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Abstract

The next generation of portable devices requires random access memories (RAMs) which
are characterised by high performance and at the same time low power consumption. A
promising candidate as replacement in this sector is magnetic RAM (MRAM) based on
CoFeB/MgO magnetic tunnel junctions, since it retains the fast operational capability
while reducing the energy requirements due to its non-volatile nature. Despite such
outstanding features, a complete understanding of the device operation has not been
achieved yet. This limits the scaling of the device below the next technological node
(< 20nm). The reduction in the number of atoms constituting these devices is responsible
for surface and finite size effects as well as a reduced thermal stability, which affects
the dynamic properties. Currently, micromagnetism represents the most used theoretical
approach to investigate magnetic materials and their properties. The main limitation of
this model is the continuum approach. In this approximation the atomic properties are
averaged, which makes it unsuitable to describe interface, surface and finite size effects as
well as thermal effects. Do deal with these limitations, in this thesis we use an atomistic
spin model to investigate the equilibrium and dynamical properties of CoFeB/MgO-based
systems, an approach more appropriate to account for such effects. Our results suggest
that CoFeB/MgO systems are characterised by more complex magnetic properties than
usually assumed. The reversal mechanism is non-uniform at dimensions and temperatures
that are technologically relevant. Moreover, at these time scales thermal effects cause a
distribution of the dynamic properties that represent an intrinsic limitation to the device
reliability and need to be addressed in order to achieve the desired scaling. The results
also show the importance of atomistic models to understand and accurately describe the
magnetic properties of devices when they are fabricated on the nano scale.
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Chapter 1

Introduction

1.1 Motivation

In this time dominated by high performance devices and portable devices such as smart

phones, tablet computers and mobile gadgets, requirements for high density and low

power consumption memories are a driving force for the storage and memory �elds.

Current silicon-based technology is facing its physical scaling limits and alternative

technologies are intensely under research[1–3]. Spin transfer torque magnetic random

access memories (STT MRAMs) are one of the most promising candidates. Due to the

potential high density, low power consumption, fast read and write operations, in�nite

endurance and resistance to electromagnetic disturbances, STT MRAMs have been

proposed as universal memories [1–3] and the production of STT MRAM devices was

launched in 2016.

Despite the huge potential demonstrated by STT MRAMs, improvements in the power

consumption and storage are necessary for this technology to �nd space in the memory

market and supplant semiconductor-based competitors. These improvements are possible

only if a total understanding of the underlying physics is achieved. Analytic models

and computational approaches are often employed to aid research both by providing

a basic theory to explain more complex phenomena and by guiding experiments. Mi-

cromagnetism, that is the most used approach to model magnetic materials and their

properties, is unsuitable for the investigation of such systems due to the small dimensions

and the complexity of the magnetic properties of these devices, �nite size and thermal

effects. Therefore, we characterise the magnetic properties and the switching dynamics

of magnetic tunnel junctions, the main components of MRAMs, by means of an atomistic

model.
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1.2 Magnetic random access memory (MRAM)

A random access memory (RAM) is a device used for data storage and its performances

have to abide by certain requirements in order to be produced and commercialised. These

are scalability of the dimensions of the device, high data density storage, low power

consumption, fast switching and retention of the information and stability. The most

common RAM are the static RAM (SRAM) and dynamic RAM (DRAM). They differ for

the architecture: transistors are used in SRAMs, while a capacitor coupled to a transistor

are employed in DRAMs. SRAMs are faster and relatively lower power consumption, but

with the drawback of lower storage density, larger cell size and a higher cost than DRAM.

As a consequence, the latter is the most used as computer memory device, while SRAM

�nds its employment in the central processing units (CPU). Both SRAM and DRAM are

volatile as the data is not retained after the power supply is removed. Moreover, DRAMs

need to be continuously refreshed as the information is lost as the capacitor discharges.

Volatility causes SRAM and DRAM to suffer from high power consumption in addition

to the issues mentioned previously. There is also another type of RAM: �ash memory.

Flash memory is a inexpensive non-volatile technology that is sensibly slower than both

the DRAM and SRAM and, like these, suffers of high power requirements.

These silicon-based technologies are approaching their physical scaling limits [1, 4]

and the research of alternatives that allow to achieve larger density, smaller dimensions

and lower power consumption has been intensively pursued. A promising candidate,

alongside resistive RAM (ReRAM) and phase-change RAM (PCRAM), is magnetic

random access memory (MRAM). A MRAM device uses magnetism to store the data

instead of electrical charges, as it occurs in the current devices. This guarantees non-

volatility and near-in�nite endurance in both reading and writing [5] processes, other than

low power consumption and resistance to electrostatic disturbance. Because of the large

potential, MRAMs have been proposed as a universal memory technology able to replace

both SRAM and DRAM.

MRAM is based on the magnetoresitive effect (MR), that is the change in the elec-

trical resistance of a magnetic material under the application of an external magnetic

�eld [ 6], to retrieve the data. The �rst prototypes of MRAM exploited the fact that in

ferromangets the magnetoresitance depends on the orientation between the magnetisation

of the ferromagnetic layer with respect to the direction of the current �owing through

the material. This effect, called anisotropic MR (AMR), allows to achieve change in the

resistance of a few percent [5] in ferromagnetic alloys such as NiFe [7]. In the 1980s

higher magnetoresitance was obtained in thin-�lm multilayer structures composed of a

thin non-magnetic metallic layer sandwiched by two ferromagnetic leads (reference and

free layer). Since the change in resistance was larger by an order of magnitude, the effect
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was called giant MR (GMR) and the multilayer systems employed to obtain GMR are

de�ned spin-valves. GMR up to� 20%was achieved, enough for use as a read head for

hard drives, but not able to compete with the existing technology in the memory area.

A step forward in this sense was made with the replacement of the non-magnetic metal

with an insulator. Such devices are called magnetic tunnel junctions (MTJs) since the

electrons cross the barrier via tunnel effect, in contrast with spin valves where the electron

are subjected to diffusive transport, and the magnetoresistive effect is de�ned tunnel MR

(TMR). MTJs exploit the current out-of-plane or perpendicular (CPP) geometry where

the �ow of electrons is perpendicular to the layers and the contacts are both on the top

and bottom of the multilayer structure. TMR occurs due to the spin-�ltering effect in

MTJs [8], in contrast to GMR where the resistance is determined by spin-dependent

scattering [9, 2]. When the magnetisation of the ferromagnetic layers is parallel, the

probability of tunnelling of majority electrons is larger than for minority electrons and

large �ux of spin polarised electrons across the barrier occurs. If the ferromagnetic layers

have antiparallel magnetisation, both minority and majority electrons have low probability

of tunnelling and the system has a high resistance. The difference in resistance can be

expressed as

TMR =
RAP � RP

RP
; (1.1)

whereRAP andRP are the electrical resistance for the anti-parallel (high resistance) and

parallel (low resistance) con�guration, respectively.

The �rst MTJs used tunnel barriers made of amorphous materials such as AlO and

reached TMR around 70 % at room temperature [10]. Successively, it was predicted and

demonstrated that TMR up to100%or larger could be obtained for MTJs with crystalline

MgO(001) as barrier and Fe(001) as leads [11, 12]. When amorphous materials are used

as tunnelling barriers, the probability of tunnelling depends on the electronic properties

of the ferromagnetic leads. With crystalline materials, such as MgO, the band matching

between the ferromagnetic materials and the barrier can provide better spin selectivity and

higher TMR [8]. Larger TMR ratios have been predicted [13] for MTJ with electrodes

made of Co or CoFe alloys and MgO as tunnelling barrier [14]. Experimentally Parkin

et al. [15] obtained TMR ratios� 200%at room temperature in CoFeB/MgO/CoFeB

MTJs prepared with sputtering and values around1000%at low temperature have been

measured [14].

MRAM is based on a MTJ where in its simplest architecture one electrode has

the magnetisation �xed and act as a reference (reference layer or pinned layer, PL),

whereas the magnetisation of the second ferromagnet is left free to respond to an external

excitation (free layer or storage layer, FL). The information is stored in the form of the

magnetisation of the FL, which is granted by the magnetic anisotropy of the free layer.
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Figure 1.1 Schematic of a generic STT MRAM composed of a MTJ coupled to a
transistor.

The reading is based on the magnetoresitance effect: a weak current is passed across the

stack and either a large (bit 1) or small (bit 0) electrical resistance is measured depending

on the relative orientation of the magnetisation in the pinned and reference layer. The

writing process is achieved by reversing the orientation of the magnetisation of the storage

layer. Such devices are non-volatile since they do not require power supply to store the

information, and hence have low power consumption, are characterised by fast switching

of the magnetisation, can be scaled down to small dimensions allowing larger storage

density and provide resistance to electrostatic radiations. The writing is obtained by

applying a magnetic �eld on the selected cell in a conventional MRAM. [16]. However, a

�eld-induced switching MRAM is affected by limitations, in particular the high power

consumption associated with the down-size scaling. In fact, a large magnetic �eld is

required to switch the magnetisation of the FL and if the cell size is reduced, higher

currents are required to generate the �eld pulse, resulting in high power consumption. To

limit the current, this design cannot be scaled down beyond 90 nm [2].

