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Abstract

This work presents new theoretical developments of atomistic spin
simulations of magnetic materials at finite temperatures. Special focus
is put on the description of longitudinal magnetic fluctuations and the
application in random transition metal alloys. A new computational
scheme is proposed for mapping total energies from electronic struc-
ture calculations to an extended atomistic spin model. The proposed
model has some new appealing features from previous models. To be
more specific, the proposed model successfully eliminates the reference
state dependency of the mapping that previous models have suffered
from. Moreover, the proposed model includes longitudinal magnetic
fluctuations that gives an improved description of the magnetic proper-
ties over a larger temperature interval. The proposed model strives to
find the right compromise between accuracy and computational feasi-
bility and it is applied not only to the elemental systems Fe, Co and Ni,
but also to a number of binary transition metal alloys such as Permalloy
(Fe20%Ni80%) and Fe-Co systems.

Electronic structure calculations of Gilbert damping and the closely
related magnetodynamic properties, the saturation magnetization and
exchange stiffness, have been conducted for a number of different mag-
netic systems including Permalloy with additional doping of 4d or 5d
transition metal impurities and the full Heusler alloy Co2FeAl. Re-
garding the Permalloy based systems, a systematic study of the mag-
netodynamic properties was performed and compared with existing ex-
perimental data. In general we found good agreement and manage to
explain the main trends regarding the Gilbert damping across the series
with a simple model that captures the most important material prop-
erties to the damping, namely the spin orbit coupling and density of
states at the Fermi level. In Co2FeAl, we calculated the Gilbert damp-
ing in different existing crystal structures and compare those with new
experimental data and found good agreement between them.

Magnon properties of random alloys, like Permalloy, are studied us-
ing two complementory methods, the adiabatic magnon spectra valid
at zero temperature and from finite temperature atomistic spin dynam-
ics through the dynamical structure factor. The influence of chemical
disorder and temperature effects on the magnon properties are investi-
gated that hopefully could motivate new experimental studies of these
materials.
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Chapter 1

Introduction

Browsing the glorious ancient civilizations ever existed, the Four Great
Inventions [1] are selectively highlighted in the history of science and technol-
ogy of ancient China. The Four Great Inventions include papermaking, the
compass, gunpowder and printing with woodblocks. Although papyrus was
first used as the writing material in ancient Egypt, the vulnerability of such
material restricted the use for a long term preservation. The papermaking
by the time around 202 BC- AD 220 was invented in China achieved for a
widespread practical usage. The new printing technique producing the entire
printing plate by joining the reusable basic blocks led the book to be printed
at a much cheaper cost as well as a significantly shortened time. By then, sci-
ence and technologies have already been assisting in the storage and spreading
of information, after all, our civilization is a collective intellect from several
generations. This process has gained huge momentum from the early stage of
the society and accelerated even more nowadays. With pros and cons, infor-
mation has not only been ubiquitous but more efficiently accessible almost to
anybody anywhere.

The possible primary use of lodestone compass can be roughly dated back
to 1000 BC in Mexico [2], while the Chinese discovered that compass could be
made by magnetizing iron in contract with lodestone or by cooling the heated
iron via aligning with the magnetic field of the earth. The magnetic declina-
tion and its variation with the location were also discovered in the practice.
Besides the application in the navigation as a pathfinder, the knowledge of
magnetism has also been used in ceramics and medical therapies. Time was
passing another millennium until the coming years of the twentieth century,
the magnetic wire was invented first for recording and playing back sound.
The study of magnetism has been consistently fulfilling the demands of infor-
mation storage and process even since, the magnetic tape, floppy disks, hard
disk drives, etc. The discovery of Giant Magnetoresistance [3,4] (GMR) effect
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4 CHAPTER 1. INTRODUCTION

and the followed applications brought another boost that increased the data
storage density and read-out speed dramatically. GMR opened the door to a
new field and resulted in the invention of new electronic devices the magneto-
electronics (or spintronics). Distinguished from the conventional electronics,
the two fundamental properties of the electron, namely its charge and spin,
are utilized simultaneously to achieve the functionality of magnetoelectronics.

In the last decades, the new magnetic devices have been pursuing towards
the same directions as the printing technique aimed at: smaller in the length-
scale for increasing the density and faster in the time-scale for reducing the
time-consuming. Each unit of magnet can store information in the binary
form zero or one as one bit. This is realized by tuning the relative magnetic
ordering of the two layers in terms of parallel or antiparallel alignment. The
magnetism of the free layer can be manipulated under the influence of an
external magnetic field. One bit of information can be rewritten if the field
induces the magnetization reversion in that unit. This simplified picture has
already raised several profound aspects and interesting features. For instance,
what would be the most suitable materials for a specific application? What is
the major limitation to the acceleration of a magnetic reversal process? What
can be the low energy excitation that the magnet may possess? What would
be the consequences of the thermal fluctuations to the magnetic processing?
What properties would be changed as the temperature approaches to the
critical point?

Before digging into these questions, it is worth noting from a theoretical
view point to which stage we have already come so far. Several simplified
models of describing magnetism have been proposed in its own scope with
different degree of success. Some of the prominent models include Stoner-
Wohlfarth macrospin theory [5], the theory of spin fluctuations by Kübler [6]
and the mean field theory. The dynamic behaviour when a magnet is sub-
jected to transient external perturbations was described by Landau, Lifshitz
and Gilbert [7, 8]. In the last few decades, the properties of materials are
commonly investigated by density functional theory (DFT). While DFT has
always been rather popular in the physics community, more sophisticated de-
velopments have made DFT increasingly more accepted also in the chemistry
community. These precedent works have formed a solid foundation for people
in our generation. One powerful way of utilizing the existing models is to
calculate the model parameters from ab initio calculations so it can be ap-
plied in more complicated circumstances. However, we have to be aware that
this work flow has some approximations associated with it, since in each step
some simplifications and approximations may be required in order to make it
work. As we extend the models, we are examining the validation of the model
beyond the original scope and therefore require careful tests and validation.
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A great advantage with the large modern computer facilities, it allows us to
efficiently test and validates the new models against experiments and more
accurate methods in a reasonably short amount of time.

My studies are similar to standing close to an estuary, facing both chal-
lenges and opportunities. The different works are all intertwined in relation to
each other and aim to contribute to a deeper and more profound understand-
ing of magnetism with possible extensions towards more complex systems.

