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ABSTRACT 

Perpendicular magnetic nanostructures have played an important role in magnetic 

recording technologies. In this dissertation, a systematic study on the CoPt magnetic 

nanostructures from fabrication, characterization to computer simulation has been performed. 

During the fabrication process, ion irradiation/bombardment in ion mill can cause physical 

damage to the magnetic nanostructures and degrade their magnetic properties. To study the effect 

of ion damage on CoPt nanostructures, different degrees of ion damage are introduced into CoPt 

nanopillars by varying the accelerating voltage in ion mill. The results demonstrate that the ion 

damage can reduce the coercivity by softening circumferential edge, and therefore changes the 

switching mechanism from coherent rotation to nucleation followed by rapid domain wall 

propagation. The SFD of CoPt nanostructures is independent of ion damage and is mainly 

determined by the intrinsic anisotropy distribution of the film rather than the nanostructure size 

distribution. 

Anisotropy-graded bit-patterned media are fabricated and studied based on high 

anisotropy L10-FePt material system. L10-FePt thin films with linearly and quadratically 

distributed anisotropy are achieved by varying substrate temperature during film growth. After 

patterning, the anisotropy-graded L10-FePt nanopillars display a reduced switching field and 

maintain a good thermal stability compared to the non-graded one. Experimental investigation 

and comparison further prove the concept of “anisotropy-graded” bit-patterned media and their 

potential application in the future magnetic recording.  

During magnetic write head fabrication, ion-beam damage may degrade the performance 

of the magnetic write pole. A surface sensitive MOKE is used to characterize the magnetic 
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properties of these etched FeCo films. MOKE measurement shows a hard axis hysteresis loop 

with a high Mr in the high power etched film due to the ion beam introduced defects. The high 

power etched film also shows the highest RMS by AFM measurement. The geometric peaks at 

the top surface may have shape anisotropy and serve as the pinning sites. These magnetic 

pinning sites can prevent the nucleation center forming at the top surface during the switching 

process and lead to a high Mr in the top surface region.  
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CHAPTER 1 

INTRODUCTION 

1.1.Trilemma in magnetic recording  

Nowadays, the hard disk drive (HDD) is still a dominant device for information storage 

in the world market due to its low cost and large capacity compared to other devices such as 

solid-state drive (SSD). As the continuing demand for higher recording capacity rises, the 

recording areal density keeps increasing and the feature sizes of HDD become smaller. Higher 

recording density means a smaller area for each data bit. An issue coming with it is the poor 

signal-to-noise ratio. To keep high signal-to-noise ratio, it should contain more grains in each bit, 

which requires the grain size to become smaller and smaller. As the grain size shrinks, the energy 

barrier between two magnetization states (spin up or spin down), which represent the “1” and 

“0”, also becomes lower. The magnetization states can be switched by thermal fluctuation and 

the recording information will be lost as a result of the low energy barrier. Thermal stability is 

the main issue for small grain size in the high areal recording density.
1
 To increase areal 

recording density and, at the same time, maintain the thermal stability, the only way is to 

increase the anisotropy constant Ku, which requires a magnetically hard material for the 

recording media.
2,3

 However, for the large Ku materials, another issue called the “writability 

problem” can occur in the magnetic writing process. The switching field of the media exceeds 

the maximum magnetic field generated by current magnetic head (less than 2 Tesla)
4
. The 

recording media will become too hard to be written. Therefore, the signal-to-noise ratio, the 

thermal stability and writability of the recording media cannot be fulfilled at the same time in 

high density recording, which leads to a so-called recording trilemma as shown in Figure 1.1. 

The development of HDD has recently been challenged by this trilemma
5
.  



 

2 

 

 

Figure 1.1 Trilemma of magnetic recording
5
 

1.2 New technologies targeting the trilemma 

The HDD industry makes great effort to solve this trilemma by developing new and 

advanced magnetic recording technologies. Currently, the most promising technologies are 

including: energy assisted magnetic recording (EAMR), which consists of microwave assisted 

magnetic recording and heat assisted magnetic recording (HAMR), two-dimensional magnetic 

recording (TDMR), and bit patterned media recording (BPM).  
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The concept of microwave assisted magnetic recording was first developed by Professor 

Zhu at Carnegie Mellon University.
6
 This technology is to utilize the ferromagnetic resonance 

phenomenon in which the ferromagnetic resonance frequency of the magnetic material grain and 

the frequency of the transverse AC field match each other and the energy from AC field can be 

absorbed by the magnetic grain. If the rate of the energy absorption is higher than the damping 

rate, the time of the magnetization precession will increase. When the time of the reversing field 

can last long enough, an irreversible magnetization reversal can be realized. For constant 

switching field duration, there is a threshold for the switching field above which the 

magnetization can be switched within the reversing field duration. Figure 1.2 shows a prototype 

of magnetic recording design of the AC field assisted perpendicular recording.  

 

Figure 1.2 Schematic illustration of the AC field assisted perpendicular head design. The AC 

field generator drawing at the top is rotated 90 with respect to the drawing above
6
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In the center part, a localized AC field in the microwave frequency regime is generated by an 

oscillator driven by the perpendicular spin torque. The configuration of the oscillator consists of 

a permanently perpendicularly magnetized layer for injecting spin polarized current, a metallic 

interlayer, a magnetic layer with high saturation moment for field generating, and a 

perpendicular magnetic layer.  

Heat-assisted magnetic recording (HAMR)
7
 is a leading technology which applies the 

heat energy to assist the magnetic recording for enlarging the areal density of magnetic data 

storage. It has a new degree of freedom of write temperature compared to the conventional 

perpendicular recording technology. The magnetic recording media for HAMR usually have very 

high anisotropy and smaller thermally stable grains. During the magnetic writing process, it is 

temporarily heated to reduce the coercivity, which should be lower than the available applied 

magnetic field generated by the writer and therefore allow the writer to write the information. 

After writing, the heated region should be rapidly cooled down to store the information. A sketch 

illustrating the HAMR writing process is shown in Figure 1.3. It shows that a tightly focused 

laser beam is put in front of write head and used to heat the media. To realize HAMR 

technology, a number of novel components are required to be developed, which includes the 

light delivery system, the magnetic writer, a strong head disk interface, and a heat sink. A heat 

sink can control the cooling rate of the media. The challenges for HAMR technology are the 

stability and how the light is delivered. The spot of laser beam should locally heat the media 

before it passes under the magnetic write pole. The media should have the property that its very 

large room-temperature anisotropy can be sufficiently reduced during the laser beam heating. 

The head disk interface should be robust to bear the heat. The development of media with an 

ultrafine magnetic grain, very high anisotropy, and good thermal and magnetic properties is 
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critical to the HAMR technology. Currently, FeNiPt is one of the promising candidate material 

systems for the HAMR recording media. 

 

Figure 1.3 A sketch illustrating the HAMR writing process
7
 

Given the difficulties of developing HAMR, microwave assisted magnetic recording or 

other technology, an alternative technology that continues using conventional media but involves 

more radical methods for writing, reading, and signal-processing is two-dimensional magnetic 

recording.
8
 In TDMR technology, to maximize both down-track and cross-track field gradients, 

it is necessary to use a shingled-write with a specially designed “corner writer” in order to 

maintain high write fields as shown in Figure 1.4.  
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Figure 1.4 Schematic illustration of shingle write process in TDMR
8
 

Shingled-writing is considered to be essential even though it prevents “update-in-place”. 

A new interface protocol and an intelligent on-board data management system may be required. 

The reader is required to have very good down-track and cross-track resolution. At the same 

time, signal processing should be finished in two dimensions using information across several 

adjacent tracks. This may require a head array that reads many tracks simultaneously rather than 

one head compared to conventional recording technology. The essential feature of TDMR is the 

application of powerful detection techniques for both cross-track and down-track as shown in 

Figure 1.5. 
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Figure 1.5 The schematic illustration of two dimensional magnetic recording (TDMR) 

technology
8
 

Instead of a continuous magnetic film with exchange decoupled grains, bit-patterned 

media (BPM)
9
 utilize the lithographically defined, well-separated nanoscale bits fabricated from 

exchange-coupled materials. Since the grains are exchange coupled inside one bit and the bits are 

physically isolated, each bit behaves like a Stoner–Wohlfarth (SW) volume. This SW volume is 

far more stable and provides high energy barrier to against thermal fluctuations. The recording 

process of BPM is shown in Figure 1.6. BPM have a dramatic increase in SW volume compared 

to the conventional recording media, in which the individual grains are independent SW volumes 

and exchange decoupled with each other. However, BPM will put great demands on lithography: 

to reach an areal density of 1 Tb inch
2
 using BPM, the nanoscale bits need to be patterned with a 
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25 nm pitch size (center-to-center spacing). Many challenges are associated with 

commercializing BPM: narrow tolerances for switching field distribution (SFD). It is expected 

that the SFD must be below 7% for BPM to be practical.
10

 Since the switching field in a 

nanoscale bit is largely determined by the region within the bit that has the smallest nucleation 

field. Smaller structures will on average have larger switching fields. Besides the variation of 

average switching field in nanostructures, an increase in the anisotropy distributions can also 

broaden the SFD. Strict controlling the SFD in BPM is essential to make it a practical 

technology.  

 

Figure 1.6 Bit-patterned media recording process
9
 

1.3 The motivation of this research 

The recording areal density of BPM can be further increased by anisotropy-graded 

BPM.
11-13

  In such media, each bit of data is stored in a discrete magnetic nanopillar with a 

continuous gradation of perpendicular anisotropy from a magnetic hard layer at the top to a soft 
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layer at the bottom. The switching occurs through nucleation of a domain wall at the soft end and 

propagates into the hard end with relatively small magnetic field.  The chemically ordered L10 

phase FePt system is an excellent candidate for the future high density magnetic recording 

media, due to its high magnetocrystalline anisotropy energy density (around 4~7×10
7
 erg/cc).

14-16
 

The large crystalline anisotropy of L10-FePt would allow thermally stable grain diameters down 

to 4 nm (if fully ordered). However, such high crystalline anisotropy could cause an unfavorable 

increase in the switching field in BPM, which may exceed the limitation of writing heads.
 
In this 

regard, BPM
17

 with exchange-coupled composite (ECC)
18-20

 or graded anisotropy
11-13

 has been 

proved to be one the of the most promising magnetic recording techniques to overcome this 

limitation. Based on modeling from Suess et al.
18

 and Lu et al.
1
, a quadratically distributed 

anisotropy can maintain a constant pinning field during the switching process. The switching 

occurs through nucleation of a domain wall at the soft end and propagates into the hard end.  

This result is based on 1-D model, where the magnetization only depends on thickness. 

However, for BPM with graded anisotropy, it encounters complicated switching modes due to a 

large feature size. There is no systematic study focusing on switching modes of anisotropy 

graded BPM, although experimental data showed that the coercivity was reduced compared to 

non-graded BPM. Most experimental works on anisotropy-graded media are focused on the 

continuous films, where the magnetization reversal is dominated by domain nucleation and 

subsequent lateral propagation. It is not suitable to compare results from graded films to the 

theoretical model based on isolated grains with graded anisotropy, where the domain wall 

propagates from soft to hard ends vertically. To our knowledge, only a small amount of work has 

been done on the particular Co/Pd system with patterned structures.
11,21

 In order to further prove 

the concept of “graded” anisotropy media, it is highly desirable to experimentally study patterned 
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media with graded anisotropy based on L10-FePt films. To realize graded anisotropy, there are 

two methods, one is varying the substrate temperature during film growth, for L10-FePt films the 

anisotropy comes from crystal anisotropy, and therefore crystalline is the main factor to 

determine the value of anisotropy constant. Crystallinity can be controlled by substrate 

temperature; high temperature can enhance the crystallinity. Varying the substrate temperature is 

a practical method to obtain graded anisotropy.
13

 The other way is to change the components of 

materials.
22

 The ratio between different elements in the film can also modify the anisotropy 

constant.  In this dissertation, the anisotropy-graded FePt BPM by continuously varying substrate 

temperature during film growth were fabricated and studied. The anisotropy distribution along 

the thickness of film fits quadratic and linear distribution. In addition, to analyze the switching 

mechanism for BPM with graded anisotropy, the energy landscapes based on 1D model for both 

quadratically-graded and linearly-graded nanopillars were calculated and 3D nanopillars were 

simulated by micromagnetic simulations. Through comparing experiments and simulations, it 

gave a direct insight into anisotropy-graded BPM and their potential application in the future 

magnetic recording technology. 

Magnetic nanoscale structures are technically attractive for applications such as 

BPM,
10,23,24

 magnetic random access memories (MRAMs),
25

 and spintronic devices.
26,27

 For 

nanostructure fabrication, ion milling is typically used to etch away magnetic materials by 

physical attack as shown in Figure 1.7. Ion irradiation/bombardment in the ion milling process 

can cause physical damage to the magnetic layer.
28-31

 The influence of this damage on the 

magnetic properties becomes particularly important for small feature sizes such as a few tens of 

nanometers.
32,33

 When taking into account the ion damage, current studies on the reversal 

mechanism of nanostructures typically employ an “edge damage” model, in which the  
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Figure 1.7 Ion mill etching process and ion damage
28-31

 

circumferential edges of nanostructures are assumed to be softened and serve as a nucleation 

center in magnetic reversal under an external field.
34

 Extrinsic defects at the edges can 

significantly alter the reversal process in perpendicularly magnetized nanostructures. Ion induced 

damage at the edge region from the etching process alters the anisotropy of the edge material. As 

a result of the edge properties, reversal of the nanostructure can be nucleated at the edge. 