MRAMs that make use of the spin transfer torque effect, called spin transfer torque

MRAMs (STT MRAMs), offer the potential to be scaled down to smaller dimensions and

to reduce the power consumption. A STT MRAM, sketched in Figure 1.1, gives its name

to the spin-transfer-torque effect, a phenomenon predicted and discovered independently

in the 1990s as complementary effect to GMR by Berger [17] and Slonczewski [18].

When an electrical current is sent through the pinned layer becomes spin polarised,

i.e. minority electrons suffer scattering, whereas the majority electrons cross the layer

unaffected. When a spin polarised electron �ow crosses the barrier and arrives in the FL,

it exerts a torque on the magnetisation of the FL via a transfer of angular momentum,
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causing the magnetisation to precess. For low current densities the intrinsic damping of

the FL will lead the magnetisation to its equilibrium con�guration. If the spin-polarised

current density is large enough, the torque can overcome the damping of the FL causing

the reversal of the magnetisation direction. Since lower current densities are required

to switch the orientation of the magnetisation of the storage layer than to generate a

magnetic �eld pulse, STT MRAMs are better candidates for memory applications than

�eld-induced MRAMs [1–3].

Despite the launch of STT MRAMs by Everspin at the end of 2016, there are features

that need to be improved and solved. The switching current is relatively high, which

results in large power consumption, compared with silicon-based devices. The fact that

in a STT MRAM device the same path is used to read and write poses reliability issues

for the tunnelling barrier. If the properties of the oxide layer degrade, both TMR and

the lifetime of the MTJ are affected. Moreover, the stability of small elements needs to

be improved to avoid that bits switch randomly due to thermal �uctuations, corrupting

the stored data. To address such issues a deeper understanding of the fundamental and

switching properties of these devices need to be achieved, alongside exploring alternative

structures such as spin orbit torque MRAMs (SOT MRAMs) or voltage control magnetic

anisotropy MRAMs (VCMA MRAMs) that might overcome these limitations [1, 3, 2].

1.3 Modelling of magnetic materials

The modelling of magnetic materials depends on the length scale and time scale of the

problem.Ab initio models such as density functional theory (DFT) and Green's functions

approaches, e.g. the fully relativistic Korringa–Kohn–Rostoker (KKR) methods [19, 20],

use a quantum mechanical formalism that allows to determine the electronic properties

starting from the electronic wave functions. One can calculate fundamental properties

such as magnetic anisotropy, magnetic moments and exchange coupling energies. These

methods come with a high computational cost and thereforeab initio simulations are

limited to study periodic systems or �nite systems with few hundreds of atoms in the cell

size at most. Traditional DFT approaches have been developed to determine the ground

state properties of a system and, as such, need corrections to deal with excitations and

thermal effects. Time-dependent DFT (TDDFT) allows to investigate the properties of

a system when in non-equilibrium and goes beyond DFT. However, the computational

requirements for TDDFT are higher than for DFT and TDDFT cannot be used to study

large systems or long time scales.

To model systems with a number of atoms between104 and109 and up to a hundred

of nanoseconds, atomistic approaches are the most suitable [21]. In atomistic descriptions
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the fundamental element is the atom and macroscopic quantities, such as the energy of

the system, can be obtained by averaging over the individual atomic properties. The

Heisenberg model is an example of atomistic spin formalism, where a magnetic moment

is associated to each lattice site. Not only the equilibrium properties can be accessed, but

also the dynamics of each spin can be studied via the Landau-Lifshitz-Gilbert equation

of motion. Additionally, thermal effects can be introduced via a stochastic approach.

This makes possible to investigate a variety of phenomena, from ultrafast laser induced

magnetisation reversal to the current induced switching in magnetic tunnel junctions, to

the study of more exotic systems such as skyrmions.

To study larger systems, from tens of nanometres to micrometres, a continuum

approach is usually used. This approximation neglects the details at the atomic level and

treats the physical quantities as continuous functions. This condition makes such methods,

that go under the more general name of micromagnetism, unable to describe thermal

effects accurately as well as sharp magnetisation transitions. Moreover, the computational

costs pose limitations on both the length scale and time scale that can be accessed with

these approaches. The kinetic Monte Carlo (kMC) method [22] is an approach that allows

to reach longer time scales, of the order of hundreds of years, at �nite temperatures

allowing to go beyond the limitations of micromagnetism, if proper inputs are provided.

Atomistic models, micromagnetism and kMC are techniques that require input param-

eters, such as the exchange coupling or the transition probability. In atomistic models

these can be obtained either from experiments or fromab initio calculations. Experimen-

tal results and microscopic parameters extracted from atomistic simulations can be input

in micromagnetic calculations and the energy barriers between different energy minima

in kMC can be supplied by atomistic or micromagnetic simulations. There is an intercon-

nection between the different approaches that can be utilised to access and investigate

accurately different time and length scales. Techniques that exploit this methodology are

de�ned multiscale approaches and are gradually attracting more interest.

The nanometre size of magnetic tunnel junctions and the relatively short times of the

magnetisation reversal of these systems make the atomistic framework the most adapt

for the work discussed in this thesis. Therefore, in this thesis work the simulations are

performed using an atomistic spin model, as implemented in theVAMPIRE software

package [23], and a multiscale approach is used where possible.



Chapter 2

Atomistic spin model

After a brief introduction of the main quantities required to characterise a magnetic

system, the atomistic model is discussed. The generalised Hamiltonian that describes the

energy of a magnetic system, including all the energy contributions to the total energy,

and the equations determining the magnetisation dynamics are presented.

2.1 Introduction

2.1.1 Magnetic moment

A simple way to introduce the concept of magnetic moment, one of the main quantities in

magnetism, is to consider a classical picture of an electron spinning around the nucleus.

The electron is a charged particle and as such its motion around the nucleus is equivalent

to a current loop [24]. Such a current loop generates a magnetic moment

m=
Z

dm= I
Z

dA; (2.1)

whereI is the current of the loop anddA is the surface element of the loop whose

direction is normal to the loop plane [6]. This is also the direction along which the

magnetic moment points. If we consider a current loop with currentI , areaA = pR2,

orbital period2pR=v, whereR is the radius of the loop andv the modulus of the speed of

the electron of charge -eand massme, the moment can be expressed as:

m= �
1
2

evR (2.2)

There is an orbital angular momentumL associated with the revolution of the electron

which in classical mechanics is given byL = meRv, whilst in quantum mechanics is

quantised in units of̄h. Equating these two relations the momentm can be rewritten
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asm= � mB, wheremB = 9:274� 10� 24Am2 is the Bohr magneton. If each electron

contributedmB, then the total magnetic moment in solids would be equal to integer

multiples ofmB. This is not what is observed experimentally, where the measured values

are often only fractions ofmB. In order to explain this discrepancy we need to resort to

the band theory, discussed in section 2.2.3.

2.1.2 Orbital moment quenching and crystal �eld theory

Often, the interaction of an atom with its neighbouring atoms in a solid cannot be

neglected. The way atomic properties are affected depends on the symmetry of the

orbitals of the electrons within the atom, as this will yield a different interaction strength

with the electric �eld generated by the electrostatic interaction with the screen charge

of the surrounding atoms, i.e. the positively charged nuclei screened by the negatively

charged core electrons, de�ned as the crystal �eld [6]. When the spin-orbit coupling

is weak with respect to crystal �eld, as in the case of3d transition metals, the orbitals

will be �lled depending on the relative strength between the crystal �eld and the energy

required to pair two electrons, known as pairing energy, affecting the moment as well. If

the crystal �eld is stronger than the Coulomb repulsion, the electrons will tend to double

�ll the lower energy levels initially, while in the opposite condition the electron will �ll

different levels �rst. Moreover, it has been shown that for the3d series the moment seems

to depend almost only on the spin angular momentumS rather than the total angular

momentumJ = S+ L. When the spin-orbit is negligible, the orbital angular momentum

does not contribute and it said to be quenched by the interaction with the surrounding [6].

The 4,5f series do not exhibit quenching of the orbital moment since the orbitals are

localised deep into the ion and do not feel the crystal environment. Therefore, these

orbitals are subjected to a weaker crystal �eld and are characterised by larger spin-orbit

coupling.

2.1.3 Magnetisation

The magnetisation~M of a body is de�ned as the magnetic moment per unit volume.~M

is a macroscopic quantity and is experimentally measured by sensing the response of

the system to an applied magnetic �eld given by~Happ= ~Bapp=m0, without the sample.

m0 = 4p � 10� 7Hm� 1 is the permeability of free space and~B the magnetic induction

or magnetic �ux. Once we add the sample, what we measure is the combination of the

external applied magnetic �eld and the internal �eld caused by the magnetic moments

within the magnetic body. The relation between~H and~B needs to be modi�ed including
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the magnetisation of the sample and becomes:

~B = m0( ~M + ~H) (2.3)

and can be used to determine~M. In the case of small �elds,~M varies linearly with the �eld

following the relation~M = c ~H. c is the magnetic susceptibility and gives the response of

the system to the external applied �eld. However, in most cases~M is not a linear function

of ~H. To obviate this, the susceptibility can be expressed asc = d~M=d~H evaluated at

H = 0, i.e. the slope of~M as function of~H when approaching very small �elds.

Finally, we note that a body with zero net magnetisation does not imply absence of

magnetic moments necessarily, as domains or other sorts of ordering might be present.

This will be further discussed in the next sections.