This thesis is organized in the following manner. The basics of magnetism
and methods of modeling magnetism are introduced in Chapter 2. The the-
oretical formalism used throughout the thesis are described in Chapter 3.
This includes a brief review of density functional theory, where a special focus
is given to the Green function based Korringa-Kohn-Rostoker method; the
method of calculating the exchange interactions by means of Lichtenstein-
Katsnelson-Antropov-Gubanov formalism; the employment of conventional
methods to the alloyed system and including various disorders known as
alloy-analogy based on the coherent potential approximation; the intrinsic
Gilbert damping and its temperature effects demonstrated by an alloyed sys-
tem and the main result of this thesis that is the development and proposal
of an extended spin model based on the Heisenberg model that accounts for
the magnetic excitations in terms of transversal and longitudinal fluctuations
and the related technical issues of the implementation are discussed. Chap-
ter 4 summarizes highlighted results selected from the published papers and
manuscripts. Chapter 5 contains a summary and outlook that is followed in
Chapter 6 by a popular science presentation in Swedish.





Chapter 2

Modeling magnetism

The general concepts of modeling the magnetism are described in this
chapter. This text is based on the references [9–12] and the foundations of
magnetism and models are provided in some details along with the applica-
bility and limitations.

Down to the microscopic scale, the magnetization can be viewed as a com-
position of discrete magnetic moments localized on the sphere of each atoms.
It suggests that the moment under this definition can be named as atomic mo-
ment. The atomic moment is a classical quantity in which the ultra fast time
dependent electronic fluctuations have been neglected. The common types of
magnetism in terms of the atomic moments can be picturized as the length and
the pointing direction of the arrow determines the strength of the moment and
the local magnetization direction respectively. The materials such as the 3d
transition elements Fe, Co, Ni are ferromagnetic, Fig. 6.1(a), having a uniform
distribution of the moments aligned in the same direction. A sub-group of the
ferromagnetic material occurs when the system is constituted by at least two
sublattices, where all magnetic moments are aligned but having different mag-
nitude within each sublattice, Fig. 6.1(b). One prominent sample of this kind
is some Heusler alloys like Co2FeAl. In an antiferromagnetic system, the mo-
ments are aligned antiparallel to the nearest adjacent moments and the global
magnetization vanishes, yet the local moment still exists, Fig. 6.1(c). In anal-
ogy to the ferromagnetic material having sublattices, if instead the magnetic
moment on each sublattice are antiparallel but having different magnitude
such that a global magnetization still exist, the system is a ferrimagnetic sys-
tem, Fig. 6.1(d). If the moments are not pointing parallel or antiparallel to
each other, the system is categorized as a non-collinear system, Fig. 6.1(e)
showing an example of a spin-spiral magnetic state. Noncollinear magnetic
order could occur if there is a magnetic frustration of the interactions. A sys-
tem having magnetic moments in completely random orientation is defined as

7



8 CHAPTER 2. MODELING MAGNETISM

a paramagnetic state, Fig. 6.1(f). However, the magnetic moments in para-
magnetic state could be aligned by applying an external magnetic field to
the system. The different magnetic orders which we have discussed here are
the possible ground states of the system. Accounting for temperature effects,
the system could go through a phase transition from one magnetic order to
another.

Figure 2.1: Examples of ground state magnetic ordering: (a) ferromagnetic,
(b) ferromagnetic having two sublattices , (c) antiferromagnetic, (d) ferrimag-
netic, (e) spin-spiral non-collinear state and (f) paramagnetic.

2.1 Heisenberg model
A fundamental way of mapping the magnetic energy on a simplified spin

model containing atomic moments is provided by the Heisenberg model [6,13–
15]

HHeis({mi}) = −
∑
i,j

Jijmi ·mj, (2.1)

where Jij is the exchange parameter between moments mi and mj. Equa-
tion. (2.1) suggests that the magnetic energy is a function over a set of mag-
netic moments {mi}, in which only the orientation enters. The exchange
parameter formalism will be presented in Section. 3.3 in details. There are
several assumptions and approximations when mapping total energies on an
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atomistic model. First of all, the adiabatic approximation is implicitly used
by neglecting the individual electronic motion that takes place on a very short
time scale such that all electronic degrees of freedom are integrated out from
the problem. Instead the concept of an atomic moment is used which is the
expectation value of the average electronic motion on a larger time scale. The
model is then only concerned about the motion and interaction between dif-
ferent localized atomic magnetic moments. The moment mi is a classical
quantity not an operator. The minus sign of Eq. (2.1) denotes that for a pos-
itive value of Jij a ferromagnetic state is in favourable since the dot product
with Jij is maximized, a negative value of Jij instead give an antiferromag-
netic state that is favourable from similar argument. If the Heisenberg model
is applied accounting for finite temperature properties, an additional approx-
imation which assumes that the magnetic moments not varying in magnitude
is adopted. There are systems even the elemental system that fail to meet
this assumption, and in those cases an extended model is needed, Section 3.6.

2.2 Magnetic excitations
We consider two different types of magnetic excitations occurred at the

energy of different scales, the transverse fluctuations and the longitudinal
fluctuations [6, 16], which are corresponding to two types of excitations: the
spin-wave excitations and the Stoner excitations. An example of the simple
spin-wave excitation is illustrated in Fig. 2.2.

Figure 2.2: The spin-wave is created representing an excited state of a spin
chain.

One cycle of the spin-wave smeared over the whole system presents the
lowest energies of the collective motions of the excited state. The excitation
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energy is characterized by the wavelength λ of the spin-wave or the q-vector
which is the inverse of λ times 2π. As λ→∞, it represents a long wavelength
excitation. The ferromagnetic state in this picture represented as q → 0.

2.3 Atomistic simulations

2.3.1 Spin dynamics
To derive the equation of motion of a classical spin moment, we start from

the general quantum mechanical expression for the dynamics of the expecta-
tion value of a magnetic moment [17]

ih̄
∂〈µ〉
∂t

= [µ,H] (2.2)

where H denotes the Hamiltonian H = −µ0µBgH ·σ counting the spin inter-
action with H the magnetic field strength (SI unit A−1m−1), g is the Landé
g-factor, σ are the Pauli matrices and 〈µ〉 = h̄σ/2 is the expectation value of
the spin operator. Applying the commutation relations, Eq. (2.2) has

∂〈µ〉
∂t

= −2µ0µBg

ih̄2 [µ,H · µ]

= −2µ0µBg

ih̄2 [µ, Hxµx +Hyµy +Hzµz]

= −2µ0µBg

ih̄2 ([µ, Hx]µx +Hx[µ,µx] + [µ, Hy]µy +Hy[µ,µy] + [µ, Hz]µz +Hz[µ,µz])

= −2µ0µBg

ih̄2 [Hx(−ih̄µz) +Hxih̄µy +Hyih̄µz +Hy(−ih̄µx) +Hz(−ih̄µy) +Hzih̄µx]