Consider the ratio of edge material to the total volume of a nanostructure; as a structure becomes 

smaller, this ratio increases, which results in the edge material becoming more influential on the 

magnetic properties of the entire structure. As a result, this problem is much more of concern for 

technologies such as BPM. Therefore, it is necessary to perform a systematic study on ion 

damage influence to magnetic properties in the ion milling process. For this purpose, CoPt 

nanopillar arrays are fabricated by using different accelerating voltages in the ion mill. The ion 
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energy is related to the accelerating voltage, which introduces various degrees of ion damage. 

The magnetic properties of nanopillar arrays fabricated with different ion beam accelerating 

voltages were then characterized and compared. Along with experimental measurement, the 

"edge damage" model was employed in micromagnetic simulations to investigate the reversal 

mechanism. Besides recording media materials, on the other hand, ion damage to FeCo high 

magnetization material, which is used in magnetic write pole, is also studied. FeCo is a soft 

magnetic material with a high saturation magnetization of 1910 emu/cc, which is measured by 

vibrating sample magnetometer. The crystal structure is usually a polycrystalline with cubic 

anisotropy, so there is no uniaxial anisotropy, which is different from hard magnetic materials 

such as CoPt and FePt. The uniaxial anisotropy can be induced by applying a magnetic field 

during film growth; the anisotropy is called induced anisotropy. The crystal structure damage 

from ion bombardment and irradiation has less effect on its anisotropy. During magnetic write 

pole fabrication, the ion damage introduces defects and these defects mainly focus on the 

surface. Previous studies were based on bulk magnetometer, which suffers the surface 

information lost. The most effective method to study the ion damage effect is using the surface 

sensitive magnetometer, which will be much helpful for improving the performance of current 

magnetic write head. In this dissertation, a surface sensitive magneto-optical Kerr effect 

magnetometer is applied to observe the effects of surface damage on the magnetic properties. 

The ion damage effects on the switching mechanism and different kinds of defects are modeled 

and analyzed by micromagnetic simulations. 
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CHAPTER 2 

EXPERIMENTAL TECHNIQUE 

2.1 Magnetic film growth 

The magnetic materials used in recording media and magnetic devices are usually alloys 

consisted of several elements; the most suitable deposition technique is magnetron sputtering. 

Sputtering is a deposition process where the atoms of a solid target material are ejected from the 

target due to bombardment by energetic ions (such as Ar) and deposited onto the surface of 

substrates. Sputtering is driven by momentum exchange between the ions and target atoms by 

first generating plasma and then accelerating the ions from this plasma into target materials. An 

energy source is required to maintain the plasma state. This energy source could be direct current 

(DC), alternative current (AC) or radio frequency (RF) supplies, for metal materials (Fe, Co, Ta, 

Ru …), the cathode is powered by DC supplies; for insulator materials (MgO, SiOx, AlOx …), 

the cathode is powered by RF supplies. Current sputtering systems have a component of a 

magnetron besides an anode, and a cathode, and there is a magnetic field to confine the ions 

close to the surface of target to enhance the collision between ions and target as shown in Figure 

2.1.   

In this dissertation, sputtering system is used to deposit Co80Pt20 alloy film with a 

thickness of 20 nm onto a 50 nm hcp-oriented Ru seed layer to achieve a high perpendicular 

uniaxial anisotropy. Thin magnetic film was used here to avoid the inadvertent writing of 

neighboring bits by the head field gradient tails.
17

 After magnetic film deposition, a 5 nm Ta 

layer was deposited on the top of CoPt film as a protective layer. All depositions were carried out 

using a seven-gun planetary sputter-up system (SFI Shamrock) at target powers ranging from 

200 to 350 W and deposition pressure of 0.27 Pa.  
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FePt thin films were deposited on MgO (001) substrates by co-sputtering with Fe and Pt 

targets. When base pressure reaches 610
-8

 Torr, the film deposition starts at an Ar gas pressure 

of 4 mTorr. The deposition rates of Fe and Pt were 0.828 nm/min and 0.972 nm/min, 

respectively. During deposition of FePt, the substrate temperature was gradually changing from 

650 
o
C to 290 

o
C as a film grown on MgO substrate. After magnetic film deposition, a 5 nm Ta 

capping layer was deposited at room temperature, obtaining Ta (5 nm)/FePt (100nm)/MgO (001) 

film structure.  

 

Figure 2.1 The schematic illustration of the sputtering system
35

 

2.2 Nanopatterning and nanofabrication 

Two nanofabrication techniques, electron-beam lithography and block copolymer 

lithography, were applied to pattern the magnetic films in this dissertation. Electron-beam 

lithography is a lithography technique by using a focused beam of electrons to directly draw 
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custom patterns on a substrate covered by an electron sensitive film called a resist. The primary 

advantage of electron-beam lithography is that it can easily fabricate sub-30 nm nanostructures. 

This form of maskless lithography has high resolution but low throughput and high cost, limiting 

its application in industry. During the electron beam writing process for a certain pattern, it first 

divides into several writing fields, and then further divides into subfields fulfilled with beam 

shots. Different resists require different dose, which determines the expose time as shown in 

Figure 2.2.  

 

Figure 2.2 Different kinds of resists for electron beam lithography and their critical dose values
36

 

In the Figure 2.2, it shows the dose range for different resists. These results are based on 

Georgia Tech electron beam lithography system JEOL JBX-9300FS, which has an accelerating 

voltage of 50 kV to 100 kV, current range is 50 pA to 100 nA, the beam size is 4 nm in diameter, 

and the maximum writing field is 1 mm by 1 mm. As shown in Figure 2.2, HSQ has the highest 

base dose, and ZEP has the lowest base dose. Different patterns require different dose even for 



 

16 

 

the same resist, therefore it requires a dose test before patterning the samples. Dose test is an 

essential step for the e-beam lithography to obtain the desired patterns. 

Block copolymers comprise two chemically dissimilar polymer chains that are covalently 

linked together at one end. Owing to the low entropy of mixing, polymer blends are, in general, 

immiscible and macroscopically phase-separate. However, with block copolymers, due to the 

connectivity of the two chains, phase separation is limited to the dimensions of the copolymer 

chain, ~5–20 nm in size. Upon heating, amorphous block copolymers comprising blocks will 

self-assemble into arrays of nanoscale domains.
23,37,38

 The volume fraction of the components, 

the rigidity of the segments in each block, the strength of the interactions between the segments, 

and the molecular weight contribute to the size, shape, and ordering of the microdomains. When 

the volume fraction of one component is smaller than 21% or larger than 79%, the morphology 

of the polymers can form spheres in the other polymer’s matrix. When the volume fraction of 

one component is larger than 21% but smaller than 31%, it generates morphology of cylinders by 

one component polymer. When the volume fraction of one component is larger than 37% but 

smaller than 63%, the morphology of the polymers can form lamellar structures. Therefore, 

morphologies ranging from spherical to cylindrical to bicontinuous gyroid to lamellar, as shown 

in Figure 2.3, can be obtained by varying the volume fractions.  

In magnetic nanostructure fabrication, these lithography patterns need to be transferred to 

magnetic films. Magnetic film is usually an alloy; ion mill is the suitable tool for the pattern 

transfer. Ion milling is an etching technique that belongs to dry etching. During ion milling, a 

solid substrate material is removed due to bombardment by energetic ions, which has the same 

principle as the sputtering. Ion milling is physical etching process which has high anisotropy in  
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Figure 2.3 Diagram of the microdomain morphologies of diblock copolymers after phase 

separation
37

 

the ion beam direction, and can be used to etch all kinds of materials, especially alloys. The 

angle of incidence to the substrate affects the rate and uniformity. In addition to the milling 

angle, ion beam energies are a key component of milling rates. The ion energy can vary from 

100-1200 eV by modifying the beam voltage and the accelerating voltage.  
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In the CoPt nanopillar fabrication, the electron-beam lithography (JEOL JBX 9300) was 

applied and a negative resist HSQ was used for direct fabrication of etching masks (SiOx pillars 

as exposed HSQ).  With a block copolymer patterning approach, a commercially available block 

copolymer from Polymer Source, Inc., polystyrene (PS)-block-polyferrocenylydimethylsilane 

(PFS), was used. A specific PS-b-PFS block copolymer with 55 kg∙mol
-1
PS and 13 kg∙mol

-1
PFS 

(55K-13K) was chosen to obtain PFS spheres after self-assembly. The PFS sphere masks were 

made by first dissolving PS-b-PFS block copolymer in toluene solvent at a concentration of 1.5 

wt%. Then filtered PS-b-PFS solution was spin-coated onto the CoPt alloy film followed by 

annealing at 140 
o
C for 48 hours. After phase separation, organometallic PFS spheres were 

embedded in a PS matrix. Further oxygen plasma treatment was used to remove PS polymer 

matrix, revealing the PFS spheres as etching masks. The bit islands were fabricated using Ar
 
ion 

beam in an Intelvac ion mill, which has an 8 cm Veeco ion source and 10 cm sample stage. The 

accelerating voltage and beam current were set as 200 V and 65.4 mA, respectively. The etching 

rate for CoPt alloy film is about 2.5 nm per minute at an etching angle of 80°.  

In the FeCo nanopillar fabrication, the films were patterned into magnetic nano-pillar 

arrays with feature size of 100 nm by electron-beam lithography (JEOL JBX 9300) and ion 

milling. To obtain strong enough signal from measurements, nanopillar arrays were patterned in 

area of 2 mm x 2 mm. After exposure and development, nanopatterns on positive resist ZEP 520 

were transferred into Ti metal dot arrays using electron-beam evaporation followed by lift-off 

process. Finally, magnetic nano-pillar arrays were fabricated by ion milling, in which Ti metal 

serves as etching mask and etching angle is about 80°. The accelerating voltage and beam current 

in the Intelvac ion mill were set as 200 V and 65.4 mA, respectively.  

2.3 Characterization 
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The characterization of magnetic properties, mainly the hysteresis loops, can be obtained 

by magnetometers, such as alternating gradient field magnetometer (AGM)
39

 , vibrating sample 

magnetometer (VSM) and a superconducting quantum interference device (SQUID). In the 

following section, these magnetometers will be introduced respectively. For the morphology 

characterization of magnetic nanostructures, scanning electron microscopy (SEM) is applied to 

image the detail of the structures. The crystalline structure of magnetic films can be evaluated by 

X-ray diffractometer (XRD).  

An AGM is highly-sensitively for magnetic properties measurement by using an 

alternating gradient field to produce a periodic force on a sample in variable or static DC field. 

The sample is mounted on the tip of a vertical extension rod attached to a piezoelectric element. 

The force of the gradient field exerted on the magnetized sample produced a bending moment on 

the piezoelectric element. This piezoelectric element generated voltage proportional to the force 

on the magnetized sample. The magnetic moment of the sample is changing by applying this 

variable or static DC field. In UA MINT facility, the AGM is the Princeton Measurements Corp. 

Model 2900 MicroMag
TM

 AGM. It is automatic and computer controlled. The only manual 

operation is to adjust the sample alignment, which is very important for the equipment to find the 

correct resonant frequency. The system needed to be calibrated for accurate measurements. A 

standard yttrium garnet commercial sample with magnetic moment of 80.5 memu is used for 

calibration before each measurement. 

In a VSM, as shown in Figure 2.4, a sample is placed within suitably placed sensing 

coils, and is made to undergo sinusoidal motion, i.e., mechanically vibrated. The resulting 

magnetic flux changes induce a voltage in the sensing coils that is proportional to the magnetic 

moment of the sample. Hysteresis loops, isothermal remanence (IRM) and the DC 
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demagnetization curve (DCD) can be obtained from VSM measurement. Although VSM is not 

as sensitive as AGM, SQUID and MOKE, VSM is very accurate to measure magnetic moment 

compared to other magnetometers.  

 
Figure 2.4 The schematic of the vibrating sample magnetometer

40
 

A SQUID magnetometer is a very sensitive magnetometer based on superconducting 

loops containing Josephson junctions and used to measure extremely subtle magnetic fields from 

the magnetic samples. The Josephson Effect is the phenomenon of a supercurrent, which flows 

across a device known as a Josephson junction, indefinitely long without applying any voltage. 

The Josephson junction consists of two superconductors coupled by a weak link, which consists 

of a thin insulating barrier, a short section of non-superconducting metal, or a physical 

constriction that weakens the superconductivity at the point of contact as shown in Figure 2.5. 

The great sensitivity of the SQUID devices is based on measuring variation of the magnetic field  
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Figure 2.5 The operation principle of superconducting quantum interference device 

magnetometer
41

 

related to one flux quantum. If a constant biasing current is continued in the SQUID device, the 

measured voltage oscillates with the phase variations at the two junctions, this oscillation relies 

on the change in the magnetic flux. The amount of oscillations can be used to evaluate the 

magnetic flux change. However SQUIDs are noise sensitive, they are not suitable in high DC 

magnetic field and pulsed magnets measurements, which limit their application as laboratory 

magnetometers. A commercial SQUID magnetometer has a range of temperatures from 300 mK 

to 400 Kelvin, its magnetic field can be up to 7 Tesla. 

