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Abstract

Heat-Assisted Magnetic Recording (HAMR) has emerged as a promising next-generation
approach for magnetic recording. The functioning of HAMR requires the recording media
to be made of magnetic materials with high anisotropy and suitable Curie temperature. Iron
Platinum in the L10-phase (L10-FePt) has been found to satisfy these two requirements, thus
having been attracting extensive attention and investigation. This Thesis presents a coherent
and comprehensive computational research on the impacts of finite-size and surface effects
in L10-FePt for potential HAMR applications. Simulations are performed by VAMPIRE an
atomistic simulation code developed in the University of York and several key findings have
been obtained. First, the existence of a size threshold at 3.5 nm is discovered below which
finite-size effects are found to permeate into the centre of the L10-FePt grains leading to the
well-known Curie temperature dispersion of the recording medium. A correlation between
the Curie temperature dispersion and surface disorder is formulated which can be extended
beyond L10-FePt to be applicable to different crystal structures. Second, a novel fourth-order
anisotropy component is found in a phase-coupled core-shell structured L10=A1-FePt grain
which exhibits strong size and geometry-dependence unseen in previous literature. Additionally,
the scaling to magnetisation of this fourth-order anisotropy is found to disobey the classical
Callen-Callen power law. These properties can be successfully explained by an analytic model
which demonstrates the origin of this novel fourth-order anisotropy to be from the canting of
the core and shell magnetisation. The applicability of this analytic model, also, is shown to
extend to be valid in a generic soft-hard coupled nanocomposite magnetic system. Finally,
the switching efficiency of this phase-coupled core-shell structured L10=A1-FePt grain is
investigated. Available data demonstrate the existence of a non-negligible switching error
rate in all tested grain configurations. Reducing the grain size and using shorter write pulses
are found to induce higher switching error rate. However, it is shown that these detriments
can be mitigated by surface engineering. Overall, the studies presented in this Thesis have
addressed and provided many helpful insights into outstanding challenges on the path toward
the realisation of L10-FePt in HAMR recording media.
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1

Introduction to magnetic recording and

heat-assisted magnetic recording

1.1 Magnetic recording and the trilemma

Magnetic recording refers to the process of writing and storing data on a magnetised medium

made from the grains of magnetisable materials [1]. Durable storage of information requires the

writing media to be made of suitable magnetic materials which exhibit at least two thermally

well-de�ned states corresponding to the two binary "0" and "1" states of the information bit. A

very ambitious target for the future is set that a bit of information will be stored on a single

grain, but today several grains are required [2]. A quali�ed magnetic storage is expected to

meet the three following standards. First, it ought to exhibit a large saturation magnetisation

necessary for the production of clear signals in the read-head. Second, it ought to exhibit

a suitable coercivity �eld which enables the writing of information via switching magnetic

moments from one binary state to another. Finally, it ought to exhibit a high level of thermal

stability which is required for a long-lasting preservation and extraction of the information

stored on it for a duration of several years.

Historically, one of the �rst techniques of magnetic recording in Hard Disk Drive (HDD)

was the Longitudinal Recording Technology (LRT) in which the writing media are magnetised

horizontally to the write head and in parallel to the surface of the disk [1]. This recording

technique confers many desirable qualities, such as satisfactory areal density, good signal-to-

noise ratio (SNR) if high anisotropy is retained in the recording layers, and low thickness [3],

but on the downside suffers from severe thermal instabilities found in the longitudinal writing

media [4]. After many attempts at further improving the areal density, LRT was rendered

obsolete by a new technique coined Perpendicular Recording Technology (PRT). The most

notable difference between LRT and PRT, a comparison of which is shown in Fig. 1.1, is that
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in PRT the written data bits on the writing medium are polarised perpendicular to the disk

surface. This perpendicular alignment of the bits, in either parallel or anti-parallel orientation

corresponding to the binary state "1" or "0" respectively, helps to minimise demagnetisation

effects and stray �elds thus allowing the achievement of higher areal density [5, 6]. The typical

structure of a PRT recording medium consists of four layers: a soft-magnetic under-layer,

a seed or intermediary layer, the recording layer, and a protection layer. First, the presence

of a soft-magnetic under-layer mirrors the magnetic pole of the write-head and minimises

interference effects of neighbouring grains, thus amplifying and con�ning the write �eld to

a perpendicular direction to the thin �lm in a single-bit region [7]. The ampli�ed write �eld,

in turn, allows magnetic writing to be done on media with a large coercivity �eld by which

it is now made possible to enhance areal density via decreasing grain size and increasing

anisotropy without sacri�cing thermal stability - the balance of these trio of factors is known as

the magnetic recording trilemma which will be discussed in detail later. Next, the seed layer

helps to decouple the soft-magnetic under-layer from the recording layer and to promote the

growth of the recording layer with a perpendicular easy axis. Finally, the protection layer, as its

name already implies, is added to protect the recording layer from mechanical damages [6–8].

Since its inception, PRT has largely replaced LRT and remained to be the dominant magnetic

recording technique in use today.

Fig. 1.1 A comparison between the operating principle of (a) the Longitudinal Recording
Technique (LRT) and (b) the Perpencicular Rercording Technique (PRT): the written bits are
aligned parallel to the media surface in LRT but perpendicular to the media surface in PRT.
Source: excerpt from [9].

Magnetic recording functions on the balance between three main factors which form the

well-known magnetic recording trilemma: the task of optimising the signal-to-noise (SNR)

ratio, thermal stability, and writability [10]. The intertwined connections between these three

factors are illustrated in Fig. 1.2. The ultimate design aim of magnetic recording is to improve

areal density, and the �rst consideration is to achieve this target whilst maintaining suf�cient

Signal-to-Noise (SNR) ratio. In simple terms, in any recording medium there always exists a
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portion of "defect" grains with anomalously large switching �eld higher than the maximum

magnitude of the externally applied writing �eld. These "defect" grains will not be switched

by the writing �eld, thus leading to switching errors. The SNR depends on the ratio for every

single data bit between the "functioning" grains that can switch and contribute to information

storage and the "defect" grains that do not switch and lead to errors. To achieve an acceptable

SNR, it therefore requires to increase the number of grains per bit in order to improve this

ratio. However increasing the number of grains per bit obviously decreases areal density, so an

alternative has to be found.

Fig. 1.2 The trilemma of magnetic recording: to improve areal density the grain volumeV
in the recording media has to be reduced in order to maintain a suf�cient Signal-to-Noise
ratio. With decreasing grain volume the energy barrierDEB = KV is decreased, which can
be compensated for by the use of a high coercive material with a large anisotropy constantK.
However the write �eld is proportional toK which in turns limits the maximum usable highK
value materials. Source: excerpt from [11].

If the number of grains per bit, for now, is found dif�cult to be reduced, the said alternative

to improve areal density is to reduce the grain volume instead. However, reducing grain volume

means loss of thermal stability because of a smaller energy barrierKV - with K the anisotropy

density andV the volume. It has been shown that an energy barrier ofKV � 40kBT - wherekB

is the Boltzmann constant andT the absolute temperature in Kelvin - is required for reliable
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information storage for roughly 10 years at room temperature; and yet for practical applications,

the minimum requirement has to be pushed toKV � 60kBT so as to leave some margin for

external demagnetisation �elds and other factors [2]. In order to maintain a suf�cient energy

barrier when using smaller-sized grains, therefore, it has to be compensated for by �nding

a recording layer material with high uniaxial anisotropy densityK. However, using a high-

anisotropy material for the recording medium produces yet another issue that a correspondingly

high write �eld from the writing transducer would be required to switch the grain magnetisation

since the write �eld is proportional to the anisotropy densityK. Since the maximum achievable

magnitude of write �eld is largely restricted by current technologies available, the usable high-

anisotropy materials are also limited [1, 2, 10]. These considerations constitute the description

of the magnetic recording trilemma which any new technological development of the magnetic

recording has to take into account for a practical solution.

1.2 Heat-assisted magnetic recording and the quadrilemma

Beyond the previously discussed three factors that constitute the magnetic recording trilemma, a

fourth factor has recently been discovered and has to be taken into consideration: a probability of

back-switching of spins during the assisted-writing process due to thermally induced transitions.

The process of magnetic recording is far from error-free: as the write transducer writes the

information bit via switching the grain magnetisation, there is a chance that at any time the

switching would fail due to many thermally-driven irregularities. Therefore, besides the original

three factors, it is necessary to take into account the rate of switching error. This switching

error rate is termed the Bit-Error-Rate (BER) [12] and can be generally understood as the

probability of wrongly coding the information to the writing medium. Apparently, high BER

would damage the integrity of stored information. In order to achieve an acceptable level of

BER, the material saturation magnetisation -Ms - and the external magnetic �eld produced by

the writing transducer -Hwr - must be maximised. Currently this acts as a source of DC noise,

however in terms of ultra-high storage densities involving heated dot recording, this gives

a potential limit of magnetic recording density [12]. The introduction of the BER therefore

extends the original trilemma to a quadrilemma that provides a more complete account of

considerations for magnetic recording. Overall, the quadrilemma emphasises the importance

of thermal �uctuation for small-sized systems which are prone to high BER and thus require

design optimisation for applications in the recording media technologies. An illustration of the

magnetic recording quadrilemma is shown in Fig. 1.3.

In the quest of �nding a solution to the magnetic recording quadrilemma, the Advanced

Storage Technology Consortium (ASTC) - currently the Advanced Storage Research Consor-
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Fig. 1.3 The quadrilemma of magnetic recording: the use of grains with reduced volume
requires an compensation in the form of increasing the anisotropy constantK to maintain
thermal stability, and also maximising the saturation magnetisationMs to ensure thermal
writability. Source: excerpt from [12].

tium (ASRC) - Technology Roadmap displayed in Fig. 1.4 suggests two main approaches. The

�rst approach is Bit-Patterned Recording (BPR) which aims for achieving ultra-high areal

density by reducing the current number of grains required per data bit to as low as one [13].

The second approach is to address the writability issue via the addition of a write assist by

which the switching �eld during the recording process can be reduced without forgoing thermal

stability. The scope of this Thesis focuses on one particular form of write-assisted magnetic

recording: the thermally-assisted or more commonly known as Heat-Assisted Magnetic Record-

ing (HAMR) [14–16]. The HAMR write-head �rst applies an intense, highly localised heat

spot for a very short time to a recording medium in order to heat it up to or beyond its Curie

temperature (TC), then writes the data inductively after which cooling to ambient temperature

restores thermal stability. Since the recording process is performed near the Curie temperature

of the writing medium where the anisotropy has been drastically reduced, a write �eld of mag-

nitude much lower than what would otherwise be required can still switch the magnetisation
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equally effectively. An illustration of a typical HAMR design and its operating principle is

shown in Fig. 1.5. HAMR has been demonstrated to be able to achieve an areal density close

to 1 Tb/in2 [2, 17] with recent progresses aiming up to 1.402 Tb/in2 [17] or even more ambi-

tious 4 Tb/in2 [14]. The theoretical limit of storage densities achievable in HAMR, because

of the inevitability of switching error rate, has been suggested be capped at around 15 Tb/in2

to 20 Tb/in2 [12]. An ultimate solution which combines the write-assist method with BPR

scheme has been envisioned to yield the ultimate densities [18, 19].

Fig. 1.4 ASTC/ASRC Technology Roadmap showing envisioned progression of storage densi-
ties in the near future. Source: excerpt from [20].

Fig. 1.5 An illustration of (a) a typical design of HAMR head-media recording image and (b)
HAMR operating principle. Source: excerpt from [15].
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1.3 Thesis outline

This Thesis is aimed to present a coherent and comprehensive research of �nite-size and surface

effects in Iron Platinum in theL10 phase (L10-FePt) for potential applications in Heat-assisted

Magnetic Recording (HAMR). Each Chapter is intended not only to be built upon the previous

but also to lay the foundation for the next, so as to convey a clear sense of progression in not

only computational techniques but also scienti�c complexity. To achieve such purpose, the

Thesis structure is designed to follow this outline.

Chapter 1 - Introduction to magnetic recording and heat-assisted magnetic recordinghas

reviewed the context of Magnetic Recording and it well-known associating trilemma. Rapid

developments in the �eld has culminated in the Heat-Assisted Magnetic Recording (HAMR)

technique and consequently extended the trilemma to a quadrilemma.

Chapter 2 - Methodology and theories of magnetic modelling: This Chapter presents an

overview of magnetic modelling frameworks of ubiquitous use today, with a focus on the

atomistic modelling method which is implemented in this research via the VAMPIRE atomistic

simulation code developed at the University of York. Additionally, the key concepts of the

Mean-�eld theory and of the 2-ion anisotropy model ofL10-FePt are also introduced.

Chapter 3 - The in�uence of �nite-size effects on the Curie temperature of L10-FePt: This

Chapter covers the �rst part of theL10-FePt study which explains whyL10-FePt is a material

highly suitable for HAMR, as well as presents the results of the investigation of the dependence

of the Curie temperature dispersion ofL10-FePt on �nite-size and surface effects.