2.2 Exchange interaction

The exchange interaction is responsible for the macroscopic ordering we observe in mag-

netic materials. In the simple picture of a two electron system, the exchange interaction

is caused by Pauli's exclusion principle [24]. This forbids the occupancy of a level by

fermions with same set of quantum numbers. As a consequence, the global electronic

wave function describing the two-electron system must be antisymmetric with respect

to the exchange of particles. Following the description presented by Blundell[6], we

can describe the single electronic wave function as a combination of a radial and spin

componentY a(~r i) andca, respectively, where~r i is the position of the electroni in the

statea. Given the antisymmetric requirement, the possible two-electron states are a

singlet state and a triple state. The former is characterised by a symmetric radial part

and an antisymmetric spin component with total spinS= 0, whereas the latter has a

symmetric spin component and an antisymmetric radial component with total spinS= 1.

The exchange energy parameterJex can be de�ned as function of the singlet and triplet

energiesEs; Et:

Jex = Es � Et =
Z Z

d~r1d~r2 [Y ?
a(~r1)Y ?

b(~r2)H Y a(~r2)Y b(~r1)] : (2.4)

H is the Hamiltonian describing the energy of the two electrons interacting with each

other, i.e the Coulomb interaction, andEs; Et are given by the expectation value of the

Hamiltonian over the singlet and triplet states, respectively.H can be written separating

the energy terms in a spin-independentH rad and spin-dependentH spin term, and reads:

H = H rad+ H spin =
1
4

(Es+ 3Et) � (Es � Et)~S1 �~S2 ; (2.5)
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where~S1 �~S2 comes from the expectation value of the total spin operator~S. H spin =

[(Es � Et)~S1 �~S2] and using Equation 2.4 can be expressed as a function of the exchange

integral:

H spin = � Jex~S1 �~S2: (2.6)

Analysing this equation we see that for positiveJex the energy is lower when the system

forms a triplet state (S= 1), whilst the singlet state (S= 0) is the lowest energy con�gu-

ration if Jex is negative. Therefore, the spins will align anti-parallel in the singlet case

and parallel in the triplet state. This result exempli�es the role of the exchange coupling

in determining the magnetic ordering in a system, despite the fact that the considered

system is a simple model.

What has been described so far does not represent the situation in real materials.

These are in fact composed of billions of atoms and each atoms will have more than one

electron. Therefore, the interaction between neighbouring atoms needs to be considered.

However, a description able to handle the totality of atoms and electrons is not feasible

and approximations are required. An approach that deals with a multi-electron system

is an extension of the Heisenberg model, that in the original approach describes the

interaction between two electrons. Within the extended Heisenberg approximation, the

spin-dependent component of the Hamiltonian can be written as:

H spin = � å
i< j

Ji j~Si �~Sj ; (2.7)

where the summation is extended on all the electrons of the system avoiding double

counting,Ji j is the exchange energy between the spini and j and~Si; j are the respective

spin vectors. This direct exchange cannot justify the magnetic ordering in most materials

on its own. In fact, overlap between orbitals is required to have direct exchange, but in

materials such as rare-earth elements the4f electrons are very close to the nucleus and

do not provide suf�cient overlap. In case of transition metals instead, if we account only

for the electrons that are unpaired we would obtain results far off from what is measured.

To deal with these complications, other theories are needed and they will be object of the

Section 2.2.3.

2.2.1 Magnetic ordering

Depending on the internal ordering of the spins within the body, magnetic materials are

classi�ed as:

a) ferromagnetic;

b) antiferromagnetic;
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Figure 2.1Examples of magnetic ordering in the simple case of a simple cubic system.
The colour scheme describes the z-component of the magnetisation (blue = +z, white
= in-plane and red = -z). Ferromagnetic and antiferromagnetic ordering are presented
in a) and b), respectively. c) shows the case of a ferrimanget, where the two sublattices
have the spins oriented along opposite directions and different magnitude of the atomic
moment, which causes a net magnetisation differently from an antiferromagnet ( b) ). In
d) a paramagnetic systems is shown.

c) ferrimagnetic;

d) paramagnetic.

Figure 2.1 shows examples of the different magnetic ordering con�gurations. A ferro-

magnetic body has all the spins aligned along a speci�c direction; an antiferromagnet

is generally characterised by the existence of two sub-lattices at the atomic level with

opposite magnetisation, which gives rise to a zero net magnetisation. The susceptibility

of an antiferromagnet increases until it reaches a maximum at the critical temperature

above which the ordering is lost, that is an indication of the fact that antiferromagnetic

materials do not respond to an applied magnetic �eld. A similar class is composed by

ferrimagnets. These are materials where the magnetisation of the two sublattices points

in opposite direction, but it does not cancel out in magnitude. Therefore, ferrimagnets

exhibit a low net magnetic moment. A paramagnet is instead a material where the atomic

spins are oriented randomly, yielding zero net magnetisation.
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2.2.2 Thermal effects

Magnetic materials exhibit a magnetic ordering below a critical temperature, called the

Curie and Néel temperature for a ferromagnet and antiferromagnet, respectively. In

the case of a ferromagnet, at low temperature the exchange coupling determines the

alignment of the atomic moments, while as the temperature rises, thermal contributions

cause disorder within the system resulting a reduction of the magnetisation. At the Curie

temperature a phase transition occurs, and the system becomes paramagnetic with zero

net magnetisation, as shown by the black dots in Figure 2.3.

2.2.3 Itinerant ferromagnetism

As discussed previously, the fractional magnetic moments of3d metals such as Fe, Co

and Ni and the ferromagnetic character cannot be explained with the help of the localised

model. In metals, conduction electrons are delocalised and are shared among all the

atoms, in contrast with the localised electron picture where an electron spends most of

the time orbiting around a speci�c atomic site. In the case of the Fe-series, both the4s

and3d electrons contribute to transport and electronic properties, whereas the magnetic

properties arise mainly from the latter. Moreover, the orbital moment of these elements is

quenched by the crystal �eld. In a simple picture, the outer electrons in a metal can be

treated as free electrons, i.e. non-interacting, and the crystal �eld interaction neglected.

Within this approach, known as Bloch model [24], the electrons �ll the energy levels

up to the highest occupied level, de�ned as Fermi energy (EF). As in metals the atomic

levels hybridise broadening and forming electronic energy bands instead of single atom

energies, a more appropriate tool to describe the energetic properties is the density of

statesD(E). D(E)dE represents the number of electron energy levels per unit volume

within the energy range[E;E + dE]. The electron densityn can then be obtained via

the expressionn = 1
V

REF
E� ¥

D(E)dE [25], whereV is the volume. The energy levels are

equally occupied by spin-up/spin-down ("#) electrons up toEF and the system does not

exhibit a magnetic character. However, the application of an external magnetic �eld can

break the spin degeneracy promoting electrons from a spin-polarised band to the other

and creating a de�ciency of electrons in the same band. This unbalance between" and#

polarisation induces a weak paramagnetic character, referred to as Pauli paramagnetism.

It can be shown [6, 24] that the arising magnetisation is related to the difference in density

of spin-up (n" ) and spin-down (n#) electrons and to the density of states atEF (D(EF)).

This approach works for some metals, but cannot explain the strong ferromagnetism

in the Fe-series. Based on Pauli paramagnetism, the spin-splitting must be a spontaneous

effect to induce a ferromagnetic character. If we assume a spin-splitting between up

and down bands an exchange energy contribution arises. This exchange contribution is
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characterised by the intra-atomic Coulomb energy termU, that represents the energy

cost of introducing the spin-degeneracy. As shown by Blundell[6] and Skomski[24],

this con�guration becomes favourable when the Coulomb repulsion is comparable with

the kinetic energy. This can be expressed via the Stoner criterionU 1
2D(EF) > 1, where

1
2D(EF) is the spin-polarised density of states. Such condition requires a large Coulomb

term and a large density of states close toEF. If the condition is not met, but the element

has a large density of states close toEF and a large number of3d electrons as in Pt and

Pd, it can be easily spin-polarised when in proximity of magnetic elements and a large

induced magnetic moment can occur. Even though the delocalised approach is required

to explain the magnetic moment and the occurrence of ferromagnetism in the Fe-series,

the large inter-atomic distances in3d transition metals yield narrow bands and small

hopping. Because of these factors, the delocalised3d electrons of Fe, Co and Ni can

often be approximated using the independent or localised electron approach [24], as it

will be done in the simulations presented in the following.