X-ray crystallography is a method used for determining the crystallographic structure. 

Crystals are ordered arrays of atoms, and X-rays can be considered waves of electromagnetic 

radiation. This technique is based on the scattered intensity of an X-ray beam hitting a sample as 
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a function of the incident and the scattered angle determined by Bragg's law, which is given by 

nλ = 2dsinθ, where n is an integer (1, 2, ..., n), λ is the X-ray wavelength, d is the distance 

between atomic planes, and θ is the angle of incidence of the x-ray beam striking the sample 

surface. Cu-Kα radiation was used in characterizing the samples. A Kα of Cu has a wavelength 

of 1.542 Å (average of Kα1 with wavelength 1.540 Å and Kα2 with wavelength 1.544 Å) and Kβ 

with wavelength of 1.3922 Å.  

 

Figure 2.6 The schematic illustration of the X-ray diffraction system
42

 

A scanning electron microscope (SEM) is a type of electron microscope that produces 

images of a sample by scanning it with a focused electron beam. The electron beam interacts 

with atoms in the specimens, generating a number of signals that can be detected. These signals 

have information about the specimen's surface geography and element composition. The electron 

beam is usually scanned in a raster scan pattern, and the beam’s position is together with the 

detected signal to generate an image. SEM has a very high resolution of 1 nanometer. Specimens 
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are usually observed in high vacuum condition. The most common detected signal is the 

secondary electrons emitted by atoms excited by the electron beam. The amount of secondary 

electrons depends on the angle between the surface and the beam. For a flat surface, the plume of 

secondary electrons is mostly contained by the sample, but for a tilted surface, the plume is 

partially exposed and more electrons are emitted. During SEM imaging process, the surface of 

the sample is scanning and the secondary electrons are detected, then it generates an image of the 

surface. The sorts of signals generated and detected by SEM are mainly secondary electrons, 

back-scattered electrons (BSE), and characteristic X-rays. Back-scattered electrons are this kind 

of electrons reflected by elastic scattering by the sample. Back-scattered electrons are often used 

in analytical SEM along with the spectra made from the characteristic X-rays, because the 

intensity of the back-scattered electrons signal is strongly related to the atomic number (Z) of the 

element. Back-scattered electrons images can provide information about the distribution of 

different elements in the sample. Characteristic X-rays are emitted when the electron beam takes 

away an inner shell electron from the atom, producing a higher-energy electron to fill the shell 

and release energy. These characteristic X-rays are used to identify the composition and measure 

the abundance of elements in the sample.  

2.4 Micromagnetic simulation 

Micromagnetic simulation is a powerful method to analyze and animate magnetic 

dynamic behavior, which has a wide application in magnetic head design, magnetic 

nanostructure analysis, and magnetic device configuration optimization. In micromagnetic 

simulations, the essential step is to solve a set of partial differential equations repeatedly. For a 

magnetic structure in simulation, the simulated geometry has to be spatially discretized. There 
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are two methods that are most widely applied in micromagnetic modeling, one is the so-called 

finite difference (FD) method, and the other one is the finite element (FE) method. With either 

the FD or the FE method, the Landau-Lifshitz Gilbert (LLG) equation needs to be integrated 

numerically over time. The difference between FD and FE method is that the FD method 

subdivides space into many small cuboids, and the FE method typically subdivides space into 

many small tetrahedral referred as the finite element mesh elements. The FD method is suitable 

simulate a rectangular shape like a cube. For geometries with curvature like a sphere, there is an 

error associated with the staircase discretization. The suitable method for this kind of geometry is 

the FE method. But the crucial step for FE method is to create a finite element mesh. In practice 

it will take a significant amount of the time to set up.  

In this dissertation, micromagnetic simulations were performed using a commercial 

software LLG Micromagnetics simulator
43

 based on FD method, to solve the LLG equation. The 

simulation takes into account exchange coupling, uniaxial anisotropy, demagnetization and 

external field. The magnetic parameters used in the simulations are as follows: the base cell size 

for all simulations is 1 × 1 × 1 nm
3
, the Gilbert damping constant α = 0.1 and the exchange 

stiffness constant A = 1.3 × 10
-13

 J/m. All the simulations were done without considering a 

thermal field (T = 0 K). The external field H is tilted by a small angle of 1
o 

along the easy axis to 

break the symmetry. 
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CHAPTER 3 

ION IRRADIATION EFFECT AND LARGE AREA Co80Pt20 SINGLE MAGNETIC DOMAIN 

FABRICATION 

3.1 Introduction 

Since magnetic materials are difficult to remove by reactive-ion etching, ion milling is 

typically used to transfer the lithography patterns to the magnetic layer. Due to the poor 

selectivity between an etching mask and magnetic material in ion milling, the mask layer has to 

be thick enough to ensure the patterned structures are still protected after ion milling. However, a 

thick etching mask could result in a serious shadowing effect, generating larger feature sizes than 

the desired patterns from lithography. The shadowing effect becomes especially pronounced in 

sub 12 nm bit size patterning for high density BPM fabrication. The large BPM bit sizes could 

cause neighboring islands to connect with each other, resulting in an exchange coupling between 

these islands. Even worse, large bit sizes could also facilitate domain wall generation in each 

single island, thereby preventing formation of single domains. 

In addition to physical removal of magnetic materials with ion milling, another approach 

to pattern magnetic film is using ion irradiation to directly modify the film properties
32,44,45

. 

Since magnetic anisotropy could be reduced by ions, such as Ar and He, magnetic films could be 

patterned with spatially modulated magnetic anisotropy. The degradation of magnetic anisotropy 

results from the damage of the crystal structure due to the combined effects of ion implantation 

and ion bombardment. This approach has previously been applied in focused ion beam (FIB)
46-48

 

and projection lithography
49,50

 patterning through ion implantation. However, both FIB and 

projection patterning methods have drawbacks that limit their applications. FIB is time 

consuming due to its serial patterning scheme, and only suitable for small area prototype 



 

26 

 

patterning. Ion projection lithography requires thick mask to block ion penetration in the active 

magnetic layer. For example, to block 30 keV He ions, a mask thickness of 600 nm with PMMA 

resist or 200 nm with tungsten is required. It is hard to pattern a thick mask with feature sizes 

less than 20 nm in the lithography step. Therefore, neither FIB nor projection patterning is 

suitable for bit-patterned media fabrication. 

In this chapter, the ion irradiation effect in the Ar ion milling process was studied. It is 

found that ion irradiation as a side effect of ion milling is pronounced, which could benefit low 

cost large area fabrication of bit-patterned media. With consideration of the ion irradiation effect, 

the exposed magnetic materials from the mask do not have to be completely removed in ion 

milling, since the remaining layer may have already been degraded and softened from ion 

irradiation. Therefore, required ion milling time could be reduced. With less processing time, a 

thin mask layer could be used in BPM fabrication. Compared with the thick mask requirement 

for complete physical removal of magnetic film or preventing ion penetration in projection 

lithography, a thinner mask layer could make lithography patterning of sub-20nm feature sizes 

feasible and easier. Also a thin mask layer could significantly reduce the shadowing effect in ion 

milling. We demonstrated successful fabrication of single magnetic domains in large areas with 

assistance of ion irradiation in Ar ion milling. 

3.2 Ion irradiation effect 

The degradation of magnetic film by ion irradiation as a side effect in Ar ion milling is 

firstly demonstrated. With electron-beam lithography, SiOx pillars with thicknesses of 70–80 

nm, diameter of 30 nm, and 80 nm in pitch on 1mm x 1mm area, were fabricated. These SiOx 

pillars serve as etching masks for fabrication of CoPt nanodots in ion milling. The test 

experiments were carried out by etching the CoPt alloy films at two different etching angles and 
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corresponding magnetic properties were compared as shown in Figure 3.1. At an etching angle of 

45
o
, CoPt film beneath masks was exposed to the Ar ion beam. At a near-normal etching angle of 

80
o
, the CoPt film beneath the masks was protected by both the masks. 

 

Figure 3.1 The Scheme of ion milling process at different etching angles 

At an etching angle of 45
o
 for 5.5 min, CoPt dot arrays with diameter around 44 nm were 

fabricated [Figure 3.2(a)]. At an etching angle of 80
o
 for 7 min, CoPt dot arrays with diameter of 

nearly 54 nm were obtained as shown in Figure 3.2(b). Also the cross-sectional monographs of 

CoPt dot arrays shown in Figure 3.2(c) and 3.2(d) clearly demonstrate well protected magnetic 

film by SiOx etching masks during ion milling. The pristine CoPt film shows a bowtie shaped 

out-of-plane hysteresis loop as shown in Figure 3.3(a). The saturation magnetization Ms is about 

2.0 milli-emu (memu)/cm
2
. Figure 3.3(b) shows out-of-plane hysteresis loop after ion milling at 

the etching angle of 45
o
. The saturation magnetization of CoPt dot arrays was reduced to 0.54 

memu/cm
2
, close to the Ms=0.6 memu/cm

2
 at the near-normal angle of 80

o
 [Figure 3.3(c)]. The 

hysteresis loop for the etching angle of 45
o
 exhibits a low coercivity and a reduced remanent 

ratio of MH=0/Ms. 
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Figure 3.2 Top view and cross-sectional SEM images of CoPt dot arrays at etching angles of 45
o
 

for 5.5 min (a), (c) and 80
o
 for 7 min (b), (d)c        

The coercivity is as low as 0.17 kOe. The hysteresis loop for the 80
o
 angle maintains a square 

shape with the coercivity value of 3 kOe, much larger than 0.17 kOe for the 45
o
 angle, and the 

remanent ratio MH=0/Ms is close to 1. Since the etching angle of 45
o
 gives a smaller dot size (44 

nm) compared to 80
o
 (54 nm), the coercivity from CoPt dots obtained at 45

o
 is expected to be 

higher than that at 80o. The significant difference in coercivity between CoPt dot arrays 

fabricated by the etching angles of 45
o
 and 80

o
 is anticipated to result from a strong ion 

irradiation effect in Ar ion milling, and the Ar ion beam in the ion mill could reduce the film’s 

magnetic anisotropy. At an etching angle of 45
o
, CoPt film beneath SiOx masks was exposed to 

the Ar ion beam, and was softened from the sidewalls. At a near-normal etching angle of 80
o
, the 
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CoPt film beneath the SiOx masks was protected by both the SiOx masks and the Ta protective 

layer; therefore, magnetic properties of CoPt dots were well preserved. 
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Figure 3.3 Out-of-plane hysteresis loops of (a) pristine CoPt alloy film, (b) CoPt dot arrays after 

etching at 45
o
 for 5.5 min, and (c) CoPt dot arrays after etching at 80

o
 for 7 min. 

3.3 Block copolymer lithography 

To further reduce the feature size of CoPt dots, block copolymer lithography was used to 

pattern CoPt alloy film. A specific PS-b-PFS block copolymer with 55 kg∙mol
-1

PS and 13 

kg∙mol
-1

PFS (55K-13K) was chosen to obtain PFS spheres after self-assembly. The PFS sphere 

masks were made by first dissolving PS-b-PFS block copolymer in toluene solvent at a 

concentration of 1.5 wt%. Then filtered PS-b-PFS solution was spin-coated onto the CoPt alloy 

film followed by annealing at 140 
o
C for 48 hours. After phase separation, organometallic PFS 

spheres were embedded in a PS matrix. Further oxygen plasma treatment was used to remove PS 

polymer matrix, revealing the PFS spheres as etching mask as shown in Figure 3.4. 
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Figure 3.4 SEM monograph of PFS spheres in PS matrix after self-assembly of 55 K–13K PS-b-

PFS block copolymer 

Figure 3.4 shows the SEM image of PFS sphere patterns from self-assembly of 55 K–

13K PS-b-PFS block copolymer. The size of PFS spheres is around 20.4±0.3 nm in diameter 

with a center-to-center spacing of about 54 nm. These values were obtained after averaging 30 

spheres in SEM images. Some PFS spheres are larger than the average value due to overlapping 

of small PFS spheres. In addition to processing conditions, the volume ratio between polystyrene 

and PFS is also an important factor for obtaining identical PFS spheres.
37,38

 To verify that PFS 

spheres could indeed serve as effective etching masks to stop ions from reaching the magnetic 

film, we did simulation using TRIM software. The calculated projected range of Ar ions into PS 

polymer is about 2.3 nm at an accelerating voltage of 200 eV and 5.2 nm at 1000 eV. The 

projected depth of Ar ions into PFS is expected to be even shorter than in PS because of Fe and 
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Si elements in PFS masks. Therefore, we conclude that PFS spheres could prevent Ar ion 

penetration into the CoPt film, although PFS masks are not strong enough and could be etched 

away during ion milling. As shown before, the etching angle of 45
o
 gives smaller feature size 

than 80
o
 because of lateral etching. Also the CoPt dots from both etching angles of 45

o
 and 80

o
 

are larger than SiOx masks (30 nm), which is due to the strong shadowing effect from tall SiOx 

masks (80 nm). Obviously, the lateral etching at the angle of 45
o
 could offset part of the 

shadowing effect. To take advantage of lateral etching at the etching angle of 45
o
 and avoid 

degradation from sidewalls, I developed a novel fabrication scheme utilizing cone shape PFS 

etching masks.  