Chapter 4 - Higher-order magnetic anisotropy in soft-hard nanocomposite materials: This

Chapter encapsulates the second part of theL10-FePt study which extends the established

results in Chapter 3 to investigate the effects of surface faceting and interface interaction on the

fourth-order anisotropy ofL10-FePt in a novel phase-coupled core-shell structured grain which

closely resembles a real HAMR grain. An analytic model is formulated to explain the results in

this Chapter of which applicability is shown to extend beyond the studied core-shellL10-FePt

structure to any generic soft-hard nanocomposite material.

Chapter 5 - HAMR switching ef�ciency in core-shell L10/A1-FePt grain: This Chapter

presents the last part of theL10-FePt study in which the established �ndings of the previous

Chapter 3 and 4 are put in use and combined into an investigation of the switching ef�ciency of

the core-shell structuredL10-FePt grain in a HAMR write process.

Chapter 6 - Conclusions and further works: The Thesis will then conclude with a summary

which recaptures the key �ndings of the research and their relevance to the �eld of study.

Further remarks will also be made on potential future directions for a continued development

of the research.





2

Methodology and theories of magnetic modelling

2.1 Fundamental concepts of an atomistic model

In this Section, the fundamental concepts of the atomistic modellling method will be pre-

sented, including the derivation and discussion of the exchange energy, the magneto-crystalline

anisotropy, the energy of an externally applied magnetic �eld, and the stochastic Landau-

Lifshitz-Gilbert dynamics

2.1.1 The exchange energy

The exchange energy is the energy resulting from inter-atomic interactions which try to align

neighbouring spins. In ferromagnetic materials, the exchange energy is generally the dominant

contribution to the spin Hamiltonian and is responsible for long-range magnetic order. The

exchange interaction has its origin as a quantum mechanical effect [21–23] and is caused by a

combination of the symmetry of the electron wavefunction and the Pauli exclusion principle

which dictates possible orientations of spins in overlapping electron orbitals [24, 25].

For a simple derivation [23, 24], consider the simplest case of a system consisting of

2 indistinguishable electrons: one electron atr1 in statey A(r1) and another electron atr2

in statey B(r2). The combined wavefunction of the system,y (r1; r2) can be written as the

linear combination of the wavefunctions of the 2 constituent electrony (r1; r2) = y A(r1)y B(r2)

which solves the Schrödinger Equation:

�
} 2

2m
Ñ2

1 +
} 2

2m
Ñ2

2 + V(r1) + V(r2)
�

y (r1; r2) = ( EA + EB)y (r1; r2) = Ey (r1; r2); (2.1)

where the energy of the system, E, is the sum of the energy of the 2 constituent electronsE =

EA+ EB andV(r i) is the potential atr i . Since the 2 electrons in the system are indistinguishable,
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the wavefunction of the system can also be written asy (r2; r1) = y A(r2)y B(r1) which also

must be another solution to the Schrödinger equation in Eq.(2.1). For this to be the case, the

following equality must be upheld:

jy (r1; r2)j2dr1dr2 = jy (r2; r1)j2dr2dr1; (2.2)

which yields either a symmetric solutiony (r1; r2) = y (r2; r1) or an anti-symmetric solution

y (r1; r2) = � y (r2; r1). The general solution to the wavefunction of the system will be a

normalised linear combination of either the symmetric or the anti-symmetric solution. However,

because the Pauli exclusion principle dictates that no 2 identical electrons in a system can occupy

the same quantum state simultaneously, the symmetric solution is not possible. Therefore,

the general wavefunction of the system consisting of 2 indistinguishable electrons must be

anti-symmetric:

y anti(r1; r2) =
1

p
2

[y A(r1)y B(r2) � y A(r2)y B(r1)] : (2.3)

To calculate the total energy of the system, the Heitler-London approximation method

can be used by which the orbital wavefunction of a system consisting of 2 indistinguishable

electrons is approximated as a linear combination of the atomic orbital wave functions of the

said 2 constituent electrons each localised on an atomic site [26, 23]. The total energyE is then

given by:

E =
Z Z

y � (r1; r2)Hy (r1; r2)dr1dr2; (2.4)

where the system HamiltonianH can be split into the sum of 3 componentsH = H 1+ H 2+ H 12

with H 1 representing the contribution from electron A,H 2 the contribution from electron B,

andH 12 the contribution from their interaction. The energy component that concerns only the

interaction contribution between the 2 electrons can therefore be expressed by replacing the

overallH by the speci�cH 12:

E12 =
Z Z

y � (r1; r2)H 12y (r1; r2)dr1dr2: (2.5)

The interaction energyE12 in Eq. (2.5) is made up of �rstly, the Coulomb interaction

between each of the negatively-charged electron and its respective positively-charged nucleus,

and secondly, an exchange interaction component. This exchange interaction component - it has

to be emphasised - is purely quantum mechanical in origin because in the classical scenario the

exchange interaction between 2 electrons would not alter the system energy. A link between this

quantum mechanical exchange interaction and spin correlation can be established by splitting
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the total general wavefunctiony further into the product of a radial partf (r ) and a spin partc ,

such thaty (r ) = f (r ):c . In order to maintain the already established anti-symmetric nature of

the total wavefunctiony , the radialf (r ) and spin partc can neither be both symmetric nor

anti-symmetric. Consider the spin partc �rst: it can be in either an anti-symmetric singlet state

with paired electrons and total spinS= 0, or a symmetric triplet state with unpaired electrons

and total spinS= 1 [27, 28]. Consequently, a system with the spin part in the anti-symmetric

singlet statecsinglet will require the radial part to be symmetricf sym. Contrarily, a system with

the spin part in the symmetric triplet statectriplet will require the radial part to be anti-symmetric

f anti. Therefore, the total wavefunction with the spin part in the singlet state -y singlet - and one

with the spin part in the triplet state -y triplet - will have the form of:

y singlet(r1; r2) = f symcsinglet

=
1

p
2

[f A(r1)f B(r2) + f A(r2)f B(r1)] csinglet;
(2.6)

and:

y triplet(r1; r2) = f antictriplet

=
1

p
2

[f A(r1)f B(r2) � f A(r2)f B(r1)] ctriplet;
(2.7)

with the energy for each case given by the integral:

Esinglet=triplet =
Z Z

y �
singlet=tripletH 12y singlet=tripletdr1dr2: (2.8)

The exchange energy between the 2 electrons in the system can then be computed as the

difference between the energy of system in the singlet state and in the triplet state:

Eexchange= Esinglet� Etriplet

= 2
Z Z

[f A(r1)f B(r2)H 12f A(r2)f B(r1)] dr1dr2:
(2.9)

In our case with electrons, it is a system of 2 spin-half particles which are coupled by an

exchange interaction that can be expressed mathematically by a joint operatorStotal = S1 + S2

i.e. S2
total = S2

1 + S2
2 + 2S1 � S2. Therefore, the exchange energy, which is the energy difference

between the singlet and triplet state, will take the form of a multiplier ofS1 �S2. Combining the 2

spin-half particles will result in a system with spin quantum number of eitherS= 0 (i.e. overall

singlet) if the 2 spin-halves are anti-parallel, orS= 1 (i.e. overall triplet) if the 2 spin-halves are

parallel. Since the magnitude of the squared spin operatorS2 is given byS(S+ 1), for the singlet
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case it reads0(0+ 1) = 1
2

� 1
2 + 1

�
+ 1

2

� 1
2 + 1

�
+ 2S1 � S2 i.e. 0 = 3=2+ 2S1 � S2 which yields

S1 �S2 = � 3=4. Similarly, for the triplet case it reads1(1+ 1) = 1
2

� 1
2 + 1

�
+ 1

2

� 1
2 + 1

�
+ 2S1 �S2

i.e. 2 = 3=2+ 2S1 � S2 which yieldsS1 � S2 = 1=4 [24, 27]. The effective Hamiltonian of the

system of 2 electrons, therefore, can be written in this form [24]:

H =
1
4

(Esinglet+ 3Etriplet) � (Esinglet� Etriplet)S1 � S2

= H radial+ H spin;
(2.10)

which yields the eigenvalueEsinglet for the singlet state i.e. whenS1 � S2 = � 3=4 andEtriplet for

the triplet state i.e. whenS1 � S2 = 1=4 as is desired. Note that the �rst term of the effective

Hamiltonian,H radial, does not include any spins and thus can be de�ned as a spin-independent

radial component, whilst the second termH spin includes the spins and thus can be de�ned as

a spin-dependent spin component. Since the spin componentH spin is summed up for both

electrons, the contribution from each electron can be calculated by halving it:

H spin = �
1
2

(Esinglet� Etriplet)S1 � S2; (2.11)

and from Eq. (2.11) the exchange constantJexchangecan then be de�ned as:

Jexchange=
1
2

(Esinglet� Etriplet) =
Z Z

f A(r1)f B(r2)H spinf A(r2)f B(r1)dr1dr2; (2.12)

which helps to simplify the exchange Hamiltonian in the system of indistinguishable 2 electrons

to:

H exchange= � Jexchange(S1 � S2) : (2.13)

Generalise this result to a generic system consisting of many particles:

H exchange= �
1
2 å

i; j
Ji j (Ŝi � Ŝj ); (2.14)

whereJi j is the exchange energy strength betweenŜi andŜj the unit vector of local spin at

sitei and j respectively. Note the factor of1=2 is added in order to avoid double counting of

duplicate(i; j) and( j; i) pairs. In atomistic simulations, the exact form ofJi j generally depends

on the speci�c form of the exchange interaction present in the system. For example, in a simple

scenarioJi j can be treated as a simple scalar quantity, whilst in a more complex caseJi j can

take the form of a tensor. Generally,Ji j > 0 corresponds to a system with quantised-parallel,

triplet-state ferrormagnetic (FM) spin con�guration, whilstJi j < 0 refers to an anti-parallel,

singlet-state anti-ferromagnetic (AFM) spin con�guration [28, 23]. The numerical value ofJi j
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used in atomistic simulations is typically obtainable from either ab-initio calculations or �tting

to experimental data [29, 30]. Additionally, another important note is that although in Eq.(2.14)

the exchange interaction between all pairs of spins present in the system are accounted for

- thus can be conveniently referred to as the "full" exchange Hamiltonian, the magnitude of

the exchange energy decreases quickly with increasing distances between increasing levels of

nearest-neighbours. Therefore, in practice the exchange contributions from further than the

third-level of nearest neighbours can often be safely ignored [31]. This point will be revisited

with greater depth in the speci�c discussions later on the modelling of Iron Platinum in theL10

phase (L10-FePt).

2.1.2 The magnetocrystalline anisotropy

Anisotropy refers to the spatial preference of the magnetic properties of a material caused by

the preferential alignment of the spins in a material along a speci�c direction. There are many

types of anisotropy, and thus many origins and mechanisms. A convenient way to visualise

anisotropy can be achieved by an example of what is known as shape anisotropy, which takes

roots in the geometry of a particle. Consider a uniformly magnetised particle which is elongated

in shape along a speci�c direction as seen in Fig. 2.1. Similar to the case of dielectrics, when an

external magnetic �eldH is applied, magnetic polarisation will happen leading to the formation

of �ctitious magnetic poles at the surface, which in turn leads to the creation of a demagnetising

�eld Hd within the particle in opposition to the external �eldH. Because the said particle is

elongated in a speci�c direction, the demagnetising �eld cannot be the same in all directions i.e.

an-isotropic. In the particular case of the particle in Fig. 2.1, the demagnetising �eldHd will be

largest when the external �eldHd is applied parallel to the short axis because of the shortest

distance separating the 2 magnetic poles, and smallest whenHd is applied along the long axis

because of the longest separating distance. SinceHd opposesH, the spins will prefer to align

along the long axis whereHd is smallest, or the axis of elongation, leading to the anisotropy of

the particle. To make the spins deviate away from the preferred axis, therefore, will require an

energy imposed on the system. This energy is called the anisotropy energy [32].

The most common source of anisotropy is known as the magneto-crystalline anisotropy

which occurs due to the spin-orbit coupling of the electrons under in�uence of the crystallo-

graphic structure of the material [32, 33]. Spin-orbit coupling is a relativistic effect which

determines the interaction between the spin of a particle and its orbital angular momentum

around the nucleus [34], whilst the crystallographic structure represents the local crystal sym-

metries which decide the spatial orientation and arrangement of electron orbitals. Since electron

orbitals are generally non-spherical, they tend to orient along speci�c crystallographic direc-

tions. Therefore, when electron spins interact with orbitals, the spins are induced to “prefer”
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Fig. 2.1 Shape anisotropy in an elongated particle. The demagnetising �eldHd is largest when
the external �eldH is applied (a) along the short axis, and smallest whenH is applied along
the (b) long axis. Thus the preferred direction for the spins to align is along the long axis i.e.
the axis of elongation. Source: excerpt from [33].

the alignment along well-de�ned crystallographic axes which are known as easy axes or easy

directions. This preference is the root of the magneto-crystalline anisotropy, which as expected

heavily depends on the lattice structure of a material. Similar to the aforementioned case of

shape anisotropy, trying to push the spins away from their preferred easy directions will cost

anisotropy energy [33].