2.3 Magnetic anisotropy

In materials that exhibit a magnetic character, be it ferromagnetism, antiferromagnetism

or ferrimagnetism, the magnetic properties depend on the direction they are measured, i.e.

they are anisotropic. The magnetic anisotropy can be classi�ed in different categories,

each one characterised by a different origin. One of the most common and important kinds

of magnetic anisotropy is the magneto-crystalline anisotropy. This anisotropy arises due

to the spin-orbit coupling between orbital and spin angular momentum of the electrons

and depends on the crystal symmetry. In rare-earth4f materials the spin-orbit coupling

is strong compared with the crystal �eld and the orbital moment is largely unquenched,

giving rise to high anisotropy energies of the order of1 MJm� 3 [24]. When the crystal

�eld contribution is large with respect to the spin-orbit interaction and the orbital moment

is quenched, the resultant uniaxial anisotropy is weak. This is the case of3d transition

metals. The magneto-crystalline anisotropy favours the alignment of the magnetisation

along a certain speci�c crystallographic direction, de�ned as easy-axis. An example of

material that exhibits uniaxial anisotropy is Co[0001], where the magnetisation points

along the out-of-plane axis and the anisotropy is of the order0:5 MJm� 3. The uniaxial

anisotropy energy density per unit volume for a magnet whose symmetry axis does not

vary spatially, limiting the expression of the energy to low order terms in sin(J ), can be

expressed as [26, 24]:

Eu
a = Ku

1 sin2(J )+ Ku
2 sin4(J )+ : : : : (2.8)
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J is the angle between the symmetry axis and the body magnetisation,Ku
1 and Ku

2

are second order and fourth order anisotropy energy densities in the magnetisation,

respectively.Ku
2 is order of magnitude smaller thanKu

1 for most bulk magnets and it is

often ignored [26, 24]. If we neglectKu
2, the anisotropy is governed byKu

1 and, depending

on its sign, the easy-axis lies parallel (Ku
1 > 0) or orthogonal (Ku

1 < 0) to the symmetry

axis. Figure 2.2(a) and Figure 2.2(b) present the energy landscape corresponding to these

cases.

Figure 2.2Energy surfaces for a uniaxial system with negligibleKu
2 andKu

1 > 0 (a) and
Ku

1 < 0 (b). c)-d) show the energy surface for a system with cubic anisotropy withKu
1 > 0

andKu
1 < 0, respectively. In all the plots, the energy increases going from blue (minimum)

to red (maximum) as well as the distance from the origin.

Not all materials are characterised by uniaxial anisotropy. Depending on the crystal

environment, more than one symmetry axis may exist. An example is presented by cubic

crystals where there are three or four equivalent easy-axes depending on the sign of the

lowest order cubic anisotropy constant, as in the case of Fe and Ni. For a cubic system

whose easy-axes are aligned alongxyz-axes, the anisotropy energy up to the lowest order

is given by [26]:

Ec
a = Kc

1
�
m2

xm2
y + m2

xm2
z + m2

ym2
z
�

+ : : : ; (2.9)

wheremx;y;z are the component of the reduced magnetisation unit vector~M=j ~Mj andKc
1

is the cubic anisotropy energy constant.
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MRAMs are bi-stable devices characterised by uniaxial anisotropy and the height of

this magnetic energy provides the energy barrier between the two energy minima of the

system against unwanted transitions caused by the thermal contribution. The anisotropy

energy, similarly to what occurs with the magnetisation, depends on temperature and

typically shows a decrease as the temperature increases. The decrease of the energy barrier

with temperature is an important factor to be taken into account when miniaturising a

device. H. B. Callen and E. Callen [27] investigated the temperature dependence of the

magneto-crystalline energy. They derived an expression that allows to write the latter as

function of the temperature dependence of the magnetisation, withK(T) µ M(T)3 and

K(T) µ M(T)10 for uniaxial and cubic anisotropy, respectively. The anisotropy decreases

faster than the magnetisation at higher temperatures, a feature that can be exploited in

technologies such as heat assisted magnetic recording (HAMR) media [28]. An example

of the different temperature dependence of the magnetisation and anisotropy for a uniaxial

and cubic system is presented in Figure 2.3 (blue and yellow points).

Figure 2.3Example of temperature scaling of magnetisation (black dots) and anisotropy
following Callen-Callen model. The temperature dependence of the magnetisation follows
(1� T=Tc)b with b = 0:3.

The magnetostatic interaction between all the magnetic moments within a body is

responsible for another kind of magnetic anisotropy [26], de�ned shape anisotropy (see

also Section 2.4). This contribution can be dominant in the case of polycrystalline

materials, where the symmetry axes are randomly oriented within the sample resulting

in either zero or weak magneto-crystalline anisotropy. Shape anisotropy depends on the
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shape of the magnetic body, as the name suggests, and favours magnetic con�gurations

that minimise free magnetic charges.

The magnetic anisotropies described so far depend on the bulk properties of the

system. However, most of the current technological applications involves complex

structures composed of few atomic layers, such as in recording media and storage devices

or thin �lms. The presence of interfaces and surfaces breaks the bulk symmetry allowing

for higher anisotropy contributions that can compete with the bulk magneto-crystalline

anisotropy, yielding complex energy landscapes. Such contributions are limited to the

atomic layers in proximity of the surface or interface and can be described by the following

phenomenological relation [24]:

Ktot = Kb +
Ks

t
: (2.10)

Kb is the bulk uniaxial anisotropy that accounts for the bulk magneto-crystalline anisotropy

K1 and the magnetostatic shape anisotropy,t the �lm or layer thickness andKs the surface

or interfacial anisotropy.

2.4 Dipolar energy

The magnetic dipolar energyEdip, also referred to as demagnetising or demagnetisation

or magnetostatic energy, describes the interaction between two magnetic momentsmi , mj

separated by a distance~r i j = ~r i � ~r j . In the dipolar approximation,Edip is given by (in SI

units):

Ei j
dip = �

m0

4pj~r i j j3

�
3(~mi �~r i j )(~mj �~r i j ) � (~mi �~mj )j~r i j j2

j~r i j j2

�
: (2.11)

Edip depends on the mutual orientation of the magnetic moments and its magnitude

decreases with distance as1=j~r i j j3. Moreover, the calculation of the magnetostatic

interactions in a solid needs to be extended including a summation over all the pairs of

magnetic moments within the body. The demagnetising contribution is also seen as a

shape anisotropy, as the long ranged nature of this interaction cause a dependence on the

overall shape of the body. The dipolar energy calculation will be discussed in more detail

in Chapter 3.

2.5 Atomistic spin model

The atomistic spin modelling is analogous to a molecular dynamics approach, where the

focus is on the dynamics of the atomic spin moment rather than the atomic displacement.

The energetics of the system is described by a Hamiltonian that includes exchange energy,
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anisotropy energy, magnetostatic energy and energy due to the application of an external

�eld. The dynamics of the atomic moments is governed by the Landau-Lifshitz-Gilbert

(LLG) equation of motion, whereas equilibrium properties can be calculated via a Monte

Carlo approach.

2.5.1 Generalised Heisenberg Hamiltonian

In Section 2.2 the Heisenberg Hamiltonian describing the energy of a system of adjacent

magnetic moments was presented. A magnetic material is characterised by not only the

exchange coupling. The Heisenberg formalism can be extended to take into account these

other energy contributions to the magnetic behaviour of the system:

H = � å
i< j

Ji j~Si �~Sj � å
i

ki
u(~Si � ê)2 � m0å

i
mi

s
~Si �~Happ+ H demag; (2.12)

whereJi j is the exchange coupling constant for the interaction between the spins on sitei

and j, ki
u is the on-site uniaxial energy constant on sitei along the axiŝe, mi

s is the atomic

spin moment on the atomic sitei in units ofmB andm0 is the permeability constant. These

parameters can be obtained either by experiments and converted to atomistic values or

by ab initio density functional theory (DFT) calculations. For instance,Ji j is related

to the Curie temperatureTc via Ji j = 3kBTc=(ez) [29], wherez is the number of nearest

neighbours ande depends on the crystal structure and coordination number, and can be

accessed from measurements ofTc. On the other hand,ab initio and atomistic spin models

can be interfaced as they are both on the atomic scale. Local magnetic moments and

on-site anisotropies energies can be calculated by performing calculations with standard

DFT codes, while site resolved properties can be calculated by using Green's functions

approaches, such as the fully relativistic Korringa–Kohn–Rostoker (KKR) methods [19,

20]. For this reason, multiscale models based on the integration of parameters obtained

from �rst principle calculations as input for an atomistic spin approach are an extremely

valuable tool to investigate the electronic and magnetic properties of magnetic materials.

The terms on the RHS of Equation 2.12 represent isotropic nearest-neighbours exchange

energy, uniaxial magnetic anisotropy energy, the coupling with an external �eld or Zeeman

energy and magnetostatic energy, respectively. The �rst three terms are short range in

the majority of magnetic systems. The dipolar coupling involves the totality of the spins

within the systems and for this reason an accurate calculation of this term is computational

expensive. Details about how the magnetostatic interaction is computed are given in

Chapter 3. A further extension of the Heisenberg model is to consider an exchange

coupling beyond the isotropic approximation. The exchange Hamiltonian can be written
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asH ex = � å i< j
~Si

¯̄Ji j~Sj where ¯̄Ji j is the exchange tensor given by:

¯̄Ji j = Ji j 1 + ¯̄JS
i j + ¯̄JA

i j : (2.13)

1 is the identity matrix of the same rank as¯̄Ji j and

Ji j =
1
3

Tr( ¯̄Ji j ); (2.14)

¯̄JS
i j =

1
2

h
¯̄Ji j + ¯̄Jt

i j � Ji j 1
i

; (2.15)

¯̄JA
i j =

1
2

h
¯̄Ji j � ¯̄Jt

i j

i
(2.16)

are the isotropic exchange constant, the symmetric and antisymmetric component of

the exchange tensor, respectively.¯̄JA
i j is associated with the Dzyaloshinskii-Moriya

interaction [30, 31] and can be responsible for non-collinear spin con�gurations when not

negligible, as it can occur at interfaces where there is symmetry breaking. The exchange

tensor ¯̄Ji j can be obtained by performing simulations with KKR methods.

