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ABSTRACT

This study is focused on the characterisation of advanced perpendicular recording

media. In particular, the distribution of the effective easy axis orientation and the effect

of silica (SiO2) content on the magnetic properties have been investigated via magnetic

measurements. The variation of coercivity (HC) as a function of angle has been used

to determine the easy axis distribution. Due to the efficiency of the SiO2 segregation

at the grain boundaries leading to intergranular exchange decoupling, the magnetisation

reversal of each single domain particle can be described by a numerical simulation using

Stoner Wohlfarth theory. The standard deviation of a Gaussian distribution of easy axis

orientations in the calculations replicates the magnetic easy axis distribution in thin film

media.

Three types of media; granular, exchange coupled composite (ECC) and the com-

bination of exchange coupled composite and a coupled granular continuous (CGC) film

have been studied. The crystallographic orientation was also measured via X-ray rocking

curves for a comparison to be made. It was found that the ECC media which have their

grains almost completely segregated by SiO2 give an excellent fit to the simulation with

σϕ = 5o. The results for granular and ECC/CGC media do not fit to the same level

of accuracy. In-plane and cross-section TEM analysis of both samples show far from

perfect segregation leading to intergranular exchange coupling.

The activation volume has been used to study the effect of SiO2 content in ECC

media. Vact and the physical grain volume have been investigated for identical structures

with three different levels of SiO2. Time dependence measurements have been used to

determine Vact. TEM analysis has been also carried out to investigate the grain size

distribution and to examine the grain boundaries. Vact and the single grain volume are

in excellent agreement for the sample with the highest SiO2 content, indicating complete

exchange decoupling.
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CHAPTER I

Introduction

The feasibility of achieving an areal density beyond 1 Tbit/in2 on conventional

perpendicular recording media is in doubt. It is a considerable challenge for hard disk

drive technology. The evolution of magnetic hard disk drives (HDD) originated in 1957

when IBM launched the random access method of accounting and control (RAMAC)

known as the IBM305 RAMAC to record information on magnetic disks. The first disks

supported an areal density of only 2 kbits/in2. HDD technology has evolved in order

to achieve as high an areal density as possible at low cost. The key factors to fulfil

this aim are related to three components; the write head which generates a strong

magnetic field to write data onto the medium, the read head which converts the stray

field from the medium into a signal and the recording medium which stores the data.

The achievement of the increase in areal density towards 1 Tbit/in2 is attributed to the

developments of all components of a HDD such as the invention of magneto resistive

(MR) and subsequently giant magnetoresistance for the read head [1] [2] and the major

paradigm shift from longitudinal to perpendicular recording media [3] [4]. In current

HDD storage the areal density has seen enormous growth of about 500 million times

from the initial stage.

Figure 1.1 shows a diagram of the growth of areal density for conventional record-

ing media from 1980 to date. The compound growth rate (CGR) of conventional record-

ing media has reduced from ∼60%-100%/annum in the 1990s to ∼20%-30%/annum

currently. The density limit is mainly due to thermal stability of the magnetisation of

the media due to the reduction of the grain size. The information must be stable for

10 years [5]. The advantage of reducing the grain size is that it can improve the sig-

nal to noise ratio (SNR) due to the narrow width of transitions. In order to sustain a

high density the energy barrier to reversal must be able to withstand the demagnetising

field. This has been achieved by increasing the anisotropy constant of the material K ≥

2πMS
2 [6]. A medium with such a high anisotropy to achieve thermal stability causes

another issue of the writability of the medium. Therefore, writability, SNR and thermal
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stability are intertwined such that the improvement of one parameter can lead to the

deterioration of another. Therefore there are significant challenges to be overcome to

increase the areal density beyond 1 Tbit/in2.

Figure 1.1: The growth of the areal density for HDD technology [7]

There are two proposed alternative approaches to overcome these limitations. The

first is heat-assisted magnetic recording (HAMR) [8]. The fundamental concept of this

technology is based on a heat assist for the writing process. A medium with a small

grain size and a very high anisotropy constant is heated to a temperature close to its

Curie temperature, TC by a tiny laser spot. The reduction of the coercivity is sufficient

for it to be switched by a low writing field.

The second technology is bit patterned media (BPM) [9]. The recording medium

is patterned into discrete magnetic islands which represent a single bit. The increased

volume of an individual bit, which is much larger than a grain in perpendicular recording

media (PRM), improves the thermal stability of BPM. Unfortunately, the disadvantages

of this technology are the writing error and the wide switching field distribution [10].

The difficulties of these novel technologies are not only a new design of a new

write head but also the nanofabrication process. Therefore, new designs of conventional

perpendicular recording media are still the favoured option. Coupled granular contin-
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uous (CGC) media [11] and exchange coupled composite (ECC) media [12] [13] have

been proposed to overcome the limitation of the write field. Medium design can reduce

the switching field by half via the magnetisation reversal mechanism. Recently, a new

composite media design was introduced using the advantages of CGC and ECC media

to improve the performance of recording media further. This is known as ECC/CGC

media [14]. In order to achieve high performance with the new media design the complex

structure must be optimised by studying the magnetic properties and understanding the

complex physics in such systems.

Therefore, the magnetic characterisation of these proposed media is the main pur-

pose of this study. The fundamental understanding of magnetic behaviour of recording

media can be understood from the magnetic properties. Advanced magnetic measure-

ment techniques have been used to obtain the intrinsic properties of the new structures.

These include remanence curves and time dependent behaviour. The study of the disper-

sion of easy axis orientation, which strongly affects the switching field distribution [15]

and the thermal stability, are principle foci of this work.
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CHAPTER II

Fundamental of Recording Media

2.1 Magnetic Properties of Thin Film Media

2.1.1 Magnetic Anisotropy in Thin Film Media

The shape of the magnetisation curve (M vs H) differs depending on the direction in

which it is measured. The factor which gives a preferential orientation is the magnetic

anisotropy. This is a very important factor for magnetic recording media design with

high areal density. The easy axis orientation of data stored via the magnetisation is now

perpendicular to the film surface. The main anisotropy contributing to the magnetic

properties of disk recording media is magnetocrystalline anisotropy .

2.1.1.1 Magnetocrystalline Anisotropy

The factor which makes one crystal direction more easily magnetised than the others is a

crystalline structure effect. This effect is an intrinsic property of the material known as

magnetocrystalline anisotropy or crystal anisotropy. The origin of this anisotropy comes

from the spin-orbit coupling in the crystal lattice. The strongest coupling comes from

the orbit-lattice coupling due to the orientation of the orbits fixed strongly to the lattice

by the atomic bond. The orbital orientation is then in a fixed direction which cannot

be realigned. The basis of magnetocrystalline anisotropy is then the spin-orbit electron

coupling. If the spin moment of each electron is to be aligned to a new orientation due

to an applied field, the spin-orbit coupling must be overcome. The energy required for

the spin rotation is known as the magnetocrystalline anisotropy energy, EK . The energy

can be expressed in terms of the direction of magnetisation relative to the crystal axes.

For a uniaxial structure this is given by

EK = K0 +K1 · sin2θ +K2sin
4 · θ + . . . (2.1)
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where, K0, K1 and K2 are the anisotropy constants and θ is the angle between the

magnetisation direction and the easy axis orientation. The direction of the spontaneous

magnetisation in a crystal tends to lie along a preferred crystallographic direction with

the lowest potential energy in the demagnetised state. This direction is known as the

easy axis. Therefore, different structures provide different easy and hard axes. Fig.2.1

shows the easy, medium and hard axes for the different crystal structures such as bcc,

fcc and hcp.

Figure 2.1: Schematic of a single crystalline structure; a) bcc structure, b) fcc structure

and c) hcp structure

In recording media the materials used for the storage layer are based on Co-

alloy materials such as CoCr, CoCrPt, CoCrTa, CoCrPtTa and CoCrPtB [16–19]. The

crystalline structure is hexagonal close-packed (hcp) as shown in fig.2.1 c). In the de-

magnetised state the spontaneous magnetisation lies along the c-axis ([0001] axis) and

all directions in the basal plane are equally hard to magnetise. Increasing the crystal

anisotropy energy is a requirement for high thermal stability. K2 and higher terms are

of negligible magnitude. Additive elements can be used to increase K1 in Co-alloys as

can certain underlayer materials. Materials have been used such as Ru, Pd and Pt. In

particular the amount of Pt added to the CoCr alloy strongly increases K1 up to 8 ×

106 ergs/cc. [20] [21]
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2.1.1.2 Other Anisotropies

Magnetic anisotropy can originate from other effects such as sample shape and the effect

of stress and strain. Shape anisotropy is associated with the self-demagnetising field, HD

due to the physical shape of the grains. It leads to a dipole interaction dependent on

the shape of the grains called shape anisotropy. The shape effect can be clearly obtained

by the consideration of the magnetised grain in different directions. In the case of a

prolate spheroid, it is easier to magnetise the particle along its long axis, in which the

demagnetising field is minimum, than a short axis.

Shape anisotropy energy is determined from HD in terms of the magnetostatic

energy, Ems. In the case of a prolate spheroid, Ems is

Ems =
1

2
·M2Nc +

1

2
· (Na −Nc)M

2sin2θ (2.2)

where, Na and Nc are the demagnetising factors along the short and long axes re-

spectively and θ is the angle between the magnetisation M and the long axis. From

the expression for the magnetostatic energy the shape anisotropy constant KS can be

defined as

KS =
1

2
· (Na −Nc)M

2
S or

1

2
·∆NM2

S (2.3)

From equation 2.3, the shape anisotropy constant is directly proportional to the

geometric structure (Na-Nc) and the square of the magnetisation. In advanced recording

media single-domain particles are formed due to the efficiency of the SiO2 segregation.

Figure 2.2 shows a typical cross-sectional bright field high resolution transmission elec-

tron microscopy (BF-HRTEM) image of granular media. The grain diameter and the

layer thickness are approximately 7 nm and 11 nm respectively. The layer thickness is

the length of the long axis of the cylindrical grains. The axial ratio c/a ∼ 1.5, the value

of (Na-Nc) is 1.89 and the saturation magnetisation of the CoCrPt-alloy is 500 emu/cc.

The shape anisotropy constant has been calculated from equation 2.3 and is about 2

× 105 emu/cc. This value is less than 10 % of the magnetocrystalline anisotropy and

hence the shape effect is a perturbation on the total anisotropy. Given that the grains

are cylindrical and elongated along the c-axis, the shape anisotropy will add to the

magnetocrystalline term and will not generate any multi-axial behaviour. Perpendicular

recording media (PRM) is required to have low magnetisation to minimise the effect of

the demagnetising field which is proportional to M. Therefore, KS is not a significant

factor compared to the magnetocrystalline anisotropy.
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Figure 2.2: Typical cross-section TEM image showing the shape structure of a grain in

a granular medium

Stress anisotropy directly relates to the strain effect known as magnetostriction

(λ). It can be described by the ratio of the fractional change of length (△l/l). The

fractional change in length is caused by the difference in stress between the ordered

phase of a domain in the demagnetised state and the saturated state due to an applied

field. As a result stress leads to a change of magnetocrystalline anisotropy. The sign of λ

indicates the direction in which the strain is measured. A positive value implies that the

the strain is measured parallel whereas a negative value indicates an effect perpendicular

to the direction of magnetisation.

The inverse effect of magnetostriction can also change the anisotropy. This phe-

nomenon is known as stress induced anisotropy [22]. An applied tensile stress, σ can

create a torsional effect in the material leading to a change of the magnetic behaviour.

Due to the applied stress σ, the simple form of a magnetoelastic energy, Ems and the

resulting anisotropy from the magnetoelastic effect, Kme are

Eme =
3

2
λmeσ sin2 θme (2.4)
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and

Kme = −3

2
λmeσ (2.5)

where, θme is the angle between the magnetisation and σ, λme is the magnetostriction

constant. In thin films, the effect of stress and strain can be induced from dislocations

induced in the deposition process. If the lattices of two materials are not matched, a

tensile strain in one material and a compressive stain in the other are introduced in

order to match the in-plane lattice [23]. Misfit dislocations are thickness dependent.

Therefore, this effect also contributes to the magnetic anisotropy in thin film media.

For longitudinal recording media (LRM) an underlayer of an alloy Cr was deposited

under the recording layer in order to make the crystallographic orientation of the Co c-

axes alloy parallel to the film plane. Several works reported that the effect of in-plane

stress differences induced a stress anisotropy of about ∼ 1× 106 ergs/cc which was large

enough to contribute to the magnetic anisotropy [24] [25] [26]. However in perpendicular

media there is no need for an exact lattice match to a seed layer as Co-alloys grow

naturally with their c-axes perpendicular to the plane. At the time of writing there are

no known reports of stress effects in perpendicular media.

2.1.2 Demagnetising Field

One of the critical factors which affects the magnetic properties and data density of thin

film media is the demagnetising field. The major paradigm shift from longitudinal to

perpendicular recording generates a strong demagnetising field. This factor is difficult to

correct accurately in magnetic measurements and also affects the ability of the medium

to store data. The origin of the demagnetising field lies in the law of continuity of

flux. Fig.2.3 a) shows a typical single domain particle magnetised by an applied field,

HA. North and south poles are formed at the top and bottom of a body respectively

along the applied field direction and the flux lines pass from north to south poles. The

induced field is also present inside the body and is in the opposite direction to the

magnetisation. It tends to demagnetise or reverse the magnetisation of the particle.

This self-demagnetising field is denoted HD.
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Figure 2.3: Schematic diagram of a) the magnetisation of a single domain particle with

the demagnetising field and b) the global and local demagnetising field

The demagnetising field also has a shape effect. It can be written via the demag-

netising factor, ND and the value of magnetisation of the specimen as

HD = −ND ·M (2.6)

The calculation of HD is determined by the distribution of free poles around the surface.

A full derivation of the demagnetising field can be found in Cullity and Graham [6]. In

the case of perpendicular media the geometry is similar to an oblate spheroid with a ̸=

b = c and c/a = r. The demagnetising coefficients of oblate spheroids are Na = 4π for

perpendicular orientation and Nb = Nc = 0 as r approaches infinity. Therefore ND is

equal to 4π for perpendicular media.

ND = Na +Nb +Nc (2.7)

For the characterisation of perpendicular recording media the correction for HD is

complicated if the magnetisation is non-uniform as fig.2.3 b). HD consists of two com-

ponents; the global demagnetising field and the local demagnetising field which depends

on the orientation of the magnetisation of each grain. The magnitude of the local de-

magnetising field depends on the orientation of magnetisation across the grain and the

exchange coupling between them.
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Techniques for the magnetic characterisation of LRM cannot be used for PRM due

to the presence of HD. There have been a number of attempts using both theoretical

and experimental techniques to correct for demagnetising effects in PRM. One simple

approach is to extract HD via the calculation of the internal field Hi. The demagnetising

field is taken into account to correct the applied field HA during measurements at each

field step. The internal field is continuously changing with time due to the change of

magnetisation. Therefore the internal field is

Hi = HA −ND ·M (2.8)

Samwel et al [27] were the first group that tried to correct for HD by calculating

the internal field. Alumite media with magnetic columns of Fe, Co or Ni were used.

The internal field was calculated from equation 2.8. ND was found using the slope of

the hysteresis loop at the coercivity. Several measurements such as the magnetisation

curve, dc-demagnetisation curve (DCD) and iso-thermal remanent magnetisation curve

(IRM) were investigated with uncorrected and corrected field values. They found that

the measurements as a function of the internal field have limited use because of the

sensitivity of the correction for the demagnetising coefficient. They also proposed the

recoil lines method to describe the reversal behaviour due to the effect of HD.

The internal field was also investigated by removing the global demagnetising field

from HA as proposed by Wu et al [28]. The correction was carried out in real time during

measurements with a constant coefficient equal to 4π. The corrected results distorted

the loop shape leading to an over-corrected loop [29], [30] for CoCrPt alloys due to

strong intergranular exchange coupling. In order to obtain a reasonable loop HD had

to be (0.1)4πM. This method was used to characterise perpendicular exchange-coupled

composite (ECC) media by Deakin et al [29] [30]. The DCD curve was measured with

correction at every field step. The shape of the hysteresis loop and the remanence curve

changed significantly leading to a reduction of HC and the remanent coercivity (Hcr) by

between 10-15 %. The approximation of ND = 4π is not valid for PRM especially in the

presence of strong intergranular exchange coupling.

Another approach to calculate ND was used by Van der Veerdonk et al [31] [32].

The technique was based on recoil loop measurements originally proposed by Samwel et

al. to obtain a DCD curve. The internal field from each recoil loop was corrected with

the assumption of a constant value of ND. The correction can be taken into account via a

mean-field model on systems where long-range magnetostatic interactions dominate. The
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iterative process was repeated in order to determine the value of ND so that a remanence

curve can be fitted to the switching field distribution assuming a log-normal distribution.

The iterative method was used to correct HD for magnetic viscosity measurements on

PRM by Le Phan and Lodder [33]. A relaxation curve or time dependent measurement

was measured with a corrected value for HD

Hcontrol(t) = HA +N · [M(t)−M(0)] (2.9)

where, Hcontrol(t) is the corrected applied field, HA is the applied field at the first

iteration, and M(t) and M(0) are the magnetisation at time t and at the start of the

relaxation respectively. The measurements were repeated until Hi was constant during

the whole measurement. The limitation is that the correction of HD is valid only for

the specific condition that the PRM has intergranular exchange decoupling. The time

dependent demagnetising field is more complicated due to the presence of the local

demagnetising field from the orientation of the neighbouring grains as shown in fig.2.3

b).

2.1.3 Limitations of Recording Media

The key factor to achieve an increase in areal density for disk drive media is a reduced bit

size or the transition width parameter, (ao). The transition width parameter represents

the length of the magnetic transition with moments in opposite directions either up

or down as a binary data storage of 1 or 0. In 1999, Richter [34] introduced the first

analytic calculation of the transition width parameter for longitudinal recording media

based on an analytical model of the write process defined by Williams and Comstock [35].

The transition width for perpendicular media (aWC) was also determined using similar

assumptions. The approximate expression for aWC is

aWC = −δ

4
+

z0 [SFD +MR/Hcr]

πQ⊥
+

[(
z0 (SFD +MR/Hcr)

πQ⊥
− δ

4

)2

+
z0 · SFD · δ

πQ⊥

]1/2

(2.10)

where, aWC is a Williams-Comstock transition width, δ is the thickness of medium,

z0 =
(
d+ δ

2

)
, d is the magnetic spacing between the medium and the write head, MR

is the remanent magnetisation, Hcr is the remanent coercivity, SFD = (1−S∗) which is

related to the width of the switching field distribution [36], S∗ is the coercive squareness

calculated from the gradient of the magnetisation curve, and Q⊥ is proportional to the
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head field gradient over the writing location

Q⊥ = − z0
Hcr

·
dHH,z

dx
(2.11)

From equation 2.10, the main requirements to reduce the value of ao are decreasing

MR and δ and increasing Hcr . In reality the transition width can be easily approximated

by the microstructure of the grains or the average grain diameter, Dav, and the exchange

interaction between the grains. An approximation of the transition width in terms of

aWC and Dav [37] is

ao ∼=

√
0.35a2WC +

(
Dav

2

)2

(2.12)

From equation 2.12, the transition width is directly proportional to the average

grain diameter. Therefore high areal density can be achieved by reducing the grain size.

Figure 2.4 shows a schematic of the storage process in PRM. The medium is magnetised

normal to the surface by a single pole write head. The transition region will run through

the grain boundary. Therefore large grain sizes with strong exchange coupling between

the grains will broaden the transition region. If the grains are small the transition can

be narrower as shown in fig.2.4. Therefore the medium must be engineered to reduce

the grain size, the grain size distribution and exchange decouple the grains.

Figure 2.4: Schematic diagram of read/write system in PRM and the transition width

for different grain sizes
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In magnetic recording media, the critical factor for thermal stability is the energy

barrier. It is proportional to the total anisotropy constant, Ku , the grain volume in the

medium V, and the anisotropy field, HK

△E = KUV

(
1− H

HK

)2

(2.13)

and

HK =
2KU

MS
(2.14)

where H is the external field and MS is the saturation magnetisation. The anisotropy

field is very significant for the thermal stability of the data. The coercivity can be

approximated to HK when there is no thermal energy. In order to achieve thermal

stability HK should be as high as possible. From eq.2.14 this can be accomplished by

increasing the anisotropy constant and decreasing MS . Moreover, the demagnetising

field strongly influences the reversal of the magnetisation in PRM. HD is dependent on

the saturation magnetisation and the shape of specimen. Given that HD is ∼ 4πMS ,

the saturation magnetisation affects both HD and HK . The criterion for perpendicular

orientation is

HK > HD (2.15)

or

MS <

(
KU

2π

)1/2

(2.16)

The energy barrier prevents the reversal of the magnetisation due to thermal

energy and the self-demagnetising field, resulting in data loss. The reduction of grain

size to achieve higher recording density leads to a deterioration of the thermal stability.

As the areal density increases, if the anisotropy constant is fixed, the reduction of the

grain volume leads to a decrease of the energy barrier. In the case of △E being less

than 40kBT, thermal energy will reverse the magnetisation in less than the specified 10

years [5]. The magnetisation at any time of an ensemble of grains

−dM

dt
= foMe−△E/kBT (2.17)

where, fo is a frequency factor which has a value of 109 s−1 [38]. The time at which the

magnetisation decreases to 1/e or 37% of its original value is given by the Néel-Arrhenius

law
1

τ
= foe

−△E/kBT (2.18)
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where, τ is the relaxation time. Hence, high areal density can be achieved in CoPt alloys

by increasing the amount of Pt in the alloy [20], [21]. The thermal energy can be de-

scribed in terms of a fictitious field known as the fluctuation field, Hf . The magnetisation

decreases as a function of ln(t) due to thermal energy. The details of the time depen-

dence of magnetisation will be discussed in section 2.4.3. The increase in anisotropy also

causes another limitation which is the writability through an increase in HK . This is a

serious problem for writing information due to the limit of the writing field, HW . HW

depends on the capability of the write head material and its saturation magnetisation.

De Witte et al. also showed that the frequency of the switching field gives rise to larger

values of the switching field, HS for measurements on short time scales [39].

HW > HS = HK

[
1−

(
ln(t · fo)kBT

KUV

)1/2
]

(2.19)

From equation 2.19, the coercivity is inversely proportional to the time scale, t

which is the time taken for the magnetisation to cross zero after the application of a

field probe. It indicates that if the time scale for the writing process is very short, the

coercivity becomes larger than for a long time scale. This is a significant feature of the

time or frequency dependence for the HDD. The write field operates at extremely high

frequencies at ∼ GHz levels. It leads to the large switching field. Therefore the write

field must be greater than the switching field at the write frequency.

There is one factor which intertwines the thermal stability and writability required

to improve the performance of hard disk drives. Signal to noise ratio (SNR) is a critical

factor for the improvement of the read back signal from the medium. An approximate

expression for SNR is [3]

SNR ≈ 0.31PW50 ·B ·Wread

a2oD (1 + σ2)
(2.20)

where, PW50 is the width of the signal pulse at 50% amplitude, B is the bit length,

Wread the read width of the head, σ is the standard deviation of the normalised grain

size distribution and D is the diameter of the grains. This equation indicates that

reducing the grain size (D) would help to increase the SNR. However, if the anisotropy

is not high enough to stabilise the magnetisation, some of small grains can be reversed

by thermal energy. This contribution will be a source of noise [16].
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The key factors which limit the growth of areal density are thermal stability,

writability and SNR. This problem is know as the media-trilemma [40]. The reduction

of grain size and the increase of the write field can be solved by Heat Assisted Mag-

netic Recording (HAMR) [8], [41]. If a medium with very high magnetocrystralline

anisotropy is heated so that the anisotropy decreases, this allows the write process to

succeed. The medium will then be cooled back to its normal state. The thermal fluctu-

ation in the material due to the heating leads to the problem of write error or bit error

rate (BER). This limitation of BER for future advances in magnetic recording media

was introduced by Evans et al. [42]. They specifically addressed this problem for ad-

vanced recording media consisting of a combination of bit patterned media and HAMR.

This factor is also intertwined to the three components of the trilemma. This design

of the problem in recording media is called the quadrilemma problem. Fig.2.5 shows a

schematic of the media-trilemma problem for conventional PRM and the quadrilemma

problem for future advanced media.

