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Abstract  
 

Synthetic ferrimagnets, two ferromagnetic layers exchange coupled antiferromagnetically 

through a non-magnetic spacer layer, provide an interesting test bed for future all optical 

magnetic switching and to validate, in an experimental and engineering context, the utility of 

atomistic spin modelling of technological structures. In this thesis, this is achieved through 

the integration of experiment and modelling in the study of a series of Ni3Pt/Ir/Co synthetic 

ferrimagnets, fabricated via magnetron sputtering, characterised experimentally using both 

bulk and element specific magnetometry and through application of the atomistic spin 

simulation package, VAMPIRE.   

 

Design and fabrication of synthetic ferrimagnet structures requires knowledge and control of 

the temperature-dependent magnetisation, M(T) and anisotropy K(T) of each layer and the 

exchange coupling between them. Unexpectedly, these Ni3Pt/Ir/Co synthetic ferrimagnets 

exhibit two points of zero remanent magnetisation, one at the expected magnetisation 

compensation point, Tcomp, where the moments of each layer are equal, and another at lower 

temperatures, T-MR, where the moments of the Ni3Pt and Co are unequal and the zero point 

arises from an interplay of the anisotropy, Zeeman and exchange energies in the system. 

Between these two temperatures, the Ni3Pt/Ir/Co synthetic ferrimagnets exhibit negative 

remanence where the layer with higher moment reverses against the applied field.  

 

This unusual behaviour only arises due to a very delicate balance of the anisotropy, Zeeman 

and exchange energies and therefore provides an ideal environment with which to probe the 

practicality of VAMPIRE as a lab tool and to investigate its effectiveness applied to a real 

experimental system.  
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Chapter 1 

Introduction 
 

 

A fundamental consideration of modern science is the integration of simulation and 

experiment. Simulations allow investigation of complex material phenomena under highly 

controllable conditions [1]. They can be used to enhance and elucidate experimental results, 

to guide future experimental development, aid device design and are invaluable for probing 

systems with a resolution of space and time often not experimentally obtainable [2, 3]. 

Magnetic simulations in particular are extremely important for a range of phenomena, 

including the understanding of ultrafast dynamics [1] and modelling and enhancing the 

design of magnetic recording media [4]. However, as demonstrated in the satirical 

introduction by Mathur [5], Science Lost, and by studies such of that by Fu and Singh [6] 

who find they cannot not predict phases of Fe (used widely in steel production) using ab 

initio simulations, without robust consideration of experiment it is difficult to attain 

meaningful results and the success of simulations cannot be quantified. 

 

Undoubtedly, a gap still persists between experimental and computational approaches [7, 8] 

with modelling and experimental research groups largely separate entities, and integration of 

techniques usually involving the ability to collaborate between groups. This can be very 

successful, for example, in a paper contemporaneous to this thesis, by Sato et al [9], 

reasonable agreement is found between their experimentally measured M(T) of CoFeB/MgO 

multilayers and simulations, but this is not always feasible. Particularly for small research 

groups who may not have the facility or the research impact available to foster connections.  

Agreement between simulation and experiment is also dependent on the ability of 

computational approaches to mimic realistic experimental conditions and/or distinguish 

between the governing mechanism of the measured phenomena and the effects of the 

measurement [7].  

 

Therefore, it becomes incredibly useful and important to make simulations more accessible, 

bringing them into the laboratory and closely integrating computation and experiment, in 

order to provide an avenue for the immediate consideration of experimental results, a deeper 

understanding of the experimental conditions and a potential guide for research 

development. The potential of this is demonstrated in the review of Bottaro and Lindorff-

Larsen [10] on the progress made in the biophysical field through the tight integration of 



 2 

simulation and experiment, with experiment used to refine simulations and simulations used 

to interpret experimental results. 

 

Of the three main types of magnetic simulation, this has been achieved most effectively 

within the micromagnetic framework [11, 12], where a system is divided into volume 

elements, the magnetisation approximated to a single moment and applied to each. However, 

ab initio and atomistic approaches (where a full electronic, quantum mechanical description 

is applied to the system or the electronic theory is coupled to the equation of motion of the 

spins, respectively) have largely been the domain of theoreticians, chiefly due to the 

computational facilities required [13] and the technical understanding necessary.  

 

Atomistic spin simulations bridge the gap between micromagnetic and ab initio approaches 

[14], combining quantum mechanical energetics with a classical treatment of 

thermodynamics and time, allowing modelling of nanoscale magnetic phenomena, the 

inclusion of antiferromagnetic exchange and the possibility of achieving reasonable 

simulation results with modest computational facilities [15]. The atomistic spin simulation 

package, VAMPIRE, is designed to be accessible [1] and offer a solution to the integration 

of simulation and experiment.  

 

An aim of this thesis is to gauge this potential, to test the feasibility of integrating atomistic 

simulation into the laboratory. Can VAMPIRE be used by an experimentalist (with no prior 

modelling experience), as essentially another piece equipment, to model, enhance 

understanding and aid experimental development of a real magnetic structure?  

 

1.1 Research Context 
This evaluation of VAMPIRE is set in the context of studying synthetic ferrimagnet (SFM) 

structures, consisting of two ferromagnetic layers coupled antiferromagnetically across a 

non-magnetic spacer layer. Antiferromagnets are robust against perturbation, produce no 

stray fields and exhibit ultrafast dynamics [16]. As such, they are of particular interest for a 

variety of technological applications, including perpendicular magnetic tunnel junctions [17, 

18], logic states [19, 20] and their potential as a system for all optical magnetic switching 

(AOS) [21, 22].  

 

AOS is the manipulation of magnetic order via the application of ultrafast laser pulses, 

arising from the discovery of ultrafast demagnetisation in Ni [23] and first observed by 

Stanciu et al in 2007 [24] in GdFeCo. From AOS, all optical magnetic recording has been 
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proposed [25, 26] as a mechanism for the future of magnetic data storage, beyond (or 

integrated within) heat assisted magnetic recording (HAMR) and heated dot magnetic 

recording (HDMR) Figure 1.1 [27]. All optical recording utilises a femtosecond laser pulse 

to read and write data on picosecond timescales, several orders of magnitude faster than that 

of current read/write times [24].  

 

 
Figure 1.1 Data storage technology roadmap [27] 

 

In this thesis, a series of Ni3Pt/Ir/Co SFM, fabricated and modelled in the same laboratory, 

with the initial aim to using results and simulation practises for the development of further 

SFM structures, were investigated. While SFM structures are interesting themselves, they 

also provide the ideal system with which to investigate the potential of atomistic 

simulations.  

 

The magnetic behaviour of SFM structures is a complex interplay of the temperature 

dependence of the magnetisation, M(T) and anisotropy, K(T), of each of the layers and the 

exchange coupling between them [28].  As revealed by these samples, the properties of the 

SFM are more than simply the sum of the constituents. Therefore, the test of VAMPIRE is 

to reproduce the net behaviour of the SFM materials if simply supplied the magnetic 

properties of the component layers.  

 

The benefits of SFM also extend to the practicality of producing samples, allowing direct 

and immediate comparison of experiment and simulation. The Ni3Pt/Ir/Co structure in 

particular has a number of advantages that make it stand out amongst candidate materials. 
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Firstly, and perhaps most importantly for the test of atomistic simulations, excellent control 

can be achieved over the component layer properties and by extension, this allows for the 

design and fabrication of samples with a range of magnetic behaviours. Perpendicular 

anisotropy can be achieved in both layers and the distinct elemental composition has 

allowed for material, and therefore layer specific measurements, providing another degree 

with which to probe the effectiveness of VAMPIRE. Finally, the Ni3Pt/Ir/Co SFM exhibit 

distinct temperature dependent behaviour, including negative remanence, only achieved due 

to a very delicate balance of the energetics of the system. 

 

The progression of this study was fundamentally altered by this observation of negative 

remanent magnetisation in samples, where, due to the anisotropy of the layers and the 

strength of the exchange coupling, it is more energetically favourable for the layer with 

higher moment to reverse against the field, producing a net SFM remanent magnetisation 

that is negative (positive) in a positive (negative) applied field [28]. From this point, focus 

was shifted to the in-depth investigation of the energetics involved in the SFM structure, 

determining the process of, and therefore the ability to control, the negative remanence in 

SFM using VAMPIRE, and in doing so investigate the atomistic simulation model in 

laboratory conditions and create a framework for future work, Section 8.2.  

 

1.2 Research Outcomes 
An important outcome of this thesis is the ability to fabricate perpendicular SFM structures 

with excellent control over the magnetic properties. Of particular interest is the ability to 

design structures that exhibit negative remanent magnetisation. While negative remanence 

(or coercivity) is observed in other systems [29, 30, 31], no other studies provide such 

evidenced control over its temperature dependence, Figure 1.2(a), Section 7.2.  

 

 
Figure 1.2 (a) Remanent magnetisation as a function of temperature of a Ni3Pt(8.5nm)/Ir(0.5nm)/Co(1nm) SFM with 
arrows depicting the alignment of the Co (blue) and Ni3Pt (Red) layers and noting the positions of the magnetisation 
compensation point, Tcomp and a second compensation point at lower temperatures, T-MR. (b) XMCD measurements 
of Co (blue) and Ni3Pt (red/orange) layers below T-MR, near T-MR and above T-MR, from left to right respectively. 
Arrows on the hysteresis loops show the direction of the applied field. See Section 7.4 for more information on 
XMCD results and the temperature dependence of the negative remanence.  
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The existence of negative remanence is confirmed through element specific x-ray magnetic 

circular dichroism (XMCD) measurements, Figure 1.2(b), and simulations, Section 5.5.3 and 

7.4.1. Results of investigations performed on the component Co and Ni3Pt thin films, 

demonstrating control over magnetisation, Curie temperature and anisotropy, Sections 6.1 

and 6.2 respectively, are also presented.  

 

Treatment of VAMPIRE as a piece of lab equipment has allowed for evaluation of the 

simulation process and for refinement of experimental practise. For example, negative 

remanent magnetisation requires such a fine energy balance, Sections 7.2 and 7.3, that 

deficiencies in the model (such as the temperature dependence of the exchange interaction) 

and experiment (determining the temperature dependence of the anisotropy) are quickly 

exposed. Understanding the limitations of both allows for their progression and enables 

integration of the best of both approaches into future work, Section 8.2.  

 

This work has been presented at several conferences throughout its development.  

 

• Intermag 2018, oral presentation, Simulation of the Novel Magnetic Response of the 

Perpendicular Synthetic Ferrimagnet Ni3Pt/Ir/Co using VAMPIRE 

Presenting progress on the parameterisation of VAMPIRE to a real experimental system 

and observation of negative remanence in Ni3Pt/Ir/Co SFM structures. 

 

• IOP Magnetism 2018, poster presentation, Implementation of VAMPIRE atomistic 

simulation on the synthetic ferrimagnet Ni3Pt/Ir/Co 

Showing first simulations of negative remanence in Ni3Pt/Ir/Co SFM. 

 

• Joint Intermag/MMM 2019, oral presentation, Mapping Magnetisation in 

Compensating Synthetic Ferrimagnets with Negative Remanence 

Demonstrating SFM remanent magnetisation maps for the determination of the 

properties required for negative remanence and with comparison to experimental results 

 

• IOP Magnetism 2019, poster presentation, Mapping Magnetisation in Compensating 

Synthetic Ferrimagnets with Negative Remanence 

Presentation of remanent magnetisation maps, XMCD measurements of negative 

remanence and the possibility of canted magnetisation states in Ni3Pt/Ir/Co SFM.  
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1.3 Thesis Overview 
In order to present the research outcomes detailed in Section 1.2, this thesis is presented in 

the following manner; 

 

Chapter 2 provides a general overview of magnetostatics and the theory required to 

understand the results in this thesis.  

 

Chapter 3 introduces and discusses VAMPIRE atomistic simulations, their implementation 

and parameterisation in order to achieve results presented and gives an overview of the 

current scope of the field. 

 

Chapter 4 details the experimental procedures used in this project, beginning with the 

manufacture of thin film samples via magnetron sputtering. Their structural characterisation 

via x-ray diffraction, magnetometry methods including superconducting quantum 

interference device and vibrating sample magnetometry, x-ray magnetic circular dichroism 

and facilities for performing VAMPIRE atomistic simulations, are then discussed. 

 

Chapter 5 discusses SFM materials in more detail, considering how the temperature 

dependence of the magnetisations of the component layers can be utilised to engineer a 

magnetic compensation point. Fabrication of perpendicular SFM with two chemically 

distinct layers and control of the Tcomp through variation of the Ni3Pt layer thickness, is 

evidenced. This chapter also introduces negative remanence which is observed in all of the 

compensating Ni3Pt/Ir/Co SFM samples and can be understood as a delicate balance 

between the Zeeman, anisotropy and exchange energies.  

 

Chapter 6 considers the component layers of the SFM, investigating the temperature 

dependent magnetic properties of Ni3Pt and Co single films. The magnetisation and Curie 

temperatures of both the Co and Ni3Pt thin films vary with thickness and the anisotropy of 

Ni3Pt films can be varied through deposition conditions. Atomistic simulations of Co thin 

films, along with the unexpectedly large thickness dependence of the magnetisation, indicate 

that the Co layer is disordered and diffuse.  

 

Chapter 7 combines the results of Chapters 5 and 6 to further consider negative remanence 

in Ni3Pt/Ir/Co SFM. VAMPIRE is used in conjunction with a range of experimental SFM 

measurements to enhance understanding of the energetics involved. VAMPIRE simulations 

are used to produce remanent magnetisation maps of an SFM system, providing a potential 
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aid to the future design and fabrication of SFM samples. Finally, the occurrence of a second 

zero point in the magnetisation at T-MR, where the negative remanence begins, is considered. 

Simulations are used in combination with experimental results to preliminarily investigate 

these results.  

 

Chapter 8 contains the conclusions drawn from this work, discusses the potential of 

atomistic simulations as a lab tool and avenues for future work.  
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Chapter 2  

Theory 

This chapter provides the theoretical background necessary to understand the results 

discussed within this thesis, examining magnetic interactions in solids, the origin of the 

magnetic moment within atoms and magnetic ordering. The general properties of 

ferromagnetic materials are then explored before finally considering synthetic ferrimagnets 

(SFM) and how interactions between constituent ferromagnetic layers and the exchange 

coupling between them can be used to design SFM structures. This chapter covers 

magnetostatics and magnetisation dynamics are discussed in Section 3.2.  

 

2.1 Magnetism 
Magnetism describes the physical interactions and phenomena that arise from the motion of 

charges in electromagnetic fields.  

 

2.1.1 Magnetic Field 

When a particle with charge q moves through a magnetic field, B, it 

experiences a force F proportional to the size of the field, the velocity, 

v, and the sine angle between them, given by Equation 2.1, the Lorentz 

force.  

 

The Biot-Savart Law describes the contribution dB, to the magnetic field B from a current 

element, I, of length dl.  

d" =
µ%Idl × )
4π),

 (2.2) 

 

Where r is the vector from the current element to the point at which the field is evaluated 

and µ% = 4π × 10/0NA/3, is the permeability of free space. The current element Idl can be 

written as the product of the total charge moving in the element, Nvq where N is the total 

number of moving charges. Therefore, the B field due to a moving charge can be given  

 

" =
µ%q5 × )
4π)3

 (2.3) 

 

6 = q5 × " (2.1) 
Figure 2.1. Magnetic 
force on a particle 
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The B field is the force per unit charge, the magnetic flux density or magnetic induction and 

given in units of J A-1 m-2 or T. The magnetic field strength or H field, in units of A m-1, is 

related to the B field in free space by  

 

" = µ%7 (2.4) 

 

2.1.2 Magnetisation 

The magnetic field around an individual atom, associated with the 

orbital motion of electrons and electronic spin, can be considered a 

current, I, flowing through a loop with an area A. The loop will 

experience a torque T when placed in a magnetic field, Equation 2.5.  

 

This magnetic dipole moment m of the current loop is given by 

Equation 2.6. 

 

 

The magnetisation of a material, M is then defined as the magnetic dipole moment per unit 

volume, and given by the number of magnetic dipoles times m. Magnetic moments within a 

material will change in response to an applied external magnetic field. This response to B is 

measured by the magnetic intensity H, given by Equation 2.7 and illustrated in Figure 2.3. 

[1] 

 

" = µ%(7 +:) (2.7) 

    

 
Figure 2.3. B, M and H of a uniform magnet. Equation 2.7 is illustrated at the point X. Figure adapted from [2] 

 

< = I= × " (2.5) 

> = I= (2.6) 

Figure 2.2. 
Modelling magnetic 
moment, A is a 
vector 
perpendicular to the 
current loop 
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It is energetically favourable for a magnetic moment to align with the applied field, the 

Zeeman energy, EZ. Equation 2.8 describes the potential energy of a magnetised body in an 

externally applied field: 

E@ = −µ% B : ∙ 7	dV
F

 (2.8) 

 

2.1.3 Maxwell’s Equations 

The relationship between electric and magnetic fields in the presence of charge and current 

densities, r and J respectively, are most succinctly described by Maxwell’s equations: 

 

∇ ∙ H = ρ (2.9) 

∇ ∙ " = 0 (2.10) 

∇ × J = −
∂"
∂t

 (2.11) 

∇ × 7 = M +
∂H
∂t

 (2.12) 

 

Where E is the electric field, D the electric displacement and t, time. The physical 

significance of Maxwell’s Equations becomes more evident when converted to integral form 

using Gauss’ and Stokes’ theorems, Equations 2.13 and 2.14 respectively. 

 

B ∇ ∙ =	dV = N = ∙ dO
PF

 (2.13) 

B ∇ × =	 ∙ dO = N = ∙ dl
QP

 (2.14) 

 

Where A is any vector field, S is the surface of a volume, V, and C is the closed line, l, 

bounding the area of S. This gives the differential forms: 

 

N H ∙ dO	 = 	B ρ	dV
FP

 (2.15) 

N " ∙ dO	 = 	0
P

 (2.16) 

N J ∙ dR = −
d
dt
B " ∙ 	dO
PQ

 (2.17) 

N 7 ∙ dR = B M ∙ dO
P

+
d
dt
B H ∙ 	dO
PQ

 (2.18) 
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Gauss’ Law is the first of Maxwell’s equations, Equation 2.9 and 2.15. It describes how the 

flux of the electric field, D through a closed surface is equal to the charge enclosed within it, 

the relationship between the electric field and the charges within it. It can be used to derive 

Coulomb’s Law. 

 

The second, Equations 2.10 and 2.16, describes how the flux of B across a surface is 

constant; the flux entering the area dS must equal the flux leaving it. There are no sinks or 

sources of magnetic field lines and no magnetic monopoles.  

 

Equations 2.11 and 2.17 describe how the circulation of E around any closed loop is equal to 

the rate of change of magnetic flux through the area spanning the loop. The magnetic flux, 

dFB, through a surface is given in Equation 2.19, 

 

ΦT = B " ∙ 	dO
P

 (2.19) 

 

The electromotive force, e, defined in Equation 2.20. 

 

ε	 = 	N J ∙ dR
Q

	= 	−
dΦT

dt	
 (2.20) 

 

This is Faraday’s law of induction and the negative sign arises from Lenz’s Law, which 

states that the current arising from the induced e has a direction such that the magnetic field 

it creates opposes the original change in magnetic flux.  

 

The last of Maxwell’s equations, Equations 2.12 and 2.18, is an extension to Ampere’s Law 

to include the displacement current. It states that both conduction and displacement current 

act as sources of magnetic field.  

 

The magnetic field lines around a wire carrying a current I, will have 

closed field lines centred around the wire as in Figure 2.4. A disc of 

radius r, perpendicular to, and centred on the wire will have D = 0 

across the surface of the disc. By integrating and applying Stokes’ 

theorem, the magnetic intensity at a perpendicular distance r can be 

given by  

Figure 2.4 Field lines 
around a current 
carrying wire 
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Equation 2.12 in combination with Equation 2.9, gives rise to the continuity equation for 

electric charge: 

∇ ∙ M	 = 	−
∂ρ
∂t

 (2.22) 

 

Equation 2.22 describes local conservation of electric charge. Each of the Maxwell 

equations provides information on the fundamental relationships of electromagnetism and all 

the basic relationships between fields and their sources are contained within them [3].  

 

 

2.2 Origin of the Magnetic Moment  
As mentioned very briefly in Section 2.1.2, magnetisation in a material is a consequence of 

motion of electrons around an atom and the spin on the electrons within the atom. Electrons 

in atoms are moving charges and form current loops that induce magnetic fields. In an 

applied field, these may preferentially orientate with the field adding to the external 

magnetic field. 

 

The magnetic moment µ of an atom is given by the total of the orbital, µl, and spin, µs, 

magnetic moment operators of each electron, summed over all electrons in the atom [4]. 

 

µ	 = 	VWµX + µY Z (2.23) 

 

2.2.1 Orbital Magnetic Moment 

The orbital angular moment, µl, for an electron moving in orbit with 

angular momentum L, as in Figure 2.5, can be derived classically.  

 

Equation 2.6 relates a magnetic moment to a current I through an area A. 

Assuming circular motion, the current, I, is equivalent to the total charge 

passing any point per unit time and equal to 

 

 

 

7	 = 	
I	
2πr

 (2.21) 

I =
e5
2π)

 (2.24) 

Figure 2.5 Schematic 
of electron moving in a 
circular orbit 
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Where e is the electronic charge. As the area is simply the area of a loop, pr2 and L=mevr, 

where v is the velocity of the electron and me the electron mass, the orbital magnetic 

moment can be written 

 

^_ =
`

2ab
c (2.25) 

 

From the solution of the Schrödinger equation to the hydrogen atom, the orbital angular 

momentum is quantised in units of L	 = 	 e
3f
= ℏ, The component of the magnetisation in an 

arbitrary direction, µx, is then 

 

µh =
eℏ
2mj

 (2.26) 

 

This is the Bohr magneton, µT = 9.274 × 10/3n	JT/q.  

 

The ratio of the magnetic moment to the angular momentum is known as the gyromagnetic 

ratio, g. In the case of the orbital magnetic moment, γ = j
3st

. The Landé g-factor is the ratio 

of the magnetic moment, in µB, and the magnitude of the angular momentum in terms of ℏ.  

 

g =
2mj

e
γ (2.27) 

 

Therefore, for orbital motion g is exactly 1. [1] [2] 

 

2.2.2 Spin Magnetic Moment 

The spin magnetic moment, µS, has no classical analogue and was original introduced to 

empirically explain anomalies in atomic spectra. Its origins arise from relativistic quantum 

mechanics. The spin associated with a fermion is almost exactly one µB, the gyromagnetic 

ratio g of the intrinsic spin moment is almost exactly - j
st

 and the g-factor 2. Therefore,  

 

µP = −
e

2mj
O (2.28) 

 

There are only two possible angular momentum states, from the spin magnetic quantum 

number, O = ±q
3
. The component of the spin along any axis is ±q

3
ℏ 
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µh = ±
eℏ
mj

 (2.29) 

 

The spin angular momentum contributes twice as much to the magnetic moment as orbital 

angular momentum.  

 

The electronic structure of the atom determines its magnetic moment, the majority of 

electrons within an atom form pairs with oppositely aligned spins, with the spin and orbital 

moments cancelling, and contribute nothing to the overall moment of the atom. A discrete 

magnetic moment can be associated with an atom, consisting of induced magnetic moments 

produced by an externally applied field and/or spontaneous moments that are present even in 

the absence of a field. An atom will have a net moment when an inner d- or f- electron shell 

is incompletely filled [5]. 

 

2.2.3 Spin-Orbit and Dipolar Coupling  

As an electron, with a magnetic moment µS due to the electron spin (µY ∝ O), orbits the 

nucleus of an atom it experiences a magnetic field ("Px ∝ y). The change in energy due to 

this effect is  

 

δE = −µY ∙ "Px = γ	y ∙ O (2.30) 

 
Spin-orbit coupling causes a shift in the electron’s atomic energy levels due to the 

electromagnetic interaction between the electron and the finite electric field of the nucleus.  
BSO depends on the atomic number, Z, and so this contribution is much more significant for 

heavy elements. [6] There are two main contributions to spin-orbit coupling in most 

inorganic solids, the Dresselhaus contribution, occurring in crystals with bulk inversion 

asymmetry where there is a net electric field associated with crystallographic orientation and 

the Rashba contribution which occurs where the net electric field is due to structural 

inversion symmetry [7]. 

 

A second order contribution to spontaneous magnetisation is that of dipolar coupling, the 

direct interaction between two dipoles [8]. The dipole-dipole interaction depends on the 

relative orientation of the magnetic moments, their strength and the distance between them. 
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2.3 Magnetic Ordering in Solids 
As discussed in Section 2.2.2, an atom or ion has an associated microscopic magnetic 

moment. In a solid, these microscopic moments interact through both dipole-dipole 

interactions and the stronger exchange interactions, both of which depend on the separation 

and geometry. Electrons in the valance shells of neighbouring atoms will interact, resulting 

in an energy band of delocalised states. In metals, delocalised electrons complicate this 

further.  

 

The spin of delocalised s-electrons will interact with the d-electrons of the ion. The degree 

of mixing of the s- and d- states depends on their energy. Electrons as fermions are governed 

by the Pauli exclusion principle and as charged particles, experience Coulomb repulsion 

between electrons. Exchange and correlation effects, as a result of these will increase 

electron confinement and in turn their kinetic energy.   

 

The competition between exchange and kinetic energy of the delocalised s- electrons in a 

solid and the energy of the s- and d- states will determine the magnetic ordering. There are 

five main types of magnetic behaviour which will be discussed in this section, the disordered 

diamagnetism and paramagnetism, and the ordered ferromagnetism, antiferromagnetism and 

ferrimagnetism [9].  

 

2.3.1 Exchange interactions 

A magnetic state from spontaneous moments in a solid 

is the net effect of competing influences; the orientation 

of each moment will be randomised by thermal energy 

but ordered depending on the magnetic behaviour. This 

can be non-cooperative where individual moments will 

behave independently, unaffected by the existence of 

other moments in the solid, or cooperative, where 

mutual interactions between moments are important and 

magnetic order is due to exchange coupling between 

moments. An externally applied field will result in the 

magnetic ordering of non-cooperative states and can be used to study the microscopic 

ordering of a cooperative state.   

 

Exchange interactions between electronic spins arise from quantum mechanical coupling 

and are a direct result of the Pauli exclusion principle. Direct exchange coupling occurs 

Figure 2.6 Types of exchange coupling 
[2] 
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between spins in close enough proximity that their wavefunctions overlap and results in 

strong but short-range coupling. Indirect exchange coupling occurs through an intermediary 

and is a long-range effect.  

 

Figure 2.6 shows the hierarchy of exchange coupling. Ruderman, Kittel, Kasuya and Yosida 

(RKKY) coupling is an indirect exchange where itinerant electrons act as intermediaries [10, 

11, 12]. Non-magnetic ions act as the intermediary of superexchange in insulators and the 

indirect Dzyaloshinsky-Moriya (DMI) coupling arises from spin-orbit effects.  

 

A number of models exist to describe magnetic phenomena, the simplest of which is the 

Ising model, describing the interaction between two one dimensional spins with a single 

component. This was extended into three dimensions and quantum mechanically by the 

Heisenberg model [2]. The Heisenberg Exchange Hamiltonian for a lattice with atoms on 

sites i, j with spin Si and Sj: 

 

ℋ = −2VJ|}	O| ∙ O}
|	~}

 (2.31) 

 

Where Jij is the exchange constant with units of energy [2]. This exchange is discussed 

further in the context of the atomistic simulation package, VAMPIRE, in Section 3.3.1. It 

arises as a direct manifestation of the Pauli Exclusion Principle, preventing any two 

electrons with the same spin state from occupying the same orbital.  Heisenberg exchange 

theory considers a nearest neighbour interaction between atomic moments via direct or 

indirect overlap of the atomic orbitals responsible for the dipole moments, acting to align 

adjacent moments in the absence of an applied field [8].  

 

The magnitude and sign of Jij provides information on the magnetic order exhibited in the 

material. Jij is positive for intra-atomic coupling as it favours electrons with parallel spins 

and can be either positive or negative for indirect superexchange and inter-atomic exchange. 

Negative exchange coupling favours antiparallel coupling of spins and can cause 

antiferromagnetism. RKKY coupling is oscillatory and plays a key role in the synthetic 

ferrimagnet structure, discussed further in Section 2.5.1. 

 

2.3.2 Susceptibility 

The response of a material’s magnetisation, M to an applied field, H, is given by the 

magnetic susceptibility c. For a diamagnetic or paramagnetic material,  
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χ =
:
7

 (2.32) 

 

The susceptibility, c is dimensionless and at temperatures above an ordering temperature, q, 

it follows the Curie-Weiss law 

 

χ =
C

T − θ
 (2.33) 

 

Where C is the Curie constant [13]. The Curie-Weiss Law arises from the Langevin 

parametric relation which describes the probability of finding a magnetic particle in 

alignment with the field through Boltzmann statistics.  

 

A statistical treatment of the quantum theory of paramagnetism describes the magnetisation 

as a function of external field and/or temperature in terms of a Brillouin function.   

 

M = NgJµTBÑ(x) (2.34) 

 

Where N is the number of magnetic atoms per unit volume, g the Landé g-factor, J the 

angular momentum quantum number and the Brillouin function, 

 

BÑ(x) =
2J + 1
2J

coth â
(2Jq)x
2J

ä −
1
2J
coth ã

x
2J
å (2.35) 

 

For spin only angular moment, J=S, Equation 2.34 reduces to 

 

M	 = 	Nµ	tanh	x (2.36) 

 

In the classical limit, where è = ∞, Equation 2.36 reduces to  

 

M = MP ëcothx −
1
xí
= MPL(x) (2.37) 

 

Where L(x) is the Langevin function. The relationship between M and H is more much 

complicated for ferromagnetic materials, as the magnetic history is important. Applying the 

same analogy as a paramagnet but also considering a superposition of internal and applied 
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magnetic fields, solutions are achieved with a non-zero magnetisation in the absence of a 

magnetic field, spontaneous magnetisation [8].  

 

2.3.3 Diamagnetism 

Diamagnetism, a form non-cooperative magnetic behaviour, occurs in atoms with filled 

electron shells and is the result of shielding currents induced by an applied field. The 

external field generates a torque, which acting on the magnetic moment induces a precession 

around the field direction at the Larmor frequency. This induces a moment within the atom, 

which by Lenz’s law, opposes the direction of the applied field [2]. This is summed over all 

atoms in the material and the measured magnetisation in response to an applied field will be 

negative, Figure 2.7(a). 

 

 

Diamagnetism is characterised by a temperature independent, negative susceptibility, Figure 

2.7(b) and is present in all materials. However, the effect is relatively weak and negligible 

compared with any spontaneous moments in the system [9]. 

 

2.3.4 Paramagnetism 

Paramagnetism occurs in materials with only partially filled shells. Atoms have a net 

magnetic moment but spins are oriented randomly due to thermal energy, kBT. Under an 

applied magnetic field, the magnetic moments want to align with the field direction. 

However, full alignment with the field is prevented by thermal agitation and the resulting 

magnetisation of the material is due to only partial alignment of moments and the 

measurement is a time-averaged alignment of the moments [9]. Figure 2.8(a) shows the  

Figure 2.7 Diamagnetic response of (a) the magnetisation M to an applied 
field H and (b) temperature dependence of the susceptibility 
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measured magnetisation of a paramagnetic material as a response to an applied field.  