2.5.2 Landau-Lifshitz-Gilbert (LLG) equation

The dynamics of a magnetic moment can be described by the Landau-Lifshitz-Gilbert

(LLG) equation of motion [32]. This represents a similar formulation to that proposed

by Landau and Lifshitz (LL) in 1935 [33], which has been the �rst description of the

dynamics of a ferromagnet. The LLG equation gives the rate of change of the atomic spin

moment~Si and reads:

d~Si

dt
= �

m0g
(1+ a 2)

h
~Si � ~Hi

eff + a~Si �
�
~Si � ~Hi

eff

�i
: (2.17)

~Si is the normalised unitary spin vector on sitei, g = 1:760;86� 1011s� 1T� 1 is the

gyromagnetic ratio of the electron,~Hi
eff is the net effective �eld acting on the spini

which takes into account all the contributions in the Hamiltonian and is obtained by

differentiating the spin Hamiltonian 2.12 with respect to the magnetic moment:

~Hi
eff(t) = �

1
m0mi

s

¶H

¶~Si
: (2.18)

a is a phenomenological Gilbert damping parameter that describes the relaxation of the

atomic spins towards the direction of the effective �eld. In the atomistic framework,

the damping term does not necessarily coincide with the macroscopic Gilbert term and

couples the spins with a heat bath controlling the energy transfer between them.a
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Figure 2.4Illustration of the atomic magnetic moment~Si precession around the effective
�eld ~Hi

eff for a) undamped motion and b) motion with damping. c) shows the effect of
the thermal �uctuations on the precession of a spin: the trajectory is now affected by
random �uctuations whose amplitude depends on the temperature. In b) and c) the red
trajectory, which represents the undamped motion without thermal �uctuations, is shown
as a comparison.

also includes the transfer of angular momentum within the same magnetic system via

the excitation of propagating deviations in the ordering of the magnetic texture, called

spin-waves [34]. The �rst term on the RHS of Equation 2.17 derives from a quantum

mechanical treatment and describes the precession of the spin moment around~Heff due to

the torque exerted by~Heff on the spin moment. The second term has a phenomenological

origin and it describes the damped motion of the spin moments towards the effective �eld.

Figure 2.4(a) and Figure 2.4(b) show the undamped motion of the atomic spin around the

effective �eld and the relaxation of the former towards the latter when a damping term is

considered, respectively.

2.5.3 Stochastic LLG equation

To describe systems at �nite temperature a stochastic �eld~xi is included in the effective

�eld:
~Hi

eff(t) = �
1

m0mi
s

¶H

¶~Si
+ ~xi(t) ; (2.19)

which couples the spin system with a heat bath. This term takes into account both

dissipation effects and exchange of angular momentum. Following Brown's approach [35],

usually referred as Langevin dynamics, the thermal �eld can be described as a white

noise term [36, 37]. For such an approximation to be valid, the requirement is that the

time correlation between the �uctuations induced by the thermal �eld is shorter than the

spin motion [35]. This is generally the case for magnetisation dynamics that occurs on

the nanosecond time-scale or slower, as it happens for the phenomena studied in this

work. In this white noise limit, the thermal �eld is described by a Gaussian distribution in

3 dimensions and the statistical moments of the distribution are found by applying the
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�uctuation theorem and the Fokker-Planck equation:

hxia (t)i = 0; (2.20)


xia(t)x jb(t0)

�
=

2a kBT
msg

di j dabd(t � t0); (2.21)

wherei, j label spins on the respective sites,a;b = x;y;zare the vector component of~x in

Cartesian coordinates,t;t0are the time at which the Gaussian �uctuations are evaluated,

T is the temperature,di j anddab are Kronecker delta andd(t � t0) is the delta function.

Equation 2.20 represents the average of the random �eld, whereas Equation 2.21 gives

the second moment of the �eld, which is a measure of the strength of its �uctuations.

Since the magnitude of the �uctuations of the thermal �eld is directly proportional to the

temperature, the effect of this randomising �eld increases with temperature. Moreover,

the damping parameter enters in equation 2.21, coupling the spins with the thermal bath

in addition to provide transfer of angular momentum. The randomising effect of the

�uctuations induced by the thermal energy is presented in Figure 2.4 (c).

2.6 Conclusions

The main quantities necessary to describe a magnetic system and their origin have been

presented in the chapter. A brief introduction of the atomistic spin model and the main

equations that characterise it have also been discussed in the chapter.



Chapter 3

Development of dipole-dipole

interaction

In magnetic bodies exchange interactions are responsible for the short range magnetic

ordering, favouring either parallel or antiparallel alignment of the spins. On the other

hand, magnetostatic or dipolar interactions are long-ranged and favour the formation

of magnetic domains because this reduces the total magnetisation of the system via

�ux closure. The long-range nature of such interactions makes the calculation of this

contribution dominate the compute time of magnetic properties. Therefore, different

approaches and approximations are used in order to balance the accuracy of the calculation

with the heaviness of the computation.

In the following a method to compute the magnetostatic interactions within the

atomistic spin model is presented. Afterwards, an extension of this approach that allows

to improve the accuracy of the calculation, that relies on the atomic position within the

magnetic body, is discussed and �nally tests relative to the implementation are shown.

3.1 Introduction

Magnetostatic coupling arises in a magnetic system due to the magnetisation distribution

of the body itself. An expression for the magnetostatic �eld can be obtained from

Maxwell's equations assuming zero electric current within the system [38, 24]. Under

this assumption, the magnetic �eld can be written as:

~H (~r) =
1

4p

� Z

V0
dV0r M

�
~r0� ~r � ~r0

j~r � ~r0j3
+

Z

S0
dS0sM

�
~r0� ~r � ~r0

j~r � ~r0j3

�
; (3.1)

where~M is the magnetisation of the system,r M (~r) = � Ñ � ~M andsM (~r) = ~n� ~M are the

volumetric and surface charge densities of the magnetisation, respectively,V andSare
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the volume and the surface area of the magnetic system,~n is a unit vector normal toS

and~r is the distance between two dipoles within the body. Since this expression is not

solvable analytically other than for some simple case and is computationally expensive,

approximations have been developed in order to calculate the magnetostatic contribution.

One of the simplest is the dipole approximation. In micromagnetic software packages,

such as OOMMF [39] and MuMax [40], the system is divided into a regular array of

cubes and the magnetostatic contribution can be calculated analytically based on the work

by Newellet al. [41].

In the dipole approximation each magnetic moment is considered as a magnetic

dipole. If the magnetisation of the body is uniform, onlysM (~r) = ~n� ~M contributes in

Equation 3.1 and the integral can be expressed in a more simple form. Finally, expanding

the termj~r � ~r0j� 1 and taking the �rst non-zero contribution, one arrives at the following

expression for the �eld:

~H (~r) =
1

4p

�
3~r (~m�~r)

j~rj5
�

~m
j~rj3

�
: (3.2)

~mis the magnetic moment vector aligned along the magnetisation de�ned as~m= MsVM̂,

Ms is the equilibrium magnetisation of the magnetic body andM̂ the unit vector pointing

in the direction of the magnetisation. This is the lowest order term of the multipole

expansion and larger accuracy can be achieved including higher orders at the expense

of increasing the computational complexity. Exploiting the fact that the terms inside the

brackets in Equation 3.2 depend on the geometry of the system only, Equation 3.2 can be

rearranged in a tensorial form:
~H (~r) = ¯̄D �~m (3.3)

where ¯̄D is the dipolar tensor that contains the geometric information. In Cartesian

coordinates,̄̄D is given by:

¯̄D =
1

4pr5

0

B
@

3r2
x � r2 3rxry 3rxrz

3ryrx � r2 3r2
y � r2 3ryrz

3rzrx 3rzry 3r2
z � r2

1

C
A ; (3.4)

where we have dropped the heavy notationj~rj to make the expression more readable and

ra with a = x;y;z are the components of~r along the respective axes. Similarly,~mcan be

expressed in Cartesian components:

~m=

2

6
4

mx

my

mz

3

7
5 : (3.5)
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In micromagnetic approaches, to apply the dipole approach the system is generally

subdivided into regions of uniform magnetisation. Each of these is considered as a dipole

and the magnetostatic �eld is given by the sum of the contribution of each single dipole.

In an atomistic model one could consider each single atomic moment and compute the

dipolar interaction for each of the spins. Given the large number of spins even in a

relatively small system, such an approach is infeasible due to the memory required to

store the dipolar matrix and the large number of calculations involved. On the other hand,

magnetostatic interactions affect the system properties on a nanometre scale and should be

accounted for. Therefore, in atomistic calculations with more than a few thousands spins,

a micromagnetic-like approach where the system is discretised in regions of uniform

magnetisation can be adopted [42]. In addition, since for magnetisation processes slower

than ultrafast dynamics the global magnetisation varies on a slower time scale than the

atomic moments, the calculation of magnetostatic interactions associated with these

changes can be updated less frequently. In the following we present the simplest method

to calculate the demagnetisation processes which makes use of a macro-cell approach,

called the bare macro-cell approach, and afterwards we discuss a more elaborate and

accurate method. Finally, we present tests on the accuracy of the developed approach.