Figure 2.5: Schematic diagram of a) the media-trilemma problem b) the quadrilemma

problem [42]
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2.2 Magnetisation Reversal in Thin Film Media

Magnetisation reversal in thin film media is the fundamental process of information

storage. This section describes the basis of all magnetic storage media which is the

single domain particle. The mechanism of magnetisation reversal is described in terms

of coherent reversal processes described by Stoner-Wohlfarth theory [15].

2.2.1 Single Domain Particles

The basis of the magnetic properties of ferromagnetic materials such as the shape of a

magnetisation curve or the mechanism of hysteresis was first described by Weiss in terms

of a molecular field theory and magnetic domains in 1906. A magnetic domain is a small

region of a material where atomic magnetic moments have the same direction. In small

particles it is energetically favourable for only one domain to exist with a saturation

magnetisation, MS .

The size of the single domain can be determined directly from the minimisation

of the magnetostatic energy or the self-energy, Ems and the wall energy, Ewall used to

form a wall in a material. The direction of magnetisation within a single domain is

along the c-axis due to the presence of the crystal structure of the Co alloy with uniaxial

anisotropy. The magnetostatic energy can be determined from

Ems =
1

8π

∫
H2

Ddv (2.21)

where, HD is the demagnetising field which depends on the sample shape and the orien-

tation of the grains and v is the grain volume. From equation 2.21, Ems can be written

in a simplified form as

Ems =
1

2
HDM =

1

2
NDM

2
S (2.22)

where, ND is the demagnetising factor. In a bulk material if one domain splits into

many domains in opposite directions as shown in fig 2.6, the magnetostatic energy will

be decreased due to the magnetic north and south poles being closer to each other and

the reduction in the spatial extent of the field. The domain cannot be divided to an

unlimited degree due to the limitation of the wall energy. This leads to an equilibrium

domain size. Therefore, the smallest size for a single domain is determined from the

minimisation of Ems and Ewall. From eq.2.22, the Ems of a cubic structure can be
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expressed by

Ems =
2

3
πM2

SL (2.23)

where L is the length of domain. This energy per unit area can be approximated by

Ems = 0.85M2
SD (2.24)

In the case of the wall energy it can be represented by the relationship between

the domain wall energy per unit area of the wall, σ, and the domain structure

Ewall = σ
D

L
(2.25)

where, D is the width of the domain wall. The critical size for a single domain to form

can be approximated by the differentiation of the total energy between Ems and Ewall

as a function of D at minimum energy. It is estimated as

D =

√
σL

0.85M2
S

(2.26)

Figure 2.6: Schematic diagram of the single domain structures of a uniaxial crystal

For single domain particles magnetisation reversal is only possible by rotation.

This rotation occurs over an energy barrier created by the anisotropy energy derived

from either magnetocrystalline or shape effects or a combination of both. In certain

cases and particularly for elongated particles, the atomic spins may not remain parallel

during rotation leading to what are known as incoherent reversal mechanisms. These
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effects were investigated in detail in the 1960s and 70s with the defining experimental

work published by Luborsky [43]. He studied the variation of coercivity with particle size

for Fe and Co particles. This work reproduced below, shows that the onset of incoherent

reversal occurs above 20 nm for spherical particles.

Figure 2.7: Variation of coercivity with particle size for Fe and Co [43]

Figure 2.8: Schematic diagram of variation of the intrinsic coercivity with particle di-

ameter [6]
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In advanced thin film media the grain size is less than 10 nm and hence incoherent

reversal processes do not occur. This leads to higher values of coercivity of up to 10 kOe

being available even though the write field available is limited to about 10kOe. The grains

in thin film media are somewhat elongated as can be seen in the cross-sectional TEM

image in figure 2.9. However the elongation, which is due to the columnar structure, is

along the c-axis and hence any shape anisotropy is parallel to the magnetocrystalline

anisotropy which also promotes coherent rotation. The shape term is generally quite

small compared to the magnetocrystalline anisotropy due to the low value of MS . For a

typical medium with MS = 500 emu/cc and the grain size and recording thickness about

8 and 12 nm respectively, the value of KS is 2.36×105 emu/cc compared to KC = 8×106

ergs/cc and hence only coherent reversal needs to be considered.

Figure 2.9: Schematic diagram of cross-section and typical in-plane TEM image for ECC

media

2.2.2 Stoner-Wohlfarth Theory

SiO2 at the grain boundaries in the medium reduces both the size of the magnetic

grains and the exchange interaction between them. The small grain size ensures the

film is composed of single domain particles. The model that describes the magnetisation

reversal of such particles is the Stoner-Wohlfarth (SW) model [44]. SW theory [15] shows

the process of magnetisation reversal of single-domain particles having a prolate spheroid

shape. Figure 2.10 shows a schematic of a single particle with its easy axis, the applied

field, H and the magnetisation.
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From fig.2.10, an external field is applied at an angle α to the easy direction which

is the c-axis in hcp cobalt. The total energy, ET of the particle can be represented by a

combination of the anisotropy energy, Ea and the Zeeman energy, Ep

ET = Ea + Ep = KUV · sin2θ −HMSV · cos(α− θ) (2.27)

where θ is the angle between the magnetisation and c-axis, KU is the uniaxial anisotropy

constant, V is the volume of particle and MS is the saturation magnetisation.

Figure 2.10: Schematic of prolate spheroid single domain particle with magnetisation

and applied field

In order to determine the stability of a grain state, the total energy is minimized

dET

dθ
= 2KU · sinθ cos θ −HMS · sin(α− θ) = 0 (2.28)

and

sinθ cos θ = h · sin(α− θ) (2.29)

where the magnetisation along the field direction is MS · cos(α − θ), h = H (MS/2KU )

which represents the ratio between the applied field and the anisotropy field (HK =

2KU/MS). In the case of α=90o, the magnetisation along the applied field isMS cos(90o−

θ) or MS sin θ. Therefore, the normalised magnetisation m = M/MS is

2KU
M

MS
= HMS (2.30)
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So,

m =
M

MS
=

HMS

2KU
(2.31)

Therefore, if the applied field is normal to the easy axis the magnetisation is a

linear function of H. In the general case, the equilibrium state and the component of the

magnetisation along the applied field direction are represented by the normalised field

term (h = H/HK) and the normalised magnetisation (m = M/MS) by

sinθ cos θ − h · sin(α− θ) = 0 (2.32)

and

m = cos(α− θ) (2.33)

The variation of the normalised magnetisation m, as a function of applied field at

any angle of α can be calculated form the second derivative of ET . A full mathematic

deviation can be found in Cullity and Graham [6]. Fig.2.11 shows the hysteresis loop

of a single domain particle at different angles between the applied field and the easy

axis [15].

Figure 2.11: Magnetisation curves of the Stoner-Wohlfarth theory [15]

When the magnetisation is non-collinear with the applied field, it rotates easily

along the field direction due to a torque effect. When the magnetisation is parallel to
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the field, the magnetisation will not switch or flip until the field energy can overcome

the energy barrier. The SW model shows that a small deviation of the easy axis from

the applied field direction leads to a large reduction in H and hence the coercivity. For

example, a deviation of 10o leads to a reduction in the switching field HS of a single

grain of 30%. For perpendicular recording media, the energy barrier which prevents

magnetisation reversal is

△E = KU · V
(
1− H

HK

)2

(2.34)

where H is the applied field and HK is the anisotropy field. The origin of the energy

barrier is discussed in section 2.4.1. The competition between H and HK leads to the

switching of the magnetisation. There are several factors which dominate the energy

barrier preventing magnetisation reversal such as the anisotropy constant K which can

vary due to faults in the crystallinity of the grains, the distribution of grain size, inter-

granular magnetostatic and exchange interactions and the dispersion of the crystalline

axis directions. The most significant factor affecting the switching field distribution in

perpendicular media is the crystalline axis dispersion or easy axis distribution. The

switching field is correctly written as

HS =
αK

MS
(2.35)

where α is the alignment factor or the grain orientation factor with a value ranging

from 0.96 for the random case [43] to 2 for the aligned case. The distribution of easy

axis orientation is a critical factor for advanced recording media because a small angle

change from the perpendicular can lead to a large change of the coercivity as described

by Stoner-Wohlfarth theory.

2.2.3 Coherent and Incoherent Reversal Processes

When a magnetic field is applied to a magnetic material several mechanisms by which

the magnetisation reverses are possible. In thin film media magnetisation reversal can

occur in 3 different ways. The first is the reversal of individual grains which rotate

independently, the second is the reversal of coupled grains which rotate in unison but

separately in each cluster and thirdly, coupled long range grains which rotate when

domain wall motion occurs.

The mechanism of magnetisation reversal of the three modes can be described by

two types of spin rotation: Coherent reversal and Incoherent reversal. The first was
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modelled by Stoner and Wohlfarth to describe the magnetisation reversal of uniaxial

single-domain particles. This is known as the Stoner-Wohlfarth (SW) model [15] as dis-

cussed in section 2.2.2. The SW-model assumes that the atomic moments are parallel

during reversal. The reversal process of a single magnetic domain must be coherently

rotated from the easy direction towards the field direction as shown in fig.2.12 a). This

behaviour of reversal is known as the Stoner-Wohlfarth mode. For the SW mode, the

calculation can also predict the coercivity of single domain particles with the variation

of angles between the easy axis and applied field and different axial ratio (c/a).

Figure 2.12: Schematic diagram of the reversal modes a) coherent reversal b) incoherent

reversal [6]

The calculation of HC is essentially a complex approach to the micro-magnetic

system due to the limitations such as excluding exchange and dipolar interactions be-

tween the grains. In 1961, Luborsky [43] found that the coercivity of elongated iron

particles with different axial ratios (c/a) was less than that of the value determined by

SW mode. From this discrepancy, there were several models proposed in order to de-

scribe the complicated mechanism of magnetisation reversal. The assumptions are based

on the incoherent rotation, in which the magnetisation of all spins are not parallel to

one another. This mechanism is shown in fig.2.12 b). For advanced recording media, the

efficiency of the SiO2 at the grain boundaries provides exchange decoupling between the
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grains. Hence, the Stoner-Wohlfarth model is adequate to describe the magnetisation

reversal.

In real thin film media, the magnetisation reversal can be more complicated be-

cause more than one reversal mode may occur such as co-operative reversal between

grains due to exchange interactions. There have been several models used to describe

magnetisation reversal in real recording media. The first simulation which included the

effect of magnetostatic coupling of randomly oriented grains was proposed by Hughes in

1983 [45]. In this model a hexagonal cell was used to represent a single domain parti-

cles of Co-P and Co-Ni-P for longitudinal media. The micromagnetic calculation gave

predictions close to experimental results. Figure 2.13 shows a schematic illustration of

this mechanism of reversal in a polycrystalline film. Zhu and Bertram [46], [47] under-

took a micromagnetic study of thin metallic films which included the exchange coupling

between the grains. They found that magnetostatic interactions and particularly ex-

change coupling dominated the magnetisation reversal which increased the squareness

and reduced the coercivity of thin films.

Figure 2.13: Schematic diagram of a mechanism of reversal in a polycrystalline film in

LRM [45]
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In the case of perpendicular recording media, there have been also several simu-

lations proposed to understand the physics behind the mechanism of the magnetisation

reversal processes. For example, the reversal process of an exchange coupled composite

(ECC) media was described by Suess et al. [13] and Victora and Shen et al. [12] [48].

The simulations were based on single grains which consisted of two different magnetic

regions which were magnetically soft and hard. They used the Landau-Lifshitz-Gilbert

(LLG) calculation to describe the switching process including the interlayer interaction

between the two regions. The magnetisation of the hard layer was reversed coherently

by the reversal of the soft layer following Stoner-Wohlfarth theory [15]. From the model,

ECC media have been used as an alternative perpendicular recording media to extend

the recording density. For advanced perpendicular recording media, the reduced grain

size and the complete grain segregation by a non-magnetic material leads to single do-

main behaviour. Tannous and Gieraltowski [44] gave a mathematical calculation of the

SW model which was adequate to describe the magnetisation reversal.

2.3 Interaction Mechanisms in Thin Film Media

2.3.1 Exchange Interaction

The orientation of the spin in an atom of a magnetic material is caused by the exchange

interaction . The principle of the exchange coupling of spins was first described via

a quantum mechanical exchange force by Heisenberg in 1928. In a simple case of two

hydrogen atoms the spins can pair at the same energy by alteration of the spin orientation

due to the exchange force . The spin is aligned parallel or anti-parallel in order to

minimise the total energy. In quantum mechanics the magnetic interactions can be

classified into an electronic interaction; direct exchange, indirect exchange and super-

exchange.

For advanced recording media, there are only direct and indirect (RKKY type)

exchange interactions which influence the magnetic properties of the material. The direct

exchange interaction is generally present via the Coulomb interaction among electrons

with the presence of the exchange force due to the orientation of the spins. It arises when

the atoms are close enough to each other so that the orbitals can overlap. This leads to

ordered orientation with the spins parallel or antiparallel in order to minimise the energy.
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This exchange energy Eex can be shown in the form of a Heisenberg Hamitonian [6] [49].

Eex = Hspin = −
∑

JijSi · Sj (2.36)

where, Hspin is the Heisenberg Hamiltonian, Jij is the exchange integral or the exchange

coupling constant and Si,Sj are the spin angular momenta of atoms i and j respectively.

The orientation of spins is controlled via the exchange integral, Jij . The stable state

is at the minimum energy of the summation over all pairs of ions. In the case of a

ferromagnetic material, Jij is positive and the spins align parallel to each other. For

this to occur from grain to grain in a granular system, the crystal planes need to align

precisely parallel with the correct inter-atomic spacing. This cannot occur. Typical high

resolution transmission electron microscopy (HR-TEM) images show the non collinearity

of the crystal planes between grains as shown in fig.2.14.

Figure 2.14: Typical high resolution transmission electron microscope of advanced

recording media

The indirect exchange interaction was proposed by Ruderman and Kittel (1954),

Kasuya (1956) and Yosida (1957) and is known as the RKKY interaction. This in-

teraction is where the wave functions of the spins are able to interact via magnetically
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polarised conduction electrons at long distance. There is no direct overlap between

the wave function of neighbouring electrons. This model is basically described by the

exchange coupling between the local magnetic moment and the conduction electrons.

This leads to oscillatory coupling of the spin polarisation which causes an oscillation

of the exchange integral, Jij from positive to negative giving rise to ferromagnetic and

antiferromagnetic states.

In thin film media, the exchange interaction between grains plays an important

part in the magnetic behaviour. For longitudinal media, exchange interactions were usu-

ally investigated by measuring the difference of two remanence measurements denoted

△M; A full discussion of this technique is given in section 4.2.2. Positive and nega-

tive values of △M indicate that the interactions either stabilise the magnetised state

leading to cooperative reversal, or tended to demagnetise the system respectively [36].

This method was commonly used for LRM [50], [51]. In perpendicular recording media

the demagnetising field prevents an accurate measurement of △M. In consequence all

attempts to measure the indirect exchange coupling in PRM have been only partially

successful.

2.3.2 Dipolar Interaction

Dipolar interactions originate from the demagnetising energy which is the Zeeman energy

of the dipole magnetic moment interacting with others dipoles around it at long range.

If two magnetic moments, m1 and m2 are separated by a distance r where the angles

made by m1 and m2 with the center to center distance are θ1 and θ2 as shown in fig.2.15

a). The dipolar interaction energy is

Ed =
m1 ·m2

r3
[cos (θ1 − θ2)− 3 cos θ1 cos θ2] (2.37)

where, Ed is the dipolar interaction energy. Equation 2.37 is valid for the case where r is

much larger than the interpolar distance, l. The energy is proportional to the magnitude

of the magnetic moments and inversely proportional to the cube of the distance between

them.

For l ≃ r, Ed is not given by equation 2.37. Figure 2.15 b) shows interacting

dipoles at short range. The interaction when the positive and negative magnetic charges

are close becomes very strong and the dipolar interaction can be approximated as a
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Coulomb interaction which represents the interaction of two electric charges as shown in

fig 2.15 b) (bottom). Ed is then inversely proportional to r2

Ed α
1

r2
(2.38)

In perpendicular recording media dipolar interactions will strongly influence the

magnetic behaviour leading to a thermal instability effect. There have been several

experimental measurements and analytical models used to investigate this interaction.

There have also been analytical models using atomistic calculations and micromagnetic

calculations which include the dipolar energy in the system using the Landau-Lifshitz-

Gilbert (LLG) equation to describe the dynamic motion of the magnetisation. However

these usually use the dipole-dipole interaction inversely proportional to r3 [52], [53]. In

reality, this interaction will be a complicated mixture of both effects with the r2 term

dominating.

Figure 2.15: Schematic of the interacting dipoles as a) long distance and b) short distance

2.3.3 Multilayered Interaction

Perpendicular recording media was originally proposed in 1978 by Iwasaki and Nakamura

[54]. Initially, the medium was based on single layer CoCr alloys. These materials

suffered from poor surface roughness. Several Co-alloy media have since been proposed

and used to improve the performance with low noise and high thermal stability. For

current PRM, CoCrPt alloys are used [55]. In addition several works also proposed
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novel perpendicular composite media structures using multilayer films with exchange

interactions to overcome writability and thermal stability issues.

The first experimental and simulation studies were proposed by Sonobe et al.

and Greaves et al. [11], [56]. The medium structure consists of Co-Pt multilayers or an

amorphous CoPrTb alloy as a coupled granular/continuous (CGC) layer sitting on top of

the granular medium [57] [58]. The interaction between the layers is known as interlayer

exchange coupling. The multi-layer medium structure leads to 3 kinds of interactions [57]

as shown in fig.2.16 a).

1) Beacause of the expitaxial growth of the CGC layer on the recording layer there will

be direct exchange coupling between the grains in each layer.

2) Within the CGC layer the grains are coupled by excluding materials such as Cr which

promote grain segregation. However this is an indirect RKKY type interaction.

3) The grains in the recording layer are exchange decoupled from each other using ma-

terials such as Cr in the alloy composition. However Cr is only partially successful as a

segregation material and the latest media use SiO2 segregation to achieve almost perfect

decoupling. This coupling is also of the RKKY type and hence the insulating properties

of SiO2 are important

In addition to the coupling mechanisms described above it is also possible that

individual grains in the recording layer can couple via the CGC layer. This is similar to

the coupling reported in so called keepered media some years ago [59].

Figure 2.16: Schematic illustration of exchange multi-layer of a) CGC model and b)

ECC model [57]
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From the multilayer interactions the recording performance is improved by a re-

duction in the noise signal. High thermal stability due to the strong interlayer exchange

coupling is also achieved. The granular layer pins domain wall movement [57] in the

CGC layer leading to an increase in the nucleation field, a decrease in the saturation

field and a loop with high squareness [56] [60]. The strong interlayer interaction increases

the coercivity and the thermal stability of the media.

There are other well-known composite media structures proposed by Suess et al.

[13] and Victora and Shen [12], [48]. They were designed to resolve the writability

problem due to the high anisotropy field in the media. These new designs are known as

exchange coupled composited (ECC) media based on two coupled layers of a magnetically

soft and a hard material as shown schematically in fig.2.16 b). For ECC media the soft

and hard grains are coupled via direct exchange due to the epitaxial growth. However in

both layers materials such as Cr or SiO2 are used to inhibit or prevent the RKKY type

intergranular coupling. In principle the soft layer, which has a lower anisotropy field,

is rotated first by the external field. This leads to a reversal of the hard layer due to

the direct exchange coupling. The hard layer which has a very high anisotropy field will

switch coherently with the soft layer following SW theory [61]. Therefore, multilayer

interactions are significant factors to improve the performance of conventional Co-alloy

perpendicular media using novel media designs [14].

2.4 Time-Dependence of Magnetisation

2.4.1 Energy Barrier

The energy barrier is the key parameter which prevents magnetisation reversal due to

an external field, demagnetising field or thermal fluctuation field. The energy barrier is

the difference between the maximum and minimum energy of a single domain particle

reversing coherently [61]. From eq.2.27, the applied field is assumed to be along the easy

axis. The total energy is then

ET = V [KU · sin2 θ −H ·MS cos θ] (2.39)
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and the minimum energy is

Emin = H ·MSV (2.40)

From equation 2.39 the angle of the magnetisation where the energy is a maximum

can be determined

dET

dθ
= 2KU · sinθ cos θ −HMS · sin θ = 0 (2.41)

and

cos θ =
H ·MS

2KU
=

H

HK
(2.42)

where, HK (= 2KU/MS) is the anisotropy field, Therefore, the maximum energy of a

single domain particle can be determined by replacing the cos θ (= H/HK) in equation

2.39

Emax = KU · V

[
1 +

(
MSH

2KU

)2
]

(2.43)

Therefore the energy barrier to magnetisation reversal is the difference between

the maximum and minimum energy from equations 2.43 and 2.40

△E = KU · V
(
1− MSH

2KU

)2

= KU · V
(
1− H

HK

)2

(2.44)

In the case of zero applied field, the energy barrier of single domain particles

is proportional to the uniaxial anisotropy constant and the volume of particle. From

eq.2.44, the energy barrier can be reduced by an applied field. When the external energy

can overcome △E the magnetisation will be rotated along the field direction. Figure 2.17

shows a schematic of the reversal process of a single columnar grain. The stable states

I and II are separated by the energy barriers △E1 and △E2 respectively. Therefore, the

switching process of the grain where the magnetisation is aligned parallel to the easy

anisotropy axis from state I to II or II to I occurs when the external field can overcome

△E [62].



2.4. Time-Dependence of Magnetisation 47

Figure 2.17: Schematic of the reversal process in the presence of an energy barrier

In reality, the energy barrier in recording media does not have a single value

because of several intrinsic factors of the physical structure and the orientation of each

grain but also dipole-dipole and exchange interactions. The intrinsic energy barrier can

be written as

△E = KU · V
(
1− MSH

αK

)2

(2.45)

Equation 2.45 leads to the switching field distribution (SFD) which is the most

important parameter in PRM. The SFD originates from the the distribution of grain size,

the distribution of composition (K and MS), and the effects of crystalline axis dispersion

(α) leading to a distribution of intrinsic switching fields HK=αK/MS where α is the

alignment factor. The dipole-dipole and exchange interaction cannot be described via

analytic functions and their effects can only be assessed by computer simulation.

2.4.2 Thermal Activation

Thermal activation is one of the media-trilemma problems for recording media. From

equation 2.45 the energy barrier which prevents magnetisation reversal is proportional

to the anisotropy constant and the volume of a single particle. If the volume is reduced
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in order to increase the areal density, the energy barrier may be too small and can be

overcome by the thermal energy.

In 1949, Néel [63] showed that the magnetisation could be spontaneously reversed

for aligned single domain particles from one easy direction to the other by the effect

of thermal energy via a fictitious field known as the fluctuation field (Hf ), without an

external field. Fig.2.18 shows a schematic diagram of the thermal activation of a single

grain. The single grain is magnetised by an applied field and the field is removed after

saturation (tstart = 0). Subsequently, thermal energy will cause the magnetisation to

fluctuate until it can overcome the energy barrier (KV ). This phenomenon is important

as it can lead to data being lost in recording technology.

Figure 2.18: Schematic of thermal activation in a single grain

The rate of decrease of magnetisation of uniaxial particles is described by the

Nèel-Arrhenius law discussed in section 2.1.3. [63].

τ−1 = fo · exp (−KUV/kBT ) (2.46)

The relaxation time is very sensitive to the volume of the particle. In the case

of Cobalt, if the diameter changes from 6.8 nm to 9 nm, the relaxation time will in-

crease from 0.1 sec to 100 years [6]. If the moment relaxes in a time shorter than the

measurement time the behaviour is described as superparamagnetic. If the remanence is
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measured at t = 100 seconds, the criterion can be expressed as

ln

(
10−2

109

)
= −KUV

kBT
(2.47)

so,

KUV = 25kBT (2.48)

In the case of △E ≥ 25kBT thermal activation is unlikely to occur during the

measurement. This gives the critical size for superparamagnetic behaviour. In PRM, if

an applied field is increased until the energy barrier is reduced to 25 kBT the particle

will switch according to

HC = HK

[
1−

(
25kBT

KUV

)1/2
]

(2.49)

In order to stabilise data storage against thermal energy, the energy barrier must

be optimised in terms of the anisotropy constant and the grain volume. In media, the

magnetisation of a bit must be stable for 10 years, Therefore, △E is [5].

ln

[
10−2

(3.15× 108) 109

]
= −KUV

kBT
(2.50)

or,

KUV ∼ 40kBT (2.51)

Thermal stability is essential as the grain size is reduced to achieve high den-

sity. Thermal activation can be studied via time dependence measurements known as

magnetic viscosity.