= −2µ0µBg

ih̄2 ih̄[(Hxµy −Hyµx) + (Hyµz −Hzµy) + (Hzµx −Hxµz)]

= −2µ0µBg

h̄
(H× µ), (2.3)

substituting the gyromagnetic ratio γ = −gµB/h̄ and B = µ0H (B in Tesla)
to Eq. (2.3), one obtains

∂〈µ〉
∂t

= −2γ(µ×B). (2.4)

We have derived the magnetization precession torque. Note that if µ is treated
as a classical quantity, it would not be a factor of 2 in the expression. Instead
of using µ we define an unit vector m referring to the magnetic moment.
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Equation. (2.4) gives that a magnetic moment will have a precessional mo-
tion that lasts forever once it is initialized. Unfortunately, this is not realistic,
and a dissipative term must be added for a more accurate description. This
was achieved by Landau and Lifshitz [7,8] who introduced a phenomenological
dissipation term in addition to the precessional torque. The resulting equa-
tion is known as the Landau-Lifshitz (LL) equation or Landau-Lifshitz-Gilbert
(LLG) equation, here written in the LL form,

dmi

dt
= −γL(mi ×Bi)− αγL[mi × (mi ×Bi)], (2.5)

where α denotes as the Gilbert damping constant, and γL = γ/1 + α2. The
second term in the rhs is known as the damping torque which leads the mag-
netization tending to align with the external field. The directions of these
torques are picturized in Fig. 2.3. The field Bi is the effective magnetic field,
defined as

Bi ≡ Beff = − ∂H
∂mi

, (2.6)

the index i carried by the effective field indicates that it is an atomic-dependent
magnetic field imposed only on mi.

Figure 2.3: A schematic figure to show the atomic moment processing associate
with an effective local field: the magnetization precessional torque is denoted
by the tilted thick arrow around the effective field B with an angle θ; the
damping torque is denoted by the slender arrow orthogonal to the precessional
motion of magnetic moment and to the magnetic moment itself.

Based on Eq. (2.5) the time-dependent trajectory of each moments is calcu-
lated via the effective field evaluated from Eq. (2.6), where H, in the simplest
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form can take the Hamiltonian of the Heisenberg model which is described by
Eq. (2.1). It can also be a more generalized spin Hamiltonian

H({mi}) = −
∑
i,j

Jijmi·mj−
∑
i,j

Di,jmi×mj−
∑
i

Ki(mi·eKi )2−
∑
i

Bext·mi . . .

(2.7)
where Jij is the exchange interaction parameter, Di,j the Dzyaloshinskii-
Moriya exchange, Ki the anisotropies in the form of unique-axis terms, Bext

the external field. Additional interacting terms can still be included if nec-
essary. The important link to electronic structure calculations is that all the
parameters entering Eq. (2.7) can be calculated allowing for material specific
studies. In particular, within this thesis we have been focused on the Gilbert
damping parameters as the coefficient appearing in the damping torque Sec-
tion. 3.5 and an extended Heisenberg model with additional dependency on
magnetic moment on the exchange parameters Section. 3.6.

Another important aspect of the Eq. (2.5) is the inclusion of the temper-
ature effects [18,19]

dmi

dt
= −γL(mi × [Bi + bi])− αγLmi × (mi × [Bi + bi]), (2.8)

where bi is a stochastic magnetic field with a Gaussian distribution and this
stochastic field fluctuates satisfying 〈bi(t)〉 = 0 which indicates the ensemble
average is zero. Equation. (2.8) is named as the stochastic Landau-Lifshitz-
Gilbert equation. The application of this equation, allows us to calculate the
trajectories of each moments at every time steps. From those information,
a useful quantity the correlation function can be calculated which describes
the displacement upon two moments relatively to a previous time, i.e. the
fluctuations in space and time [20]

C(r − r′, t) = 〈mr(t)mr′(0)〉 − 〈mr(t)〉〈mr′(0)〉, (2.9)
where the brackets 〈. . . 〉 indicates that the ensemble average is counted for the
pair of the moments separated by a distance r− r′. The Fourier transform of
the correlation function gives the dynamical structure factor S(q, w) [21, 22]

S(q, w) = 1√
2πN

∑
r,r′

eiq(r−r′)
∫ ∞
−∞

eiwtC((r − r′), t)dt, (2.10)

where q and w are the momentum and energy transforming from the space
r − r′ and time t respectively; N denotes the total number of moments. In
the Monte-Carlo simulations, the equilibrium properties are the most relevant
and therefore we are only concerned about the correlation function in space



2.3. ATOMISTIC SIMULATIONS 13

only, G(r − r′), or in reciprocal space S(q), commonly denoted as the static
structure factor. The dynamical structure factor and the adiabatic magnetic
spectra, which will be introduced in Section. 3.3.1, are the two important
methods for probing the excitation energies of the complex spin textures from
the ground state. Various experimental techniques can be applied to measure
these quantities, such as the inelastic neutron scattering only sensitive to bulk
materials, the Brillouin light scattering and spin-polarized electron energy loss
spectroscopy (SPEELS).

2.3.2 Monte Carlo simulations and Metropolis algorithm
Monte Carlo (MC) methods [20,23] in general speaking, are about the use

of computers to solve problems in statistical physics and other fields by making
use of randomness. Among this large class of numerical methods for solving
equilibrium problems, we will focus the discussion on the Metropolis algorithm
[24], since it is perhaps the most important and versatile MC method and also
the one that we have applied in our calculations. It is worth noting that
Metropolis algorithm in general does not need to be restricted to any models,
however connecting to the main subject we will apply these simulations to our
specific parameterized Heisenberg model.

The different orientations on each of the magnetic moments in real space
constitute a set of states of the system. Every state is accessible from any
other, and the selection probabilities are weighted with the Boltzmann factor
for each of the possible states in the system, which is guaranteed by a good
random number generator. Practically, we will need to generate a random
number between 0 and 1 with uniform distribution. The change of the di-
rection of the moment is determined by random numbers. A transition rate
between two states µ and ν is determined by

P (µ→ ν)
P (ν → µ) = e−β(Eµ−Eν), (2.11)

where Eµ and Eν are the energies corresponding to the state µ and ν, β is
given by 1/kBT . In such a way the acceptance rate A(µ → ν) is not only
determined by the energy, but also evaluated at a specific temperature T

A(µ→ ν) =

e−β(Eµ−Eν) if Eν − Eµ > 0
1 otherwise.

It indicates that the attempted moves with lower energies will always be ac-
cepted, while those with higher energies than the previous state have a condi-
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tional acceptance, which is further weighted by the Boltzmann function. By
repeating this process, the system will be brought into equilibrium.