Magneto-crystalline anisotropy includes many forms. The simplest case is known as uni-

axial anisotropy, in which, as the name suggests, the spins prefer to align along a single axis.

Uniaxial anisotropy is commonly encountered in materials with shape distortion along a speci�c

direction, for example Iron Platinum in theL10 phase because of the alternating Iron-Platinum

layers on the z-dimension, or hexagonal crystals such as Cobalt. The expression of uniaxial

anisotropy energy is given as:

H anisotropy= � kuå
i

(Ŝi � ê)2; (2.15)

whereŜi is the spin at sitei andku the uniaxial anisotropy constant having an easy direction

alongê. Generally, uniaxial anisotropy energy can be written in terms of series of anisotropy

constants [35] as:

Eanisotropy= KV sin2(f ) + higher� order terms; (2.16)

wheref is the angle between the easy direction and the magnetisation, K the �rst uniaxial

anisotropy constant (also often denotedK2 and called the second-order uniaxial constant
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corresponding to the second-order ofsin(f )), and V the volume of the sample. Higher-order

terms correspond to higher-order powers of trigonometric functions and are usually insigni�cant

compared to the �rst term, thus normally neglected. This expression produces the uniaxial

anisotropy energy along one easy axis with two energy minima, separated by a maximum. The

resulting energy barrier leads to hysteresis [33].

2.1.3 The energy of an externally applied �eld

The presence of an externally applied magnetic �eld,Bappliedor where possible for simplicity

justB, will have an impact on the energy levels of electrons within a given magnetic system.

The interaction between a given magnetic system and an external magnetic �eld follows

principles of the Zeeman effect [36], and the potential energy resulting from such interaction,

H �eld , is given as:

H �eld = � å
i

mi(Ŝi � B); (2.17)

wheremi is the atomic spin moment of spin̂Si andB the externally applied magnetic �eld.

The total potential energy is summed up from all sites i of the system. It can be seen that

the coupling strength between spinŝi and the �eldB is proportional to the magnitude of the

magnetic momentmi, and minimum energy is attained when all spins align with the direction

of the external �eld.

2.1.4 The stochastic Landau-Lifshitz-Gilbert equation

The time-dependent dynamics of a magnetic system is described by the Landau-Lifshitz

equation [37] which is given as:

¶M
¶t

= � geM � H � gea M � (M � H) ; (2.18)

wherege = 1:76� 1011rads� 1T � 1 is the gyro-magnetic ratio of an electron,M the magneti-

sation,H the externally applied magnetic �eld, anda a phenomenological damping constant

speci�c to the material. This equation consists of two terms. The �rst term is a precession term

which describes an un-damped precession of a magnetisation around an applied �eld, and the

second term the damping term which accounts for the relaxation of the magnetisation towards

the effective �eld direction under the added effect of damping. A damped precession even-

tually aligns the magnetisation along the external magnetic �eld. It was later found that the

Landau-Lifshitz equation is valid only for systems with small damping; otherwise, the damp-

ing term had to be recti�ed by Gilbert in 1956. This recti�ed damping term transformed the
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original Landau-Lifshitz equation to the Landau-Lifshitz-Gilbert (LLG) equation [38]. For

atomistic spin dynamics, the LLG equation can be expressed for each magnetic spin by con-

verting the magnetisationM to the spinS via the relationM = msS with ms being the local spin

moment. Another important note is that in the macroscopic-LLG the phenomenological damp-

ing constanta includes both intrinsic contributions (such as spin–lattice and spin–electron

interactions) and extrinsic contributions (such as spin-spin interactions arising from demag-

netisation �elds, surface defects, doping, temperature), while the atomistic-LLG only includes

the local intrinsic damping contributions. Therefore, in order to distinguish the two forms of

damping, a microscopic damping constantl needs to be used to replace the phenomenological

damping constanta [39]. This leads to the atomistic-LLG equation:

¶Si

¶t
= �

ge

1+ l 2Si � (H i + l Si � H i) ; (2.19)

whereSi is the spin of sitei andH i the corresponding effective magnetic �eld acting on it. The

effective �eld is derived from the �rst derivative of the complete spin HamiltonianH which is

given as:

H i = �
1
ms

¶H
¶Si

: (2.20)

Since the description of the atomistic-LLG equation does not include any temperature-

dependent term, it is strictly valid atT = 0K only and thus can also be referred to as the

"deterministic" LLG. In order to extend its applicability to non-zero temperatures, i.e. to

account for thermal effects, a stochastic termxi(t) has to be added to the effective �eldH i in

Eq. (2.20) which now reads:

H i = �
1
ms

¶H
¶Si

+ xi(t): (2.21)

The introduction of the stochastic termxi(t) is known as the Langevin Dynamics in which

the thermal �uctuations are given in form of a zero-mean Gaussian distribution in three

dimensions [39, 40]. It has been shown that the stochastic termxi(t) can be de�ned through

these correlations:

hxi(t)i = 0

hxih (t)x ju (t0)i =
2l kBT
gems

d
�
t � t0� di j dhu ;

(2.22)

where the notationhi denotes the mean value averaging over different realisations of the

�uctuation �eld, i and j the spin sites,h andu the Cartesian coordinates,t andt0 the time

at which the Gaussian �uctuations are evaluated,kBT the thermal energy withkB = 1:38�

10� 23J=K being the Boltzmann constant andT the absolute temperature in Kelvin,di j anddhu
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the Kronecker Delta of respective indices, andd (t � t0) the Delta function. The addition of the

stochastic termxi(t) to the effective �eldH i converts the deterministic-LLG to the stochastic-

LLG. An illustration that compares the dynamics of undamped precession, deterministic-LLG,

and stochastic-LLG is shown in Fig. 2.2.

Fig. 2.2 The dynamics of (a) undamped precession, (b) deterministic-LLG (strictlyT = 0),
and (c) stochastic-LLG (T � 0). The black arrow indicates the effective �eldH i acting on the
spinSi (purple arrows) together with the precession (blue arrows) and damping (green arrows)
energy terms, which result in the red trajectory. The lower plots show the temporal evolution of
the three magnetisation components. The Analytics line corresponds to an analytic solution to
the LLG equation in a special case, with further discussion in [41]. Source: excerpt from [41].

2.2 A review of magnetic modelling frameworks

The origin of long-range magnetic order in a sub-class of magnetic materials is a fundamental

scienti�c question which despite extensive investigation remains yet to be fully understood. In

the �eld of magnetism, there has not been a single comprehensive, universally accepted grand

theory applicable on all length-scales over all time-scales which could successfully capture

and explain all the complex magnetic properties of magnetic materials. Instead, today there

are three widely used computational frameworks which are still being continuously developed

for the study of magnetic materials: Micromagnetics, Atomistic, and Ab-initio in a decreasing

order of level of length-scale of the studied system. Given a particular question, depending on
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the level of complexity that it poses, a speci�c degree of precision will be required and one of

the three available modelling frameworks might be best suited to study the said question.

2.2.1 Micromagnetics

Overview

The oldest of the three computational frameworks is Micromagnetics. The birth of Micromag-

netics can be traced back to a paper by Landau and Lifshitz in 1935 on the structure of a domain

wall between two anti-parallel domains [37], followed by further studies by W. F. Brown in the

40s. The groundwork of the Micromagnetics model is laid out by Brown two decades later in

his book “Micromagnetics” [42]. Micromagnetics as a theory is proposed to link classical Elec-

tromagnetism with Heisenberg's quantum mechanical treatment of the exchange energy [21].

At the foundation of Micromagnetics is the hypothesis that macroscopic magnetic properties

arise from a combination of two factors: �rst, the very short-range exchange energy between

neighbouring atomistic spins, and second, the longer-range magnetostatic energy which in-

cludes surface and boundary contributions from the shape of the material [43]. Obviously,

these two factors are effective on entirely different length-scales, and therefore the objective

of Micromagnetics is to provide a framework which enables the computational investigation

of macroscopic properties of a material using a reasonable approximation of its microscopic

properties.

Micromagnetics is most suitable to study systems at the length-scale of micrometres at

which it is both suf�ciently small to retain the classical representation of atomic spins and

suf�ciently large to resolve magnetic domains. The underlying principle is to replace atomistic

spins by a continuous vector �eld which can be used to calculate magnetostatic �elds within

the system. In particular, in a ferromagnetic system, atomistic spins aligning in a co-linear

orientation due to an internal magnetic �eld are collectively combined as macrospins, with

each macrospin being assigned the representative equivalence of a magnetisation vector. In

Micromagnetics theory, these macrospins function as irreducible building blocks upon which

other magnetic properties of the said ferromagnetic system can be fully derived. The exact

de�nition of macrospins, however, varies across different Micromagnetics frameworks [44]:

the �nite-difference approach divides the system into a �nite mesh of cuboids with each cuboid

represented by a macrospin, whilst in the �nite-element method the discretised �nite mesh

can be made up of tetrahedral- or triangular-shaped elements. An illustration of comparison

between the two methods is shown in Fig. 2.3: it can be seen that the �nite-element method

allows more �exible covering of irregular surfaces without increasing computational cost, thus

resulting in a smoother discretisation of the system. The replacement of the atomistic spins
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Fig. 2.3 Comparison of (a) the �nite-difference and (b) �nite-element meshes with different
shapes of elements in the discretised system. Source: excerpt from [44].

by the magnetisation vector �eld then allows the replacement of the Heisenberg's quantum

mechanical treatment by a continuous approximation formalism of the exchange interaction.

This approximation to the exchange interaction and the energy minimisation principle form the

basis of the classical Micromagnetics formalism [33].

Different computational models based on Micromagnetics are capable of simulating large

systems of multi-micrometres in sizes over microseconds in time with acceptable degrees of

precision [45–49]. The downsides of Micromagnetics, however, lies inherently in its fundamen-

tal assumption of a continuous magnetisation vector �eld since the macrospin representation

method does not allow suf�ciently rapid spatial variation of the magnetisation vector. Further-

more, the resolution limit of the model is at a length-scale usually much larger than a typical

atomistic lattice spacing, which explains why the exchange energy can only be approximated.

Overall, Micromagnetics have been proven less than ideal for the calculation of magnetic prop-

erties when a very high level of precision is desired, especially at elevated temperatures such at

the Curie temperature. Simply put, Micromagnetics is not the best tool available nowadays to

determine intrinsic material properties; rather, it is useful for determining how the material,

with known properties, will behave.
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Formalism

The basic formalism of Micromagnetics can be summarised as following [33]. Under the

Heisenberg's quantum mechanical treatment of exchange interaction, the exchange energy

between neighbouring pairs of atomistic spinsŜi andŜj is given by:

Eexchange= � 2Ji j
�
Ŝi � Ŝj

�
; (2.23)

whereJi j is the exchange integral as discussed earlier. Generally,Ji j assumes positive values

for ferromagnetic materials and negative values for anti-ferromagnetic materials. Also,Ji j

depends on the speci�c distance between the two atoms in consideration. The fundamental

principle of Micromagnetics assumes the magnetisation to be a continuous vector �eldM(r) of

the position vectorr satisfying:

M(r ) = Msm(r); (2.24)

whereMs is the saturation magnetisation andm(r) � m(r ) = 1. The basic approach of Micro-

magnetics involves calculating the magnetic energy in term of this continuous magnetisation

vector �eld and then minimise the energy to determine static magnetisation structures of the

material. For the exchange energy, this is done by assuming a short-range summation over near-

est neighbouring atoms i and j only and a slow spatial variation of the magnetisation vector

m(r). A slow spatial variation of the magnetisation vector means that the dot-product between

neighbouring spinŝSi andŜj can be expressed asŜi � Ŝj = S2cos
�
f i j

�
, where the anglef i j be-

tween spinŜi andŜj is small. Therefore, applying the �rst-order expansion of the Taylor series

of cosine (dropping the constant 1) will transform Eq. (2.23) to:

Eexchange= � 2JS2å
i; j

cos
�
f i j

�
= � 2JS2å

i; j

� f 2
i j

2
= JS2å

i; j
f 2

i j : (2.25)

Sincef i j is a small angle, following Equation(2.24)it can be approximated as the difference

betweenmi andm j of neighbouring spinsi and j, which can be further expanded as:

f i j � j mi � m j j = j (si � Ñ) m j j2; (2.26)

wheresi is the displacement vector between the lattice point i and j. Substitute Eq.(2.26)into

Eq. (2.25) to obtain:

Eexchange= JS2å
i
å
si

j (si � Ñ) m j j2; (2.27)
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where the �rst summation involving each spini can be converted into a volume integral over

the entire system. Also, note that the second summation involvingsi is carried out over nearest-

neighbour spins of the referenced spini only. Consider the calculation ofEexchangein the

simplest case of a system of simple cubic crystal structure with a lattice constanta:

Ecubic
exchange=

I

V

JS2

a
(ÑM)2 dV; (2.28)

where(ÑM)2 = ( ÑMx)2 +( ÑMy)2 +( ÑMz)
2 [33]. The material constant A can be de�ned as

A = JS2=a. Eq. (2.28) is signi�cant in the regard that it has established a relation between the

intrinsic atomistic properties of the material - represented via the exchange integralJ which

can be obtained from experiment - and the continuous magnetisation vector �eld - represented

via the spatial gradient(ÑM). Therefore, the fundamental hypothesis of Micromagnetics has

now been ful�lled.