 

From Equation 2.38, and as for a paramagnetic material, θ = 0K, it can be seen that 

paramagnets follow a Curie law.  

 

χ =
C
T

 (2.38) 

 

This is shown in Figure 2.8(b). Equation 2.38 describes ideal paramagnetism where there is 

no appreciable exchange coupling between spins, thus the magnetisation/susceptibility is not 

maintained when the field is removed. In higher fields and at lower temperatures, the 

magnetisation is no longer a linear function of the magnetic field and the Curie Law is no 

longer valid but becomes 

 

M = M%BÑ(x) (2.39) 

 

Where ì% ≈ ïè^ñ, is the maximum obtainable magnetisation for a material with one type of 

atoms characterised by J [14].  
 

2.3.5 Ferromagnetism 

The properties of ferromagnetic materials are discussed in detail in Section 2.4. Similarly to 

paramagnetic materials, ferromagnets consist of atoms with only partially filled outer shells 

and so have a net magnetic moment. For example, considering Ni and Cu, Figure 2.9, both 

have overlapping 3-d and 4-s bands but only Ni is ferromagnetic. 

 

Figure 2.8 Paramagnetic response of (a) the magnetisation M to an applied 
field H and (b) temperature dependence of the susceptibility 
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Figure 2.9 Schematic of the energy bands for Cu and Ni, from [15], where EF is the Fermi energy and g(E) the 
density of states. 

 

Cu has a full 3-d band and so these electrons do not contribute to the magnetic moment. Ni 

has a partially filled 3-d and 4-s band, electrons can scatter from one band to another, and 

there are vacant energy levels available for unpaired electrons to move into. For 

ferromagnetism to exist in a material, these partially filled bands are necessary, the density 

levels of the band must also be high enough so that the increase in energy associated with 

alignment of spins is small and the atoms of the material must be at a distance where the 

exchange force can cause the d-electron spins in one atom to align those in another.  

 

Ferromagnetic ordering is cooperative, and strong, inter-atomic exchange coupling between 

magnetic moments means that the material can be spontaneously magnetised, Figure 2.10(a) 

and (c).  

 

 

Magnetisation of a ferromagnetic material is strongly temperature dependent Figure 2.10(b). 

The spontaneous magnetisation due to the collective alignment of spins will decrease to zero 

at a temperature TC, the Curie temperature. This is a property of the ferromagnetic material 

and describes the temperature at which ferromagnetic order collapses and above which the 

material becomes paramagnetic.  

 

Figure 2.10 Ferromagnetic response of the (a) magnetisation from an initial disordered 
state, to an applied field, (b) magnetisation with temperature and (c) the alignment of 
spins in a ferromagnetic material 
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2.3.6 Antiferromagnetism 

 

Antiferromagnetic materials consist of two equivalent but oppositely orientated 

ferromagnetic sublattices, Figure 2.11(b). Due to this antiparallel alignment, the net 

magnetisation of the material is zero. Figure 2.11(a) shows the temperature dependence of 

an antiferromagnet, above the Néel temperature, TN, the material becomes paramagnetic and 

obeys the Curie-Weiss law, Equation 2.33, where q is negative. 

 

2.3.7 Ferrimagnetism 

Ferrimagnetism is a form of antiferromagnetic order, with inequal antiparallel sublattices, 

Figure 2.12(b). This results in the existence of a small net magnetic moment and so the 

material will exhibit spontaneous magnetisation. Figure 2.12(a) depicts the temperature 

dependence of the magnetisation of a ferrimagnetic material, MA+B, that consists of two 

sublattices A and B with magnetisations MA and MB respectively. This is discussed in more 

detail in section 2.5. 

 

 

 

2.4 Ferromagnetic Properties 
Understanding the properties of ferromagnetic materials is essential to this thesis and the 

understanding of synthetic ferrimagnetic materials. A ferrimagnetic material consists of two 

sublattices. Ferromagnetic coupling exists between A-A and B-B moments and A-B 

Figure 2.11 (a) Temperature dependence of the susceptibility of an antiferromagnet and (b) 
ordering of moments within an antiferromagnetic material 

Figure 2.12 (a) The magnetisation of a ferrimagnet and its component sublattices as a 
function of temperature and (b) ferrimagnetic arrangement of spins 
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moments are coupled antiferromagnetically. A synthetic ferrimagnet can also be considered 

a macroscopic ferrimagnet. Rather than consisting of two antiparallel coupled sublattices, a 

synthetic ferrimagnet consists of antiparallel coupled ferromagnetic layers. 

 

In the section above, magnetic ordering in solids, the Heisenberg exchange interaction 

between neighbouring spins and ferromagnetic order has been discussed. Section 2.5 will 

discuss how the properties of the two ferromagnetic layers and the exchange coupling 

between them determine the synthetic ferrimagnet properties. This section provides the basis 

to understand the properties of a ferromagnetic material.  

 

2.4.1 Domains  

The first modern theory to explain spontaneous magnetisation of a ferromagnet was 

developed by Pierre Weiss in 1906. He proposed that an internal molecular field, Hi, large 

enough to magnetise the material even in the absence of the external field, acts in a 

ferromagnetic material in addition to the externally applied field  

 

7| = nó:+7 (2.40) 

 

Where nw is the Weiss coefficient. This was also postulated by Heisenberg as a result of the 

exchange interactions.  

 

 

In the case where ferromagnetic materials exist in a non-magnetised state, often observed in 

nature and experiment, James Ewing proposed that a ferromagnetic material consists of 

many small domains oriented such that the net magnetisation of the material is zero. Domain 

formation in a material occurs in order to minimise energy, as in Figure 2.13 which shows a 

schematic representation of the formation of closure domains [2].   

Figure 2.13 Formation of closure domains to minimise energy in a ferromagnetic material 
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Adjacent domains with opposing magnetisation must 

have boundaries or domain walls, which allow for the 

reversal of magnetisation between them. As depicted in 

Figure 2.14, these can be Néel type, rotation in plane, or 

Bloch type, with rotation out of plane [2].   

 

A large enough field will eliminate the domain structure 

and reveal the underlying spontaneous magnetisation of 

the ferromagnet, as in Figure 2.10(a).  

 

2.4.2 Anisotropy  

The natural direction of the magnetisation in a ferromagnetic domain is usually constrained 

to fall along one or more easy axes. The tendency of the magnetisation to align along an 

easy axis is given by the anisotropy energy, Ea,  

 

Eò = Kösin3θ (2.41) 

 

Where q is the angle between the direction of the magnetisation M and the easy axis and Ku 

is the uniaxial anisotropy constant. Equation 2.41 is the most general form, the value of EA 

depends on the orientation of the magnetisation with respect to the crystallographic 

directions [14]. The three main anisotropy contributors are magnetocrystalline anisotropy, 

shape anisotropy and induced anisotropy.  

 

Magnetocrystalline anisotropy results from the crystal structure of the material and generally 

has the same symmetry. This form of anisotropy arises primarily from spin-orbit 

interactions. In the presence of an applied field the spin of the electron will want to orientate 

with the external field. The orbital angular momentum, which is strongly coupled to the 

lattice, will resist the reorientation of the spin. Magnetocrystalline anisotropy is the energy 

required to overcome this and align magnetic moments with the applied field [16]. The 

dipolar, two ion interaction can also contribute to magnetocrystalline anisotropy, particularly 

in the 5f actinides [14].  

 

Shape anisotropy arises from the demagnetising field, Hd, an internal field which opposes 

the direction of the externally applied field. Removal of this field reduces the magnetisation 

through domain formation to a more energetically favourable state. The demagnetising field 

Figure 2.14 Schematic of a (a) Néel 
domain wall and (b) Bloch domain wall 
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is proportional to the magnetisation that creates it, with the demagnetising factor Nd 

depending on the shape of the material.  

 

7ù = −Nù: (2.42) 

 

This is a purely geometric effect and is minimised along an elongated axis. 

 

Finally, anisotropy can be induced in a material through annealing or the application of 

stress. The most common method of inducing anisotropy in a magnetic material is through 

magnetic annealing, where an easy axis is formed by heating a material to a specific 

temperature and then allowing it to cool in a magnetic field. At higher temperatures, 

increased atomic diffusion allows magnetic moments to align with an applied field, the 

orientation of which is preserved on cooling [1].  

 

Anisotropy is temperature dependent. Single ion anisotropy due to the crystal field obeys a 

power law where for the second, fourth and sixth order anisotropy terms which vary as the 

third, tenth and twenty-first power of the magnetisation [17]. This is discussed in more detail 

in Chapter 3. 

 

2.4.3 The Hysteresis Loop 

The hysteresis loop, M -H curve, of a ferromagnetic material is non-linear and irreversible. 

Figure 2.15 shows a schematic of the magnetisation of a ferromagnetic material in response 

to an applied field.  
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Starting at zero field and magnetisation, the ferromagnetic material is in an initial 

demagnetised or virgin state, with domains arranged to produce a net zero moment. As the 

field is increased (following the dashed blue line) the external applied field modifies the 

domain microstructure and eventually eliminates it, to reveal the spontaneous or saturation 

magnetisation, MS. The material is now magnetised, demagnetising the sample requires 

heating or application of oscillating polarity external field, decreasing in magnitude to zero.  

 

From +MS, the field is then swept in a direction following the arrows. The remanence, MR, 

of the ferromagnet is the remaining magnetisation at zero applied field. The coercivity, HC, 

is the magnetic field required to reduce the magnetisation to zero. Eventually, as the field is 

increased in the opposite direction, the ferromagnet will reach negative saturation.  

 

The magnetisation reversal process in real materials is complicated, involving coherent 

(where the direction of M remains the same throughout) and incoherent processes, 

nucleation of reverse domains and movement of domain walls. The ratio of MR to MS 

provides a dimensionless value from 0 to 1, with which to quantify the shape of a hysteresis 

loop. A squareness of one will correspond to a perfectly square loop [13].  

 

The shape of the hysteresis loop can give insight into the magnetisation reversal and can be 

used to determine the crystallographic easy and hard axis. A hysteresis loop along the easy 

axis will be much squarer and the magnetisation will reach MS at a much smaller field than 

Figure 2.15 Hysteresis loop of a ferromagnet 
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that of a loop measured along the hard axis. This is simply due to the energy required to 

reorient the domains. The hysteresis loop also highlights the importance of magnetic history 

in a ferromagnetic material.  

 

2.4.4 Temperature Dependence of Magnetisation 

As discussed in Section 2.3.5, ferromagnetic materials have a Curie temperature, TC, above 

which ferromagnetic order is lost. If not for exchange interactions within the material, 

thermal agitation would overcome magnetic ordering. 

 

The temperature dependence of the spontaneous magnetisation in a ferromagnet is given by 

the Curie-Bloch equation: 

 

M(T)
M(0)

= û1 − ë
T
TQ
í
ü
†
°

 (2.43) 

 

Where a is an empirical constant [18] b is the critical exponent and depends on composition 

[19]. The value of a can indicate disorder in a material. In disordered systems, available spin 

states are increased due to the loss of local atomic symmetry and the magnetisation will 

behave classically, a is close to 1. Highly crystalline systems exhibit a >1 indicating a 

quantum form of the magnetisation [18, 20].  

 

The difference between classical and quantum forms, appears from the statistics from which 

they are developed. The classical description arises from Boltzmann statistics, whereas the 

quantum mechanical description is developed from the Bose-Einstein distribution. These 

two distributions treat the occupation of spin waves in the Brillouin zone differently, 

resulting in a slightly differing shape of the M vs T curve, but generally the same value of Tc 

[18]. 
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2.5 Synthetic Ferrimagnets 
A synthetic ferrimagnet comprises of two ferromagnetic layers coupled 

antiferromagnetically by indirect RKKY exchange across a non-magnetic spacer layer.  

 

Figure 2.16(a) shows a schematic of an SFM structure consisting of two ferromagnetic 

layers A and B, with associated magnetisations MA and MB, coupled antiparallel 

(antiferromagnetically) across a non-magnetic coupling layer.  

 

To a first approximation, the temperature dependence of the SFM is a simple addition of MA 

and MB. Layers A and B can then be carefully chosen to give the desired M vs T response of 

the SFM. The compensation point, Tcomp, is the temperature at which the magnetisation of 

both layers are equal, but aligned antiparallel to produce a net zero SFM magnetisation. To 

achieve Tcomp, the layer with higher magnetisation must have a TC lower than the other.  

 

As mentioned briefly in Section 2.4, in a ferrimagnet it is necessary to consider 

ferromagnetic coupling between A-A and B-B moments and antiferromagnetic coupling 

between A-B moments. Layers A and B can be treated as distinct ferromagnets within the 

SFM. However, antiferromagnetic coupling between the two means that the ferromagnetic 

properties of one layer relative to the other are important. It is necessary to consider not only 

the relative M vs T of each layer, but also the anisotropy, K, as a function of T, as this will 

govern how each layer reverses. 

 

Therefore, the magnetic properties of SFM materials need to be considered as an interplay 

between the Zeeman energy (due to the magnetisation of the layers), the anisotropy energy 

and the exchange energy between them.  

 

Figure 2.16 (a) SFM structure (b) M vs T dependence of a compensating SFM and (c) M vs T dependence of a 
SFM with no compensation point 
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2.5.1 RKKY coupling 

The antiferromagnetic exchange 

coupling between A-B is a result of 

indirect exchange coupling across the 

non-magnetic layer, RKKY coupling 

[10, 11, 12].  

 

The RKKY coupling is due to 

induction of an oscillatory spin 

polarisation on conducting electrons. 

The oscillatory behaviour of RKKY 

coupling strength as a function of layer 

thickness, Figure 2.17, is the result of interactions between this modulated spin polarisation 

and other magnetic moments. Spin polarisation decreases with increasing distance resulting 

in a damping effect.  

 

The strength of the RKKY exchange coupling through the Ir spacer layer in Ni3Pt/Ir/Co 

synthetic ferrimagnets is quantified in Section 5.4.1. Peak antiferromagnetic coupling in this 

system exists for an Ir thickness, tIr, of 0.4nm and damping of the AFM coupling strength is 

evident with increasing tIr. 

 

2.5.2 Macroscopic Energy Model 

It is useful to briefly consider a macroscopic energy model of an SFM [21], with layers A 

and B and corresponding magnetisations MA and MB as above. MA and MB are at angles qA 

and qB, respectively, with the applied field, H. A and B also have an associated anisotropies, 

KA and KB which make angles fA and fB with H, respectively.  The energy, E, of the system 

is  

 

E = M¢Hcosθ¢ − MTHcosθT − Jcos(θT − θ¢) + K¢sin3(θ¢ − ϕ¢)

+ KTsin3(θT − ϕT) 
(2.44) 

 

J is the exchange constant. The first two terms consider the Zeeman energies of each layer. 

The third term is the exchange term and the final terms account for the anisotropy energy of 

the system.  

 

Figure 2.17 Example of RKKY coupling in Ni80Co20/Ru multilayers 
showing oscillatory coupling with increasing Ru thickness, from 
[22] 
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This model can be used as a guide for SFM design and will be discussed in further detail in 

Chapter 7, where the temperature dependent properties of the two ferromagnetic layers, Co 

and Ni3Pt, and the strength of the coupling between them, governed by RKKY coupling 

across the Ir, are used to tune the properties of Ni3Pt/Ir/Co SFM.  
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Chapter 3 

VAMPIRE Atomistic Simulations  

Chapter 2 discussed magnetostatics and gave an overview of the theory required to 

understand the results within this thesis. This chapter focuses on magnetisation dynamics 

and gives a brief overview of magnetic modelling methods, with a particular focus on 

atomistic spin simulations and the physics behind them. Simulation results presented in 

subsequent chapters have been achieved through the use of the atomistic spin simulation 

software, VAMPIRE. VAMPIRE has been utilised throughout this thesis as a lab tool, and 

treated, to a degree, as another piece of equipment. To that end, this chapter also discusses 

the methods used to parameterise VAMPIRE material files, directly from experimental 

measurements, and presents a series of test simulations performed to assess a variety of 

simulation input parameters.  

 

3.1 Magnetic Modelling 
Magnetic modelling is used to confirm and interpret experimental results, to test and 

optimise devices, predict new phenomena and aid in the validation of theories [1]. 

Computational simulations make this method of research possible, aiding the exploration of 

magnetic phenomena and the solving of problems that are not otherwise possible to 

investigate analytically. This can include the properties of complex structures, metastable 

phases and magnetisation dynamics [2]. There are three main types of magnetic simulation 

Figure 3.1 Time and length scales of magnetic simulations, adapted from [9] 



 34 

techniques, ab initio methods, micromagnetic and atomistic simulations and Figure 3.1 

summarises the time and length scales applicable to each method.  

 

3.1.1 Ab Initio Methods 

Ab initio simulations model magnetic behaviour through the use of quantum mechanics, 

applying a full electronic description to the system, directly from theoretical principles. The 

term ab initio itself, means from first principles and so no experimental values are used in 

calculations, only fundamental constants. Potentials arising from the lattice and atomic 

composition form the Hamiltonian which is applied to the electrons.  

 

A number of different potentials can be used, for example, one of the most common 

methods is density functional theory (DFT). Ab initio methods are efficient techniques for 

investigating the properties of unit cells or molecules but application such a detailed 

Hamiltonian is computationally expensive beyond this. Ab initio methods can also struggle 

to accurately predict values if electron correlation is incomplete. For example, Fu and Singh 

[3], found that the magnetic moment of transition metals was overestimated by a number of 

DFT functionals and proposed that this may be due to the difficulty of obtaining the itinerant 

physics of systems like Fe, which have multiple partially occupied d- orbitals. 

 

Thermal effects are typically difficult to incorporate into standard DFT approaches and the 

effects of finite temperature on the lattice are not well understood and often neglected, with 

the argument that contributions are likely small, second order effects [4]. Relativistic 

interactions of the electron orbitals with the lattice are a key premise of ab initio methods. 

As a consequence, ab initio simulations are generally used to calculate the ground state of a 

system. These parameters can then be applied to another model in a technique known as 

multiscale modelling [5].  

 

3.1.2 Micromagnetic Simulations  

Micromagnetic simulations deal with much larger length scales, applying a continuum 

approximation. Systems are assumed to be large enough that the atomic ordering can be 

ignored and small enough that domains can be resolved [6]. The system is divided into 

micromagnetic cells or volume elements, where the magnetisation is assumed to be uniform 

and so approximated into a single moment. The exchange, anisotropy, magnetostatic and 

Zeeman energies can then be calculated based on the orientation of the magnetisation in 

each volume element [7]. Simulations can be performed to find the static equilibrium of a 



 35 

system, by solving the spatial distribution of M, or dynamically by application of the 

Landau-Lifshitz-Gilbert (LLG) equation, Section 3.2.1.  

 

Micromagnetic simulations are suited to the study of macroscopic systems with a small 

surface to volume ratio, where the detailed consideration of microstructure or surface effects 

are less important in determining the overall magnetic behaviour of a system [7].  

 

3.1.3 Atomistic Spin Simulations  

Atomistic spin simulations treat atoms as possessing a local magnetic moment, with electron 

theory coupled to the equation of motion of atomistic spins [9]. In this way, atomistic spin 

simulations bridge the gap between micromagnetic and ab initio approaches [10].  

 

As discussed in 2.3, magnetism arises from electrons with quantised energy levels and so 

magnetic systems are inherently quantum mechanical. The properties of magnetic materials 

are also profoundly influenced by thermal effects. For realistic simulations of magnetic 

materials, it is therefore necessary to employ methods that combine the quantum mechanical 

properties with a thermodynamic approach. Energetics of the system are determined via 

quantum mechanics and the time evolution and thermal effects treated classically [2]. As 

atoms are considered dynamical objects, there are no issues considering magnetic 

phenomena such as antiferromagnetic coupling that are difficult to model micromagnetically 

[9]. Parameters entered into atomistic simulations can be calculated from first principles or 

taken from macroscopic material properties.  

 

The disadvantage is that atomistic simulations can be computationally expensive, Section 

3.5.6, information is calculated at every atomic point and so cell size is determined by the 

computing resources available. For larger scale applications, such as designing devices, 

atomistic simulations can generate parameters for micromagnetic models and so become the 

connecting link in the chain of multiscale modelling techniques.  

 

Improvements in computational facilities and open source software packages (such a 

VAMPIRE) mean that atomistic simulations are more feasible than ever and a useful tool in 

their own right. They produce reliable results of complex magnetic phenomena including 

ultrafast magnetisation dynamics, temperature effects and microscopic details. 
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3.1.4 VAMPIRE 

VAMPIRE is an open source atomistic spin simulation software package under active 

development. Created by the University of York, the code is designed to be accessible, with 

no in depth technical or programming knowledge required [11]. However, while still in the 

development stage, bugs are common within the code and the available manual is 

incomplete [12]. This means that to date, it is still difficult for a modelling novice to operate 

and interpret. This thesis aims to address this to an extent, providing a comprehensive test of 

VAMPIRE, its successes and limitations, from an experimentalist’s point of view. 

VAMPIRE also offers potential for future dynamical investigations of SFM properties, in 

particular, all optical switching simulations.  

 

Simulations are controlled through a simple text file system, with a material file and input 

file all that are required to run any number of magnetic simulations [12]. Subsequent 

sections of this chapter provide an overview of the underlying physics utilised within 

VAMPIRE, the methods that can be employed to generate a material file from experimental 

data and a number of test simulations, employed to determine the limitations of the code and 

best way to use computational resources.  

 

 

3.2 Spin Dynamics 
3.2.1 LLG Equation  

The LLG equation, Equation 3.1, describes the 

dynamics of the atomic spins. It arises from two 

physical effects; the precessional motion of a spin 

around the axis of the effective field, Heff, acting on 

the spin moment and its relaxation due to direct 

angular momentum transfer between the spin and a 

heat bath which aligns the spin along the field 

direction, with a characteristic coupling determined 

by the Gilbert damping constant, a.  
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Si is a unit vector representing the direction of the magnetic spin moment on site i and g is 

the gyromagnetic ratio. The dimensionless Gilbert damping constant is a characteristic 

Figure 3.2 Schematic of spin dynamics 
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material parameter that depends on temperature and frequency, and controls the rate at 

which magnetisation spins reach equilibrium [13].  Critical damping occurs when a =1, 

however in real materials a is generally a fraction of this. In a ferromagnetic resonance 

study (FMR) by [14], the damping constant in Co/Pt multilayers was found to range from 

0.05 to 0.17 with increasing Co thickness, and in a recent GdFe2 study using VAMPIRE 

atomistic simulations [15], a value of 0.2 has been utilised for a. The damping constant is 

discussed further in Section 3.5.1.  

 

The effective field is the negative first order differential of the classic spin Hamiltonian, ℋ, 

discussed further in Section 3.3, which describes the energetics of the spin system and a 

thermal term Hth, 
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Where µS, is the local spin atomic moment and expressed in units of the Bohr magneton, µB. 

[2] 

 

3.2.2 Langevin Dynamics 

As the LLG equation is strictly only applicable at zero temperature, Langevin dynamics, 

which assume that thermal fluctuations on each atomic site can be represented as a Gaussian 

white noise term, are used, as in Equation 3.2. The thermal term, Hth, is given: 
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 (3.3) 

 

Where G(t) is a Gaussian distribution in three dimensions with a mean of zero, Dt is the 

integration time step and kB, the Boltzmann constant.  

 

As temperature, T, increases, the Gaussian distribution widens to present stronger thermal 

fluctuations. With further increasing T, thermodynamic fluctuations of spin moments 

become stronger until eventually thermal effects are stronger than the exchange interaction 

at which point a ferromagnetic-paramagnetic transition will occur. 

 

The noise term is uncorrelated in time and space, which has limitations where time scales 

are short and thermal and magnetic fluctuations are correlated at the atomic level [16].  
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Equations 3.1 and 3.2 are solved numerically to determine the time evolution of the system. 

The Heun method [17], a modified Euler method for calculating the solutions to differential 

equations, is employed to solve the LLG equation in VAMPIRE [2]. An initial (predictor) 

step calculates a new spin direction, Si’ for a given effective field 0
122

# , using a standard 

Euler integration step,  
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Where, as above Dt is the time step and   
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The next (corrector) step uses this predicted spin position and the updated effective 

field,	0′
122

#  , to calculate the final spin position and complete the integration step by  
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The Heun scheme does not preserve the spin length and so Si is renormalized after both the 

predictor and corrector steps to ensure convergence to a solution. The predictor step is 

performed on every spin in the system, followed by the corrector step performed on every 

spin and repeated a several time to determine the time evolution of the system [2]. The 

accuracy of a simulation performed using the Heun scheme will depend on the step size, Dt, 

and the number of integration steps. 

 

3.2.3 Monte Carlo methods 

Spin dynamics are not always the most efficient method for determining equilibrium 

properties such as the temperature dependence of magnetisation. Monte Carlo methods use 

repeated random sampling to numerically estimate an unknown parameter and the adaptive 

algorithm (where each step depends on the previous solution) Monte Carlo Metropolis [18], 

is utilised in VAMPIRE. It provides an efficient method in the simulation of temperature 

effects, where the dynamics are not required due to the rapid convergence to equilibrium [2]. 
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A single Monte Carlo Metropolis step involves a trial move of a random spin with initial 

direction Si to a random new trial position Si’. The change in energy between these 

positions, ∆E = E(S
#

C
) − E(S

#
), is then evaluated and accepted with a probability P given by 

 

P = expP−

∆E

k
?
T

Q (3.8) 

 

Probabilities greater than 1, corresponding to a reduction in energy are accepted 

unconditionally and the procedure is repeated until N trial moves have been performed, 

where N is the number of spins. A move acceptance rate of around 50% is required to 

represent a state representative of true thermal equilibrium. This is due to the nature of 

Monte Carlo algorithms. There is a requirement that all states of the system are accessible 

and that the transition probability between two states is invariant [19]. In VAMPIRE this is 

satisfied by allowing the spins to move to a random orientation, which at low temperatures 

results in a large number of improbable, rejected moves. [2]  

 

 

3.3 Atomistic Spin Hamiltonian 
The spin Hamiltonian, ℋ, is the sum of the exchange energy, anisotropy energy and the 

applied field term and has the general form [2] 
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3.3.1 Exchange Term 

The Heisenberg exchange energy, introduced in 2.3.1, is the dominant term in the spin 

Hamiltonian and gives rise to magnetic ordering at the atomic level. It has the form 
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Where Jij is the exchange interaction between atomic sites i and j and is given by the mean 

field approximation,  
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Where TC is the Curie temperature, z is the number of nearest neighbours in the unit cell and 

ϵ is a correction factor to the usual mean field expression, arising due to spin waves in the 

three-dimensional Heisenberg model [20]. Due to the strong distance dependence of the 

exchange, the sum in Equation 3.10 is usually only performed over nearest neighbours. 

 

3.3.2 Anisotropy Term 

The thermal stability of a magnetic material is dominated by the magnetic anisotropy 

energy, the simplest form of which is single-ion uniaxial type anisotropy, most commonly 

found where an elongated axis gives a well-defined single easy direction, e. The uniaxial 

single ion anisotropy is given by 
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 (3.12) 

 

Where k2 is the uniaxial anisotropy energy per atom.  

 

3.3.3 Applied Field  

The applied field energy (Zeeman energy) considers interactions between the system and the 

external field, Happ, acting on it and is given  

 

ℋ
TVV

= −Wµ
A
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#
∙ 0
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 (3.13) 

 

The effect of the externally applied field is to align spins in the same direction as the 

externally applied field. 

 

 

3.4 Parameterisation of VAMPIRE from Experiment  
VAMPIRE employs a simple text file system with which to run simulations. At least two 

files are required, an input file and a material file. A crystallographic file can also be 

included but is not utilised in this thesis. This was primarily due to the amorphous nature of 

sputtered Co and Ni3Pt films and it has been found to be unnecessary for simulations of 

these layers. However, as discussed in Section 8.2, it may be a possible avenue for future 

work, in order to improve synthetic ferrimagnet simulations and to investigate the origin of 

perpendicular magnetic anisotropy in Ni3Pt. 
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The material file contains the material parameters, normalised layer heights and any 

intermixing that may occur between layers. The input file includes the system dimensions, 

boundary conditions, simulation attributes, program and integrator details, and the data 

outputs. This section describes the procedures applied within this thesis to parameterise 

VAMPIRE material files from experimental data. A brief overview of the input file is also 

given. An example material and input file utilised in this thesis are available in Appendix 

A.3.  

 

Sections 3.4.1 to 3.4.3, discuss the main parameters required for each material entered into 

the material file, the exchange, the atomic spin moment and the anisotropy.  

 

3.4.1 Exchange 

Equation 3.11 can be used to calculate the exchange in a ferromagnetic material, supplied to 

VAMPIRE in Joules. The Curie temperature can be determined through fitting experimental 

M vs T data with the Curie Bloch equation introduced in Section 2.4.4,  
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As discussed previously, a is an empirical constant and can provide information on the order 

of a material, relating the result of the classical simulation to experiment by rescaling the 

simulation temperature, Tsim, for the input experimental temperature, Texp, by 
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For a >1, Tsim<Texp leading to an effective reduction in thermal fluctuations in the simulation. 

This rescaling is also applied in dynamical simulations by applying T=Tsim in Equation 3.3 

[16]. Figure 3.3 shows the effect of altering this rescaling coefficient on the profile of the 

M(T) simulation.  

 

As the TC of the Co ultrathin films and Ni3Pt layers are ~700K and ~350K respectively 

(depending on the deposition parameters and thickness), intralayer exchange calculated from 

Equation 3.11 is generally of the order of 10-21J. 
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The exchange coupling between two ferromagnetic layers (intralayer coupling) is slightly 

more complicated. The majority of previous studies of two coupled ferromagnetic layers 

performed using VAMPIRE, have been purely theoretical. In these, the exchange parameter 

between the two ferromagnetic materials have been treated as a weighted average of the 

exchange of each of the two layers [21], or a value is stated with little information on its 

origin, such as in [22] (where it is simply stated that the exchange values are derived for the 

alloy, GdFe, and parameterised from experimental observation) or as in [23] where the 

interlayer exchange value is stated but no point of origin given.  

 

In this thesis, it has been important to achieve as many simulation parameters as possible 

from experimental measurements. Where the two layers in a synthetic ferrimagnetic 

structure can be considered to be distinct and switch separately, it is possible to measure the 

hysteresis of only the softer layer in the stack. This layer will switch first as the applied field 

is reduced from saturation. A minor loop is measured by simply reversing the field sweep 

direction back to saturation, after this first switching event occurs.  
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Figure 3.3 Curie temperature simulation using a test Co material file as discussed in 3.5. The critical exponent,a, is 
the only variable between simulations. The higher a, the more curved the magnetisation profile. 
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As shown in Figure 3.4, this minor loop is biased with an exchange field, HEX, determined as 

the shift in the centre of the minor loop from the zero-field axis. In an exchange biased 

system, this exchange field can be used to determine the interface energy per unit area, DE, 

through the relation 

 

∆E = M
A
H
ij
t (3.16) 

 

Where MS and t are the saturation magnetisation and thickness of the layer switching 

respectively [24, 25]. As for a cubic system,  
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Where µS is the atomic spin moment, na is the number of atoms in a unit cell and a3 is the 

volume of the unit cell. The exchange across the interface, Jij, is the interface energy per unit 

area, DE divided by the number of atoms at the interface. Considering that there are 1.5 

atoms touching in a face centred cubic (fcc) unit cell at the interface between the two layers 

and using Equations 3.16 and 3.17, the interface exchange can be given 

 

J
#Y
=

8µ
A
H
ij
t

3a

 (3.18) 

 

The exchange between the layers is not the same as the exchange interactions between like 

spins in the layers. While not necessarily indicative of the quantity of the RKKY coupling 

Figure 3.4 Determination of HEX from the minor hysteresis loop of an SFM 
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between the layers, Equation 3.18 gives a reasonable estimate of the exchange across the 

interface, parameterised for use in VAMPIRE directly from experimental data. The 

exchange calculated in this manner is usually of the order 10-24J. A lower value for the 

interlayer exchange is not unexpected as RKKY coupling is an indirect exchange interaction 

and The exchange coupling in the Ni3Pt/Ir/Co SFM system in this thesis is particularly 

reduced due to deposition practices, considered further in Section 5.4.3.  