3.4 Single magnetic domain fabrication 

 

Figure 3.5 Schematic of cone-shape mask strategy and ion irradiation assisted ion milling 

The fabrication sequence is illustrated in Figure 3.5. After self-assembly of PS-b-PFS 

block copolymer, PFS spheres were revealed by oxygen plasma treatment. Then, the magnetic 
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film with PFS spheres was etched at 45
o
 for a short time of 2 min to form cone-shape PFS masks 

with reduced lateral dimension and etch away the exposed PS matrix between PFS spheres. 

Because of the cone shape, the PFS masks could be gradually shrunk down during the following 

ion milling step at 80
o
 for 5 min, resulting in reduced dot sizes. In addition, the shadowing effect 

is also expected to reduce because of the shrunk down PFS masks.  

 

Figure 3.6 SEM image of CoPt dot arrays patterned by PS-b-PFS (55 K–13 K) 

As shown in the titled SEM image in Figure 3.6, the fabricated CoPt dots have an average 

diameter of ~20 nm, the same size as PFS spheres, which demonstrates that the developed 

fabrication strategy with cone-shape PFS masks could indeed offset the shadowing effect. The 

out-of-plane and in-plane hysteresis loops based on the fabricated CoPt dot arrays were 

measured by AGM. From the out-of-plane hysteresis loops shown in Figure 3.7(a), magnetic 

parameters were extracted. The ratio between remanent magnetization and saturation 
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magnetization S=Mr/Ms is about 0.91, close to 1, the nucleation field Hn about ~0.5 kOe, and 

the coercivity Hc around 0.8 kOe. Also, anisotropy field Hk around 7.5 kOe was obtained from 

the in-plane hysteresis loop shown in Figure 3.7(b). Compared with the hysteresis loop of a 

continuous CoPt alloy film, Figure 3.7(a) clearly indicates that the patterned CoPt dots behaved 

as Stoner–Wohlfarthlike single domains with a perpendicular anisotropy. As is noted, the 

coercivity Hc is quite low, less than 1 kOe, which may come from two reasons, as follows: First, 

PFS masks may not be able to withstand the ion milling and have been etched away. A certain 

amount of ions could etch and degrade the magnetic film from the sidewalls and the top part of 

bit islands. Therefore, the actual volume of CoPt dots could become much smaller than patterned 

dot sizes shown in SEM. Such small CoPt dots are susceptible to magnetic reversal by thermal 

fluctuation, resulting in low coercivity. SQUID was used to measure the out-of-plane hysteresis 

loop at low temperature of 4.2 K. As shown in Figure 3.7(c), the coercivity increases from 0.8 

kOe at room temperature to 3.8 kOe.  
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Figure 3.7 (a) out-of-plane, and (b) in-plane hysteresis loops by AGM, and (c) out-of-plane 

hysteresis loop at 4.2K by SQUID. 
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3.5 Crystalline structure after ion milling 

The degradation mechanism from ion irradiation is further studied by element analysis 

for Ar ion injection. And energy-dispersive x-ray spectroscopy (EDX) was used for elemental 

analysis of CoPt dot arrays. The patterned sample shown in Figure 3.6(a) was used for EDX 

characterization. From EDX spectra no Ar element was found inside the patterned film, which 

indicates that there is no ion implantation during the etching process.
51

 The degradation of 

magnetic film comes from crystal structure damage by ion bombardment.
52

  

 

Figure 3.8 Comparison of XRD spectra between CoPt dot arrays patterned by ion irradiation 

assisted ion milling and original CoPt alloy film. 

To further verify this assumption, the crystallinity of the original CoPt film and the 

patterned CoPt dot arrays were characterized using x-ray diffraction (XRD). As shown in Figure 
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3.8, CoPt (0002) peak intensity for CoPt dot arrays decreases compared to pristine CoPt film, 

which may come from a reduced crystallinity of magnetic material or material removal. The 

inset in Figure 3.8 shows the zoom in of the CoPt (0002) peak. The full width at half maximum 

(FWHM) for CoPt dot arrays is larger than that from CoPt continuous films, indicating decreased 

CoPt crystal grain sizes after ion irradiation. Upon closer inspection of the XRD spectra, a shift 

of CoPt (0002) peak toward a higher angle is observed, which is due to the contraction of the c 

axis caused by ion irradiation. Therefore, the bombardment of Ar ions on exposed CoPt film 

could damage lattice structures, thereby degrading the magnetic anisotropy.   

3.6 Summary 

In summary, it is demonstrated that there exists a pronounced ion irradiation as a side 

effect in ion milling. In fabrication of bit-patterned media, it may not be necessary to completely 

remove the magnetic materials since the remaining film may have been magnetically degraded, 

thereby isolating the individual bit islands. Sub-20nm perpendicular CoPt Stoner–Wohlfarth-like 

single domains were achieved through low cost large area patterning with block copolymer 

lithography. The degradation of magnetic properties from Ar ion irradiation is a result of the 

crystal structure damage by ion bombardment. It is worth mentioning that PS-b-PFS block 

copolymer patterning shows randomly distributed PFS spheres that are not well suited for 

fabrication of bit-patterned media. For patterning bit-patterned media, other techniques such as 

nanoimprint would be more suitable for high-density bit patterning over a large area with long-

range order. 
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CHAPTER 4 

THE INFLUENCE OF ION-MILLING DAMAGE TO MAGNETIC PROPERTIES OF Co80Pt20 

PATTERNED PERPENDICULAR MEDIA 

4.1 CoPt nanopillar fabricated at different accelerating voltages 

The definition of ion damage to magnetic properties is that the anisotropy constant or the 

saturation magnetization of the magnetic materials decreases compared to the pristine magnetic 

materials. Previous studies on ion damage were lacking qualitative comparisons between 

different degrees of ion damage, and there are no systematic studies on estimating the influences 

from ion damages to magnetic properties of BPM. In particular, to our best knowledge, the 

magnetic nanostructures with different degrees of ion damage have not been reported. For this 

purpose, CoPt nanopillar arrays were made by using different accelerating voltages in the ion 

mill, which introduces various degrees of ion damage. The nanopillar arrays fabricated with 

different ion beam accelerating voltages were characterized to study the influences of ion 

damage to magnetic properties. Along with experimental measurement, the “edge damage” 

model
34

 was employed in micromagnetic simulations to investigate the reversal mechanism and 

switching field distribution.  

The fabricated CoPt nanopillar arrays at different voltages present similar morphology as 

shown in Figure 4.1(a). These nanopillars have an average diameter nearly 54 nm (Figure 

4.1(b)), and demonstrate a cylinder shape from the cross-sectional micrograph in Figure 4.1(c). 

From Figure 4.1(c), it is also observed that the circumferential edge is higher than the center, 

which is due to the re-deposition of bombarded out materials during ion milling process. 
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Figure 4.1 Typical morphology of the CoPt nanopillar arrays fabricated at different accelerating 

voltages. (a) top view over large area, (b) SEM image for enlarged feature size, and (c) the cross-

sectional SEM image 

Figure 4.2(a) shows a bow-tie shaped out-of-plane hysteresis loop from the pristine film 

due to the strong exchange coupling between grains. A saturation magnetization, MS= 1000 

emu/cm
3
, was estimated from the measured hysteresis loop and the film thickness. Along with 

the anisotropic field HK=12 kOe extracted from the loops, the uniaxial crystalline anisotropy 

constant, Ku=6.5 × 10
6
 erg/cm

3
, was obtained based on equation Ku=HK·MS/2 by considering the 

demagnetization  



 

40 

 

 

 



 

41 

 

 

Figure 4.2 Hysteresis loops of (a) CoPt film and (b) nanopillar arrays fabricated at different 

accelerating voltages, (c) the coercivity as a function of accelerating voltage 

 

factor of 1 for films. For the nanopillar arrays, a square-shaped out-of-plane hysteresis loop was 

demonstrated (Figure 4.2(b)), and the coercivity decreases as the accelerating voltage increases 

as shown Figure 4.2(c). The reduced coercivity is anticipated to result from high degree of ion 

damage due to the increasing accelerating voltages.  

4.2 Micromagnetic modelling and simulations 

In order to elaborate the data in Figure 4.2, “edge damage” model
34

 was employed in 

micromagnetic simulation to study the variations of magnetic coercivity at different degrees of 
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ion damage. In edge damage model, a single nanopillar is represented by a damage-free center 

and damaged circumference as shown in the inset of Figure 4.3.  

 

Figure 4.3 The schematic illustration of edge damage model in micromagentic simulations 

The magnetostatic interaction between the nearest pillars is negligible due to large pitch 

size (80 nm). The projecting range of argon ion in CoPt is first calculated by using TRIM 

software. At the accelerating voltages from 60 to 200V, the projecting range is around 6 nm, no 

pronounced variations for different accelerating voltages. Therefore it is assumed that the ion 

damage is only confined to a few nanometers on the circumference, and edge damage depth of 6 

nm was used in the magnetic simulation. As the accelerating voltage increases, the ion beam 

bombardment on the pillar surface will become stronger, which leads to a reduced anisotropy in 

the damaged edge. In the micromagnetic simulations, the anisotropy constants of damaged 

circumferences are arbitrarily given as 6.3, 6.0, 5.7, and 5.5 ×10
6
 erg/cm

3
, which correspond to 

the accelerating voltage of 60 V, 100 V, 150 V, and 200 V accordingly. To be consistent in shape 

and dimensions with the fabricated nanopillars, a cylinder with a diameter of 54 nm and a 

thickness of 20 nm was used. Figure 4.4(a) shows the simulated out-of-plane hysteresis loops of 

nanopillars with different edge anisotropy constants. These loops present a perfect square shape 

and the coercivity valuesdecrease as edge anisotropy is reduced (Figure 4.4(b)). These simulation 
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results are consistent with the trend of experimental measurements. As noticed that there exists a 

discrepancy between simulation and experiment in the shape of hysteresis loops. The simulated 

loops show square shape while there is a slope around the coercivity field Hc in measured 

hysteresis loops. The difference can be explained by the fact that the experimental hysteresis 

loop comes from an average of all the nanopillars on the sample, and fabricated nanopillars are 

not completely identical. Therefore, it is hard to achieve magnetic reversal at the same applied 

field from nanopillars with different sizes and intrinsic anisotropy.  
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Figure 4.4 (a) Simulated out-of-plane hysteresis loops of CoPt nanopillars with different ion 

damages. The inset is a sketch of nanopillar damage model with the damage-free center and 

damaged circumference, (b) extracted coercivity versus anisotropy constant of softened edges 

4.3 Switching mechanism 

To further understand magnetic reversal of nanopillars with different degrees of ion 

damage, the magnetization (z component) time evolution was simulated by initially saturating 

the pillar and then applying an opposite external field with a value a little bit larger than Hc. 

Figure 4.5 shows top view and cross-sectional time evolution of magnetization of a nanopillar 

with and without edge damage. In the case of edge-damaged nanopillar in Figure 4.5(a), it 

exhibits an edge nucleation at the beginning followed by domain wall propagation, which leads 

to a reduced switching field as the edge becomes softer. This magnetic switching mode is 
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generally referred to one of nucleation of a small reversed volume followed by rapid domain 

wall propagation.
53,54

 In the damage-free case, reversal is nucleated at the center of the nanopillar 

as shown in Figure 4.5(b) due to the fact that demagnetization makes the edge stiffer. If one 

takes a close look at the cross-sectional image, the damage-free nanopillar is reversed by a 

coherent rotation of the magnetization and there is no domain wall formation during the 

switching process. Therefore, for edge-damaged nanopillars, the softened edge serves as an easy 

nucleation center and changes the switching mode from coherent rotation to the nucleation of a 

small volume followed by rapid domain wall propagation. 
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Figure 4.5 Simulated top view and cross sectional time evolution of magnetization (z 

component) for (a) nanopillars with damaged edges, and (b) damage-free nanopillars 

Magnetic field angle dependence of switching field measurement
55,56

 was carried out on 

the fabricated nanopillar arrays. Normally magnetic field angle dependence curve from coherent 

switching lies in the Stoner-Wohlfarth zone, where the switching field gets a minimum value at 

45
o
, and angle dependence from domain wall propagation locates in another area, where the 

switching field increases with the angle as shown in Figure 4.6. ϕ is the angle between the 

external magnetic field and the easy axis. For fabricated CoPt nanopillar arrays at the maximum 

accelerating voltage (200V), although the switching mechanism is nucleation followed by rapid 

domain wall propagation rather than coherent rotation, the angle dependence still fits the Stoner- 



 

47 

 

 

Figure 4.6 Angle dependence of switching field measurement for nanopillar arrays fabricated at 

200 V accelerating voltage (filled symbols), and simulated angle dependence of switching field 

for nanopillars with and without damaged edges (open symbols) 

Wohlfarth curve. This contradiction can be resolved by comparing the nucleation field Hn and 

domain wall motion field Hw. Angular dependence of the switching field is determined by the 

larger value of Hn and Hw.
56

 If Hw is larger than Hn, the angular dependence of the switching 

field will increase with angle (domain wall motion); if Hw is smaller than Hn, the angular 

dependence will show the Stoner-Wohlfarth dependence curve (coherent rotation). For CoPt 

nanopillar arrays, Hw is much smaller than Hn even if there exists softened edges, the angle 

dependence thus depends on the nucleation of a small volume in the softened edges, which fits 

the Stoner-Wohlfarth curve. Therefore we conclude that angle dependence of switching field fits 

in Stoner-Wohlfarth does not necessarily indicate a coherent rotation reversal. For further 
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verification, angle dependence of switching field for both edge-damaged and damage-free 

nanopillars was investigated by micromagnetic simulation (Figure 4.6). The angle dependence 

for damage-free nanopillars fits the Stoner-Wohlfarth curve because of coherent rotation. For the 

edge damaged nanopillars, the angle dependence also fits the Stoner-Wohlfarth behavior, which 

is consistent with experimental measurement. For high anisotropy patterned media, such as L10-

FePt, Hw is comparable or even larger than Hn due to the ion damaged edges, the switching field 

will increases as the angle of applied field increases, fitting the domain wall propagation curve. 