Additionally, it is important to note a critical limitation of the classic energy minimisation

principle that whilst it can help to determine the nucleation �elds of a micromagnetic system,

it is incapable of making a consistently accurate description of the state of the system after

magnetisation reversal [33]. A solution to this weakness is found in the development of

dynamic approaches instead, which are based on the Landau-Lifshitz equation of motion [37].

The �rst progress was made by Gilbert in 1956, later known as the Landau-Liftshitz-Gilbert

(LLG) equation [38], in which the damping effect is added to the classical description of an

un-damped precessional motion by using a Rayleigh dissipation function. However, the LLG

model still adheres to the fundamental micromagnetic assumption of a slow spatial variation

of the magnetisation vector - which means the magnetisation length remains unchanged. This

requirement restricts the applicability of the LLG model to low temperatures only where

ferromagnetic order still remains conserved and no loss of magnetisation of the macrospins has

occurred. The next signi�cant improvement was achieved in 1997 when a closed equation of

motion for magnetisation - now known as the LLB equation - was derived which interpolated

between the classical Landau-Lifshitz equation at low temperatures the and Bloch equation

at high temperatures [50]. Therefore, the new LLB model �nally enabled the simulation of

micromagnetic systems at both high and low temperature range, and both the LLG and LLB

models have remained in common use today.

2.2.2 Ab-initio and atomistic Spin models

In contrast to Micromagnetics, the most recent computational framework is the ab-initio

approach which aims to produce a discrete description of a simulated system down at the



22 Methodology and theories of magnetic modelling

electronic length-scale. Magnetic properties can be calculated directly from electronic structure

via �rst principles without the need of approximation. As a result, a very high level of precision

of calculation can be achieved. However, the cost of an extraordinary level of precision is a

severe restriction in length-scale where only few thousands of atoms can be simulated even

on massively parallel computers [51]. Since the magnetic system that can be simulated using

the ab-initio method is far too small in size, dynamics calculations - especially of properties

that are heavily dependent on size effects such as the Curie temperature - are extremely limited.

The ab-initio framework today, despite promising potentials, has still remained largely under

development.

The atomistic framework, therefore, has its place as a compromise between the large length-

scale of Micromagnetics and the high precision of ab-initio. In particular, a typical atomistic

model will utilise material magnetic parameters that can be obtained from ab-initio calculations

- for example electronic structure, exchange integral, anisotropies, magnetic moments etc.- in a

system of the length-scale of nanometres consisting of millions of atoms via higher order of

approximation than that of Micromagnetics [39]. Since the spins are no longer replaced by a

continuous magnetisation vector �eld as in Micromagnetics, although still necessarily assumed

having �xed lengths, rapid spatial variation is made possible. Furthermore, the resolution

limit is now comparable to atomistic lattice spacing so in comparison to Micromagnetics, a

more precise calculation of not only the exchange energy but also other magnetic properties at

all temperature ranges can be achieved. Although the atomistic approach is less precise than

ab-initio, it requires much less computational cost and can simulate much larger systems, thus

being much more �exible with dynamics calculations. A detailed description of fundamental

concepts of the atomistic modelling method has already been presented in the preceding

section 2.1.

2.3 The VAMPIRE atomistic simulation software package

The Atomistic modelling method which has so far been discussed in this Chapter has been

implemented into the VAMPIRE code, an open-source atomistic spin dynamics software

package developed by the Computational Magnetism group at the University of York [39, 52].

The code base is written in C++ and can run on most hardware, in either serial, parallel or GPU

modes. The work carried out in this Thesis is mainly conducted from simulations performed

by VAMPIRE which handles both simulations and data output. The simulations are all run

extensively on the VIKING Cluster, which a high performance compute facility provided by

the University of York. In this Section, the main operating principles of the VAMPIRE code

will be outlined.
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2.3.1 The Monte-Carlo and constrained Monte-Carlo methods

Time-dependent dynamics and properties can be investigated in the VAMPIRE atomistic code

using the LLG equations. In this case, the calculation is performed from the starting point of

the simulation through the equilibrium point where the system is fully relaxed. However, the

time-scale for this whole calculation to be completed is usually impractically long. Meanwhile,

there are scenarios where the interest lies solely with the investigation of the �nal equilibrium

point, not the entire dynamics of the process. In these situations, an alternative to the LLG is

required, which is found in the Metropolis Monte-Carlo algorithm [53]. The Metropolis Monte-

Carlo algorithm, or for convenience just Monte-Carlo, is a very robust and ef�cient algorithm

to determine equilibrium properties without the cost of fully investigating the intermediate

dynamics.

In a classical spin system, the Monte-Carlo algorithm starts with choosing a random spin at

sitei being at the initial directionSinitial
i . The direction of the said spin is then moved to a new

direction, called a "trial" direction,Sf inal
i and the energy difference between the 2 directions is

calculated asDE = E(Sf inal
i ) � E(Sinitial

i ). Whether this move will be accepted or rejected will

be decided by calculating the acceptance probabilityP given by:

P = exp
�

�
DE
kBT

�
; (2.29)

wherekB is the Boltzmann constant andT the temperature (Kelvin) at the moment of the trial

move. It can be immediately noted that in the special case whereDE < 0 i.e. the energy of the

trial state is less than the energy of the initial state,P > 1 and thus the move is automatically

accepted. Otherwise, ifP < 1, the acceptance probabilityP will then be compared to a random

number between 0 and 1, and the trial move will only be accepted ifP is larger than the said

number. The purpose of this trial move is to allow for thermal �uctuations to cause a small

increase in energy before making the decision to accept the move or not. The whole process is

applied for every spin in the system, and once the outcomes have been determined for all spins

in the system it is said that one single Monte-Carlo step has been completed.

There are two requirements for a valid Monte-Carlo process: reversibility and ergodicity.

First, reversibility means that the probability of a move from position A to B must be the same

as from B to A. This requirement is immediately satis�ed by Eq.(2.29)since the acceptance

probabilityP depends only on the initial and �nal energy. Second, ergodicity, requires that

all moves should be possible so that all states are accessible. This is mainly true at high

temperatures where the probabilities of moves can be considered equally probable. However, at

low temperatures, the exchange energy only allows moves which result in small deviations in

spin direction, hence most trial moves will likely be rejected. A solution is to use a more tuned
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step size, for example a Gaussian trial move algorithm developed by Hinzke and Nowak [54]

which ensures a uniform distribution of points but allows the angular displacement of the

spin moments to be tuned to the temperature. A trial step,Strial
i , is made from the initial spin

position,Sinitial
i by:

Strial
i = Sinitial

i + dk
i ; (2.30)

where the superscriptk refers to the x, y, z direction anddk
i , also on the respective coordinate

direction, is a Gaussian random number with a mean of zero and widthr wherer is a function

of temperature. The new trial spin position is then normalised to unit length [55]. The width

of the Gaussian distribution needs to be predetermined so as to yield an acceptance rate of

Monte-Carlo moves at around 50 percent, which is required for an optimal sampling of the

phase space [31].

Later developments of the Metropolis Monte-Carlo algorithm led to a modi�cation known

as the Constrained Monte-Carlo method [56]. The Constrained Monte-Carlo method enables

the traversing of the phase space of a classical spin system while in the meantime �xing the

direction of the magnetisation vectorM. One direct application of the Constrained Monte-

Carlo method, which will be discussed in more details in Chapter 4, is that an atomistic

simulation can be run in which magnetisation vectorM can be constrained at and angleq

to the easy axis. The Constrained Monte-Carlo method has been shown to be capable of

modelling the temperature dependence of magnetic anisotropy, in particular for bulk uniaxial

and cubic anisotropies it can successfully reproduces the low-temperature Callen-Callen power

laws ofM [57]. The basic principles of the Constrained Monte-Carlo method is to compute

thermodynamic properties by averaging over the Boltzmann distribution using the Metropolis

algorithm by which the elementary moves of the random walk can be modi�ed so as to conserve

the average magnetization directionM̂ =
�
å i Ŝi

�
=jj å i Ŝi jj . The key bene�t this method offers

is that the system can be kept out of thermodynamic equilibrium in a controlled manner whilst

its microscopic degrees of freedom are still allowed to thermalise. It is important to note that

since the system is not allowed to reach full equilibrium, the average of the total internal torque

does not vanish and is shown to be equal to the macroscopic torque on the system. From this

torque, the temperature-dependence anisotropy constants can be calculated.

2.3.2 The temperature rescaling method

The VAMPIRE atomistic code can model a very wide range of magnetic materials of various

forms. Material parameters obtained from ab-initio or experiments can be input into VAMPIRE

simulations to produce well de�ned outputs of the simulated system. However, in comparison

with experimental literature, a disparity has been noticed in the temperature-scaling behaviours
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of the magnetisation or speci�c heat. The main cause of this disparity lies in the classical in

nature of the VAMPIRE model where the spins are de�ned as localised, classical atomistic on

the surface of the unit sphere. Therefore, in a classical system, the spins can be assigned in any

directions. However, in reality magnetic spins at the atomistic length-scale obey principles of

quantum mechanics, thus being quantised to particular eigenvalues and constrained to particular

directions. This effect leads to different thermodynamic outputs at the macroscopic scale.

A solution to this problem is proposed by Evans et al. [58]. The key idea is to apply a

temperature-rescaling method to equate the temperature-dependent magnetisation obtained

from a classical regime with that from a quantum mechanical regime. An illustration for the

effect of temperature-rescaling on the physical representation of the spins is shown in Fig. 2.4

Fig. 2.4 The effect of temperature rescaling on the physical representation of spins in (a) a
quantum mechanical regime where the spins are quantised and restricted to speci�c directions,
(b) a classical regime where the spins can take any directions, and (c) a classical regime
with temperature-rescaling where the spins are "rescaled" as close as possible to the available
quantised states as in a quantum mechanical regime. Source: courtesy of Dr. Sarah Jenkins.

It is found that the effect of spin quantisation is negligible in the high temperature range

close to the Curie temperatureTC of the material where the magnetisation generally obeys the

scaling power law:

M(t ) = ( 1� t )b ; (2.31)

wheret = T=TC is the reduced temperature andb the critical scaling exponent. For a Heisen-

berg model, the numerical value ofb is usually taken as1=3 [59, 60]. It is observed that the

behaviours of classical and quantum mechanical regimes can be easily related at low tempera-
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tures, and converge at high temperatures. Therefore, it is suggested that the Bloch's law [24]

which governs low-temperature behaviour can be extrapolated to link with high-temperature

behaviour which follows the aforementioned scaling power law. The result is a good match

between both regimes for all temperatures which can be formalised using the Curie-Bloch

equation:

M(t ) = ( 1� t a )b ; (2.32)

wherea is the temperature-rescaling exponent. Note that since the parameterb is assumed

to be the same for both classical and quantum mechanical regime, the temperature-rescaling

exponenta is the only parameter required to be determined from �tting to experimental data.

Once an appropriate value ofa and the Curie temperatureTC of the material have been found,

a VAMPIRE simulation can be rerun with the temperatures being rescaled by:

Tsimulation

TC
=

�
Texperiment

TC

� a

: (2.33)

This temperature-rescaling method has been applied to elemental ferromagnets and shown to be

able to produce outputs in very good agreement with experimentally measured magnetisations

for all studied materials [58]. A sampled comparison can be seen in Fig. 2.5.

2.3.3 The atomistic Spin Hamiltonian

In the Atomistic model adopting Monte-Carlo simulations, the energy of a magnetic system is

described in terms of the Spin HamiltonianH as the sum of all energy contributions [28]. The

three most important contributions include the exchange interaction between pairs of local spins

H exchange, the magnetic uniaxial anisotropyH anisotropy, and the externally applied magnetostatic

�eld H �eld . In most cases, all these three major contributions need to be accounted for since the

dynamics of the simulated material depends on the balance between these energy terms. It is

generally unfeasible to treat the magnetostatic and anisotropy contribution as a perturbation of

the exchange energy using a quantum mechanical approach. The explicit form and/or derivation

of these three major energy contributions have been presented before, and combined together

the explicit expression of the atomistic spin Hamiltonian of a simulated system therefore can

be given as follows:

H = H exchange+ H anisotropy+ H �eld

= �
1
2 å

i; j
Ji j (Ŝi � Ŝj ) � kuå

i
(Ŝi � ê)2 � å

i
mi(Ŝi � B);

(2.34)
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Fig. 2.5 Temperature-dependent magnetisation for the elemental ferromagnets (a) Co, (b) Fe,
(c) Ni, and (d) Gd. Blue curves plot the non-scaled mangetisation and gold curves the rescaled
temperatures �tted by Eq.(2.32)with very good agreement with experimental data. Insets
are plots of relative error of the rescaled magnetisation compared to the �t. Source: excerpt
from [58].

whereJi j is the exchange energy strength betweenŜi andŜj the unit vector of local spins at

site i and j, ku is the uniaxial anisotropy constant having an easy directionê, mi the atomic

spin moment, andB the externally applied magnetic �eld. As previously discussed, it can be

noted that out of the three major energy contributions, the exchange and anisotropy terms are

intrinsic to the speci�c material. The last term, the external �eld contribution, accounts for

the effect of external magnetic forces, such as from other magnetic materials in the vicinity or

from an electric current. The relation between the exchange energy strengthJi j and the Curie

temperatureTC of the material is then given by Garanin [61] as:

Ji j =
3kBTc

ez
; (2.35)
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wherekB is the Boltzmann constant,z the number of nearest-neighbour interactions in a unit-

cell, ande the correction factor relating to the coordination-dependent spin wave stiffness.