 

3.4.2 Atomic Spin Moment 

The atomic spin moment, µS, can be determined from  
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Where MS is the saturation magnetisation at 0K [2]. MS of a sample is measured at a finite 

temperature (in this thesis, usually recorded at 10K) and so it is necessary to extrapolate the 

measurement to 0K. This is achieved using the same Curie-Bloch fit employed to determine 

TC. The atomic moment is expressed in multiples of the Bohr magneton within VAMPIRE.  

 

3.4.3 Anisotropy 

Only uniaxial anisotropy is considered for simulations presented in this thesis. The 

atomistic, magnetocrystalline, uniaxial anisotropy, ku is given 
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 (3.20) 

 

Where Ku is the macroscopic anisotropy constant, given in Jm-3. The anisotropy field, Ha, for 

a single domain particle is 

 

H
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 (3.21) 

 

The macroscopic anisotropy decreases with increasing temperature. This temperature 

dependence of anisotropy can be described by a power law scaling relationship of the 

temperature dependence of the magnetisation, MS(T), analogous to that of Callen and Callen 

[26, 27], 
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Where K(T*) is the normalising anisotropy at 0K. In VAMPIRE, the temperature 

dependence of anisotropy is addressed through the use of second (k2 = ku) , fourth (k4) and 

sixth (k6) order anisotropy terms, corresponding to uniaxial, cubic and six-fold terms 

respectively, from [28]. While here the value of n is not constrained and simply a description 

of the temperature dependence of the anisotropy, within the Callen and Callen formalism an 

exponent of 3 corresponds to uniaxial single ion anisotropy, 10 to cubic anisotropy and 21 

six-fold anisotropy. 

 

The coercive field, HC, does not always equal Ha [29]. Brown’s paradox explains that it is 

not energetically favourable for a magnetic particle above a certain size to consist of a single 

domain [30]. However, due to lack of experimental facilities to determine the anisotropy 

constants of thin films in this thesis, here it is taken that Ha = HC. Values of ku determined 

from this are not indicative of an actual value of anisotropy for the material but give a value 

of ku to be applied within the simulations. The simulations performed here are of a 

dimension that only allows for a single domain and so this gives a reasonable estimate. The 

value determined from HC can then be applied in hysteresis simulations, compared back to 

experiment and adjusted if necessary. 

 

In general, for Co and Ni3Pt simulations at low temperature, using Ha = HC provides a 

reasonable estimate for the anisotropy of the system. However, issues occur when 

considering the temperature dependence of the anisotropy, particularly where the higher 

order terms are required to correctly describe it. In these cases, for example, as discussed in 

Section 6.1.3, it is necessary to employ the trial and error approach discussed above.   

 

3.4.4 Simulation parameters (The input file) 

The VAMPIRE manual [12] discusses the input file, along with all possible input 

parameters. An example is also provided in Appendix A.3. It includes a number of necessary 

parameters and commands, starting with the dimensions of the system, unit cell size and 

boundary conditions. The program can be selected, with time-series, Curie-temperature and 

hysteresis (time, temperature and applied field variation respectively) the options utilised in 

this thesis. The integrator is chosen as Monte Carlo Metropolis or LLG Heun as discussed 

above. 
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The time step in seconds is determined before including a number of equilibration steps over 

which the system is equilibrated and a number of loop steps over which the integration is 

applied. These, in combination with the number of increments of time, temperature or 

applied field, determine the ‘real time’ of the simulation. The required data outputs are also 

included and the option to produce a configuration file for visualisation of the simulation. 

 

The values given in the input file depend on the system being simulated and its temperature. 

For higher temperatures, much larger simulation dimensions are required. Generally, for 

Curie temperature and hysteresis simulations, the shorter the time step increment, the longer 

the ‘real time’ of the simulation and the larger the simulation dimensions, the better. 

However, all three are computationally expensive and determining the most efficient method 

of achieving results is important. 

 

 

3.5 Test simulations  
A number of quick, (~15000 atom) test simulations have been performed to investigate input 

file parameters. The material file consists of the Co parameters given in table 2 of reference 

[2], critical damping is used, boundary conditions are applied in all directions and magnetic 

fields applied in the z direction, unless otherwise stated. All test hysteresis loops have been 

modelled at low temperature, 5K.  

 

3.5.1 Damping Constant 

Figure 3.5 shows the spin relaxation in x, y and z directions, with different Gilbert damping 

constants. The simulations were performed by setting the initial spin direction to be aligned 

in x. A 5T field is applied in the z direction and the system allowed to relax over time.  

 

Superconducting quantum interference device (SQUID) magnetometry, vibrating sample 

magnetometry (VSM) and x-ray magnetic circular dichroism (XMCD) measurements 

performed in this thesis, discussed in Section 4.3, and used to compare and qualify 

simulation results, are performed over much longer time scales than those simulated. A 

SQUID hysteresis loop can often take hours. Therefore, throughout this thesis, simulations 

are performed with critical damping, a=1, and the parameter, a, mentioned hereafter relates 

to the rescaling constant in Equation 3.14.  
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Figure 3.5 Spin relaxation with various damping constants 

 

3.5.2 Time Steps 

The time step interval or increment, Dt, determines the length in seconds of each integration 

step. Figure 3.6 shows the importance of choosing the correct time step increment, 

particularly for dynamic simulations such as hysteresis loops.  

 

The LLG Heun hysteresis simulations in Figure 3.6(a) have all been performed at 5K and as 

this is far from TC(Co), the normalised saturation magnetisation should be almost 1. It can be 

seen from Figure 3.6(a) that too short a time step, 10-16s, results in a simulation that has not 

had the required statistics to achieve a solution, and so a shorter time step requires a 

corresponding increase in the number of integration steps (loop time steps). A long time 

step, 10-14s, results in a loop that does not achieve the correct magnetisation. This is due to 

errors in the Heun integration scheme which are dependent on the square of the step size 

[17]. The predictor step, Equation 3.4, has not achieved the correct solution and as a result 

the magnetisation of the system appears reduced.  

 

Within the Monte Carlo Metropolis scheme, the quality of the result is determined by the 

total number of moves, given by the number of trial moves or spins, N and the number of 

time steps and is not dependent on Dt, evidenced by the overlapping curves in Figure 3.6(b). 

Therefore, results presented in subsequent chapters have been performed with 10-15s time 

increment for both dynamic LLG Heun simulations and Monte Carlo Metropolis. 
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Figure 3.6 Variation of time step interval applied to (a) hysteresis simulations and (b) Curie temperature simulations 

 

Simulations are equilibrated for a number of equilibration time steps and integrated for a 

number of loop time steps. Figure 3.7(a) shows the results of varying the loop time steps in 

LLG Heun hysteresis simulations. A higher number of loop time steps will produce a more 

accurate simulation. The number of equilibration time steps, for hysteresis simulations, has 

less of an impact, Figure 3.7(b). The number of time steps used in hysteresis simulations 

depends on the system. Higher temperature, or thinner layer require much longer integration 

lengths. 

 

 
Figure 3.7 (a) Variation of the number of loop steps and (b) equilibration steps in hysteresis simulations 

 

Similarly, for Monte Carlo Metropolis simulation of Curie temperature, Figure 3.8, the 

number of equilibration and loop steps does not drastically alter the profile of the 

magnetisation as a function of temperature for the Co test simulations. For lower moment or 

anisotropy simulations the number of integration steps does influence the quality of the 

simulation. Generally, Curie temperature simulations have been performed with a minimum 

of 10000 loop and equilibration steps.  
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Figure 3.8 Variation of the number of loop steps and (b) equilibration steps in Curie temperature simulations 

 

3.5.3 Dimensions 

Increasing the number of spins (atoms) N will improve the statistics, Figure 3.9(a), Section 

3.2.3. The unit cell can be specified within VAMPIRE as hexagonal close packed (hcp), face 

centred cubic (fcc), body centred cubic (bcc) or simple cubic (sc). The unit cell type will 

determine the distance between atoms, and as the exchange within VAMPIRE is considered 

to be nearest neighbour only and distance dependent, a less densely packed structure will 

exhibit a reduced exchange value. This can be observed as a reduction in the coercivity of 

the simulated hysteresis loops in Figure 3.9(b). 

 

 
Figure 3.9 The effect of varying the (a) number of atoms and (b) the unit cell type on hysteresis simulations 

 

The majority of simulations in this thesis are performed for comparison with thin film 

samples. It is therefore important to consider any issues associated with finite size effects, 

which manifest as tailing off of the magnetisation near TC, or sample aspect ratio. Figure 

3.10(a) shows the effect of altering the thickness (z dimension) of a simulation. In this case, 

boundary conditions are applied in x and y, but not z. It can be seen that finite size effects 

increase for thinner simulations. Figure 3.10(b) plots simulations performed with varying x 
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and y dimensions, with no boundary conditions applied. A greater aspect ratio results in a 

reduction in TC compared to the ideal bulk value and finite size effects.  

 

 
Figure 3.10 (a) Variation in the thickness, z and (b) variation of lateral dimensions, x and y 

 

3.5.4 Computation Time 

Computational complexity in atomistic simulations arises from the requirement of small 

integration time steps but long integration times. Integration time (also referred to as real 

time) is determined from the number of integration and equilibration steps multiplied by the 

time step increment, summed over the number of steps in the simulation, and is given in 

seconds. Generally, a hysteresis loop requires a real simulation time of several nanoseconds, 

(or millions of time steps). For Monte Carlo Metropolis TC simulations, a nanosecond is 

normally sufficient and the N is the main parameter determining simulation quality.  

 

Figure 3.11 shows the scaling ability of VAMPIRE and gives an insight into the 

computational resources and time scales required for simulations. Figure 3.11(a) plots the 

computational run time of several simulation volumes on up to 128 CPU and shows that run 

time scales with volume and number of CPU available [2]. Computational resources 

available to produce results discussed in this thesis are discussed further in Section 4.4. For 

the majority of this work, only 12 CPU have been available to run VAMPIRE. From Figure 

3.11(a), 100000 time steps performed for a reasonably sized system (~100000 spins) on 12 

CPU can take thousands of seconds. Therefore, a TC simulation can several hours and a 

hysteresis loop several days, even weeks depending on the temperature and volume.   

 

Figures 3.11(b) and (c) reveal the capabilities of VAMPIRE with access to national facilities 

such as the UK national supercomputer, ARCHER [31, 32]. Figure 3.11(c) displays a 

snapshot of a 918 million spin (500 x 500nm) simulation of domains during the induced 

ultrafast switching of GdFe performed on ARCHER, utilising 12288 CPU and producing 
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300GB of data. The simulation is reported to have taken ~2 hours [32]. This shows the 

potential scalability of VAMPIRE, and is discussed in Section 8.2 in regards to improving 

and aiding the understanding of results presented in this thesis.  

 

 
Figure 3.11 (a) Computational run time vs number of CPUs for 100000 simulation time steps performed on a small 
(~10600 spins), medium (~8x105 spins) and a large (8x106 spins) systems [2]. (b) Scaling of VAMPIRE on 
ARCHER for a system of 18 million spins [31]. (c) Dynamics of domains in a 918 million spin simulation of ultrafast 
demagnetisation in GdFe using over 12000 CPU, achieved in a run time of 2 hours [32]  

 

 

3.6 VAMPIRE Atomistic Spin Simulations: Current Literature 
VAMPIRE has been utilised for a number of studies on a wide range of themes, both for 

purely theoretical investigations and in combination with experiment, yielding further 

insight into observed magnetic phenomena. Ultrafast dynamics [5, 33, 34], finite size effects 

[35], Gilbert damping [36], temperature dependent properties [37] and exchange coupling 

[23, 15], are topics of recent theoretic studies involving VAMPIRE. A number obtain 

parameters from ab initio calculations or proceed to feed VAMPIRE results into 

macroscopic models.  

 

Experimental studies too, have been performed and in general, found reasonable agreement 

with VAMPIRE. Ma et al [38], after performing polarised neutron reflectometry 

experiments to investigate the compositional and magnetisation profiles of TbFeCo thin 

films, have used VAMPIRE to support their hypothesis that the thickness dependence of the 

compensation temperature is a result of differing interfacial magnetisations. Iacocca et al 
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[39], compare time resolved x-ray scattering measurements of a GdFeCo alloy with a 

multiscale model, using VAMPIRE and a micromagnetic modelling, to observe the spatial 

evolution of the magnetisation on femtosecond optical pumping. 

 

Sato et al [27] achieve reasonable agreement between their experimentally measured M(T) 

of CoFeB/MgO multilayers and that modelled by VAMPIRE. While unable to achieve 

agreement with the temperature dependence of anisotropy produced by the model and that 

experiment, simulation results lead to the conclusion that anisotropy in their system does not 

arise from single ion anisotropy. The particular interest of this study, however, is that results 

were achieved with modest simulation sizes. For example, in the study Iacocca et al [39], 

simulation volumes are 200x200x2nm and 1000x1000x2nm, impossible to achieve without 

access to a computing cluster. 

 

These studies also highlight the necessity for a robust approach in parameterising 

simulations. Ma et al find their exchange constants in a theoretical paper and Iacocca et al 

tune the simulated laser fluence to qualitatively reproduce experimental data, and as 

discussed in 3.4.1, a number of studies make no, or only vague, reference to the origin of 

parameters used in simulations.  

 

The aim of this thesis is to determine the feasibility and applicability of VAMPIRE atomistic 

simulations as a lab tool, that can be taken and applied in the same manner as a piece of 

experimental apparatus. As with experimental measurements, a result is only meaningful if 

the process to achieve it, the limitations of the equipment and the origin of the sample is 

understood. It is therefore necessary to have a good awareness of the limitations, 

assumptions and mistakes made in the application of VAMPIRE during the course of this 

thesis, and these will be discussed throughout subsequent chapters. This chapter gives an 

overview of the parameterisation process from experimental data and the necessary steps 

performed to achieve reasonable simulation results.  
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Chapter 4 

Experimental Methods 

This chapter considers the experimental methods and equipment employed to fabricate and 

characterise the thin film materials to be discussed. Samples were fabricated via magnetron 

sputtering, structurally characterised using x-ray diffraction and reflection, and the magnetic 

properties determined through magnetometry performed with vibrating sample 

magnetometry, superconducting quantum interference device magnetometry and x-ray 

magnetic circular dichroism. Finally, this thesis aims to treat atomistic simulations as a 

further lab tool, to be used in conjunction with standard morphology and magnetometry 

techniques in order enhance understanding of atomistic processes and eventually, as a 

development guide for creating new structures. To this end, a brief overview of the available 

computational facilities utilised has been included in this chapter.  

 

 

4.1 Thin Film Deposition 

4.1.1 Magnetron Sputtering 

Several techniques can be used to deposit thin film samples, with three categories under 

which they can be described: physical vapour deposition (PVD), chemical vapour deposition 

(CVD) and electrochemical deposition. PVD methods are atomistic processes that involve 

the vaporization of a source and transport of the vapour to the substrate where it condenses 

[1]. Samples for this thesis were produced via magnetron sputtering, a PVD method. 

 

Sputtering, is the removal of atoms from a material via ion bombardment. In the sputter 

deposition process, the source material, target, is the cathode and the substrate an anode. Ar 

gas is streamed into a chamber and ignited to a plasma by applying a voltage across the 

cathode. This results in the ionisation of Ar atoms via the reaction e- + Ar → 2e- + Ar+. The 

free electrons accelerated from the target surface in this process then interact with other Ar 

atoms producing more Ar+ ions and secondary electrons. Ar+ ion bombardment of the target 

surface displaces the target atoms which are projected towards the anode, where they can 

condense and form a film [2]. 

 

The sputtering process is dependent on the target and substrate separation, power and the Ar 

gas pressure. The distance between the target and substrate allows for electron and Ar 

interactions, and hence the production of ions. If the distance between cathode and anode is 
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too small the electrons don’t achieve ionising energies and a plasma cannot be sustained. 

The gas pressure will also determine the number of electron/Ar interactions, a higher 

pressure of Ar will increase the probability of collisions but the gas pressure in the chamber 

will reduce the mean free path of the sputtered target atoms as they move to the substrate. 

This means that target atoms lose more energy before reaching the substrate and diffusion of 

atoms during film growth will be reduced, altering the quality of the film. Any residual gas 

in the chamber will also reduce the mean free path of the target atoms and therefore a high 

vacuum system is beneficial [3]. Oxygen and nitrogen tend to accumulate at grain 

boundaries and prevent diffusion. If the vacuum is poor, the film might therefore be granular 

and be less dense as impurities accumulate and expand grain boundaries. The tendency for 

dissociation of O2 and N2 into highly reactive atomic species, at surfaces or because of the 

plasma, can also result in oxidation and nitridation. 

 

Magnetrons are used to increase the ionisation efficiency in the sputtering process, allowing 

for a reduction in the gas pressure within the chamber. A magnetic field is applied parallel to 

the target, and perpendicular to the electric field between the target and substrate. Due to the 

Lorentz force, electrons travel in a closed circular path, in a cycloidal motion, and are 

confined to the vicinity of the target, as in Figure 4.1. This increases the ionisation 

probability, the density of the plasma near the target and hence the ion bombardment of the 

target, increasing the sputtering and deposition rates [2] [3]. Therefore, the Ar+ pressure can 

be reduced by several orders of magnitude, resulting in less thermalisation of sputtered 

material, higher deposition rates and better control of microstructure. The circular trajectory 

of the electrons results in inhomogeneous erosion of the target and a ring or race-track to 

develop on the surface [4], and is clearly visible on used targets, Figure 4.2. 

 

 
Figure 4.1 Illustration of planar magnetron. The magnetic field is depicted by the dashed lines and the path of 
electrons within the plasma by solid lines [3] 
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Magnetron sputtering has several advantages over other PVD 

techniques (such as evaporation), in that there is no 

requirement to melt the target material, the material can be 

transferred from multiple angles and stoichiometry of the 

target material is conserved [4] [5]. It is possible to produce 

high purity films with good uniformity, across large areas 

and with good adhesion [6].  

 

 

4.1.2 Lesker High Vacuum Deposition System  

Thin film samples were fabricated using a Seagate 2B deposition custom system built by 

Kurt J Lesker for producing high quality, complex magnetic materials.  Figure 4.3(a) shows 

the Lesker magnetron sputtering system and Figure 4.3(b) a schematic of the inside of the 

process chamber.  There are six magnetrons arranged within the high vacuum process 

chamber, each of which hold a 3” target and have an independently controlled shutter, 

allowing for the deposition of alloys and multilayers. Gas inlets enable sputtering with 

reactive gases, primarily oxygen and nitrogen. A radiative heater is located just above the 

substrate, the platen, making depositions from room temperature up to a deposition 

temperature, TDep~450℃ possible.  

 

TDep is monitored through the use of a pyrometer positioned on the centre of the wafer, with 

an emissivity determined from calibration with a thermocouple at the sample position and 

monitoring of the current supplied to the heater. The heater temperature is controlled by a 

feedback loop with two thermocouples located above the platen [49], one utilised to control 

the set temperature and a second to monitor it, as an override control. However, within the 

system, there is a slight propensity for one of the thermocouples to drift and lose thermal 

contact with the platen, simply from repeated heating and cooling of the wire, as well as 

being under high vacuum. Whilst this is supervised, adjusted as necessary and although a set 

temperature can be monitored by the pyrometer, it can be difficult to achieve exact 

repeatable TDep between samples. Temperatures are monitored throughout and the substrate 

is allowed to warm for several hours until the pyrometer trace is steady, before deposition 

begins.  

 

Figure 4.2 Used target with deep 
racetrack 
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Figure 4.3 (a) Lesker magnetron sputtering system (b) Schematic of the process chamber 

 

The chamber can achieve a base pressure of 10-9Torr and deposition Ar+ pressure is typically 

3mTorr. The substrate is held in the platen and rotated at 20rpm during deposition to 

improve film uniformity. Substrates up to 6” in diameter can be accommodated by the 

system and up to 6 substrates can be stored in the load lock at any one time. Magnetrons are 

located 16cm from the platen and arranged in two rings, with the inner 3 magnetrons at an 

angle of 15º and the outer 3 magnetrons at 33º to the platen. 

 

4.1.3 Determination of Deposition Rates 

Deposition rates are of critical importance for controlling the quality of deposited films and 

so are monitored carefully over the lifetime of a target. Rates are calculated for a given Ar 

pressure and for a range of magnetron power settings for each elemental target. Calibration 
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films (~30nm thick and with a 5nm Ru or Pt cap if the film is liable to oxidise) are deposited 

and the thickness is determined via XRR (Section 4.2.2), before dividing by the deposition 

time, tDep to give a rate. A calibration curve can then be achieved for each target, Figure 

4.4(a) and (b). For this thesis, deposition rates were generally confirmed every few months, 

at a set power and pressure, and depending on the usage of the target. The SFM samples 

presented are composed of layers much thinner than that used for the determination of 

deposition rates. As discussed in Section 6.2.1, the nucleation of a film can be very different 

from bulk growth and there is scope for error in determination of layer thickness in the 

thinnest of films, particularly if they are deposited on different seed layers or in a multilayer. 

Therefore, to mitigate this, films were deposited at the same deposition rate and power 

throughout, allowing for comparison between samples. The powers and deposition rates 

used for sample Ni3Pt/Ir/Co sample fabrication are listed in Table 4.1. 

 

The desired composition of a binary alloy, in this case Ni3Pt, is achieved from the individual 

deposition rates, the density and molar mass of the components (Ni and Pt). The 

composition or variation of the composition of Ni3Pt films was not investigated but is an 

avenue of future work, Section 8.2.1.  Figure 4.4 shows the deposition rate as a function of 

gun power for the Ni and Pt targets.  

 
Table 4.1 Gun powers and deposition 
rates for sputtering pressure of 3mTorr 

Target Power (W) 
Deposition 

Rate (nm/s) 

Ni 125 0.071 

Pt 16 0.033 

Ir 40 0.009 

Co 40 0.019 

 

 

 

For the purpose of quantifying RKKY coupling strength in the Ni3Pt/Ir/Co SFM stack, Ir 

layers with a thickness, tIr, from 0.1-1.5nm were deposited, Section 5.4.1. The majority of 

samples discussed in this thesis have tIr ranging from 0.4-0.6nm. As the atomic radius of Ir is 

0.18nm, a change in thickness of 0.1nm cannot be considered as a complete monolayer of 

atoms and for such a thin film it is perhaps more accurate to quantify the differences as a 

deposition time rather than a thickness. The Ir deposition rate is kept deliberately low, Table 

4.1, and is used throughout this thesis to give a value for tIr and maintain consistency in 

sample structure notation. The RKKY coupling through the non-magnetic Ir interlayer, is 

Figure 4.4 (a) Ni and (b) Pt deposition rate vs magnetron gun power. 
Crosses represent the measured deposition rate for a given power and 
lines denote polynomial fits to the data. 



 61 

very sensitive to thickness and even a 1Å change in tIr (9.6s change in deposition time) can 

have a dramatic effect on the SFM properties, Figure 4.5.  

 

 
Figure 4.5 10K Hysteresis loops of Ni3Pt(11nm)/Ir(tIr)/Co(1nm) SFM samples showing the variation in sample 
behaviour achieved with a 0.1nm change in tIr or 9.6s of deposition time. 

 

4.2 Morphology Characterisation  

4.2.1 X-Ray Diffraction 

X-ray diffraction (XRD) was used to determine the crystal structure and material properties 

of thin films. It involves the elastic scattering of monochromatic x-rays by atoms in a 

periodic lattice. Scattered x-rays will interfere with constructive or deconstructive 

interference. A simple description of 3D elastic scattering is given by Bragg’s law which 

describes the constructive interference of scattered x-rays and is depicted in Figure 4.6.  

 

 
Figure 4.6 Illustration of Bragg's diffraction where monochromatic x-rays are scattered and interfere constructively 

 

For constructive interference the path difference, AB+BC, must equal an integer number, n, 

of wavelengths, l, giving Equation 4.1.   
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nλ	 = 2d'()	sinθ (4.1) 

 

A diffraction peak will occur at angles q where the Bragg condition is satisfied. The 

interplanar lattice spacing, dhkl, will vary depending on the Miller indices of the plane, hkl, 

and the unit cell lattice parameters, a, b and c. Equation 4.2 describes dhkl for an 

orthorhombic (a≠b≠c) unit cell. This will simplify in the case of a cubic unit cell where 

a=b=c.                                              

 

1

d'()
/ = 0

h/

a/
3 + 0

k/

b/
3 + 0

l/

c/
3 (4.2) 

 

A diffraction pattern can therefore be used to determine dhkl and the Miller indices of a 

material. The intensity of the diffraction peaks indicates the preferred orientation of 

crystallites within a sample and the full width of the peak at half maximum (FWHM) will 

give an indication of the crystallite size, as per Scherrer’s formula, Equation 4.3.  

 

t =
kλ

βcosθ
 (4.3) 

 

Where t is the average grain size, k a dimensionless shape factor associated with the grain 

shape but usually assumed to be 1, b is the FWHM of the peak, q the Bragg angle and l the 

wavelength [7]. 

 

A Bruker D8 Discover diffractometer was the 

instrument used, the basic geometry of which is 

shown in Figure 4.7. A Cu source produces x-

rays with a characteristic Ka with l=1.542Å. A 

high angle w – 2q scan, where w > 10º, is used to 

produce diffraction patterns and determine lattice 

spacing and grain size of thin film samples. 

 

 

4.2.2 X-Ray Reflectometry 

X-ray reflection measurements (XRR) are performed at low angles producing a series of 

fringes as shown in Figure 4.8. The technique can be used to measure film thickness and 

density of a thin film. 

Figure 4.7 Bruker D8 Discover geometry 
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Figure 4.8 XRR measurement of 14nm thick Ir film, showing how key parameters can be determined from the fringe 
pattern 

 

X-rays incident on a surface undergo total reflection when the angle is less than the critical 

angle, qC. At incident angles above qC, x-rays will refract into the film until they hit another 

interface, the substrate or in another layer in a multilayer, where they are reflected. 

Interference occurs, and a series of oscillations develop in the XRR profile, known as 

Kiessing fringes [8]. 

 

The separation of the fringes can be used to determine film thickness, generally the shorter 

the period of oscillation the thicker the film. Equation 4.4, relates d, the film thickness, to 

Dqi, the fringe separation and the wavelength of incident x-rays l.   

 

d =
λ

2∆θ=
 (4.4) 

 

The density of the film, r, can be determined from qC, marked on Figure 4.8 as the point at 

which the fringes begin [8]. The Bruker XRD software package, LEPTOS, is used for XRR 

analysis [9]. Data is simulated and a fit applied in order to estimate the film parameters.  

 

 

4.3 Magnetic Characterisation  

4.3.1 Vibrating Sample Magnetometer 

A vibrating sample magnetometer (VSM), operates on the principle of Faraday’s law of 

induction, Equation 2.20, where an oscillating magnetic sample induces an electromotive 



 64 

force (EMF) in a series of pickup coils [10]. This EMF is proportional to the magnetic 

moment of the sample. 

 

The MicroMag 3900 Series VSM consists of an oscillator, to vibrate a sample at a frequency 

of 83Hz and amplitude of 1mm, pickup coils and an electromagnet capable of producing 

fields up to 1.8T, Figure 4.9. Sample size is typically 5x5mm and the majority of 

measurements are performed at room temperature. It is possible to achieve a sensitivity of 

0.5µemu, with an averaging time of 1s, at room temperature [11]. However, as the saturation 

magnetisation, µ0Ms, is volume dependent, thinner samples will have a larger signal to noise 

ratio and therefore measurements here are performed with longer averaging times, typically 

2s.  

 

Optimisation of the sample 

position, to be central within the 

pickup coils and therefore within 

the saddle point created by the 

configuration of the magnet [12], 

allows for measurement at varying 

angle q. Background 

measurements, taking account of 

both the sample holder and the 

substrate, are recorded using the 

same measurement conditions and 

position, and subtracted directly 

from measurements.  

 

A helium gas furnace option allows for measurements in the range 200-800ºC, through the 

use of a furnace thermocouple located just below the sample position to monitor and control 

the set temperature. Calibration of both the magnetic moment at room temperature were 

performed using a NIST Ni 762 disk standard, Figure 4.10(a) and a thermocouple attached 

the sample holder (at position x in Figure 4.9) was used to calibrate the furnace 

thermocouple.  

 

Figure 4.9 VSM schematic 
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Figure 4.10 (a) NIST Ni 762 reference sample hysteresis loop, dashed lines show the given moment of the 
reference sample at 1.75296emu. (b) Furnace calibration measurement with dashed lines denoting a linear fit to the 
measured temperature. 

 

The VSM provides a quick and effective method of measuring magnetisation of a sample 

with respect to the applied magnetic field, the angle to that field, and as a function of time 

and temperature. A high field sweep rate and the ability to perform measurements above 

room temperature give it advantages over other magnetometry techniques. VSM 

measurements are less demanding on both time and resources and provide easier access to 

high temperatures than SQUID magnetometry, but have significantly lower resolution.  

  

4.3.2 Superconducting Quantum Interference Device (SQUID) 
Magnetometer 

A SQUID magnetometer is a highly sensitive method of characterising magnetic samples, 

utilising one or more Josephson junctions to measure tiny changes in magnetic flux. A 

Quantum Design MPMS XL magnetometer with single longitudinal RF SQUID sensor has 

been used to achieve the results presented in subsequent chapters. 

 

The Josephson effect describes the phase coherent tunnelling of electron pairs through a 

barrier (or weak link) from one superconducting region to another [13]. The 

superconducting current can penetrate the barrier with no voltage drop if its width is less 

than the coherence length of the superconductor and the current is less than a critical current, 

Ic [14].  When an external flux penetrates the loop and a biasing current, Ib, greater than Ic is 

applied, an AC voltage will develop across the junction.  

 

If a constant Ib is applied, then the voltage will change periodically with the change in 

external flux, oscillating with the changes in phase, Df, at the two Josephson junctions. 

Monitoring the voltage change allows determination of the flux coupled to the SQUID loop, 



 66 

Figure 4.11, as one period corresponds to an increase of one flux quantum, Φ? =

2.068	x	10EFGT m2.  

 

 
Figure 4.11 Superconducting quantum interference device 

 

SQUIDs can be either RF or DC, biased with an alternating RF or a DC current respectively. 

A RF SQUID consists of a single Josephson junction with the flux inductively coupled to 

the SQUID loop through an input coil and an RF coil inductively coupled to a resonant tank 

circuit, the effective inductance of which changes as the SQUID operates in resistive mode. 

The DC SQUID contains two junctions [15], Figure 4.11. 