2.3.3 Measurement and post-processing methods
Counting all possible states in a Heisenberg system would cause tremen-

dous difficulties, even for a system with a few number of sites. Since the
partition function [25] of the Heisenberg model, Eq. (2.1), becomes

Z =
∫

Ω
dm1 . . . dmNexp

[
− βH] (2.12)

where the integration is done over the spherical space upon each moment, and
the required number of integration is governed by the number of moments
of the system. However, the strength of statistical MC simulations makes
it possible to evaluate the partition function numerically by clever sampling,
so-called importance sampling where each state is chosen with a probability
according to its Boltzmann weight. It is also straightforward to calculate the
average quantities e.g. the mean magnetization 〈m〉 per site [20,23]

〈m〉 = 1
N
〈
∑
i

mi〉. (2.13)

The magnetic susceptibility is calculated from the fluctuations of the mag-
netization as [20,23]

χ = βN(〈m2〉 − 〈m〉2), (2.14)
where N is the number of sites. In analogy to magnetization fluctuations,
another important quantity is the energy fluctuations, namely the specific
heat [20, 23]

cv = kβ2

N
(〈E2〉 − 〈E〉2). (2.15)

Both the susceptibility and the specific heat show a peak at the critical tem-
perature Tc and can be used as a quick estimate where the critical region where
the phase transition occur. However, in practise, Tc is more conveniently ob-
tained by evaluating the fourth order ‘Binder’ cumulant U4. It exhibits a
crossing at an unique temperature while varying the size of the simulation
box, which corresponds to Tc. U4 is defined as [20,23]

U4 = 1− 〈m
4〉

3〈m2〉
. (2.16)

Shown in the Figs. 2.4(a, b), the magnetization known as the first deriva-
tive of the free energy is continuously undergoing a phase transition, while the
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Figure 2.4: (a) The temperature dependent magnetization (circle) and specific
heat (square) of fcc Co, (b) the same quantities shown for hcp Co. (c) The
cumulant of the system fcc Co with different sizes, (d) The cumulant of the
system hcp Co with different sizes, where L denotes the number of sites in
length of a cubic system.
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specific heat as a second derivative of the free energy exhibits discontinuity at
the critical temperature. It indicates that the ferromagnetic phase of Co has a
second order phase transition. Figures. 2.4(c and d) illustrate the cumulant of
the systems. The cumulant is increasingly more rapidly varying with temper-
ature for larger sizes of the simulation box and the crossing point corresponds
to the transition temperature. It is obtained without the need for delicate
finite size analysis which is needed if the Tc is obtained from other quantities
like magnetization, susceptibility or specific heat which involves calculations
of critical exponents.



Chapter 3

Electronic structure methods

3.1 Spin density functional theory
To understand the nature of atoms, molecules and condensed matter,

which consists of electron and nuclei, we need to develop proper theoretical
approaches and computational methods for solving the many-body problem.
Based on the fact that the electrons are much lighter than the nuclei and thus
move much faster, the Born-Oppenheimer approximation [26] can be adopted,
which states that the movement of the atomic nuclei is neglected when evalu-
ating the electronic properties. This ignorance of the motion of nuclei would
blend the phenomenon of phonons due to the electron-phonon coupling since
it is the ionic motion on the electrons that gives rise to the phonons and
their characteristic spectral properties. In line with the Born-Oppenheimer
approximation, we are left with the Hamiltonian [27,28]

H =
∑
i

[
− h̄2

2m 5
2
i +V (ri) +

∑
j>i

e2

|ri − rj|
]
, (3.1)

where the first term is the kinetic energy of electrons, the second term denotes
the electron-nuclei interaction affected by the external potential which in turn
is generated from the nuclei at fixed positions and the last term is the Coulomb
electron-electron interactions.

Note that the Hamiltonian written in Eq. (3.1) is operated on the many-
body wavefunctions. However, exactly solving a many-body problem is only
possible in very few idealized cases and is a tremendously challenging task.
In order to fully explore the electronic properties of the material, one needs
to solve the many-body problem. If the task can not be done exactly, it
is compulsory to find alternatives or applying approximations. The density
functional theory (DFT) is a compelling method for solving the many-body

17
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problem in atoms, molecules and solids, in principle without any approxima-
tions or assumptions, hence the common name of (ab-initio) calculations. In
practice, there are however some approximations needed in order to apply the
method in real calculations that will be described below.

DFT is based on two fundamental theorems as stated from Hohenberg
and Kohn [29]. The first one says: “for a given external potential v, the total
energy of a system is a unique functional of the ground state electron density.”
The exclusive mapping between an external potential and its density suggests
that instead of using the many-body wavefunction, one can substitute it by
the electronic density

E[n(r)] = T [n(r)] + Vee[n(r)] + Vext[n(r)]. (3.2)

The second theorem states: “The exact ground state density minimizes the
energy functional E[n(r)].” We will later see this point implies that the vari-
ational principle holds and that the problem is solved in an iterative manner
until self-consistency of the total energy is obtained.

We start by considering a non-interacting system, in which Vee is absent.
The Hamiltonian which in this case only consists of the kinetic energy and an
external potential, can be described in the one-electron Schrödinger equation,

(−∇2 + vs)ψi = εiψi, (3.3)

where (using Hartree atomic units, h̄ = me = e = 1) vs denotes the external
potential, ε and ψ are the eigenvalue and the corresponding wavefunction
of the single particle i, respectively. The energy functional is obtained from
Eop[nop(r)] ≡ Top[nop]+vs[nop], where nop is the one-particle density with total
number of particles N , which can be directly calculated

nop =
N/2∑
i=1

2|ψi(r)|2. (3.4)

Within the Kohn-Sham approach [30], we try to seek an auxiliary non-interacting
system which contains the same density as the underlying interacting system,
such that electrons are moving in an effective potential. Thus, the energy
functional may be expressed

E[n(r)] = Top[n(r)] +
∫
n(r)vext(r)dr + 1

2

∫ ∫ n(r) · n(r′)
|r− r′|

drdr′ + Eex[n(r)].

(3.5)
The first term on the right side of Eq. (3.5) is the one-particle kinetic en-
ergy functional, the second term is from the external potential, the third
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term concerns the electrostatic electron-electron interactions, also called the
Hartree-term. The remaining electron-electron interaction and the corrections
apart from the true kinetic energy are collected in the last term, which is the
exchange-correlation energy Exc. With the knowledge of the density n(r),
the first three terms are feasible to calculate numerically, while the last term
Exc(n(r)) needs to be approximated since the exact form is not known, see
below. The energy functional can be varied:

δE[n]
δn

= δTop[n] +
∫
drδn(r)[vext(r) +

∫ n(r′)
|r− r′|

dr′ + δExc[n(r)]
δn(r) ] = 0 (3.6)

Thus, from a guessing density the energy functional can be constructed, and
the minimization of Eq. (3.6) gives rise to a new density, which will be used
to obtain the new energy functional and so on. In this way, the potential and
the density of the system are determined iterative until the changes of density
vanishes within a tolerance, and self-consistency is achieved.