Both z ande are uniquely determined for each crystal structure [39, 61].

2.4 The Mean-�eld theory

The main focus of this Thesis is a comprehensive study of �nite-size and surface effects on

magnetic properties of nanograins for potential application in Heat-assisted Magnetic Recording

media. Previous literature, especially those by Penny et al.[62] have shown that a mean-�eld

approach is particularly valuable for the investigation of �nite size effects, including lattice

types and particle shapes. Therefore, in order to support the interpretation atomistic model

calculations which will be presented and analysed in later Chapters, a lattice site resolved

Mean-�eld model is employed which can be outlined as follows [63]. Consider the standard

Heisenberg spin Hamiltonian including an applied �eldB and here using for convenience the

same spin notation as in [63]:

H = �
1
2

Jå
hi j i

ŝi � ŝj � må
i

ŝi � B; (2.36)

where the individual terms represent the ferromagnetic exchange interaction energy and the

Zeeman energy. The symbolh�i in the �rst sum implies that only the nearest neighbour spin

pairs are summed over. The spin variables are unit vectorsŝi = mi=m, i = 1; : : : ;N, wheremi is

the magnetic moment associated with the spini andm= jmi j is its magnitude.

A conventional way to derive the mean-�eld approximation is to express the spin variables

in Eq. (2.36)asŝi = m̃i + dŝi, wherem̃i anddŝi are respectively the thermally averaged and

�uctuating parts of the spin variablêsi . Neglect the �uctuationsdŝi beyond the �rst order and

rewrite Eq. (2.36) as:

H mf =
1
2

Jå
hi j i

m̃i � m̃ j � å
i

ŝi �

 

Jå
j2 i

m̃ j + mB

!

; (2.37)

where the expression in the parentheses:

mBe
i = Jå

j2 i
m̃ j + mB (2.38)

is the effective �eld acting on the mean-�eld spin momentm̃i due to its neighboursj and is

derived as the variational derivative with respect tom̃i . The notationj 2 i means the summation
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is carried out over all interacting neighboursj of the spini. The mean-�eld spin moment̃mi

can be evaluated from Eq. (2.37) using the canonical statistical mechanics:

m̃i =
Trsi si exp(� bH mf)
Trsi exp(� bH mf)

: (2.39)

Note that sincem̃ is no longer a unit vector, Eq.(2.37)no longer conforms with the usual

Heisenberg de�nition of the exchange. However, if we transform to unit vectors by multiplying

through bym̃2=m̃2 we are left with the prefactor of the summation term in Eq.(2.37) as

Jm̃2 which represents the temperature dependence of the effective exchange in the mean-�eld

sense [64]. Upon considering that stable moment con�gurations are aligned with their effective

�elds, i.e. m̃i k B̃e
i , allows expressing̃mi as:

m̃i = L
�
b mjB̃e

i j
� B̃e

i

jB̃e
i j

: (2.40)

HereL (x) = cothx� x� 1 is the Langevin function, andb = ( kBT)� 1 with kB being the Boltz-

mann constant andT the temperature. Eq.(2.38)and Eq.(2.40)represent a set of coupled

nonlinear algebraic equations which can be solved iteratively in a straightforward way, as

discussed elsewhere [63].

Furthermore, it can be shown that the relation between the exchange energy constantJi j and

the Curie temperatureTC can be derived from the Mean-�eld theory. First rewrite Eq.(2.40)in

the scalar form as:

mi = L(b mBe
i ); (2.41)

where as before:

mBe
i = Jå

j2 i
mj + mB: (2.42)

Assume zero applied �eldB = 0 and expressmi = L(bJå j mj ). Imagine the system is in a

paramagnetic state, thenmi = 0 for all i in the mean-�eld model. When the freezing occurs atTC

then all spins will freeze co-linearly (because there is no DMI which would prefer non-collinear

spin alignment, for example), and get some �nite momentmi = m. Rewrite the equation as

m = L(bJzm), wherez is the spin-coordination number, i.e.å j m = zm. Differentiate this

rewritten function of m with respect to the �eld B (imagine an increment to small non-zero

�eld), by chain-rule it gives:
dm
dB

= L 0(bJzm):bJz:
dm
dB

; (2.43)
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whereL 0(bJzm) is the derivative of the Langevin function with respect to the �eld B, which

expanded to the �rst order yields the factor of 1=3. Insert this factor in and express:

dm
dB

�
1�

1
3

bJz
�

= 0: (2.44)

This has a non-trivial solution if 3� 1bJz= 1, which upon arranging gives:

TC =
zJ

3kB
: (2.45)

This relation is the same as in Eq.(2.35)before, apart from the omission of the correction factor

e which in the mean-�eld modele = 1. Thus, Eq.(2.35)derived from a spin Hamiltonian

model is essentially a mean-�eld formula with a correction factore, which is needed in order

to "�t" the mean-�eld solution ansatz to non-mean-�eld models.

2.5 The 2-ion anisotropy model for Iron Platinum FePt

The material of interest in this Thesis, Iron Platimum in theL10-phase (L10-FePt) has a

exceptionally large magneto-crystalline uniaxial anisotropy that persists even at extremely

small grain sizes [65]. Interestingly, the majority of this large anisotropy does not come from

the local, single-site anisotropy of the constituent Fe and Pt atoms, but rather from a so-called

2-ion anisotropy component. This 2-ion anisotropy component stems from the strong spin-orbit

coupling between the 3d-element Fe and 5d-element Pt interlayers along the (001) lattice

direction in which the Fe moments can be viewed to be mediated by the Pt moments. This

strong Fe-Pt spin-orbit coupling produces, in addition to the local single-site anisotropies, a

much more dominating 2-ion anisotropy component [66].

A study by Mryasov in 2005 [67] presented a comprehensive investigation on how this

dominant 2-ion anisotropy inL10-FePt can be incorporated into the spin Hamiltonian model.

Ab-inito calculations [67] show that the Fe moment is well localised whilst the Pt moment is

delocalised. This presents a problem to the fundamental assumption of the Heisenberg model

which requires that moments are localised to the atomic sites. However, Fe moments are also

found to polarise the Pt moments, so numerically the effective delocalised Pt momentsmv can

be reasonably well approximated by the exchange �eld from surrounding Fe moments by:

mv =
cv

M0
v
å
i

JivSi ; (2.46)
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wherecv is the local Pt susceptibility,M0
v the local Pt saturation magnetisation,Jiv the Fe-Pt

exchange interaction strength, andSi the Fe moment. An explicit spin Hamiltonian consisting

of the localised Fe moments and delocalised Pt moments can be written as:

H = �
1
2å

i; j
Ji j Si � Sj � å

i
kFe(Sz

i )
2 � å

v
I m2

v � å
v

kPtm2
v; (2.47)

whereJi j is the Fe-Pt exchange interaction strength andI the Pt-Pt exchange interaction

strength,kFe = � 0:097 meV is the Fe anisotropy constant andkPt = 1:427 meV the Pt

anisotropy constant. Note that the superscriptz refers to the z-component of the spins. By using

the Fe moments-dependence expression for Pt moments in Eq.(2.46), this explicit Hamilto-

nian in Eq.(2.47)can be reduced to an effective form that depends only on the Fe degrees of

freedom:

H = �
1
2å

i; j
J i j Si � Sj � dz

i (S
z
i )

2 �
1
2å

i; j
dz

i j S
z
i � Sz

j ; (2.48)

whereJ i j is the effective Fe-Fe exchange interaction strength,di the effective single-ion

anisotropy constant, anddi j the effective 2-ion anisotropy constant. The explicit expressions

for J i j , di , anddi j are given as:

J i j = Ji j + I
�

cv

M0
v

� 2

å
v

JivJjv; (2.49)

dz
i = kFe+ kPt

�
cv

M0
v

� 2

å
v

J2
iv; (2.50)

dz
i j = kPt

�
cv

M0
v

� 2

å
v

JivJjv: (2.51)

The expression of this reduced effective spin Hamiltonian of FePt induces a 2-ion anisotropy

which depends on the effective Fe-Pt exchange interaction,Jiv, therefore clearly illustrating

the effect of the delocalised moments on the overall magnetic properties of FePt. Since the

single-ion anisotropy is approximatedly 10 times smaller than the 2-ion anisotropy, it is the

2-ion anisotropy which forms the dominant part of the overall macroscopic anisotropy constant.

Additionally, since in Eq.(2.48)both the 2-ion anisotropy term and the exchange interaction

term share a similar mathematical form, in VAMPIRE simulations it is possible, and in fact

more computationally ef�cient, to combine the 2-ion anisotropy component into the exchange

interaction to form an anisotropic exchange. Using this approach, the vector components of the

effective Hamiltonian can be expressed explicitly, by decomposing and collecting the terms in
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Eq. (2.48) in respective spin component, as:

H x = �
1
2å

i; j
J i j Sx

i � Sx
j ; (2.52)

H y = �
1
2å

i; j
J i j S

y
i � Sy

j ; (2.53)

H z = � dz
i (S

z
i )

2 �
1
2å

i; j

�
J i j + dz

i j

�
Sz

i � Sz
j : (2.54)

Note that the z-component of the HamiltonianH z now includes both the single-ion anisotropy

contribution expressed through thedz
i term, and the 2-ion anisotropy contribution incorporated

into the exchange interaction via the
�

J i j + dz
i j

�
term. This is the mechanism by which the

2-ion anisotropy ofL10-FePt is implemented in VAMPIRE simulations in later Chapters 4

and 5.

2.6 Summary

In this Chapter an overview of different magnetic modelling frameworks has been presented

with a brief summary and context of the Micromagnetics and Ab-inito methods as well as a

deeper focus on fundamental principles of Atomistic modelling. A description of the imple-

mentation of the Atomistic modelling method into the VAMPIRE simulation code has also

been given, which will lay the foundation for computational studies presented in subsequent

Chapters. Finally, the key concepts of the Mean-�eld theory as well as of the 2-ion anisotropy

model inL10-FePt have also been outlined, both of which will become essential to enable the

analysis and discussions of simulation results in Chapters 4 and 5.
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The in�uence of �nite-size effects on the Curie

temperature of L10-FePt

We employ an atomistic model using a nearest-neighbour Heisenberg Hamiltonian exchange

to study computationally the dependence of the Curie temperature ofL10-FePt on �nite-size

and surface effects in Heat-assisted Magnetic Recording (HAMR) media. We demonstrate

the existence of a size threshold at 3.5nm below which the impact of �nite-size effects start to

permeate into the centre of the grains and contribute to the reduction of the Curie temperature.

We �nd a correlation between the Curie temperature and the percentage of atomistic bonds

lost on the surface as a function of grain size, which can be extended to apply to not only

L10-FePt but also generic magnetic systems of any crystal structure. The investigation gives

insight into �nite-size effects which, because the inevitable grain size dispersion leads to an

irreducible contribution to a dispersion of the Curie temperature, has been predicted to be a

serious limitation of HAMR.

3.1 Motivation

Heat-assisted Magnetic Recording (HAMR) is emerging as the next-generation approach for

magnetic recording [68, 69]. The HAMR writing head �rst applies an intense, highly localised

heat spot for a very short time to a recording medium to heat it up to or beyond its Curie

temperature (TC), then writes the data inductively after which cooling to ambient temperature

restores thermal stability. The functioning of HAMR therefore requires the writing medium

to be made of a magnetic material with high anisotropy and relatively low Curie temperature.

Iron Platinum in theL10 phase satis�es these two requirements, and thus has been receiving

extensive studies [15, 16] for potential HAMR applications in whichL10-FePt can function

either as a single layer or as part of a composite multi-layer recording medium [15, 70–74].
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In room condition, bulk-alloy FePt exists in theA1 phase in which the constituent Fe and Pt

atoms are randomly distributed, thus resulting in a very low uniaxial anisotropy. However, at

temperatures in the typical range of a HAMR write-head, FePt can undergo a transition to the

L10 phase [75]. L10-FePt has a face-centre cubic (fcc) crystal structure - sketched in Fig. 3.1

- which comprises of alternating layers of 3d-element Fe and 5d-element Pt atoms along the

(001) direction and therefore is highly chemically ordered. As discussed before in Chapter 2, in

theL10 phase the Fe spins polarise the Pt spins and the strong spin-orbit coupling between the

Fe and Pt inter-layers produces, in addition to the much weaker local single-site anisotropies,

an exceptionally large 2-ion anisotropy component [66] necessary for the thermal stability of

data storage [67, 16]. A detailed mathematical formalism of this dominant 2-ion anisotropy

component ofL10-FePt has already been given in Chapter 2, and an investigation of the 2-ion

anisotropy of FePt will be the focus of the next Chapter 4.

