deposited while maintaining the high temperature. The TEM cross-

sectional images of the FePt film are shown in Figure 7.3. Both TEM cross-sectional 

image in Figure 7.3 (a) and SEM plan-view image inset reveal an island-like structure of 

a L10 FePt film. The average grain size of these islands is about 14 nm, and the height is 

approximately 7 nm. The distance between two adjacent islands is on order of a few 
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nanometers. Figure 7.3 (b) displays the zoom-in cross-sectional image of a single island, 

which exactly match the schematic model in Figure 7.2 (a).  

 

 

Figure 7.3 (a) The TEM cross-section image of L10 FePt island-structural film. The plan-view image of the 
island-like structure is shown in the SEM image inset. (b) The zoom-in cross-section image of a single FePt 

island, which exactly matches the model in Figure 7.2 (a).  

 

Then, two samples were prepared by depositing Pt on top of the FePt film after 

cool the sample down to room temperature to avoid the inter-diffusion between FePt and 

Pt. The sample structures of these two samples are MgO sub/FePt(4nm)/Pt(3nm) and 

MgO sub/FePt(4nm)/Pt(8nm), respectively. The TEM cross-sectional images of 

FePt(4nm)/Pt(8nm) sample are shown in Figure 7.4. 
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Figure 7.4 (a) The TEM cross-section image of FePt/Pt(8nm) island-structural film. (b) The zoom-in cross-
section image of a single FePt/Pt(8nm) island. The region 1 and region 2 are located at the top and side wall of 

an FePt island, respectively. The enlarged and filtered images are shown in (c) region 1 (top part) and (d) region 
2 (side wall), to confirm the epitaxial growth and lattice match of Pt on FePt.  

 

As shown in Figure 7.4 (a), the islands became much larger after coating with an 

8nm-Pt layer because the Pt layer was so thick that adjacent FePt islands were connected 

by Pt. A single FePt/Pt island is enlarged in Figure 7.4 (b), and confirmed that the surface 

of an FePt island is covered by Pt. In Figure 7.4 (b), two regions at FePt-Pt interface are 

marked as #1 and #2, which are located at the top and side wall of an FePt island, 

respectively. Both region 1 and region 2 are enlarged and filtered in Figure 7.4 (c) and (d) 

to confirm the epitaxial growth and lattice match of Pt on FePt. The TEM images in 
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Figure 7.4 suggest that the FePt/Pt sample matches the model, which was proposed 

earlier and is illustrated in Figure 7.2 (b). 

The XRD spectra and hysteresis loops of all three samples are displayed and 

compared in Figure 7.5. The L10 ordering and (001) texture of FePt was confirmed using 

XRD spectra, as shown in Figure 7.5 (a). After coating a 3nm-Pt layer on top of the FePt 

islands, very weak Pt (200) peak and Pt (111) peak appear but are hardly observed. Both 

of these two peaks become much stronger, after increasing the thickness of Pt layer to 8 

nm. This suggests that Pt layer has two textures when deposited on MgO/FePt film at 

room temperature, this is because the FePt film has island-like structure, and the surface 

of MgO substrate exposes between adjacent FePt islands. When the Pt layer was 

deposited, it covered not only the surface of FePt islands, but also the surface of the 

exposed MgO substrate. Without substrate heating, the epitaxial growth of Pt layer 

cannot be guaranteed; as a result, the Pt layer formed (111) textured on MgO surface, 

while formed (001) texture on (001)-textured FePt surface and displayed (200) peak in 

XRD spectrum. 
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Figure 7.5 (a) XRD spectra of FePt, FePt/Pt(3nm), and FePt/Pt(8nm) samples. All of them show good (001) 
texture and L10 ordering of FePt. Pt layer has both (200) texture and (111) texture. (b) The hysteresis loops of all 

three samples. The coercivity of FePt, FePt/Pt(3nm), and FePt/Pt(8nm) are 13.5 kOe, 15 kOe and 17 kOe, 
respectively. A kink is obviously visible in FePt sample, but weaker in FePt/Pt(3nm), and disappears in 

FePt/Pt(8nm). 
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The key results of this work are demonstrated using hysteresis loops as shown in 