In practical calculations based on DFT, the Exc is calculated approxi-
mately. One of the most common approximations is the local density approx-
imation (LDA) [30,31], which replaces Exc with the exchange and correlation
energies for a uniform electron gas

ELDA
xc [n(r)] =

∫
εxcn[r]n(r)dr, (3.7)

where εxc[n(r)] is the exchange-correlation energy density. Another way of
constructing a functional is by using both the density and its gradient, namely
the generalized gradient approximation (GGA) [6,32]:

EGGA
xc [n] =

∫
f(n,∇n)dr (3.8)

Both LDA and GGA work surprisingly well in many cases despite their sim-
plicity. In the thesis, most results are obtained from GGA within the Perdew,
Burke and Ernzerhof (PBE) parameterization [33].

Since the effects of exchange and correlation are known to be localized, in
a more general form the exchange-correlation energy density can be written
as a functional of two spin densities (n↑(r), n↓(r)). A polarized system with
n↑(r) 6=n↓(r) has a local magnetic moment m(r) = n↑(r)- n↓(r).

3.2 KKR Green’s function and linear response
theory

Even before the development of alloy theory, Green’s function was been
used as a complement to the wave function description of quantum mechanics.
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Here, we will give a brief derivation on the Green’s function related quantities
based on the following references [34–38]. In analogy to Eq. (3.1), the Green’s
function yields

−52G(E, r, r′) + V (r)G(E, r, r′)− EG(E, r, r′) = −δ(r− r′). (3.9)

It describes the electrons propagating outward from point r to r′ in the field
defined by a potential V (r). Instead of solving the Green’s function directly
from Eq. (3.9), the Green’s function can be constructed using the connection
to the wave functions as

G(E, r, r′) = lim
ε↓0

∑
µ

ψµ(r)ψ∗µ(r′)
E − Eµ + iε

(3.10)

where ε ↓ 0 denotes an infinitesimal positive value, ψµ(r) and Eµ are the
eigenfunctions and eigenvalues of the Eq. (3.1). Alternatively, Green’s function
can be obtained from the integral form

G(E, r, r′) = G0(E, r, r′) +
∫
G0(E, r, r1)V (r1)G(E, r1, r′)dν1, (3.11)

where G0(E, r, r′) is the unperturbed Green’s function which satisfies

−52G0(E, r, r′)− EG0(E, r, r′) = −δ(r− r′). (3.12)
The density of states function ρ(E) can be expressed from the Green’s function
as

ρ(E) = − 1
π
Im

∫
G(E, r, r)dν (3.13)

=
∑
µ

δ(E − Eµ) (3.14)

where G(E, r, r) is the solution of Eq. (3.9) with r = r′. The total charge
density at a point r is obtain by integral over E up to the Fermi energy

ρ(r) = − 1
π

∫ EF

−∞
ImG(E, r, r)dν. (3.15)

The description within the Green’s function applied to the coherent po-
tential approximation, Section 3.4, is an important step in the development
of modern alloy theory. The Green’s function is approximated by averaging
over all number of M configurations in the ensemble

Gc(E, r, r′) .= 〈G(E, r, r′)〉, (3.16)
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〈G(E, r, r′)〉 = 1
M

M∑
i=1

Gi(E, r, r′) (3.17)

It is important to notice that the periodicity has been restored in Gc(E, r, r′),
hence a Fourier transform of Gc(E, r, r′) gives rise to G(E, k +Km, k

′ +Km),
where Km is one of the reciprocal lattice vectors. The Bloch spectral density
function (BSF) is defined in analogy to the ρ(E) in the real space

AB(E,k) = − 1
π
ImGB(E,k,k). (3.18)

If the system is a perfectly ordered system, then the BSF would be simplified
as the sum of a series of the delta functions

AB(E,k) =
∑
α

δ
[
E − Eα(k)

]
, (3.19)

where α is the band index and k is still a good quantum number. For a disor-
dered system, the BSF is no longer a collection of infinite sharp peaks. How-
ever, each peak is broadened according to the imaginary part of the Green’s
function associated with finite lifetime of the electronic excitation. The BFS
is an important quantity to be compared with experimental results which can
be measured in the angular resolved photo emission spectroscopy (ARPES).

As an example, the Bloch spectral function AB(E,k) is displayed for FeCo
in the B2 ordered structure and as a Fe50%Co50% random alloy. These two
systems have the same chemical components and concentrations. It indicates
that for an ordered system Fig. 3.1(a), the BSF is nothing else as the normal
dispersion relation E(k). However, for the random alloy, Fig. 3.1(b), the
density of states can not be obtained from the wave-functions due to the lack
of translation symmetry. However, the BSF is still applicable. The bands that
show the largest broadening from disorder are all situated close to the Fermi
energy, which in turn, has a dramatic effect on the electronic, thermal and
transport properties.

3.3 Exchange parameters from first principle
methods

The exchange parameters that are used in the Heisenberg model is calcu-
lated from first principles methods making use of the Liechtenstein-Katsnelson-
Antropov-Gubanov (LKAG) formula [15,39–44]. In order to discuss the valid-
ity and limitations of the method, we first need to mention two assumptions
made. We assume that a sample can be viewed as a composition of well-
defined regions which more or less has a uniform distribution of spin moment.
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Figure 3.1: The Bloch spectral function displayed for (a) FeCo in B2 structure
and (b) Fe50%Co50% random alloy.

This implies the local magnetic moments exist in the sample. This is justi-
fied for many systems, such as Fe, Heusler alloys and in rare-earth magnets
but less so for strongly itinerant magnets, e.g. Ni. Secondly, we assume that
the moment itself does not vary in length while rotation, i.e. the rigid spin
approximation is used. It can be tracked down to the origin of the motion
of the electrons that is not on the same time scale as the motion of moments
due to exchange parameter being normally less than 100 meV while the char-
acteristic electronic energies in the order of ∼ eV . One way of relaxing this
condition is applying the extended Heisenberg model which we will discuss it
thoroughly in Section. 3.6.

The exchange parameters are a very important ingredient in the classical
Heisenberg model, Eq. (2.1), here repeated for clarity

H = −
∑
l 6=k

Jlk, el · ek. (3.20)
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where e is a unit vector in the direction of the magnetic moment with the size
absorbed in the exchange interaction.