2.4.3 Magnetic Viscosity

Néel [63] showed the effect of thermal energy on the magnetisation of single domain par-

ticles can lead to spontaneous reversal via a fictitious field, Hf . The behaviour of a single

particle is an exponential time decay given by equation 2.46. Street and Woolley [64]

were the first experimental group to find that the behaviour of the magnetisation dis-

agreed with the exponential time decay. They described the phenomenon as magnetic

viscosity [64]. The time dependence of the magnetisation can be shown in terms of two

components under a constant steady reverse field after saturation.

M(t) = Mirr(H, t) +Mrev(H) (2.52)
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where, M(t) is the time dependent magnetisation, Mrev(H) is the reversible magnetisa-

tion which is constant in a steady reverse field, and Mirr(H,t) is the irreversible magneti-

sation where thermal energy can overcome the energy barrier in a field H and a time t.

Therefore the time dependence of the magnetisation is only due to the Mirr component.

The behaviour was observed to follow logarithmic time decay

Mirr(H, t) = Mirr(H, t = 0)∓ S(H) ln(t) (2.53)

The sign, ∓ represents the rate of change of magnetisation which can decrease

or increase with t depending on the point on the hysteresis loop, due to H. S(H) is the

coefficient of magnetic viscosity or the time dependence coefficient which is given by the

slope of the magnetisation versus ln(t) when a wide distribution of energy barriers is

present [65], [66]

S(H) = −dM(H)

d ln(t)
(2.54)

The origin of the time dependence is also related to the value of the energy barrier

distribution at the field H, f(△E(H)). Therefore, the coefficient of magnetic viscosity can

be represented in terms of △E(H) [67]

S(H) = 2MSkBT · f [△E(H)]△EC
(2.55)

where, △EC is the activation energy where the magnetisation is being reversed.

Several experimental and theoretical groups found that the time dependence of

magnetisation was non-linear with lnt when the dispersion of energy barriers was narrow.

Aharoni [68] determined an analytical form of the magnetisation decay using a gamma

distribution. The results predicted that the magnetisation decay with lnt was concave

downwards which was consistent with some experimental results for spin glasses studied

by Chamberlin et al. [69]. Yeung et al. also reported the magnetisation decay of PtMn

alloys as being concave downwards and concave upwards when the temperature was

below and above the spin-glass temperature respectively [70].

The non-linear behaviour of the time dependence of magnetisation with lnt was

finally determined as being due to the distribution of energy barriers by El-Hilo et al.

in 1992 [71]. They found that the variation of the magnetisation with lnt was concave

downwards and concave upwards only in the case of a narrow f(△E). Figure 2.19 a)

shows a narrow dispersion of energy barriers which is divided into 3 regions; The first
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where f(△E) is increasing steeply, the second where f(△E) peaks, and the third where

f(△E) is decreasing sharply. The concave downwards variation derives from the first

region where, as time passes, regions of the distribution with larger values of f(△E) are

activated over time. Then from equation 2.55 the value of S(H) progressively increases.

Similarly, the third region with decreasing f(△E) leads to the curvature being concave

upwards as f(△E) decreases. In the second region where the peak of the energy barrier

distribution occurs, the time dependence follows an S shape due to the combination of

the two types of variation of f(△E) on either side of the peak. Fig.2.19 b) shows the

calculated variation of three different curvatures of the time dependence of magnetisation

with lnt for a f(△E) with a standard deviation of 0.1 [71].

Figure 2.19: Schematic of a) a narrow distribution of energy barriers and b) the calcu-

lated variation of magnetisation decay with lnt in different regions of f(△E) [72]

When the distribution of energy barrier is narrow, non-linear lnt time dependence

occurs and equation 2.53 cannot be used. For PRM the presence of SiO2 leads to small

grains and a narrow grain size distribution which gives rise to a narrow f(△E). El-Hilo [72]

showed the more general form for the time variation of magnetisation as

M(t) = Mo

∫ ∞

0
exp

(
− t

τ

)
f(△E)d(△E) (2.56)

where, τ is the relaxation time and f(△E) is the energy barrier distribution. The blocked

particles which can be activated by the field and the fraction which cannot overcome
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the energy barrier are taken into account in a complex calculation [71], [72]. The rate of

change of the magnetisation with lnt can also be expressed as a power series expansion

of magnetic viscosity coefficients

△M

△ ln(t)
=

∑
n,=0

Sn ln

(
t

to

)n

= So + S1 ln

(
t

to

)
+ S2 ln

(
t

to

)2

+ . . . (2.57)

where S1 and S2 are the non-linear time dependence coefficients, to and t are the times

at the beginning and end of the measurement respectively. Equation 2.57 is the general

form for the behaviour of the time dependence of magnetisation including the curvature

of the magnetisation with lnt via the second and third terms. For a wide distribution

the third and higher order terms are zero giving linearity with lnt.

2.4.4 The Fluctuation Field and Activation Volumes

The fluctuation field Hf depends on the thermal energy and was written by Néel as [73]

Hf ∝ kBT (2.58)

and

Hf =
kBT

Q
(2.59)

where, Hf represents the fluctuation field, kB is Boltzmann′s constant and T is the

temperature. In 1984 Wohlfarth, arguing on dimensional grounds, pointed out that the

denominator in equation 2.59 must represent a magnetic moment and rewrote equation

2.59 as [61]

Hf =
kBT

Vact ·MS
(2.60)

where, MS is the saturation magnetisation of the material and Vact is the activation

volume. Vact represents that volume of a material that reverses coherently in a single

step and gives the smallest unit that can be reversed.

Gaunt [67] showed theoretically that for a single domain particle reversing via a

coherent mechanism Vact was equal to the grain volume. This was subsequently verified

experimentally [74]. It has also been shown that for elongated particles reversing inco-

herently via the fanning mechanism that Vact = V/n where n is the axial ratio of the

grains. This result is a validation of the chain of spheres model of Jacobs and Bean [75].

For coupled granular ferromagnetic materials Vact has also been shown to be indicative
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of the degree of intergranular exchange coupling in thin films where co-operative reversal

occurs leading to Vact > VTEM , where VTEM is the physical single grain volume.

In the case of thin film disc recording media, Vact gives the minimum volume

required to store a bit of data. No bit can be smaller than Vact as it represents the

smallest entity that can reverse. It is also useful for the study of the reversal processes

that occur in the complex multilayer stacks used to form thin film media.

There have been a number of methods used to determine the fluctuation field [76],

[77]. Néel [73] showed that Hf could be determined from measurements of the time

dependence coefficient S(H) and the irreversible susceptibility χirr(H) such that

Hf =
S(H)

χirr
(2.61)

From equations 2.60 and 2.61 the activation volume is

Vact =
kBT · χirr(H)

MS · S(H)
(2.62)

Here, χirr(H) is usually determined as the differential of the isothermal remanence

curve (IRM curve) or the dc demagnetisation remanence curve (DCD curve), fully de-

scribed in section 4.2.2. S(H) is the slope of a measurement of the time dependence

of magnetisation when it follows a ln(t) variation. Equation 2.62 cannot be used for

systems with a narrow f(△E). For systems with perpendicular anisotropy the presence

of the large demagnetising field means that χirr (H) cannot be measured accurately as

well.

For system with a narrow distribution of energy barriers Estrin et al. [78] proposed

an equation of state model or constitutive relation to investigate the fluctuation field.

Using the relationship between the magnetic field, the irreversible magnetisation, (Mirr)

and the rate of change of the irreversible magnetisation (Ṁirr), the constitutive relation

becomes

dHi =

(
1

χi
irr

)
dMirr +Hfd(ln ˙Mirr) (2.63)

where, Hi is the internal field corrected for the demagnetisation factor, χi
irr is the ir-

reversible magnetic susceptibility, and d(ln ˙Mirr)is the rate of change of the irreversible

magnetisation with time for a change of internal field (Ṁ1 → Ṁ2, H1 → H2) in terms of

a fluctuation field, Hf . The fluctuation field at a constant irreversible magnetisation is

Hf =
H2 −H1

ln(Ṁirr2/Ṁirr)

∣∣∣∣
Mirr

(2.64)
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The fluctuation field can be then determined directly from a measurement of the

change of irreversible magnetisation with time. At constant irreversible magnetisation

the rate of change of the irreversible magnetisation with time for different values of the

internal field can be measured from the gradient of the curves. The limitation of this

method is the intrinsic difficulty of keeping Mirr constant at the different internal fields.

This leads to a significant error in the calculation of Hf [79].

In 1997, Lyberatos et al. [80] proposed a technique which can reduce the error in

the measurement of Ṁirr at small internal fields. The change of the irreversible magneti-

sation can be determined from the differential of the equation of state or constitutive

equation in eq.2.63. It is based on the relationship between magnetic viscosity and

irreversible susceptibility

dMirr = S · d ln(t) + χirrdH (2.65)

Moreover, S(H) and χirr is

S(H, t) =
∂Mirr

∂ ln(t)

∣∣∣∣
H

(2.66)

and

χirr(H, t) =
∂Mirr

∂H

∣∣∣∣
t

(2.67)

Equations 2.66 and 2.67 are substituted into eq. 2.65 and Hf becomes

Hf =
△H

ln(t2/t1)

∣∣∣∣
Mirr

(2.68)

This expression defines a waiting time experiment where Hf is determined from

the values of t1 and t2 which are the times taken for the magnetisation to fall to a

constant value of Mirr in the presence of applied fields H1 and H2 separated by △H.

For PRM the chosen value of M is generally M = 0 so that Hf is determined at the

coercivity. This also has the advantage that the demagnetising field HD is zero. Vact is

then given by

Vact =
kBT

MSHf
(2.69)

However equation 2.69 still suffers from the difficulty that Hf is determined at

constant Mirr . For PRM it is approximately true that Mtotal = Mirr at H = 0 but

not at other field values and in particular at the coercivity. El-Hilo et al. reformulated

equation 2.65 and showed its equivalence to the original formulation of Néel [73] and the

work of Estrin et al. [78]. Also for the case of small △H (i.e. △H ≃ δH) the requirement



2.4. Time-Dependence of Magnetisation 55

of Mirr being constant is achieved within the normal range of error on the measurements

themselves. Hence equation 2.68 gives an accurate and accessible method to obtain Hf

and therefore Vact via equation 2.69
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CHAPTER III

Advanced Recording Media

Magnetic recording was invented by Valdemar Poulsen in 1898 [16]. The device

known as the Telegraphone was a magnetic wire system. It recorded a signal under

an electromagnet on a steel wire wound helically on a cylinder. The basic concept of

magnetic recording relies on two main parts; the capablility of the magnetisation to be

rotated by the field and for it to provide a signal to be read. It leads to the procedure

of writing and reading information in hard disk drive (HDD) technology.

In 1956, the first commercial computer to use a hard disk drive to store information

was released when IBM launched theRandom Access Method of Accounting and Control

(RAMAC) called the IBM305 RAMAC [81]. In the initial hard drives the capacity was

5 megabytes and RAMAC used 50 magnetic disks with a diameter of 24 inches and wet

coated γ-Fe2O3. The areal density was 2 kbits/in2.

Figure 3.1 shows a typical hard disk drive and schematic diagrams of the write/read

head for LRM and PRM technology and a conventional recording medium. In order to

achieve a high areal density three key components are critical i.e. the read head, which

converts the magnetic signal from the medium into an electrical signal, the write head,

which provides the local magnetic field to write information and the medium to store

information.

The development of these components has been designed to overcome the limita-

tions of thermal loss of data. Read/write heads have evolved from the original magneto-

resistance (MR) head [82] via giant magneto-resistance (GMR) with current in-plane,

(CIP), tunnelling magneto-resistance (TMR) to GMR with current perpendicular to

plane (CPP). The advances have been introduced following the discovery of GMR by

Grünberg et. al. [1] and Fert et. al. [2]. The paradigm shift of recording from longitudi-

nal to perpendicular [54], has resulted in areal density growth from 2 kbits/in2 up to 1

Tbit/in2 [83]. This is an increase of a factor of 500 million since the RAMAC was intro-

duced. Therefore, it is important to understand the fundamental physics underpinning

recording technology. The development of perpendicular recording is the main factor
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allowing the areal density to increase to 1 Tbit/in2 announced by Seagate in 2012 [83].

Figure 3.1: a) Image of a hard disk drive [84] and b) schematics of the read and write

heads for LRM and PRM and a conventional recording media [85]

3.1 History of Recording Media

3.1.1 Transition to Perpendicular Recording Media

When IBM introduced RAMAC as the first commercial computer, all magnetic recording

devices used longitudinal recording technology to store information [86]. In the initial

life of HDD the data was stored as a magnetisation pattern in which the magnetisation

prefers to lie in the plane of the recording medium. The storage process occurs by the

write head providing a fringing field from its poles. When the write head moves along

the medium the direction of magnetisation is changed. The data stored in the recording

medium is read back by the read head which converts the stray field from the medium
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into a voltage as shown in fig.3.1.

Figure 3.2: Schematic diagram of the areal density evolution for HDD and flash memory

products [87]

In order to control the orientation of the easy axes in-plane, the most important

layer of LRM is an underlayer or intermediate layer i.e. Cr or Cr-alloy [88] [89] which is

deposited on top of the substrate which is either an Al-Mg alloy with Ni-P or glass, by

dc magnetron sputtering. The seed provides (200) in-plane orientation of the hexagonal

Co-alloy which keeps the c-axis of the Co alloy parallel to the surface with (110) texture.

The areal density growth rate of LRM was mainly attributed to the development of the

read head. Fig.3.2 shows a schematic diagram of the areal density evolution for HDD

products through LRM to PRM from 1990 to 2020. In the first generation of recording

media the compound growth rate (CGR) in areal density was 25%/annum with a thin-

film inductive read head. In 1991, CGR dramatically increased reaching 60% to 100%

following the introduction of the first magneto-resistive (MR) and subsequently GMR

head [1], [2]. The GMR effect is based on spin-dependent scattering leading to an

increased read-back signal responding to the step-like change in the magnetisation of the
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recording medium. This growth-rate is higher than the historical Moore′s law which is

equivalent to ∼40%/annum [90].

In the later lifetime of LRM, CGR was reduced from 100%/annum to 20-30%/annum

in late 2001 [87]. The main factors causing this reduction were firstly, the thermal sta-

bility of the data due to the reduction of the grain size. Secondly, when the bit length

is reduced, the demagnetisation effect will decrease the energy barrier. The competition

between the HD and the energy barrier is

△E = KU · V
(
1− HD

HK

)2

(3.1)

where

HK =
2KU

MS
(3.2)

Therefore, the reduction of the grain size which is required to increase the areal

density is limited due to the presence of the large demagnetising field. In 2001 alter-

native longitudinal media were developed to extend the increase in areal density by the

reduction of MR·δ as in equation 2.10 where, MR and δ are the remanent magnetisa-

tion and the thickness of the medium respectively. These were known as antiferromag-

netically coupled media (AFC) or synthetic anti-ferromagnetic media [91], [92]. AFC

media consists of a thin Ru layer sandwiched between two ferromagnetic layers which

are antiferromagnetically coupled to each other [93]. The ferromagnetic layers act as

the recording layer and consists of a thicker layer and a stabilizing layer. From this

media design shown schematically in figure 3.3 a reduction of MR·δ was achieved due

to the partial cancellation of MR between the two ferromagnetic layers. If the interface

coupling energy is greater than the anisotropy of the stabilizing layer, it leads to the

switching of the stabilizing layer [92] [94]. Despite the improvements of longitudinal

recording technology thermal stability and the large HD were still limiting issues for

HDD technology. Therefore, perpendicular technology has become the current magnetic

storage technology in order to overcome these limitations.



3.1. History of Recording Media 60

Figure 3.3: Schematic diagram of antiferromagnetically coupled film [92]

3.1.2 Perpendicular Recording

i) Basic Principles

In order to overcome the limitations of LRM, Iwasaki and Nakamura [54], [95]

introduced perpendicular recording media in 1978 leading to the transition from LRM

to PRM technology. The crucial concept of PRM is the change of the orientation of bits

written on the medium to perpendicular to the surface. The advantage of PRM is the

reduction of the demagnetising field to achieve high areal density. The demagnetising

field from neighbouring bits is reduced due to the flux closure between neighbouring bits

of opposite polarity. A second significant difference is the writing process. For PRM

technology the fringing field of longitudinal recording is replaced by a single pole head

which is made from CoFe with a high magnetisation. The image pole is provided by a

soft underlayer (SUL) used to create a magnetic mirror. If the writing head represents

a north pole the SUL will act as a south pole. The magnetic field in this configuration

is much higher than the fringing field used in LRM. Hence the medium can have high

anisotropy for thermal stability.
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Figure 3.4 shows a schematic diagram of the perpendicular recording process.

There are three main components in the system; the write head, read head and the

recording medium. The basic principle for the production of a field in the write head

is based on magnetic induction. The magnetic field is generated when a current passes

through the coil wound on the CoFe pole piece. The magnetic flux from the single pole

head is focused through the medium by the SUL. The gap field from the single pole and

SUL can produce a writing field of up to 10 kOe with the saturation magnetisation of

CoFe (2.4 Tesla) [40]. The maximum writing field can be up to 10 kOe while the fringing

field in LRM is about 5-6 kOe (private communication, M. Gubbins from Seagate).

The read head has an identical structure to that used in longitudinal recording. A

tunnelling magnetoresistance (TMR) sensor is used which has a high permeability and

is surrounded by two soft magnetic shields. A second CoFe layer is used as a pinned

or reference layer which is deposited on an antiferromagnetic layer in order to pin the

magnetisation. The other ferromagnetic layer acts as a free layer which can change the

direction of its magnetisation depending on the stray field from the medium. When the

head flies along the medium the stray field emanating from the transitions penetrates the

TMR sensor. The orientation of magnetisation in the free layer rotates giving a change

in the electrical resistance of the device. Fig.3.4 illustrates the perpendicular recording

process.

Figure 3.4: Schematic diagram of PRM with the read/write head [85]
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ii) Perpendicular Media Design

Perpendicular media design is based on double-layers used as a storage layer and a

soft underlayer (SUL) [54], [95]. The structure of practical PRM has a range of functional

layers which are tailored for specific functions. Fig.3.5 a) shows a schematic diagram of a

whole structure compared to a cross-section TEM image of an advanced PRM medium.

The substrate is usually a hard material, either an Al-Mg alloy coated with Ni-P to

provide a smooth, hard surface or a glass ceramic substrate. An adhesion or interface

layer made of Ta or a Ti alloy [96] is grown on top of the substrate with a thickness

of 25-30 nm. This layer is used to improve the adhesion of all subsequent layers to the

substrate. The soft underlayer is deposited on top of the adhesion layer. The SUL can

generate noise in the medium [97] which decreases the signal to noise ratio of the medium.

This issue of noise from SUL is resolved by pinning the magnetisation orientation along

the surface [98] using a hard magnetic material or an antiferromagnetic pinning layer to

fix the orientation of the SUL.

The intermediate or exchange break layer is deposited on top of the SUL with

a thickness of ∼ 25 to 35 nm. The function of this layer is to prevent intergranular

exchange coupling in the storage layer via the SUL and to improve the perpendicular

c-axis growth of the recording layer. In order to grow the Co-alloy perpendicular to the

film surface the intermediate layer has to have an fcc (111) or hcp (0002) texture. A thin

seed layer may also be deposited under the intermediate layer in order to enhance the

preferred growth texture. In the case of CoCrPt alloys Ru is used as the intermediate

layer. Choe et at. [99] and Park et al. [100] showed a c-axis orientation dispersion △θ50

of 3o to 4.5o using X-ray diffraction rocking curves indicating the success of the preferred

growth texture process.
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Figure 3.5: a) Schematic diagram of a typical layer structure and a cross-sectional image

of a perpendicular recording medium b) Schematic diagram of the magnetic grains with

different grain boundary widths compared to an in-plane TEM image.

The storage layer is the most significant layer in HDD. The composition of the

layer has been investigated to give both thermal stability and high areal density. Co-

Cr perpendicular films were first introduced as storage layer due to the presence of a

large uniaxial anisotropy normal to the surface by Iwasaki et al. [4]. Cr was used to

reduce the grain size and segregate the grains but it led to a decrease of the anisotropy.

Optimised CoCr alloys with an additive element such as Ta, Pt, Nb [17], [18], [101]

were developed to improve the performance of PRM such as a small grain size, narrow

grain size distribution, narrow c-axis dispersion and exchange decoupling. CoCrPt co-

sputtered with SiO2 is currently used as perpendicular recording media. The function of

the SiO2 is to reduce the grain size and exchange decouple the grains as it is an insulator.

Pt increases the anisotropy constant by stretching the c-axis of the Co alloy. Fig.3.5 b)

shows a schematic of the structure with different grain boundary widths due to the effect

of the SiO2 content.
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3.2 Alternative Perpendicular Recording Media

3.2.1 Coupled Granular Continuous Recording Media (CGC)

Conventional perpendicular recording media were introduced in order to overcome the

strong demagnetising field. The areal density was increased beyond 300 Gbits/in2 by

reducing the grain size and increasing the magnetic anisotropy constant. PRM faced sev-

eral problems such as the deviation of the easy axis orientation from perpendicular, the

distribution of the anisotropy leading to a large transition width (ao), thermal stability

and the signal to noise ratio (SNR).

However, the main problem is the degree of intergranular exchange coupling. This

factor can improve the thermal stability via an increase in the activation volume of

the medium but an excess of coupling leads to a deterioration of the SNR which is

proportional to the number of grains in a bit. Therefore intergranular exchange coupling

has to be optimised considering the thermal stability and SNR. Alternative perpendicular

recording media were therefore proposed to further increase the areal density.

The first alternative PRM proposed by Sonobe et al. [11] was a combination of a

perpendicular continuous layer and a small grain layer. It is known as coupled granular

continuous (CGC) perpendicular recording media and can control intergranular exchange

coupling. The design features of a CGC structure has a significant advantage by creating

a strong pinning between the two layers as shown in fig.3.6 (top). Two types of continuous

layers, which have less magnetic isolation, have been used [57]: The first was a multi-

continuous layer of (Co/Pd or Pt)n and the other was a single thin layer called a capped

media or stacked media which used CoCrPtB [102] as shown in fig.3.6 (bottom).
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Figure 3.6: Schematic diagram of CGC media with a multi-layer and a thin continuous

layer

The features of the CGC structure are designed to enhance the performance of

the medium for high thermal stability and SNR. The granular layer has small grains

which are well segregated to support a high areal density. They act as dense pinning

centres for the domain walls that form in the continuous layer. Magnetisation reversal

in the granular and recording layers cannot occur without domain wall nucleation in the

continuous layer. Therefore the thermal stability of CGC media is greater than that in

conventional PRM with decoupling between the grains. The interfacial exchange energy,

Eex for one cylindrical structure is [57]

Eex =
πD2A

a
=

MSHexv

2
(3.3)

where, D is the grain diameter, A is the exchange stiffness, a is a lattice constant, Hex

is the exchange field and v is the grain volume. From eq.3.3 the exchange field can be

rewritten as

Hex =
8πA

aδMS
(3.4)

where δ is the thickness of the granular layer. Sonobe et al. [57] calculated the value
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of KUV/kBT as a function of the interlayer exchange interaction represented by the

exchange field and for different values of the anisotropy constant. They found that when

the value of KU of the granular layer increases the required exchange field decreases as

shown in fig.3.7. As a result a granular layer with KU ∼ 5×106 ergs/cc can be stable

KUV/kBT∼60 with a low exchange field of only 4 kOe. This shows that CGC media

can reduce the switching field (HS), which is limited by the write field in conventional

PRM, due to the continuous layer. It also improves the performance of recording media

by reducing the transition width via the increase of the coercivity. It should be noted

that ao is simply expressed as

ao =
MRδ

HC
(3.5)

where δ is the thickness of medium. Several experiments have shown that the optimal

thickness of a Co/Pd multi-layer can improve the performance of recording media by

increasing the negative nucleation field (Hn) and the squareness while decreasing the

coercivity [60] [103] [104]. Tham et al. [105] also showed that CGCmedia can significantly

improve SNR by depositing a Co/Pd multilayer onto a CoCrPt-SiO2 storage layer via a

domain-wall pinning effect and transition smoothing [106]. This is due to the interlayer

exchange coupling between the two layers. Therefore CGC media is a suitable alternative

PRM candidate for high areal density.