Fig. 3.1 Crystal structures of FePt: (left) disorderedA1-fcc bulk-alloy Fe0:5Pt0:5 at room
temperature; (right) orderedL10-fct at HAMR temperature

Simulations by Li and Zhu [76, 77] have shown that the dispersion ofTC is a serious

limitation for the ultimate storage density achievable for HAMR. Consequently, a crucial

aspect for successful HAMR media is controlling the Curie temperature dispersion of the

recording medium. However, the exact Curie temperature ofL10-FePt has yet to be established;

rather, it has been reported to fall between 650K and 780K under various treatments and

measurements [78]. Also, the Curie temperature ofL10-FePt was shown to exhibit a strong

dependence on grain size [79, 80]. Consequently, in a recording medium usingL10-FePt the

grain size distribution, which always exists, would inevitably lead to an irreducible dispersion
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of the Curie temperaturesTc which potentially limits the recording density. Therefore, it poses

an important question to determine not only the precise dependence of the Curie temperature

distribution inL10-FePt grains on �nite size effects but also the governing mechanisms behind

it.

This Chapter presents a computational investigation of the impact of �nite-size effects in

L10-FePt grains using a nearest-neighbour Heisenberg Hamiltonian atomistic Spin model in

which short-range exchange interactions are assumed to dominate. Although the exchange

interactions in FePt are long-ranged, Waters et al. [78] have shown that the critical exponent

of FePt conforms to the three dimensional Heisenberg universality class. The starting point

is the consideration of thermal �uctuations, which can modifyTC and even shift the ground

state solutions to induce changes in magnetic phases. To verify this, it is necessary to look

at how the free energy changes as a function of system size. Generally, the free energy will

have a functional part re�ecting the surface effects due to reduced coordination number, but

there will be another term that will correspond to renormalisation of state energies resulting

from �uctuations [81]. Which part is more important will depend on the system and the size. A

correlation is then hypothesised between the Curie temperature distribution ofL10-FePt and the

percentage of atomistic bond loss on the surface of the grains as a function of grain size, which

allows to separate the surface and �uctuation contributions to the �nite-size effects. It is found

that this hypothesised correlation could be extended to encompass the role of crystal structure,

which suggests it is not restricted toL10-FePt speci�cally but is universally applicable for any

generic magnetic system.

3.2 Simulation methods and settings

3.2.1 Theoretical background

The underlying theories that will be employed for the analyses of calculations in this Chapter

include the Atomistic Spin Hamiltonian and the Mean-�eld models - both of which have been

discussed in details in Chapter 2. Therefore, in order to aid the �ow of arguments, only a

few key points will need to be brie�y recapped. Numerical simulations are carried out by

the VAMPIRE atomistic code [52, 39] version 4 using an Atomistic Spin model in which the

energy of a magnetic system is described by the general HamiltonianH as the sum of energy

contributions. All simulations in this Chapter are carried out under the absence of an externally

applied magnetic �eldB, so the �eld - or Zeeman - component in the general Spin Hamiltonian

can be omitted, which leaves the Spin Hamiltonian with just the exchange interactionH exchange
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and the anisotropyH anisotropyterms:

H = �
1
2 å

i; j
Ji j (Ŝi � Ŝj ) � kuå

i
(Ŝi � ê)2; (3.1)

whereJi j is the exchange energy strength betweenŜi andŜj - the unit vector of local spin at

sitei and j respectively, andku the uniaxial anisotropy constant having an easy direction along

ê. Furthermore, because �nite-size effects are being investigated, the exchange interaction

does not have to be fully long-range - i.e. inclusive of all neighbouring atoms in the simulated

system. Instead, the exchange interaction can reasonably be limited to a short-range exchange

involving nearest-neighbours only in order to account for broken and missing atomistic bonds

on the surface. Therefore, the exchange energy strengthJi j between each neighbouring pair of

spinsŜi andŜj can be reduced to a constant - with its notation simpli�ed to justJ and pulled

out of the summation. Consequently, Eq. (3.1) can be simpli�ed to:

H = �
1
2

Jå
i; j

(Ŝi � Ŝj ) � kuå
i

(Ŝi � ê)2: (3.2)

The Hamiltonian ofL10-FePt derived from �rst principle calculations includes anisotropy

contributions from both constituent Fe and Pt atoms. However, as previously discussed in

Chapter 2, Mryasov et al. [67] using Density Functional Theory in the constrained local-

spin-density approximation has theoretically demonstrated that the Pt moments can be well

approximated by the neighbouring Fe moments, and therefore the Hamiltonian ofL10-FePt

could be rewritten to be dependent on the Fe degree of freedom only. Consequently, the

energy of aL10-FePt system will depend only on the lattice arrangement of the Fe atoms. This

conclusion leads to two crucial implications. First, following Mryasov et al.'s treatment, the

original fct lattice structure ofL10-FePt in Fig. 3.1 can be reduced to an effective tetragonal

simple-cubic (sc) lattice structure by removing all Pt atoms in the middle-layers [60, 82] - an

illustration of this method is sketched in Fig. 3.2. The remaining Fe-only system with modi�ed

lattice properties - a con�guration henceforth will be referred to as the modi�ed-sc FePt - is

still equivalent to the original fct latticeL10-FePt, whilst in the meantime because of having

fewer atoms can help to reduce computational time signi�cantly. The second implication

is that because only the Fe lattice arrangement will matter, it will be possible to extend the

investigation of �nite-size effects to encompass the role of different crystal structures beyond

the strictly fctL10-FePt. In particular, two arti�cial con�gurations of FePt are added to the

investigation: a face-centre cubic (fcc) and a body-centre cubic (bcc) lattice systems both of

which, for comparison purpose, are made to share the same magnetic attributes of the original

fct L10-FePt system.
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Fig. 3.2 An illustration of the creation of an equivalent modi�ed-sc pseudo-cell from the
original fct primitive cell ofL10-FePt.

3.2.2 Construction of FePt grains

FePt grains are constructed in parallelepiped shape. As aforementioned, in order to account

for the effects of crystal structure, three lattice con�gurations of FePt grains are simulated:

a modi�ed-sc lattice FePt con�guration which is equivalent to the original fctL10-FePt, an

arti�cial fcc lattice FePt and an arti�cial bcc lattice FePt con�guration both of which are

assigned similar magnetic attributes of the original fctL10-FePt. An illustrative cross-sectional

view of the three simulated lattice structures are shown in Fig. 3.3. The unit cells of all

three con�gurations following the experimentally derived data for bulk powder are set to have

dimensions ofx0 = y0 = 2:72 Å andz0 = 3:85 Å [83, 84].

The height for each grain along the z-dimension is �xed at the nominal value of 10 nm.

The base of each grain on the xy-dimension is square-shaped and can be varied in a nominal

range from 1 nm to 10 nm in 0.5 nm increment. It has to be noted that the adjective "nominal"

pre�xing the grain sizes is used for a convenient reference only, whilst the "exact" grain sizes

are slightly different. Since �nite-size effects are the focus of investigation, it is undesirable to
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Fig. 3.3 Sampled cross-sectional views of the 3 simulated lattice structures: (left) modi�ed-sc
lattice FePt equivalent to the original fctL10-FePt, (middle) an arti�cial fcc lattice FePt, and
(right) an arti�cial bcc lattice FePt. Visualisation using Jmol [85].

create grains with incomplete unit cells - i.e. with dangling atoms - on the surface. Therefore,

a grain having a speci�c nominal base sizeeD is made to comprise of an integer number of

unit cellsN in each xy-dimension of the base so that the exact base sizeD = N � x0, which

numerically is a multiplier ofx0, must be as close toeD as possible. The nominal grain sizeseD,

each with the corresponding number of unit cells included in the grain baseN and the exact

grain sizeD, are presented in Table 3.1.

eD (nm) 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
N 4 6 7 9 11 13 15 17 18 20

D (nm) 1.088 1.632 1.904 2.448 2.992 3.536 4.080 4.624 4.896 5.440
eD (nm) 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0

N 22 24 26 28 29 31 33 35 37
D (nm) 5.984 6.528 7.072 7.616 7.888 8.432 8.976 9.520 10.064

Table 3.1 The nominal and exact grain sizes of simulated FePt grains

3.2.3 Determining the Curie temperature

VAMPIRE simulations use a Metropolis Monte-Carlo integrator - which follows the mechanism

already described in Chapter 2 - to compute the value of normalised mean magnetisation

lengthhM=Msi and the longitudinal susceptibilityc at each temperatureT of the simulated
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temperature range. Combining all values ofhM=Msi andc obtained from across the entire

simulated temperature range will produce the normalised magnetisation distributionhM=Msi (T)

and longitudinal susceptibility distributionc (T) as functions of temperature - an example is

given in Fig. 3.4(a) and Fig. 3.4(b) respectively. It can be noted that a small magnetic "tail",

where the magnetisation does not drop down to zero, can be seen above the Curie temperature

in thehM=Msi plot in Fig. 3.4(a). This visible trailing tail is essentially a �nite size effect due

to a �nite probability of a spontaneous instantaneous magnetisation in small-sized of systems.

Applying the temperature-rescaling method in Chapter 2 with appropriate parameteres can

help to "rectify" this trailing tail, thus modifying thehM=Msi curve to be more aligning with

experimental data.

There are then 2 commonly used methods to determine the Curie temperature. First, the

Curie temperature can be found by �tting the scaling law given by Eq.(2.31) in Chapter 2

directly into hM=Msi (T). The precision of this method, however, depends heavily on the

behaviour of magnetisation - in particular where the magnetisation curve drops to zero - and

therefore is only accurate at �tting into bulk material of large-sized grains where the correlation

length has diverged. Alternatively, a more accurate method involves �nding the peak of the

susceptibility distributionc (T). The justi�cation of the susceptibility-peak method is given

through the Curie-Weiss law which links the Curie temperatureTC with the susceptibilityc of

a ferromagnet in the paramagnetic region above the Curie temperature [23] by:

c =
C

T � TC
; (3.3)

whereC is the Curie constant. Therefore, asT approachesTC, c attains the maximum value

which is the peak of the susceptibility distribution. This means thec (T) curve always exhibits

a well-de�ne peak at the location of the Curie temperature, thus making the susceptibility-peak

method applicable for even smaller-sized grains. An illustration of how the susceptibility-peak

method is implemented is given in Fig. 3.4(b).

However, the method of �nding the peak of susceptibility distribution will return an accu-

rate value of Curie temperature only if the susceptibility distribution obtained from VAMPIRE

simulation is suf�ciently smooth, especially around the Curie temperature region, thus display-

ing a well-de�ned peak. This condition can only be met when the simulated system has been

properly equilibrated before calculations are performed on it. In VAMPIRE, there are two simu-

lation parameters which control this process: the Monte-Carlo (MC) Equilibration step and the

MC Total time step. The system is �rst let to equilibrate for a number of MC steps speci�ed by

the Equilibration step, during which VAMPIRE tries to "equilibrate" the magnetisation. Once

the equilibration has been completed, the system is "reset" and started afresh during which cal-
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(a)

(b)

Fig. 3.4 A sample of the temperature-dependent distribution of the (a) MagnetisationhM=Msi ,
and (b) Longitudinal susceptibilityc (T) obtained from VAMPIRE atomistic simulation for a
sampled sc-lattice grain of9� 9� 10nm size. Note that the Longitudinal susceptibility plot
exhibits a sharp, well-de�ned peak necessary for an accurate locating of the Curie temperature.
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culations will be performed using the �nal value of magnetisation retained at the end of the

equilibration period. The total number of MC steps carried out during the entire simulation,

inlcuding the equilibration period, is equal to the MC Total time steps.

Fig. 3.5 The effects on Monte-Carlo Equilibration and Total time steps on the equilibrating
of the simulated system. Sample is taken at 300 K with an Equilibration step set to 100000 -
where an upward strike is visible at 100000 MC step indicating that the equilibration process
has been completed and the system is to be reset after which calculations will take place. The
bottom plot is a close-up view during the equilibration period of the upperhM=Msi plot. It can
be seen in thehM=Msi plot that the magnetisation curve does not converge to a stable value
until almost 50000 MC steps, meaning that the Equilibration step must be set to at least 50000.