We will outline the calculation of the interatomic exchange Jij’s on the
basis of multiple scattering theory (MST) integrated with the Green’s function,
following the derivation in [45]. A second method which is also widely applied
for the calculation of Jij’s is the so called frozen magnon method [14, 46, 47].
Based on the magnetic force theorem [48], one can relate the changes of energy
originate on the one-particle to the energy difference of a perturbed state
respected to the unperturbed state, where the grand potential variation has
been considered.

Figure 3.2: The demonstration of energy change due to rotation on one site i.

The energy calculated from the expression Eq. (3.20) is the reference state
i.e. the unperturbed spin configuration, denoted by a set of vector {el}. For
instance we can choose a collinear ferromagnetic state as the reference, {el} =
{(0, 0, 1)}. The energy of a perturbed system in the set of {el+δilδei}, rotated
on the one-site i with the angle δθi shown in the Fig. 3.2, can be written as [45]

E ′ = −
∑
l 6=k

Jlk(el + δilδei) · (ek + δikδei)

= E − 2
∑
m 6=i

Jmiem · δei. (3.21)

Note that E ′ = E + δEone
i , comparing with Eq. (3.20) and em · δei = δezi also

applying the approximation cosδθi − 1 ' −(1/2)(δθi)2, we obtain
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δEone
i '

∑
m6=i

Jmi(δθi)2. (3.22)

Considering a two-sites spin rotation, the energy of a perturbed system de-
noted as E ′′, with rotation on both sites i and j, will result in the set of
{el + δilδei + δjlδej}. In analogy to the one-site rotation, similarly one can
write

E ′′ = −
∑
l 6=k

Jlk(el + δilδei + δjlδej) · (ek + δikδei + δjkδej)

= E + δEone
i + δEone

j − 2Jijδei · δej. (3.23)

The changes on the energy with respect to the unperturbed state E ′′ − E =
δEone

i + δEone
j + δEtwo

ij , compared with Eq. (3.22)

δEtwo
ij ' 2Jijδθiδθj, (3.24)

where we assume the rotation in the xz plane with their x components oppos-
ing to each other, i.e. δei ∼ (δθi, 0, 0) and δej ∼ (−δθj, 0, 0).

The induced change of the electronic structure upon one- and two-sites
rotation can be evaluated through the integration on the density of state up
to the Fermi energy

Ω = −
∫ εF

−∞
dεN(ε), (3.25)

where Ω is the grand canonical potential Ω = ε − µN . The choice of using
grand canonical potential implies the energy and number of particles can be
changed within a reservoir. Here we apply the Lloyd formula

δN(ε) = 1
π
ImTrln(T+(ε)) (3.26)

where T+ is the T-operator which can be obtained from the Dyson equation
in terms of Green function and perturbation operator. The variation due to
one-site rotation on Ω can be expressed as

δΩone
i = −

∫ εF

−∞
dε(δN ′(ε)− δN(ε))

= 1
π

∫ εF

−∞
dεTrσLln(I + δPiτii) (3.27)

where σ is the spin index, L the orbital space index; I the unit matrix whose
dimension is determined by the basis set, and P is the inverse of the single



3.3. EXCHANGE PARAMETERS FROM FIRST PRINCIPLE METHODS 25

site scattering operator in connection to the Green function and the path
operator τ . Pi can be further decomposed into the ‘charge’ part and the ‘spin’
part. On the condition of collinear configuration and the absence of spin-orbit
coupling, the τij is a diagonal block matrix in terms of spin up and down
channels denoted as T ↑ij and T

↓
ij. Eq. (3.27) can be rewritten as

δΩone
i = 2

π

∫ εF

−∞
dεImTrL

(
pi
T ↑ii − T

↓
ii

2 + piT
↑
iipiT

↓
ii

)
δezi . (3.28)

We define Ji as the proportionality of the variation of θ in the second order
to the variation of the grand canonical potential

δΩone
i ' Ji(δθ)2. (3.29)

Compared with Eq. (3.22) the expression of the exchange parameter in corre-
spondence to the single site can be obtained

Ji = − 1
π

∫ εF

−∞
dεImTrL

(
pi
T ↑ii − T

↓
ii

2 + piT
↑
iipiT

↓
ii

)
. (3.30)

The similar derivation can be processed for the two-site exchange param-
eter Jij. With the variation of the grand canonical potential led by rotation
on the sites i and j

δΩtwo
ij = 2

π

∫ εF

−∞
dεImTrL

(
piT

↑
ijpjT

↓
ji

)
δθiδθj (3.31)

and in comparison with the expression in Eq. (3.24), one can find the LKAG
formula

JLKAG
ij = 1

π

∫ εF

−∞
dεImTrL

(
piT

↑
ijpjT

↓
ji

)
. (3.32)

Worth mentioning according to the LKAG sum rule [15], the one-site ex-
change parameter Ji can be obtained in terms of the two-site exchange pa-
rameter Jij’s as

Ji =
∑
j( 6=i)

JLKAG
ij . (3.33)

The sum rule implies the assumption we made in Eq. (3.29) would give rise to
a consistent procedure in the LKAG formula which we have shown in above.

To demonstrate the exchange parameters that are calculated from the
LKAG formula, we show values for two elements in the 3d-series, namely
bcc Fe and fcc Ni in Fig. 3.3. In addition, we show values for the 3d transition
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Figure 3.3: The two-site exchange parameters J0j’s as a function of relative
atomic distance up to 4 lattice constant from the center atom in the system
(a) Fe and (b) Ni.

metal alloy permalloy (consisting of 20%Fe and 80%Ni) in Fig. 3.4, in which
the exchange parameters are of different types depending on the atomic pairs.
One significant feature for Fe that should be noticed is the oscillatory long
range coupling. In comparison to Fe, the exchange parameters in Ni is in
general weaker, which is in line with a smaller magnetic moment in Ni. The
nearest neighbor Jij in Fe is roughly four times larger than in Ni.

Figure 3.4: The exchange parameters J0j of three different types of the atomic
pair in the permalloy.
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3.3.1 Spin wave stiffness and adiabatic magnon spectra
In the previous section, we have shown that the mapping of the magnetic

part of the energy onto a model Hamiltonian in the real space, while in the
reciprocal space the magnetic excitation energy generally can be described
by the magnon spectra, i.e. the energy dispersion relation ω(q). In a cubic
system, the magnon spectra behave as ∼ Dq2 in the vicinity of the Γ point,
where D is defined as the spin wave stiffness. Phenomenologically, D describes
the energy costs for a spin wave to be excited from the ground state. Micro-
scopically, D is highly relevant to the exchange parameter Jij’s and can be
calculated from the expression [39]

D = 2
3M

∑
j

J0jR
2
0j (3.34)

where M is the magnetization of the system, J0j the two-site exchange pa-
rameter and R0j the distance connected with two sites 0 and j.