Figure 3.7: Dependence of KUV/kBT as a function of the interlayer exchange field for a

CGC structure with various values of KU [57]
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3.2.2 Exchange Coupled Composite Media (ECC)

Conventional and CGC media achieved an areal density of 300-400 Gbits/in2 by reducing

the grain volume and increasing the anisotropy of the medium. However the switching

field of the medium becomes very high and is difficult to switch. To address this problem

there are two possibilities: the field from the write head can be increased or the switching

field of medium can be reduced. The limitation of writability is due to the saturation

magnetisation of the head material. The material used is Co40Fe60 which has the highest

MS of any known material of 2.4 Tesla. Therefore the only strategy available to improve

writability is a reduction in the switching field.

In 2003, Zou et al. [107] introduced a new design of perpendicular recording media

known as tilted media. Tilted media were designed to have the easy axis orientation of

the medium rotated at about 45o from the perpendicular. At this angle the switching

field is reduced to 0.5HK [15]. Figure 3.8 shows a comparison of the geometry of tilted

and conventional PRM. Of course the intrinsic energy barrier of the grains is unaltered

so that the thermal stability of the stored data is not affected.

Figure 3.8: Schematic diagram of the geometry of tilted and conventional PRM [108]

The thermal stability of the medium can be represented by the ratio of the energy

barrier △E to the switching field, HS

ξ =
2△E

HS ·MS · V
(3.6)

For tilted media the ratio ξ can be increased by a factor of 2 which doubles the

thermal stability. Therefore a high anisotropy material can be used which allows a grain
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size reduction. The difficulty with tilted media is the fabrication of a film with tilted

easy axes [109]. Hence other media designs were proposed.

The other well-known alternative recording media are exchange coupled composite

(ECC) media proposed by Suess et al. [13] and Victora and Shen [12] [48] in 2005. ECC

media consists of two coupled layers of a magnetically soft and a hard material. The

hard layer acts as the storage layer and has a high anisotropy to enhance the thermal

stability for small grain sizes. The soft layer is used as the switching layer. The reversal

process occurs when the soft layer is reversed by the applied field. This leads to reversal

of the hard layer due to the exchange coupling between the two layers. The hard layer

will reverse coherently with the soft layer following Stoner-Wohlfarth theory [15]. The

switching mechanism of ECC media is shown in fig.3.9.

Figure 3.9: Schematic diagram of the switching process of ECC media [12]

The performance of ECC media can be examined via the ratio of the energy

barrier and the switching field ξ given in equation 3.6. Victora and Shen [12] simulated

and optimised the factors controlling the performance of ECC media using the Laudau-

Lifshitz-Gilbert (LLG) equation. The highest value of ξ obtainable is close to 2. In

2005, Wang et al. [110] produced the first experimental work on ECC media with a

(Co-PdSiO)n hard layer and FeSiO as the soft layer. The writing efficiency and thermal

stability were dramatically improved compared with conventional PRM. Therefore, ECC

media has been adopted for the next generation of PRM due to its ease of fabrication

compared to tilted media.
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3.2.3 ECC and CGC Media

A new composite media design was introduced by Nolan et al. [14] in 2011. The new me-

dia combines the ECC and CGC structures where the ECC structure has a high degree

of SiO2 segregation to provide almost perfect intergranular exchange decoupling. The

continuous layer grown on top is very thin and the grains have high exchange coupling

forming an ECC/CGC medium. To achieve high performance from the new media

the complex interactions and other parameters must be controlled and optimised. The

variables include the lateral exchange coupling (Hex), the crystalline anisotropy HK and

the interlayer exchange coupling (J). These parameters were taken into account in the

simulations using the Landau-Lifshitz-Gilbert (LLG) equation.

Figure 3.10: Schematic diagram of spin moments in a) ECC media and b) ECC/CGC

media [14]

From the optimisation of the parameters, ECC/CGC media can produce a re-

duction in the coercivity. It also decreases the switching field distribution as is evident

from the hysteresis loop shearing. Figures 3.10 a) and b) show a schematic diagram

of the mechanism of the layer moments in ECC media and ECC/CGC media respec-

tively. The ECC structure reduces the overall coercivity of the film because the moments

of grains in the soft layer provide a torque to help switch the grains in the recording

layer. The disadvantage of this structure is that it can lead to a reduction of the loop

squareness and a broadening of the SFD if the grains are well exchange decoupled. This

places an increased requirement on the uniformity of the grain size and the value of

the anisotropy constant. It also makes a requirement that the grain orientation must

be highly perpendicular to avoid a wide switching field distribution which will broaden
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written transitions.

The CGC layer on top of the ECC structure acts as a head-on magnetisation [14]

due to the strong coupling shown in fig.3.10 b). When a torque from the CGC layer

passes through the hard layer the magnetisation of both layers rotates in unison. From

calculations of the M-H loops of ECC and ECC/CGC media using the LLG equation [14],

the coercivity can be reduced by about 15% and the SFD is also improved and the slope

at the coercivity is increased compared with the ECC sample. Therefore the thermal

stability and the squareness can be improved for the new composite media design.

3.3 Future Recording Media

3.3.1 Bit Patterned Media

For conventional PRM it is predicted that the maximum areal density will be limited

to about 1 Tbit/in2 [87]. In order to achieve densities greater than this, new media

architectures are required such as bit patterned media (BPM), heat assisted magnetic

recording (HAMR) media, or microwave assisted magnetic recording (MAMR) media.

A patterned recording medium is one of the new media designs used to extend

the limitation of thermal loss using nanofabrication. The fabrication is based on a

lithographic process. Patterned media can be divided into three categories depending

on the geometry of medium such as patterned servo marks, discrete track media

(DTM) and bit patterned media (BPM) [9]. Patterned servo was the first generation

of patterned recording media. It provided distinct data tracks in order to support the

writing process from the head. The disadvantage of this type of media is the time

consuming and expensive fabrication process. DTM and BPM are suitable for future

HDD storage. DTM is based on continuous granular films which are lithographically

patterned into tracks with a non-magnetic material or a gap as segregation [10]. DTM

can easily achieve a density of up to a few Tbits/in2 but not more than 10 Tbits/in2 [111].

BPM can possibly provide an areal density of up to 10 Tbits/in2 due to the dot size

which gives a single domain state.

The magnetic medium is patterned into discrete magnetic islands or dots separated

by a nonmagnetic material or empty gaps [10]. Each dot is a single domain state in which

one bit can store information as either spin up (1) or spin down (0) shown schematically
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in figure 3.11 a). If the typical bit pitch is patterned down to 25×25 nm2, 11×11 nm2 and

7.9×7.9 nm2, the density of BPM can be increased to 1, 5 and 10 Tbits/in2 respectively.

Figure 3.11: Schematic diagram of a) bit patterned media with nano-islands and b)

comparison of media structure between conventional PRM and BPM [7].

BPM can in principle increase the areal density beyond 1 Tbit/in2 but it faces

several problems particularly the variation in the magnetic properties. Kamata et al.

[111] reported a distribution of the coercivity of a CoCrPt bit patterned medium from

0.5 to 6 kOe. Moreover the distribution of easy axis orientation was also about 15o from

dot by dot measured using X-ray rocking curves. A correlation between the bit size and

HC did not occur because the distribution of bit sizes was less than 0.5% [112]. Therefore

one of the main reasons leading to the variation of the coercivity and wide distribution

is the strong long-range magnetic dipole interaction between the bits [113].

The signal to noise ratio (SNR) in BPM is also a problem. SNR will increase when

the number of grains in a single bit is increased by reducing the grain size. A single bit of

conventional PRM is formed by 10 to 20 grains. The noise is reduced by averaging over

the grains across the transition width. In the case of BPM the number of grains forming

a transition is one. A comparison of a bit for conventional media and BPM is shown in

fig.3.11 b). Therefore the noise source in BPM comes from the writing process and the

shape of the pillar. In BPM write synchronization is required with the individual bit

under the write head [10]. The strong head field gradient can reverse neighboring bits
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leading to write errors. The critical problem for BPM technology is the time consuming

fabrication and mass-production process.

3.3.2 Heat Assisted Magnetic Recording (HAMR)

Heat-assisted magnetic recording (HAMR) media [8] is a new technology proposed in

2006 to overcome the limitation of the trilemma effect in conventional recording media

and extend areal densities beyond 10 Tbits/in2. The key factor to achieve a high density

is the reduction of medium grain size to about 3-5 nm for FePt media [114], [115] with a

narrow grain size distribution. The anisotropy constant of the media must be increased

in order to maintain thermal stability. The write field in conventional PRM is limited

but in HAMR it is overcome by the addition of thermal energy.

The fundamental write process of HAMR uses the extra thermal energy to heat

small spots on the medium to change their magnetic properties. When a ferromagnetic

material is heated close to its Curie temperature TC , the intrinsic properties MS , KU and

HC will drop to zero. Figure 3.12 a) shows the HAMR write process with the coercivity

dependence on temperature [8]. The coercivity of the medium at room temperature is

very high due to the high value of KU . As the medium is heated the coercivity becomes

lower than the write field of the head. This allows the magnetisation to reverse along

the direction of the head field. The temperature is rapidly cooled back to the storage

region where the coercivity is again very large.

Figure 3.12 b) shows the components of a HAMR system consisting of the heat

source, write/read head and the medium. The heat source is a laser diode which can

provide heat up to about 750 K for an FePt medium [116]. A near field optical trans-

ducer is used to produce a small laser spot on the nanoscale. For HAMR media a

composite structure is required with a small grain size and the highest magnetocrys-

talline anisotropy possible. Due to the heating effect, SmCo5, Nd2Fe14B and FePt which

have uniaxial anisotropy constants of about 20×107, 4.6 ×107 and 7×107 ergs/cc re-

spectively are potential materials providing coercivities of up to 5 Tesla [8], [114]. FePt

has been extensively studied for HAMR media due to the extremely small grain size of

about 3 nm that can be produced [117], [118]. However, FePt must be annealed at very

high temperatures above 600 Co in order to produce the high anisotropy L1o structure.

This is not favourable for a fabrication process. There are several reports of attempts

to reduce the annealing temperature by doping with Ag, Cu and C or using NiTa seed
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layers [114].

Figure 3.12: Schematic diagram of a) the HAMR write process with the relationship

between HC and T [8] and b) a HAMR system with laser, write/read head and medium

[119].

Seagate recently achieved a 1 Tbit/in2 HAMR demonstration [120], [121]. This

technology is still limited due to the thermal effect from the writing process inducing a

high bit error rate (BER) [42]. This is due to the randomisation of the magnetisation

at the writing temperature. The switching field distribution and thermal spot size [120]

are also limiting factors. When the medium is heated to around the Curie temperature

the ratio between the applied field and the switching field will be infinite due to the

reduction of the anisotropy constant to zero which causes the variation of the switching

field. Therefore HAMR is a desirable technology to extend the areal density beyond 5

Tbits/in2 [120] but much more development is required.

3.3.3 Microwave Assisted Magnetic Recording (MAMR)

Another strategy for high density recording is m icrowave assisted magnetic recording

(MAMR) recently proposed by Zhu and co-workers [122]. The key idea in MAMR is an

additional microwave generator in the write head to help the writability. The write head

can reverse the magnetisation even though its field may be lower than the coercivity.
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Figure 3.13: Schematic diagram of microwave assisted magnetic recording [123].

The physics behind MAMR is the use of a microwave alternating field, Hac. Figure

3.13 shows a schematic diagram of the MAMR system [123]. The magnetisation is stored

in a medium with a very small grain size and strong anisotropy similar to a HAMR

medium. In order to write the data the write field which is lower than HS , is applied

along the easy direction. At the same time Hac is applied along an orthogonal direction

in order to initiate a precessional motion of the magnetisation. The switching field is

possibly reduced by a factor of 3 or 4 [123]. It depends on the magnitude of Hac which is

a few kOe at a frequency of a few tens of GHz [124]. As shown in fig.3.13(bottom), the

magnetisation initially absorbs the microwave energy and starts a precessional motion

around the easy axis due to the torque from the ac field. The precession will increase

when the ac frequency matches the resonant frequency of the moment of the grain [122].

This leads to the reversal of the magnetisation. MAMR in theory can achieve an areal

density of a few Tbits/in2 but not greater than 10 Tbits/in2. MAMR may possibly be

applicable beyond 10 Tbits/in2 using a combination with BMP technology. However,

HAMR/BPM recording may achieve similar values.



75

CHAPTER IV

Experimental Techniques

4.1 Magnetic Characterisations

Magnetic characterisation is the most important measurement used to improve the per-

formance of advanced recording media. A magnetic thin film can be characterised not

only in term of the basic properties, i.e. the values of the saturation magnetisation

(MS), coercivity (HC) and remanent magnetisation (MR) which are derived from the

magnetisation curve, but also their variation with temperature, the angle of the field

to the easy axis and their time dependence. This has led to the proposal of alternative

technologies for perpendicular recording media.

There are several techniques used to study magnetisation reversal in thin films.

These can be separated into three categories: the first category are methods that are

based on force techniques e.g. the alternating gradient force magnetometer (AGFM) and

Magnetic Force Microscopy (MFM). In the second category are measurements based on

induction by a changing flux e.g. SQUID magnetometers, BH hysteresis loop tracers,

AC susceptibility and the vibrating sample magnetometer (VSM). The third group is

based on measuring changes in material properties such as the Hall effect magnetometer

and magneto-optic methods.

In this section the background, principles and functionality of magnetic charac-

terisation techniques such as the VSM, magneto-optic Kerr effect (MOKE) and angular

dependent MOKE techniques, which are those that have been used this study, are de-

scribed in detail.

4.1.1 The Vibrating Sample Magnetometer

The most common magnetic characterisation technique is the vibrating sample magne-

tometer (VSM) which was originally developed by Foner in 1950 [125]. The VSM has

become the most common instrument for the measurement of the magnetic properties
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of a wide range of materials. Figure 4.1 shows a schematic diagram of a VSM consisting

of a vibration unit, pick-up coils, electromagnet, reference magnet, a Hall probe, lock-in

amplifier and computer controller.

Figure 4.1: Schematic diagram of the vibrating sample magnetometer

This magnetometer is based on the principle of Faraday’s law. The electromagnetic

induction is shown in equation 4.1.

ϵ = −N
dϕm

dt
, (4.1)

where ϵ is the induced voltage, ϕm is the magnetic flux from the sample into the coils

and N is the number of turns in the coils. The functionality of the VSM is based on

the measurement of the magnetic flux changing while the sample is vibrated within a

uniform magnetic field, H generated by an electromagnet. The total magnetic flux across

the sample is created by the magnetic field, H and the magnetisation (M) of the sample

as shown in eq. 4.2.

ϕm = Bm ·A = (H +M) ·A, (4.2)

where Bm is the magnetic flux density in the magnetic material. As the sample is moved

away from the coil by the vibrator it induces an electromotive force (e.m.f.) according to
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Faraday’s law whose magnitude is proportional to the magnetic moment of the sample∫
ϵ · dt = −NA ·M (4.3)

The induced ac voltage is fed into a lock-in amplifier whose output is a dc signal with a

magnitude proportional to the moment of the sample.

In order to obtain an accurate value of the moment of the sample a calibration

is required. Pd is commonly used as a standard calibration due to its linear and large

magnetic susceptibility [126]. An ADE Model 10 vibrating sample magnetometer with

an applied field of up to 3.1 Tesla and a noise base of 10−6 emu was used in this project.

The hysteresis loop for each sample was measured using square samples of 5 mm2 and

thickness 15 nm.

The magnetic moment from the VSM is obtained after correction for the moment

from the sample rod and holder by subtracting the gradient from data at high field where

the film is assumed to be saturated. The typical magnetic moment obtained is about

2.5 × 10−5 emu.

Figure 4.2: The magnetisation curve for an ECC/CGC thin film

Perpendicular media have a complex structure with a soft under layer (SUL) and

storage multi-layer as shown schematically in fig.4.33 in section 4.3.4 The magnetic mo-

ment from each layer can be distinguished by a different state of magnetisation reversal
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which is seen in the magnetisation curve. A typical magnetisation curve of an ECC/CGC

sample is shown in fig.4.2 with three regions of magnetisation reversal. The details of

the results from VSM measurements will be described in section 5.2.

4.1.2 Magneto-Optical Kerr Effect(MOKE)

The magneto-optic Kerr effect (MOKE) is one of the magnetic characterisation tech-

niques widely applied for the measurement of magnetic thin films due to the inexpensive

apparatus, experimental simplicity and its sensitivity. The MOKE can be in one of three

geometries; polar, longitudinal, and transverse, depending on the direction of the plane

of polarisation of the incident light.

For advanced perpendicular recording media polar MOKE is mainly used to char-

acterise the magnetisation reversal [28, 127–130]. MOKE is the study of the rotation

of the reflected polarized light from a magnetised material. The polarized light is ro-

tated away from the plane of the incident polarisation leading to elliptic polarisation.

The degree of rotation is directly proportional to the magnetisation (M) of the material.

Therefore, magnetisation curves or hysteresis loops can be measured as a function of the

applied field. Fig.4.3 shows a schematic of the principle of MOKE where the electric field

vector of the incident laser light is rotated after reflection from a magnetised sample.

Figure 4.3: Schematic of MOKE effect
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The Kerr effect was discovered by John Kerr in 1877 [131] [132]. This funda-

mental principle was originally developed by Faraday who discovered the magneto-optic

effect from the relation between light and electricity [133] [134]. Kerr’s experiment was

based on the observation of the polarization of incident light reflected from a horseshoe

electromagnet [131] [132].

MOKE can be described by either microscopic quantum theory or macroscopic

dielectric theory. A full description and derivation of both microscopic and macroscopic

theory can be found in articles by Qiu et.al and Weinberger [135] [136]. For the mi-

croscopic description of the magneto-optic effect, the classical motion of electrons in a

medium interacting with the electric field of a light wave is considered. Circularly po-

larised light interacts with the external magnetic field via the electrical field of the light

which generates motion of the electrons. The left and right circularly polarized electric

field moves the charged particles into left and right circular motion respectively. The

additional Lorentz force acting on each electron causes a circular motion of electrons.

One of the motions will be slower than the other leading to a difference between the

radius of motion for left and right polarised electrons. This motion will change the dy-

namics of the interaction for the circularly polarised light. For linearly polarized light,

the field causes a rotation of the incident polarisation. For a ferromagnetic medium a

strong magneto-optic effect will be observed due to the exchange interaction between the

electrons. The effective field arises due to the spin-orbit interaction. A full derivation

and calculation of the magneto-optic effect in a ferromagnet is given by Argyres [137].

The macroscopic theory is based on an analysis of the dielectric properties of a

medium. Linearly polarised light can be described as a superposition of two circularly

polarized components. When the circularly polarized light propagates into a magnetised

medium there are two mechanisms which describe the magneto-optic effect. Firstly, the

rotation of the plane of polarisation, i.e. the Kerr rotation, θK occurs due to the different

propagation velocities of left-right circularly polarised light leading to a phase shift as

described in the classical motion of electron. Secondly, the elliptic angle ϵK varies due

to the different absorption rates of the medium affecting the left-right circularly polari-

sation. The Kerr rotation and ellipticity can be determined from the the antisymmetric

off-diagonal element in the dielectric tensor of the medium [135]. θK and ϵK give the

real and imaginary parts of the solution.
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4.1.2.1 Geometry of the MOKE Experiment

The geometry of MOKE experiments is very important for magnetic measurements

of recording media. However all advanced recording media have strong perpendicular

anisotropy so only the polar configuration needs to be considered. The configurations

between the direction of the plane incidence beam and the magnetisation orientation in

a medium with respect to the magnetic field provide the geometry of the polar MOKE

measurement. Fig.4.4 shows a schematic diagram of the polar mode. For polar MOKE

the magnetisation is parallel to the plane of the incident beam and normal to the film

surface as shown in fig.4.4.

Figure 4.4: Schematic diagram of polar MOKE

In this work, composite perpendicular recording media with perpendicular anisotropy

were studied. All recording layers are based on CoCrPt alloys deposited on 2.5” glass

discs. A soft magnetic underlayer (SUL) is required to enable the writing of data. Due

to the perpendicular anisotropy and the presence of the SUL, the magnetic characteri-

sation can not be obtained by conventional magnetometry due to the large signal from

the SUL which is 3 times larger than that from the recording layer. Hence polar MOKE

was employed for the characterisation of all media [28]. MOKE will detect the change

in polarisation only in the surface of the film as far as the skin depth δ in the material.

The skin depth is that to which the electromagnetic wave penetrates the material before

falling to 1/e (∼ 37%) of its initial value and is inversely proportional to the square root

of the the frequency of the light and the conductivity of the material.

δ =

√
2

ωµ · σ
(4.4)
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where, σ is conductivity of the the material, ω is angular frequency and µ is a magnetic

permeability of the material. For most metals, HeNe laser light can penetrate between

10 and 20 nm [135]. This is approximately the thickness of the recording layer, which is

between 12 and 16 nm for all samples. The MOKE signal from multilayered structures

can be treated as an equivalent single magnetic layer as shown by Atkinson [138].

Fig.4.5 shows a comparison of the magnetisation curves of the same ECC/CGC

medium using a VSM and polar MOKE. The results for the MOKE technique show the

correct hysteresis loop from the actual recording layer whereas the VSM result shows the

magnetisation of the recording layer and the SUL. The VSM result shows a significant

reduction in the coercivity HC and the squareness MR/MS . Therefore polar MOKE is

the only suitable method for the characterisation of advanced perpendicular recording

media [28].

Figure 4.5: Hysteresis loop for ECC/CGC media from MOKE (black dots) and VSM

(red dots)
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The magnetic characterisation of all samples studied in this work has been under-

taken using a polar MOKE originally built by Dutson [139]. Fig.4.6 shows a schematic

diagram of the MOKE used. A Melles Griot stabilized HeNe laser (model 05-STP-901)

was used due to the reduction of the drift and noise from the laser signal. This HeNe laser

has a wavelength of 632.8 nm and a stability of < 0.04% over 600 seconds which is suit-

able for the measurement of remanence curves and time dependence described in section

4.2.2 and 4.2.4. The laser beam passes through a Glan-Thompson polariser(GTH10M-

A with 350-750 nm). The p-polarised ray is totally refracted and only the s-polarized

ray will be transmitted through the non-polarising dielectric cube beam splitter. This

reduces the incident intensity of the laser by 50 %. This improves the stability of the

laser without changing the polarisation. For polar MOKE measurements the beam must

pass through a hole in one pole-piece of the magnet. The sample is located between the

magnet pole-pieces which can produce a maximum applied field of 12 kOe. The beam is

reflected back through the hole to the analyser and photodiode detector. The signal from

the detector is fed to a data acquisition (DAQ) system written using National Instru-

ments LabViewTM Virtual Instrument software to obtain the Kerr rotation amplitude

(V).

Figure 4.6: Schematic of the MOKE setup

Figure 4.7 shows a photograph of the polar MOKE system used to measure the

magnetisation curve and time dependence in this work. The HeNe laser is located on

the left hand side due to space limitation. The laser first passes through an aperture to

remove stray light from the laser. A mirror is used to deflect the laser through 90o. The

laser passes through a Glan-Thompson polariser and the beam splitter to polarise the

s-plane rays and improve the stability of the laser. The Bell-Gauss meter (model 5080)

is located between the pole-pieces to measure the applied field during measurements.



4.1. Magnetic Characterisations 83

Finally, the reflected beam from the sample is returned back through the analyser to the

photodiode detector. The device is located in a dark room to avoid stray light affecting

the measurements.

Figure 4.7: The polar magneto-optic Kerr effect magnetometer

4.1.3 Angular Dependent MOKE

New composite perpendicular recording media such as granular media and exchange cou-

pled composite (ECC) media are designed in order to provide high thermal stability and

small grain size. Therefore, the mechanism of their magnetisation reversal is required.