Within a SQUID magnetometer, the field is fixed and the sample is moved through the 

detection coils using either a DC scan, where the sample is moved in discrete steps, or a 

reciprocal sample option (RSO) scan, where the sample is rapidly oscillated. At each step, 

the sample produces flux in the superconducting detection coils which is then detected by 

the SQUID. A feedback circuit counters the flux contribution from the sample by 

introducing an opposing magnetic field to the superconducting circuit. The feedback current 

produces the voltage associated with the sample signal. The magnetisation of the sample is 

derived from this voltage and a longitudinal SQUID calibration factor [15]. 

 

The RSO technique is preferred for low moment samples and is much faster than DC 

measurements, allowing for higher averaging, and is the technique used here. RSO 

measurements can achieve a sensitivity of 5x10-9emu but accuracy is limited for samples 

with moment exceeding 0.4emu. 

 

RSO measurements can be made in two configurations, centre measurements where the 

sample is oscillated through a larger period (typically 4cm) or maximum slope, where the 
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sample is oscillated over a small region in the most linear part of the SQUID response, 

Figure 4.12. Centre scans keep track of the sample position and record a larger number of 

data points, increasing accuracy, and is used for temperature dependent studies. Maximum 

slope measurements, whilst susceptible to drift in the sample position, are quick and the 

shorter scan length prevents exposure to magnetic field variation [16]. Maximum slope is 

particularly useful for hysteresis measurements [17].  

 

 
Figure 4.12 RSO measurement of the normalised voltage associated with the sample signal as a function of the 
sample position within the detector coils of a Pd reference sample at 300K under an applied field of 0.1T using (a) 
centre measurement and (b) max slope option.  

 

Features of the Quantum Design MPMS XL magnetometer, are shown in Figure 4.13.  

Samples are mounted in plastic straws in in-plane or perpendicular configuration as shown 

in Figure 4.14 and attached to the sample rod.  The sample rod is placed in a sample space 

submerged in a dewar of liquid helium. A superconducting magnet can produce magnetic 

fields up to 7T and a heater allows for measurements in the temperature range 1.8-400K. 
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Figure 4.13 MPMS XL SQUID magnetometer schematic 

 

There are three magnet charging options, no overshoot, 

oscillate and hysteresis mode. No overshoot mode charges 

the magnet monotonically to a set field, Hset, so that it is 

not exceeded, and oscillate mode approaches Hset in a 

series of decreasing amplitude oscillations, before 

engaging the switch heater to produce a stable magnetic 

field. Both no overshoot and oscillate charging options 

take several minutes to allow for a steady field before the 

switch heater is engaged and a persistent current is stored 

in the magnet [18]. Oscillate mode can achieve the most 

precise field settings but can lead to uncertainty in the field 

history, particularly near zero, where the field may 

oscillate to the opposite polarity.  Hysteresis mode charges 

the magnet similarly to no overshoot mode but operates in 

a sweep mode, not engaging the switch heater, and is therefore significantly faster but less 

stable than the other charging options as there is no allowed time for the relaxation of flux 

Figure 4.14 Sample mounting in straws, 
perpendicular samples are 4x4mm and 
in plane are 5x5mm 
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lines into equilibrium states [19]. Hysteresis mode is particularly useful for measurements 

that require multiple field steps [20]. 

 

The superconducting magnet within the SQUID magnetometer has a tendency to trap 

remanent fields in the windings after charging to high fields [18]. This is generally of the 

order ~10Oe, and the polarity will be opposite that of the last applied field. It can be 

removed by warming the magnet above its critical temperature to expel trapped flux. It can 

be observed as a bias in some samples with low coercivity and in zero field cooling 

measurements, ZFC, where the sample is cooled from above its ordering temperature in zero 

field, as a negative moment at low temperature but is generally small enough to be ignored.  

 

A Pd reference sample with a well characterised paramagnetic response is used for magnetic 

field calibration and diagnostics. Using the magnetic susceptibility per gram of the Pd, cg, 

which is given as cg = 5.24 x 10-6 cm3g-1 at 299K, the mass of the sample in g and the 

measured moment, mPd, in emu, the applied field, Hset, in Oe can be calculated as in 

Equation 4.5. The error in the sample moment and mass is given in [21]. 

 

HIJK =
mMN

χP ∗ 	mass
 (4.5) 

 

Figure 4.15(a) shows the variation in the three magnet charging modes using the Pd 

reference sample. As the Pd sample has such a well-defined magnetic response, it highlights 

the small changes in field that can occur in hysteresis mode, to counteract this a time delay is 

typically included before the measurement is taken. Figure 4.15(b) shows how the Pd 

sample can be used to check the magnetic field accuracy.  

 

 
Figure 4.15 Pd reference sample RSO measurements performed at 300K showing (a) different field charging 
modes and (b) how the Pd reference sample can be used to check the field within the SQUID magnetometer 
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The SQUID magnetometer has the benefits of achieving high magnetic sensitivity, can 

achieve high fields and steady temperature control, but data acquisition is slow. Therefore, 

background measurements are performed for a range of temperatures and a fit is used to 

subtract background contributions from the sample measurements Figure 4.16.  

 

 
Figure 4.16 Hysteresis measurements of various substrates for background subtraction at varying temperature. (a) 
thermally oxidised 4" Si wafer, (b) r-plane and (c) c-plane Al2O3 substrates for background subtraction 

 

4.3.3 X-Ray Magnetic Circular Dichroism 

X-ray magnetic circular dichroism (XMCD) uses the 

difference in absorption of right and left circularly 

polarised light in a magnetic field to determine 

magnetic properties, Figure 4.17.  X-rays interact with 

electrons in a material and cause a transition from a 

core electronic energy state to an empty state. Element 

and orbital selectivity in XMCD is due to the dipole 

selection rules in the x-ray absorption process. 

 

Due to spin-orbit coupling, incident circularly 

polarised photons transfer angular momentum to the 

orbital and spin momentum of the excited 

photoelectrons [22]. Right circularly polarised photons 

transfer the opposite angular momentum to that of left 

circularly polarised photons, creating photoelectrons with opposite spin. The difference in 

absorption spectra of the right and left circularly polarised x-rays is the XMCD signal.  

 

An absorption edge occurs at energies at which there is a peak in the x-ray absorption and is 

determined by the binding energy of a core level. Properties of the 3d electrons are best 

probed by excitation of 2p core electrons to the unfilled 3d states and therefore L-edge 

Figure 4.17 Absorption of left and right 
circularly polarised radiation in the 
vicinity of the L absorption edge of Fe. 
The difference between the two 
spectra gives the XMCD signal [22] 
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absorption spectra, dominated by the p → d transitions, are used. The position of the L-edge 

varies strongly with atomic number allowing for elemental specificity by choice of the 

incident x-ray energy [23].   

 

XMCD experiments are typically performed at synchrotron light sources. Samples were 

fabricated and characterised in house and supplied, along with the desired measurement 

parameters, for XMCD experiments performed at Diamond Light Source POMS end-station 

[24] and at the Advanced Light Source, Fermilab by Maciej Dabrowski and Takafumi 

Nakano from the University of Exeter, David Burn, Andreas Frisk and Gerrit van der Laan 

from Diamond and Alpha N’Diaye from ALS.  

 

 

4.4 Computational Facilities  

4.4.1 Lab Facilities 

The majority of simulations discussed in this project have been performed on a Linux 

machine with 24 available 2.9GHz Intel Xeon CPU using openmpi parallelisation and the 

latest development version of VAMPIRE [25]. Reasonable simulation times can be achieved 

with a limit of ~10000 atoms per core. Simulations utilising the binary version of VAMPIRE 

5.0 [26] have been performed on a MacBook Pro with 2.7GHz Intel Core i5 processor. 

Figure 4.18 shows the computation time required for a range of simulation volumes on the 

available for both serial and parallel versions of VAMPIRE, utilised for the majority of this 

thesis. The computation time required for simulations is also discussed in Section 3.5.6. The 

vast majority of simulations presented within this thesis are achieved using this system, an 

example of which can be found in Section 6.1.4.  

 

 
Figure 4.18 Computation time required to simulate 100000 steps for (a) serial VAMPIRE and (b) parallel simulations 
for systems ranging from just 103 spins to 106 spins. 
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4.4.2 VIKING Cluster  

Opened in January 2019 by the University of York, the VIKING cluster offers 7000 Intel 

cores, 2.5PB of Lustre storage and 8 Nvidia v100 GPU. Jobs are submitted via batch scripts 

containing requests for resources and run commands [27]. Available in the final months of 

this thesis, VIKING has been primarily used for large parallelised VAMPIRE simulations, 

generally calling on up to 4 nodes, with 40 cpu available per node. VIKING simulations in 

this thesis (simulations of Ni3Pt hysteresis at elevated temperature) are presented in Section 

6.2.2. 
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Chapter 5  

Design and Fabrication of Ni3Pt/Ir/Co 
Synthetic Ferrimagnets 
 

 

This chapter discusses the design and fabrication of synthetic ferrimagnet samples, why the 

Ni3Pt/Ir/Co system is of particular interest and the necessity of considering the temperature 

dependence all magnetic properties of the constituent layers, in order to fully control the 

properties of the SFM.  

 

  

5.1 Design Criteria of Synthetic Ferrimagnets 
As introduced in Section 2.5, synthetic ferrimagnets consist 

of two ferromagnetic layers coupled through a non-magnetic 

(NM) spacer layer via the RKKY interaction, Figure 5.1. 

The strength and direction (ferromagnetic or 

antiferromagnetic) of the coupling depends on the thickness 

of the NM layer and if antiferromagnetically coupled, the 

SFM may exhibit a compensation point, Tcomp. This is the 

temperature at which the moments of the layers are equal, and as they are aligned 

antiparallel, cancel, to produce a point of net zero moment. We have used Tcomp as a design 

consideration throughout this thesis. 

 

Synthetic ferrimagnets with perpendicular magnetic anisotropy (PMA) are of particular 

interest for a number of applications. They are utilised widely in perpendicular magnetic 

tunnel junctions [1, 2], magnetic memory devices [3], sensors [4] and logic states [5, 6]. 

SFM structures have been found to provide increased magnetic and thermal stability [7], to 

exhibit an increase in domain wall velocities [8] and exhibit ultrafast dynamics, with 

potential as a system for all optical magnetic switching (AOS) [9, 10]. 

 

As discussed in Section 1.1, AOS is the manipulation of magnetic order via the application 

of ultrafast laser pulses and was first observed by Stanciu et al [11] in the ferrimagnet 

GdFeCo. The majority of studies since have also been performed on rare-earth transition-

metal ferrimagnets [12, 13, 14, 15]. However, AOS has also been observed and explored in 

SFM samples [10, 16].  

Figure 5.1 SFM structure  
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Switching can be helicity dependent or independent and a number of explanations for the 

phenomena have been proposed [17, 18, 19]. Originally, the inverse Faraday Effect (angular 

momentum transfer from circularly polarised light to the media) was considered to be the 

mechanism for the reversal [18]. From further experimental studies [15], deterministic 

switching as a result of the application of femtosecond laser pulses was determined to be due 

to at least two mechanisms; a thermally induced (TIMS) helicity independent mechanism 

[16, 20] and a helicity dependent mechanism (from the inverse Faraday Effect or magnetic 

circular dichroism) [14].  

 

The properties of a material considered necessary for the achievement of AOS are equally 

debated, particularly in the requirement of a compensation point in ferrimagnetic and 

synthetic ferrimagnet systems. For example, Medapalli et al [12], investigated the 

magnetisation dynamics of GdFeCo and found that the conditions for ultrafast magnetisation 

were easily achieved below Tcomp but that the same experiment performed above Tcomp 

resulted in only ~50% demagnetisation. This agrees with earlier results that found increased 

switching efficiency and smaller laser fluence was required at low temperatures, below that 

of the GdFeCo Tcomp (~300K) [13]. A theoretical study by Gridnev [21] also concluded that 

the switching efficiency was greater below Tcomp and Ostler et al [15], also showed that 

traversal of the compensation point was necessary for AOS. However, Moreno et al, find 

from a theoretical VAMPIRE investigation of TIMS in TbCo, that the existence or traversal 

of Tcomp is not necessary to achieve AOS.  

 

However, if a thermal aspect is involved in the magnetisation switching, Tcomp must be at 

least considered. To a large extent, the compensation point governs the switching behaviour 

of the SFM, Section 5.5.1 and 7.4, as it marks the point at which one layer becomes more 

magnetic than the other. As a result of Zeeman energy, it is expected that the layer with 

higher moment will govern the behaviour of the system, with this layer aligning to the field 

and the direction of the other determined by it and the exchange energy between them. 

Therefore, for both potential future applications and as a reference point to the behaviour of 

each of the layers, Tcomp has been designed into the Ni3Pt/Ir/Co SFM and at temperatures 

below Tcomp, the Ni3Pt layer exhibits higher moment.  

 

As discussed in Section 1.1, SFM are also an interesting structure with which to test the 

accuracy of VAMPIRE applied to a real experimental system and the feasibility of 

implementing its use as an investigative and predictive lab tool. This can be demonstrated by 

once again considering the macroscopic energy model introduced in Section 2.5.3, where the 
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total energy of the system can be considered a sum of the Zeeman energy, EZ, the exchange 

energy, EEX and the anisotropy energy, EA, Equation 5.1. 

 

E = E# + E%& + E' (5.1) 

Where 

E# = M'Hcosθ' − M/Hcosθ/ (5.2) 

E%& = −Jcos(θ/ − θ') (5.3) 

E' = K'sin6(θ' − ϕ') + K/sin6(θ/ − ϕ/) (5.4) 

 

Where MA and MB are the magnetisations of two ferromagnetic layers, A and B, at angles qA 

and qB, respectively, with the applied field, H, and J is the exchange coupling constant. A 

and B also have an associated anisotropies, KA and KB which make angles fA and fB with H, 

respectively [22]. Equations 5.1 – 5.4, demonstrate how the net properties of the SFM stack 

are a result of the interactions between the magnetic properties of each layer and as 

discussed in Sections 5.5.3 and 7.4, the temperature evolution of each of these magnetic 

properties can result in complex magnetic phenomena.  

 

Therefore, as a starting point, it is interesting to test if VAMPIRE can achieve accurate SFM 

simulations when supplied the parameterised single film data as in Section 3.4, beginning 

with simulations of Tcomp, Section 5.4.1, and then correctly modelling the observed 

experimental behaviour.  

 

PMA was an additional design consideration and as discussed in Section 5.2, thin Co films 

with NM interfaces exhibit induced PMA and PMA can be achieved in Ni3Pt deposition 

through control of the deposition temperature. Another benefit of the system is that each 

layer composes of distinct chemical species, meaning that x-ray magnetic circular dichroism 

(XMCD) can be utilised to measure element specific magnetic behaviour in the SFM and 

inform on the behaviour of each layer in the SFM stack.  

 

The choice of a Ni3Pt/Ir/Co SFM also aids the ability to investigate VAMPIRE, due to good 

control over the properties of the individual layers, Chapter 6, and thus those of the SFM. In 

this Chapter, evidence is provided of control over the compensation point, by simply varying 

the thickness of the Ni3Pt layer, and how further investigation of the samples lead to the 

observation of a negative remanence region, Section 5.5.3. 
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5.2 Temperature Dependence of the Magnetisation in Co and Ni3Pt  
As discussed in Section 2.5, the compensation point can be engineered by considering a 

system where the layer with higher magnetisation has a lower TC. Therefore, in this section 

the thickness dependence of magnetisation in Co and Ni3Pt films is considered. The 

properties of each layer will be considered in much more detail in Chapter 6.  

 

5.2.1 Thickness Dependence of Magnetisation in Co ultrathin films 

Table 5.1 lists the unit cell and magnetic properties of 

bulk Co. The crystal structure of Co is hexagonally 

close packed (hcp), with a TC of 1388K and 

saturation magnetisation, µ0Ms, of 1.81T. Bulk Co 

normally exhibits in plane magnetisation but below 

~1.5nm and sandwiched between NM layers, strong 

interfacial anisotropy can induce PMA [26, 27].  

 

Within such Co sandwiches, there is physical competition between a dipolar interaction 

favouring in plane anisotropy and magnetic surface anisotropy, arising from broken 

symmetry at the interfaces, that favours PMA. If the film is thin enough, this interfacial 

magnetocrystalline anisotropy is sufficient to overcome the demagnetising energy and the 

sample exhibits PMA [28, 29]. An Ir/Co/Ir trilayer structure is used to investigate the 

temperature dependence of the magnetisation in Co with varying thickness. Ir is used as the 

NM layer for the simple reason that it is also utilised as the exchange coupling layer in SFM 

samples, Section 5.4.1. 

 

Co thin films were deposited at a calibrated deposition rate of 

0.019nm/s via DC magnetron sputtering on thermally oxidised 

silicon substrates (~300nm thick SiO2) [30]. Such a low deposition 

rate is utilised in an attempt to preserve the integrity of the 

interfaces [31], as intermixing between Co and Ir is known to 

occur [32].  

 

Figure 5.2 provides a schematic of the Co sample structure. A thin layer of Ta is deposited 

to aid film adhesion [33]. Co thin films of thickness tCo, are sandwiched between 3nm thick 

Ir layers, before capping with Ta to further protect the film surface, as Co is known to 

oxidise [34]. Samples were deposited at room temperature (RT) with an Ar+ gas pressure of 

3mTorr, and measured as deposited.  

Table 5.1 Bulk Co material properties from 
[23, 24, 25] 

Unit Cell 
HCP 

(a=b=2.507Å, c=4.069Å) 

TC (K) 1388 

µ0Ms (T) 1.81 

µs (µB) 1.72 

k (J/atom) 6.69x10-24 

JCo (J/link) 6.06x10-21 

Figure 5.2 Co sample 
schematic 
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SQUID magnetometry has been utilised to determine the temperature dependence of the 

magnetisation of Co films with varying tCo, in the temperature range 10-400K, with 

measurements performed in perpendicular orientation for samples with tCo in the range 0.5-

1.2nm, Figure 5.3(a), and in plane for 1.5-2.0nm samples, Figure 5.3(b). A saturating field is 

applied at low temperature before reducing this applied field to a strength sufficient to keep 

the magnetisation fully orientated. As samples less than 1.1nm exhibit 100% remanence, 

only a small ~0.01T measuring field is required. In plane measurements were performed 

under a 0.05T applied field. 

 

 
Figure 5.3 (a) Perpendicular M vs T SQUID measurements of Co samples with tCo = 0.5-1.2nm. (b) In plane 
measurements of 1.5nm and 2.0nm Co samples 

 

A clear trend in the magnetisation as a function of temperature with varying tCo can be 

observed, especially in the thinner films where TC is achieved in the available SQUID 

temperature range. From Figure 5.3(a) it can be seen that the TC of the thinnest films is 

significantly reduced from that of bulk Co, Table 5.1. It is not unexpected that the magnetic 
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properties of thin films differ from those of the bulk due to broken symmetry at the interface 

and this reduction in TC with decreasing film thickness has been observed in a number of 

studies including for fcc Co films on Cu [35] and in Co, Ni and CoNi alloys [36].  

   

The magnetisation can also be observed to increase with increasing thickness, although a 

reduction in magnetisation in observed in the 1.5nm sample, Figure 5.3(b). While a simple 

sample anomaly cannot be excluded, magnetisation rotates from perpendicular at 1.2nm 

thickness to in plane at 1.5nm. The thickness at which this transition from perpendicular to 

in plane magnetisation (or vice versa) occurs is known as the spin reorientation thickness, 

tSRT [37] and, as discussed in Section 6.1.2, finer thickness steps between 1.2 and 1.5nm are 

required to determine it. At tSRT, the perpendicular surface anisotropy and shape anisotropy 

term should cancel, and the system is expected to exhibit a minimum in TC [38]. Whilst no 

minima is observed in TC, at least over the step size in tCo, there is a clear reduction in the 

magnetisation at 1.5nm before magnetisation recovers at tCo=2.0nm to that expected for bulk 

Co, Table 5.1 

 

A number of mechanisms can result in variation of the magnetic moment from the bulk 

value in thin films; broken symmetry can lead to orbital localization effects, electronic 

interaction of hybridization can occur between the magnetic layer and the interfaces which 

may enhance (Co/Pt or Co/Pd [29]) or reduce the moment (Co/Cu [35]), stabilising of 

magnetic phases or changes in the atomic cell volume, perhaps as the result of strain in a 

film, which may alter the density of states of the system [37]. In the case of the Co samples 

it is possible that the reduced magnetisation is a result of intermixing of Co and Ir at the 

interface and hybridization of the Ir or possibly the result of strain in the system, the lattice 

mismatch between fcc Co and Ir can be as large as 8% [39]. 

 

The general trend of increasing magnetisation with increasing tCo can also be observed in the 

low temperature hysteresis loops performed in perpendicular orientation for tCo=0.5-1.2nm, 

Figure 5.4(a) and in plane for tCo=1.5 and 2.0nm, Figure 5.4(b). 
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Figure 5.4 (a) Perpendicular hysteresis loops performed at 10K for tCo=0.5-1.2nm. (b) In plane hysteresis at 10K of 
1.5nm and 2.0nm Co thin films 

 

It can be seen that loops are square and 100% remanent until 1.1nm, and the coercive field, 

HC, decreases with increasing sample thickness. Such a trend has been observed previously 

in Co/Ir [31], Co/Pt [40], Co/Pd [41] and Co/Cu [35]. Section 6.1.2 considers the thickness 

dependence of Co anisotropy in more detail. However, there is evidence good control over 

magnetisation and its temperature dependence in the Co layer of the SFM.  

 

5.2.2 The thickness dependence of magnetisation in Ni3Pt  

Ni-Pt alloys are technologically important due to their chemisorptive and catalytic properties 

[42] and are commonly used as surface catalysts for N2O decomposition [43]. Magnetically 

however, Ni-Pt alloys are soft and not widely used. Ferromagnetism occurs in Ni-Pt alloys 

above a concentration of ~40% Ni [44] and alloys have fcc structure throughout the 

composition range [45]. Figure 5.5(a) shows the calculated Ni-Pt phase diagram by Dahmani 

et al [46] as a function of Pt composition and it can be seen that Ni3Pt alloys, the focus of 
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this thesis, exhibit an L12 type ordering with a unit cell with a=c=0.384nm as calculated by 

[47], Figure 5.5(b).  

 

 
Figure 5.5 (a) Phase diagram of Ni-Pt alloys as a function of Pt concentration [46] and (b) calculated unit cell of 
Ni3Pt by density functional theory [47] 

 

Ni3Pt alloys, if grown at moderate deposition temperatures, TDep, exhibit an enhanced and 

broadened TC and PMA analogous to the Co-Pt system but with significantly reduced TC and 

hence magnetic interaction energy [48]. The variation in Ni3Pt properties with TDep and 

possible origins of PMA are discussed in much more detail in Section 6.2.4, but the 

anisotropy has been found to peak at TDep~400ºC, in a study of Ni3Pt films >200nm thick by 

Vasumathi et al [48], and in the much thinner films presented here, above 450ºC. 

Chemically disordered fcc Ni3Pt has a TC=388K, whereas the ordered L12 fcc phase has a 

TC=293K [48].  

 

Results presented in this chapter have been achieved on samples 

deposited at TDep≈290ºC and their structure is given in Figure 5.6. 

As in Ir/Co/Ir samples, a thin layer of Ta is deposited to aid film 

adhesion [33]. Ni3Pt films of thickness tNiPt are deposited at a 

deposition rate calculated from the calibrated Ni and Pt 

deposition rates and their density and molar mass, as in Section 

4.1.3. The entire deposition is performed at an Ar+ gas pressure of 

3mTorr and measured as deposited, with no post deposition annealing.  

 

Figure 5.7 presents the SQUID determined magnetisation as a function of temperature for 

the Ni3Pt samples, measured out of plane and with measuring fields of 0.01T. It can be seen 

that the magnetisation and TC reduces with thickness and very little appreciable signal was 

observed for the 3nm Ni3Pt sample.  

Figure 5.6 Ni3Pt sample 
structure 
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Figure 5.7 Ni3Pt M vs T as measured by SQUID magnetometry, perpendicular, with 0.01T measuring field 

 

Figure 5.8 shows the low temperature hysteresis loops, measured at 10K, of the Ni3Pt 

samples with varying tNiPt. As with the Co ultrathin films, the coercivity of the samples, HC 

increases with decreasing sample thickness and loops are square and fully remanent. Ni3Pt is 

an incredibly tuneable material and the ability to control it with the deposition conditions is 

discussed in Section 6.2.  

 

 
Figure 5.8 10K hysteresis loops of Ni3Pt samples deposited at TDep≈290ºC of varying sample thicknesses, tNiPt 

 

5.2.3 Achieving Tcomp in Ni3Pt/Ir/Co SFM 

As discussed above in Section 5.1, the first design point for these SFM is the compensation 

point. To achieve this, the magnetisation as a function of temperature for a range of 

thicknesses of Ni3Pt and Co thin films was measured. These measurements are summarised 

in Figure 5.9, which depicts the results of Curie Bloch fits, Section 2.4.4 and Section 3.4.1, 
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performed on the SQUID data. The Curie Bloch equation used is given once more in 

Equation 5.5,  

 

M(T)
M(0)

= :1 − <
T
T=
>
?

@
A

 (5.5) 

 

Where a is an empirical constant and can provide information on the order of a material and 

is implemented within VAMPIRE as a rescaling coefficient [49] and b is the critical 

exponent and depends on composition [50]. As considered in Section 2.4.4, the value of a 

can indicate disorder in a material; within disordered systems a is close to 1 and the 

magnetisation with temperature behaves more classically and in highly crystalline systems 

a >1 indicating a quantum form of the magnetisation [49, 51].  

 

For the Co samples, the b exponent is fit to be 0.34 throughout, due to difficulties 

determining the correct fit for thicker, higher Curie temperature films, as measurements of 

only a small region of the temperature range are available. Therefore, to limit any 

discrepancies, thinner films were fit first and their a and b exponents used as a guide for 

fitting thicker samples. There is a clear trend in TC with tCo, Figure 5.9(b), as evident from 

the M vs T curves in Section 5.2.1, but no clear pattern is observed in the dependence of the 

a exponent, Figure 5.9(c).  

 

Similarly, for the Ni3Pt samples there is a clear trend in the Ni3Pt TC and magnetisation with 

thickness, with a higher TC and magnetisation observed in the thicker samples. Again, no 

trend in a is observed and it was found that a much higher b exponent (~0.5) was required to 

fit the shape of the temperature dependence. The large spike in b at tNiPt=3nm suggests that 

this sample is not ordered.  
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Figure 5.9 A summary of the Curie Bloch fits of Co (a-d) and Ni3Pt thin films (e-h). (a) Magnetisation as a function of 
tCo (b) The Curie Bloch determined TC as a function of tCo and the corresponding (c) a values and (d) b exponents 
from the fits to the Co SQUID data. (e) Magnetisation of Ni3Pt as a function of tNiPt. (f) The Curie Bloch determined 
TC as a function of tNiPt and the corresponding (g) a values and (h) b exponents from the fits to the Ni3Pt data 

 

A mean field model can be used to describe the shift of TC(t) for a material with t 

monolayers (ML), from the bulk Curie temperature, 

 

1 −
T=(t)

T=(bulk)
= CH(t − tI)JK (5.6) 

 

Where CT is a surface dependent constant and t0 is the number of magnetically dead layers in 

the film [52]. The shift exponent is given by L = M
N
, where u is the critical exponent for the 

spin-spin correlation length, x, and describes critical spin fluctuations in the vicinity of TC 
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[37]. The Curie temperature will shift to a lower temperature than that of the bulk when x 

exceeds the film thickness. The shift exponent has been found to be between 0.6 and 1.7 for 

a range of systems, Table 5 in [37], with amorphous samples tending to have values of l in 

the lower end of the range.  

 

 
Figure 5.10 (a) Co TC as a function of thickness with power law fit, Equation 5.6. The power law fit is achieved with 
t0=1.78 and l=0.395. (b) Ni3Pt TC vs thickness with a power law fit to the thinnest samples, achieved with t0=7.5 and 
l=0.570 and a linear fit to films thicker than 10nm.  

 

Figure 5.10(a) shows the power law of Equation 5.6 applied to Co thin films. The exact 

structure of the Co films discussed was unable to be determined or the quality of interfaces 

quantified. The majority of Co/Ir studies find hcp ordering [39, 31], but these sputtered 

samples are likely disordered.  However, for this analysis a ML is simply considered a 

continuous Co layer, as the true value of l is not the priority, but rather the aim is to confirm 

that samples follow the expected trends with thickness.  

 

The number of dead layers is determined through a linear fit of MS to 1/d [52], with 

d0=1.8ML and the shift exponent was found to be l=0.395, much lower than that found 
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elsewhere. This indicates, that as expected, the Co layers are not perfectly continuous, this 

will be discussed further in Section 6.1.4. 

 

From Figure 5.10(b), it can be seen that this power law analysis has not been found to apply 

to the thicker Ni3Pt films (tNiPt>10nm). Similarly to the Co samples, a ML of Ni3Pt was 

simply taken to be a continuous layer. The thinnest films, tNiPt<7nm, can be fit reasonably 

well using the power law analysis with a very large t0 value of 7.5ML, and l=0.570, in the 

range expected from other sputtered films given in [37]. The normalised TC increases 

linearly above thicknesses of 10nm.  

 

Within Ni3Pt, PMA appears to occur as a result of local ordering caused by the growth 

process, originating from the clustering of Ni into platelets and the interfacial anisotropy 

between these Ni platelets and the Pt (and NiPt) matrix [48], Section 6.2.2. Therefore, these 

results suggest that the first few layers are growing very differently from the rest of the film. 

This sensitivity of the magnetic properties of the Ni3Pt to the growth conditions may also be 

hampering the analysis presented in Figure 5.10(b) as the thinner films are likely a very 

different material to that of layers >7nm thick.  

 

Ni3Pt is the first layer deposited in the SFM, onto Ta as discussed in Section 5.3.2, in exactly 

the same manner as the single film samples. Therefore, the role of specific sample defects 

and disorder is included within the fits performed on the single film samples and will not 

affect simulation results.  

 

It is also evident from Figure 5.9(a) and (e) that the magnetisation of the Co is much larger 

than the softer Ni3Pt. To achieve Tcomp, the Co layer is much thinner than the Ni3Pt. A 

tCo=1.0nm is maintained throughout in the SFM samples. This is the thickest layer of Co 

achievable while maintaining full PMA (completely square loops throughout the 

temperature range). The control of SFM properties is therefore achieved through variation of 

the Ni3Pt layer, with tNiPt varied to achieve the desired Tcomp. Figure 5.11 shows a simple 

subtraction of the single film M vs T to give an impression of the SFM behaviour that would 

arise from antiferromagnetically coupled 1nm Co layer and Ni3Pt layers of varying 

thickness.  

 

Tcomp can be shifted from 370 to 140K by varying tNiPt from 15nm to 7nm.  The moment of a 

5nm Ni3Pt layer is not large enough to achieve a compensation point when coupled to a 1nm 

Co sample. A 20nm Ni3Pt layer would achieve compensation, but not in the temperature 

range available for SQUID measurement.  
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Figure 5.11 Simple subtraction of single film M vs T to model the SFM to give an impression of the behaviour that 
would arise from antiferromagnetic coupling between a 1nm Co layer and various thicknesses of Ni3Pt 

 

5.3 Parameterisation of Single Films for VAMPIRE  
In order to simulate SFM structures with VAMPIRE it is first necessary to parameterise the 

single films. The method detailed in Chapter 3, Section 3.4 is applied to SQUID 

measurements and the material files achieved are tabulated. Curie temperature simulations 

presented in this section are performed using the Monte Carlo Metropolis algorithm and 

hysteresis loops with the LLG Heun scheme, Chapter 4.  