4.4 Switching field distribution 

The switching field distribution (SFD) is an important figure of merit for bit-patterned 

media. In order to study the influences of ion damage to the SFD, nanopillar arrays fabricated at 

the highest accelerating voltage 200 V and the lowest accelerating voltage 60 V were 

characterized by the direct current demagnetization (DCD) measurement using AGM tool. The 

SFD was then calculated from differential of DCD remanence curves with peak value of Hr 

divided by the full width at half maximum (FWHM) ΔH. As shown in Figure 4.7, nanopillars 

fabricated at 200 V give almost the same SFD value (38.6 %) as those fabricated at 60 V (38.4 

%), which indicates that ion damage does not change switching field distribution.  

Also noticed from Figure 4.7, the switching field distribution from the fabricated 

nanopillar arrays is quite broad. In general, nanopillar size distribution and the intrinsic 

anisotropy distribution could cause a broad SFD. Here micromagnetic simulations were 

conducted to investigate their influences to the switching field distribution. Figure 4.8(a) shows 

the diameter statistics of the fabricated nanopillars at the accelerating voltage of 200 V. Based on 

size distribution, remanence curve  
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Figure 4.7 DCD remanence curves nanopillar arrays fabricated at the accelerating voltages of 

200 V and 60 V, respectively. 

was simulated. At each accelerating voltage, the corresponding edge anisotropy is used in edge 

damage model. As shown in Figure 4.8(b), the coercivity variation fits well with Gaussian 

distribution, and SFD from size distribution is quite small (5-6 %), which indicates that the 

variation of nanopillar feature sizes has only a little contribution to broaden SFD. At different 

accelerating voltages, switching field distribution is almost independent of the degrees of edge 

damages, only shifted because of the anisotropy variation for each damaged edge. 

In addition to size variation, the influence from the intrinsic anisotropy distribution was 

also analyzed using micromagnetic simulation. As illustrated in Figure 4.9(a), each nanopillar in 

a nanopillar array is given an individual anisotropy constant, and all these anisotropy constants 

fit Gaussian distribution as shown in Figure 4.9(b).  
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Figure 4.8 (a) The size distribution of the fabricated CoPt nanopillars, (b) simulated DCD 

remanence curves at different accelerating voltages. 
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A different anisotropy deviation ΔKu/Ku with the same peak Ku (6.5 × 10
6
 erg/cm

3
) was assigned 

to a 100 × 110 nanopillar array, and the magnetostatic interaction between these nanopillars was 

considered in the simulation.
57

 Figure 4.10(a) displays the differential of the simulated DCD 

remanence curves at different anisotropy deviations. A broader peak indicates a larger switching 

field distribution. The calculated SFDs from the differential of the remanence curves are shown 

in Figure 4.10(b). As anisotropy deviation ΔKu/Ku increases, the SFD becomes larger.  A small 

anisotropy deviation (1.5%) causes a large SFD of 16.3 %, which indicates that the switching 

field distribution is strongly influenced by the anisotropy deviation. Therefore, we conclude that 

the intrinsic anisotropy distribution could be the main factor contributing to the broad SFD in the 

experimental measurements, which is consistent with results reported elsewhere.
10,57,58
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Figure 4.9 (a) Schematic illustration of nanopillar array with different anisotropy constant in the 

micromagnetic simulation (b) Anisotropy constant distribution with different deviation for 

nanopillar array simulations 
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Figure 4.10 (a) The SFD obtained from micromagnetic simulations for nanopillar array with 

different deviation of anisotropy constant, (c) the relations between the SFD and deviation of 

anisotropy constant 

4.5 Summary 

In this study, differentaccelerating voltages in ion millin were used to fabricate CoPt 

nanopillars. AGM measurement shows that the coercivity decreases as the accelerating voltage 

increases. Different ion energy may introduce different degrees of ion damage. Ion damage does 

not change switching field distribution. The edge damage model was employed in 

micromagnetic simulation. The results demonstrate that the softened edge caused by ion damage 

changes the switching mechanism from coherent rotation to nucleation followed by rapid domain 

wall propagation, and the broad switching field distribution from the fabricated nanopillar arrays 

mainly comes from the intrinsic anisotropy distribution, rather than size distribution.  
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In addition, angle dependence of switching field measurement shows nanopillars with 

damaged edge present the Stoner-Wohlfarth behavior, which indicates that fitting in the Stoner-

Wohlfarth zone does not necessarily mean a coherent rotation. It is the comparison between 

domain wall motion field and nucleation field determines where the angle dependence curves are 

located.  
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CHAPTER 5 

STRUCTURAL AND MAGNETIC PROPERTIES OF PATTERNED FePt NANOPILLARS 

WITH GRADED ANISOTROPY 

5.1 Anisotropy-graded nanopillars 

Anisotropy-graded BPM is from the model proposed by Suess
59

 and Visscher
60

, a 

magnetic column with properly graded anisotropy profile with a good thermal stability at high 

areal densities (> 10
12

 bits/in
2
). At the same time, the gradient anisotropy profile allows the 

media be written by magnetic fields available from conventional heads as shown in Figure 5.1.  

 

Figure 5.1 The concept of anisotropy-graded bit-patterned media
59

 

In other words, the magnetic anisotropy increases continuously and smoothly from one end of 

the grain to the other.  The switching occurs through nucleation of a domain wall at the soft end 

and propagates into the hard end.  The domain wall is then driven through the grain by the 
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applied field. Analysis and modeling performed indicates that this anisotropy gradient approach 

can significantly reduce the write field compared to a single grain of high Ku material while 

maintaining thermal stability. To realize this gradient anisotropy profile, anisotropy constant can 

be modified by components or crystalline structures of magnetic layers. In this chapter, we 

demonstrate that the graded anisotropy FePt nanostructure can be realized of by continuously 

varying MgO (001) substrate temperature for film growth. 

5.2 Relations between temperature and crystal anisotropy 

In order to achieve graded crystalline anisotropy with temperature variation, the magnetic 

properties of FePt this films at different substrate temperatures were characterized. First, a series 

of 10 nm FePt thin films with uniform anisotropy were grown on MgO (001) substrates at 

temperatures ranging from 290 
o
C to 650 

o
C. Figure 5.2(a) shows a sequence of X-ray diffraction 

spectra of deposited thin films at different temperatures. As substrate temperature increases, the 

intensity of (001) peaks increases and (002) peaks shift to right simultaneously, indicating an 

enhancement of chemical ordering of the FePt films. (001) peak appears as the face-centered 

tetragonal FePt (fct) at grown temperature of 400 
o
C. Further increase of deposition temperature 

results in phase transition from fcc to fct (L10 phase). From the peak intensities in XRD spectra, 

ordering parameter, S, was extracted based on the ratio of the (001) and (002) peak integrated 

intensities, as given in Eq. (1), 

cal

obs

II

II
s

)/(

)/(

)002()001(

)002()001(2 

                                 (1) 

 where obsII )/( )002()001( is the ratio from experimental XRD measurements, while calII )/( )002()001( is 

the theoretically calculated ratio for perfect chemically ordered FePt alloy.
61

 Figure 5.2(b) shows  
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Figure 5.2 (a) X-ray diffraction patterns of 10 nm FePt thin films deposited at different substrate 

temperatures. (b) The dependence of extracted ordering parameter S and the anisotropy constants 

on substrate temperature 
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that the ordering parameter is dependent on the substrate temperature, and S monotonously 

increases with the substrate temperature. Since the highest substrate temperature is 650 
o
C, the 

maximum ordering parameter achieved is about 0.8, indicating all samples are partially 

chemically ordered. Here, we should mention that the contribution from the grains with C-axis 

lying in the film plane is not considered for calculating S parameter. This may result in a slight 

underestimate of S for the samples grown at low temperature, where fct-FePt (002), fct-FePt 

(200), and/or fcc-FePt (200) peaks have an overlap. However, for the samples grown at high 

temperature, the fct-FePt (200) peak is hard to be observed; therefore, S parameter was estimated 

without considering this peak. Figure 5.2(b) also shows that the anisotropy constant calculated 

from the equation Ku=HK·MS/2 is a function of the substrate temperature, where the switching 

field HK is derived from the extrapolation of unsaturated hard axis loops as shown in the inset of 

Figure 5.2(b). A high substrate temperature results in an increased crystalline anisotropy due to 

enhanced chemical ordering of FePt alloy. 

5.3 Anisotropy-graded L10-FePt bit-patterned media fabrication and characterization  

 Based on the correlation between anisotropy and deposition temperature shown in Figure 

5.2(b), 45nm FePt thin films were deposited on MgO (001) substrates by co-sputtering with Fe 

and Pt targets. When base pressure reaches to 6×10
-8

 Torr, film deposition starts at an Ar gas 

pressure of 4 mTorr. The deposition rates of Fe and Pt were 0.828 nm/min and 0.972 nm/min, 

respectively, which gave the composition of Fe52Pt48. The co-sputtered rate of FePt was about 

1.92 nm/min. During deposition of FePt, the substrate temperature is gradually changing from 

650 
o
C to 290 

o
C as the film grew on the MgO substrate. After magnetic film deposition, a 5 nm 

Ta capping layer was deposited at room temperature, and Ta (5 nm)/FePt (45 nm)/MgO (001) 

film configuration was obtained. The films were then patterned into magnetic nanopillar arrays 
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with dot size of 87 nm by using JBX-9300FS EBL system and Intelvac ion mill. In EBL 

patterning, a negative resist HSQ was spin coated on the magnetic films at a spin speed of 5000 

rpm. After exposure and development, magnetic nanopillar arrays were fabricated by ion milling, 

in which SiOx pillars (as exposed HSQ) with thicknesses of 70–80 nm serve as an etching mask. 

To obtain strong enough signals from measurements, nanopillar arrays were patterned in an area 

of 2mm×2mm. The ion mill has an 8 cm Veeco ion source and 10 cm sample stage in diameter, 

and the beam voltage, accelerating voltage, and beam current were set as 200 V, 60 V, and 65.4 

mA, respectively. The substrate temperature corresponding to each anisotropy of linear 

degradation was found by interpolation using Ku versus temperature curve in Figure 13(b). 

Deposition temperature reduction at every 2 nm can ensure linearly graded anisotropy because 2 

nm thickness interval is smaller than the domain wall width of L10-FePt films. The 45 nm FePt 

thin films were deposited with a linearly distributed anisotropy from 5.27 ×10
7
 erg/cc to 1.1 ×10

6
 

erg/cc. As shown in Figure 5.3, the anisotropy of upper layer is lower than the under layer 

because of reduced temperatures in film deposition from the bottom towards the top end. 

Comparing the XRD spectrum of FePt film with linearly graded anisotropy with the film with 

uniform anisotropy (substrate temperature fixed at 650 
o
C) in Figure 5.3, it is obvious that the 

(001) peak to (002) peak intensity ratio of FePt film with graded anisotropy is less than that of 

FePt film with uniform anisotropy. The average ordering parameter, S, calculated from Eq. (1) is 

about 0.6 for FePt film with graded anisotropy, smaller than that of FePt film with uniform 

anisotropy. 

As shown in Figure 5.4(a), the patterned nanopillar arrays are well-ordered, and the 

diameter of nanopillar is about 87 nm and the pitch size (central distance between nanopillars) 

around 100 nm. Figure 5.4(b) shows the easy-axis (out-of-plane) hysteresis loops of as-made 45 
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nm FePt films and patterned nanopillar arrays with linearly graded anisotropy. For comparison, 

the easy-axis hysteresis loops of as-made films with uniform anisotropy and patterned nanopillar  

 

Figure 5.3 Comparison of XRD patterns between FePt films with linearly graded anisotropy and 

uniform anisotropy. Insets: Schematics of FePt films with (I) uniform anisotropy and (II) linearly 

graded anisotropy, respectively.  

arrays are presented in Figure 5.4(c). The easy-axis loops for both films have clear bow-tie 

shapes with low remanence and coercivity, which indicates that the magnetization reversal is 

dominated by domain wall propagation. The nanopillar arrays exhibit an enhancement in both 

remanence and coercivity. The shapes of easy-axis hysteresis loops from the patterned nanopillar 

arrays suggest a nucleation at the beginning, followed by rapid domain wall motion. The 

coercivity of the nanopillar arrays with graded anisotropy is smaller than that of the uniform 
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ones. The hard-axis loops for both patterned samples exhibit minor loops and are hard to be 

saturated. 
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Figure 5.4 (a) SEM image of patterned nanopillar arrays with linearly graded anisotropy. Easy-

axis (EA) and hard-axis (HA) hysteresis loops of as-made FePt films and patterned nanopillar 

arrays, (b) with linearly graded anisotropy, and (c) for uniform anisotropy case. 