3.2 Bare macro-cell approach

The bare macro-cell approach, the method to calculate the magnetostatic contribution

initially adopted inVAMPIRE [23, 43], consists of dividing the system in macro-cells

of �xed size and shape, as shown in Figure 3.1. The magnetic moment~mmc in each

Figure 3.1 Schematic representation of the macro-cell approach used to calculate the
demagnetisation �eld where the system is discretised into cubic macro-cells (left). Each
macro-cell, which includes several spins, is characterised by a macro-moment given by
the averaged moment of the spins within the cell (right). This approximation relies on the
condition that the magnetisation is uniform within the macro-cell.

macro-cell is obtained calculating the vector sum of the atomic spin moments within each
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cell as:

~mmc =
n

å
i

mi
s
~Si ; (3.6)

wheren is the total number of spins within the macro-cell,mi
s is the local atomic spin

moment value and~Si is the reduced unit spin vector for the spini in the macro-cell.

The macro-cell is chosen to be cubic for the sake of simplicity and the size can be

selected depending on the accuracy required. It is worth noting that the method requires

uniform magnetisation within a macro-cell. Therefore, the macro-cell dimension should

be such that is several times smaller than the domain-wall size. This would guarantee a

uniform magnetisation within the cell. Moreover, at elevated temperatures the macro-cell

moment decreases due to thermal spin �uctuations yielding a reduction of the effect of

magnetotstatic interactions. Thus, the use of a small macro-cell size allows to compute

the magnitude of the macro-moment in a more accurate way, similarly to stochastic

micromagnetic simulations. The magnetisation of each macro-cell is determined as the

magnetic moment per volume of the macro-cell. The macro-cell volumeVmc depends on

the crystal structure of the system and therefore, to estimate it we calculate an effective

volume determined by the number of atoms in the macro-cell and the size of the unit cell

of the crystal structure.Vmc is obtained as:

Vmc = nmcVatom= nmc
Vuc

nuc
; (3.7)

wherenmc is the number of atoms in the macro-cell,nuc is the number of atoms in the

unit cell andVuc is the volume of the unit cell. We note that for unit cells much smaller

than the macro-cell size, Equation3.7 is a good approximation. However, for a large unit

cell with signi�cant free space, for example a nanoparticle in vacuum, the free space

contributes to the effective volume, which reduces the effective macrocell volume and the

accuracy of the calculation.

Since each macro-cell is treated as a magnetic dipole, the cells are localised at their

centre. In order to account for partial occupations of the macro-cell and different atomic

spin moments, the position of the centre~pmc is corrected by weighting the coordinates by

the magnetic moments.~pmc can be expressed as:

~pmc =
å n

i mi
s~pi

å n
i mi

s
; (3.8)

where~pi is the position vector of the atomic moment localised on sitei and the other

quantities are the same as in Equation 3.6. In the case of a non fully occupied macro-cell,

such as the edge of a �nite size system, Equation 3.8 moves~pmc towards the more densely

populated region, whereas it shifts~pmc closer to spins with largerms if more than one
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type of magnetic species is present. The approach of displacing the centre of the cell

increases the accuracy with respect to a standard calculation where this correction is not

accounted for. However, it has the downside that the dipoles are not situated on a regular

grid any more and therefore, computational approaches that require an ordered mesh,

such as fast Fourier transform (FFT), cannot be applied.

The dipolar �eld within each macro-cellp is given by:

~Bp
dip;mc =

1
4p

"

å
p6= q

3
�
~mq

mc � r̂pq
�

r̂pq � ~mq
mc

r3
pq

#

+
2
3

~mp
mc

V p
mc

; (3.9)

where~rpq is distance between the macro-cellp andq, r̂pq is the unit vector̂rpq = ~rpq=r and

V p
mc is the volume of the macro-cellp with moment~mp

mc. The �rst term in Equation 3.9 is

the dipole term discussed above arising from the interaction of the cellp with all the other

macro-cells in the system. It can be rewritten using the dipolar matrix¯̄Dpq presented in

Equation 3.4 as:

~Bp
dip;mc =

1
4p

"

å
p6= q

3
�
~mq

mc � r̂pq
�

r̂pq � ~mq
mc

r3
pq

#

= å
p6= q

¯̄Dpq � ~mq
mc: (3.10)

The second term represent the Maxwellian internal �eld of a sphere and arises from a

continuous description. It comes from the contribution to the �eld of an atomic dipole

due to the source of the �eld itself [38]. In order to achieve agreement with experimental

results, the internal �eld term is applied uniformly to all the spins within the cell as an

effective �eld once the dipolar �eld is calculated for each macro-cell.

3.3 Inter & intra macro-cell approach

The close proximity of the layers in a MTJ device leads to a signi�cant magnetostatic

interaction between the layers and therefore, an accurate description of this contribution

is crucial to simulate the properties of these devices. Moreover, if we look at the vertical

section of the MTJ stack, we �nd that the magnetisation is non-uniform when scanning

across the different layers. To address these issues, we have modi�ed the previously

described bare macro-cell approach for the calculation of the magnetostatic �eld. The

method follows the approach proposed by Bowdenet al. [44], which allows to calculates

the dipole tensor between neighbouring macro-cells with atomistic accuracy and gives

an exact representation of the dipole �eld provided that the atomic magnetic moments

within each macro-cell are in perfect alignment. For the systems considered in this
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thesis, macro-cell sizes of about1 nm3 can reasonably be considered having uniform

magnetisation. This method is de�ned inter & intra macro-cell approach.

The inter & intra macro-cell approach is an extension of the bare macro-cell method

and, as such, it is based on discretising the system into regions of uniform magnetisation.

Differently from the bare macro-cell method where each macro-cell is approximated as

a dipole, in the inter & intra macro-cell approach the dipolar matrix retains the atomic

informations in the form of the real-space coordinates. The contribution to the dipole-

dipole interaction is separated into two:a) one that arises from the interaction of the

atomic moments within a macro-cell with the atomic moments in another cell, called inter

macro-cell contribution, andb) one determined by the interaction among spins within

the same macro-cell, de�ned as the intra macro-cell contribution. Following this method,

we can write the dipolar matrix for a macro-cellp as summation of the contribution

from interactions with magnetic moments in the other macro-cellsq (inter) and inside the

macro-cellp (intra). In terms of the �eld, we can write:

~Bp
dip;mc = ~Bq

dip (inter)+ ~Bp
dip (intra)

= ¯̄Dinter
qp � ~mq

mc+ ¯̄Dintra
pp � ~mp

mc (3.11)

where ¯̄Dinter
qp and ¯̄Dintra

pp are effective dipole-dipole matrices, given by:

¯̄Dinter
qp =

1
npnq

nq

å
q j= 1

np

å
pi= 1

¯̄Dinter
q j;pi (3.12)

¯̄Dintra
pp =

1
npnq

np

å
p j6= pi

np

å
pi= 1

¯̄Dintra
p j;pi : (3.13)

Here1 6 pi ; p j 6 np, 1 6 q j 6 nq are the indexes running over the individual atoms

within the cellsp andq which enclosenp andnq spins, respectively. Despite the fact

that ¯̄Dinter
qp and ¯̄Dintra

pp do not correspond to real dipole-dipole matrices, their summation is.
¯̄Dinter

q j;pi and ¯̄Dintra
q j;pi are dipole-dipole matrices calculated on the real-space atoms coordinates

for interactions with other cells and within the same macro-cell, respectively. Since these

are dipole-dipole matrices, they have the form of Equation 3.4. Therefore, the dipolar

matrix for the interaction between different macro-cells, is given by:

¯̄Dinter
q j;pi =

1
4pr3

piq j

0

B
@

3x2 � 1 3xy 3xz

3xy 3y2 � 1 3yz

3xz 3yz 3z2 � 1

1

C
A ; (3.14)

where~rpiq j is the distance between the individual dipolar moments at positions~rpi and~rq j

and(x;y;z) are the unitarian Cartesian components of~rq j. To obtain the intra macro-cell
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dipole matrix one just replaceq j with p j. In Equation 3.14 we have used the symmetry

property of the dipole tensor components according to which the off-diagonal terms

are symmetric:xy = yx, xz= zx andyz= zy. This allows to reduce the independent

components of the dipolar tensor from nine to six. We note that an approach to improve

the computational ef�ciency is to scale the distances by the lattice constant of the crystal

structure. Moreover, the intra-macro-cell contribution of a cubic lattice is zero if the

macro-cell is uniformly magnetised. Because of this, it is possible to improve the

ef�ciency of the calculation provided that the magnetisation is uniform and the moments

within the cell are displaced on a cube. Another consequence is that the result differs

from the Maxwellian continuum model. Therefore, to recover this limit one should add

the self-demagnetisation term discussed in Section 3.2.

This approach works independently of the shape of the macro-cell and the position

of the centre of the cell does not affect the calculation because of how the dipole-dipole

matrix is calculated. Furthermore, since the dipole-dipole interaction matrix is calculated

accounting for the individual atomic positions, the centre of the cells does not need to

be shifted. In fact, both the variations in the population of the macro-cell and different

atomic moments values are automatically taken into account. It is generally easier to

implement an approach where the macro-cell does not change and for most of the systems

it does not affect the ef�ciency of the computation. On the other hand, there are cases

where modifying the cubic shape of the macro-cell could result in signi�cant advantages.