 

5.3.1 1nm Co Material File 

A benefit of maintaining a 1nm Co layer throughout, is that there is a well characterised 

layer in all SFM samples for comparison. A Co 1nm material file is parameterised from 

SQUID data, with the parameters listed in Table 5.2 and a simulation of the magnetisation 

with temperature plotted against the Co SQUID measurement in Figure 5.12. 
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Figure 5.12 1nm Co simulation parameterised from SQUID data and compared to the normalised experimental M 
vs T of the same sample. Simulations performed with lateral dimensions of 40x40nm (~110000 spins), 2.5x104 loop 
and equilibration steps and 1T applied in the z direction. Error bars calculated assuming an error of 1x108emu on 
the SQUID measurement and 10 pixels in the calculation of the sample area.  

 

Hysteresis simulations are presented in Figure 5.13. The anisotropy parameterised from 

hysteresis loops, as per Equation 3.20, for 1nm Co is ku=5.312x10-25 J/atom. However, as 

will be discussed in Section 6.1.3, the Co anisotropy decreases with temperature as the 

reduced magnetisation to the power of n=21, indicating 6-fold anisotropy. To achieve the 

correct evolution of the anisotropy with temperature in VAMPIRE, the sixth order uniaxial 

term is included in the material file. Currently there is available no method of determining 

the value of k6 from the experimental data and so the anisotropy constant is determined from 

trial and error simulations and comparison to the SQUID results.  
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Unit Cell 
HCP 

(a=b=2.507Å, c=4.069Å) 

TC (K) 699 

a 1.34 

b 0.34 

µs (µB) 1.687 

k6 (J/atom) 5.612x10-26 

JCo (J/link) 3.053x10-21 

Table 5.2 Values parameterised from a 1nm Co sample SQUID measurement for use in VAMPIRE 
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Figure 5.13 VAMPIRE simulations at 10K and 100K compared to SQUID hysteresis loops of a 1nm sample. Both 
hysteresis simulations performed using 30x30x1nm (~75000 spins) system, the 10K loop performed using 105 loop 
and equilibration steps and 2.5x105 loop and equilibration steps utilised for 100K simulation. 

 

The benefit of parameterising the material file directly from experimental data is that the 

parameters include the role of specific sample defects and disorder, and the simulation can 

be achieved as a simple continuous layer. For the simulations above, an hcp structure is 

used. In order to simplify material files for synthetic ferrimagnets, as Ni3Pt has fcc structure 

[48] and is the thickest layer in the SFM, the effect of changing the unit cell type was 

investigated, Figure 5.14(a).  

 

 
Figure 5.14 Curie temperature simulations performed over 110000 spins, for 2.5x104 loop and equilibration steps 
and 1T applied in the z direction (a) Curie temperature simulations performed using the magnetic parameters 
supplied in Table 5.2 for a hcp unit cell and fcc unit cell (a=3.836Å). (b) Comparison between hcp Co 1nm 
simulation parameterised as per Table 5.2 and an fcc simulation with increased exchange, JCo (parameters listed in 
Table 5.3). Points denote simulation results and lines are used to guide the eye. 

 

From Figure 5.14(a), it can be seen that the M vs T is reduced for an fcc unit cell compared 

to that of the hcp. Within VAMPIRE the TC is linked to the intralayer exchange as per 

Equation 3.11, a nearest neighbour interaction [25]. Reducing the density of the spin 

simulation results in a reduction of exchange and therefore TC. In order to overcome this, a 

fcc Co file has been parameterised using an increased exchange value. Using the 1.1nm Co  
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TC=781K and its corresponding intralayer exchange, 

JCo=3.422x10-21J/link, provides a M vs T simulation 

comparable to the hcp simulation, Figure 5.14(b). 

 

The parameters for this adjusted fcc Co material file 

are listed in Table 5.3. These parameters are utilised 

throughout in SFM simulations. 

 
 

5.3.2 Ni3Pt VAMPIRE Simulations  

Ni3Pt material files are produced for each Ni3Pt thickness and example material parameters 

are listed in table 5.4, for 15nm, 10nm and 7nm thick Ni3Pt. 

 

 

 

It can be seen from the parameterised Ni3Pt files that the anisotropy does not vary 

significantly with thickness, considered further in Section 6.2.3. Figure 5.15 shows the 

results of Curie temperature simulations applying the material files listed in Table 5.4.  

 

 
Figure 5.15 Parameterised Ni3Pt TC simulations for parameters listed in table 5.4. Simulations were performed 
using 2.5x104 loop and equilibration steps and 1T applied in the z direction, the number of spins varied simulated 
varied with thickness, but ~50000 spins where utilised for the 7nm simulations. 
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Table 5.3 Parameterised 1nm Co file, with fcc 
unit cell and adjusted exchange 

tNiPt (nm) 15 10 7 

Unit Cell 
FCC 

(a=b=c=3.836Å) 

FCC 

(a=b=c=3.836Å) 

FCC 

(a=b=c=3.836Å) 

TC (K) 375 335 325 

a 1.78 1.75 1.65 

b 0.53 0.50 0.55 

µs (µB) 0.4444 0.3335 0.2705 

k (J/atom) 2.622x10-25 2.569x10-25 2.696x10-25 

JCo (J/link) 1.638x10-21 1.465x10-21 1.419x10-21 

Table 5.4 Ni3Pt material files for various tNiPt 
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5.4 Fabrication of Synthetic Ferrimagnets 
5.4.1 Interlayer Exchange 

The final step before fabrication of Ni3Pt/Ir/Co SFM was to characterise the exchange 

coupling between the Ni3Pt and Co across the NM Ir interlayer, JIr. The coupling is achieved 

through the RKKY interaction, Section 2.5.1, a second order perturbation [53] due to 

induction of an oscillatory spin polarisation on conducting electrons [54, 55, 56].  

 

Theoretical models suggest that oscillations in the exchange coupling across the spacer are 

independent of the layer either side [57] and Parkin (1991) [58] observed the oscillation 

period was approximately the same for all transition metals used in his study to couple a 

series of Fe, Co and Ni multilayers. However, a shift in RKKY peaks has been observed 

experimentally when the number of multilayer repeats is increased [59].  

 

Parkin (1991) [58] found that the exchange coupling strength increased systematically from 

the 5d to 4d to 3d metals and exponentially with increasing numbers of d electrons along 

each period. The experimentally observed magnitude of the coupling is less than that 

predicted theoretically [57] and it has been suggested that this a result of interface roughness 

[57] or due to hybridization between 3d bands of the ferromagnetic metal and the conduction 

band of the spacer layer [60].  

 

In general, there is not a good theoretical or experimental method of determining the best 

NM to use as a coupling layer and often the NM exchange coupling layer is achieved 

through trial and error. In these SFM, coupling through the Ir is relatively weak 

(approximately an order of magnitude less than that observed in Fe/Cr multilayers in [61]), 

possibly due to interlayer mixing with the Co [32] and/or Ni3Pt films. 

 

To parameterise the strength of the coupling through the Ir, a range of 

Ta(5nm)/Ni3Pt(20nm)/Ir(tIr)/Co(2nm)/Ta(4nm) SFM samples were deposited at room 

temperature with Ar+ gas pressure of 3mtorr and substrate rotation of 20rpm. Room 

temperature deposition of the Ni3Pt and the 2nm thick Co layer, result in an in-plane 

magnetisation and minor loops (reversal of the field direction back to saturation after the 

first switching point in the hysteresis loop occurs) are measured using the vibrating sample 

magnetometer (VSM). The exchange, JIr, is determined as per Equation 3.17 in Section 3.4.1 

and plotted as a function of Ir thickness, tIr, in figure 5.16.  
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Figure 5.16 JIr as a function of tIr measured via VSM at room temperature in Ni3Pt(20nm)/Ir(tIr)/Co(2nm) SFM 

 

The method of determining JIr from the exchange field HEX has the advantage of high 

sensitivity towards antiferromagnetic coupling but the disadvantage of giving no information 

on the ferromagnetic coupling strength and so no oscillations can be observed in Figure 

5.16. It can be seen in Figure 5.16, that there is a peak in the antiferromagnetic coupling at 

0.4nm tIr and that antiferromagnetic coupling can be achieved with Ir thicknesses from 

0.2nm>tIr>0.6nm.  

 

5.4.2 Annealing Studies of Co and Ni3Pt   

As discussed in Sections 5.2.2 and 6.2.4, PMA in Ni3Pt is achieved through elevated 

deposition temperatures. It is therefore necessary to investigate the ability of the Co thin 

films to maintain their integrity upon annealing.  

 

M vs T experiments were performed utilising the VSM furnace on an Ir/Co(1nm)/Ir sample, 

Figure 5.17. The measurement requires attaching samples to a quartz sample rod with 

thermal cement. This cement has a small paramagnetic signal and the sample rod itself is 

brittle. Therefore, it was not possible to remove the sample and measure a background 

signal, and therefore little can be said about the magnitude of the magnetisation.  
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Figure 5.17 (a) VSM perpendicular M vs T measurement of 1nm Co sample. A number of heating cycles were 
performed where the sample was heated to a given temperature (solid lines) and then cooled back to room 
temperature (dashed lines). Each subsequent cycle was measured to a higher T and the sample position 
unchanged throughout. (b) Hysteresis loops performed at room temperature after each heating cycle 

 

However, trends in the shape of the magnetisation with temperature are evident, Figure 

5.17(a). Hysteresis loops measured at room temperature after each heating and cooling 

cycle, Figure 5.17(b). The initial loop appears square, although no background subtraction is 

performed. No change in hysteresis or M vs T was observed after the first cycle, where the 

maximum temperature reached 450K. After the second cycle, to 540K, there was no obvious 

change in the M vs T curve but the coercivity at room temperature more than doubled 

suggesting a sharpening of the interfaces [62]. Between 540K and 600K, the sample appears 

to undergo some form of change, the most plausible explanation being alloying of the Co 

and Ir layers. The return M vs T curve of cycle 3 is vastly different and hysteresis 

measurements at room temperature revealed an increase in magnetisation and anisotropy. 

This is consistent with other studies on the Ir/Co system that find alloying after annealing to 

600K [62, 41].  

 

The net result of this short study is that the Ir/Co/Ir samples can only be heated to ~500K 

(~130ºC), after which the structural integrity of the samples is compromised. Ni3Pt films 

with an Ir seed, Figure 5.18, and cap, Figure 5.19, were also investigated. 

 

 
Figure 5.18 Perpendicular SQUID measurements of 10nm thick Ni3Pt films with and without an Ir seed layer, with 
TDep=290ºC (a) M vs T comparison and (b) 10K hysteresis loops 
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Figure 5.19 Perpendicular SQUID measurements of 11nm thick Ni3Pt films with and without an Ir cap, with 
TDep=290ºC (a) M vs T comparison and (b) 10K hysteresis loops 

 

It can be observed from Figures 5.18(b) and 5.19(b) that both an Ir seed layer and cap result 

in a large increase in HC and magnetisation. However, TC, Figures 5.18(a) and 5.19(a), 

remains unchanged with the inclusion of an Ir seed or cap. This suggests that the increase in 

HC and magnetisation occurs at the Ir/Ni3Pt interfaces and as the effect is larger for a seed 

layer compared to an Ir cap, it suggests this is the result of elevated temperatures. What 

exactly is occurring at the interfaces, hybridization, interfacial mixing and/or alloying, is 

unknown, but the effect is significant. The temperature at which it occurs is also unknown. 

The samples in Figures 5.18 and 5.19 were deposited ~290ºC and SFM, with a Ni3Pt/Ir 

interface, are reversible and unchanged after measuring at 130ºC in the SQUID.  

 

Therefore, deposition of SFMs occurs in a two-stage process as discussed in Section 5.3.3, 

in order that the Ir interface layer may be deposited at room temperature and maintain the 

integrity of that observed in the samples produced in Section 5.3.1 for determination of the 

peak antiferromagnetic coupling strength.  

 

5.4.3 Deposition of SFM 

Ni3Pt/Ir/Co SFM are deposited with a structure as detailed in 

Figure 5.20. Similarly to the single film samples, a Ta adhesion 

layer is utilised and the majority of samples are deposited at an 

Ar+ gas pressure of 3mtorr and all with a substrate rotation of 

20rpm. The two-stage process involves the heated deposition of 

Ta/Ni3Pt(tNiPt) before the substrate is allowed to cool (without 

removal from the main, ultra-high vacuum chamber) overnight, 

before the Ir(tIr)/Co(1nm)/Ir(3nm) final stage is deposited at room 

temperature.  

 

Figure 5.20 SFM stack 
schematic 
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The strength of the antiferromagnetic coupling across the interface depends on its quality 

[57]. Marrows et al [63] performed a study on the variation in coupling strength in Co/Cu 

multilayers as a result of exposure to residual gases in the deposition chamber. They 

selectively paused the process during the deposition of the Cu coupling layers for several 

seconds and found that the magnitude of the GMR observed in the layers fell as the 

interlayer damage increased. Figure 5.21 compares the exchange calculated from the room 

temperature, single-stage samples with varying tIr and that measured in a series of two-stage 

Ni3Pt(11nm)/Ir(tIr)/Co(1nm), SFM.  

 

 
Figure 5.21 Exchange across the NM Ir interlayer as a function of tIr in two-stage and single-stage samples 
measured at room temperature.  

 

It can be observed in Figure 5.21 that the effect of pausing the deposition as part of the two-

stage process has a significant effect on the strength of the exchange coupling. Even in high 

vacuum, with a base pressure of 10-9mTorr, the interface is disrupted by residual gases over 

time. However, as detailed in Section 5.4, which presents results of measurements 

performed on SFM samples, antiferromagnetic coupling is evident in the two stage 

hysteresis loops and is strong enough to produce distinct layer switching.  

 

 

5.5 Ni3Pt/Ir/Co Synthetic Ferrimagnets  
5.5.1 Control of the Compensation Temperature  

Figure 5.22 depicts the M vs T behaviour of three SFM samples, with Ni3Pt of tNiPt =11nm, 

8.5nm and 7nm, deposited at TDep~290ºC. The measurement was performed by cooling the 

sample to 10K, applying a field sufficient to saturate the magnetisation of the sample (for 

these samples 0.5T) for 2 minutes before the saturating field is then removed and 

measurement is performed under H=0T. The only perturbation to the sample is that of 

increasing temperature and the measurement reveals the temperature evolution of each layer 
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in the sample. Tcomp is evident as the point at which the magnetisation of the SFM crosses 

µ0M = 0T, where the magnetisation of the Co layer becomes greater than that of the Ni3Pt 

layer. The shift in Tcomp with tNiPt is evident in Figure 5.22, and demonstrates the ability to 

control it.  

 

 
Figure 5.22 M vs T SQUID magnetometry measurement of SFM samples with varying tNiPt. A saturating field of 0.5T 
is applied and removed at 10K before the magnetisation is measured under increasing temperature 

 

Figure 5.23 presents a Curie temperature simulation of the Ni3Pt(8.5nm)/Ir(0.5nm)/Co(1nm) 

SFM, compared with the normalised experimental SQUID measurement. The simulated 

compensation point agrees well but there is variation in the magnetisation profile of the 

simulation, particularly above Tcomp. This is likely due to a paramagnetic phase in the Ni3Pt 

just above its TC contributing to the measured SFM remanence, but not included in the 

simulation. The achievement of Tcomp takes little consideration of the exchange energy 

between the layers, save to couple them antiferromagnetically. Therefore, it interesting to 

consider hysteresis simulations to fully consider the success of the parameterisation.  

 

 
Figure 5.23 VAMPIRE Monte Carlo Metropolis Simulation of a Ni3Pt(8.5nm)/Ir(0.5nm)/Co(1nm) SFM, with ~1.1x106 

spins, 10000 loop and equilibration time steps, compared to the normalised experimental measurement.  
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5.5.2 Hysteresis Loops  

Hysteresis loops were measured for all samples throughout the temperature range and reveal 

much more information about the SFM samples. Figure 5.24 plots the hysteresis loops of a 

Ni3Pt(11nm)/Ir(0.5nm)/Co(1nm) sample in measured in three different temperature ranges.  

 

 
Figure 5.24 Perpendicular SQUID hysteresis measurements of a Ni3Pt(11nm)/Ir(0.5nm)/Co(1nm) SFM measured at 
(a) 10K, (b) 293K and (c) 400K 

 

Figure 5.24(c), is measured at high temperature, above the Ni3Pt TC and as expected the 

hysteresis is typical of that of Co at 400K. The lower temperature hysteresis loops are much 

more interesting. Earlier, in Section 5.1, a macroscopic energy model, Equation 5.1, was 

discussed. Figure 5.24(a), is measured at 10K where the magnetisation of the Ni3Pt layer 

exceeds that of the Co and the Zeeman energy term, EZ, dominates.  

 

The characteristics of hysteresis loops measured in this temperature range, at which the 

Ni3Pt layer governs the reversal, are described in more detail in Figure 5.25. Figure 5.25(a) 

presents a 10K hysteresis loop of the Ni3Pt(8.5nm)/Ir(0.5nm)/Co(1nm) sample with arrows 

indicating the orientation of the Co and Ni3Pt layers at each step. Figures 5.25(b) and (c) 

show the results of element specific hysteresis loops measured via XMCD at Diamond Light 

Source POMS end-station [64]. It can be seen that on reducing the applied field from 

positive saturation, the Co layer reverses first from a parallel to antiparallel state under the 

influence of EEX, while still under a positively applied field. The Ni3Pt layer only follows 

when the field becomes sufficiently negative to overcome the EEX. Each layer has a square 
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switching characteristic with 100% remanence, confirming that the magnetic behaviour is 

consistent with the topology of the SFM, and there is no evidence of the formation of some 

other domain structure.   

 

 
Figure 5.25 (a) Low temperature hysteresis of the net SFM sample with arrows indicating the direction of each layer 
at each step in the loop. Longer red arrows describe the direction of the Ni3Pt layer and the blue, the orientation of 
the Co layer. XMCD providing the element specific hysteresis of the (b) Co and (c) Ni3Pt layers performed on the 
Ni3Pt(8.5nm)/Ir(0.5nm)/Co(1nm) SFM. 

 

A simulation of a 10K hysteresis loop is presented in Figure 5.26(a) and compared to the 

experimental measurement. Simulations were performed using the LLG Heun integration 

scheme, ~40000 spins (8x8x8nm), 5x105 loop and equilibration steps and a time step size of 

10-15s. The simulation agrees well with the experimentally measured loop and a benefit of 

VAMPIRE is the ability to output the simulation data for every material in the system, 

Figure 5.26(b). In this case it allows us to plot the Co and Ni3Pt magnetisation with applied 

field, which can be compared to the XMCD results. Similar to that observed experimentally, 

on removal of the field from positive saturation, the Co switches first and the SFM enters a 

stable antiparallelly aligned remanence state before the field becomes negative enough to 

reverse the Ni3Pt layer.  
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Figure 5.26 (a) Simulated 10K SFM hysteresis loop with structure Ni3Pt(7nm)/Ir(0.5nm)/Co(1nm) compared to 
experimental measurement and (b) the layer hysteresis as output by VAMPIRE. Solid lines depict the positive to 
negative H sweep and dashed lines the reverse 

 

More interestingly are the type of hysteresis loops as observed in Figure 5.27, which further 

describes the hysteresis loop given in Figure 5.24(b). Unexpectantly, regions of negative 

remanence are observed, where the measured remanent magnetisation is opposite that of the 

applied field. Observation of loops such as these fundamentally altered the format of this 

thesis because as discussed in Section 5.4.3 and Chapter 7, it can only exist for a very fine 

balance of energies.   

 

The measurement in Figure 5.27(a) is performed at 250K, below the sample compensation 

point, Tcomp=270K, and therefore the moment of the Ni3Pt layer is still greater than that of 

the Co. As the exchange energy favours antiferromagnetic coupling, to minimise this energy 

term, a layer must rotate from the parallel alignment achieved at saturation to an antiparallel 

remanent state. The anisotropy of the Co and Ni3Pt layers falls off with increasing 

temperature until there comes a point at which the anisotropy of the Co exceeds that of the 

Ni3Pt. It then becomes more energetically favourable in the hysteresis cycle for the layer 

with higher magnetisation to reverse. From Equation 5.2, it can be seen that this increases 

the Zeeman energy term of Equation 5.1, but minimises the anisotropy term (Equation 5.3) 

and the exchange term (Equation 5.4).  

 

Figures 5.27(a) and (b) confirm this negative reversal. The XMCD loops show that the Ni3Pt 

layer switches first, confirming the occurrence of negative remanence in the samples and 

similarly to the positively remanent, lower temperature XMCD loops, Figure 5.27(a) and (b) 

are 100% remanent with a sharp reversal within a 0.01T field step.  This clear confirmation 

of the switching order, and the full reversal of each layer in the negative remanent state, has 

not been observed elsewhere.  
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Figure 5.27 (a) Hysteresis of the net SFM sample depicting negative remanence with arrows indicating the direction 
of each layer at each step in the loop. Longer red arrows describe the direction of the Ni3Pt layer and the blue, the 
orientation of the Co layer. XMCD providing the element specific hysteresis of the (b) Co and (c) Ni3Pt layers 
performed on the Ni3Pt(8.5nm)/Ir(0.5nm)/Co(1nm) SFM. 

 

As discussed in Sections 3.5.6 and 4.4.1, VAMPIRE can be computationally expensive. 

Within the simulation, the 1nm Co layer will tend to demagnetise and go in plane at elevated 

temperatures unless that layer is set to be >100000 spins (requiring dimensions of at least 

40x40x1nm). This is relatively feasible for a single Co film simulation with the 12cpu 

system, however, the inclusion of the Ni3Pt layer in the SFM simulations (which is at least 7 

times thicker than the Co) means that simulations with the inclusion of temperature soon 

become unmanageable. This is especially evident in hysteresis simulations, which can take 

several days for just 100000 spins. Therefore, as a method of improving the simulation 

throughput, the Ni3Pt and Co layers can be parameterised at a given temperature and these 

values input to VAMPIRE a 0K material file, like those in Tables 5.3 and 5.4 above. 

Simulations can then be run at a low simulation temperature, for a smaller volume. Figure 

5.28 shows one such simulation, run for an effective temperature of 150K, in the negative 

remanent region of the Ni3Pt(7nm)/Ir(0.5nm)/Co(1nm) SFM.  
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Figure 5.28 (a) Simulated SFM hysteresis loop with an effective temperature of 150K and (b) the layer hysteresis as 
output by VAMPIRE. Solid lines depict the positive to negative H sweep and dashed lines the reverse 

 

The simulation in Figure 5.28 was performed using the LLG Heun integration scheme, 

~40000 spins (8x8x8nm), 2.5x106 loop and equilibration steps and a time step size of 10-15s. 

This shows that negative remanence in these samples can also be modelled by VAMPIRE 

and in fact, the individual layer results agree well with the reversal order confirmed by 

XMCD measurements. Providing confidence in the ability to achieve input and material 

parameters directly from experiment and in the atomistic spin model simulation itself.  

 

The next step, as discussed in future work in Section 8.2, is to achieve this agreement in 

hysteresis simulation with temperature included in the model. Results of simulations 

parameterised with 0K values and with the simulation temperature included are presented in 

Section 7.4.3. These achieve reasonable agreement with experiment. Therefore, it is hoped 

that with access to increased computing resources, it will be possible to simulate a 

negatively remanent hysteresis loop with VAMPIRE and with temperature.  

 

5.5.3 Negative remanence  

Negative remanence [22] is not immediately intuitive. As a general rule it is assumed that 

Zeeman energy will prevent the higher moment layer from switching in a positively applied 

field. It only occurs within a very narrow parameter window; the relative strengths of the 

anisotropies of the layers involved must be large and the angle between them small [65], the 

difference in magnetisations must not be extreme and the exchange coupling between them 

must be relatively weak and antiferromagnetic [22, 66, 67] and most importantly, the layer 

with higher magnetisation must exhibit the smallest anisotropy.  

 

The overall reduction in total energy, E, in the hysteresis cycle is achieved by minimising EA 

through reversal of the lower anisotropy layer and subsequent increase in EZ from the 

reversal of the higher moment layer. If EZ is too large (the difference in layer magnetisations 

too large) negative remanence will not occur. The exchange dominates the system, with 
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reversal of the layers occurring due to the influence of EEX, which minimises by achieving 

antiparallel alignment of the spins. If the exchange between layers is too large, it will 

saturate the effect of EA and EZ and the layers will be pulled into an antiferromagnetic 

configuration at higher fields. If the EEX is too small, it will not be energetically favourable 

to reverse the layers. This is demonstrated in Section 7.3.2.   

 
The second law of thermodynamics [68] cannot be violated, therefore the energy gained in 

the negative cycle of the loop must be less than that lost in the normal part of the loop, 

Figure 5.29. Studies that exhibit completely inverted hysteresis [69, 70, 71] violate the 2nd 

law and the origin of negative remanence is likely due to experimental artefacts (stray fields 

in the SQUID magnetometer [72] or demagnetisation at the film edges [73]). From Figure 

5.29, it is clear that these samples still obey the 2nd Law, with the energy gained less than 

that lost in the hysteresis cycle. 

 

 
Figure 5.29 Schematic of the regions of energy loss and gain in negatively remanent hysteresis loops 

 
Negative remanence has been observed in a number of studies, at low temperature (10-20K) 

in DyFe2/YFe2 exchange springs [74], La0.7Sr0.3MnO3/SrRuO3 superlattices [75] and EuS 

nanoparticles [76] and in multilayer samples [77, 78]. Negative remanence is also observed 

in studies such as that by Morgunov et al [5], where a Pt/Co/Ir/Co/Pt multilayer is 

investigated and whilst the negative remanence is evident in their 50K hysteresis loop, it is 

not mentioned in the paper. Likewise in the (Co/Pt)x4/Ni multilayer study by Franco and 

Landeros [79], hysteresis loops presented may exhibit negative remanence but no directions 

are shown on the plots and its existence is not noted.  

 

Few studies on negative remanence were found. Whilst there are plenty of theoretical 

descriptions [65, 66], the studies on samples are limited and there are few comprehensive 

investigations of samples in which it appears, either temperature is not considered [77] or 
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the exchange is not investigated [71]. There are also no studies that evidence control over 

the temperature range at which negative remanence occurs to the degree achieved in this 

system, as discussed and presented in Chapter 7.  

 

5.6 Summary 
The aim was to evidence the design and fabrication of synthetic ferrimagnet structures 

which compensate, exhibit PMA and consist of layers with elemental specificity, Section 

5.1.  

 

The temperature dependence of the magnetisation of each layer can be used to control Tcomp. 

Therefore, the thickness dependent magnetic properties of Ni3Pt and Co single films have 

been reviewed in this chapter, Section 5.2, and can be considered critical design parameters 

for the development and fabrication of Ni3Pt/Ir/Co SFM samples. The existence of Tcomp also 

relies on antiferromagnetic coupling, and so in Section 5.4.1 the strength and direction of 

this coupling through the Ir spacer layer, JIr, is characterised. Ni3Pt and Co thin films are also 

parameterised for use in VAMPIRE and application to the SFM material files.  

 

The fabrication of SFM samples is detailed and the reduced coupling strength as a result of 

the two stage deposition process is discussed. However, on investigating the magnetic 

properties of these SFM samples, it becomes evident that this is a useful characteristic as it 

places the SFM in an intriguing energy regime. Control of Tcomp is demonstrated, and 

VAMPIRE used to simulate SFM hysteresis, achieving good agreement between simulations 

and SQUID data, and results that are consistent with those achieved through element 

specific XMCD measurements.  

 

Negative remanence is observed to occur in the compensating SFM samples, that is the 

measurement of a stable remanent magnetisation state aligned opposite to that of the applied 

field. The limited parameter window in which this can occur and the delicate interplay 

between the exchange energy, Zeeman energy and anisotropy energy of the system is also 

discussed.  

 

The next chapter investigates the ability to control the temperature dependent properties of 

the Ni3Pt and Co single films, allowing variation of the EZ, EA and EEX within the SFM 

samples.   
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Chapter 6  

Temperature Dependent Magnetic 
Properties of Co Ultrathin Films and 
Ni3Pt.  
 

 

This Chapter considers the temperature dependent properties of Ni3Pt and Co thin films, 

before Chapter 7 discusses how they can be applied to control negative remanent 

magnetisation in Ni3Pt/Ir/Co synthetic ferrimagnets. Further investigations on the Co and 

Ni3Pt films introduced in Chapter 5 are performed, looking in more detail at the magnetic 

properties as a function of thickness and the Ni3Pt properties as a function of deposition 

temperature and pressure.  

 

 

6.1 Temperature Dependent Properties of Ir/Co/Ir Ultrathin Films 
6.1.1 Perpendicular Magnetic Anisotropy in Co Films 

As briefly introduced in Section 5.2.1, within Co sandwiches consisting of ultrathin Co films 

interfaced by non-magnetic (NM) layers, there exists competition between a dipolar 

interaction favouring in plane anisotropy and an out of plane, perpendicular magnetic 

anisotropy (PMA) arising from broken symmetry at the interfaces. If the film is thin enough, 

this interfacial magnetocrystalline anisotropy is sufficient to overcome the demagnetising 

energy and the sample exhibits PMA [1, 2].  

 

 PMA in NM/Co/NM multilayers was initially observed by 

Chappert and Bruno [5, 6] in Au/Co/Au multilayers and a number 

of studies have been since been performed with different interface 

materials, particularly using Pt or Pd [2, 3, 4]. These studies 

found that PMA is dependent on the thickness of the Co layer, tCo, 

and the NM interface material, with Pt interfaces maintaining 

PMA for tCo up to ~3nm compared to only ~1.2nm for Pd [2]. 

This increase in the range of tCo for which PMA exists is 

attributed to the strength of the anisotropy induced at the interface 

and is accompanied by an increase in coercivity [5, 6]. The system of direct interest to this 

thesis is that of Ir/Co/Ir, which, as discussed in Section 6.1.2, exhibits PMA up to tCo=1.2nm. 

Figure 6.1 Ir/Co/Ir trilayer 
structure. Samples deposited 
at room temperature, Ar+ 

pressure of 3mTorr and Co 
deposition rate of 0.019nm/s 
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The samples consist of the simple structure given in Figure 6.1, and the deposition 

conditions are discussed in Section 5.2.1. Ir is the natural choice of NM interface layer in 

this thesis as it is also used to achieve RKKY coupling between Co and Ni3Pt in the 

synthetic ferrimagnets [7], Section 5.3.1.  

 

There are a number of studies on magnetoresistance and exchange coupling in Co/Ir 

multilayers [8, 9, 10, 11], often consisting of many repeats or including another magnetic 

material, such as a Fe/Co/Cu buffer layer in [9]. The only study found of the Co/Ir system 

without the convoluting influence of coupling between multiple Co layers or influence from 

other magnetic layers is performed in relation to magnetic tunnel junctions by Yakushiji et al 

[12], where the anisotropy of a thin Co layer, of varying thickness, with a single Ir interface 

is investigated. They find an increase in surface anisotropy with decreasing thickness which 

will be discussed further in the next Section. 