Figure 7.5 (b). The coercivity of FePt, FePt/Pt(3nm), and FePt/Pt(8nm) are 13.5 kOe, 15 

kOe and 17 kOe, respectively, but the hysteresis loop of the pure FePt sample has an 

obvious kink. Although a kink is visible in the hysteresis loop of FePt/Pt(3nm) sample, it 

is much smaller than the kink of pure FePt sample’s hysteresis loop, and as expected, the 

kink disappeared in the hysteresis loop of FePt/Pt(8nm) sample. Since the FePt film 

formed island-like structure, the superficial area of the sample is much larger than that of 

a flat surface. The Pt layer with 3-nm nominal thickness cannot completely cover the 

sample surface. Therefore the kink became weaker, but was not removed. However, after 

increasing the nominal thickness of Pt layer to 8 nm, all the surface of FePt and MgO are 

covered, and the kink of hysteresis loop can be thoroughly eliminated. 

In order to further discuss the surface effect, it should be noted that the existence 

of kink implies two facts:  

 (1) The surface portion looks soft magnetic or superparamagnetic. The direction of 

surface anisotropy is related to the surface plane normal due to the broken symmetry, and 

when considering a macroscopic view, the nanoparticles have countless surface plane 

normals that are pointing in all directions. Therefore, the surface portion of the whole 

sample has a randomly oriented anisotropy. Thus, a behavior similar to a 

superparamagnetic material was observed in macroscopic measurement. 

(2) The exchange coupling between internal portion and surface portion is weak, 

but it became stronger after fixing the broken symmetry. There has been no report about 

the exchange coupling constant for a monolayer, or several atomic layers, of FePt films. 

It has been reported that the exchange constant in 14-nm thick epitaxially grown L10 FePt 



Chapter 7. Surface anisotropy effect in L10 FePt nanoparticles 

149 
 

film is about 1 × 10-6 erg/cm 22 or 2 × 10-14 erg/atom. However, the exchange constants in 

ultra-thin films can be much smaller than that in thick films or bulk phases. It is 

reasonable to expect a further reduced exchange interaction when surface reconstruction 

happens and iron-iron distances are enlarged 23 , since the exchange constant 

approximately varies as d-5, where d is inter-atomic distance 24 . Similar behavior is 

expected on the surface Fe atoms of FePt nanoparticles and island-structure thin films.  

After coating a Pt layer on the FePt islands, all the Fe atoms are embedded as 

internal atoms, which repairs the symmetry. It must be noted that, even with Pt capping, 

the crystal environment of the surface Fe atoms is still different from that of the internal 

Fe atoms. Compared to the internal Fe atoms, the surface Fe atoms have two more Pt 

neighbors, which are located at the same atomic layer of Fe. Considering that the 

anisotropy of L10 FePt comes from the Pt 5d electrons which are polarized by Fe, the 

anisotropy orientation at the lateral interface between FePt and Pt is still different from 

the film plane normal. The only explanation for the disappearance of the kink is that the 

exchange coupling was largely enhanced and the surface magnetic spins are strongly 

exchange coupled with the internal spins.  

7.3 Conclusion 

In conclusion, we provided an experimental evidence of the existence of surface 

anisotropy in both 5.8 nm octahedral L10 FePt nanoparticles and L10 FePt thin film with 

island structure. Surface spins are decoupled from the internal spins due to the broken 

symmetry at surface, and so surface spins switch independently upon applying reversal 

magnetic fields. The surface effect was overcome by coating an epitaxial Pt layer on the 

FePt islands. The origin of the kink in hysteresis loop is not only due to the surface 
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anisotropy, but also the weak exchange coupling in surface portion. By embedding the 

surface atoms as internal atoms, their exchange coupling is enhanced and the kink 

disappeared. The method could be useful in ultra-high density FePt recording media, in 

which the surface atoms of each FePt grain may play an important role in magnetic 

reversal. 
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Chapter 8. CONCLUSION AND OUTLOOK 

8.1 Conclusion 

(1) FePt based ECC media with core-shell structure has been systematically studied, 

and proved to have large gain factor. It could be potentially used in bit patented 

media (BPM), because there is sufficient spacing among the patterned bits. And 

the modified gain factor can be used to evaluate the performance of core-shell 

type ECC BPM. 