In order to gain a deeper understanding of the magnetisation reversal mechanisms, one

of the important measurements is the angular dependent behaviour. These have been

studied theoretically and experimentally to investigate the distribution of easy axis ori-

entation of the thin films [140–147]. This is one of the crucial factors dominating the

switching field distribution.

Measurements of magnetisation curves with different angles (θ) between the ap-

plied field and the film normal surface is required. Simple polar MOKE is not suitable

for the angular dependent measurement because the magnetic pole and sample holder

are fixed. In order to achieve the angular dependent measurement, two critical factors

need to be considered: firstly, the sample must be normal to the plane of the incident

laser. Secondly, a variation of the angle between the applied field and the film plane is

required.
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An angular dependent polar-MOKE system was proposed by Hasegawa et.al [148]

to determine Hcr as a function of angle. Figure 4.8 shows a schematic diagram of the

optics of the system [148]. The principle of angular dependent MOKE is similar to the

simple polar MOKE using a polariser and analyser to detect the Kerr rotation signal.

The key component of this system is the rotation stage. This uses a fibre optic mounted

on the rotation stage so the laser beam is always at 90◦ to the sample as shown in fig.4.9.

The inset shows an enlarged view of the reflected light on the sample. Therefore, the

Kerr signal component of magnetisation of the media is independent of the angle θ.

Figure 4.8: Schematic diagram of the MOKE system [148]
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Figure 4.9: The rotation system with sample holder

In this work the angular dependent MOKE measurements were made at Seagate

Media Research in Fremont California. Fig.4.10 shows a schematic diagram of the an-

gular dependent MOKE instrument. In principle, the laser is linearly polarised and

focussed onto the sample after passing through the polariser with a spot size of approx-

imately 2 mm. The detector obtains the Kerr rotation signal from the reflected beam

from the mirror on the sample holder. The measurements were made at room temper-

ature with a maximum applied field of 30 kOe. The magnetisation curve and the dc

demagnetisation (DCD) curve were measured. The sample was saturated with Hsat =

± 15 kOe and a field step of 50 Oe was used for the hysteresis loops. In the case of the

DCD curve the data was obtained using Hsat = 15 kOe with reverse field steps of 500

Oe. The measurements were repeated varying the angle, θ from 0◦ to 10◦ in 1◦ steps.

The results were normalized to the maximum signal amplitude which is proportional to

the saturation magnetisation giving curves in term of M/MS .



4.2. Magnetic Measurements 86

Figure 4.10: Schematic of angular dependent MOKE at Seagate Media Research in

Fremont CA

4.2 Magnetic Measurements

4.2.1 Magnetisation Curve

The hysteresis loop provides the primary magnetic quantities as shown in fig.4.11. The

field is applied perpendicular to the plane of the film determined by finding the maximum

remanence. The primary magnetic parameters are determined i.e. the saturation mag-

netisation MS , the remanent magnetisation MR, the coercivity HC , the loop squareness

Sq = MR/MS and the nucleation field Hn. Hn is the negative field at which the magneti-

sation starts to reverse [149] [150]. Generally the loop is plotted with the magnetisation

normalised to MS . Fig.4.11 shows a typical magnetisation curve for an ECC/CGC

media with all the key magnetic parameters.
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Figure 4.11: Schematic diagram of hysteresis loop from the MOKE magnetometer for

an ECC/CGC medium

In perpendicular recording media the presence of the large demagnetising field

(section 2.1.2) HD = −4π ·MS affects the measurements. There have been a number of

attempts both theoretical and experimental, to correct forHD in perpendicular recording

media [27–29,31]. However, HD cannot be determined correctly due to its non-uniformity

near the film surface as shown in fig.4.12. In particular the demagnetising field affects

measurements of remanence which prevents the use of most techniques commonly used

to determine the distribution of easy axis orientation in the films. These techniques were

developed for materials with in-plane anisotropy and whilst a correction for HD can be

applied the accuracy of the correction usually makes the measurement of little use [147].

In this work, we have used a new technique to study the effective easy axis distribution

by measuring the variation of coercivity with angle. This has the advantage that at the

coercivity there is no effect from the global HD since M = 0. Therefore, correction for

HD is not required.
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Figure 4.12: Schematic diagram of the demagnetising field in PRM

4.2.2 Remanence Curves

The total magnetisation consists of reversible and irreversible components. Further

useful characterisation can be determined from remanence curves which measure only

the irreversible magnetisation. The remanence MR is the sum of the moments whose

energy barrier ∆E has been overcome after the medium is magnetised and the field

removed. The fraction of the remanent magnetisation of the sample is the integral over

the energy barrier distribution f(∆E) as shown in equation 4.5. At the coercivity,

the magnetisation is zero due to the balance of the summation of the irreversible and

reversible parts of the magnetisation that has switched which is equal to the irreversible

part which has not switched. This is shown in equation 4.6 and diagrammatically in

figure 4.13.

MR/MS=

∞∫
∆EC

f (∆E) d∆E (4.5)

where, ∆E is the energy barrier, ∆EC is the energy barrier crossed at the field applied

and f(∆E) is the energy barrier distribution.

∆EC∫
0

g(H) · f (∆E) d∆E +

∆E(HC)∫
∆EC

f (∆E) d∆E =

∞∫
∆E(HC)

f (∆E) d∆E (4.6)

where, g(H) is a function which represents the reversible behaviour and ∆E(HC) is the

energy barrier at the coercivity.
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Figure 4.13: Schematic of the energy barrier distribution at HC

Remanence curves have been used to characterise recording media [36, 151, 152]

via the remanent coercivity, Hcr which is the applied field giving zero irreversible mag-

netisation. They have also been used to give the switching field distribution (SFD) and

the irreversible susceptibility χirr [36]. The degree of intergranular exchange interaction

can also be obtained from ∆M measurements [50].

△M(H) = MD(H)− [1− 2MR(H)] (4.7)

where, MD(H) and MR(H) are the remanent magnetisation values measured from the dc

demagnetisation remanence (DCD) and the isothermal remanent magnetisation (IRM)curves

respectively at an applied field, H.

Remanence curves can be measured by two techniques; the dc demagnetisation

remanence curve and the isothermal remanent magnetisation curve. The DCD curve is

measured from the saturation state. A small negative field is applied and removed and

the remanence (MR) recorded. The process is repeated with higher negative fields. The

remanence is plotted as a function of the negative field as shown in fig.4.14 to obtain the

DCD curve.
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Figure 4.14: Schematic of the DCD curve

For the IRM curve as shown in fig.4.15, the process is similar but the remanence

is measured from a demagnetised state applying positive fields. The sample is first fully

demagnetised. A small positive field is applied and MR measured. The process is re-

peated with higher fields until the remanence is saturated.

Figure 4.15: Schematic of the IRM curve
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In this work the DCD curve was used to study the easy axis distribution by mea-

suring the remanent coercivity Hcr. Hcr can be determined from the median switching

field by differentiating a remanence curve [36] [151]. However, the effects of the large

demagnetising field in perpendicular recording media cannot be corrected for due to the

global demagnetising field and local demagnetising fields along the surface as shown in

fig.4.12. There have been a number of attempts to correct for HD on the IRM and DCD

curves [27, 29, 31]. Unfortunately, the demagnetising field cannot be determined cor-

rectly. Therefore, Hcr cannot be determined from the differential of a remanence curve.

In this work, Hcr is taken as the point at which MR = 0. The effect of the global HD is

corrected for [28]

Hcr = −[HA(M = 0) + 4π ·MS ] (4.8)

where, HA(M = 0) is the negative applied field. Angular dependent MOKE (section

4.1.3) was used to measure the DCD curves for all samples. The samples were saturated

with an applied field of 15kOe. Subsequently, a reverse field is applied and removed

for a remanence measurement at zero field. The measurements were repeated using

500Oe field steps. The results were normalised to the maximum signal amplitude which

is proportional to the saturation magnetisation. Fig.4.16 shows a typical DCD curve

measured using angular dependent MOKE for an ECC/CGC sample.

Figure 4.16: Typical DCD curve for an ECC/CGC sample
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4.2.3 Angular Measurements

In this work, we have utilised a new technique to determine the effective easy axis

distribution of perpendicular recording media which is the major factor affecting the

switching field distribution (SFD) within the media. The SFD originates from several

factors such as the distribution of the grain size, the distribution of composition (the

anisotropy constant K and MS), intergranular magnetostatic and exchange interactions

and the effects of crystalline axis dispersion. These effects can lead to a distribution of

the intrinsic switching field

HK =
αK

MS
(4.9)

where α is a factor describing the orientation of the grains and K is the anisotropy

constant. The distribution of easy axis orientation is the crucial factor for the SFD

as a small deviation from the perpendicular orientation leads to a large change in the

switching field as discussed in section 2.2.2. The magnetisation reversal of each single

domain grain can be described by Stoner-Wohlfarth theory [15] due to the small grain

size and the effect of SiO2 which leads to exchange decoupling.

There have been a number of attempts to measure of the effective distribution of

easy axes by measuring the crystalline c−axis dispersion characterised by the full-width

half maximum (FWHM) of X-ray rocking curves [145], [147]. Magnetic measurements

have also been used [143,144,146]. However magnetostatic and exchange interactions are

not evident in X-ray measurements, and therefore, magnetic measurements are preferred.

The variation of coercivity HC with angle can give the magnetic orientation according to

Stoner-Wohlfarth theory [15]. Due to the complex structure of particularly ECC/CGC

media there are two peaks in the energy barrier distribution as shown schematically in

figures 4.17 a) and 4.17 b) compared to a normal granular or ECC medium.
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Figure 4.17: Schematic of the distribution of the energy barriers a) a normal granular

or ECC medium and b) an ECC/CGC medium

4.2.4 Time Dependence Measurements

As discussed in section 2.4 a time dependence measurements have been used to measure

the magnetisation decay in order to determine the fluctuation field. The sample was

first saturated in a field of 12 kOe. A constant reverse field, Hrev within the switching

region, was then applied. The decay of the magnetisation was measured for 600 seconds.

The process was repeated for a range of reverse fields, i.e.

Hn
rev = Hrev + n ·∆H (4.10)

where, Hn
rev is the new reverse field, n is the number of steps and ∆H the field step .

Due to the period of time dependence measurements, the intensity of the laser may drift

even using the highly stabilised HeNe laser used in this work. Therefore, the hysteresis
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loop was measured before each run in order to normalise the Kerr rotation amplitude

(V) for each step.

The range of fields Hrev must cover the switching field distribution. Therefore,

the time-dependence measurement was designed to measure groups of closely-spaced

measurements (∆H = 80 Oe ) divided by a larger field step (Hrev = 600 Oe). Figure 4.18

shows a typical group of time dependence measurements. Due to the presence of a large

demagnetising field in PRM, the fluctuation field is determined at zero magnetisation ie

the coercivity (HC). The calculation of Hf and Vact will be described in section 4.2.5.

Figure 4.18: Schematic of a group of time dependence magnetisation decay measurements

for the waiting time method

4.2.5 Determination of Fluctuation Field and Activation Volume

As discussed in section 2.4.4, non-linear time dependence can be described by the equa-

tion of state formalism of El-Hilo et al. [77] which gives Hf as

Hf =
∆H

ln(t2/t1)

∣∣∣∣
Mirr

(4.11)

The fluctuation field can be directly measured from two different applied field

values and the time to reach the same constant level of irreversible magnetisation. In

order to obtain an accurate value for Hf , the fluctuation field was determined from a

graph of applied field versus ln(t) for a number of intercepts at the same magnetisation.
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Several intercepts are required at the same constant magnetisation with different reverse

fields. The small field and the large field steps are carefully selected to cover the switching

field region. Fig.4.19 a) and b) show the magnetisation decay as a function of the reverse

field with ln(t) and the variation of the reverse field and ln(t) at zero magnetisation (M

= 0) respectively.

Hf is inversely proportional to the activation volume as shown in equation 4.12.

Hence, Vact can be rewritten as .

Vact =
kBT

HfMS
(4.12)

Figure 4.19: Schematic of a) the magnetisation decay with ln(t) and b) the variation of

reverse field versus ln(t)

In order to calculate Vact, the temperature and the saturation magnetisation must

be known. The saturation magnetisation is the bulk saturation magnetisation. Due to

the SUL, the saturation magnetisation is difficult to obtain accurately. The magneti-

sation is made up of contributions from the recording layer and the SUL which can

be observed from the hysteresis loop. The signal from the SUL is not large enough to

swamp the signal from the recording layer. Figure 4.20 a) and b) shows a schematic of

the magnetisation reversal with the 4 different states and a typical magnetisation curve

respectively.

The 4 different states of the magnetisation behaviour are shown at HA>> + (the

positive saturation field), HA>> 0, HA<< 0 and HA<< + (the negative saturation

field). The magnetisation from the hysteresis loop results from the moment from both
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layers. The recording layer and SUL are both saturated at high applied fields (state

I). After removing the field the SUL will reverse due to the high magnetisation and

low coercivity (state II). The magnetisation of SUL will switch when a negative field

is applied (state III). Eventually, the magnetisation of the recording layer is saturated

(state IV).

The moment of the recording layer is measured at state III in order to determine

MS . The thickness of the films was measured from cross-section TEM images. Vact is

then determined from eq. 4.12.

Figure 4.20: a) Schematic of the magnetisation reversal in different applied fields and b)

magnetisation curve measured using the VSM for the ECC/CGC sample
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4.3 Physical Structure Characterisation

4.3.1 X-Ray Rocking Curves

X-ray diffraction (XRD) is one of the most powerful techniques for providing the crys-

talline structure, crystallinity and the distribution of preferred orientation for thin films.

The technique is based on Bragg’s law describing the relationship between the diffraction

of X-rays and the lattice spacing of the atomic planes. The X-ray beam is incident on

the sample and scattered by lattice planes separated by dhkl [153]

2dhkl sin θhkl = nλ (4.13)

where dhkl is the lattice spacing or interplanar spacing, θhkl is the Bragg angle which is

the angle between the incident beam and the crystal planes and λ is the wavelength of

the X-rays. The planes (hkl) and directions [hkl ] in the crystal are determined from the

relationship between the lattice constant of the film, a◦ and dhkl is given by

dhkl =

√
a2o

h2 + k2 + l2
(4.14)

There are various diffraction methods used to study the structure of thin films

such as out-of-plane measurements, in-plane measurements, small angle scattering and

rocking curve measurements [154]. The crystalline structure and the preferred orienta-

tion distribution in thin films are usually investigated by conventional θ/2θ and X-ray

rocking curve measurements.

Figure 4.21 a) shows a schematic diagram of a geometry of the conventional θ/2θ

measurement. This technique is based on the measurement of the diffracted X-rays from

the crystal lattice planes which are parallel to the sample surface and is known as the

symmetrical reflection measurement. The X-rays coming from the source are fixed at

an angle θ which is the angle between the incident beam and the surface plane. The

detector which is located at an angle 2θ, is moved around with the sample in order to

obtain the intensity. For a strongly preferred orientation of a crystalline plane which

is parallel to the film surface, the highest intensity of the diffraction peak is obtained

according to Bragg’s law. For c-axis perpendicular Co-alloys the peak is located at 2θ

= 44◦ at wavelength, λ = 1.54Åcorresponding to (0002) texture.
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In order to determine the c-axes dispersion, rocking curve measurements are used.

The orientation dispersion is obtained by rocking the sample at the peak of the preferred

texture while the detector is kept at a fixed angle of 2θ to record the diffraction intensity.

Fig.4.21 b) shows typical results for an X-ray rocking curve for a (0002) oriented cobalt

based recording layer [147]. The degree of dispersion is estimated from the full width at

half maximum (FWHM) denoted △θ50 as shown in fig.4.21 b).

Figure 4.21: a) Geometry of a θ-2θ angle measurement. b) Typical X-ray rocking curve

of a (0002) recording layer peak [147]

Fig.4.22 shows a cross-section TEM image and the uniform atomic structure of the

medium particulary at the interface between the intermediate layer and the recording

layer. It is clear that if the c-axis orientation of some grains are not correctly aligned it

leads to a large orientation dispersion with a high value of △θ50 as shown in 4.22. In this

work X-ray rocking curve measurements were obtained from Seagate Media Research at

CA. These are used to compare the c-axis distributions with magnetic measurements
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Figure 4.22: Cross-section HR-TEM image showing the interface structure between a

Co-alloy and Ru intermediate layer and a schematic of the medium structure.

4.3.2 Transmission Electron Microscopy (TEM)

In order to study the physical structure of perpendicular recording media transmission

electron microscopy (TEM) is one of the most powerful techniques. TEM can obtain

not only atomic scale images but also elemental analysis. The image from TEM occurs

when a beam of electrons passes through a thin specimen. The interactions between

the electrons and the atoms in a specimen leads to significant phenomena e.g. elastic

scattering, inelastic scattering, secondary electron and X-ray emission. The image is

created from the different contrasts of the electron scattering phenomena.

The resolution of a TEM is described by equation 4.15 [155]. In order to obtain

the highest resolution, it is necessary to reduce the wavelength of the electrons (λ) and

increase the refractive index of the viewing medium (µ). θ is the semi-angle of the mag-

nifying lens.

δ =
0.61λ

µ · sin θ
(4.15)
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The wavelength of green light in the middle of the visible spectrum, is about 500

nm. The resolution of a visible light microscope is therefore approximately 300 nm from

eq.4.15. The resolution of TEM is very small due to the electron wavelength ∼ 5 pm at

100 keV. Consequently, it provides a resolution 10,000 greater than that of an optical

microscope. This is low enough to resolve at the atomic scale.

Figure 4.23 shows a schematic of a conventional TEM (left). A JEOL JEM-2011

TEM was used in this work. At the top of the column a LaB6 filament in the form of

a 1µm tip emits an electron beam after it is heated to overcome the work function (ϕ).

The electrons are accelerated to up to 200 keV to produce a monochromatic electron

beam in an ultra high vacuum of 10−10 mbar. The electrons travel through a hole in the

anode and a condenser lens consisting of electromagnetic field coils. The condenser lens

is responsible for control of the spot size. The spot size can be controlled by varying the

current through the coils.

Figure 4.23: Schematic of a conventional transmission electron microscopy (left) and the

process of an e-beam interaction with the sample surface (right) [156]
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The specimen is located under the condenser aperture. Transmitted electrons

travel down through an objective lens in order to create the first intermediate image.

There are three or four lenses sitting below the first intermediate image. They enable

two imaging modes namely the physical structure and the diffraction modes which show

the crystal structure by magnifying or demagnifying the intermediate lens as shown in

fig.4.24. Finally, the image is focussed onto a charge-coupled device (CCD) camera by

the projector lens.

Figure 4.24: a) A comparison of TEM configurations in imaging mode and b) diffraction

pattern mode

The most common TEMmode is bright field (BF) mode. It is obtained by inserting

an aperture into the back focal plane of the objective lens in order to allow only the

main beam to pass. The diffracted beams are blocked by the aperture. Therefore image

contrast is improved but the quality of the image is reduced due to loss of the diffracted

electrons.
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In the case of dark field (DF) images, the operation is almost the same as the BF

mode. The aperture is used to block the main beam while one diffracted beam is allowed

to pass. The diffraction pattern of a particular part of the image can then be observed

by inserting the selected area diffraction (SAD) aperture at the first intermediate im-

age. From the particular diffraction image, the crystal structure of the sample can be

obtained.

In this work the BF imaging mode has been used to observe the physical structure

to measure the mean grain diameter and the grain size distribution (section 4.3.5). The

physical cross-section grain structure was observed with High Resolution Transmission

Electron Microscopy (HRTEM) to study the effect of the SiO2 at the grain boundaries.

HRTEM is an imaging mode using a large objective aperture to allow the main beam

and also the scattered electrons to pass. The atomic image is created by the interference

of the main beam with the diffracted beams.

4.3.3 Scanning Transmission Electron Microscopy (STEM)

Scanning transmission electron microscopy (STEM) is a useful technique for the char-

acterisation of recording media providing information for qualitative and quantitative

elemental analysis, surface topology composition, and X-ray analysis such as energy dis-

persive X-ray (EDX) mapping. This technique combines the principles of transmission

electron microscopy (TEM) and scanning electron microscopy (SEM). The key advan-

tage of the STEM is the fine beam of electrons that can be raster-scanned across the

surface of a specimen by controlling two pairs of scanning coils. It is not available in

conventional TEM. The signals from the interaction between the electron beam and the

bulk of the specimen give a number of different effects including back-scattered electrons,

characteristic X-ray and secondary electrons as shown in fig.4.23. These are collected by

the signal detector mounted near the specimen. In addition, the transmitted electrons

pass through to the screen and are collected by several detectors in order to form an

image mode. A schematic of a STEM is shown in fig.4.25.
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Figure 4.25: Schematic of a STEM with two pairs of scanning coils

In order to achieve high resolution and other strong signals with STEM a very

fine electron beam is required. A field emission electron gun (FEG) is use to generate

electron beams which carry a current density of up to 1010 A/m2 in a beam of diameter

0.2 nm in an ultra high vacuum (UHV) of 10−11 mbar [155] [157]. Therefore higher

signal levels and better spatial resolution are available only in an STEM. The specimen

therefore needs to be particularly thin to allow electron transparency. When a convergent

electron beam is scanned across a region highly localized signals from the specimen are

simultaneously collected by a range of detectors including a reflected electron detector,

an annular dark field (ADF) detector, bright field detector, high-angle ADF (HAADF)

detector and secondary electron detector. These provide the different imaging modes

and qualitative and quantitative elemental analysis.
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In this work a JEOL-JEM-2200FS double Cs-corrected scanning transmission elec-

tron microscope (STEM) was used to determine the composition of recording media using

energy dispersive X-ray (EDX) mapping and a line-scanning technique. The technique

is based on the measurement of characteristic X-rays of the atom. There are two kinds

of analysis; qualitative analysis which is the measurement of the energy of each charac-

teristic X-ray that is emitted in order to determine the composition of the specimen and

quantitative analysis which is the measurement of the intensity distribution of the X-

rays in order to determine the percentage of each element present. In the line-scanning

method an electron beam is scanned along the chosen line. The composition can be

obtained from the instantaneous collection of X-ray signals along the line. EDX map-

ping is similar to the line-scanning method extended to two-dimensional scanning of the

region of interest. The composition is presented via a dot array giving a qualitative

measurement of the X-ray signal.

Figure 4.26 shows an analysis of the composition of an ECC recording medium

using line-scanning and EDX mapping techniques. For line scanning imaging (top),

the fine beam of electrons is moved across the cross-sectional surface from the substrate

(bottom) to the recording layer (top). As a result the composition signal of the recording

layer is very low comparing to other layers due to the low thickness (∼ 10 nm). The

composition signal for each layer is not of high enough resolution to separate the layers

due to beam damage, contamination and signal drift. In particular the grain boundary

region of the recording layer gives very low compositional signals. Therefore, these

techniques could not be used for atomic interfacial analysis.

Qualitative atomic resolution analysis can be also provided by Z-contrast imag-

ing known as high-angle annular dark field (HAADF) imaging. In principle when the

convergent electron beam penetrates the electron cloud of an atom in a specimen, the

strong Coulomb interaction leads to high-angle Rutherford-scattered electrons accord-

ing to theatomic number (Z) of the elements in the specimen. HAADF detectors collect

electrons that are scattered to high angles as shown in fig. 4.25. The contrast of HAADF

images is proportional to Z2. Heavy atoms with high atomic number will then appear

with the brighter contrast.
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Figure 4.26: Typical cross-section STEM image with a line scan image and EDXmapping

for a range of elements in the film (courtesy of Dr. L. Lari).

In this work, the effect of SiO2 at the grain boundaries between CoCrPt grains

has been studied. Figure 4.27 shows a comparison of a typical cross-sectional image of

the BF-HRTEM and HAADF-STEM images. The CoCrPt grain has atoms with higher

atomic numbers compared to SiO2 and appears as bright dots whereas the SiO2 appears

as dark areas.
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Figure 4.27: a) Typical BF-HRTEM cross-sectional image and b) High angle annular

dark field (HAADF)-STEM (courtesy of Dr. L. Lari)

4.3.4 In-plane and Cross-section Sample Preparation

In order to study the microstructure of recording media, the preparation of in-plane and

cross-section samples is required. The most successful samples were prepared using the

conventional technique [158] using silicon carbide for grinding and Ar+ milling (Precision

Ion Polishing System, PIPS) to produce electron transparent samples. The sample

preparation procedure is separated into 2 methods for in-plane TEM specimens and

cross-section TEM specimens.