 

6.1.2 Thickness Dependence of Anisotropy in Ir/Co/Ir  

Results in Section 5.2.1 showed control over 

the TC and magnetisation of Ir/Co/Ir samples 

by varying tCo. The spin reorientation 

thickness, tSRT [13], term was introduced to 

describe the thickness at which the 

anisotropy rotates from perpendicular to in-

plane and at which the anisotropy 

contributions (PMA from the surface and in-

plane anisotropy from the bulk Co) are 

equal. To investigate this further, hysteresis measurements were performed on Co samples at 

varying applied field angle, utilising the VSM as described by Figure 6.2 with an angle of 

q=0º corresponding to an in-plane measurement. Hysteresis loops are shown in Figure 6.3.  

 

Figure 6.2 VSM sample orientation 
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Figure 6.3 VSM hysteresis loops at varying angles q, of 1.0nm, 1.2nm, 1.5nm and 2.0nm samples. Measurements 
are performed at room temperature.  

 

For a 1nm film square hysteresis loops where found to persist until within 30º of the film 

plane, with only a small decrease in MS and increase in HC. There is a more significant 

change in the hysteresis recorded perpendicular and at 45º for the 1.2nm sample, with an 

increase in HC and decrease in the magnetisation, although the loop remains square. At 

1.5nm and 2.0nm, the easy axis is in plane and loops are no longer 100% remanent 

suggesting the formation of domains with the samples [14].  

 

 
Figure 6.4 Summary of VSM measurements on Co samples. (a) The angular dependence of HC for samples of 
varying thickness. (b) Angular dependence of the saturation magnetisation. Measurements are presented as data 
points and lines are used to guide the eye.  
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Figure 6.4(a) summarises the measurements of HC vs q for each of the samples. It can be 

seen that the coercivity increases, as expected, as the sample is rotated from its easy axis. 

Saturation was not achieved along the hard axis for any sample in the VSM, due to the field 

required and the difficulty resolving low moment signals, Section 4.3.1. The Co samples, 

especially the thinnest (<1nm), have a signal of ~20µemu at room temperature and whilst 

this is within the capabilities of the VSM, long averaging times (4s) are necessary. Figure 

6.4(b) shows the decrease in MS as a function of q, as the samples rotated from their easy to 

hard axis.  

 

A finer step of tCo is required to determine tSRT in our Ir/Co/Ir samples, but from Figures 6.3 

and 6.4 it is evident that the cross over occurs between 1.2 and 1.5nm. 

 

Low temperature hysteresis loops presented in Section 5.2.1, Figure 5.4, reveal square, 

100% remanent loops up to tCo=1.1nm and a decreasing HC with increasing tCo. Section 3.4.3 

discussed the parameterisation of anisotropy, k, for use in VAMPIRE from HC 

measurements. Figure 6.5 shows the anisotropy, ku, dependence as calculated from Equation 

3.20, as a function of tCo. 

 

 
Figure 6.5 Co kU as a function of Co thickness with the grey line denoting a tCo-3 fit and used as a guide to the eye. 
Anisotropy values are calculated from the 0K HC extrapolated from Curie Bloch fits to the magnetisation as a 
function of temperature 

 

As discussed in Section 2.4, anisotropy is a relativistic manifestation of coupling between 

the electron spin and the orbital moment and so alterations in the electronic structure, such 

as at an interface, will result in variation in the anisotropy [13] and therefore the decrease in 

anisotropy with increasing thickness is expected. The quality of the interface will also have a 

profound effect on the overall anisotropy of the film. For example, at tCo=0.5nm, a decrease 

in anisotropy is observed, breaking the trend of other films, suggesting that the film is no 

longer continuous.  
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In comparison to work by Yakushiji et al [12], where only a single layer of Co was studied, 

the anisotropy is found to follow a more extreme thickness dependence. For example, 

Yakushiji et al found an increase in anisotropy between 1.0 and 0.7nm thick Co layers of 

36%, whereas in these samples, anisotropy increases by 70% over the same thickness range. 

This result can be explained by disorder in the films, as anisotropy reflects the local 

symmetry of the system [13]. Schneider et al [15], in Co on Cu (100), find that non perfect 

films display a decrease in TC and an apparent increase in HC. The relative magnitude of the 

anisotropy appears to support this too, with the determined values significantly lower than 

[12]. Also, samples in [12] were fabricated using a Canon Anelva C-7100 system, an 

industry standard tool [16], and therefore their films are likely of far higher quality than 

those produced in the Lesker deposition system, Section 4.1.2. 

 

Although no structural characterisation has been performed on these Ir/Co/Ir samples, the 

magnitude and thickness dependence of anisotropy (and magnetisation as discussed in 

Section 5.2.1) lead to the conclusion that the layer interfaces are likely poor and the Co films 

disordered. This is not an issue for our SFM samples or VAMPIRE, as SQUID 

measurements (a bulk technique) are primarily used to characterise samples and the disorder 

parameterised and included in our predictions.  

 

6.1.3 Ir/Co/Ir Anisotropy as a Function of Temperature  

It is necessary to investigate the temperature dependence of anisotropy in Co samples in 

order to fully understand and manipulate negative remanence, Section 5.4.3. Figure 6.6 

shows the thickness dependence of HC for a range of temperatures. A sharp reduction 

between HC at 10K and HC at 100K can be observed.  
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Figure 6.6 HC of Co hysteresis loops at 10, 100, 200, 300 and 400K for the range of tCo. Points represent HC 
measurements and lines, simple polynomial fits to highlight trends. 

 

The reduction in HC with T is quantified as per Equation 3.22. Anisotropy for a sample was 

normalised and plotted as a function of temperature before comparison to the normalised 

magnetisation to the power of n, Section 3.4.3. 

 

 
Figure 6.7 (a) Fits of the normalised M vs T to the power of n (lines) compared to the normalised anisotropy with T 
of a 1nm Co sample (crosses) and (b) n=21 fits to the normalised anisotropy of samples with varying tCo 

 

Figure 6.7(a) shows this process for a 1.0nm sample, where n=3, 10 and 21 respectively. It is 

found that the anisotropy falls off to n=21. While in this analysis, n does not give specific 

information on symmetry in the system, as only uniaxial anisotropy is considered and HC is 

used to determine ku, an exponent of 21 corresponds to six-fold symmetry in the Callen and 

Callen formalism [17]. Fits to thinner samples are shown in Figure 6.7(b), with an n=21 

describing the temperature dependence of anisotropy well. Thicker samples, above 1.2nm, 

exhibit a value of n>10 but do not quite fit n=21 dependence. This is expected, as PMA is a 

result of interfacial anisotropy and for the thicker (tCo >1.5nm) the magnetisation is in plane. 
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A 1.0nm Co layer is used in all discussed SFM samples, as detailed in Section 5.2.3. 

Hysteresis loops measured perpendicular in the SQUID from 10-400K are shown in Figure 

6.8. The rapid, n=21, reduction in k with T in Figure 6.7 is evident in the hysteresis loops, 

with the coercivity almost halving between 10 and 100K. However, despite the reduction in 

HC with T, loops remain 100% remanent, square and exhibit a sharp transition from positive 

to negative saturation, throughout the temperature range.  

 

 
Figure 6.8 1.0nm Co hysteresis loops measured out of plane at varying temperature via SQUID magnetometry 

  

6.1.4 Simulations Using Bulk Co Material File 

As discussed in Section 6.1.2, the thickness dependence of anisotropy, magnetisation and TC 

in our Ir/Co/Ir samples suggest that the Co layer is possibly diffuse and disordered with 

intermixing between the Co and Ir interfaces. Therefore, VAMPIRE is used to investigate 

how the integrity of the layer effects the temperature dependent properties. Whilst a 1.0nm 

Co material file has been parameterised, Section 5.3.1, a bulk Co material file, with 

parameters provided in Table 6.1 is used here. The bulk material file consists of three layers, 

Ir/Co/Ir, designed to mimic the sputtered samples, with Ir atoms designated non-magnetic 

and the Curie temperature rescaling exponent, a, not included in the simulation.  

 

 

 

 

 

 

 

 

Unit Cell 
HCP 

(a=b=2.507Å, c=4.069Å) 

TC (K) 1388 

µ0Ms (T) 1.81 

µs (µB) 1.72 

k (J/atom) 6.69x10-24 

JCo (J/link) 6.06x10-21 

Table 5-1 Bulk Co material properties from [18, 14, 19] 
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All Curie temperature simulations are performed using the Monte Carlo Metropolis 

integrator, for 104 equilibration and 104 loop steps, giving a simulation time of just over 4ns. 

The system dimensions are kept consistent at 30 x 30 x tCo nm with boundary conditions 

applied in both x and y, and no boundary conditions in the z-direction. A 1T field is applied 

during the simulation in the z-direction. Figure 6.9 shows the results of initial simulations, 

where the only variation is that of tCo, to investigate how VAMPIRE models finite size 

effects such as a reduction in thickness. Whilst a reduction in TC can be observed with 

decreasing tCo, it is significantly less than that observed experimentally.  

 

 
Figure 6.9 TC simulations using a bulk Co material file for 30x30xtConm system of (a) tCo <1nm and (b) tCo >1nm 

 

The anisotropy as a function of temperature for a the simulated tCo can also be examined, 

Figure 6.10. A slight increase can be observed in the anisotropy with increasing thickness 

and whilst there is no significant change in the curve shape, the anisotropy falls off more 

rapidly with decreasing tCo.  

 

 
Figure 6.10 Anisotropy vs temperature from simulations with varying tCo utilising a bulk Co material file 
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The next step is to introduce interface mixing, as observed in other Co/Ir studies [9], to 

simulations. It is also worth considering results of a Transmission Electron Microscope 

(TEM) and Energy-Dispersive X-Ray spectroscopy (EDX) study of a [Ir/Co/Ni/Pt/Co]N 

multilayer, with N repeats, deposited using the same Lesker High Vaccum deposition system 

discussed in Section 4.1.2, and utilised for the metrology of all samples in this thesis.  

 

 
Figure 6.11 TEM image and EDX measurements of an [Ir/Co/Ni/Pt/Co]N multilayer. Measurements performed by 
[20]on a sample produced C.Forbes and W.R.Hendren in 2013 of which the exact structure is unknown. 

 

Figure 6.11 shows that it is possible to achieve complicated heterostructures of reasonable 

quality with distinct individual layers in the Lesker deposition system. While the exact 

structure in the TEM study is unknown, it is one of several samples consisting of multiple 

[Ir(3nm)/Co(0.4nm)/Ni(xnm)/Pt(ynm)/Co(0.4nm)] repeats, where both x and y are in the 

range 0.4 – 0.6nm. An image with larger magnification is given in Figure 6.12(a) in which 

the diffuseness and overlap of the Co layers can clearly be seen. 

 

Within VAMPIRE, a mixed interface is generated via a probability function,  

 

P(z) = 1 − 12 tanh -
π(z − z/)

w 1 (6.1) 

 

Where P(z) is the probability of finding an atom at height z, z0 is the interface height and w 

the width of the interface [21]. This is implemented in VAMPIRE by a command 

determining the fractional mixing of one layer with another. Figure 6.12(b) shows the output 

atom co-ordinate files for a variety of intermixing fractions.  
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Figure 6.12 (a) Higher magnification EDX spectroscopy image of Co in the multilayer of Figure 6.11 with 0.4nm 
wide layers drawn in yellow to highlight the diffuseness of the Co layers. (b) Output VAMPIRE crystal structure 
depicting varying fractions of intermixing between Co and Ir layers 

 

Curie temperature simulations where performed as in Figure 6.9, with varying tCo and 

inclusion of interfacial mixing between Co and Ir layers, and are shown with the normalised 

SQUID M vs T data in Figure 6.13. 

 

 
Figure 6.13 Curie temperature simulations with the inclusion of interface mixing and normalised SQUID data for (a) 
0.6nm, (b) 0.8nm, (c) 1.0nm and (d) 1.2nm Co thicknesses 

 

It can be observed in Figure 6.13(a) and (b) that for the thinner films an interface mixing 

fraction of 0.7 appears to map the reduction in TC observed experimentally and for thicker 

films, 1.0nm and 1.2nm, Figure 6.13(c) and (d), this is achieved by the unaltered bulk Co 
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material file. Further analysis by Curie Bloch fitting the VAMPIRE simulations, reveals this 

is not entirely the case. Figure 6.14(a) plots the extracted TC of the VAMPIRE simulations 

with thickness for varying degrees of interface mixing with the TC values achieved from 

SQUID data for comparison.  

 

 
Figure 6.14 (a) Curie temperature vs tCo plotted for VAMPIRE simulations with varying interface mixing fractions. 
Black crosses represent the SQUID TC data. Points represent the extracted TC from simulations and lines are 
polynomial fits to guide the eye (b) Curie Bloch fit to the tCo=0.7nm SQUID data, showing the variation in the shape 
of the magnetisation with b exponent 

 

VAMPIRE simulations are performed to 2000K, well above the bulk TC and therefore the 

Curie temperatures can be determined with much more accuracy. As expected, with no 

rescaling included in bulk Co material file, the fits to simulations all yielded a=1.0. The 

critical exponent is generally taken to be b=0.34 [22] and this was found to fit the 

experimental data very well. However, Curie Bloch fits to the simulations were achieved 

with b=0.50. Figure 6.14(b) shows a comparison between a fit achieved with b=0.34 and 

another with b=0.50. This is compared to the M vs T data of the 0.7nm Co sample, chosen 

due to its TC=415K, which is just above the measurement temperature range so that the 

initial reduction of the magnetisation on the approach to TC is visible for comparison to the 

Curie Bloch fits.  

 

As discussed in Section 5.2.3, there are limitations to the Curie Bloch fitting procedure to 

the SQUID data but any attempt to fit M vs T measurements (from tCo=0.5nm to 1.2nm) 

with b=0.50 has been unsuccessful. A higher critical exponent results in a more linear 

reduction of the magnetisation with temperature, not observed in the SQUID data, and even 

the inclusion of a higher a (which rounds the profile of the M vs T curve as discussed in 

Section 3.4.1) does not reproduce the measured magnetisation profile, Figure 6.14(b).  
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The variation in anisotropy with the inclusion of interfacial mixing in simulations is plotted 

in Figure 6.15, with 1.0nm normalised Co experimental data for comparison. As discussed 

above, the bulk Co material file utilises uniaxial anisotropy and therefore cannot be expected 

to reduce to the power of n=21 as observed experimentally. There is a clear reduction in the 

anisotropy with increasing interfacial mixing fraction.  

 

 
Figure 6.15 Normalised anisotropy as a function of T for 1nm Co simulations with varying degrees of interfacial 
mixing, plotted against the normalised anisotropy of a 1.0nm Co film measured via SQUID magnetometry 

 

From this study it can be concluded that the Co samples are likely diffuse as well as 

disordered, and while the shape of the M vs T does not match that observed experimentally, 

the reduction in TC does evidence some form of interfacial mixing.  The anisotropy also 

reduces more rapidly in the more diffuse, higher interfacial mixing fraction simulations.  

 

As discussed in Section 5.3.1, the benefit of parameterising the material file directly from 

experimental data is that the parameters include the role of specific sample defects and 

disorder, and the simulation can be achieved as a simple continuous layer. Therefore, it is 

not necessary to consider interfacial mixing in SFM simulations and further investigation of 

Co ultrathin films, by VAMPIRE and experimentally is discussed in Future Work, Section 

8.2.  

 

 

6.2 Temperature Dependent Properties of Ni3Pt Films 
6.2.1 Thin Film Growth Modes 

When considering Ni3Pt films is it perhaps useful to discuss thin film growth modes, 

particularly considering the results of the mean field model given by Equation 5.6, where a 

large value of t0 was required to achieve agreement with the thinnest Ni3Pt films. This 

suggests that the nucleation of the films is very different from the bulk growth.  
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Nucleation and growth of a thin film can be considered to occur under one of three main 

growth modes, layer by layer (van der Merve), Figure 6.16(a), island growth (Volmer-

Weber), Figure 6.16(b) or layer and island growth (Stranski Krastanov), Figure 6.16(c) [23] 

. 

 

 
Figure 6.16 Thin film growth modes (a) van der Merve, (b) Volmer-Weber and (c) Stranski Krastanov 

 

Growth modes are dependent on substrate surface interactions and on the sputtering 

conditions.  The first mode, layer-by-layer, occurs when the interaction energy between the 

substrate-film is higher than that of the film-film. Each layer will grow only when the last is 

complete. The second, island growth, occurs when each layer grows before the last is 

complete and the interaction between film-film atoms is greater than that of the film-

substrate atoms. Finally, layer and island growth occur where the film grows in islands after 

the completion of one or more layers. This could be as a result of lattice mismatch for 

example, which will be thickness dependent and the growth mode may change [24, 25].  

 

 

 
Figure 6.17 Growth of thin films from [23] 
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Figure 6.17 shows an example of the growth and formation of a film with thickness. It 

reveals how the sputtering pressure, the preferential growth of the material, surface energy 

and diffusion alter the final film. Section 6.2.2, below, discusses the origin of PMA in Ni3Pt 

and subsequently, in Sections 6.2.3-6.2.5, how the growth conditions alter the magnetic 

properties.  

 

6.2.2 PMA in Ni3Pt films  

The deposition of Ni3Pt samples, of structure depicted in Figure 

6.18, is detailed in Section 5.2.2. Ni3Pt alloys exhibit an L12 

type ordering with a unit cell with a=c=0.384nm as calculated 

by [26] and if grown at elevated deposition temperatures, TDep, 

exhibit an enhanced and broadened TC and PMA [27]. 

 

Damped compositional oscillations of Pt or Ni rich layers extend 5-6 monolayers deep and 

have been observed in a number of studies [28, 29, 30, 31] and Ni3Pt was used in one of the 

first scanning tunnelling microscopy determinations of chemical composition [32]. A study 

by Vasumathi et al [27] found that alloy formation began at 350ºC and that the peak PMA 

occurred in samples deposited at 400ºC, with PMA vanishing at 450ºC. From this they 

postulated that PMA in Ni3Pt arises from the interfaces of thin Ni platelets in a Pt matrix.  

 

Other than this study [27], there is little information of Ni3Pt alloys. Primarily, as such a soft 

ferromagnetic material, it is not considered technologically relevant. However, it is the ideal 

material for the SFM discussed in this thesis. Temperature dependent properties and 

sensitivity of magnetic properties to growth conditions mean that it can be manipulated and 

tailored for a range of systems. 

 

6.2.3 Thickness dependent Ni3Pt properties 

The thickness dependence magnetisation and TC of Ni3Pt thin films has been considered in 

Section 5.2.2. In this section their structural properties and magnetic properties as with 

temperature are considered. Figure 6.19 shows the calculated x-ray diffraction (XRD) peaks 

for Ni3Pt, with the fcc (111) peak located at 2q=42.936º from [33]. The composition has not 

been varied in this thesis and deposition rates of both the Ni and Pt targets have been 

monitored throughout, Section 4.1.3. The fcc (111) peak is has been used as a comparison 

between samples.  

 

Figure 6.18 Ni3Pt sample 
structure 
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Figure 6.19 Calculated XRD peaks for Ni3Pt from [33] 

 

The results of XRD measurements performed on samples with varying Ni3Pt thickness, tNiPt, 

are shown in Figure 6.20. This series of Ni3Pt samples are deposited at TDep=280ºC and an 

Ar+ sputtering pressure, PDep=3mTorr.  

 

 
Figure 6.20 XRD of Ni3Pt samples with varied tNiPt, deposited at 280ºC, fcc (111) peak shown 

 

From Bragg’s Law, Equation 4.1, a shift to higher diffraction angles corresponds to a 

smaller lattice spacing and from Scherrer’s formula, Equation 4.3, the grain size is, in 

general, related to the inverse of the full width at half maximum (FWHM) of the peak [34]. 

A summary of the XRD data, for the (111) peak is given in Figure 6.21. 
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Figure 6.21 (a) XRD (111) peak position as a function of tNiPt for varying sample deposition temperatures. (b) FWHM 
of (111) peak with tNiPt at varying TDep 

 

From Figure 6.21(a) it can be seen that there is a slight trend to higher angles with increasing 

tNiPt and from Figure 6.21(b), a reduction in the FWHM with increasing tNiPt, corresponding 

to an increase in grain size with thickness. Interestingly, the FWHM appears to be 

independent of TDep.  

 

The anisotropy of Ni3Pt with thickness is also considered. Figure 6.22 displays the coercivity 

as a function of tNiPt of a series of samples deposited at TDep=280ºC, at a number of 

measurement temperatures. At low temperature, the coercivity can be observed to decrease 

with increasing sample thickness. However, the temperature dependence of the anisotropy 

becomes less extreme as thickness is increased. A 20nm Ni3Pt film exhibits a reduction in 

anisotropy with temperature as its reduced magnetisation to the power of n=3 from Equation 

3.22. However, the thinnest films, tNiPt=5nm, exponent of n=7 is achieved. 

 

 
Figure 6.22 HC vs tNiPt at various temperatures for samples deposited at TDep=280ºC, measured in perpendicular 
orientation via SQUID magnetometry 
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Figure 6.23(a) shows reveals that anisotropy remains relatively unchanged with sample 

thickness until tNiPt falls below 7nm and Figure 6.23(b) shows how n decreases with 

increasing thickness.  

 

 
Figure 6.23 (a) k vs tNiPt for samples deposited at TDep=290ºC, determined from hystersis loops measured via 
SQUID magnetometry and (b) the Callen and Callen exponent which describes the reduction of the anisotropy with 
temperature as a function of tNiPt 

 

A VAMPIRE simulation of the Curie temperature of a 7nm thick Ni3Pt layer, as 

parameterised in Section 5.3.2, is shown in Figure 6.24(a) and compared to the measured 

SQUID data. Reasonable agreement is achieved, but there are variations in the profile of the 

simulated M vs T and that measured at lower temperatures. Figure 6.24(b) plots the 

simulated anisotropy with temperature. The fourth order anisotropy term has been used 

within this simulation and a sign change can be observed in VAMPIRE, corresponding to a 

change in the magnetisation plane [19].  

 

 
Figure 6.24 VAMPIRE simulations of a 7nm Ni3Pt layer. (a) Curie temperature simulation performed with 10000 
loop and equilibration steps (simulated time of 1.5ns) and ~100000 spins compared to the M/MS SQUID 
measurement. (b) The output anisotropy as a function of temperature compared to that calculated experimentally 
from hysteresis loops.  

 

The output anisotropy in Figure 6.24(b) is also not comparable to that determined from 

experiment, with a smaller magnitude and a more rapid decrease with temperature. As 
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discussed in Section 3.4.3 there is an awareness and consideration as an avenue of future 

work, Section 8.2, of inaccuracies in the parameterisation of anisotropy from HC and 

therefore errors in the magnitude are not unexpected, particularly where higher order 

anisotropy terms are required. The fourth order anisotropy constant in VAMPIRE, used 

here, corresponds to an anisotropy temperature dependence that decreases as the reduced 

magnetisation to the power of n=10. Fits to the SQUID determined values find that the 

anisotropy in the 7nm Ni3Pt sample reduces to the power of n=7.  

 

Hysteresis simulations, Figure 6.25, however, reveal that the anisotropy determined from the 

SQUID measurements can be used to produce simulations that are comparable to the 

SQUID hysteresis. The rate of change of the anisotropy with temperature in the simulations 

is greater than that observed experimentally (the simulated HC of the 10K loop is slightly too 

large, Figure 6.25(a) but too small at 100K, Figure 6.25(b)) and so some convolution of the 

uniaxial and fourth order terms are required for full description of the thinnest Ni3Pt layers.   

 

 
Figure 6.25 VAMPIRE simulations of a 7nm Ni3Pt layer with k4=5.8x10-26. (a) 10K hysteresis loop performed with 
~50000 spins, 50000 equilibration and 75000 loop time steps. (b) 100K hysteresis loop performed with ~200000 
spins, 50000 equilibration and 75000 loop time steps. (c) 200K hysteresis loop performed with ~300000 spins, 
100000 equilibration and loop time steps. (c) 300K hysteresis loop performed with ~400000 spins, 100000 
equilibration and loop time steps 
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However, the inclusion of multiple anisotropy terms, with no experimental method of 

determining the components, is difficult to implement within VAMPIRE. Trial and error 

hysteresis loop simulations at elevated temperature are required, which is not 

computationally feasible. Figure 6.26 compares two identical 100K hysteresis simulations, 

performed with ~100000, Figure 6.26(a) and ~200000 spins, Figure 6.26(b) requiring 10 and 

19 hours of simulation time on 80cpu, respectively on the VIKING computing cluster, 

Section 4.4.2. The same simulations on the 12cpu machine in the laboratory, and the only 

resource available for the majority of this work, require 2.8 or 5.6 days respectively and 

therefore this analysis was not performed. Priority was also given to achieving simulations 

of the properties of SFM structures over that of the Ni3Pt.  

 

 
Figure 6.26 100K Hysteresis loop simulations of a 7nm Ni3Pt layer with k4=5.8x10-26, using 50000 equilibration and 
75000 loop time steps. (a) ~100000 spins and (b) ~200000 spins 

 

6.2.4 Magnetic properties as a Function of Temperature of Ni3Pt 
Samples Deposited at Elevated Temperatures 

As PMA in Ni3Pt is thought to arise from Ni platelets in a Pt matrix [27], the deposition 

conditions are incredibly important. XRD measurements of samples deposited at varying 

deposition temperature TDep are presented in Figure 6.27. 

 

 
Figure 6.27 (111) XRD peaks for samples with varing TDep of (a) 11nm and (b) 15nm samples 
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A shift in the peak position towards higher angles with increasing TDep can be observed in 

both the 11nm, Figure 6.27(a) and the 15nm, Figure 6.27(b) samples. The FWHM appears 

relatively constant with increasing TDep until the 11nm, TDep=450ºC measurement, black 

curve Figure 6.27(a). The peak is broadened and reduced in intensity, suggesting that 

alloying is beginning to occur and the grain size is reducing. Figure 6.28 summarises the 

XRD data of samples with varying TDep.  

 

 
Figure 6.28 (a) XRD (111) peak position as a function of TDep for varying sample thicknesses. (b) FWHM of (111) 
peak with TDep of various sample thicknesses 

 

A shift towards higher angles with increased deposition temperature can be observed in 

Figure 6.28(a), consistent with alloying occurring at 350ºC [27] as the lattice spacing 

decreases. Figure 6.28(b) agrees well with the result in Figure 6.21(b), that the FWHM (and 

grain size) is independent of the deposition temperature.  

 

 
Figure 6.29 M vs T measurements preformed using a SQUID magnetometer on samples with a range of deposition 
temperatures and thicknesses (a) 11nm and (b) 15nm 

 

Figure 6.29 displays the magnetisation vs T measurements of 11nm, Figure 6.29(a) and 

15nm samples, Figure 6.29(b), with varying TDep. A decrease in magnetisation with 

increasing TDep is observed for both thicknesses, with only slight variations in TC. 
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Interestingly, the 11nm, TDep=150ºC sample exhibits a reduction in TC. Although this could 

be sample a sample anomaly, this TDep is the lowest deposition temperature studied at which 

PMA exists. Figure 6.30 summarises the 11nm, 10K hysteresis loops.  

 

 
Figure 6.30 10K Hysteresis loops of 11nm thick Ni3Pt samples deposited at varying TDep 

 

From Figure 6.30, the magnetisation can be observed to decrease and the HC increase with 

increasing TDep. Loops in Figure 6.30 are measured out of plane and reveal square, 100% 

remanent behaviour. Figures 6.31(a) and (b) summarise the TC, determined via Curie Bloch 

fitting to the M vs T SQUID data, Section 5.2.3, and the magnetisation with deposition 

temperature, respectively. The TC exhibits a minima at TDep=150ºC but otherwise steadily 

increases with TDep. The magnetisation, however, appears to peak at room temperature, 

decreasing with increasing TDep. Finer TDep steps are required to investigate where the peak 

magnetisation might occur.  

 

 
Figure 6.31 Summary of (a) TC (achieved from Curie Bloch Fits to the M vs T data) and (b) magnetisation as a 
function of TDep and a range of sample thicknesses 

 

The Curie Bloch fits performed to SQUID measurements are further summarised in Figure 

6.32(a) and (b) showing the TDep dependence of a and b respectively. Whilst no real trend 
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was observed in the thickness dependence of a and b with tNiPt, Section 5.2.3, a appears to 

decrease and b increase with increasing TDep. As a decreases, the disorder in the system 

increases [22, 35]. 

 

 
Figure 6.32 Summary of Curie Bloch fits to M vs T of Ni3Pt data with (a) the temperature rescaling exponent a and 
(b) the critical exponent b 

 

Figure 6.33 plots the coercivity of SQUID hysteresis loops for a range of 11nm samples at 

varying TDep at 10, 100, 200 and 300K. A clear increase in HC with TDep can be observed. 

Fitting Equation 3.22 to the data reveals that n=10 at room temperature, before falling to n=3 

by TDep=220ºC, remaining steady and then increasing only at TDep=450ºC to n=6. This 

suggests that the rate of the temperature dependence of the anisotropy in Ni3Pt films is 

determined mainly by tNiPt.  

  

 
Figure 6.33 HC taken from hysteresis loops measured in the SQUID magnetometer for 11nm samples with a range 
of TDep and at temperatures from 10-300K 

 

The anisotropy as a function of TDep is plotted in Figure 6.34, revealing that these samples do 

not exhibit the peak observed at 400ºC by Vasumathi et al [27]. This could be for a number 

of reasons. Firstly, it could be an error in deposition temperature measurement, Section 

4.1.2. However, it has been found that TDep tends to increase rather than decrease over time, 

as the thermocouples lose contact with the platen, and TDep is also monitored throughout, 
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with a pyrometer, during all heated depositions. Error in quoted TDep is expected to err 

towards higher temperatures rather than lower. Secondly, measurements in [27] are 

performed at room temperature on much thicker samples (200-300nm). From results 

presented here, Section 6.2.3, the FWHM, and therefore grain size, decreases with 

increasing thickness and so it is expected that much thicker films would exhibit larger 

grains. It also must be considered that thin films are unlike the bulk, due to broken symmetry 

at the interface [13], and an 11nm film has a much larger surface to volume ratio than a 

200nm film. Therefore, due to interface effects, which likely contribute to PMA in Ni3Pt, it 

is not unexpected that results differ from that of [27] and we find that anisotropy in Ni3Pt 

samples, less than 20nm thick, peaks above TDep=450ºC.  

 

 
Figure 6.34 k vs TDep for samples of thickness 7nm, 11nm and 15nm. Anisotropy determined as detailed in Section 
3.4.3 

 

Similarly to the Co samples with varying tCo, VSM hysteresis loops were recorded for the 

11nm, varying TDep samples at varying angle q, with hysteresis loop shown in Figure 6.35 

and the data summarised in Figure 6.36.  
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Figure 6.35 VSM hysteresis as a function of q, measured on 11nm samples with varying TDep 

 

As with SQUID measurements, a reduction in the magnetisation with TDep is observed. The 

TDep=150ºC sample, highlighted above in relation to a reduction in TC observed in Figure 

6.29, shows no preferred anisotropy direction and it is likely that this is near the minimum 

deposition temperature required to achieve PMA. From Figure 6.36(a) it can be seen that the 

highest TDep sample exhibits a large coercivity, from 45º and increasing towards 90º, 

suggesting that the easy axis is no longer fully out of plane.  