For instance systems with one of the directions much larger than the others, such as

a nanotube. It is worth stressing that the inter & intra macro-cell approach leads to

agreement with the dipole-dipole interaction on the atomic scale in case of uniform

magnetisation in the macro-cells. Also, it is important to observe that in order to match

the criterion of uniform magnetization within a cell, in real systems the macro-cell size

should be chosen smaller than the domain wall width.

As noted by Bowdenet al. [44], both the bare macro-cell model and the inter & intra

macro-cell approach yield the same dipolar �eld for macro-cells whose distance is more

than twelve in macro-cell units. This can be exploited in order to simplify the calculation

of the magnetostatic interaction. In fact, we can de�ne a cut-off range within which the

inter & intra macro-cell method is used, whereas for macro-cells that are outside this

range the inter macro-cell term of the dipole-dipole interaction can be replaced by the

bare macro-cell calculation. With this approach, thanks to the intra-macro-cell term in

particular, it is possible to achieve an accurate description of the dipolar �eld and dipolar

energy for surfaces and irregular shaped regions. Furthermore, given the correctness

of the method for uniformly magnetised macro-cells, it would be possible to include

this approach as a short-range correction to the magnetostatic �eld calculation within a
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hierarchical scheme, therefore achieving high accuracy and reducing the computational

cost of the computation.

3.4 Tests

In order to verify the correct implementation of the calculation of the dipolar interaction

according to the inter & intra macro-cell approach, we perform tests against available

analytic expressions and the results presented by Bowdenet al.[44]. Initially, we calculate

the atomistic dipole-dipole �eld for a cubic lattice uniformly magnetised along thez-axis.

We note that the description would not change if we selected eitherx or y as polarisation

direction. For a uniformly magnetised cube the sum of the �eld at the individual sites

Figure 3.2Plot of the atomistic dipole-dipole �eld for a cube on a cubic lattice magnetised
along thez-axis. The arrow colour palette describes thez-component of either the
magnetisation, indicated by the central arrow, or the dipolar �eld (blue for+ z, red for� z,
and green forz= 0). The atomic sites are described by silver spheres and are indexed by
numbers that refer to the dipole matrices below.

yields zero net dipolar �eld and energy. In Figure 3.2 we plot the dipolar �elds (green

arrows) for a cube of atomic dipoles that are magnetised along thez-axis, shown by the

blue arrow at the centre at the system. The total dipole-dipole �eld of the cube is zero,

as one can see by the orientation of the arrows which cancel each other. However, the

dipole-dipole �eld is non-zero at the individual sites. This can be shown by calculating

the intra macro-cell term for a cubic system all enclosed in a single macro-cellp. Because
¯̄Dintra

pp is obtained as the sum of the real-space dipole-dipole¯̄Dintra
p j;pi matrices, the individual

off-diagonal components cancel out when added to the cell tensor for a cubic lattice.

Moreover, the trace of atomic̄̄Dintra
p j;pi matrices is zero, and because of the cubic symmetry

the diagonal components are isotropic, which result in the trace of¯̄Dintra
pp to be zero. The

resulting matrices for the cubic atomic sites, where the indexes of the matrices correspond
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to those in Figure 3.2, are given in the following:

8

å
p j6= pi

¯̄Dintra
p j;1 =

8

å
p j6= pi

¯̄Dintra
p j;8 =

1
4pa3

0
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1
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1
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and by inspection we can see that the net intra macro-cell¯̄Dintra
pp is zero:

¯̄Dintra
pp =

1
4pa3

0

B
@

0:0000 0:0000 0:0000

0:0000 0:0000 0:0000

0:0000 0:0000 0:0000

1

C
A : (3.16)

If the magnetisation is uniform, the intra-macro-cell term is always zero for each inter-

action due to the cubic symmetry of the system and the contribution to the dipolar �eld

arises from the inter macro-cell terms only. Our results agree with those reported by

Bowdenet al. [44] for an analogous system.

Afterwards, we calculate the dipole-dipole energy dependence on the direction of the

magnetisation for a 2D elongated system and we compare it with the results obtained by

Bowdenet al. [44]. The simulated system is plotted in the inset of Figure 3.3, where a

group of eight spins (silver balls) is divided in two macro-cells (blue arrows) that enclose

four atoms each. Figure 3.3 shows the comparison between ours and Bowdenet al. [44]

results for the variation of the dipolar energy when the spins are coherently rotated from

a perpendicular direction, aligned along thez-axis and corresponding to the azimuthal

angleJ = 0° to the in-plane direction(J = 90°), for two different orientation of the polar

anglej : a) along thezx-plane(j = 0°) andb) along thezy-plane(j = 90°). Because

the two directions are not equivalent, the energies will differ. This is also clear from the
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Figure 3.3 Plot of the comparison between our calculations (points) and the results
presented by Bowdenet al. [44] (lines) for the dipolar energy versus the azimuthal angle
J for two different orientation of the polar anglej = 0° (blue upwards triangles, brown
line) andj = 90° (light-blue downwards triangles, yellow line) for a system of eight
magnetic moments on a square lattice, as shown in the inset. The atomic sites are indicated
by silver balls and the atoms within a macro cells are connected by brown lines. The
two macro-cells are represented by light-blue boxes and their respective macro-moment
M1 andM2 by two blue arrows at the centre of the cell. The energy is plotted in units of
m2m0=4pa3, wherem are the individual atomic moments anda is the lattice constant.

intra and inter macro-cell dipolar matrices:

¯̄Dintra
11 = ¯̄Dintra

22 =
1

4pa3

0

B
@

2:3536 0 0

0 2:3536 0

0 0 � 4:7071

1
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¯̄Dinter
12 = ¯̄Dinter

21 =
1

4pa3

0

B
@

3:0550 0 0

0 � 1:2039 0

0 0 � 1:8511

1

C
A ; (3.17)

where we remark that the two macro-cells provide the same contribution. As we can

see from Figure 3.3 and from the comparison of the dipolar matrices, our data show an

excellent agreement with the results in literature, managing to reproduce the two different

trends accurately.

The last test we present is the comparison between the calculated demagnetisation

factors of ellipsoids as function of different aspect ratio, i.e. the ratio between the
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two major axes, and the analytic expressions derived by Osborn [24]. In a mean �eld

description, an approach that can be applied when the magnetisation of a system is

uniform, the magnetostatic �eld~Hmf of a uniformly magnetised body is assumed to be

proportional to the mean magnetisation of the system (< ~M > ). Hence, we can write:

~Hmf = ¯̄N < ~M >; (3.18)

where ¯̄N is the demagnetisation tensor that in Cartesian coordinates can be expressed as:

¯̄N =

0

B
@

Nxx Nxy Nxz

Nyx Nyy Nyz

Nzx Nzy Nzz

1

C
A : (3.19)

¯̄N depends on the shape and geometry of the sample and for general systems analytic

expressions do not exist. Moreover, the components of the tensor can be non-uniform.

For the particular case of an ellipsoid of revolution, the magnetostatic �eld inside the

body is uniform and only the diagonal components of¯̄N are non-zero. Osborn derived an

analytic description of̄̄N for the case when two of the three semi-axes are identical. For

an ellipsoid magnetised along thez-direction, corresponding to the semi-axisc, and the

other two semi-axesa = b aligned along thex andy axes, respectively, the component of
¯̄N along the magnetisation directionNzz can be expressed as function of the aspect ratio

k0 = c=a as:

Nzz= 1
1� k2

0

�
1� k0p

1� k2
0

arccos(k0)
�

for k0 < 1

Nzz= 1
3 for k0 = 1

Nzz= 1
k2

0� 1

�
k0p
k2

0� 1
arcosh(k0) � 1

�
for k0 > 1

(3.20)

The other two diagonal components of¯̄N can be obtained by the symmetry relation

Nxx+ Nyy+ Nzz= 1 in SI.

Since the mean �eld theory is based on the continuum approach, to compare our

results with the analytic model available, we include the self-demagnetisation term dis-

cussed in Section 3.2 in our calculations. Figure 3.4(a) presents the comparison between

the calculated demagnetisation componentNzz (dots) for a uniformly magnetised ellipsoid

of revolution with semi-axisc = 10nmand those obtained by Osborn's relations (line) as

function of different macro-cell size. The simulated data is in excellent agreement with

the analytic expressions, showing that the approach allows to calculate accurately the

magnetostatic contribution independently of the macro-cell size as long as the magneti-

sation inside the body is uniform. We also compare the results obtained using the inter
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Figure 3.4 (a) Comparison of the computed (points) demagnetization factorNzz of an
ellipsoid as function of the aspect ratio for different macro-cell size with the analytics
expressions (line) provided by Osborn. (b) Comparison between computed demagnetisa-
tion factorNzz with the inter & intra macro-cell approach (blue and light-blue points) and
with the bare macro-cell method (brown and yellow points). The line represents Osborn's
relations and the point(1=3), value obtained for a sphere, is marked on both plots by the
intersection of black dotted lines.