4.3.4.1 In-plane Sample Preparation

The sample was first cut into a 2.5 x 2.5 mm piece. After cleaning the sample with

acetone and ethanol, the film side is affixed to a TEM grid with epoxy resin. The sam-

ple is annealed on a hot plate at 120oC for 30 minutes in order to set the epoxy. The

thickness of the sample is measured using a micrometer gauge. The sample is then me-

chanically ground from the substrate side with silicon carbide paper using a polishing

machine down to ∼150 µm. Then, silicon carbide paper is replaced by diamond paper.

The grinding process is repeated with 9 µm diamond paper until the thickness ∼100

µm, 3 µm diamond paper until the thickness ∼50 µm, and 1 µm diamond paper until
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the final thickness was ∼30 µm. The sample is polished on the dimple-grinder with

0.05 µm alumina balls to produce a smooth surface. The sample is further back-thinned

using a Gatan 691 precision ion polishing system (PIPS) with Ar+ ions with an energy

of 3.5 keV, milling from above at an angle at 6 degrees. Beam modulation is used to

control heating and prevent damage to the film. The thin area which is in center of

the sample, is thinned further until a small hole appears. A schematic diagram of the

sample structure is shown in figure 4.28.

Figure 4.28: Schematic of the sample structure for in-plane imaging

Figure 4.29: Typical in-plane TEM image with damaged and undamaged regions
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The thinned area is less than 1 µm across as shown in figure 4.28. The preparation

procedure can damage the grains of recording media due to heating and contamination

by the grinding materials so the selecting of the area for imaging is crucial. Fig.4.29

shows a bright field in-plane image of ECC media with a high oxide level. This image

shows undamaged grains in the region within the blue dotted line and damaged grains

in the area contained by red dotted line. It can be seen that in the thin area there are

abnormally loose packed grains with distorted shape due to excess ion-milling. The area

selected to perform the grain size analysis is imaged carefully.

4.3.4.2 Cross-sectional Sample Preparation

For cross-sectional TEM samples the preparation procedure is similar to that for in-plane

sample preparation. However it is more complicated and time-consuming. The sample

is cut into a square of 2.5 mm2. Two sample pieces are glued together face to face on the

film side. The specimens are sandwiched between blank Si substrates with epoxy resin

as shown in figure 4.30. The Si substrates are used to monitor the specimen thickness.

When the sample is ground down to 20-30 µm at the final step of preparation. A clamp

is used to fix the specimen and placed on a hot plate to set the glue as shown in figure

4.30.

Figure 4.30: Schematic of cross-section TEM sample preparation

One side of the specimen is thinned using silicon carbide paper and 1 µm diamond

paper to polish the samples and create a smooth surface. Then a sponge polish was used

to obtain the final state on the dimple-grinder with 0.05 µm alumina balls to produce

smooth surfaces before sticking to a TEM grid. The specimen is then flipped over and

thinned down with silicon carbide paper and diamond paper as for the in-plane samples.
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When the specimen is less than 80 µm thick, it is checked by shining light through it

from the bottom. Whenever orange light is transmitted the sample thickness is approx-

imately 20-30 µm. The sample thickness is the most important step for cross-section

preparation. Again a sponge polishing is used for final stage of preparation. A schematic

diagram of the first and final state of the TEM grid is shown in figure 4.31.

Figure 4.31: Schematic of the complete dimple specimen

The specimen is then ion-milled from both sides with an energy of 3.0-3.5 keV

which is suitable for glass substrates. Each electron gun is set with top and bottom

angles of 5-6 degrees. Beam modulation and low energy are used to limit heating and

sample damage. A schematic diagram of a cross-section sample showing the milling

angle is shown in figure 4.32. The specimen was finally cleaned using ion-milling with a

high angle of top and bottom electron guns at a low energy of 0.5 keV in order to avoid

contamination.

Figure 4.32: Schematic of a dimple sample with the milling angle
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Figure 4.33 shows a bright field cross-section TEM image and a schematic diagram

of the sample. The image clearly shows the recording layer of CoCrPt grains separated

by silica at the grain boundaries. This image again shows damaged and undamaged

areas due to the ion-milling process.

Figure 4.33: Schematic of perpendicular recording media cross-section TEM image

4.3.5 Grain Size Analysis

The most important factor in the advance of perpendicular media is the reduction of the

grain size which is currently smaller than 7 nm [143] [159]. The recording layer grains

grow in a columnar stack on top of the grains in the seed and intermediate layers. Hence

a small grain size in these layers can determine the grain size of the upper layer.

In order to investigate the grain size distribution, in-plane TEM samples must

be prepared as discussed in section 4.3.4. Bright field transmission electron microscopy

has been used to obtain images of the grains. Typical images of ECC/CGC, ECC and

granular media studied in this work are shown in fig.4.34.
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Figure 4.34: Typical in-plane TEM images for ECC/CGC, ECC and granular samples

The magnetic grains are composed of a CoCrPt alloy with heavy atoms which

give greater scattering of the electrons than the SiO2. Hence, the dark areas indicate

the magnetic grains and lighter areas are the SiO2 as shown in figure 4.34. Therefore,

the dark regions are measured for grain size analysis.

A Zeiss particle size analyser was used to measure the distribution of grain sizes

in the recording media. Photographs of the grains were taken from different areas of the

sample in order to obtain sufficient grains for measurement. The particle size analyser

has a circular beam of light whose spot size can be adjusted to the grain size. In practice

the grains are not perfectly circular. Hence the area of the circular beam is adjusted to

be equal to the area of the grain in order to obtain the grain diameter. The grain is

counted using a bar with a sharp pin at the end which punches the photograph to mark

the measured particles. The iris size and number of grains are logged using LabView

software. Finally the grain size distribution of the sample is created by plotting the

number of grains and size of the bin which is converted to the actual scale from the

TEM image.

The fundamental process of grain growth is described in terms of nucleation,

growth, coalescence and grain boundary motion leading to the grain size distribution

[160] [161]. The size distribution of thin films is found consistently to follow a log-

normal distribution [162] [163]. The log-normal distribution is a probability function of

a random variable in which the natural logarithm follows a normal or Gaussian form.

The distribution for a linear interval is
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f(D)dD =
1√

2πσlnDD
exp

{
− [(lnD)− µ]2

2σ2
lnD

}
dD (4.16)

where, D is the magnetic grain diameter, σlnD is the standard deviation of lnD and µ

is the mean of lnD (µ =
∑
i

Ni ln(Di)
Ni

, N is the number of the grains measured). The

distribution is normalised by a factor 1√
2πσlnDD

so that

∞∫
0

f(D)dD = 1 (4.17)

The median diameter D̄m and the standard deviation of lnD are determined from

D̄m = eµ (4.18)

and

σlnD =

[
1∑
N

∑
N · (lnD)2 −

(
1∑
N

∑
N · lnD

)2
]1/2

(4.19)

For the log-normal distribution of D, the grain volume V follows the same distri-

bution with σlnV = 3σlnD which is valid for spherical particles. In the case of recording

media grains, the median grain volume, V is πD2

4 ·t where t is the thickness of the storage

layer. Hence σlnV = 2σlnD

In this work, the number of grains measured was at least 500 for each sample. A

typical example of the data is shown in figure 4.35 for an ECC sample. The effect of SiO2

at the grain boundaries leads to a different distribution of the center to center distance

of the grains. Figure 4.36 shows a typical image with the center to center distances

marked.
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Figure 4.35: Typical in-plane TEM image of ECC media and the measured log-normal

distribution.

Figure 4.36: Typical HRTEM image of ECC sample with center to center distances

marked
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4.4 Simulation of Easy Axis Distribution

The traditional remanence method [145] [146] [147] to determine the distribution of easy

axes cannot be used for perpendicular media due to the large demagnetising field [28].

Also this measurement is difficult to interpret due to the small change in the squareness

(MR/MS) with angle (< 5% in 10◦). A new technique has been developed to extract the

distribution from the variation of coercivity with angle. The detail of the experimental

technique has been described in section 4.2.3. In order to investigate the distribution

of easy axis orientation of the grains a computational method was required to compare

with the experimental results.

4.4.1 Stoner-Wohlfarth Simulation

In order to determine the easy axis distribution the variation of the coercivity is calcu-

lated with a Gaussian distribution of easy axes orientation with a standard deviation

σϕ. The calculation is essentially a complex, large-scale integral due to the rotation of

the field and the easy axis orientations. When the sample is rotated a previously aligned

grain moves out of alignment with the applied field and a previously misaligned grain

may become aligned. Following standard thermal activation theory for a single grain

aligned with the applied field, the coercivity is [15]

HC = αHK

[
1−

(
25kBT

KV

)1/2
]

(4.20)

where, HK = 2K/MS is the anisotropy field, K is the anisotropy constant, V is the grain

volume, T is the temperature and α is the orientation factor for that grain. Equation

4.20 shows that the value of HC is strongly dependent on the parameters K and V.

However, the term inside the brackets is independent of easy axis the orientation. For

the aligned case the pre-factor is equal to HK and for any angle it can be determined

using Stoner-Wohlfarth theory.

For each sample all parameters in eq.4.20 are assumed constant with angle other

than the term α, Exchange and dipolar interactions were not included in the calculations.

The calculations were based on 20,000 grains with a Gaussian distribution of easy axes

orientations f(ϕ), with a standard deviation σϕ. Figure 4.37 shows a typical schematic

diagram of the model
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Figure 4.37: Schematic of a film whose grains have an easy axis distribution

The variation of HC(θ) is calculated varying the standard deviation from 0o to

10o with a step size of 0.5o. The normalised coercivity at an angle θ from -10◦ to

10o in 1o steps is then evaluated from the average value of the normalised coercivity

[h = HC(θ)/HC(0)] for all easy axis orientations. The normalised coercivity, h at any

angle is then given by

h = −(1− t2 + t4)1/2

(1 + t2)
(4.21)

where θ is the angle between the applied field and the normal to the film plane, t

is tan(θ
′
)1/3 and θ

′
is the angle between the applied field and the easy axis direction.

Figure 4.38 shows a schematic of the easy axis distribution and the applied field direction

relative to the thin film surface.

From the Stoner-Wohlfarth simulation the variation of the normalised coercivity

for the different values of standard deviation is shown in figure 4.39. In the case of σϕ

= 0 the easy axis distribution is that for the perfectly aligned case. When the standard

deviation is increased the variation broadens. The predicted reduction of HC of 30 %

for a rotation of 10o is not observed except for the aligned case because as an originally

aligned grain rotates out of the field direction other previously misaligned grains come

into alignment. The actual effective easy axis distribution has to be obtained by fitting

the experimental results to the S-W calculation.
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Figure 4.38: Schematic of the easy axis distribution and the applied field

Figure 4.39: The S-W calculation of the variation of HC(θ)/HC(0) for σϕ = 0 to 10

degrees
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Notes on units and errors

There are two widely used unit systems in magnetism: the first is the System

International (SI) unit and the second is the Gaussian cgs system. (SI) units are the

current standard system with the base units of m, kg, s, etc. However, the SI system is

not favoured in the field of magnetism. The standard system used in magnetic equipment

and the magnetic recording industry is the Gaussian cgs unit system. These units are

also accepted widely in the applied magnetism community. Therefore, the Gaussian cgs

units has been used for all equations, experimental results and calculations in this thesis.

Details of the unit system can be found in Cullity and Graham [6] and O’Handley [22].

The errors on the experimental and numerical results in graphs and tables in this

thesis have been calculated based on standard Gaussian error techniques.
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CHAPTER V

Experimental Results

The fundamental magnetic properties of advanced perpendicular recording media

have been characterised. The results have also been compared with conventional media

in order to study the advantages and disadvantages of media structure. In particular

the characterisation of the easy axis distribution using magnetic measurements in per-

pendicular media has been developed. The physical structure has been investigated and

analysed to observe the complex structure of the films and in particular the influence of

SiO2 at the grain boundaries.

5.1 Structure of Advanced Recording Media

New composite recording media are designed in order to improve the thermal stability,

narrow the distribution of easy axis orientation and use SiO2 segregation to control the

exchange coupling between the grains. Three sets of perpendicular media designs have

been studied: the first is a single layer, granular medium which is a conventional PRM.

The second is an exchange coupled composite (ECC) medium [12,48] consisting of hard

and soft grains with SiO2 segregation. The third is an alternative PRM which combines

ECC and a coupled granular continuous (CGC) layer [11,14]. This is an ECC structure

with a continuous layer on top in which the grains are not segregated with SiO2 giving

strong intergranular coupling. All samples were supplied by Seagate Media Research of

Fremont California using a commercial disk production machine.

Figure 5.1 shows a schematic of the layer structures with a typical cross-section

TEM images for each sample. The various layers for each type of medium are similar to

each other excluding the storage layer. The substrates were made from a glass ceramic.

The adhesion layer is grown on top of the substrate to prevent flaking of the films. The

exact composition of the adhesion layer is not known but it is probably a Ta alloy. The

next layer is the soft underlayer (SUL). It acts as a magnetic mirror for the single pole

write head and also conducts the flux from write head back to the pole. The intermedi-
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ate/exchange break layers are deposited on top of the SUL. This layer provides exchange

decoupling between the SUL and the storage layer. It also acts as a seed layer having

in-plane fcc (111) texture to improve the perpendicular orientation of the storage layer.

Generally, Ru is used with a thickness of about 25-35 nm.

Figure 5.1: Schematic of the structures and typical cross-section TEM images for the

three types of media.

The storage layer for all samples was based on a CoCrPt alloy with different levels

of silica. On top of the films, a thin diamond-like carbon (DLC) overcoat and lubricant

were deposited for tribological reasons.
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Granular Media

Two set of granular media were produced to study the effect of SiO2 segregation

and the effect of easy axis orientation. The two groups provide a good c-axis orientation

(GO) or a poorer orientation (GPO) based on the measurement of crystal orientation

dispersion △θ50. Samples with three different oxide levels denoted high (h), medium

(m), and low (l) have been also provided for each group. The structures and the thickness

of the recording layer (tg) were exactly the same for all samples. Table 5.1 shows details

of the structures and the dispersion of easy axis distribution determined from X-ray

rocking curves via the full width half maximum FWHM denoted △θ50.

There is no relative error for the measurements of △θ50 because this data was

supplied by Seagate. As discussed in section 4.3.1 the values of △θ50 give the angular

dispersion in the grain orientation of the (0002) of the recording layer which is commonly

identified as the easy axis distribution in thin films. From Table 5.1, the values of △θ50

for the good orientation GO with different levels of SiO2 are about 3.33o to 3.39o. The

magnitude of △θ50 for GPO films was about 15% higher than the GO films. There

was no correlation between the oxide content and the value of △θ50. For the storage

layer thickness (tg), cross-section TEM samples were prepared to observe the exact

thickness. In the case of low magnification resolution, it is clear that the boundary

between the recording layer and the intermediate layer (Ru) is difficult to discern as

shown in fig.5.1(top). High-resolution (HR)-TEM images were used to measure the

thickness at a magnification of about 500k times. The recording layer thickness can be

seen clearly via the different texture between the intermediate layer and the CoCrPt

alloy as shown in fig.2.2. However, the relative error was still found to be about 5%

using DigitalMicrograph software.

Table 5.1: Summary of granular sample parameters.

Samples Oxide level tg (nm) ± 5% △θ50(
o)

GOh high 11 3.39

GOm medium 11 3.36

GOl low 11 3.33

GPOh high 11 3.90

GPOm medium 11 3.80

GPOl low 11 3.92
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ECC Media

For the ECC media studied [12], [13], the recording layer consists of a hard layer

based on a decoupled hard CoCrPt alloy with SiO2 segregation and another segregated

Co alloy as a switching layer. Exact compositions are not known for commercial reasons.

The thickness of the hard layer, (tg) and the soft layer (ts) for all samples was fixed as

shown in table 5.2 in order to study the effect of oxide segregation and the dispersion

of easy axis orientation. Similarly EO and EPO refer to ECC samples with good

orientation and poorer orientation respectively based on X-ray rocking curve data again

supplied by Seagate.

From Table 5.2, the angular dispersion of the crystal orientation for EO gave

values from 3.31o to 3.37o which was about 15% narrower than EPO films. Again, there

was no evidence of a relationship between the dispersion of the crystal orientation and

the effect of different oxide levels from the X-ray rocking curve measurements. The data

for the thickness and △θ50 were supplied by Seagate and no relative error is known. The

thickness of the soft (ts) and hard layers (tg) were examined using cross-section TEM

images. It is difficult to measure the exact thickness for each layer from the bright field

(BF) HR-TEM images due to the presence of the uniform texture of both layers. The

high angle annular dark-field (HADDF) technique discussed in section 4.3.3, was used

to investigate the thickness. The contrast of HAADF images which is proportional to

Z2, allows the thicknesses of both layers to be obtained due to the different contrast of

the layers.

Table 5.2: Summary of ECC sample parameters.

Samples Oxide level tg (nm) ts (nm) △θ50(
o)

± 5% ± 5%

EOh high 9 5 3.31

EOm medium 9 5 3.37

EOl low 9 5 3.31

EPOh high 9 5 3.97

EPOm medium 9 5 3.83

EPOl low 9 5 3.85

ECC/CGC Media

For the ECC/CGC media [14], the storage layer was similar to the ECC media
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studied but with a CGC layer deposited on top in which the grains are not segregated

with SiO2. The samples were separated into 2 groups to allow the study of the easy

axis distribution. The thickness of the granular layer, (tg) was fixed for all samples.

The thicknesses of the soft layer with decoupled grains, (ts) and the continuous layer

with coupled grains, (tc) were varied in order to study the effect of the lateral exchange

coupling (Hex) and the interlayer exchange coupling (J). A summary of ECC/CGC

structures is shown in Table 5.3. ECO and ECPO refer to the ECC/CGC samples

with good orientation and poorer orientation of the easy axes respectively. All samples

are based on a CoCrPt alloy with a high level of silica.

Again the thickness for each layer and △θ50 were provided by Seagate as shown in

Table 5.3. The crystal orientation for the ECO group which has an identical thickness

to that of the ECPO group, and showed a dispersion △θ50 about 13% narrower for all

cases. It is not clear from the X-ray rocking curve measurements if the thicknesses ts

and tc affect the dispersion of the easy axis orientation due to the presence of the similar

values of △θ50 for the ECO and ECPO groups.

Cross-section TEM images were again obtained to measure the thickness of each

layer. The exact thickness is difficult to measure due to the complex structure. The

CGC layer on top of the ECC layer was easy to measure from the cross-section image

as shown in fig.5.1 due to the presence of the continuous film without SiO2 segregation.

The ECC layers show well segregated columnar grains. However, the thickness of both

layers was difficult to measure from the TEM analysis. Therefore, the values of tg and

ts shown in Table 5.3 were provided by Seagate.

Table 5.3: Summary of ECC/CGC sample parameters.

Samples Oxide tg (nm) ts (nm) tc (nm) △θ50(
o)

level ±5%

ECO1h high 9 3 5 3.26

ECO2h high 9 2 7 3.34

ECO3h high 9 4 3 3.33

ECPO1h high 9 3 5 3.71

ECPO2h high 9 2 7 3.87

ECPO3h high 9 4 3 3.83
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5.2 Magnetic Properties of Thin Film Media

The main purpose of the first part of this study was to measure the distribution of

easy axis orientation using magnetic measurements. The coercivity technique originally

described by Carter et al. was used in this work [144]. This technique does not require

a correction of demagnetising field, HD because M = 0. The effect of the degree of grain

segregation has been also studied via varying the level of SiO2. The basic properties of

all samples have been determined in order to compare the advantages and disadvantages

of each media design.

Figure 5.2: a) Schematic of the magnetisation reversal in different applied fields and b)

the magnetisation curve measured using a VSM for sample ECO1h
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A polar magneto-optic Kerr effect (MOKE) magnetometer was used. The mea-

surements were made at room temperature using a maximum applied field of 12 kOe.

Hysteresis loops were measured and normalised to the maximum Kerr value giving the

loop in terms of M/MS . Several parameters can be obtained directly from the mag-

netisation curve such as Hn, HC , the loop squareness MR/MS , and the slope of the

magnetisation curve at HC which gives a rough measure of the intergranular exchange

coupling. The one parameter which cannot be obtained directly from MOKE is the

saturation magnetisation. The magnetic moment of the film can be measured using a

VSM. Figure 5.2 shows a schematic of the magnetisation reversal of the 4 different states

and a hysteresis loop of sample ECO1h from a VSM measurement. The determination

of the saturation moment from the recording layer is fully described in section 4.2.5.

5.2.1 Granular Media with Different Oxide Levels

Two sets of normalised magnetisation curves for samples with good and poor easy axis

distributions with three different level of silica oxides are shown in figure 5.3 a) and b)

respectively. The structure of all samples is the same. It is clear that the dispersion

of easy axis orientation and the level of SiO2 have a significant effect on the magnetic

properties especially HC , MR/MS and the slope of the curve at HC . A summary of the

parameters is shown in Table 5.4.

The effect of orientation is clear from the curves in figure 5.3 and the data in

Table 5.4. The coercivity, in particular for the samples with low levels of SiO2 (GOl

and GPOl), is reduced by about ∼35% for identical structures. The value of the loop

squareness (MR/MS) of all samples with good orientation is almost equal to 1 whereas

it drops by 10 to 15 % for the PO group. This shows that the effect of the easy axis

distribution dominates HC and the loop squareness due to the torque from the applied

field reducing the energy barrier of the grains.

The level of SiO2 segregation also affects the coercivity HC and the slope of the

magnetisation curve at HC . For the samples with a high level of SiO2, the coercivity

is 7.51 kOe and 6.50 kOe for the O and PO groups respectively which is ∼50% higher

than the values for the samples with low levels of SiO2. Increasing the level of SiO2

also reduces the median grain size due to the silica restricting the grain growth. From

the simple theory of non-interacting single domain particles this would be expected

to reduce the coercivity following equation 5.1 [15]. However the effect of the grain



5.2. Magnetic Properties of Thin Film Media 125

segregation eliminates the intergranular exchange coupling. This prevents co-operative

reversal where the grain with the smallest energy barrier reverses and those with larger

energy barriers are then switched by the exchange field from the first grain. The silica

also makes the grain size more uniform eliminating small grains which can initiate co-

operative reversal in this so called weak link mechanism.

Figure 5.3: Magnetisation curves M(H) of the granular samples a) good easy axis orien-

tation and b) poor easy axis orientation.

Table 5.4: Summary of the magnetic properties of granular samples.

Samples HC (kOe) Hn (kOe) MR/MS MS slope|HC
×10−4

± 1 % ± 1 % (emu/cc) (Oe−1) ± 1 %

GOh 7.51 2.48 0.95 530 2.35

GOm 5.96 2.22 0.98 530 3.06

GOl 4.10 2.13 0.99 540 6.77

GPOh 6.50 1.99 0.90 530 2.02

GPOm 4.87 1.75 0.96 520 3.67

GPOl 2.74 0.96 0.86 545 8.55

The films are also deposited on heated substrates. This is done to improve the

segregation and crystallinity of the SiO2. However it will also improve the crystallisation

of the CoPtCr alloys which will increase the value of the anisotropy constant (K) and

improve its uniformity. The use of the Ru decoupling layer will aid this effect. Both
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these effects will result in a narrow SFD. Therefore the energy barrier distribution has

been minimised. This is obvious from fig.5.3 where the slope of the curve at HC decreases

when the level of SiO2 is increased.

HC = αHK

[
1−

(
25kBT

KUV

)2
]

(5.1)

In equation 5.1 the orientation factor, α represents the angular effect of the Co-

alloy c-axis orientation of a given grain. Given that the grain volume and the anisotropy

constant have now been made highly uniform and the intergranular exchange coupling

essentially eliminated, this makes the orientation factor critical in controlling the barrier

and hence the SFD.

Whilst the c-axis orientation can be determined from the X-ray rocking curves,

this is an indirect measurement of the magnetic easy axis distribution. As discussed in

section 4.3.1 it is also a relatively insensitive measurement. Hence the distribution of

magnetic easy axes is the most appropriate measurement of α.

5.2.2 ECC Media with Different Oxide Levels

Figure 5.4: Magnetisation curves of ECC samples a) good easy axis orientation and b)

poor easy axis orientation
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Table 5.5: Summary of the magnetic properties of ECC samples.