 

 
Figure 6.36 VSM measurement summaries (a) HC vs q for a range of 11nm thick samples and (b) M vs q for 11nm 
samples with varying TDep 
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The independence of the FWHM on TDep suggests that the origin of PMA is due to ordering 

in the sample, ie segregation of Pt and Ni and interfacial anisotropy between platelets of 

each, and not due to the sample morphology. This is underlined by the broadened XRD peak 

and reduced magnetisation of the sample deposited at TDep=450ºC, which can be explained 

by alloying of the Ni and Pt above 350ºC, in agreement with [27].  

 

6.2.5 The Effect of Substrate and Deposition Pressure on the 
Temperature Dependent Properties 

The choice of substrate provides another variable with which to control and tune the Ni3Pt 

layer. Figure 6.37 shows the temperature dependence of magnetisation (a) and 10K 

hysteresis loops (b).  

 

 
Figure 6.37 SQUID measurement of 11nm samples deposited at 3mTorr Ar+ pressure and TDep~290ºC with (a) M vs 
T and (b) 10K hysteresis loops. 

 

From Figure 6.37(a), there is an increase in the 

magnetisation and TC when Ni3Pt is deposited on 

Al2O3 substrates. The coercivity at 10K, Figure 

6.37(b), decreases for the sapphire substrate 

samples. Interestingly, there is no marked 

difference between the two orientations of 

sapphire used, Figure 6.38. The choice of 

substrate is also a practical one; Si/SiO2 has a 

low diamagnetic signal and is therefore good for 

bulk magnetometry measurements in the SQUID and VSM and Al2O3 is useful for x-ray 

magnetic circular dichroism measurements (XMCD). Therefore, it is useful to know the 

effect of substrate on the quality of the film.  

 

Curie Bloch fits to Figure 6.37(a) reveal a difference of 40K in between the TC of a sample 

deposited on Si/SiO2 and that of samples deposited on Sapphire. No difference was found in 

Figure 6.38 Crystallographic planes of sapphire 
from [38] 
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the b exponent, found to be b=0.55 throughout. The temperature rescaling exponent a was 

found to increase from 1.61 for the Si/SiO2 sample to 1.78 for r-plane sapphire and 1.90 for 

c-plane. The temperature dependence of the anisotropy was not found to vary substrate to 

substrate.  

 

The deposition pressure, PDep, can be used to vary the film structure. As discussed in Section 

4.1.1, the gas pressure will determine the number of electron/Ar+ interactions. A higher PDep 

increases the probability of collisions whilst the gas pressure in the chamber reduces the 

mean free path of the sputtered target atoms. Target atoms lose more energy before reaching 

the substrate and diffusion of atoms during film growth will be reduced, altering the quality 

of the film. Figure 6.39 shows the (111) peaks of Ni3Pt films 11nm thick, Figure 6.39(a) and 

20nm, Figure 6.39(b), deposited at different sputtering pressures. 

 

 
Figure 6.39 Ni3Pt (111) XRD peaks of (a) 11nm, TDep=150ºC and (b) 20nm, TDep=280ºC samples deposited with 
different sputtering pressures 

 

A slight shift in the peak position towards lower q can be observed for the 0.75mTorr, 11nm 

sample, Figure 6.39(a) and the peak in Figure 6.39(b) appears much sharper for the lower 

PDep. Magnetisation with temperature measurements of the sample samples reveal that a 

lower sputtering pressure results in a lower ordering temperature and magnetisation, Figure 

6.40.  
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Figure 6.40 M vs T of samples with varying PDep performed with the field applied perpendicular to the film in the 
SQUID magnetometer 

 

Hysteresis loops measured at 10K, of the samples are shown in Figure 6.41. The 20nm 

samples, deposited at TDep=280ºC, show a small change in the magnetisation and a large 

change in HC with sputtering pressure, Figure 6.41(a). The 11nm samples, deposited at a 

much lower TDep=150ºC, show a much larger decrease in magnetisation and the hysteresis 

loop of the lower PDep sample is much less square than the standard 3mTorr loop. 

 

 
Figure 6.41 10K perpendicular hysteresis loops of samples with varying PDep with (a) 20nm, TDep=280ºC and (b) 
11nm, TDep=150ºC 

 

Reducing the sputtering pressure may be help improve the Ni3Pt interface and therefore the 

exchange coupling JIr in the SFM samples. PDep provides a final option, along with tNiPt, TDep 

and substrate with which to manipulate Ni3Pt properties for use in SFM samples. 

 

 



 137 

6.3 Summary  
This Chapter has considered methods to control temperature dependent magnetic properties 

in Co and Ni3Pt thin films through variation of thickness, deposition temperature, deposition 

pressure and substrate.  

 

The TC and magnetisation of Co thin films can be easily manipulated by varying the Co 

thickness, tCo, as discussed previously in Section 5.2.1. The macroscopic model introduced 

in Chapter 2, and discussed in more detail in Sections 5.1 and 5.4.3, in terms of achieving 

negative remanence, highlights the importance of considering all energy terms; EA, the 

anisotropy energy and EEX, the exchange energy and their temperature dependence, and not 

simply the Zeeman term, EZ, associated with the magnetisation on the samples. The Co 

anisotropy was found to fall off as the normalised magnetisation to the power of n=21. From 

VAMPIRE simulations with interfacial mixing and from TEM and EDX images, preformed 

on another sample grown in the same chamber, the Co layer is likely diffuse and disordered 

with a large degree of intermixing at the interface.  

 

Ni3Pt films are then investigated as a function of thickness, TDep, PDep and substrate. A study 

by Vasumathi et al [27] found that PMA peaked for samples grown at ~400ºC. This study 

has been performed on samples much thinner than theirs and has found no peak in the 

anisotropy up to a deposition temperature of 450ºC. A trend in the anisotropy with 

deposition temperature and a trend in the rate of change of anisotropy, increasing in thinner 

films is observed. The Ni3Pt layers have also been characterised on different substrates and 

at varied deposition pressures, building up a material set with a range of magnetic properties 

that can be used for direct comparison with VAMPIRE simulations. 
 

The next chapter discusses how the temperature dependent properties of these constituent 

layers can be used to control negative remanence in SFM samples.  
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Chapter 7  

Negative Remanence in Ni3Pt/Ir/Co 
Synthetic Ferrimagnets  
 

 

Section 5.5.3 discussed the necessity of considering not only the Zeeman energy, Ez, of the 

layers, but their anisotropy energy, EA, and the exchange energy, EEx, between them [1]. 

Each of the energy terms evolves with temperature, at a different rate for each layer. This 

Chapter considers how the temperature dependent layer properties in Chapter 6 can be 

utilised to control the temperature range over which negative remanent magnetisation occurs 

in Ni3Pt/Ir/Co SFM. In this Chapter, the ability to control negative remanence in SFM 

samples is demonstrated and VAMPIRE is used to produce remanent magnetisation maps, 

used to highlight the balance in the energy terms.  

 

7.1 Remanence Measurements  
In this Chapter many of the results are discussed in terms of remanent magnetisation, MR, 

particularly its dependence with temperature. Primarily antiferromagnetically coupled SFM 

samples are considered and so remanence can be considered as the state where the Co and 

Ni3Pt layers are aligned antiparallel, occurring at H=0T after saturation. Saturation of the 

sample is achieved by applying a large enough field (usually 0.5T), Hsat, to align the layers 

parallel and reversal on removal of this field is governed by EEX, EZ and EA [1].  

 

Figure 7.1(a) presents the remanent magnetisation as a function of temperature for a 

Ni3Pt(8.5nm)/Ir(0.5nm)/Co(1nm) SFM and defines the temperature at which negative 

remanence occurs, T-MR, the temperature range over which it occurs, DT, and highlights the 

position of Tcomp, where the magnetisations of the layers are equal and cancel. This 

measurement varies from MR, vs T measurement of Figure 7.1(b) (and those of Figure 5.22 

presented in Section 5.5.1), performed on the same sample, where the only crossing of the x-

axis (magnetisation) is at Tcomp.  
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Figure 7.1 MR vs T of Ni3Pt(8.5nm)/Ir(0.5nm)/Co(1nm) SFM performed with SQUID magnetometry (perpendicular 
orientation) (a) The sample is saturated with a positively applied field for 60s before removal of the field and 
measurement under H=0T, at every measurement point. Tcomp, T-MR and DT are displayed on the chart. (b) 
Performed by first applying and removing Hsat at 10K and measuring under H=0T, with no further H perturbations, 
with increasing T.  

 

The reasons for an effective second compensation at T-MR are discussed in Section 7.4, but it 

is important at this point to highlight the difference in measurement technique between 

Figure 7.1(a) and (b). Measurements as in Figure 7.1(a), are performed by saturating the 

sample and removing the field at every measurement temperature and therefore give a 

remanent magnetisation similar to that achieved in a hysteresis loop. The layers are 

disturbed and allowed to find their energy minimum at every single point.  

 

The other measurement of remanence, as in Figure 7.1(b), is performed with no changes of 

the field throughout the temperature sweep. The layers are pinned into an antiferromagnetic 

configuration at 10K by applying and removing Hsat and then measurement performed on 

warming under H=0T. This gives an impression of the M vs T evolution of each of the 

layers, as this remanence measurement is associated with the Co switch and so can be used 

with the MS of the SFM to determine the Co (and thus Ni3Pt) magnetisation with 

temperature.  

 

 
Figure 7.2 Summary of the measurement processes detailed in (a) Figure 7.1(a) and (b) the process involved in 
Figure 7.1(b) 
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Both forms of remanence measurement are summarised in Figure 7.2. The applied field is 

removed using the “no overshoot” mode, which removes the field without exceeding the set 

value, Section 4.3.2. A small remanent field will persist in the superconducting coils of less 

than -0.0001T on removal of a 0.5T field [2], however from hysteresis loops it is clear that 

the coercivity far exceeds this and remanent fields in the SQUID are not responsible for 

negative remanence in this case, see Figure 7.4 for example loops.   

 

 

7.2 The Effect of EZ and EA on the Remanent State 
7.2.1 Magnetisation 

Chapter 5 discussed that although all three energy terms are necessary for the full 

description of SFM samples, the compensation point, Tcomp, can be achieved by simply 

considering the temperature dependence of the moment of each of the layers. In this Section, 

we consider the effect of the moment of the Ni3Pt layer on the remanent state of the SFM. 

The magnetisation of each of the layers is included in the Zeeman energy term, Equation 5.2 

[1], and so the effect of EZ can be investigated. Figure 7.3 presents the MR vs T 

measurement of three SFM samples with varying tNiPt deposited at the same TDep.  

 

 
Figure 7.3 SQUID MR vs T of Ni3Pt(tNiPt)/Ir(0.5nm)/Co(1nm) SFM with Hsat applied and removed at each 
measurement point for samples with tNiPt=7, 8.5 and 10nm deposited at TDep=290ºC.  

 

In Section 6.2.3, it became evident that the anisotropy of Ni3Pt does not vary significantly 

for tNiPt>7nm, and whilst a changing tNiPt will likely effect the interface with the Ir layer (as a 

result of increasing grain size, Section 6.2.3) and so JIr, the change in T-MR and DT is 

primarily due to the change in the moment and resulting variation in the Zeeman energy.  

There is a clear increase in DT, and a shift of Tcomp and T-MR to lower temperatures, with 

decreasing tNiPt.  
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Figure 7.4 SQUID hysteresis loops of Ni3Pt(8.5nm)/Ir(0.5nm)/Co(1nm) SFM at (a) T-MR, (b) in DT and (c) at Tcomp. 
Arrows on plots denote the field direction. 

 

Hysteresis loops at T-MR, within DT and at Tcomp are presented in Figures 7.4(a), (b) and (c) 

respectively. Figure 7.4(a) confirms that the remanence does exhibit a second zero point at 

T-MR. This, and features in hysteresis loops at T-MR are discussed in Section 7.4. The 

remanent state in Figure 7.4(b) and (c) is steady and the transition between states sharp. 

There is no appreciable variation in the switching fields across DT.  

 

A study by Webb et al [3] discusses an expected increase in HC at near Tcomp as the 

anisotropy field varies as 1/M, Equation 3.21, and the magnetisation goes to zero at Tcomp. 

However, within the SFM samples, the coercivity of the hysteresis loops is due to the 

anisotropy of the layers and the exchange. There is no minimum in the layer magnetisation 

at Tcomp, the MR=0 occurs due to antiferromagnetic coupling between the layers, and 

although JIr varies with temperature, Section 7.3.1, the variation is not extreme over DT. An 

increase of HC is not expected in these samples due to the weak coupling across the interface 

allowing layers to easily be pulled out of antiparallel alignment.  

 

 
Figure 7.5 MR vs T measurements presented in Figure 7.2 plotted against the ratio of the layer magnetisations. 
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From the size of the remanence in the hysteresis loop of Figure 7.4(b), it can be seen that 

there is not a large difference between the Co moment, MCo and the Ni3Pt moment MNiPt at 

negative remanence. This was discussed in Section 5.5.3, that in order for negative 

remanence to occur, EZ, the difference in the layer moments, must not be too large, 

otherwise it is not energetically favourable for the higher moment layer to reverse [4, 5]. 

This can be demonstrated by plotting the MR of Figure 7.3 against the ratio of the moments, 

MCo/MNiPt. Figure 7.5 reveals that negative remanence only occurs above a MCo/MNiPt ratio of 

~0.8.  

 

 
Figure 7.6 Summary of SFM samples with varying tNiPt. Data is represented by points and lines to guide the eye (a) 
The compensation point and point at which negative remanence occurs for the samples and (b) DT=Tcomp-T-MR 

 

Figure 7.6 summaries DT, T-MR and Tcomp as a function of Ni3Pt layer thickness. A clear trend 

can be observed in Tcomp, however T-MR is unexpectedly large for tNiPt=11nm. This is likely 

due to a reduction in the exchange or anisotropy of the Ni3Pt layer.  

 

7.2.2 Anisotropy  

Anisotropy and magnetisation in the Ni3Pt samples are intrinsically linked. A change in 

anisotropy in Ni3Pt can be easily achieved by varying TDep, Section 6.2.4, with the 

anisotropy increasing with increasing TDep. This is accompanied by a corresponding decrease 

in the magnetisation, likely due to the formation of non-magnetic alloy with temperature [6]. 

Therefore, determination of the effect of the anisotropy variation on DT and T-MR in SFM 

samples is difficult to explore experimentally. Not only are EA and EZ in these samples 

entangled, but varying the deposition temperature will change the film growth characteristics 

and may alter the Ni3Pt/Ir interface, changing EEx.  

 



 145 

 
Figure 7.7 SQUID MR vs T of Ni3Pt(11nm)/Ir(0.5nm)/Co(1nm) SFM with Hsat applied and removed at each 
measurement point for samples with deposited at TDep=220, 290 and 360ºC.  

 

This is illustrated in Figure 7.7, which reveals the remanence with temperature of three 

samples with varied TDep. The compensation point shifts to lower temperatures with 

increasing TDep, indicative of a reduced magnetisation in the Ni3Pt layer. DT however, 

remains relatively constant for the range of Ni3Pt TDep.  

 

The temperature dependent properties of each of the layers are plotted in Figure 7.8. The 

Ni3Pt M vs T is given in Figure 7.8(a) and the reduction in magnetisation can clearly be 

seen. The MNiPt reduces much more rapidly with temperature than MCo, Figure 7.8(b), which 

only exhibits ~20% reduction in magnitude within the temperature range 10-400K.   

 

Figure 7.8(c) plots the reduction in the exchange energy across the interface, JIr, determined 

from the exchange field, HEX, associated with a single layer, as per the method described in 

Section 3.4.1. JIr vs T is considered in more detail in Section 7.3.1, but it can be seen in 

Figure 7.8(c) that there is no clear trend in JIr v T with TDep. This is consistent with XRD 

measurements of Ni3Pt, which reveal an increase in grain size with increasing tNiPt but very 

little variation with TDep, Section 6.2. variations in JIr are expected as the Ir interface is 

unlikely to be perfect, Sections 5.4 and 6.1 [7], and the difference in JIr displayed in Figure 

7.8(c) corresponds to only small shifts in the hysteresis loops of ~0.01T. The energy balance 

in the SFM is so fine however, that although the variation of JIr is not significant with TDep, 

there will be an effect on DT. DT will increase with decreasing JIr, as discussed in Section 

5.5.3.  
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Figure 7.8 Summary of the temperature dependence of (a) MNiPt, (b) MCo, (c) JIr  with lines denoting polynomial fits 
to the data points and (d) anisotropy, k of each of the layers.   

 

The variation in anisotropy of each of the layers is also given in Figure 7.8(d). The 

temperature dependence of the Co anisotropy, kCo is greater than that of the Ni3Pt, kNiPt but 

kCo is always larger than kNiPt. DT will increase when the difference between kNiPt and kCo is 

large and so a larger DT is expected for samples deposited at a lower TDep.  

 

VAMPIRE has been used to investigate this further, Figures 7.9 and 7.10. For efficiency, 

simulations were performed using the same method described in relation to Figure 5.26 in 

Section 5.5.2, where the properties of each layer at a given temperature are provided in the 

material file and the simulation temperature lowered. Figure 7.9 shows simulations of the 

layer relaxation with time. The simulations are run with the Co and Ni3Pt layers initially 

aligned parallel at t=0s and allowed to relax into a remanent antiparallel state with no 

applied field in the simulation, comparable to the remanence measurements presented above 

and described for Figure 7.1(a). Both simulations given in Figure 7.9 are performed for Co 

and Ni3Pt parameterised at 160K and the only variation in the simulation is kNiPt which is 

1x10-25 J/atom for Figure 7.9(a) and 5x10-26 J/atom in the case of Figure 7.9(b). Figure 7.9(a) 

produces a normal, positive remanent state with the Co layer reversing to align the SFM 

antiparallel. In contrast, a reduced kNiPt in Figure 7.9(b) results in negative remanence with 

the higher moment Ni3Pt layer reversing first.   
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Figure 7.9 Simulations of SFM relaxation from a parallel, saturated state to an antiparallel remanent state. No field 
was applied during the simulations, parameterised using the temperature dependence of the layers and run at a 
simulation temperature of 5K. The effective temperature is 160K, with a simulation size of ~47000 spins and a Ni3Pt 
k variation of (a) 1x10-25J/atom and (b) 5x10-26J/atom.  

 

Simulations as in Figure 7.9 were performed across a temperature range of 80-220K and for 

varied kNiPt in the range of 2x10-25 to 1x10-26 J/atom. A map of the SFM remanent state as a 

function of the ratio of the layer moments and the anisotropies, kCo/kNiPt can be produced, 

Figure 7.10, with negative remanent states depicted in red. The ratio of MCo/MNiPt was 

chosen to cover a region where negative remanence is energetically favourable in SFM 

samples and the exchange, which falls off with temperature, remains constant for a given 

value of MCo/MNiPt, allowing for investigation of the dependence of the remanent state on the 

anisotropy terms. It can be seen from Figure 7.10, that negative remanence only occurs 

where the ratio kCo/kNiPt is large, as expected [4, 5]. 

 

 
Figure 7.10 Map of the simulated remanence (as from Figure 7.8) of a Ni3Pt(7nm)/Ir(0.5nm)/Co(1nm) SFM with 
varied Ni3Pt anisotropy.  

 

Therefore, for an SFM sample with varied Ni3Pt TDep, the increase in k with TDep will result 

in a reduction of DT and the decrease in MNiPt will increase DT. As a result, whilst the is a 

shift in Tcomp and T-MR to lower T with increasing TDep, Figure 7.11(a), there is little variation 

in DT, Figure 7.11(b), with only a 10K variation for TDep = 220-360ºC.  
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Figure 7.11 Summary of Ni3Pt(11nm)/Ir(0.5nm)/Co(1nm) SFM samples with varying TDep. (a) The compensation 
point and point at which negative remanence occurs for the samples with data represented as points and lines to 
guide the eye and (b) DT=Tcomp-T-MR 

 

7.3 Exchange Energy  
7.3.1 Temperature Dependence of the Exchange Energy 

It is evident from the dependence of HEX with temperature in the SFM samples that the 

exchange coupling across the interface reduces with increasing T. Figure 7.12 presents the 

variation in JIr with temperature for a range of tIr. Results in Figure 7.12 are in agreement 

with those presented in Section 5.4.1, Figure 5.16, with a peak in coupling strength at 

tIr=0.4nm. The magnitude of JIr for a 0.4nm Ir layer at 300K is ~25% that of its magnitude at 

10K, whereas the magnitude of the interlayer exchange coupling for tIr=0.5nm reduced to 

only ~15% of its low temperature maximum.  

 

 
Figure 7.12 JIr vs T for Ni3Pt(11nm)/Ir(tIr)/Co(1nm) SFM with tIr=0.3-0.6nm and TDep=290ºC. Points indicate the data 
as extracted from minor hysteresis loops in the SFM samples and lines simple polynomial curves to highlight the 
tends.  

 

Variation in the RKKY coupling across an interface has been observed in a number of other 

systems experimentally, for example in Fe/Cr multilayers [8] where the first maxima in the 

coupling strength was found to vary less with temperature than that of the second peak and 

in Co/Cu multilayers [9, 10]. Christides [9] found a systematic variation in the T dependence 



 149 

of their interlayer coupling between samples which they ascribed to growth conditions and 

varying degrees of intermixing at the interfaces. A theoretical study by Kundu and Zhang 

[11] also found that the temperature dependence of RKKY coupling was more pronounced 

for thicker coupling layers.  

 

The coupling strength is governed by the degree of band matching between the non-

magnetic layer and the ferromagnetic layers either side. A one-band and free electron model 

is used by Persat and Dinia [10] to describe ferromagnetic resonance (FMR) measurements 

on Co/Cu multilayers utilising the velocity of electrons at the extremal points of the Fermi 

surface to describe the temperature dependence., Equation 7.1  

 

J(T) = J&(T/T&)
sinh(T/T&)

 (7.1) 

 

Where J0 is the initial exchange energy and the characteristic temperature is given by  

 

T& =
ℏv.
2πk2L

 (7.2) 

 

Where vF is the Fermi velocity and L the spacer layer thickness. Figure 7.13 shows Equation 

7.1 fit to the JIr vs T dependence of layers with tIr=0.4, 0.5 and 0.6nm. From Equation 7.2, it 

is expected that T0 will increase for decreasing tIr. 

 

 
Figure 7.13 JIr vs T for Ni3Pt(11nm)/Ir(tIr)/Co(1nm) SFM with tIr=0.3-0.6nm with fits to Equation 7.1. Error bars are 
calculated assuming an error of 1x10-8emu in SQUID measurements, a 5% error in the layer thickness and an error 
on the exchange field of half the field step increment in the minor loop measurements.  

  

From Figure 7.13, it can be seen that while the model describes the temperature dependence 

of tIr=0.5nm and 0.4nm reasonably well, but this is not achieved for the 0.6nm JIr vs T. This 
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may be due to errors in the measurement, as the antiferromagnetic coupling is so weak for tIr 

=0.6nm, it can be difficult to define the minor loop in order to observe a full, single layer 

switching. There is no trend in T0 observed. Therefore as found by [10], it is likely that the 

ferromagnetic layers need to be considered in the model to explain the results and as per [9], 

it is likely that intermixing at the interfaces also influences JIr vs T.  

 

Sample deposition practises may also influence this. As discussed in Section 5.4.3, the SFM 

deposition of SFM samples is a two-stage process, with the 5nm Ta seed layer and the Ni3Pt 

deposited hot at elevated temperatures TDep, and then the sample is allowed to cool, in high 

vacuum, before the Ir coupling layer, 1nm Co and Ir capping layer are deposited at room 

temperature. This avoids alloying of the Ir and Ni3Pt, Section 5.4.2, but results in a large 

reduction in JIr [12], Figure 5.21. In order to investigate this, we arbitrarily reduced the 

exchange further, by decreasing the quality of the vacuum in which the sample cools 

between stages and the results are given in Figure 7.14.  

 

 
Figure 7.14 JIr vs T for Ni3Pt(11nm)/Ir(0.5nm)/Co(1nm) SFM with TDep=290ºC samples with one allowed to cool 
between stages in high vacuum (~10-9Torr) and the other in a lower vacuum (~10-6Torr). Points denote the data 
measurement and lines a simple polynomial fit to the data.  

 

Equation 7.1, did not produce a good fit of the temperature dependence of JIr in the lower 

vacuum sample. JIr in this sample falls to ~20% of its initial value at 300K, a temperature 

dependence somewhere between that of the normal tIr=0.5nm and 0.4nm temperature 

dependence, but with a significantly reduced magnitude.  

 

Modelling the temperature dependence of the interlayer exchange coupling in VAMPIRE is 

more difficult. Within VAMPIRE, there is no function to output the exchange energy terms 

for each layer, the only facility is to output a total exchange value [13, 14] and so far it has 

not been possible to deconvolute the interlayer exchange coupling from that of the Ni3Pt and 
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Co layers. The exchange which has the most influence in the SFM is that of JIr, as the 

exchange in the layers is far greater and simply determines the ability of each material to 

behave as a single layer. Therefore, the fact that the temperature dependence of JIr in 

VAMPIRE is an unknown makes temperature dependent SFM simulations difficult to 

quantify in VAMPIRE and it is essential parameter to determine for future work, Section 

8.2.  

 

7.3.2 The Effect EEX on the Remanent State of SFM samples 

As discussed in Section 5.5.3, in order for negative remanence to occur, EEX has to be strong 

enough to make antiparallel alignment energetically favourable but weak enough so that the 

anisotropy and Zeeman energy terms compete to determine the reversal mechanism.  

 

 
Figure 7.15 (a) M vs T of samples with varied tIr, performed by saturating and removing H at every temperature 
point and (b) 10K hysteresis loops of the same samples (colour kept consistent between figures). (c) M vs T of 
Ni3Pt(11nm)/Ir(0.5nm)/Co(1nm) with varied vacuum conditions between stages to reduce JIr and (d) 10K hysteresis 
loops of the same samples. 

 

Figure 7.15(a) plots the MR vs T SQUID measurements of Ni3Pt(11nm)/Ir(tIr)/Co(1nm) SFM 

with tIr=0.4 and 0.5nm, showing the influence of increased exchange on DT. There is a shift 

of T-MR to higher temperatures for the stronger coupled sample, whilst Tcomp remains the 

same for both. Figure 7.15(c) shows MR vs T of the same Ni3Pt(11nm)/Ir(0.5nm)/Co(1nm) 

sample and that of the same structure with the exchange reduced through the deposition 
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conditions. This allows exploration of the effect of lowered exchange, as 0.6nm of Ir results 

in very weak, almost ferromagnetic coupling of the layers and no compensation occurs. 

Figure 7.15(c) confirms that an increase in DT can be observed with a reduced JIr.  

 

Hysteresis loops of the samples are plotted in Figure 7.15(b) and (d) showing the effect of an 

increased and decreased JIr respectively. A stronger JIr results in a shift of the first reversal 

(the transition saturation to remanence) to higher fields, whereas too weak an exchange 

means that this does not occur until the field is already negative.  

 

The effect of the exchange coupling can be mapped similarly to that in Figure 7.10. A plot 

of the remanent state as a function of the exchange coupling and temperature can be 

achieved from multiple simulations of the relaxation of the SFM spins from saturation, 

Figure 7.16. As before, simulations are parameterised for a given temperature and 

VAMPIRE run at a low simulation T. In this case however, the material parameters are kept 

consistent for every given temperature and the only variation is that of the coupling strength 

between them, JIr.  

 

 
Figure 7.16 Simulation map of the remanent state of Ni3Pt(11nm)/Co(1nm) SFM with JIr varied at each temperature. 
Negative remanent states are depicted in red. Light blue regions, are regions of normal remanence in which the Co 
layer is the layer which aligns antiparallel and in dark blue regions remanence is not achieved in the 5ns simulation 
time. Each simulation is performed for a system of ~52000 spins, parameterised for the temperature plotted along x 
and run at set temperature of 5K in VAMPIRE. Lines plot the JIr dependence vs T of two SFM samples measured 
via SQUID magnetometry, the normal Ni3Pt(11nm)/Ir(0.5nm)/Co(1nm) sample (black crosses) and the 
Ni3Pt(11nm)/Ir(0.5nm)/Co(1nm) sample with reduced exchange (green squares).  

 

The necessity of achieving the right JIr strength is highlighted by the simulations of Figure 

7.16, where clear regions of normal remanence (light blue), negative remanence (red) and no 
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reversal are evident. Experimental measurements can also be plotted onto the map, Figure 

7.16 and a trace used to compare the remanent magnetisation of the sample and that 

produced by VAMPIRE, Figure 7.17.  

 

 

 
Figure 7.17 Comparison between experimental MR vs T and that produced by simulations in Figure 7.15 for (a) a 
normal Ni3Pt(11nm)/Ir(0.5nm)/Co(1nm) sample and (b) a Ni3Pt(11nm)/Ir(0.5nm)/Co(1nm) sample with reduced 
exchange 

 

Whilst the magnitude of the remanent magnetisation is not reproduced between VAMPIRE 

and experiment, there is reasonable agreement with the transition between normal and 

negative remanent states. An example of two of the simulations are presented in Figure 7.18, 

with a Co reversal, Figure 7.18(a), and a Ni3Pt reversal to a negative remanent state Figure 

7.18(b).  

 

 
Figure 7.18 m vs t simulations as performed to produce Figure 7.15, with JIr=1x10-25J/link for each, depicting (a) a 
Co reversal at 200K and (b) a Ni3Pt layer reversal at 280K.  

 

It can be seen that the Co layer is pulled much further around by the Ni3Pt reversal, Figure 

7.18(b), than the Ni3Pt is by the Co on its reversal, Figure 7.18(a). This must be due to the 

balance of k and M between the Co and Ni3Pt as JIr=1x10-25 J/link for each simulation. Spin 

configuration files yield more insight into the reversal, Figure 7.19.  
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Figure 7.19 (a) Spin configurations of Figure 7.17(a) showing reversal from saturation to a positive remanent state 
resulting from the switching of the Co layer. (b) Spin configuration of Figure 7.17(b) showing reversal from 
saturation to a negative remanent state via the switching of the Ni3Pt layer 

 

It can be seen from Figure 7.19(b) that the Ni3Pt reversal pulls the Co layer into an almost 

in-plane state during reversal. The spins of each layer tend to rotate in opposite directions, 

the switching layer flips and the other layer cants in the opposite direction to balance the 

motion.  

 

 

7.4 Possible Canted States in Ni3Pt/Ir/Co SFM  
This Section considers the existence of T-MR, an effective second compensation point, below 

the usual magnetisation compensation temperature, where MNiPt > MCo and a zero-

remanence state cannot be considered as a simple cancellation of the moments. The first hint 

of this is in the variation of the remanent magnetisation with temperature measurements 

performed using the techniques presented in Figures 7.1 and 7.2, and discussed in Section 

7.1.  
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Figure 7.20 (a) MR vs T a Ni3Pt(8.5nm)/Ir(0.5nm)/Co(1nm) sample with the black curve showing the remanent 
magnetisation measured by applying and removing Hsat at every measurement point and the orange data arising 
from measurement of M with T under H=0T after saturation and removal of a field at 10K. (b) Hysteresis loop of the 
same Ni3Pt(8.5nm)/Ir(0.5nm)/Co(1nm) sample, recorded at 237K, in the region where the orange and black curves 
of Figure 7.20(a) diverge  

 

Figure 7.20(a) shows divergence of the measured remanent magnetisation of a 

Ni3Pt(8.5nm)/Ir(0.5nm)/Co(1nm) SFM. As discussed in Section 7.1, each remanence 

measurement reveals different characteristics of the sample. The black curve in Figure 

7.20(a) depicts the true remanent magnetisation of the sample, the minimum energy state at 

H=0T after reversal from a parallel to antiparallel state. The orange plot in Figure 7.20(a) 

meanwhile, simply maps the temperature dependence of the layers, as the remanent state is 

essentially locked in at low temperature. Therefore, the orange plot can be considered to 

show the expected remanent magnetisation of the sample as the result of the Co layer fully 

switching.  