Let’s here assume a simplified case i.e. only one atom per cell, the energy
of a spin-wave with respect to the ferromagnetic ground state is given by [6,9]

ω(q) = 4
m

(J(0)− J(q)), (3.35)

wherem is the magnetic moment, and J(q) = ∑
j 6=0 J0jexp(iq·R0j) the Fourier

transform of the exchange interactions. The spin wave energy with respect to
the ferromagnetic ground state energy is also called adiabatic magnon spec-
trum (AMS) which can be seen as a counterpart to the electron band structure
while we here calculate the band structure of the magnons.

The adiabatic magnon spectra by applying Eq. (3.35) is calculated for bcc
Fe and fcc Ni in Fig. 3.5 and Fig. 3.6. Γ point is the representative of the
ferromagnetic state. Since the ferromagnetic state has the lowest energy for
the spin-spiral states, it has been set as the reference. The calculated adiabatic
magnon spectra can be compared with the experimental data [49,50] that are
available in the long wavelength, i.e. small q. Fe displays a higher magnon
frequency in general in the short wavelength than Ni, which directly results
for the larger exchange parameters in Fe compared to Ni.

3.4 Types of disorder, coherent potential
approximation and the alloy analogy

The system with disorder induced by chemical substitution is one common
type in the disordered systems family. Suppose a system is composed by
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Figure 3.5: Adiabatic magnon spectrum for bcc Fe plotted along the high-
symmetry points of the Brillouin zone.

Figure 3.6: Adiabatic magnon spectrum for fcc Ni plotted along the high-
symmetry points of the Brillouin zone.
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two different types of atoms, A and B, each occupying one lattice site. The
probability of finding a type A atom at a given site is CA, which equals to
the concentration of A in the over all system. Likewise, the probability of
finding a B type atom within any other site is CB = 1 − CA. We refer this
two atom type system as a binary random alloy ACABCB . Apart from the
chemical disorder, there are at least two other types of disorder which are
highly relevant to the results in this thesis, namely the lattice displacements
and the spin fluctuations, respectively. These two types of disorder become
important for evaluating the properties at finite temperatures.

The theories of dealing with any disordered system have been sought and
developed over decades [34–38]. The difficulties lie in the broken translational
symmetry in a random alloy, hence the Bloch theorem is not applicable. The
first attempt to restore the symmetry was proposed by the virtual crystal
approximation (VCA) scheme [51]. With the atomic number of any compo-
nents weighted by its own concentration, a hypothetical element accounting
for the average atomic number Z = CAZA +CBZB is constructed for a binary
alloy ACABCB . The potential V (r) can be approximated in restoring of the
periodicity

Vapp(r) =
∑
n

vav(r−Rn) (3.36)

where Rn denotes the lattice site vector, and the same potential

vav(r) = CAvA(r) + CBvB(r) (3.37)

is given for each site. This potential provides a rough average description
for the disordered system, it gives reasonable results for the components of
elements with band structures that are close to each other. However, in most
cases the approximation is too rough and more sophisticated schemes to treat
disorder is needed. The next major leap was proposed by Korringa, instead of
a direct averaged potential, the scheme of averaged T-matrix approximation
(ATA) is constructed

Tav(E, r, r′) = CATA(E, r, r′) + CBTB(E, r, r′). (3.38)

Due to the complex part and energy-dependent function in the t-matrix, plac-
ing an average t-matrix on each site is very different from placing an average
potential as in the VCA. For the very same reason, one can not apply ATA
scheme to the wave functions which would be in the sense of an effective
〈ψi(r)〉. The remedies came by integrating ATA within the framework of
Green’s function methods, where an averaged Green’s function 〈G(E, r, r′)〉
can be approximated in the case of random alloy.

The multiple scattering theory in the language of Green’s functions mo-
tivated the proposal of an improved approximation in alloy theory, that is
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the coherent potential approximation (CPA) scheme [52, 53]. Essentially,
the CPA potential is a periodic function which can be seen from VCPA =∑
nw(E, r − Rn). The unknown potential function w(E, r) of the effective

medium yields the t-matrix τA(E, r, r′) constructed from w(E, r) and the scat-
tering of vA(r), in a similar way the τB(E, r, r′) from vB(r) such that

CAτA(E, r, r′) + CBτB(E, r, r′) = 0. (3.39)

It suggests that the requirement is to seek the average scattering of the effective
medium to be zero. Embedding each of the components of an alloy ACABCB

into an effective medium would reproduce the properties of the original system
by taking into account an concentration-weighted average of the potential. A
schematic figure of calculating a self-consistency effective potential is shown
in the Fig. 3.7.

Figure 3.7: The CPA medium should reproduce its properties of embedding
each of the components of an alloy ACABCB .

The CPA medium can be expressed in terms of the scattering operator
matrices in Korringa-Kohn-Rostoker (KKR) - Green’s function (GF) formal-
ism [36,54,55]:

CAτ
A
nn + CBτ

B
nn = τCPAnn . (3.40)

In addition, within the KKR-GF-CPA scheme the Green function for an alloy
is then given as the concentration-weighted average

G(r, r′, E) =
∑
α

xαG
α(r, r′, E). (3.41)

The robustness of CPA is implied in Eq. (3.41), the contribution of individual
components of the properties of the random alloy can be distinguished from
element labeled Green’s function, therefore CPA scheme provides an averaged
but component-specific information on calculating the electronic structure.

The standard CPA is considered to be the advancement among other al-
loy theories, however it can not carry out the properties which go beyond
the single-site approximation, although extension beyond single site such as
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non-local CPA [56] has been proposed but rarely used. One example to that
is the effects of short range order on the electronic states of an alloy is miss-
ing, because it is a single-site approximation method that the scattering de-
scribed by the average t-matrix overall sites 〈tw(E, r, r′)〉 = 0 is replaced by
〈τn(E, r, r′)〉 = 0 for each site.

Another prominent feature of CPA, that has been used frequently in this
thesis, is the fact that the entire KKR-GF-CPA scheme is not only limited to
the chemical disorder, but can also be generalised to other types of disorder,
such as atomic displacements due to the thermal lattice vibrations and the spin
disorder due to spin fluctuations [54,55]. The calculation of Gilbert damping
parameter at finite temperatures has to take both effects into account, see
Section. 4.1.

Figure 3.8: A schematic figure shows the generalized CPA scheme employed
to treat the lattice displacements and the spin fluctuations. Original figure is
from Ref. [9], reprinted with permission from the publisher.