5.4 Thermal stability of anisotropy-graded bit-patterned media 

The magnetic properties of patterned nanopillar arrays with both uniform anisotropy and 

linearly graded anisotropy are further characterized by the temperature-dependent coercivity 

measurement as shown in Figure 5.5. The smooth curves through the experimental data result 

from the least-square fit using Sharrock’s formula,
62

 Hc=H0{1-[KBT/E·ln(tf0/ln2)]
1/ᵞ

 }, where H0 

is the intrinsic, short-time coercivity at temperature of zero Kelvin, Ku is the anisotropy energy 

density, V is the magnetic switching volume, kB is Boltzmann’s constant, T is the absolute 

temperature, f0 is the attempt frequency (~10
9
 Hz for single phase media and ~10

12
 for exchange 

coupled or graded media
63,64

), and t is the wait time at reverse field. Here, the single phase media 
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model and exchange coupled media model are used for the samples with uniform anisotropy and 

linearly graded anisotropy, respectively. Therefore, the exponent n should be 1/2 and 2/3 for the 

nanopillar arrays with uniform anisotropy and linearly graded anisotropy, respectively.
63,64

 

Intrinsic coercivity H0 and the thermal stability factor KuV/kBT were obtained through fitting the 

temperature dependence of the remanent coercivity using Eq. (2). As shown in Figure 5.5, the 

patterned FePt nanopillar arrays with uniform anisotropy exhibit a larger H0 compared to 

 

Figure 5.5 The temperature dependence of the remanent coercivity for patterned FePt nanopillar 

arrays with both uniform anisotropy and linearly graded anisotropy. Lines are theoretical fitting 

based on Sharrock’s formula. The thermal stability factors were obtained at room temperature. 

 nanopillar arrays with linearly graded anisotropy, because the FePt nanopillar arrays with 

uniform anisotropy have a higher chemical ordering than that with linearly graded anisotropy. In 

addition, the thermal stability was characterized at room temperature. The calculated thermal 

stability factors KuV/kBT of the FePt nanopillar arrays with uniform anisotropy are a little bit 
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larger than that of the FePt nanopillar arrays with linearly graded anisotropy. The KuV/kBT, for 

both samples are beyond 100, indicating that the magnetization could be stable for more than a 

decade. It should be noted that the temperature dependent measurement gives a slightly lower 

value of KuV/kBT due to the temperature dependence of Ku.
16

 Furthermore, the calculated 

relative figure of merit  = 2E/(MSHSWV) for FePt nanopillar arrays with linearly graded 

anisotropy is 61% larger than that of the FePt nanopillar arrays with uniform anisotropy from the 

temperature-dependent remanent coercivity measurement, demonstrating the benefit of graded 

anisotropy materials for ultra-high-density magnetic recording media. 

5.5 Switching field distribution  

Figure 5.6 illustrates the switching field distribution (SFD) obtained from direct current 

demagnetization (DCD) remanence curves for patterned FePt nanopillar arrays with uniform 

anisotropy and linearly graded anisotropy. The broad peak for FePt nanopillar arrays with 

uniform anisotropy corresponds to the nucleation and propagation of the domain walls ranging 

from the small to the large external fields. Nevertheless, the SFD for FePt nanopillar arrays with 

linearly graded anisotropy exhibits a relatively narrow peak, which indicates that the soft and 

hard phases in the sample are strongly coupled. In general, the distribution of size, anisotropy, 

and easy axis will broaden the SFD. For our patterned nanopillar arrays, the size distribution is 

very narrow as shown in Figure 5.4(a). If the soft phase and hard phase of nanopillar arrays with 

linearly graded anisotropy are not well coupled, it will result in a broad SFD due to the linear 

distribution of anisotropy. For the nanopillar arrays with uniform anisotropy, the broad SFD may 

be partially due to the easy axis distribution. However, as indicated from Figure 5.6, the 

switching field from nanopillar arrays with linearly graded anisotropy is less than that from 
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uniform ones, which demonstrates easier nucleation and propagation of domain walls in graded 

FePt nanopillar arrays, benefitting overall switching behavior. 

 

Figure 5.6 SFD obtained from DCD curves for patterned FePt nanopillar arrays with both 

uniform anisotropy and linearly graded anisotropy. 

5.6 Anisotropy-graded bit-patterned media with different anisotropy distributions 

               The anisotropy distribution profile is critical for the performance of the anisotropy 

graded BPM. In addition to the linearly-distributed anisotropy, the anisotropy profile can also be 

quadratic in  the film thickness direction. Figure 5.7(a) shows XRD spectrum for the FePt films 

with linearly and quadratically graded anisotropy. The films with linearly-distributed anisotropy 

give higher face-centered tetragonal (fct) (001) and (002) peaks compared to the one with 
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quadratically-distributed anisotropy, which exhibits that the linearly-graded films have larger 

crystallinity of FePt. Figure 5.7(b) shows SEM top view of FePt nanopillar with quadratically  

 

 

Figure 5.7 (a) XRD spectrum for FePt films with linearly and quadratically graded anisotropy. 

(b) Top view SEM image of patterned nanopillar arrays with quadratically-graded anisotropy. 

The inset shows the cross sectional SEM image of nanopillar arrays with quadratically-graded 

anisotropy. 
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distributed anisotropy arrays, and the bottom inset is a cross-sectional SEM image. The diameter 

of nanopillar is nearly 87 nm and the pitch size is about 100 nm. The cross-sectional image 

shows that the nanopillar is cylinder shape by ion mill etching at 80°. The nanopillars with 

linearly distributed anisotropy and uniform anisotropy show the same cylinder shape and 

dimensions as quadratically-graded one.  

Figure 5.8(a), (b), and (c) show the out-of-plane hysteresis loops for nanopillar with 

uniformly, quadratically, and linearly distributed anisotropy, respectively. The loops show a 

square shape. The nanopillar arrays with quadratically-graded anisotropy and linearly distributed 

anisotropy have lower coercivity of 6.9 kOe and 5.8 kOe, than that with uniform anisotropy 

(value of 11kOe).  
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Figure 5.8 The measured out-of-plane hysteresis loops for nanopillar arrays with (a) uniform, (b) 

(b) quadratically-graded, and (c) linearly-graded anisotropy by AGM. 
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The smallest coercivity was given by the nanopillar arrays with linearly distributed 

anisotropy, which have higher crystallinity compared to the one with quadratically distributed 

anisotropy.  Six samples with both with quadratically-graded anisotropy and linearly distributed 

anisotropy were fabricated and measured; the average coercivity of nanopillars with linearly 

distributed anisotropy gives a lower value than the one with quadratically-graded anisotropy as 

shown in Figure 5.9. 
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Figure 5.9 The average coercivity of for nanopillar arrays with quadratically-graded and linearly-

graded anisotropy 

5.7 Modeling and micromagnetic simulations 

To better understand the effect of graded-anisotropy distribution on the switching 

process, the energy landscapes based on 1D model for both quadratically-graded and linearly-

graded 86 nm nanopillars were calculated by Alamag
14

. In the energy landscape calculation, the  
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Figure 5.10 The dependence of the anisotropy constants on the thickness of FePt films 

relationship between the anisotropy constant Ku and the thickness of film t, fits the equation (2) 

for nanopillars with linearly graded anisotropy,  

                         (2)                                     

fits the equation (3) for nanopillars with quadrictically graded anisotropy, 

           (3) 

which are as the same as experimental settings as shown in Figure 5.10. The domain wall energy 

is shown in equation (4) 

uwall AKE 4                     (4) 

The switching field can be described as equation (5) 

batKu 

2)( btaKu 
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M

E
H switch




                       (5) 

E is the energy of domain wall. M is the magnetization of materials. The magnetic field used to 

reverse the nanopillar with graded-anisotropy is equal to the slope between energy E(mz) and 

magnetization mz. 

As shown in Figure 5.11, the nanopillar with quadratically distributed anisotropy has a 

small and constant slope, which means the quadrcatically distributed anisotropy should give a 

 

Figure 5.11 Energy landscape based on 1D model for the 86 nm nanopillar with quadratically-

graded and linearly-graded anisotropy 

lower and constant depinning field (coercivity) compared to the linearly distributed one. This 

conclusion is consistent with the results based on 1D model calculations reported by Suess et 

al.
19

 and Lu et al.,
1,13

 but opposite to the experimental measurements as shown in Figure 5.9.  
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In order to analyze this contradiction, 3D simulations by LLG Micromagnetic Simulator
43

 

were performed to simulate the nanopillars with different distribution of anisotropy as shown in 

the Figure 5.12. It shows the simulated out-of-plane hysteresis loops of 86 nm nanopillars with 

quadratically and linearly distributed anisotropy. The nanopillars with quadratically distributed 

anisotropy show a smaller coercivity than the one with linearly distributed anisotropy, which is 

consistent with the 1D energy landscapes. 

 

Figure 5.12 Micromagnetic simulated out-of-plane hysteresis loops for 86 nm nanopillars with 

quadratically-graded and linearly-graded anisotropy based on 3D model 

5.8 Ion damage to the anisotropy-graded bit-patterned media 

One of the reasons for this unusual behavior might be the ion damage on the sidewalls of 

nanopillars during ion milling process as reported in the chapter 4. The modified sidewalls may 

change the switching mechanism as severing a nucleation center. To analyze the influence of ion 
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damage, the edge damage model was used in the micromagnetic simulations. In the simulations, 

the nanopillars with different anisotropy distributions have softened circumferential edges. 

Figure 5.13 shows the out-of-plane hysteresis loops of nanopillars with quadratically and linearly 

distributed anisotropy. The softened edges reduce the coercivity compared to the damage-free 

nanopillar. However, the nanopillars with quadratically distributed anisotropy display a smaller 

switching field than the one with linearly distributed anisotropy.  

 

Figure 5.13 Micromagnetic simulated out-of-plane hysteresis loops for 86 nm nanopillars with 

quadratically-graded and linearly-graded anisotropy based on edge damage model 

For further analyze magnetic reversal mechanism of nanopillar with softened 

circumferential edges, the magnetization time evolution was simulated by initially saturating the 

pillar and then applying an opposite external field with a value a little bit larger than the 

coercivity. The external field increases until it is high enough to switch the entire pillar. The 
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switching process for both 86 nm nanopillars with quadriatically and linearly distributed 

anisotropy shows exactly the same switching mode. Figure 5.14 only shows the quadratically 

distributed one. The nucleation starts from the softened edges, but the center part is still switched 

by domain propagation from the soft top to the hard bottom. The damaged edges did not change 

the switching mode of nanopillars with graded anisotropy, which exclude the ion damage in the 

ion mill process leading to this uncommon behavior. 

 

Figure 5.14 Time evolution of magnetization (z component) in an 86 nm diameter quadratically-

graded nanopillar with ion damaged edges as it undergoes reversal 

Magnetic field angle dependence of switching field measurement was carried out on 

nanopillars with both quadriatically and linearly distributed anisotropy. ϕ is the angle between 

the external magnetic field and the easy axis. The switching field increases with the angle ϕ, 

which indicates the switching mode for nanopillars with both quadriatically and linearly 

distributed anisotropy fits the domain wall motion mode. For further verification, angle 

dependence of switching field for both nanopillars both quadriatically and linearly distributed 

anisotropy were investigated by micromagnetic simulation as shown in Figure 5.15, for the 

nanopillar with linearly distributed anisotropy, the switching field decreases at the small angles 

and then increases after 30 degree, which combine the nucleation and domain wall propagation 

modes due to a large nucleation field. In the other hand, for the nanopillar with linearly 

distributed anisotropy, the switching field increases as the angle ϕ increases, which is a clear  
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Figure 5.15 Angle dependence of switching field measurement for nanopillar arrays with 

quadratically-graded and linearly-graded anisotropy (filled symbols), and simulated angle 

dependence of switching field for nanopillars with quadratically-graded and linearly-graded 

anisotropy (open symbols) 

domain wall propagation mode due to the switching field is determined by the constant domain 

wall pinning field. These results are consistent with 1D energy landscapes analysis. Compared 

the simulated curves with the measured curves, the ion damage introduced soft edges makes the 

switching mode more close to domain wall motion.  