An illustration for the impact of these MC steps on simulation can be seen in Fig. 3.5. In

this example the MC Equilibration step is set to 100000, which is observable via the visible

upward strike in thehM=Msi (T) plot at the 100000th MC step. During the equilibration period,

as can be seen, the numerical value ofhM=Msi , after being initiated from starting conditions,

are converging to a stable value at around the 50000th MC step. This means the preset value

of the Equilibration step of 100000 is in fact a bit higher than necessary, so for computational

optimisation it can be lower to around but not less than 50000. At the reset point at the 100000th

MC step, the aforementioned converging, stable value ofhM=Msi is recorded and simulation

restarts. Since the equilibration process has been done properly, the stable value ofhM=Msi (T)

is carried onto later calculations until �nal output. Otherwise, if the equilibration process

has not been done properly,hM=Msi will not converge before system reset. Consequently,
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subsequent calculations using an non-equilibrated value ofhM=Msi will lead to a heavily noised

c (T) curve without a well-de�ned peak. The Equilibration and Total time steps can only be

determined via trial and error, and they are found to be dependent on grain sizes. The grain

size-dependent MC parameters appropriate for the simulations in this Chapter are given in

Table 3.2. Simulations can be repeated many times to compute statistical values. In order

to re-create varying initial conditions as in real experiments, each time the simulation runs,

a randomly generated number can be assigned to it which represents a unique sets of initial

conditions.

Grain Size (nm) Equilibration step Total time step

1.0 - 1.5 5� 107 2:5� 108

2.0 - 2.5 107 108

3.0 - 5.5 106 107

� 6.0 105 106

Table 3.2 VAMPIRE MC parameters

3.2.4 Simulation parameters of FePt

The effects of crystal lattices are investigated with the Curie temperature in each case �rst

preset to a theoretically calculated critical temperature of 660K [86] in the largest-sized grain

of 10nm nominal base size. Recall the linear relation between the Curie temperatureTC and the

exchange energy strengthJ [61]:

J =
3kBTC

ez
; (3.4)

wherekB is the Boltzmann constant,z the number of nearest-neighbour interactions in a unit

cell, ande the correction factor relating to the coordination-dependent spin wave stiffness. It has

already been shown in Chapter 2 that Eq.(3.4)can also be derived from the Mean-�eld theory.

Bothzande are uniquely determined for each crystal structure [39, 61]. For a speci�c lattice

structure,J is determined computationally by interpolation to give a consistentTC = 660K

- a reference value derived from previous studies [86, 87] - for each lattice structure using

Eq. (3.4)as shown in Fig. 3.6. Numerical values ofJ, z, ande are given in Table 3.3. Other

parameters representing magnetic properties of FePt which are shared by all three simulated

crystal con�gurations include the atomic spin momentmS and uniaxial anisotropy constantku,

which followed from Strungaru et al. [60] are �xed atmS = 3:23mB (with mB = 9:274� 10� 24
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J/T being the Bohr magneton constant) andku = 2:63� 10� 22 J/atom respectively. Sampled

VAMPIRE input and material �les for the simulations of this Chapter are given in Appendix B.

Fig. 3.6 Determination of the exchange energy constant for simulated FePt grains with different
crystal structures. As expected there is a linear dependence of Curie temperature on exchange
strength. By interpolation the exchange energy is determined to give a consistentTC = 660K
for each lattice structure.

Con�guration z e J (Joule per link)

modi�ed-sc 6 0.719 (6:303� 0:004) � 10� 21

fcc 12 0.790 (2:866� 0:002) � 10� 21

bcc 8 0.766 (4:430� 0:002) � 10� 21

Table 3.3 Unit cell parameters for each simulated con�guration of FePt.

3.3 Results and discussion

3.3.1 The Curie temperature variation with grain size

The Curie temperatures of each grain sizeD for each simulated lattice structure are given in

Table A.1 of Appendix A and plotted in Fig. 3.7. The Curie temperature variation with grain
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sizeTC(D) generally conforms to the well known Finite-size Scaling Law (FSSL) which is

given by [79, 88]:

TC(D) = TC(bulk)(1� x0D� 1=n); (3.5)

whereD is the characteristic grain size,n is a critical exponent, andx0 is a �tting parameter on

the order of the lattice spacing. Eq.(3.5) is applied to determinex0 andn as well as the bulk

Curie temperatureTC(bulk). The percentage Curie temperature decrease,DTC(D), can then be

de�ned as the percentage difference between the Curie temperature at each grain sizeTC(D)

and the bulk Curie temperatureTC(bulk) obtained from the FSSL �t:

DTC(D) =
TC(bulk) � TC(D)

TC(bulk)
= x0D� 1=n; (3.6)

which shares the similar mathematical form as seen in previous literature [89, 90]. It is

important to remark that the �ts to the FSSL often give values ofn which differ: in apparent

contradiction to the nature ofn as a universal exponent. As a result,n� 1 is often replaced by

a so-called shift exponentl which may or may not agree withn depending on the various

system properties [89]. A possible mechanism for the deviation from the critical exponent will

be proposed later.

The investigation of �nite-size dependence of the Curie temperature is carried out using

the atomistic model outlined earlier. Fig. 3.7 demonstrates that the dependence of the Curie

temperature on sizeTC(D) �ts well to the (FSSL) [88] given in Eq.(3.5), consistent with

previous experimental data [78, 80, 87]. Numerical values extracted from the FSSL for the

�tting parameterx0, the critical exponentn, and the bulk Curie temperatureTC(bulk) are

given in Table 3.4. It can be noted that, although the FSSL �ts the data well for all grain

sizes investigated, the values found forn do not agree exactly with the expected value of

0:7 for the Heisenberg model [80, 91] - a deviation which has been seen and discussed

before in literature [92, 93]. This deviation ofn can be explained by considering how the

FSSL is obtained in the �rst place. the FSSL follows from the correlation scaling relation

x � (1� T=Tc)� n [43, 89] which leads to the scaling law in Eq.(3.6). Note that this scaling

relation forx is valid only for bulk systems, leading, in �tting to experimental data, to the

empirical replacement of the exponentn, which is universal, by the so-called shift exponentl

which is non-universal and may include corrections to scaling [80]. Here, a possibility has to

be given considerations that, for small grain sizes, the correlation length becomes dependent

on the characteristic size as a result of the rescaling of system energies resulting from the

�uctuations.
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Fig. 3.7 The dependence of Curie temperature on grain size �ts well with the FSSL for all 3
simulated crystal structures. TheTC increases sharply at smallest grain sizes and converges to
the bulk value from around 8 nm. In section 3.3.4, an analytic model is described to discuss the
comparison between the three simulated cases.

Con�guration TC(bulk) x0 n
modi�ed-sc 674:2� 1:1 0:352� 0:002 0:783� 0:014

fcc 666:2� 0:7 0:260� 0:002 0:651� 0:013
bcc 668:3� 0:9 0:375� 0:003 0:656� 0:011

Table 3.4 FSSL �tting parameters for each simulated con�guration of FePt.

3.3.2 The layer-resolved magnetisation pro�les

To provide further insight, it is necessary to look into a detailed analysis of the layer-resolved

magnetisation pro�les which are obtained by averaging the spins in each layer. Examples of

the magnetisation pro�le at 550 K in the x-direction along the grain depth are given in Fig. 3.8

for different grain sizes of the fcc lattice grains. In larger grains (9.0 nm) surface disorder (low

magnetisation) causing the drop in magnetisation is seen to penetrate only a few layers inside

the grain. On the contrary, in smaller grains where the total number of layers is reduced to the

10-12 range, surface effects begin to dominate. Calculations show that in smaller-sized grains

the loss of order causing the decrease of Curie temperature across surface layers propagates
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into the centre of the grain: an effect potentially responsible for causing a larger overall drop in

the Curie temperature of the whole grain.

Fig. 3.8 The layer-resolved magnetisation pro�le for fcc lattice grains of selected sizes at 550
K showing that in smaller grains (fewer atomistic layers) the magnetisation drop on the surface
contributes more to the overall loss of the grain magnetisation.

Similar patterns can be seen for the modi�ed-sc and bcc lattices. The magnetisation pro�le

for modi�ed-sc lattice is shown in Fig. 3.9 and bcc-FePt lattice in Fig. 3.10. As expected the

behaviour is similar to the fcc lattice results in Fig. 3.8, although the penetration depth is clearly

smaller for the modi�ed-sc lattice. It can be seen that there is a periodic behaviour for the

bcc lattice, which is a physical effect arising from atoms having different numbers of nearest

neighbors. Interestingly this persists to elevated temperatures in the bulk of the grain albeit

somewhat reduced at the grain boundaries, suggesting that the disorder propagates inward from

the surfaces.

The magnetisation pro�les obtained from atomistic simulations are next compared with

calculations from the Mean-�eld model, a mathematical description of which has been given

in Chapter 2. The mean-�eld data for FePt grains used in this comparison are obtained in

collaboration with Dr. Sergiu Ruta. Two regimes of behaviour for small and large grain sizes

can be seen in Fig. 3.11. Particularly, the larger grains retain order in the central region,

with increasing loss of order close to the surface, whereas for the smaller grains the disorder

essentially penetrates the whole grain. The Mean-�eld model gives good qualitative agreement

with the atomistic model calculations, supporting the localisation of the disorder close to the
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Fig. 3.9 The layer-resolved magnetisation pro�le for modi�ed-sc lattice grains - equivalent
of the original fctL10-FePt - of selected sizes at 550 K showing that in smaller grains (fewer
atomistic layers) the magnetisation drop on the surface contributes more to the overall loss of
the grain magnetisation.

Fig. 3.10 The layer-resolved magnetisation pro�le for bcc lattice grains of selected sizes at 550
K showing that in smaller grains (fewer atomistic layers) the magnetisation drop on the surface
contributes more to the overall loss of the grain magnetisation. The bcc structure exhibits a
periodic behaviour which is a physical effect due to atoms having different numbers of nearest
neighbours.



48 The in�uence of �nite-size effects on the Curie temperature of L10-FePt

surface of the grain. Based on these results, a simple analysis designed to characterise the

penetration depth of the disordered region can be formalised and presented in section 3.3.4.

Fig. 3.11 Comparison between atomistic and semi-analytic mean �eld calculation of layer-
resolved magnetisation at 550 K for grains of size (a) 1.0 nm, (b) 2.5 nm, (c) 4.0 nm, and (d)
6.5 nm shows a good agreement between 2 models, with a slight disparity occurring at the
outermost surface layers of each grain.

3.3.3 The cross-sectional magnetisation pro�les

The evolution of the cross-sectional magnetisation pro�le for the fcc lattice grains at 550 K

in Fig. 3.12 shows a decrease of magnetisation across the grain surface which appears to be

more pronounced in smaller grains, consistent with the data shown before in Fig. 3.8. These

patterns suggest that surface disorder might be an important contribution to the rapid drop in

TC at smaller sizes as captured before by the FSSL: the hypothesis is that the propagation of

the surface disorder into the grain has an effect on the correlation length such thatx = x(D).

This hypothesis is consistent with the effects of a term corresponding to renormalisation

of state energies which results from �uctuations [81]. Hence, the correlation length is also

modi�ed. However, in Fig. 3.8 it is clear that the renormalisation of the state energies decreases

with distance away from the surface. Additionally, similar behaviours are again observed

for modi�ed-sc and bbc lattice grains - as illustrated in Fig. 3.13 and Fig. 3.14 respectively.

This observation suggests that the decrease of magnetisation across the grain surface is not a

lattice-speci�c but rather a universal property.
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Fig. 3.12 Evolution of the cross-sectional magnetisation pro�le for fcc lattice grains at 550 K
of (a) 1.0 nm, (b) 1.5 nm, (c) 2.5 nm, (d) 4.0 nm, (e) 5.5 nm, and (f) 7.0 nm in size. The grain
magnetisation can be seen to be decreasing across the grain surface.
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Fig. 3.13 Evolution of the cross-sectional magnetisation pro�le for modi�ed-sc lattice grains at
550 K of (a) 1.0 nm, (b) 1.5 nm, (c) 2.5 nm, (d) 4.0 nm, (e) 5.5 nm, and (f) 7.0 nm in size. The
grain magnetisation can be seen to be decreasing across the grain surface.
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Fig. 3.14 Evolution of the cross-sectional magnetisation pro�le for bcc lattice grains at 550 K
of (a) 1.0 nm, (b) 1.5 nm, (c) 2.5 nm, (d) 4.0 nm, (e) 5.5 nm, and (f) 7.0 nm in size. The grain
magnetisation can be seen to be decreasing across the grain surface.
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3.3.4 The correlation between the magnetisation loss and the atomistic

bond loss

A simple analysis model re�ecting both contributions - which are the loss of magnetisation on

the grain surface and the propagation of surface disorder into the grain bulk - can be formalised

as follows. The starting point is to assume that the Curie temperature reductionDTc, relative

to the bulk valueTC(bulk), is entirely due to the loss of coordination at the surface. ThusDTc

is assumed proportional to the number of surface bonds broken. As a �rst approximation it

can be assumed that the number of broken bondsnbb is proportional to the surface area of the

grains. Then, it is straightforward to show that the fractional increase in broken bondsDnbb -

which is related to the number of total bonds in the bulk - as a function of the grain heighth

and dimater (width)D is given by:

Dnbb = B(h� 1 + 2D� 1); (3.7)

whereh is the height of the grain andB is a constant depending on the crystal structure and is

determined by �tting to the numerical calculation. The exact amount of atomistic bonds lost in

a particular grain can be calculated computationally: for each atom in the grain, the number

of nearest-neighbours can be counted and thus the number of missing nearest-neighbours

can be determined, noting that a "fully bonded" atom should have 6 nearest-neighbours in

a modi�ed-sc lattice system, 12 in a fcc lattice system, and 8 in a bcc lattice system. If the

grain were a part of the bulk, a grain made up of N atoms in modi�ed-sc, fcc, and bcc lattice

structure would have an "ideal" total of6N, 12N, and8N nearest-neighbour atomistic bonds

respectively. Then, summing up over all atoms and comparing with the "ideal" number of

total bonds for each lattice type will yield the fractional or percentage bond lossDnbb. The

percentage bond loss and Curie temperature reduction for each simulated lattice structure are

tabulated in Table A.2 of Appendix A.