Samples HC (kOe) Hn (kOe) MR/MS MS slope|HC
×10−4

± 1 % ± 1 % (emu/cc) (Oe−1) ± 1 %

EOh 6.75 1.42 0.97 480 1.95

EOm 5.41 1.04 0.98 450 2.27

EOl 3.97 1.03 0.95 450 3.00

EPOh 5.46 0.99 0.90 470 1.81

EPOm 3.93 0.66 0.89 460 2.97

EPOl 2.98 0.60 0.93 460 5.74

The normalised magnetisation curves of the ECC samples for EO and EPO are

shown in figure 5.4 a) and b) respectively. A summary of the magnetic properties is

given in Table 5.5. The effect of the orientation and SiO2 segregation causes the mag-

netic properties to vary in a systematic manner which are similar in many respects to

the granular samples. Interestingly, the value of coercivity for all ECC samples is lower

than that for the granular media set due to the presence of the soft layer. It is well estab-

lished that exchange coupling between two layers leads to co-operative reversal within

each grain where the low anisotropy layer switches and the layer with higher anisotropy

reverses in a single event [164]. The thermal stability and writing capability are also

improved by the ECC design. The effect of the dispersion of the crystal orientation also

affects the magnetic properties of the ECC media. In the case of identical structures with

high, medium and low oxide levels, HC for samples with poor orientation was reduced

by about 25% to 30% due to the wide distribution. The loop squareness of EO samples

is almost equal to 1 whilst it is reduced to about 0.9 for the PO group. It is obvious that

the dispersion of the easy axis orientation is the significant factor affecting the magnetic

properties of the recording media.

Moreover, the effect of oxide levels and the presence of the soft layer causes a

shearing of the hysteresis loop and lowers the nucleation field which can be seen via a

reduction of the slope of loop at HC [14]. In a micromagnetic study by Nolan et at. [14],

increasing the soft layer thickness can reduce the crystal anisotropy field (HK) of the

hard layer leading to a reduction of HC and Hn due to the strong interlayer exchange

coupling (Jex) which is dominant. However increasing the thickness of the ECC layer

does not cause a shearing of the hysteresis loop because the mechanism of magnetisation
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reversal of ECC media does not change the lateral exchange coupling (Hex) between the

grains. Therefore, the main factor controlling the shearing of the loops comes from the

effect of SiO2 at the grain boundaries controlling Hex. From Table 5.5, the values of the

slope at HC for EOl and EPOl at a low level of oxide are 3.00 ×10−4 and 5.74 ×10−4

respectively which is 50% steeper than that for the samples with a high level of SiO2.

Deakin et al. [30] found that the introduction of oxide in ECC media can reduce not

only the in-plane exchange coupling but also the interlayer exchange coupling. Therefore,

the magnetisation reversal of the samples with the low oxide levels shows co-operative

reversal of the small grains with low energy barriers switching the grains with higher

energy barriers.

5.2.3 ECC/CGC Media with Different Thicknesses

Figure 5.5: Magnetisation curves of ECC/CGC samples a) good easy axis orientation

and b) poorer easy axis orientation

Figure 5.5 a) and b) shows two groups of hysteresis loops for the ECC/CGC samples

with good and poorer axis orientation respectively. It should be noted that all samples

are fabricated with a high level of SiO2. The summary of the magnetic properties for

all samples is given in Table 5.6. The magnetic properties of the ECC sample with a

high oxide level for O and PO is also presented in Table 5.6 in order to compare the

properties with these of the ECC/CGC samples. The effect of the easy axis orientation is

clear from the loop squareness. MR/MS and the nucleation field of the good orientation
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Table 5.6: Summary of the magnetic properties of ECC/CGC samples.

Samples HC (kOe) Hn (kOe) MR/MS MS slope|HC
×10−4

± 1 % ± 1 % (emu/cc) (Oe−1) ± 1 %

ECO1h 5.60 1.12 0.99 455 2.49

ECO2h 4.64 1.38 0.97 455 3.17

ECO3h 6.03 1.04 0.95 480 2.40

ECPO1h 4.94 0.94 0.86 455 2.43

ECPO2h 4.20 0.95 0.88 450 2.85

ECPO3h 5.42 0.66 0.91 480 1.94

EOh
∗ 6.75 1.42 0.97 480 1.95

EPOh
∗ 5.46 0.99 0.90 470 1.81

samples are almost 1 and 1.4 kOe respectively while the PO group shows a reduction of

MR/MS and Hn of about 10% and 30% respectively for all samples.

The thickness of soft layer and continuous layer controls the interlayer exchange

coupling and the intergranular exchange coupling enhances the nucleation field, thermal

stability and the switching field distribution of the films. However, the combination and

optimization of the interactions is very complicated and it is required to understand the

mechanism of magnetisation reversal. From Table 5.6 it clear that ECO2h and ECPO2h

with the thinnest soft layers of ts ∼2 nm and the thickest tc ∼7 nm in each group

provide the lowest HC and the highest Hn. A further semi-quantitative measure of the

intergranular exchange interaction is the slope of loop at HC [36]. The gradients for

ECO2h and ECPO2h are steeper than those for the other samples by about 30%. This

implies that the switching field distribution is narrow. By comparison with the ECC

samples with high oxide levels (EOh and EPOh), the coercivity of samples which have

a continuous layer on top is lower than that of the ECC samples. In particular, HC

of ECO2h and ECPO2h which have the thickest continuous layers with good and poor

orientation respectively are reduced by about 30% compared to the ECC sample and

the slope of loop at HC is higher by 35%.

Nolan et al. [14] showed the effect of composite designs of ECC and CGC media by

modelling the hysteresis loops using a Voronoi grain structure with the Landau-Lifshitz-

Gilbert (LLG) equation to optimise the interactions. They assumed that the single

grains of the soft and hard layers are segregated from each other. The magnetisation
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reversal process showed grains switching independently leading to a wide switching field

distribution. With a CGC layer which has strong intergranular coupling on top, the ECC

layer acts to control the magnetisation reversal of the hard layer. The magnetisation of

the grains of the storage layer will rotate and switch when the torque from CGC layer is

transferred across the interface. Therefore, ECC/CGC media can reduce the coercivity

and the switching field distribution.

5.3 Easy Axis Distributions

5.3.1 Experimental Studies

There have been a number of attempts to investigate the easy axis distribution by

measuring the crystalline c-axis dispersion from the FWHM of X-ray rocking curves

[147], [145]. However, magnetostatic and exchange interactions are not included in this

measurement. Therefore, magnetic measurements are preferred for the characterisation

of the effective easy axis distribution. The traditional remanence method [145–147] to

measure the easy axis distribution for LRM cannot be used for PRM due to the effect

of HD.

We now present a new technique to extract the effective easy axis distribution

from the variation of coercivity with angle [143, 144, 165] as discussed in section 4.2.3.

The advantage of this technique is that the global demagnetising field is zero at the

coercivity [28]. Due to the requirement to vary the angle between the sample plane

and the applied field (θ) and the presence of SUL, conventional magnetometry and the

simple polar MOKE cannot be used to make these measurements. Hence, an angular

dependent MOKE at Seagate Media Research in Fremont was used.

The measurements were made at room temperature with a maximum applied field

of 3.0 Tesla. The magnetisation curve for each sample was measured without correction

for HD. The sample was saturated with Hsat = ±15 kOe and a field step of 50 Oe was

used. The measurements were repeated varying the angle. The results were normalised

to the maximum signal amplitude which is proportional to the saturation magnetisation.

Figure 5.6 shows typical normalised hysteresis loops at various angles from 0o to

10o for the ECO2h sample. Note that only 3 loops are shown for clarity but measure-

ments were made at 1o intervals. The normalised remanence (MR/MS) for all samples
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does not change at these low angles. It does not change for angles up to 10o. There were a

number of attempts to measure the effective easy axis distribution by the variation of re-

manence ratio (MR/MS) with angle [145–147] which was the traditional characterisation

for LRM. This technique originally was applied to measure PRM by Wu et al. [145]. The

measurement was difficult to interpret due to the small change in MR/MS with angle (<

5%) and the fact that the true zero field cannot be determined due to the demagnetising

field HD in PRM. The internal HD was calculated by micromagnetic simulation leading

to increased error for this technique. In 2005, Voznyuk et al. [147] also reported the mea-

surement of the easy axis distribution CoCr18Pt12 alloy using the traditional remanence

method. Moreover, the anisotropy dispersion, △θK and the crystal orientation were de-

termined by a Monte Carlo simulation using a Landau-Lifshitz-Gilbert formulation and

X-ray rocking curve respectively in order to compare with the traditional MR/MS . They

found that the results from the variation of remanence gave a wide distribution from 15o

to 29o. There was no apparent correlation with the simulation results and △θ50 which

varied from 5.2o to 8.4o. It is clear that this technique is not sensible and suitable for

PRM characterisation. The variation of HC provides a much larger change of up to 20%

and hence gives a more sensitive measurement of the effect of orientation.

Figure 5.6: Typical magnetisation curves M(H) at different angles for sample ECO2h
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The value of the coercivity is a maximum at zero degrees and decreases with in-

creasing angle from 0o to 10o. A summary of the coercivity at different angles with a

2o step is shown in Tables 5.7 to 5.9 for granular, ECC and ECC/CGCmedia respectively.

Granular Media

Table 5.7: Coercivity at different angles for granular samples.

Samples\HC(kOe) HC(0
o) HC(2

o) HC(4
o) HC(6

o) HC(8
o) HC(10

o)

± 1% ± 1% ± 1% ± 1% ± 1% ± 1%

GOh 8.60 8.19 7.86 7.56 7.35 7.03

GOm 6.32 6.06 5.82 5.56 5.43 5.24

GOl 4.22 4.14 4.02 3.90 3.80 3.70

GPOh 6.71 6.27 5.93 5.74 5.53 5.33

GPOm 5.04 4.92 4.76 4.61 4.49 4.37

GPOl 3.07 3.02 2.98 2.96 2.90 2.85

ECC Media

Table 5.8: Coercivity at different angles for ECC samples.

Samples\HC(kOe) HC(0
o) HC(2

o) HC(4
o) HC(6

o) HC(8
o) HC(10

o)

± 1% ± 1% ± 1% ± 1% ± 1% ± 1%

EOh 7.13 6.95 6.71 6.48 6.28 6.04

EOm 5.72 5.57 5.39 5.18 5.03 4.87

EOl 4.33 4.20 4.06 3.91 3.79 3.70

EPOh 6.18 6.01 5.84 5.66 5.50 5.33

EPOm 4.65 4.55 4.41 4.31 4.17 4.08

EPOl 3.48 3.42 3.33 3.26 3.16 3.10
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ECC/CGC Media

Table 5.9: Coercivity at different angles for ECC/CGC samples.

Samples\HC(kOe) HC(0
o) HC(2

o) HC(4
o) HC(6

o) HC(8
o) HC(10

o)

± 1% ± 1% ± 1% ± 1% ± 1% ± 1%

ECO1h 5.70 5.59 5.45 5.31 5.17 5.05

ECO2h 4.70 4.63 4.54 4.44 4.34 4.26

ECO3h 6.55 6.40 6.22 6.00 5.84 5.67

ECPO1h 5.18 5.09 5.00 4.86 4.74 4.62

ECPO2h 4.54 4.47 4.39 4.29 4.19 4.10

ECPO3h 5.85 5.76 5.63 5.45 5.30 5.18

From Tables 5.7 to 5.9, the maximum reduction of the coercivity at an angle of

10o was 19%, 16% and 13% for granular, ECC and ECC/CGC films respectively. The

results agreed well with the previous work of Carter et al. [144] that showed the variation

of coercivity of CoCrPt alloy PRM changed by 15% for θ = 10o.

5.3.2 Theoretical Calculations

In order to investigate the effect of the distribution of c-axis orientation, Stoner Wohl-

farth calculations as discussed in section 4.4.1 have been used to compare with the

MOKE results. Figure 5.7 shows the calculated variation of the normalized coercivity

with angle from -10o to +10o. As seen in fig.5.7 the variation of HC follows the Stoner-

Wohlfarth theory [15] in the case of σϕ = 0 which is the aligned case which produces

a highly peaked curve and the expected 30% reduction in HC at an angle of 10o. The

variation is seen to broaden as the distribution of easy axis orientation increases.
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Figure 5.7: The Stoner Wohlfarth calculation of the variation of HC(θ)/HC(0) for σϕ =

0 to 10 degrees (courtesy of P. Chureemart)

In order to compare with the calculated values of HC from the S-W model with

a Gaussian distribution of easy axis orientation, f(ϕ) for different values of σϕ from 0o

to 10o, the values of coercivity from Table 5.7 to 5.9 were normalised to the maximum

value of HC at θ = 0. Figure 5.8 shows the typical angular variation of HC from the

experimental and numerical results for the granular samples. The variation of HC was

examined for the granular films with the same functional layers but with different levels

of oxide and also different orientations as shown in fig.5.8 a) and b) respectively. The

variation of HC for GOl shows that the easy axis distribution is narrower than that

for GPOl which is consistent with the values obtained from X-ray rocking curves. The

results from the calculations indicate the data correspond to value of σϕ lying between

5o and 6o for GOl and about 10o for GPOl. The crystal orientation dispersion △θ50 gave

values of 3.33 and 3.92 for GOl and GPOl respectively. This shows that the distribution

of magnetic easy axes does not depend solely on the crystalline orientation. Other

factors and in particular exchange and dipole-dipole interaction affect the data. In

general exchange interactions will keep the moments of the grains aligned parallel and
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create an effective distribution of easy axes that is narrower than the physical spread.

Dipole-dipole interactions will tend to broaden the effective distribution especially when

determined at HC where 50% of the grains are oriented in opposite directions. However

the recording performance of a medium depends on its magnetic response which includes

all the magnetic effects and not just the crystal orientation.

Figure 5.8: Angular variation of HC from the experimental (dot) and numerical results

(line) of granular samples; a) GPO at the different levels of SiO2 and b) GO and GPO

at low SiO2

Fig.5.8 a) shows the comparison of the variation of HC for the granular films with

differing levels of silica. The results indicate that the width of the effective easy axis

distribution decreases as the oxide content is increased. This is consistent with the effect

of grain segregation by SiO2 leading to exchange decoupling [99]. The values of △θ50

from X-ray rocking curves were 3.90o, 3.80o and 3.92o from high to low levels of oxide.

These results do not differentiate the samples in terms of the different levels of SiO2.

This again shows that the measurement of coercivity as a function of angle provides a

more sensitive and appropriate measurement [143].

In a previous work [143], we demonstrated that the coercivity technique for the

measurement of the effective easy axis distribution comparing measurements with a S-W

model integrated across a distribution. We found that the results were in good agreement

for exchange decoupled CoCrPt alloy granular media. This technique has now been used

to study the orientation distribution in various media structures such as GOh, EOh and
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ECO2h with a good orientation and a high level of SiO2.

Figure 5.9: Angular variation of HC from the experimental (dot) and numerical results

(line) for the various structures with high SiO2

Figure 5.9 shows the angular variation of coercivity for the different structures

together with the calculated values. Note the high resolution on the HC axis. The

variation of HC(θ) for the granular medium, GOh shows that the easy axis distribution

is narrow with σϕ = 3o. The experimental data does not lie directly on any of the

calculated lines. However the result indicates the data correspond to values of σϕ lying

between 3o and 4o. This may be due to the actual distribution not following a Gaussian

form. However there is no evidence that this is the case. Another possible explanation is

that this may be due to intergranular coupling effects. TEM analysis, shown in fig.5.10

shows that whilst this sample has a high degree of SiO2 segregation, it is far from perfect.

Hence some degree of intergranular exchange coupling may still be present.

A further possibility is that because the energy barrier of a given grain is strongly

dependent on angle, the time dependence at higher angles may be significantly larger

than at angles close to 0o. This would lead to an increase in the sweep-rate dependence
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of coercivity particularly for the samples with the best orientation such as GOh. For

all measurements a constant sweep rate of 2500 Oe/s was used. However as discussed

below, similar effects are not seen for the other samples even though all the distributions

have values of σϕ of less than 8o. Hence this effect is relatively small and the most likely

cause of the relatively poor fit for sample GOh remains intergranular coupling.

The distribution of easy axes for the ECC medium, EOh gives a excellent fit

to the theory for σϕ = 5o. This implies that the distribution is close to a Gaussian.

Inspection of fig.5.10 shows that the grain segregation by SiO2 is almost perfect in this

sample. We believe that these grains are almost perfectly exchange decoupled. This

result also supports the contention that the poorer fit for sample GOh is a result of

exchange coupling.

The ECO2h medium shows a much wider distribution with σϕ = 8o. The distribu-

tion as measured also appears not to be Gaussian as the measured values cross the curves

for standard deviations ranging from 5o to 8o. The structure of the ECO2h sample is the

most complex of all the media studied. The TEM image in fig.5.10 c) seems to indicate

that the silica segregation is not as complete as that in the EOh film. However the CGC

over-layer has no silica segregation and will be exchange coupled. This may lead to an

indirect exchange coupling between the grains in the ECC layer and may distort the

distribution.

In order to examine the effect of SiO2 segregation on the measured distribution,

in-plane bright field (BF) TEM images and the grain size distribution were obtained.

Figure 5.10 shows the TEM images and the measured size distribution for all samples.

The SiO2 boundary for the GOh sample is thinner than for the other media. The in-plane

structure of ECO2h shows uniform grains but incomplete grain boundary segregation by

SiO2. In principle the physical orientation of the ECOh grains should be the same as that

for the ECC sample but the CGC layer creates coupling and widens the distribution.

The median diameter Dm of the grains for the GOh and ECO2h samples were 11.6 nm

and 6.32 nm with the standard deviations of the lognormal distributions σlnD = 0.16

and 0.14 respectively. For the EOh sample, Dm was 6.70 nm with σlnD = 0.11 which is

the smallest standard deviation of all the media studied. For each sample more than 600

grains were measured to obtain the distribution to high resolution. Cross-section TEM

samples were also prepared to observe the uniformity of the silica segregation as shown

in fig.5.1. It is clear again that the ECC medium shows well segregated columnar grains
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whereas the SiO2 of the granular medium is thinner than that for the other media. For

ECO2h media the boundary between columnar grains and the CGC layer is clear.

Figure 5.10: Bright Field (BF) in-plane images and normalised grain size distributions

a) granular media, GOh, b) ECC media, EOh and c) ECC/CGC media, ECO2h
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5.3.3 Coercivity of Complex Structures

The effective easy axis distribution of the most advanced type of ECC/CGC media

with a high level of SiO2 and good orientation was also investigated by comparison to

the integrated S-W model as shown in fig.5.11. The experimental results do not lie

directly on any of the calculated lines. The results indicate that the ECO2h medium

with a maximum thickness of CGC layer of about 7 nm shows a much wider distribution

corresponding to a value of σϕ between 5o and 8o whereas the ECO3h sample with the

thinnest CGC layer of 3 nm shows a narrow distribution with σϕ = 5o to 6o. This

indicates that the wider distribution most probably comes from the effect of the CGC

layer via the strong exchange coupling between CGC and ECC layers. However, the

magnetic properties of ECO2h sample such as the thermal stability, nucleation field and

gradient of the loop at HC are improved as shown in Table 5.6.

Figure 5.11: Angular variation of HC from the experimental (dot) and numerical results

(line) for ECO samples with the different thickness ratios and high SiO2 content
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The results are consistent with the simulation of hysteresis loops with the thickness

of CGC layer by Nolan et al. [14]. They showed that the loop squareness increases and

HC reduces as the thickness of tc is increased due to the increase in the lateral exchange

coupling, Hex [14]. This can lead to a much wider distribution of easy axis orientations.

For advanced ECC/CGC recording media a further complication arises due to

the different coercivities in the ECC and CGC layers. For this system the coercivity

of the overall sample will be a combination of the reversal in each of the layers. In a

normal single layer and ECC media there is little if any reversible component of the

magnetisation. Hence, the coercivity is given by the criterion

∆EC(HC)∫
0

f (∆E) d∆E =

∞∫
∆E(HC)

f (∆E) d∆E (5.2)

where f(∆E)d(∆E) is the distribution of energy barriers often described via the switching

field distribution (SFD). For the case of the ECC/CGC media, the soft CGC layer must

be included, so the coercivity is now

∆EC(HC)∫
0

f (∆E)softd (∆E)soft +

∆EC(HC)∫
0

f (∆E) d(∆E) =

∞∫
∆E(HC)

f (∆E) d∆E (5.3)

Figure 5.12: Schematic of the distribution of the energy barriers for a) a normal granular

of ECC media, b) the ECC/CGC medium
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These two criteria are shown schematically in fig. 5.12 a) and b). Because the CGC

layer is soft it is likely to be saturated, or nearly so, at HC . This will distort the value

of HC and may not be uniform with angle, even at the small angles used in this study.

Hence an alternative technique based on the measurement of the remanent coercivity,

Hcr may be required. The measurement of the variation of Hcr will be described in

section 5.3.4.

5.3.4 The Easy Axis Distribution by the Variation of Hcr

It was decided to investigate the remanent coercivity Hcr as a function of angle. Hcr is

the coercivity from a DCD curve as described in section 4.2.2. However the difficulty is

now the demagnetisation field which means that the field values are no longer known.

Remanence curve measurements provide only the irreversible component of mag-

netisation and give no signal from the soft CGC layer. The measurement of the variation

of Hcr as a function of angle was determined using the rotational MOKE and the DCD

method. Hcr can be obtained from the median switching field by differentiating the

remanence curve [36] [151]. But due to HD, Hcr cannot be determined directly from the

differential method. Hcr was taken as the point at which Mirr = 0.

The measurements were made at room temperature with a maximum applied field

of 15 kOe. A reverse field was applied in steps of 500 Oe. The reverse field and remanent

magnetisation were recorded. The measurements were repeated by increasing the reverse

field steps up to -15 kOe. The results were normalised to the signal amplitude at the

maximum value of MR which is proportional to the remanence. The measurements were

repeated varying the angle between the sample plane and the applied field from 0o to

10o in 1o steps.

Figure 5.13 shows normalised remanence curves at various angles for the sample

ECO3h. Results are shown only for 2o steps but measurements were made at 1o intervals.

The trend of the DCD curves is to be shifted to lower fields as the angle increases. The

DCD curve for ECO3h sample shows a wider switching region than expected. This may

be due to the absence of a correction for HD. Several points around the remanence were

fitted using a linear regression in order to determine Hcr. The results of the measurements

of HC and Hcr with the angles in steps of 2o are shown in Table 5.10.
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Figure 5.13: Typical DCD curves at different angles θ for sample ECO3h

Table 5.10: Comparison of HC and Hcr at different angles for the ECO samples.

Samples\HC(kOe) HC(0
o) HC(2

o) HC(4
o) HC(6

o) HC(8
o) HC(10

o)

± 1% ± 1% ± 1% ± 1% ± 1% ± 1%

ECO1h 5.70 5.59 5.45 5.31 5.17 5.05

ECO2h 4.70 4.63 4.54 4.44 4.34 4.26

ECO3h 6.55 6.40 6.22 6.00 5.84 5.67

Samples\Hcr(kOe) Hcr(0
o) Hcr(2

o) Hcr(4
o) Hcr(6

o) Hcr(8
o) Hcr(10

o)

± 1% ± 1% ± 1% ± 1% ± 1% ± 1%

ECO1h 5.54 5.47 5.37 5.23 5.04 4.92

ECO2h 4.57 4.51 4.43 4.34 4.23 4.16

ECO3h 6.23 6.15 6.04 5.88 5.65 5.45

From Table 5.10, the comparison between of HC and Hcr shows that the values of

Hcr were less than HC for any angles due to the elimination of the reversible component

from the CGC layer as expected. All samples of the ECC/CGC type have a high level

of SiO2. The effect of exchange coupling between the grains is unlikely to be the cause.
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In the previous section, the ECO3h and ECO1h samples showed easy axis distri-

butions not following a Gaussian form as the measured values crossed the curves, σϕ

between 5o and 6o for ECO3h and σϕ from 5o to 7o for ECO1h. The ECO2h sample

had a much wider distribution with the worst fit to the theory for σϕ from 5o to 8o.

For the variation of remanent coercivity method, the agreement between the experimen-

tal data and the integrated Stoner-Wohlfarth calculation was improved. The variations

of Hcr were compared with the Stoner Wohlfarth calculation as shown in figure 5.14.