(2) A graded FePt granular media was fabricated at 350 °C substrate temperature 

without depositing any soft magnetic layers purposely. The spontaneous inter-

diffusion between FePt and Pt layers enabled the FePt composition gradient, 

which led to the anisotropy and saturation magnetization gradient. The gain 

factor of the graded media was evaluated to be 3.74. The fabrication process of 

this spontaneously-formed graded media is potentially compatible with today’s 

disk media fabrication. Considering that the deposition time in today’s industrial 

fabrication process is much shorter than that of this work, the substrate 

temperature can be increased to accelerate the diffusion and improve the 

ordering of FePt as well. 

(3) The direct use of anodize alumina (AAO) fabricated on Si wafer as a large area 

mold for nanoimprinting has been demonstrated. The sticking problem between 

the mold and the resist has been overcome by modifying the AAO surface by 

coating it a very thin SiO2 layer. Moreover, we successfully fabricate L10 FePt 

patterned structure with 40 nm feature size over large area with a size 

distribution below 10%. Optimization of naonimprinting parameters and flatness 

of the mold may open the path to fabricate patterned magnetic nanostructures 

with reduced feature size and high density for practical applications. 

(4) FePt BPM with dot size of sub-30 nm and size distribution of 8% has been 

fabricated using di-block copolymer. The crystallinity of FePt was partially 

damaged during patterning processes, e.g. the ion milling process. Annealing the 
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patterned samples at 350 ºC, the L10 ordering of FePt was improved and SFD 

was narrowed. 

(5) Depositing Fe on FePt at room temperature and then annealing it to create 

graded anisotropy through the layer inter-diffusion process was proposed and 

demonstrated to fabricate FePt graded BPM. An Fe-rich film would form a very 

rough surface with extremely large grains when deposited onto FePt at high 

temperature. Annealing the FePt/Fe film, whose Fe layer was deposited at room 

temperature, didn’t increase the surface roughness, and was recommended for 

the fabrication of future FePt bit patterned media with graded structure. 

Compared to the FePt BPM with ECC structure, FePt BPM with graded 

structure showed smaller HC and larger thermal energy barrier. In ECC BPM, 

the dipole interaction may play an important role in the switching process of the 

sample. 

(6) We proposed and experimentally demonstrated a media fabrication process, 

named as the embedded mask patterning (EMP), to fabricate FePt granular 

media for future HAMR application. In this EMP process, the definition of the 

properties of the magnetic layer is disconnected from the definition of the grain 

size and grain boundary, while still using the sputtering process. The FePt grain 

size is only determined by the embedded mask layer and etching processes, and 

in principle can be reduced down to sub-3 nm. This EMP process is compatible 

with today’s media manufacturing line because each step could be completed in 

vacuum without taking the disc out of the chamber. 

(7) We provided an experimental evidence of the existence of surface anisotropy in 

both 5.8 nm octahedral L10 FePt nanoparticles and L10 FePt thin film with island 

structure. Surface spins are decoupled from the internal spins due to the broken 

symmetry at surface, and so surface spins switch independently upon applying 

reversal magnetic fields. The surface effect was overcome by coating an 

epitaxial Pt layer on the FePt islands. The origin of the kink in hysteresis loop is 

not only due to the surface anisotropy, but also the weak exchange coupling in 

surface portion. By embedding the surface atoms as internal atoms, their 

exchange coupling is enhanced and the kink disappeared. The method could be 
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useful in ultra-high density FePt recording media, in which the surface atoms of 

each FePt grain may play an important role in magnetic reversal. 

 

 

8.2 Outlook 

(1) According to the study of FePt granular media with spontaneously formed 

graded structure, similar phenomena should be found in FePt BPM, and similar 

method should be effective in FePt graded BPM fabrication. This work has 

already been started. FePt BPM with 1.5 nm thickness FePt layer just has a 

coercivity of 3 kOe, which is much smaller than that of FePt BPM with 5 nm 

thickness FePt layer. 

(2) The ordering of the patterned dots, which were fabricated using BCP, is quite 

bad. With pre-patterned guided tracks, the ordering should be improved 

significantly. 

(3) The core-shell ECC structure could be used in BPM. Its effectiveness can be 

demonstrated and proved by depositing a thin Fe layer on top of a patterned FePt 

dot array at room temperature. 

(4) Currently, the EMP process is far from practical. Lots of work has to be done to 

optimize both the layer structure and etching process. The coercivity is low. 

Post-annealing with higher temperature but shorter process time should be 

considered. It also can be potentially used to fabricate nanoparticles with 

complex stacks with high throughput. 
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