The other reason for this unusual behavior might be the shiftiness of anisotropy vs. 

thickness profile in graded media. The substrate temperature is measured by thermal couple; the 

actual temperature should be lower than the measured one. Figure 5.16 shows the anisotropy vs. 

thickness profile in both linearly-graded and quadratically-graded nanopillars.  
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Figure 5.16 The shift of anisotropy vs. thickness profile in graded bit-patterned media 

If there is a shift to lower Ku, the linear profile is closer to the quadratic profile. To further verify 

this influence, the energy landscapes based on 1D model, corresponding to the shiftiness of 

profile was calculated and shown in Figure 5.17.  The nanopillar arrays with quadratically graded 

anisotropy shows a larger pinning field than the linear one in 1D energy landscape. As shown in 

the equation (4), the domain wall energy is determined by square root of anisotropy constant Ku, 

if the Ku increases dramatically with the thickness, the slope becomes steep, the difference of 

domain wall energy between two layers increases. This big energy difference can cause a large 

domain wall pinning field. On the other hand, the linear curve is closer to the quadratic profile, 

the nucleation field decreases as the slope decreases. The anisotropy distribution in the vertical 

direction is critical for the switching field from 1D energy landscape calculation. 
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Figure 5.17 Energy landscape based on 1D model for the 86 nm nanopillars with shifted 

quadratical and linear profiles 

5.9 Summary 

Anisotropy-graded bit-patterned medium can be achieved by varying the substrate 

temperature during film growth. Anisotropy-graded BPM show lower coercivity and good 

thermal stability. The anisotropy distribution in the vertical direction is critical for the switching 

field from 1D energy landscape calculation and 3D micromagnetic simualtions. The 

experimental results are different from the simulations, which needs further analysis. From the 

simulations, the ion damage to the sidewall is not the reason for this. From magnetic field angle 

dependence of switching field measurement, the nanopillars with both quadriatically and linearly 

distributed anisotropy follow the domain wall propagation switching mode.  
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CHAPTER 6 

MOKE STUDY OF ION-BEAM DAMAGE TO FeCo THIN FILMS 

6.1 Introduction 

Ion-beam etching (IBE) has been widely applied in the fabrication of magnetic write 

pole,
65-67

 and other magnetic devices, such as tunnel magnetoresistance reader,
68,69

 

magnetoresistive random-access memory,
70

 and BPM. In the fabrication process, magnetic thin 

films are more often exposed to ion beam. It is inevitable for ion damage to be introduced to 

magnetic materials due to the ion irradiation/bombardment. Ion damage may potentially affect 

the performance of the magnetic devices.
71-73

 In the current commercial magnetic head, Fe70Co30 

with high magnetic moment (2.4 T) were used in the magnetic write pole. However, there are not 

enough studies on the effect of ion damage on its magnetic properties, especially in the lower 

energy level (lower than 1000 eV) ion beam such as IBE. In the previous published results, it 

was reported that ion damage can cause a magnetic dead layer on the surface and sidewalls, and 

reduce magnetic flux density Bs about 0.1-0.2 Tesla.
74

 The magnetic properties of ion damaged 

materials were usually characterized by bulk magnetometer, such as vibrating sample 

magnetometer (VSM).
75,76

 But the ion damage is mainly on the surface,
77

 so that the bulk 

magnetometer suffers a loss of the surface information. Therefore, there is a need to perform a 

fundamental study on the influence of low energy ion beam to the magnetic properties of FeCo 

films. In this study, the magneto-optical Kerr effect (MOKE)
78-80

 magnetometer was used to 

characterize magnetic properties of FeCo films etched by IBE at different power conditions. 

MOKE is more sensitive to the region from surface down to 30~50 nm,
80

 and thus offers a deep 

understanding of the ion damage effect on magnetic properties. Besides the experimental 

measurements, the micromagnetic simulations were also performed to model the influences of 
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ion damage and give a direct insight into the physical principle and mechanism underlying the 

phenomenon. 

6.2 Experimental methods 

In this work, Fe70Co30 films were prepared by plating with sputtered Ru/Ta seeds on 8 

inch silicon substrate. During plating, an external magnetic field was applied along the notch 

direction in order to get an in-plane induced anisotropy.  The sputtering depositions were 

performed in CVC sputter system. IBE was performed on a Veeco Ar
+
 ion beam etching system. 

The base vacuum is typically 2×10
−7

 Torr, and the process pressure is typically 3×10
−4

 Torr. In 

IBE, an etching angle of 10◦ (almost normal to the substrate) was chosen and different power 

conditions: high power with the accelerating voltage of 650 V and the ion beam current 600 mA, 

and low power with the accelerating voltage of 300 V and the ion beam current 300 mA, were 

used to introduce different amounts of damages into the FeCo films. The thickness of films 

before and after etching was measured by X-ray fluorescence (XRF). The film surface roughness 

was evaluated by an atomic force microscope (AFM). 

The vertical cross-section of FeCo films after etching was characterized using high 

resolution transmission electron microscopy (HRTEM). And the TEM samples were prepared by 

focused ion beam (FIB). Magnetic properties were measured by B-H looper and MOKE. 

Micromagnetic simulations were performed using a commercial software LLG Micromagnetic 

Simulator
43

 to solve the Landau-Lifshitz-Gilbert (LLG) equation. The simulation takes into 

account exchange coupling, uniaxial anisotropy, demagnetization and external field. The 

magnetic parameters used in the simulations are as follows: the base cell size for all simulations 

is 4 × 4 × 4 nm
3
, the Gilbert damping constant α = 0.1 and the exchange stiffness constant A = 

1.3 × 10
-13

 J/m. The boundary conditions used in the simulation calculations were free boundary 
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conditions. The top surface has a rectangle shape with dimensions of 200 nm × 100 nm in order 

to prevent a vortex formation on the top surface.  All the simulations were done without 

considering the effects of a thermal field (T = 0 K).  

6.3 Results and discussions 

Figure 6.1 shows the easy and hard axis B-H loops for the as-deposit, low power etched 

and high power etched FeCo films with a thickness around 100 nm. The low power and high 

power etched samples were prepared by first plating 300 nm FeCo films, and then removing 200 

nm by IBE. The B-H loops show an induced anisotropy along the notch direction. There is no 

obvious difference shown by the B-H loops between the etched and as-deposit films. For 

comparison, surface sensitive magnetometer MOKE was also employed to measure the etched 

and as-deposit films. As shown in Figure 6.2, the easy axis hysteresis loops show a square shape 

in Figure 6.2(a), there is no big variance between the etched and as-deposit films. In contrast, the 

hard axis loop of the high power etched film shows a pronounced wasp-waisted shape with a 

large remanent magnetization (Mr). The wasp-waisted shaped loop is due to two different shaped 

loops mix together, which indicates that the switching process in the hard axis is localized and 

different in different localized areas. For the low power etched film, it also displays a wasp-

waisted shape loop but not as obvious as the high power etched one. The magnetization 

decreases slowly compared to the as-deposit film. When the magnetic field further decreases, it 

falls very quickly and overlaps with the loop of the as-deposit film. The ions in high power have 

higher energy than the one in low power, the ion damage introduced at the high power is more 

serious than at low power. Ion damage can generate magnetic dead layer, point defects, and 

pinning sites in the films.
81

 And it is believed that this difference caused by the effect of ion 

damage was exhibited in the films. It is important to note that the laser beam of MOKE has a 
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spot size less than 0.5 mm and the hysteresis loops with a large Mr are localized, some areas did 

not show this kind of loops shown in Figure 2 due to the non-uniformity of ion damage. 

 

 

Figure 6.1 (a) Easy axis and (b) hard axis B-H loops for the as-deposit, LP etched and HP etched 

FeCo films 
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Figure 6.2 (a) Easy axis and (b) hard axis hysteresis loops by MOKE for the as-deposit, low 

power etched and high power etched FeCo films  
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To evaluate the magnetic dead layer on the top of films caused by ion 

irradiation/bombardment during the etching process, the cross-sectional profiles of low power 

and high power etched films were imaged by HRTEM as shown in Figure 6.3.  

 

Figure 6.3 HRTEM cross-sectional images of (a) low power and (b) high power etched FeCo 

films 
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It is expectedthat a thicker dead layer would be seen on the top of  the high power etched film 

due to high ion energy. But contrary to expectations, Figure 3 shows a 3 nm amorphous-like thin 

layer on top of both the low power (Figure 6.3(a)) and the high power (Figure 6.3(b)) etched 

films. After element analysis by electron energy loss spectroscopy (EELS), this amorphous-like 

layer showed the presence of oxygen caused by oxidation. Subsequently, the film was exposed to 

air for two months, and the oxide layers did not increase in thickness, which suggests that the 

oxide layer has a passivating effect and can protect the films from further oxidation. It has been 

reported by other groups that ion damage associated with low energy ion milling can create a 

magnetic dead layer on the top surface of FeCo.
74

  But in Figure 6.3 such a magnetic dead layer 

was not observed.  

The morphology of the etched and as-deposit films was investigated by AFM, the results 

of which are shown in Figure 6.4. The surface roughness was also evaluated, for the as-deposit 

film (Figure 6.4(a), (d)), the root mean squared (RMS) roughness is 1.48 nm, for the low power 

etched film (Figure 6.4(b), (e)), the RMS roughness is 1.66 nm, and for the high power etched 

film (Figure 6.4(c), (f)), the RMS is 2.7 nm. Crowell et al.
82

 have reported that the roughness on 

a lateral length scale of the geometric peak rather than RMS roughness can serve as pinning 

sites. For the high power etched film as shown in Figure 6.4(f), more sharp and tall peaks in 

brown color are shown than in the case of the low power etched film in Figure 6.4(e) and as-

deposit film in Figure 6.4(d). This may be due to the combined effect of polycrystalline 

orientation and IBE energy. The unusual behavior of the hard axis hysteresis loop of the high 

power etched film shown in Figure 6.2(b) may be due to the pinning sites of the roughness on the 

lateral length scale of the large geometric peak.
83

 In addition, a large geometric peak on the 

surface can provide shape anisotropy, which might be towards the hard axis or other directions, 
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serve as pinning sites. To verify that the influence of the surface roughness on magnetic 

properties, both as-deposit and high power etched films were post-cleaned by sputter cleaning 

and measured by MOKE. Sputter cleaning is believed to be much milder than ion milling, and 20 

nm of the top ion damaged layer was removed by sputter cleaning. From the MOKE 

measurements, the as-deposit film after post-cleaning treatment shows a loop with a small Mr as  

 

Figure 6.4 2D and 3D AFM height images for the (a) (d) as-deposit, (b) (e) low power etched, 

and (c) (f) high power etched FeCo films 

before sputter cleaning in Figure 6.5(a), which means that the post-cleaning treatment did not 

introduce any defects. However, the high power etched film still shows a loop with a large Mr as 

shown in Figure 6.5(b). The roughness of these films was evaluated by AFM as shown in the 
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inset of Figure 6.5, the high power etched film and the as-deposit film have similar morphology 

as the before the cleaning. The RMS roughness for the high power etched and the as-deposit 

films are 2.8 nm and 1.0 nm, respectively. The post-  
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Figure 6.5 Hard axis hysteresis loops for (a) the as-deposit and (b) high power etched FeCo films 

after sputtering post-clean by MOKE; the insets are 3D AFM height images. 

cleaning did not change the roughness. Since the IBE damaged layer was likely removed by 

sputtering, the roughness on the lateral length scale of the large geometric peaks may likely be 

the main source for the pinning sites. 
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Figure 6.6 (a) Simulated hard axis hysteresis loop of defect-free FeCo film (whole film), time 

evolution of magnetization (x component) in  (b) top view and (d) side view of central cross-

section, (c) hard axis hysteresis loop of the region from surface down to 50 nm 

 

Figure 6.7 (a) Simulated hard axis hysteresis loop of FeCo film with magnetic pinning defects 

(whole film), time evolution of magnetization (x component) in  (b) top view and (d) side view 

of central cross-section, (c) hard axis hysteresis loop of the region from surface down to 50 nm 
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To further understand the effects of defects introduced by IBE on the magnetic reversal 

mechanism, micromagnetic simulations by LLG Micromagnetic Simulator were performed to 

simulate the damage-free films and the films with magnetic pinning defects as shown in the 

Figure 6.6 and Figure 6.7.  The as-deposit film was taken as a reference. The time evolution of 

magnetization shows a homogeneous nucleation and switching process in Figure 6.6(b) and (d). 

However, for the film with the magnetic pinning defects, the magnetic pinning defects appear as 

some small localized spots with uniaxial anisotropy along the hard axis. These magnetic pinning 

defects can change the nucleation center to the defect-free bottom layer without the effect of 

defects associated with pinning at the top surface during the reversal process as shown in Figure 

6.7(b) and (d). On the other hand, the MOKE magnetometer has a penetration depth of 50 nm. 

Thus, regions deeper than 50 nm cannot be detected. The MOKE observation can be simulated 

by extracting the hysteresis loops of the top 50 nm (from the top surface down to 50 nm). As 

shown in Figure 6.7(c), the magnetization of 50 nm below the top layer does not change too 

much during the switching process due to the nucleation center changes by magnetic pinning 

defects. Therefore, it displays a large Mr. Since these magnetic pinning defects are localized, the 

experimental observed wasp-waisted shaped hard axis loop is caused by the combination 

between the high Mr loop in Figure 6.7(c) and the defect–free loop in Figure 6.6(c). The 

hysteresis loops shown in Figure 6.6(a) and Figure 6.7(a) are for the bulk materials and do not 

display a high Mr, which further verifies that it is hard to observe this effect by bulk 

magnetometers due to the loss of surface information. 

6.4 Conclusions 
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IBE can introduce the magnetic pinning sites to FeCo films by increasing the surface 

roughness. The pinning sites may be the geometric peaks at the surface with large shape 

anisotropy. These defects can prevent the nucleation center forming at the top surface and cause 

a wasp-waisted shaped hard axis hysteresis loop with a high Mr through MOKE characterization. 