Good agreement was found for all samples in particular samples ECO3h and ECO1h

showed an excellent fit to the theory which is consistent with σϕ lying between 6o and 7o

respectively. This result confirms the hypothesis of the distortion from the HC measure-

ment coming from the soft CGC layer as discussed in section 5.3.3. The ECO2h sample

showed a wider distribution corresponding to a value of σϕ between 7o and 8o. However

the results show a better fit compared with the coercivity technique.

Figure 5.14: Angular variation of Hcr from the experimental data and numerical results

for ECO samples with different thicknesses of the CGC layer
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These results show that the values of the effective easy axis distribution were

similar to those obtained from the HC technique for all samples. However, the advantage

of this new technique is that it gives a excellent fit between the experimental results and

the integrated Stoner Wohlfarth calculation. Therefore, the measurements of remanent

coercivity as a function of angle provides a sensitive measure of the effective easy axis

distribution which includes the effect of exchange and dipolar coupling between the

grains in the complex structure of advanced recording media.

5.4 Time Dependence in Thin Film Media

5.4.1 Time Dependence of Magnetisation

The time evolution of the switching of the magnetisation in thin film media can be used

to characterise the effect of thermal activation on the thin film. The characterisation

of the time dependence can provide a measurement of the activation volume Vact [63]

which is an essential parameter for the improvement of the performance of advanced

recording media. Vact represents the smallest entity that reverses coherently in a single

step and gives the smallest unit that can be reversed.

The measurement of Vact was investigated using the measurement of the fluctua-

tion field [77] where the relation between Hf and Vact is shown in equation 2.69. The

waiting time method proposed by El-Hilo et al. discussed in section 2.4.4 was used for

this measurement.

The effect of the level of SiO2 on the activation volume for identical structures

of exchange coupled composite (ECC) media [12] [48]; EOh, EOm and EOl has been

studied and compared to the physical grain volume. Again a MOKE magnetometer was

required for magnetic measurements due to the presence of the SUL.
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The measurements were made at room temperature with a maximum applied field

of 12 kOe. The sample was first magnetised in a saturating field and a constant reverse

field, Hrev was then applied. The decay of magnetisation was measured for 600 seconds.

This process was repeated with increasing reverse fields as required by equation 5.4. Due

to the drift of the laser signal the hysteresis loop was measured before increasing Hrev

in order to obtain the maximum signal amplitude as a reference signal.

Hn
rev = Hrev + n ·∆H (5.4)

where Hn
rev is the new reverse field, n is the number of steps and ∆H is the field step

∼ 80 Oe. The range of Hrev was chosen to cover the entire range of the switching field

distribution. The chosen value of M for the determination of Vact is generally M = 0 so

that Hf is determined at the coercivity HC in order to remove the effect of HD. Figure

5.15 shows typical time dependence measurements over a 600 second interval for the

EOh sample with a high level of SiO2.

Figure 5.15: Typical time dependence of magnetisation decay for sample EOh



5.4. Time Dependence in Thin Film Media 146

For the waiting time method, a number of different reverse field values and the

values of ln(t1/t2) where the value M falls to zero were obtained. Given the accuracy

of the results the curves were fitted to a power series expansion of magnetic viscosity

coefficients proposed by El-Hilo et al. [77] following equation 5.5.

M(t) = Mo ± S1 ln(t)± S2 ln
2(t)± . . . (5.5)

Fig.5.16 and 5.17 show the results of the magnetisation decay with time and ln(t)

respectively. It is obvious that the magnetisation decay with lnt of the ECC samples

exhibits non-linear ln(t) behaviour. The concave downwards and concave upwards varia-

tions of the magnetisation with ln(t) appear at high and low value of Hrev. This implies

that the distribution of energy barriers is narrow [72]. Given the high levels of SiO2

in this sample the grain size distribution is narrow and the anisotropy constant highly

uniform due to the use of heated substrates. Also the values of σϕ at 5o give a very

narrow distribution of energy barriers as shown by equation 2.45

Figure 5.16: The variation of the time dependent magnetisation with t
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Figure 5.17: The variation of the time dependent magnetisation with ln(t)

5.4.2 Determination of the Fluctuation Field and Activation Volumes

As discussed in section 2.4.4, Hf can be determined from the values of t1 and t2 which

are the times taken for the magnetisation to fall to the same constant value of M in the

presence of different reverse fields, Hrev1 and Hrev2 [77]

Hf =
△H

ln(t2/t1)

∣∣∣∣
M

(5.6)

A graph of △H versus ln(t2/t1) was drawn using as many crossing points at M =

0 as possible. Hf was determined directly from the gradient of a graph of the reverse

field (HM=0) and ln(t1/t2). The accuracy of the linear regression determined from r2

was > 0.99 for all samples. Fig.5.18 shows the variation of HM=0 with lnt for samples

EOh, EOm and EOl.
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Figure 5.18: The variation of the reverse field with ln(t) for all samples

As predicted by equation 5.6 an excellent linear variation is observed. The error

bars lie within the symbols. The values of Hf obtained are shown in Table 5.11. The

values of HC and the slope of the magnetisation curve at HC are also summarised in

Table 5.12.

Table 5.11: Summary of physical properties, Hf and Vact.

Sample SiO2 Dm (nm) σD Hf VTEM × 10−19 Vact × 10−19

±1% ±1% ±5% (cc)± 1.4% (cc)± 3%

EOh High 6.70 0.11 170 4.94 5.09

EOm medium 7.81 0.13 127 6.52 7.32

EOl low 8.16 0.13 114 7.21 8.20

Table 5.12: Summary of magnetic properties of ECC set.

Sample SiO2 Dm (nm) HC (kOe) slope at HC×10−4 MS

±1% ±1% (Oe−1) ±1% (emu/cc)

EOh High 6.70 6.75 1.95 480

EOm medium 7.81 5.41 2.27 450

EOl low 8.16 3.97 3.00 450
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The value of the activation volume was obtained from the relationship between

the thermal energy and the fluctuation field

Vact =
kBT

MSHf
(5.7)

where kB is Boltzmann’s constant, T = 300 K and MS is the saturation magnetisation

of the composite film. There is one significant difficulty with this calculation because a

value for the saturation magnetisation MS is required. This value of MS is that of the

grain rather than that of the film. This value cannot be measured and may also vary if

there is SiO2 contamination within a grain which may also vary from grain to grain. In

order to overcome this difficulty the value of MS used was that of the bulk alloy which

may differ slightly from thin film form. The magnetisation of the bulk material was

determined using the VSM as discussed in section 5.2. It is noted that the variation in

composition of the two layers of the ECC media is small and any change in MS will, we

believe, be less than that between the bulk and the thin film sample. Hence a single

value of MS as shown in Table 5.12 has been used. Another source of error is due to

the accuracy of the measurement of the volume. Cross-section TEM for all samples was

used to measure the recording layer thickness in order to reduce errors. Hence the value

of Vact presented in 5.11 may be subject to a systematic error in addition to the random

errors quoted.

The values of Vact shown in Table 5.11 show the expected trend as the exchange

decoupling increases for higher SiO2 levels. The results for the ECC media are in ac-

cordance with the previous works regarding the reduction of the activation volume for

conventional CoCrPt-SiO2 media with increasing levels of oxide as reported by Dutson et

al. [166] and Inaba et al. [127]. The reduction of Vact as the oxide content is increased is

due to the reduction of the intergranular exchange coupling due to the SiO2 segregation

at the grain boundary. A further semi-quantitative measurement of the intergranular

exchange coupling can be seen via the slope of the loop at HC [36] given in Table 5.12.

If co-operative reversal occurs then the gradient of the loop will be steeper. El-Hilo et

al. [72] showed that the activation volume is also a measure of co-operative reversal.

Since Vact is that volume of the material that reverses in a single step, a co-operative

event will increase Vact. These results show that decreasing the SiO2 content increases

the slope of the loop for samples such as EOl which has a larger activation volume.
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5.4.3 Correlation of Activation and Physical Grain Volumes

The activation volume has been compared to the physical volume of the grains in order to

study the correlation between Vact and the grain volume. The grain volume of recording

media can be estimated from the cylindrical volume of a single grain, VTEM . The

columnar structure of the ECC media can be observed clearly in the cross-section TEM

image shown in fig.5.1. In order to determine VTEM the median grain size for all samples

was measured from in-plane TEM images. The SiO2 content at the grain boundaries was

also observed by cross-section high resolution scanning transmission electron microscope

(HR-STEM) imaging. For the grain size distribution in-plane images were taken from

various areas of the sample using a JEOL 2011 TEM. For each sample 600 grains were

measured using an equivalent circle method via a light box with an adjustable aperture.

The data were fitted to a log-normal distribution function of diameter of the form

f(D)dD =
1√

2πσlnDD
exp

−
(
lnD− lnD

)2
2σ2

lnD

dD (5.8)

Here lnD is the mean value of lnD so that the median diameter Dm = exp(lnD).

σlnD is the standard deviation of lnD. Therefore, VTEM was calculated from the grain

area assuming a constant film thickness, ttotal including the soft and hard layers of ECC

media. From fig.5.1, the cross-section of the ECC medium shows this approximation to

be valid. It should be noted that σ is now 2σlnD because the standard deviation is that

of the log of the area of the grains.

Vm = πDm
2ttotal/4 (5.9)

Cross-section images were obtained using a JEOL JEM-2200FS double Cs-corrected

TEM at bright fight (BF) HR-STEM and high angle annular dark-field (HAADF) mode.

The HAADF mode detects only electrons which are incoherently scattered as discussed

in section 4.3.3. Z-contrast was used to analyse the composition distribution at the grain

boundaries. Examples of the bright field TEM images are shown in fig.5.19 together with

the fits to the lognormal distribution function of diameter. The size distribution param-

eters for both diameter and volume are shown in Table 5.11. From the data in Table

5.11, VTEM decreases as the SiO2 content increases. This is consistent with the values

of Vact.
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Figure 5.19: BF in-plane image and normalised grain size distributions for ECC samples

with good orientation and different oxide levels.

In ECC media the concept of the grain volume is ambiguous due to the two layer

structure. However the two layers are strongly exchange coupled via a direct exchange

mechanism because they both consist of CoCrPt. Only slight variations in the level

Pt are required to vary the anisotropy and hence the lattice match in the basal plane

is essentially the same. Hence magnetically, the grains will reverse coherently and the

required grain volume is that of the two layers.
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The data in figure 5.20 shows excellent agreement between Vact and VTEM for

sample EOh. This is a critical result because it indicates that for this sample single

grain reversal occurs. This also implies that the intergranular exchange coupling has

been reduced to near zero so that it has very little or no effect on the magnetisation

reversal. The similarity of these values also indicates that the value of MS used to

calculate Vact is, at worst, a good approximation. The values of Vact for samples EOm

and EOl were significantly larger than the value of VTEM . This indicates the effect of

co-operative reversal of the grains due to incomplete exchange decoupling from the lower

level of SiO2. The effect of the level of SiO2 in controlling the median grain size and the

value of σlnD is also clear.

The increasing disparity between VTEM and Vact with falling SiO2 content indi-

cates that the level of SiO2 in the film is a critical parameter in controlling the intergran-

ular exchange coupling [127]. However the lowest level of SiO2 in sample EOl only gave

rise to a value of Vact which was 15% greater than VTEM indicating that a significant

degree of exchange decoupling was achieved. For samples without SiO2 decoupling such

as those which previously relied on Cr segregation, values of Vact indicated many grains

reverse co-operatively [164]. The result here for EOh indicates that it is an almost ideal

single grain reversal medium.

Figure 5.20: Comparison between activation volumes, Vact and VTEM
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It is difficult to quantify the degree of exchange coupling in perpendicular media.

Techniques such as △M cannot be used because of the demagnetising field. However the

effect of the interactions can be seen from the data in Table 5.12. The CoCrPt alloy used

in all 3 samples is the same, and the difference in HC between sample EOh with a high

level of SiO2 and sample EOl with a low level is almost 3kOe. This reduction is in part

due to exchange coupling. However the difference in grain size of 1.46 nm corresponds

to a difference in volume of almost a factor 1.5. Hence the contribution of thermal

activation to the reduction in HC will be approximately half the overall reduction in

coercivity. That would imply that the exchange interaction produces an equivalent field

of the order of 1kOe.

It is somewhat surprising that the resulting cluster size is only 15% greater for

the sample with a low level of SiO2 than that for the film with a high level. In previous

work on longitudinal media much larger clusters were found in exchange coupled films.

However the perpendicular orientation automatically results in repulsive dipole-dipole

effects which will reduce cluster size as the exchange interaction will need to overcome

anisotropy and dipole-dipole effects. In order to study the effect of the SiO2 at the

grain boundaries, high resolution in-plane TEM images were obtained. The in-plane

structure shows that the grain segregation for the EOh sample is almost perfect with

grain segregation in the range ∼ 0.5 to 1 nm. For samples EOm and EOl, the SiO2

segregation is not as complete as in the EOh sample due to the lower SiO2 content.

Hence, Vact appears to be in the same range as the median grain volume.

To observe the composition distribution along the grain boundaries BF HR-STEM

and HAADF STEM imaging has been used as shown in fig.5.21 a) and b) respectively

for sample EOh . Figure 5.21 a) shows a very sharp grain boundary in good agreement

with the in-plane image for this sample. Fig.5.21 a) shows that the width of the SiO2

is approximately 1 nm but varies and in places is of the order of 0.5 nm. However the

critical observation is that the SiO2 is continuous. Given that intergranular exchange

coupling is an indirect interaction mediated by conduction electrons, this is an important

observation which explains why this sample appears to have almost perfect exchange

decoupling.

In the HAADF STEM image 5.21 b), the brighter areas indicate heavy metal

scattering and darker areas indicate light metal scattering (Z-contrast). The HAADF

image clearly shows the dark area along the grain boundary and the brighter atoms in the
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grain. This image confirms the continuity of the SiO2 layer. The comparison between

BF HR-STEM and HAADF images for the same area shows that the SiO2, which is

light metal, predominantly segregates between the grains at high SiO2 content. Whilst

the images in figure 5.21 are typical of the observations made of the grain boundaries, it

should be noted that extensive observations were made over many areas and a continuous

layer of SiO2 was found everywhere and no breaks in the SiO2 could be found. From

this analysis the origin of the correlation between Vact and the grain volume is clear.

Hence, this result implies that the activation volume in advanced recording media can

be estimated via the correlation to the grain size.

Figure 5.21: a) Typical BF-HR-STEM cross-section image and b) high angle annular

dark field (HAADF)-STEM for sample EOh (courtesy of Dr. L. Lari)
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CHAPTER VI

Conclusions and Future Work

6.1 Conclusions

In this work the value of advanced magnetic measurements and their use in under-

standing processes in advanced thin film media has been demonstrated. A number of

techniques have been developed and used on new composite perpendicular recording

media with different structures. The development and demonstration of the use of those

techniques have provided valuable insights for my industrial collaborators in Seagate

Media Research. The techniques are also being adopted by other major media manufac-

tures. Hence the techniques are valuable for the study of current media and will support

future media development.

The main objective of this work was to investigate the effective easy axis distri-

bution and study the effect of the oxide content on thermal stability. One of the most

critical parameters in perpendicular recording media is the distribution of switching

fields within the medium. The largest contributor to the switching field distribution is

the variation in the orientation of the easy axis of the grains. This leads to a distribu-

tion of the intrinsic switching fields. The variation of coercivity technique was originally

proposed by Carter et al. [144]. This technique has now been made quantitative via

comparison with modelling results. Due to the efficiency of SiO2 segregation at the

grain boundaries leading to intergranular exchange decoupling, a simple model assum-

ing coherent magnetisation reversal of each grain has been developed. The model gives

excellent agreement with the experimental data. The advantage of the coercivity method

is that it can measure σϕ with a resolution of less than 1 degree.

The requirement for this technique is a rotational system for the magnetometery.

Due to the presence of the soft underlayer a rotational MOKE is required. This MOKE

design is only currently available at Seagate Media Research. The coercivity technique

can differentiate the effective easy axis distribution for different media structures and
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different levels of SiO2. The values of crystallographic orientation △θ50 from X-ray

rocking curves for all samples were not able to do this always giving values, of about 3o.

From the coercivity method the effect of intergranular exchange decoupling from

the SiO2 dominated the distribution. The granular medium with high intergranular

exchange coupling showed a wide distribution with σϕ of 9o whereas it was only 3o for

the sample with low exchange coupling. The effect of crystal orientation in identical

structures was also observed giving a difference in σϕ of 9o and 6o. The △θ50 technique

could not differentiate these samples.

The coercivity method was also applied to complex structures such as ECC media.

The effective easy axis distribution showed similar results for the coupling effect and

different crystal orientation as for the granular media. For the comparison with granular

media the value of σϕ was slightly wider but showed an excellent fit to the theory for σϕ

= 5o. The TEM analysis showed that the grain segregation by SiO2 was almost perfect.

This implies that the larger value of σϕ was not due to exchange coupling.

Most advanced media are complex structures due to the presence of the continuous

layer. The calculations from the S-W model cannot be matched perfectly to the experi-

mental results due to the contribution of the reversible component of the magnetisation.

The variation of remanent coercivity (Hcr) is required. The variation of Hcr gave a good

fit to the theory with σϕ = 6o for the thinnest CGC layer. For the thickest CGC layer

σϕ = 8o. This is a much broader distribution compared to the other sample. Hence the

CGC layer should be as thin as possible.

Another main topic studied is the thermal stability for alternative perpendicular

recording media. This is a major limiting factor for the extension of areal density. In

order to achieve a high density, the most important factor is the reduction of the median

grain size controlled via the level of co-sputtered silica deposited with the CoCrPt alloy.

The grain size is a critical parameter because small grains lead to thermal loss of data

which affects all forms of data storage. The significant parameter is the activation volume

which was investigated via time dependence studies.

These measurements indicated that all ECC samples with different levels of silica

have a narrow switching field distribution. This implies that the easy axis distribution

is an important factor because the distribution of grain size σD and the anisotropy

distribution σK were small. The decay of magnetisation near the coercivity was observed

for 600 seconds. The magnetisation reduced by about 0.2 M/MS during this time interval
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for all samples. Due to the presence of the narrow SFD the waiting time method gives

an accurate measure of the fluctuation field Hf . Hf was determined directly from the

gradient of a number of intercept points of the variation of the reverse field with ln(t2/t1)

at M = 0. An excellent linear variation was observed giving Hf to ±5 %. Hf increased

as the exchange coupling was reduced as expected.

Vact was determined directly from the fluctuation field and MS . Vact decreased

as the SiO2 level was increased due to a decrease in the grain volume but also due to

the exchange coupling between the grains being reduced. Vact was found to be the same

as the median grain volume for a sample with a high level of SiO2. Cross-sectional

TEM analysis has been carried out to investigate the composition distribution at the

grain boundaries. The images showed excellent grain segregation at the grain boundaries

which was continuous through to the intermediate layer. This implies that near perfect

exchange decoupling between the grains should occur as confirmed by the activation

volume results. However, the dipole dipole interaction is still present.

6.2 Future Work

The variation of coercivity as a function of angle provides a sensitive technique to de-

termine the effective easy axis distribution. It can also show the effects of intergranular

exchange coupling on the dispersion. The technique is a simple and reliable experimental

method taking the effect into account. If a rotational MOKE is available further work

would be to use this technique to measure the distribution of easy axis orientation for

future recording media such as bit patterned media and FePt media for HAMR technol-

ogy. This technique would be applicable for the characterisation of future media due to

the coherent magnetisation reversal of each single domain grain.

In order to interpret this data meaningfully high resolution micromagnetic com-

puter modelling will be required to simulate more realistic media. The calculation of the

coercivity value should take the effects of exchange and dipolar coupling between the

grains into account. Voronoi grain structures can be controlled using the actual grain size

from in-plane analysis in order to simulate the real system. Monte Carlo simulations can

calculate the magnetisation curve including the anisotropy field, grain size distribution

and exchange and dipolar coupling in the system. Figure 6.1 a) and b) show an example

of a Voronoi grain structure and the variation of the coercivity calculated using a Monte
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Carlo simulation and compared to the experimental results and the Stoner Wohlfarth

model respectively. The results show an improved correlation due to the inclusion of

exchange interactions.

Figure 6.1: a) Comparison between Voronoi simulation grains and the recording grains

and b) angular variation of HC from experimental results, S-W and Monte Carlo calcu-

lations provided by P. Chureemart and R.W. Chantrell.

The activation volume measurement has also shown the value of high resolution

magnetic measurements. It can be used as a qualitative indicator of the exchange cou-

pling between the grains. This will be equally applicable to HAMR media where co-

operative reversal will remain a key issue.

The technique will also be valuable for bit patterned media. It has been proposed

that bit patterned media can be fabricated from films with exchange coupled grains. As

has been shown in this work this will reduce the coercivity and the activation volume will

be several grains but perhaps not an entire element. In such small entities a magnetic

force microscope will not be able to image the magnetisation reversal and perhaps only

a technique such as that used here will be able to establish the mechanism.
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LIST OF SYMBOLS

α Orientation of grains factor

D̄m Median diameter

△θ50 Full width half maximum

χirr Irreversible susceptibility

∆M Degree of intergranular exchange interaction

δ Thickness of medium

ϵ Induced voltage

ϵK Elipticity angles

λ Wavelength of the X-rays

λme Magnetostriction constant

µ Magnetic permeability

ω Angular frequency

ϕm Magnetic flux

σ Tensile stress

σϕ Standard deviation

σlnD Standard deviation of lnD

τ Relaxation time

θhkl Bragg’s angle

θK Rotation of polarisation plane

θme Angle between the magnetisation and σ

ξ Ratio of the energy barrier △E to the switching field

A Area of the magnetic sample
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ao Transition width parameter

aWC Williams-Comstock transition width parameter

AFC Antiferromagnetically coupled media

Bm Magnetic flux density

BPM Bit patterned media

CGC Coupled granular continuous media

dhkl Lattice spacing or interplanar spacing

d Magnetic spacing between the medium and the write head

Dav Average grain diameter

DCD DC-demagnetisation curve

EK Magnetocrystalline anisotropy energy

Ea Anisotropy energy

Ed Dipolar interaction energy

Eex Interfacial exchange energy

Emax Maximum energy of a single domain particle

Ems Magnetostatic energy

Ep Potential energy

ET Total energy

ECC Exchange coupled composite media

EDX Energy dispersive X-ray

f(∆E) Function of the energy barrier

fo Frequency factor

H Uniform magnetic field

Hspin Heisenberg Hamiltonian
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Hf Fluctuation field

Hac Microwave ac field

HA Applied field

Hcontral Corrected applied field

Hcr Remanence coercivity

HC Coercivity

HD Demagnetising field

Hex Exchange field

Hi Internal field

HK Anisotropy field

Hn Negative nucleation field

Hrev Constant reverse field

Hn
rev New reverse field

Hsat Saturated field

HS Switching field

HW Writing field

HAADF High angle annular dark field

HAMR Heat assisted magnetic recording

IRM Isothermal remanent magnetisation curve

Jij Exchange coupling constant

K Anisotropy constant

kB Boltzman’s constant

Kms Magnetoelastic constant

LRM Longitudinal recording media



LIST OF SYMBOLS 164

M Magnetisation

m Magnetic moment

Mirr Irreversible magnetisation

Mrev Reversible magnetisation

MR Remanence magnetisation

MS Saturation magnetisation

MAMR Microwave assisted magnetic recording

MOKE Magneto-optical Kerr effect

N Number of turns in the detection coil

Na Demagnetising factor along the short axis

Nc Demagnetising factor along the long axis

ND Demagnetising factor

PRM Perpendicular recording media

PW50 Width of the signal pulse at 50%

Q⊥ Head field gradient

Si, Sj Spin angular momenta of atoms i and j

Sq Squareness of hysteresis loop

SFD Switching field distribution

SNR Signal to noise ratio

STEM Scanning transition electron microscopy

T Temperature constant

TC Curie temperature

TEM Transition electron microscopy

V Grain volume in the medium



LIST OF SYMBOLS 165

Vact Activation volume

VTEM Physical single grain volume

V SM Vibrating sample magnetometer

Z Atomic number

∆EC Energy barrier at remanence

∆E Energy barrier

∆E(HC) Energy barrier at coercivity

g(H) Langevin function factor
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