Eq.(3.7) is found to give a good �t to the numerical results for all crystal structures studied,

as shown in the inset of Fig. 3.15(a). In terms of �tting to the values ofDTc, it is found that

the assumption ofDTc µ Dnbb with Dnbb following the expression in Eq.(3.7) is valid only for

large diameters, indicating that in this regime the decrease inTC is essentially a surface effect.

As is shown later, for small diameter, the surface disorder propagates into the center of the

grain leading to a more rapid decrease ofTC, albeit one which is captured by the �nite size

scaling law. This effect can be quanti�ed this by �tting to a modi�ed function:

DTc = a exp(� D=Dp) + bDnbb; (3.8)
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wherea andb are �tting constants andDp is a characteristic distance associated with the

propagation of the disorder into the center of the grain. As shown in Fig. 3.15(a), Eq.(3.8)

�ts well to the numerical calculation for all lattice structures. Values of the �tting constants

are given in Table 3.5. A propagation termDTcp which represents the propagation of surface

disorder into the grain can then be de�ned as follows:

DTcp = DTc � bDnbb: (3.9)

Eq. (3.9), along with the numerical calculation, is shown in Fig. 3.15(b). It can be seen that,

for diameterD / 3:5 nm there is an exponential increase inDTc as the diameter decreases.

Note that the cut-off value of3:5nm can be interpreted as the penetration depth of surface

magnetisation loss into the grain bulk. It is approximately 4 timesDp, which from Eq.(3.8)

corresponds to approximately 1.8% ofTC drop. Clearly the lost surface bonds drive the loss

of magnetic order and the reduction inTC. However, it is important to note the role played by

the renormalisation of the state energies arising from the �uctuations originating at the surface.

This gives rise to the progressive decrease of the loss of magnetisation when moving toward

the centre of the grain. For small grain sizesD � 3:5nm, the decrease in magnetic order due to

state energy renormalisation cannot be stabilised by a fully-ordered central core. In this regime

the state energy renormalisation becomes the dominant factor leading to a rapid collapse of the

magnetisation andTC. Hovorka et al. [80] have given an expression relating the dispersion of

TC directly to the dispersion of diameter. This suggests that for decreasing grain sizes, such

as expected for the evolution of Heat-assisted Magnetic Recording, any grain size variation

would give an increasingly large distribution ofTC which could become a limiting factor for

the technology. On the other hand, numerous designs for Heat-assisted Magnetic Recording

media involve coupling layers with high anisotropy and lowTC with layers of lower anisotropy

and higherTC. It is likely, from the analysis presented here, that for strongly exchange coupled

layers the surface disorder and hence reduction of theTC of the high anisotropy could be

somewhat mediated by the proximity effect of a higherTC layer. Finally, the existence and the

lattice-type dependence of a threshold size above which the percentage Curie temperature drop

DTC rapidly becomes negligible - as illustrated in Fig. 3.15 - are again in good agreement with

mean-�eld calculations seen in previous literature [62].



54 The in�uence of �nite-size effects on the Curie temperature of L10-FePt

Fig. 3.15 Correlation between the Curie temperature drop and atomistic bond loss for each
lattice structure: (a)DTC(D) following from the FSSL �t to Eq.(3.8)and the inset showing the
percentage bond loss; (b) The surface-effects propagation termDTcp showing a cut-off value at
D � 3:5 nm for all 3 studied lattice structures.

3.4 Further remarks

On a �nal remark, it is worth to mention that during this research there was an intention to

include, in addition to the study of the role of crystal structure already presented, an investigation

of the role of grain shape on �nite-size effects. In fact, different grain shapes including
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Con�guration a Dp (nm) b
modi�ed-sc 54:4� 2:7 1:049� 0:046 0:779� 0:034

fcc 59:4� 4:3 0:846� 0:046 0:386� 0:031
bcc 83:1� 4:4 0:863� 0:035 0:368� 0:022

Table 3.5 Correlation �tting parameters for each simulated con�guration of FePt.

cylindrical grains and "voronoi" grains were initially tested - the latter case involves grains

having irregular, randomly-generated surfaces. An illustration of a sampled voronoi-structured

grain is shown in Fig. 3.16. Unfortunately, the version 4 of the VAMPIRE code used at that time

suffered from a serious limitation that the extraction of magnetic properties of each atomistic

layer, which is a crucial prerequisite feature for the construction and analysis of magnetisation

pro�les later, can be done for only parallelepiped-shaped grains. It is especially dif�cult to

Fig. 3.16 A sample of voronoi-structured grains. Source: courtesy of Dr. Sergiu Ruta.

study voronoi-structured grains which do not have clear layers. Therefore, the investigation

of non-parallelepiped grains could not be proceeded further. However, the omitted role of

grain shape has been effectively mitigated by the later introduction of the shape-independent

surface bond loss as the main variable in the mathematical description of magnetisation loss

propagation. However, with more sophisticated versions of the VAMPIRE code having been
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continuously developed since then, there is a possibility to revive the said investigation of the

role of grain shape on �nite-size effects. These could be the ideas for potential research in the

future.

3.5 Summary

In this Chapter, the �nite-size effects in small grains have been investigated. Simulation data

�t to the classic Finite-size Scaling Law and show a rapid decrease ofTC at small sizes. We

show that this is due to the propagation of surface disorder resulting from the loss of exchange

coordination at the surface into the grain. This effect becomes important at grain sizes smaller

than 4nm and is supported by semi-analytic mean �eld calculation. The �ndings overall are

consistent with the mean-�eld calculation and have been extended to incorporate different

crystal structures, which strongly suggests that if using a suitable correlation factor theTC

distribution of a generic material can be correlated to the percentage of atomistic bond loss on

the surface as a universal parameter. The reduction ofTC is driven by surface magnetic disorder

resulting from the loss of exchange coordination at the surface. These �uctuations cause a

renormalisation of state energies through which the magnetic disorder propagates into the grain.

A physically reasonable expression is proposed which separates the two processes, and de�nes

a penetration depth for the propagation of disorder into the grain. For small grain sizes less

than around 3-4 nm, the decrease in magnetic order due to state energy renormalisation cannot

be stabilised by a fully-ordered central core. In this regime the state energy renormalisation

becomes the dominant factor leading to a rapid collapse of the magnetisation andTC and

a consequent increase of the dispersion ofTC for small diameter. From the viewpoint of

materials design for nanoscale applications such as spintronics and particularly Heat Assisted

Magnetic Recording, �nite size effects will become an increasingly important consideration

with decreasing device size. Because of the strong surface effects on the decrease ofTC, the

increasedTC dispersion for small grains could be somewhat mediated in designs coupling low

TC hard materials such as FePt with highTC materials which would reduce the loss of magnetic

order through the proximity effect. Overall, surface effects could limit the performance of

Heat-assisted Magnetic Recording, which could be important forL10-FePt in particular because

of the 2-ion anisotropy which will be further explored in the next Chapter 4.
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Higher-order magnetic anisotropy in soft-hard

nanocomposite materials

We studied computationally the properties of higher-order magnetic anisotropy constants in

a L10/A1-FePt core-shell system which is characterised by a strong 2-ion Fe-Pt anisotropy

component. We discover that the core-shell structure exhibits an unexpected fourth-order

anisotropy term whose magnitude depends on the core-size ratioR. TheK2=K1 ratio, with

K1 and K2 being the second and fourth-order anisotropy constant respectively, displays a

non-monotonic variation with a peak occurring atR � 0:50. Furthermore, we �nd thatK2

scales with the normalised magnetisation(M=Ms) at temperatures below the Curie temperature

with a scaling exponent of approximately2:2 - a remarkable deviation from the established

Callen-Callen theory which instead predicts a scaling exponent of 10. We construct a simple

analytic model which shows the fourth-order term to arise from the canting of the core and shell

magnetisation. In particular, our model demonstrates that the magnitude of the fourth-order

term is proportional toK2
1=J, with J the exchange coupling. Given that inL10-FePt the 2-ion

K1 constant scales approximately with(M=Ms)2:1 and J with(M=Ms)2, the predicted scaling

exponent agrees very well with our simulation. Generally, the fourth-order anisotropy constant

is shown to exhibit a strong dependence on the system geometry, thus suggesting that the

Callen-Callen power law is non-universal and valid only for single-ion anisotropies.

4.1 Motivation

Chapter 3 has discussed the suitability ofL10-FePt as a recording media for Heat-assisted

Magnetic Recording (HAMR) and presented a study on the �rst key magnetic attribute of

L10-FePt for potential applications in HAMR, namely the strong size-dependence of its Curie

temperature. This Chapter, in turn, will encompass an investigation on the second magnetic
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attribute ofL10-FePt which is its very strong 2-ion anisotropy contribution to the overall

exceptionally high uniaxial anisotropy of the material [66, 94]. The origin of this 2-ion

anisotropy component in the chemically layered ferromagnetL10-FePt has been well established

to be from the contribution of the5d element which has a large spin-orbit coupling whilst the

3d element provides the exchange splitting of the 5d sub-lattice [95–100].

Measurements of the second-order anisotropy constantK1 in L10-FePt using a simple an-

gular form of the magnetic anisotropy energy functionE = K1sin2q have generally been

consistent and well established [66, 87, 94, 101, 102] with values for the magnetic anisotropy

energy as high as 6.2 MJ/m3 [103]. On the contrary, there has not been a consensus on the

existence and the signi�cance of the fourth-order termK2. Previous studies have arrived at

con�icting conclusions whereK2 has been argued to be a misinterpretation [103], negligi-

bly small compared toK1 [102], or non-negligible [66]. This presents a potential problem

for HAMR application since the thermal stability of the writing medium is determined by

anisotropy. In addition, there has been a reported deviation of the scaling ofK2 [102] from the

classical Callen-Callen power law [57] which, interestingly, has also been observed in other

materials [104, 105].

Furthermore, a recent study by Sepehri-Amin et al. [106] on L10-FePt thin �lm discovered

an effect of Pt enrichment on the �lm surface regardless of the FePt composition, which

subsequently was shown to distort the ordered structure of theL10 phase and thus reduce the

magnetocrystalline anisotropy of the FePt grain. This phenomenon is illustrated in Fig. 4.1

taken from Sepehri-Amin et al. [106] which clearly shows a heavy intermixing of the Fe atoms

and Pt atoms on the grain surface. The proportions of Fe and Pt atoms at various distances

from the surface, which are plotted in the sub-graphs underneath, are shown to be dependent

on grain size. The intermingling between Fe and Pt atoms at the grain surface compromises the

chemical ordering ofL10-FePt grain, thus reducing the grain uniaxial anisotropy. The impact

of this Pt segregation is found to be more pronounced in grains smaller than 15nm, which

is detrimental for HAMR functioning where smaller grain sizes are desired. Furthermore,

the varying relative proportion of the twoL10=A1 phases has also been reported to affect the

uniaxial magnetic anisotropy in previous experimental studies of phase-graded thin �lms [72].

The effect of Pt surface segregation in a phase-graded FePt system, therefore, necessitates

a substantial investigation into the role of grain shape and composition on the anisotropy of

L10-FePt.

The background contexts which have recently been discussed provide the justi�cations

for the focus of this Chapter on an investigation of higher-order anisotropy ofL10-FePt, in

particular the properties of the fourth-order anisotropy constantK2, for the implementation of

L10-FePt as a HAMR recording media. In this Chapter, an analytic model will be proposed and
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Fig. 4.1 Pt surface segregation observed in experimentalL10-FePt grains of various compo-
sitions. The Fe atoms in green and Pt atoms in red are seen to be intermixed heavily at the
grain surface. The proportions of Fe and Pt atoms as a function of distance from the surface
are plotted in the sub-graphs underneath and show a grain-size dependence. Source: excerpt
from [106]

described to explain the origin and mechanism of this fourth-order anisotropy. The applicability

of this analytic model will be shown to be extendable to not justL10-FePt but a generic

nanocomposite material with soft-hard magnetic inter-layers.

4.2 Simulation methods and settings

4.2.1 Construction of the FePt core-shell grains

In Chapter 3, because of the particular interest of extracting magnetic properties on the scale

of atomistic layers, FePt grains were deliberately simpli�ed to having paralellepiped shape

which offers the highest degree of symmetry and regularity. Real grains which are produced

and tested in experiments, rarely have such cubic shape. In this Chapter, therefore, simulated

FePt grains are created in an elongated cylindrical shape with faceted surfaces which more

closely resembles ones typically found in a HAMR recording media. The VAMPIRE code
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