By micromagnetic simulation analysis, it is further verified that the magnetic pinning sites at the 

top surface can change the nucleation center from the top surface to the bottom during the hard 

axis switching process. It is worth mentioning that although it shows by MOKE a high Mr in the 

hard axis loop of high power etched FeCo film, with relevance for the industrial applications, 

these pinning sites introduced by IBE damages may not increase erase after write (EAW) of the 

write pole.  
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

7.1 Conclusions 

The block copolymer lithography (PS-b-PFS) was developed to fabricate large area 

Stoner–Wohlfarth-like single magnetic domains of CoPt with a feature size around sub-20 nm.  

It is worth mentioning that PS-b-PFS block copolymer patterning shows randomly distributed 

PFS spheres that are not well suited for fabrication of BPM. Other techniques such as 

nanoimprint would be more suitable for high-density bit patterning over a large area with long-

range order. During the fabrication process, the ion milling shows an ion irradiation effect which 

can degrade the magnetic anisotropy. This ion irradiation effect is further verified by etching the 

CoPt alloy films at two different etching angles and their respective magnetic properties are 

characterized by AGM. At an etching angle of 45
o
, the out-of-plane hysteresis loop exhibits a 

low coercivity and a reduced remanent ratio due to the fact that CoPt film beneath masks was 

exposed to the Ar ion beam and degraded by ion irradiation. On the other hand, at a near-normal 

etching angle of 80
o
, the out-of-plane hysteresis loop displays a square shape with a high 

coercivity and a high remanent ratio due to the well protected CoPt film beneath the masks from 

damaging. Ion irradiation, as a side effect of ion milling, could be used in the fabrication of 

BPM. It may not be necessary to completely remove the magnetic materials during patterning 

since the remaining film may have been magnetically degraded, thereby isolating the individual 

bit islands. The degradation of magnetic properties from Ar ion irradiation is a result of the 

crystal structure damage by ion bombardment.  

To further estimate the ion damage influences to magnetic properties of CoPt BPM, the 

degrees of ion damage are modified by changing the accelerating voltage in the ion mill. The 
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high accelerating voltage can introduce more serious ion damage to CoPt nanopillars. The 

coercivity decreases as the accelerating voltage increases. The CoPt nanopillars with different 

degrees of ion damage give a similar switching field distribution, which demonstrates that ion 

damage does not change the switching field distribution. The switching field distribution of the 

fabricated nanopillar arrays is mainly determined by the intrinsic anisotropy distribution of the 

film, rather than size distribution. In the micromagnetic simulations, the edge damage model was 

used to simulate the ion damaged nanopillars. The simulation results demonstrate that the 

softened edge, caused by ion damage, changes the switching mechanism from coherent rotation 

to nucleation followed by rapid domain wall propagation. In addition, angle dependence of 

switching field measurement shows nanopillars with damaged edge present the Stoner-Wohlfarth 

behavior, which indicates that fitting in the Stoner-Wohlfarth zone does not necessarily mean a 

coherent rotation. It is the comparison between domain wall motion field and nucleation field 

determines where the angle dependence curves are located.  

Anisotropy-graded L10-FePt BPM has a potential application in solving the magnetic 

recording trilemma. The anisotropy-graded profile of L10-FePt film can be realized by varying 

the substrate temperature during film deposition in sputtering system. The formation of this 

gradient anisotropy comes from the variation of crystal structures at different substrate 

temperatures. Anisotropy-graded L10-FePt BPM show lower coercivity and good thermal 

stability compared to the non-graded one. The anisotropy distribution in the vertical direction is 

critical for the switching process, and the quadratically distributed profile shows a lower 

coercivity than the linearly distributed one from the 1D energy landscape calculation and 3D 

micromagnetic simulations. But these results are opposite to the experimental one, where the 

coercivty of the linearly distributed profile exhibits a relatively lower coercivity. From the 
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micromagnetic simulations, the ion damage on the sidewalls is not the reason for this unusual 

behavior. From magnetic field angle dependence of switching field measurement, ion damage 

can make the nanopillars with both quadriatically and linearly distributed anisotropy follow the 

domain wall propagation switching mode.  The temperature variation during film growth may 

change the profile of gradient anisotropy and contribute to this special result.  

Finally, ion damage effect on magnetic properties of FeCo, a soft magnetic material for 

magnetic write pole, was investigated. For better analyzing the ion damage influences, two kinds 

of power conditions, high power and low power, were applied in ion beam etching (IBE) process 

to mill FeCo thin films. A surface sensitive magnetometer MOKE was more suitable than the 

bulk magnetometer such as B-H looper to characterize the influence of ion beam damage to the 

magnetic properties of FeCo thin films. MOKE measurements show a hard axis hysteresis loop 

with a high Mr in the high power etched film. The high power etched film also shows the highest 

RMS through AFM measurement. The large geometric peaks on the rough surface may have 

shape anisotropy and serve as the pinning sites. Micromagnetic simulations further prove that 

these magnetic pinning sites prevent the nucleation center forming at the top surface during the 

switching process and lead to a high Mr in the hysteresis loops from MOKE measurements. 

7.2 Future work 

7.2.1 Nanoimprint lithography for BPM fabrication 

Nanoimprint lithography (NL) is a method of fabricating nanoscale patterns through 

mechanical deformation of imprint resist by a nanoimprint mold. Usually the nanoimprint mold 

is fabricated by electron beam lithography followed by metal deposition and RIE etching as 

shown in Figure 7.1. Compared to e-beam lithography as used in this dissertation, nanoimprint 
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lithography is a simple nanolithography process with low cost, high throughput and high 

resolution, which is more suitable for BPM fabrication in the practical application. The imprint 

resist is typically a monomer or polymer formulation that is cured by heat or UV light during the 

imprinting. Adhesion between the resist and the mold needs to be modified to allow proper 

release by the surface treatment. There are mainly two types of nanoimprint lithography, one is 

thermoplastic nanoimprint lithography, and the other is photo nanoimprint lithography. Figure 

7.2 shows SEM image of a silicon nanoimprint mold for thermoplastic nanoimprint lithography 

for 50 nm patterning, and this mold was fabricated in the Oak Ridge National Lab facilities. The 

diameter is around 50 nm and the pitch size is around 180 nm, the height is around 300 nm and 

the patterning area is 1 mm by 1 mm. The nanoimprint lithography process is shown in Figure 

7.3, firstly the resist of PMMA is spin-coated on a silicon wafer, and then the wafer is heated to 

PMMA glass transition temperature around 180 
o
C. When it reaches this temperature, the 

nanoimprint mold is pressed on the substrate by applying 8 MPa pressure for 5 minutes. Finally 

the substrate is cooled down to room temperature and separated from the mold. Figure 7.4 shows 

SEM image of the resist morphology after imprinting by the mold shown in Figure 7.2.  

 

Figure 7.1 The Schematic illustration of nanoimprint mold fabrication procedure 
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Figure 7.2 SEM images of silicon nanoimprint mold after fabrication 

 

Figure 7.3 The Schematic illustration of nanoimprint lithography process 
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Figure 7.4 SEM image of patterns after nanoimprint lithography 

7.2.2 Thermally stable FePt anisotropy-graded nanopillars for BPM 

The L10-FePt with (0 0 1) texture has been considered as the most promising magnetic 

material for BPM application because of its extremely large magnetocrystalline anisotropy 

(around 4~7×10
7
 erg/cc). Usually, FePt films with graded anisotropy are fabricated by either 

adjusting the substrate temperature or varying the magnetic layer composition during deposition. 

By changing substrate temperature, the obtained films typically have hard end near the substrate, 

which is opposite to graded media for the practical application. While the graded films by 

varying composition could have a hard layer on the top to maintain a high signal-to-noise ratio 

and thermal stability. However, graded anisotropy could be lost in the nanopillar fabrication 

process because hard top end can be softened by ion milling. Ion irradiation and bombardment in 
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ion milling can cause physical damage to crystalline lattice, and reduce anisotropy. Therefore, it 

is very difficult to make graded nanopillars with the hard magnetic layer on the top. To our 

knowledge, attempts to make thermally stable nanopatterned graded media have not been 

successful so far. Although the graded-anisotropy nanopillars can be fabricated by varying the 

substrate temperature, the ion damage influences on magnetic properties are pronounced.
22,71,76,84

 

A novel fabrication method to fabricate FePt-based anisotropy-graded media through a simple 

one-step post-annealing is proposed in the following section. The graded anisotropy will be 

formed from diffusion of Fe atoms during the post-annealing process. Meanwhile, the damaged 

crystalline structure from ion irradiation/bombardment in ion milling could be spontaneously 

repaired in the same annealing step. Also importantly, these FexPt1-x graded nanopillars have the 

hard end on the top, suitable for practical BPM application. The reversal mechanism and ion 

irradiation effect on magnetic properties of anisotropy-graded nanopillars will be systematically 

studied by micromagnetic simulation. The anisotropy-graded nanopillars can be made based on 

MgO/Pt/FePt magnetic material system.
 
After deposition of Pt (5-10nm)/FePt (10-15nm) bilayer 

on MgO substrates, nanopillars are fabricated by first EBL lithography patterning followed by 

ion milling.  The nanostructures are then annealed at 500-800 ºC for Fe atom diffusion from FePt 

layer to Pt layer and recovery of damaged sidewall crystals as shown in Figure 7.5. By varying 

annealing temperature and time, optimal anisotropy profile and sufficient recovery of the 

softened top layer could be achieved.  

In order to study ion irradiation/bombardment effect on graded nanopillars and crystalline 

structure recovery from post-annealing, two kinds of reference devices can be fabricated. One 

device is made by first annealing Pt/FePt bilayer to form graded anisotropy, then followed by 

EBL nanopatterning and ion milling. By comparing magnetic properties between this 
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“annealed/ion-milling” reference device and target “ion-milled/post-annealing” device, ion 

irradiation/bombardment effect on graded anisotropy could be assessed. As nanopillars reach 

feature sizes down to sub-50nm, anisotropy degradation from crystalline structure damage is 

anticipated to become more pronounced. The other reference device is made by first pre-

patterning EBL resist PMMA, then Pt/FePt bilayer deposition and lift-off. The last step is 

thermal annealing to form graded anisotropy. This pre-patterned and damage-free device could 

be employed to evaluate crystalline structure recovery from post-annealing.   
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Figure 7.5 Schematic illustration of a simple one-step post-annealing strategy for graded 

anisotropy patterned media fabrication 

The topography of nanopillars will be imaged by SEM, and their crystal structure will be 

characterized by TEM and X-ray diffraction. The Fe atom diffusion profile along an individual 

nanopillar will be imaged by atom probe tomography. To study the thermal stability, a SQUID 

magnetometer will be used to measure the switching field below room temperature 

(4.7K~300K). By using the temperature-dependent switching fields and fitting the Sharrock 

equation, Hc=H0{1-[KBT/E·ln(tf0/ln2)]
1/ᵞ

 }, the thermal energy barrier E could be obtained. 

Furthermore, the gain factor,  = 2E/(MSHSWV), as a figure of merit parameter for graded 

medium will be calculated as well. For deep understanding of the magnetic reversal and ion 

irradiation/bombardment effect on magnetic performance of graded media, micromagnetic 

modeling will be performed. First, the nucleation HN and pinning fields HP will be calculated 

with variations of length of gradient anisotropy zone and anisotropy of the hard and soft ends. By 
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minimizing the switching field (HSW=Max (HN, HP)), the optimal gradient anisotropy profile 

could be obtained, which will be used to guide experiments about the post-annealing temperature 

and time. Second, the reversal of graded nanopillars with sidewall damage (soft edge) will be 

simulated by adjusting sidewall anisotropy and geometry. By comparing simulation results with 

hysteresis loops from experiments, the sidewall damage in ion milling process could be 

estimated. In the final step, because the write field could diffuse and write neighboring bits as 

nanopillars are close to each other, particularly in the presence of a soft bottom layer of graded 

nanopillars, the highest nanopillar density in BPM will be simulated to prevent inadvertent 

writing from the gradient tails of the head field.  All above simulations will use single-phase 

nanopillars as references for comparison. 

7.2.3 IBE damage to FeCo films 

In chapter 6, IBE can introduce magnetic pinning site to FeCo films by increasing the 

surface roughness. The pinning sites may be the grain domain on the surface with large shape 

anisotropy. These defects can prevent the nucleation center forming on the top surface and shows 

a hysteresis loop with a high Mr through MOKE characterization. This conclusion can be further 

verified by the following experimental designs. Firstly, 200 nm FeCo film is deposited by 

plating, then the film is put in the chemical acid for wet etching, after wet etching the surface 

roughness can be increased due to chemical attack and corrosion. This process is shown in 

Figure 7.6. The RMS of the surface roughness will be evaluated by AFM, and then the magnetic 

property is characterized by MOKE. If it shows a similar hysteresis loop as the IBE etched one, 

it demonstrates that the surface roughness change is main reason for the magnetic pinning site 

due to there is no ion bombardment/irradiation in wet etching. On the other hand, the IBE etched 

film can be planarized by chemical-mechanical planarization (CMP) to reduce the roughness. 
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After CMP the film is measured by MOKE again for hysteresis loops. If the Mr in the hysteresis 

loop decreases, it further verifies that the surface roughness contributes to the pinning effect at 

the top surface. 

 

 

Figure 7.6 The Schematic illustration of wet etch process 
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