 

Coloured regions on Figure 7.20(a) can be used to delineate between different temperature 

regimes in the SFM samples.  

 

The green region, in which the measurement performed with a field applied and 

removed at every temperature point (black curve) is equal to the MR vs T achieved 

from a saturating the sample at 10K only (considered to be MR as a result of the Co 

layer switching fully) (orange curve), is the region in which the Ni3Pt layer 

dominates and the Co layer reverses fully to achieve antiparallel alignment.  

 

The blue region of Figure 7.20(a), occurring from the point at which the sample 

exhibits full negative remanence to higher temperatures, can be considered the 

temperature range at which the Co layer governs the SFM behaviour. Initially, just 

below Tcomp, the Co anisotropy is sufficiently large to prevent the layer’s reversal 
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under the influence of EEX and the system reverts to a state of higher EZ but lower 

EA by fully reversing the layer with the larger moment, ie the Ni3Pt. After Tcomp, the 

magnetisation of the Co is larger than the Ni3Pt and so the Ni3Pt remains the layer 

that switches. By 400K, the TC of Ni3Pt has been exceeded and any magnetisation in 

the SFM is due to the Co.  

 

The yellow region of Figure 7.20(a) is more complicated. It can be seen that the 

black and orange curves diverge, with the magnitude of the remanent magnetisation 

in this region less than that expected for a single layer reversal. Figure 7.20(b) 

presents a hysteresis loop at 237K, in this region. It can be seen that the loop 

remains square, with sharp transitions between states and that there are three 

reversal steps between positive and negative saturation. The sample switches 

initially into a steady remanent state, before at a sufficiently negative field the 

sample switches to a point just below that of saturation. The magnetisation will 

persist in this state until the field is enough to achieve full reversal of the stack. This 

step in the second reversal of the hysteresis cycle is a common feature observed in 

hysteresis loops in this temperature region and its origin is discussed in the next 

section.  

 

Figure 7.21 presents elemental specific XMCD hysteresis loops achieved using the same 

sample presented in Figure 7.20. Figures 7.21(a) and (b) are recorded in the green 

temperature range of Figure 7.20(a), and confirm that the Co layer switches first. Figures 

7.21(e) and (f) show the negative reversal, where the Ni3Pt layer reverses to achieve 

antiparallel alignment, the blue region of Figure 7.20(a). Finally, Figures 7.21(c) and (d) are 

performed in the yellow region of Figure 7.20(a) and reveal a curious four state hysteresis 

behaviour in both the Co and NiPt.  
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Figure 7.21 XMCD hysteresis measurements of a Ni3Pt(8.5nm)/Ir(0.5nm)/Co(1nm) SFM performed at Diamond 
Light Source. Lines with circles show the measurement achieved on the positive to negative field sweep and lighter 
coloured lines with crosses, the return negative to positive sweep. Ni measurements are presented in the top row 
and the corresponding Co hysteresis presented below. (a) and (b) show the element specific layer reversal at 180K 
for the NiPt and Co layers respectively. Measurements of (c) and (d) are performed at 200K for the for the NiPt and 
Co layers, and hysteresis loops in (e) and (f) are measured at 220K.  

 

It is important to note that there is a variation in the temperature at which the XMCD 

measurements are recorded and that of the temperature measurement of the SQUID. 

Subsequent measurements performed on the sample shown in Figure 7.22, which exhibits 

the transition between normal and negative remanence at temperatures around room 

temperature, over a very narrow 4K temperature range.  

 

 
Figure 7.22 SQUID MR vs T measurement of a Ni3Pt(10nm)/Ir(0.5nm)/Co(1nm) SFM. Arrows highlight the narrow 
temperature range over which the sample transitions from normal (Co switch) and negative remanence (Ni3Pt 
switch). Fits to the MR vs T, achieved from measurements where the field is applied and removed at 10K only, are 
also plotted with the orange dotted line revealing the predicted MR as the result of a full Ni3Pt layer reversal and the 
blue dashed that associated with a full Co switch, This supports the analysis discussed above and highlights the 
very narrow transition region in this sample.  
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XMCD loops over this transition are presented in Figure 7.23. Measurements have been 

recently achieved (performed at ALS in July 2019, Section 4.3.3) and plots in Figure 7.23 

have been provided by M. Dabrowski. The measurements are noisier that those achieved at 

the Diamond Light Source in Figure 7.21 and there is a slight drift in the 294K Ni hysteresis 

loop, but it is clear from the loops that the transition from normal remanence with the Co 

layer switching first, to negative remanence where the Ni3Pt reverses occurs over only 4K 

and similar four-state hysteresis loops can be observed over the transition in both layers.  

 

 
Figure 7.23 XMCD hysteresis measurements of a Ni3Pt(10nm)/Ir(0.5nm)/Co(1nm) SFM performed at ALS, 
Fermilab. The x-axis is the applied field in T with all loops measured from ±0.2T. Black lines describe the positive to 
negative H sweep and red the return, negative to positive H.  

 

Therefore, from the SQUID M vs T measurements, from steps in the SFM hysteresis loop 

and from the observation of four-stage element specific XMCD hysteresis loops, some form 

of canted spin configuration must exist at remanence in the SFM samples in the transition 

from normal to negative remanence.  

 

There is a question mark over what this state is, it is not possible to distinguish anything 

other than the bulk layer angle from the XMCD and SQUID hysteresis measurements. Here 

it is called a canted state for convenience, it could be due to a domain configuration, an 

exchange spring [17, 18], some topological state, or chiral/asymmetric exchange [19, 20]. 

Potential experiments to resolve this are discussed in Chapter 8 and are currently beyond the 

scope of this thesis. However, it is an interesting test of VAMPIRE to see if this decrease in 

MR can be simulated. In order to compare the simulations to experiment, we first produce a 

very simple sum model, derived from the XMCD results, that can be used to deconvolute the 

bulk SFM hysteresis into its layer components.   
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7.4.1 Sum Model to Determine Element Specific Hysteresis  

The simple sum model mentioned above, arose from manipulation of the XMCD 

measurements presented in Figure 7.21(c) and (d). The initial step was to idealise the 

XMCD measurements, Figure 7.24(a) and (b). This was initially to see if it was possible to 

determine the angle to which each layer had switched by considering the difference between 

the layer MS and MR. From this analysis, the net moment of the Ni layer was determined to 

lie at an angle of 101º at H=0T. The Co layer was found to sit at an angle of 64º at H=0T.  

 

 
Figure 7.24 (a) Idealised (drift corrected and MS and MR averaged) Ni XMCD loop shown in Figure 7.20(c) after 
normalisation and rescaling using the known Ni3Pt layer moment (b) Idealised XMCD loop of Figure 7.20(d) after 
normalisation and rescaling using the Co layer moment. (c) Result of a summation of the loops in (a) and (b).  

 

The Ni and Co XMCD hysteresis loops were then normalised and rescaled by their moment 

at that given temperature before adding together, to produce the loop given in Figure 

7.24(c). A step in the second reversal (from remanence to negative saturation) can be 

observed in Figure 7.24(c), similar to that observed SQUID SFM hysteresis loops, for 

example in Figure 7.20(b).  

 

Figure 7.25 plots the loops in Figure 7.24 together and shows the origin of the Macroscopic 

model. By labelling the magnetisation states of each of the hysteresis loops and 

remembering that the SFM loop is simply a sum of the Ni and Co loops, it is possible to see 

that the remanence magnetisation of the Ni (a2) and Co (b2) layers can be calculated from the 

step in the second reversal of the SFM hysteresis loop, Figure 7.25. As the moments of the 

Co and Ni3Pt layers at a given temperature are known or can be extracted from the M vs T 

measurement of the SFM (as in Section 5.2.3) and so is the SFM hysteresis (and therefore all 

m values), the only unknowns are a2 and b2. Once a2 and b2 have been calculated, the Ni and 

Co loops can be reconstructed from the SFM SQUID measured hysteresis loop.  
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Figure 7.25 Macroscopic model to determine element specific hysteresis loops from bulk SFM hysteresis developed 
from the XMCD results.   

 

7.4.2 Applied Field Dependence of the Canted State 

The height of the step in the second reversal of the SFM loop in this region can be varied by 

changing the field step across the first reversal. Figure 7.26 shows a 150K hysteresis loop of 

a Ni3Pt(11nm)/Ir(0.5nm)/Co(1nm) SFM with the Ni3Pt layer deposited at 0.75mTorr Ar+ 

pressure, which produces a reduced kNiPt, Section 6.2.5.  

 

 
Figure 7.26 150K Hysteresis loop of a Ni3Pt(11nm)/Ir(0.5nm)/Co(1nm) with PDep=0.75mTorr with different field step 
sizes over the first reversal from saturation 

 

The hysteresis loop in Figure 7.26 is achieved by using small, 0.002T field steps over the 

reversal from +MS to +MR and larger 0.01T steps over the transition from -MS to -MR. 

Otherwise, the field steps in the hysteresis loop are symmetrical. Interestingly, the change in 

the step height in Figure 7.26 is not accompanied by any change in the remanent 

magnetisation. Figure 7.27 shows the layer hysteresis as determined from the sum model in 

Section 7.4.1.  
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Figure 7.27 (a) Ni3Pt contribution of the hysteresis loop of Figure 7.25 determined using the model given in Figure 
7.25 and (b) the Co contribution 

 

From these loops it is possible to determine the net angle of the layer after each reversal, 

Figure 7.28.  

 

 
Figure 7.28 (a) The net angle of the Co and Ni3Pt layers determined from Figure 7.27 for the +MS to +MR transition 
and (b) the angles associated with the -MS to -MR switch.  

 

Figure 7.28 highlights the effect of the field step over the first transition. A fine field step, 

meaning that the reversal is interrupted multiple times by the measurement, results in an 

angle of just 142º between the Co and Ni3Pt, rather than the expected 180º from the 

influence of JIr. A larger field step, Figure 7.28(b), produces an angle of 160º between them, 

much closer to that determined by the antiferromagnetic coupling.  

 

7.4.4 Atomistic Simulations 

In order to investigate if VAMPIRE can reproduce a possible canted remanent state as 

observed experimentally in our samples, with no additional parameters than those of the 

layers and the exchange between them, it is necessary to run simulations with temperature 

included. Figure 7.29, further highlights the challenges that result from this. The simulations 

in Figure 7.29 are identical save for the number of spins in the simulation. Figure 7.29(a) is a 

simulation performed with 72400 spins, whereas Figure 7.29(b) contains 624100 spins. This 

corresponds to a simulation time of ~12hrs or 3 days.  
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Figure 7.29 Timeseries simulations of a Ni3Pt(8.5nm)/Ir(0.5nm)/Co(1nm) SFM at 100K with (a) 72400 spins and (b) 
624100 spins 

 

As ~600000 spins are required to produce a clear and noise free simulation at 100K, a 

significantly larger spin volume is necessary at higher T. Figure 7.30 shows the result of the 

SFM simulations of the relaxation of the magnetisation from parallel alignment to a 

remanent state with varied simulation temperature. 

 

 
Figure 7.30 Timeseries simulations of a Ni3Pt(8.5nm)/Ir(0.5nm)/Co(1nm) SFM at (a) 100K with 72400 spins, (b) 
100K and 624100 spins, (c) 200K and 1716100 spins and (d) at 300K with 1716100 spins.  

 

While the simulation is noisy, it can be seen from Figure 7.30(c), at 200K, that at ~3.5ns the 

Co layer seems to settle into a relatively steady, partially reversed state. The angles 

associated with the layer reversal from saturation to the relatively steady state in Figure 

7.30(c) from 4ns are plotted in Figure 7.31(a). Figure 7.31(b) presents the angular 

dependence of the layers determined from the XMCD loops in Figures 7.24(a) and (b).  
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Figure 7.31 Layer angles calculated from the transition from +MS to +MR for (a) the simulation given in Figure 
7.30(c) and (b) for the XMCD of Figure 7.24.  

 

The calculated layer angles at remanence in Figure 7.31, for the simulation of a 

Ni3Pt(8.5nm)/Ir(0.5nm)/Co(1nm) SFM, Figure 7.31(a) and from the measured XMCD 

hysteresis loops, Figure 7.31(b), are relatively similar. A larger simulation volume is 

required to confirm this VAMPIRE result, but despite the expected difficulties discussed in 

Section 7.3.1 regarding the determination of the temperature dependence of JIr and the large 

simulation volumes required, it shows that VAMPIRE can be used to produce results 

comparable to experiment, from simple parameterisation of the material file with 0K values.   

 

 

7.5 Summary  
This Chapter initially considers the ability to control DT, the extent of negative remanence 

temperature region, exhibited by an SFM sample, through careful consideration of the 

temperature dependent properties of all layers. VAMPIRE atomistic simulations of the 

magnetisation with time are used to create remanence maps, used to discuss the conditions 

required for negative remanence to occur in a sample.  

 

Experimental MR vs T measurements, plotted as a ratio of MCo/MNiPt rather than against 

temperature, reveal the narrow window of MCo/MNiPt for which negative remanence is 

energetically favourable. The ratio of the anisotropies, kCo/kNiPt, was required to be high and 

the exchange energy has to be strong enough for reversal but weak enough that it does not 

dominate the energetics of the hysteresis loops. This is illustrated in the VAMPIRE 

remanence map, which could provide a really useful tool for future sample development, to 

be used almost as a phase diagram for the energetics of the system.  

 

Finally, the existence of a second compensation point at T-MR was considered and how an 

antiparallel configuration of the Ni3Pt and Co layers cannot explain another zero point when 

MNiPt>MCo at these temperatures. XMCD measurements ~T-MR reveal a complex, four stage 

hysteresis process in the both layers. This is an avenue of future investigation.  
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Chapter 8  

Conclusions and Future Work 
 

This conclusion summarises the results achieved within the thesis and also gives an 

appraisal on using VAMPIRE within the lab. Finally, avenues of future work are considered. 

 

8.1 Conclusions 
8.1.1 Summary of the Work Presented 

An aim of this thesis was to explore the potential and accuracy of VAMPIRE atomistic 

simulations as a lab tool, through direct and immediate comparison to an experimental 

synthetic ferrimagnet system, and to determine their potential as an eventual facility aiding 

the design of SFM structures. As detailed in Chapter 1, use of VAMPIRE as a guide for the 

development of SFM structures was derailed by the observation of negative remanence in 

compensating Ni3Pt/Ir/Co SFM and focus then shifted to the detailed understanding of the 

temperature dependent evolution of the model and the energetics involved within the 

samples.  

 

Ni3Pt/Ir/Co SFM were fabricated via magnetron sputtering, with material advantages 

including perpendicular magnetic anisotropy, being rare-earth free (providing benefits of 

both for sample longevity and lower cost [1]) and consisting of two chemically distinct 

layers. This allows for both bulk magnetic characterisation, via superconducting quantum 

interference device (SQUID) magnetometry and vibrating sample magnetometry (VSM), 

and element specific x-ray magnetic circular dichroism (XMCD) measurements, Section 4.3. 

Extensive studies were performed on the individual layers of the SFM, investigating a series 

of Ir/Co/Ir and Ni3Pt single films, to further characterise and understand what each layer 

contributes to the SFM properties and to parameterise VAMPIRE material files for 

simulation of the SFM structure, Section 3.4.  

 

Magnetisation in the Ir/Co/Ir trilayers was found to rotate from perpendicular to in-plane 

between a thickness, tCo=1.2-1.5nm, and to show square, fully remanent hysteresis below 

tCo=1.0nm, Section 6.1.2. These ultrathin films exhibit a reduced TC and MS compared to 

bulk Co (TC=699K and µ0MS=1.4T for a 1.0nm sample compared to TC=1388K and 

µ0MS=1.8T for bulk), Section 5.2.1. From the available literature [2, 3], transmission 

electron micrographs of a multilayer stack produced using the same deposition system, and 
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from VAMPIRE atomistic simulations of Co thin films with varying degrees of interfacial 

mixing, it was concluded that our Ir/Co/Ir films are diffuse and disordered, Section 6.1.4. 

This further decreases TC and MS from that expected for a mean field model relating the 

reduction in TC to the spin-spin correlation length [4]. Within the SFM stacks, tCo is 

maintained at 1.0nm, allowing a comparison layer between all samples. A benefit of 

parameterising VAMPIRE directly from experiment is that these effects, of sample defects 

and disorder, are included within the material file. 

 

Ni3Pt is utilised as the main variable in the design of SFM. While being a relatively soft 

ferromagnetic material, Ni3Pt has the benefit of exhibiting perpendicular magnetic 

anisotropy (PMA) when deposited at elevated deposition temperatures, the strength of which 

is strongly dependent on TDep, Section 6.2.2. It is thought that PMA in Ni3Pt arises from 

interfaces of Pt and Ni in the disordered L12 phase. Alloying begins at ~400ºC, accompanied 

by a decrease in PMA and magnetisation [5]. Results support this, an increased PMA, shift 

to reduced lattice spacing evident from XRD and a decrease in magnetisation with 

increasing TDep, are observed. The effects of deposition pressure and substrate were also 

considered, Section 6.2.5. A reduced PDep further reduces the TC of Ni3Pt and the use of 

sapphire substrates, important for XMCD measurements, improves the MS, only slightly 

reduces the Ni3Pt anisotropy and maintains the same temperature dependence as samples 

grown on Si/SiO2. Anisotropy energy and Zeeman energy, EA and EZ respectively, can be 

varied in the SFM by simply altering the deposition conditions of the Ni3Pt.  

 

As with the Co, TC in Ni3Pt films can be lowered by reducing the layer thickness, tNiPt, 

Section 5.2.2. Therefore, control of the SFM magnetic compensation point, which can be 

considered a simple addition of the M(T) of the individual layers, can be achieved by 

varying tNiPt, Section 5.5.1. To produce a compensating SFM the layer with the lower TC 

must exhibit a higher magnetisation and so the Ni3Pt layer is considerably thicker than the 

Co in our structures.  

 

For compensation to occur at all, the sample must be antiferromagnetically coupled. The 

strength and direction of the indirect interlayer exchange coupling, via the RKKY 

interaction, across the non-magnetic interlayer, JIr, depends on the thickness of the Ir, 

Section 5.4.1. Using the bias field, HEX, associated with a single layer switching, JIr was 

found to peak at tIr=0.4nm.  SFM samples are grown in a two-stage process with the seed 

and Ni3Pt layers deposited hot and the Ir interlayer, Co and cap at room temperature. This 

significantly reduces the strength of JIr [6] and in doing so allows observation of negative 

remanence in the SFM samples, Section 5.4.3.  
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A macrospin model is used throughout to describe the interplay between the exchange 

energy, EEX, EA and EZ [7].  Each of the terms evolves at a different rate with temperature 

resulting in distinct regions of magnetic behaviour, Section 7.4. At low temperature, far 

from Tcomp, EZ and EEX dominate and the layer with lower magnetisation will reverse first on 

the removal of a saturating field to align the layer magnetisations antiparallel. Between T-MR, 

and Tcomp, the difference between the anisotropy of the layers is significant, with the 

anisotropy of the Co much larger than that of the higher moment Ni3Pt. It therefore becomes 

more energetically favourable for the soft Ni3Pt to reverse, increasing the EZ energy term but 

reducing EA and EEX, and achieving a negatively remanent state, where the net SFM MR is 

the opposite sign to the applied field. Finally, the existence of T-MR, a second compensation 

point where the layer magnetisations are not equal, results in the conjecture that some form 

of canted state or domain configuration is induced to minimise the overall energy of the 

system.    

 

In developing a detailed understanding of the parameters required for negative remanence, 

we produced remanent magnetisation maps in VAMPIRE, Sections 7.2.2 and 7.3.2, and 

Figure 8.1. They evidenced that the requirements for negative remanence are  

 

• A large difference in anisotropies of the hard and soft layers,  

• A relatively small variation in the moments of the layers,  

• An exchange strong enough to couple the layers antiferromagnetically but weak 

enough that EEX does not dominate and pull layers into an antiparallel alignment 

before the influence of anisotropy occurs.  

 

Therefore, the temperature dependence of the magnetic properties of each layer, relative to 

one another, become incredibly important and dictate the SFM behaviour.  

 

These maps also provide a potential for future sample development, if you can 

experimentally influence each of the parameters then it is possible to design the desired SFM 

properties into a structure. The application of VAMPIRE atomistic simulations in this 

manner has allowed for discussion on negative remanence in detail not previously 

considered [8, 9, 10]. As commented in Section 5.5.3, whilst theoretical descriptions of the 

phenomena exist [11, 12], in many investigations vital parameters are neglected, such as the 

influence of exchange [13] or of temperature [14], which as discussed above are 

technologically imperative.  
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Figure 8.1 Simulation map of the remanent state of Ni3Pt(11nm)/Co(1nm) SFM with JIr varied at each temperature. 
Lines plot the JIr dependence vs T of two SFM samples measured via SQUID magnetometry, the normal 
Ni3Pt(11nm)/Ir(0.5nm)/Co(1nm) sample (black crosses) and the Ni3Pt(11nm)/Ir(0.5nm)/Co(1nm) sample with 
reduced exchange (green squares).  

 

8.1.2 VAMPIRE Atomistic Simulations in the Laboratory 

Throughout this thesis, VAMPIRE has simply been treated as another instrument within the 

lab, the success of which has been varied. Firstly, and perhaps most fundamentally, it has 

shown the difference in how researchers from theoretical and experimental disciplines will 

approach a problem. As with any piece of new lab equipment, the manual was read and an 

understanding of the physics involved developed before then proceeding to effectively press 

buttons and see what they do. In hindsight, this was not the best approach, particularly in 

regards to these SFM samples. For example, several months were spent including a layer in 

simulations that should not have been there and initially were running simulations with a 

value of JIr that was far too high. It was not until contact was made the creator of 

VAMPIRE, Richard Evans, for advice that progress was made with the simulations. More 

time should have been taken to consider the underlying physics of the phenomena and the 

underlying methods of the model. 

 

Secondly, the computational resources required to run simulations at elevated temperatures 

limits what can be feasibly simulated without access to a computing cluster, Sections 3.5.6 

and 4.4. As touched on above, there is a learning curve associated with using VAMPIRE. It 

is difficult to come straight in and implement it. The manual is incomplete and vague [15], 

other information on how the physics is applied is scattered across a number of papers [16, 

17, 18], many of which are only truly appreciated with experience of VAMPIRE, and there 

are quirks and conventions to consider. Understanding this and developing good practise 

with the simulations takes time and familiarity, and mistakes are often made. This means 
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that while running a hysteresis loop for a few days in the background might not be too 

inconvenient, Section 3.5.6, there can be weeks of development leading to that. In places 

Sections 5.5.2 and 7.3.2, this has been counteracted by parameterising a sample at a 

temperature and running the simulations at low temperature. However, this does not make 

full use of the model’s potential and limits the scope of its use for the development of new 

structures.  

 

Finally, and most importantly, reasonable agreement between VAMPIRE simulations and 

experiment has been achieved. While we have made many mistakes and more work is 

required to finesse simulations, we have managed to model a real structure, in a very precise 

energy regime, using only a lab-based PC. This is a significant step to homogenising 

experimental practices and computational approaches into a whole, and has the potential to 

bring benefits such as that demonstrated in the review of the integration of experiment and 

modelling in the biophysical field by Bottaro and Lindorff-Larsen [19] and will drive 

development of this programme forward.  

 

 

8.2 Future Work  
8.2.1 Co and Ni3Pt Single Films 

As stated above, the single film components of the SFM stack were characterised in order to 

further understand the processes involved within the SFM magnetic behaviour. In doing so, 

this has opened several avenues of future work.  

 

In regards to the Co films, as mentioned in Section 5.2.3, more work is required to 

understand the reduction in TC with decreasing tCo. This is important, not only for further 

developing and improving the Ni3Pt/Ir/Co SFM but also interesting to further understanding 

of finite size effects in thin films [20, 21], and how that can be applied in the atomistic 

simulations. The first step would be to observe the structure of the films, Section 6.1.4. Our 

microscopy suite underwent refurbishment during this thesis, and high-resolution transition 

electron microscopy (HRTEM) facilities were not available during that time. When they did 

become available, the focus of the project was elsewhere, producing good TEM samples is 

time consuming and XMCD measurements had already confirmed distinct magnetic 

switching of layers in our SFM samples and the option was not taken to pursue 

measurements. A start has been made on using VAMPIRE to try and give more insight into 

the material structure, Section 6.1.4, and this will be continued. 
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The spin reorientation thickness, tSRT, Section 6.1.2, at which the Co magnetisation changes 

from perpendicular to in plane with increasing thickness in the Ir/Co/Ir samples [22], has yet 

to be determined. This can be achieved simply by studying films with tCo in the range of 1.2-

1.5nm.  

 

Similarly, for the Ni3Pt samples, HRTEM measurements may be very useful in furthering 

the understanding of the origin of PMA in the samples Section 6.2.2, [5]. Investigations on 

the composition and its variation across the film volume may yield insights into the origin of 

PMA in Ni3Pt. It would also be of interest to investigate the influence of different seed 

layers on the quality of the Ni3Pt films. If PMA originates from interfaces on Ni platelets 

and the Pt matrix, would a Pt seed layer allow us to achieve PMA at lower TDep? This would 

allow deposition of the SFM in a single stage Section 5.4.3, improving the exchange 

coupling through the Ir spacer [6] and providing a new parameter space to investigate. 

 

8.2.2 Further Study of SFM samples  

The Ni3Pt/Ir/Co samples also have a huge potential for future investigation. It would be 

interesting to further quantify the exchange coupling across the Ir. An option to study this 

would be through ferromagnetic resonance measurements (FMR)  [23, 24], providing 

another experimental process with which to compare simulations and further elucidating the 

temperature dependence of JIr, Section 7.3.1.  FMR measurements would also provide 

damping constants for use in VAMPIRE, extracted in the GHz regime, which are 

particularly important for ultrafast laser simulations [25].  All optical switching (AOS), 

which requires the application of a femtosecond laser pulse, is potential application of SFM 

structures in general, Section 5.1, [26, 27] and interesting to consider in our Ni3Pt/Ir/Co 

SFM. Heating will occur at the laser spot [28] and therefore further annealing studies on the 

SFM samples are also required, Section 5.4.2.  

 

The ‘canted’ state that occurs in SFM samples near T-MR, Section 7.4, is another avenue of 

future work. Only bulk magnetometry measurements have been performed (the XMCD 

signal is from all the atoms in each layer) and therefore details on this state are unknown. 

The fact that XMCD shows that the layers switch distinctly and sharply at temperatures 

below and above this region, Section 7.4, and that the multistate XMCD loops themselves 

exhibit sharp transitions, Figure 8.2 (a), suggests that it cannot simply be attributed to a 

domain configuration.  
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Figure 8.2 (a) XMCD hysteresis measurements of a Ni3Pt(8.5nm)/Ir(0.5nm)/Co(1nm) SFM performed at Diamond 
Light Source with the Co measurements depicted on the top row and Ni3Pt below for each given temperature. (b) 
SQUID hysteresis loop of a Ni3Pt(11nm)/Ir(0.5nm)/Co(1nm) SFM (with a reduced Ni3Pt anisotropy from variation of 
the deposition pressure) at 150K, showing distinct steps in the second reversal of the hysteresis loop (from an 
antiparallel to parallel state). See Section 7.4 for more information on each.  

 

The dependence of the field step over the first switching point on the step in the second 

reversal, Section 7.4.2 and Figure 8.2(b), is intriguing, as is the fact that the same SFM 

remanent magnetisation is achieved even for different steps, almost as if something is 

coiling up in the structure. Therefore, samples that exhibit this canting at room temperature 

have been prepared for investigation via Magneto Optical Kerr Effect (MOKE) 

measurements [29] and further XMCD studies with consideration of the field angle. Of 

particular interest are the two contemporaneous papers to this thesis by Han et al [30] and 

Fernández-Pacheco [31] which discuss chiral interlayer exchange measurements.  

 

VAMPIRE simulations of SFM materials with the inclusion of temperature will also be 

invaluable to further studying this region. Hints of agreement between simulation and 

experiment have been achieved, Section 7.4.3, but much more work is required to confirm 

this, including larger simulations and the investigation of more SFM samples. It may be 

useful to vary the Co thickness in the Ni3Pt/Ir/Co stack, allowing us to lower Tcomp and T-MR 

to temperatures that are more feasible to simulate. 

 

8.2.3 Improvements on the Application of VAMPIRE Spin Models  

Access to the VIKING cluster came too late to truly be of use and has so far only been used 

to run Ni3Pt simulations. Therefore, the first step in progressing the study of SFM and 

individual layer simulations in this thesis will be to utilise this massive increase in 

computational facilities.  

 

Improving the facility to parameterise VAMPIRE from experiment is also important. 

Improving structural characterisation and confirming exchange measurements have been 

discussed above, but another consideration is how anisotropy values are achieved. Whilst it 



 173 

has been found that it provides a reasonable estimate, the use of coercivity to determine the 

anisotropy in VAMPIRE is not accurate, and also not useful for higher order terms, Section 

6.2.3. A first step will be to investigate hard axis measurements as a potential for achieving 

the anisotropy field, Ha [32]. Beyond this, it would be interesting to consider torque 

magnetometry measurements [33].  

 

Finally, the desire is to pursue VAMPIRE as a predictive tool within the lab. Therefore, we a 

material library will be built and the remanent magnetisation maps continued to be used for 

sample development.  
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Appendix 

 

A.1 Physical Constants 
 

Table A.2 gives a selection of physical constants used in this thesis 

 

Name Symbol Value Units 

Planck constant h 6.626 x 10-34 J s 

Electron mass me 9.109 x 10-31 kg 

Vacuum permeability µ0 4p x 10-7 N A-2 

Boltzmann constant kB 1.381 x 10-23 J K-1 

Bohr magneton µB 9.274 x 10-24 J T-1 

Table A.1 Selected physical constants 

 

A.2 Units 
There are two unit systems utilized to describe magnetic properties, SI and cgs. The SI 

system is the international convention, based on five basic quantities; length in metres (m), 

time in seconds (s), temperature in Kelvin (K), mass in kilograms (kg) and current in 

Amperes (A). From these the units of joules (J) = kg m2 s-2 to describe energy, coulomb (C) 

= A s, volt (V) = A kg m2 s-1=J C-1 and tesla (T) = A-1 kg s-2, used regularly in regards to 

electromagnetism, can be derived.  

 

The cgs system, arises from magnetostatics and has basic units of centimetres (cm), grams 

(g) and seconds. Flux density B is measured in gauss (G), field H in oersteds (Oe) and the 

magnetic moment expressed in electromagnetic units (emu).  

 

Quantities in this thesis are supplied in SI units unless otherwise stated. SI units offer a more 

universal comparison, dimensions can be easily checked and the units are directly related to 

those of electricity. However, cgs units are prevalent in literature, with a mix of units often 

used [1]. Therefore, it is useful to consider how to compare and contrast the cgs and SI unit 

systems, Table A.1. 
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Table 02 Conversion factors between cgs and SI unit systems from [2] 
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A.3 Example VAMPIRE Material and Input File 

 
Figure A.1 Example SFM material file 
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Figure A.2 Example input file 

 