& intra macro-cell approach with simulations performed with a bare macro-cell method

for two different macro-cell dimensions, presented in Figure 3.4(b). Whilst the former

approach does not depend on the macro-cell size as the magnetisation of the ellipsoid is

uniform, theNzz component of¯̄N strongly varies as function of the cell used to discretise

the system in the latter. Furthermore, in none of the cases the bare macro-cell method
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is able to reproduce the analytic trend. When the macro-cell is as large as the system,

the only contribution to the dipolar �eld arises from the self-demagnetisation term in

the bare macro-cell method. This is because the information of how the moments are

displaced inside the cell is neglected, except for the calculation of the position of the

centre of the cell. Therefore, it is not surprising thatNzz is constant and equal to1=3,

the value for a sphere. As we reduce the size of the macro-cell down to1 nm, theNzz

calculated with the bare macro-cell method approaches the expected values in a range

0:5 < k0 < 1:5, as the macro-cell are more densely populated. However, for larger and

smallerk0 the self-demagnetisation term becomes the dominant contribution andNzz

approaches a constant value. The tests demonstrate the improvement in the accuracy

of the magnetostatic interactions calculation provided by the inter & intra macro-cell

approach with respect to the bare macro-cell method. It is worth mentioning that this

re�nement comes at the cost of a longer computing time and larger memory requirement.

In fact, the calculation of the dipolar matrix is performed with atomistic accuracy and the

positions of the moments within a macro-cell need to be stored.

The macro-cell approaches present limitations due to the discretisation in macro-cells

and the requirement of uniform magnetisation within these. Random thermal �uctuations

are a source of non-uniformity for the magnetic con�guration, hence small macro-cell

dimensions need to be used at �nite temperature. Systems with complex crystal structures

represent a challenge for the calculation of magnetostatic interactions. A material such

as the permanent magnet NeFeB is characterised by a unit cell where hexagonal-like Fe

clusters are sandwiched between N and B planes [45] and the lattice constant extends for

more than a nanometre. In these materials the different planes do not behave uniformly

necessarily. Besides, the macro-cell size should be smaller than the domain wall size,

which is around few nanometres for NeFeB systems, to ensure an accurate description

of the dipolar interaction. One could use a small macro-cell of few Angstroms, but this

would add a large computational cost to the simulations. The requirement of uniform

magnetisation is hardly met in magnetic systems that are intrinsically non uniform

at the atomic level as antiferromagnets and ferrimagnets. An atomistic dipole-dipole

calculation would allow to preserve the detailed information as it accounts for the different

orientations and magnitudes of the magnetic moments. However, such simulations are

feasible for small systems only. Therefore, more complex and elaborated methods need

to be developed to deal with the limitations just described.
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3.5 Conclusions

In this chapter we presented the bare macro-cell model to calculate the magnetostatic

interactions in an atomistic modelling based on a micromagnetic discretisation of the sys-

tem in regions of uniform magnetisation (macro-cell). These cells, whose magnetisation

is given by the contribution of the atomic spin moments contained inside, are considered

as dipoles and the magnetostatic �eld is calculated as sum of the interactions between

these cells. We discussed the implementation of an improved model, called inter & intra

macro-cells approach, that accounts for the atomic detail inside each macro-cell. This

method is based on the work by Bowdenet al. [44] and allows to obtain agreement with

an atomistic dipole-dipole approach for bodies with uniform magnetisation. We presented

tests we performed to verify the correct of implementation of the approach and we showed

the improved calculation of the dipolar �eld with respect to the bare macro-cell approach.

Finally, we discussed the main limitation that the macro-cell approaches are subjected to.



Chapter 4

Description of the magnetic properties

of CoFeB/MgO systems

In the following, we present the main parameters that characterise the investigated

CoFeB/MgO-based MTJs. We �rst discuss the general properties of these systems,

such as the high interfacial anisotropy, low damping and low saturation magnetisation.

Afterwards, we present the parametrisation we adopted in our simulations, we discuss the

source of our parameters and show that these parameters lead to the desired properties.

Finally, we discuss the effect of �nite size on the magnetic properties of CoFeB/MgO

systems.

4.1 CoFeB/MgO properties

CoFeB/MgO-based MTJs are among the most promising candidates for MRAM devices

because of the high thermal stability, low damping and high tunnel magneto resistance [1–

3]. For this reason, CoFeB/MgO structures are the choice of materials in this thesis.

CoFeB is an alloy of Cobalt and Iron with Boron doping. Even though CoFeB layers

grow with an amorphous structure naturally, when annealed the layers crystallise into a

bcc (001) texture imposed by the MgO underneath [46]. Co-Fe alloys are characterised

by the highest saturation magnetisation, around2:3� 2:5T [47, 48], as described by the

Slater-Pauling curve [49], which gives the atomic magnetic moment per atom as function

of the number of3d electrons per atom. Experimental measurements [50] show that when

CoFeB/MgO-based �lms for MTJs are grown, a signi�cant reduction in the magnetisation

of the CoFeB layers occurs. The physical origin of the reduced saturation magnetisation

is likely due to a combination of effects, such as the presence of non-magnetic Boron,

structural defects, dead layers, granularity at the CoFeB/MgO interface [51] and non-

collinear interfacial spin structures. Another appealing magnetic property of CoFe(B) is
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the low Gilbert damping, required to achieve fast switching and low switching current.

CoFe is an alloy of light elements and as such is characterised by a weak spin-orbit

coupling. This yields a low Gilbert damping and at the same time a weak in-plane

bulk magneto-crystalline anisotropy [50, 52]. Experimental studies [50, 53] reported

an increase of the Gilbert damping when the thickness of the CoFeB �lm is reduced

and recent studies con�rm an increase close to the interface up to 0.11 due to effects

of spin-pumping induced by the tantalum, magnon scattering and increase of spin-orbit

coupling at the interface with MgO. In CoFeB/MgO systems the perpendicular anisotropy

has an interfacial origin: it arises from the hybridisation of the atomic orbitals between the

magnetic layer and the Oxygen orbitals at the ferromagnet/non-magnet interface [1, 54,

55]. The total anisotropyKtot is given by the competition of the perpendicular interfacial

term, the weak in-plane bulk anisotropy and the in-plane shape anisotropy. To show

that CoFeB/MgO thin �lms have perpendicular anisotropy of interfacial origin, we can

rewrite [50] Equation 2.10 to include the contribution� m0M2
s=2 arising from the shape

anisotropy:

Ktot = Kb �
m0M2

s

2
+

Ki

t
; (4.1)

whereKb is the bulk anisotropy of magneto-crystalline origin only,Ki the interfacial

anisotropy,Ms the spontaneous magnetisation andt the ferromagnet thickness. Taking

Ms � 1:6T, Kb � negligible andKi � 1:3� 10� 3Jm� 2 from Ikedaet al. [50], one can see

as CoFeB/MgO has a perpendicular anisotropy for thickness around1:0� 1:5nm. This

interfacial anisotropy provides the necessary thermal stability, i.e. the energy barrier that

separates the two stable low energy states of the system, to store the information.

One of the main reasons MgO was introduced as non-magnetic spacer in MTJ stacks

instead of amorphous AlO is the fact that when crystallised with (001) texture it allows

to achieve a large TMR ratio. In the case of an amorphous tunnelling barrier, electronic

states characterised by different symmetries can incoherently tunnel through the barrier

because of the absence of a speci�c crystal symmetry. Hence, all these states contribute

to the net spin-polarisation of the current independently of the initial symmetry. If the

spin-polarisations are different, the net spin-polarisation of the current exiting the barrier

will be reduced. In the case of a crystalline barrier, the symmetry of the electronic wave

function can be preserved during the tunnelling, an effect de�ned as coherent tunnelling.

Therefore, MgO allows to achieve a high spin-polarisation of the current through the

junction, which results in high TMR ratio [1, 13, 14, 56, 57].
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Figure 4.1Sketch of STT-MRAM (a) and MTJ (b). Schematic of a CoFeB/MgO/CoFeB
MTJ is presented in (c), where gold spheres refer to CoFe, Boron impurities are indicated
by black spheres and MgO is described by grey and red spheres. In (d) and (e) the
schematic of the simulated MTJ and single CoFeB/MgO dot is presented, respectively.
The high anisotropy layer is indicated by silver spheres, whereas gold spheres represent
the bulk-like CoFeB layer with negligible anisotropy.

4.2 Parametrisation of the system

To simulate CoFeB/MgO/CoFeB MTJs, we consider an idealized model where all of

the magnetic anisotropy is provided by a single monolayer of CoFeB in contact with the

non-magnetic MgO and the other layers contribute with no anisotropy. The anisotropy is

assumed of single-ion uniaxial type, although recent studies suggest the presence of a two-

ion contribution [58–60]. The elemental properties of Fe, Co and B are not considered,

but treated as an average magnetic material with zero anisotropy since CoFeB is a random

alloy, i.e. the lattice sites are randomly occupied by one of the species of the compound.

The atomic structure of CoFeB is modelled as a bcc lattice with lattice constant 2.86 Å

and the bulk bcc crystal is cut into the shape of a cylinder of thickness 1.0 and1:3 nm,

representing the pinned layer (PL) and free layer (FL) of the MTJ, respectively. Figure 4.1

shows the investigated systems. The two ferromagnets are separated by a thin MgO

barrier0:85 nmthick which is not included in the simulations explicitly as it does not

contribute directly to the magnetic behaviour of the system. Sinceab-initio studies suggest

that MgO induces a strong interfacial perpendicular anisotropy at the interface between

CoFeB and MgO [61] and that enhances the exchange coupling of Fe and Co sites at the
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