We assume the Born-Oppenheimer approximation is justified since the
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time scale of electronic dynamics is much faster than the atomic motion. As
a result, the displacement of atoms to its neighboring is uncorrelated. The
random atomic motion, effectively representing phonon excitations, can be
described by a quantity

√
〈u2〉T which is the displacement magnitude out-of

equilibrium. A set of discrete {ui} is created at temperature T where the am-
plitudes are obtained from comparison with the Debye theory. A schematic
figure demonstrating the CPA scheme for the treatment of the lattice dis-
placements and the spin fluctuations is shown in Fig. 3.8. In analogy to the
averaged lattice displacement, the spin fluctuation can be treated in a similar
way. One can approximate the individual spin to an averaged magnetic mo-
ment over all spins. The averaged magnetic moment has a reduced value at
higher temperatures, equivalently can be referred as an enlarged processing
angle θ which determines the moment projected on the quantization axis. To
employ this method, one needs to have the magnetization as a function of
temperature for each type of chemical components as the input for the map-
ping of the configuration in average. More details will be seen in Section. 3.5
.

There are other methods for the treatment of disorder system may be found
in literature, for instance, the supercell techniques. The idea is to perform
the average of the target quantity over various atomic configurations that are
included in the enlarged unit cells. In practice, the number of configurations to
representing the disordered state is usually huge for obtaining the convergence.
Nonetheless, supercell techniques can be seen as a complementary way to CPA
scheme since it applies to the wave functions instead of the Green’s function
methods.

3.5 Gilbert damping: origins and finite
temperatures

Reducing the energy consumption is an essential factor in the develop-
ment of spintronics and magnonic based applications. The energy efficiency
of certain magnetic material is characterized by Gilbert damping parameter,
denoted as α. In the language of magnetization dynamics, Gilbert damping
describes the rate of energy transferring from the spin system due to the devi-
ation of the equilibrium state to other degrees of freedom by various relaxation
processes.

The Gilbert damping is measured experimentally using the broadband
ferromagnetic resonance (FMR) techniques [57]. The theory of finding the
resonance condition of a ferromagnet was developed by Kittel and Suhl [58–
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61], The actual analytic solution varies for the different geometries of set-up
and types of anisotropy. Here we will only give the expression of extracting
the damping factor from the solution of the resonance condition for a wildly
adopted experimental set-up where the thin film sample is subject to an in-
plane static magnetic field B. The saturation magnetization is along the
same direction as the B field. The precession of the moments is driven by a
microwave field h that is produced perpendicular to B. In the assumption of a
linear response of the microwave field, only the linear terms are retained in the
formula while the higher-order terms are neglected. By a constant frequency
of b and sweeping the magnitude of B, the resonance frequency f0 can be
found in the resonance spectra, as well as the field linewidth 4B which is
detected from the Lorentzian form by the full width at the half maximum.
The Gilbert damping α is extracted from the slope of the fitting function

4B = 4πα
γ
f0 (3.42)

where γ the geomagnetic ratio.
Note that the Gilbert damping extracted from the broadening linewidth

includes both extrinsic and intrinsic contributions. The extrinsic damping is
led by multiple effects, such as the shape imperfection, the emission of electro-
magnetic radiation, the eddy current and the two-magnon scattering [62, 63].
In order to separate the intrinsic part from the total, the static field B is
preferably swept in a large interval with b at a higher frequency, since the
two-magnon scattering is saturated at the higher frequency and α can be ex-
tracted from the obtained linear behavior. In the scope of intrinsic damping,
we only consider the damping of the homogeneous time-dependent magnetiza-
tion, i.e. neglecting the two-magnon scattering. Thus, in this study, we have
restricted ourselves to the spin-orbit coupling (SOC) induced damping, that
is meant the SOC is treated as the only allowed channel for transferring the
energy and angular momentum from the magnetic system to the lattice.

The derivation of the Gilbert damping is based on the Refs. [64, 65]. The
starting point is the acceptance of the phenomenological description of the
magnetization dynamics using the macrospin description M governed by the
Landau-Lifshitz-Gilbert [7, 8](LLG) equation

1
γ

dM
dτ

= −M×Heff + M×
[G̃(M)
γ2M2

s

dM
dτ

]
(3.43)

where γ is the geometric ratio, τ the time step, Ms the saturation magneti-
zation, the effective field Heff = ∂ME(M) derived from the derivative of total
energy on M and G̃ the Gilbert damping tensor. Note the second term on
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the right side of Eq. (2.5) is the damping torque. The changes of energy due
to dM/dτ can be expressed as Ė = H · dM/dτ . Substituting with Eq. (2.5)
gives

Ėmag = 1
γ2 ṁ[G̃(m)ṁ], (3.44)

where m defined as the magnetization unit vector M/Ms and Ėmag indicating
the energy changes of the spin reservoir induced by the precession of magne-
tization.

On the other hand, the energy dissipation Ėdis has to be related to the
electronic excitation through the scattering processes and subsequent relax-
ations. The energy of an excited state not far from the equilibrium can be
expanded as

H = H0(m0) +
∑
µ

uµ
∂

∂uµ
H(m0) (3.45)

where uµ is the deviation of m(τ) from equilibrium m0, m(τ) = m0 + u(τ)
projected on the coordinate component µ. Using the linear response formalism
[64] Ė = 〈dĤ

dτ
〉, in combination with Eq. (3.45) gives

Ėdis =πh̄
∑
ij

∑
µν

u̇µu̇ν〈ψi|
∂H
∂uµ
|ψj〉〈ψj|

∂H
∂uν
|ψi〉

× δ(EF − Ei)δ(EF − Ej)
(3.46)

where EF is the Fermi energy and the summation is over all eigenstates in
the system. Then we relate Ėmag ≡ Ėdis, use the relation α = G̃/γMs that
connects damping parameter with relaxation tensor and after some algebra
we obtain the torque-correlation formula of the damping

αµν = − h̄γ

πMs

Trace
〈
∂H
∂uµ

ImG+(EF) ∂H
∂uν

ImG+(EF)
〉
c
, (3.47)

where αµν is the tensor element and ImG+(EF) the retarded single-particle
Green’s function substituting the sum over eigenstates

ImG+(EF) = −π
∑
i

|φi〉〈φi|δ(EF − Ei). (3.48)

The bracket 〈...〉c emphasize the configurational average.
As a remark, this method should be compared with other theoretical ap-

proaches [66–71]. The above-mentioned method is in its advantage of carrying
the scattering explicitly, i.e. calculated from first principles. In addition, it
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deals with the disordered alloys and quasi-frozen thermal effects consistently
within CPA Section. 3.4. There are other methods which treat the scatter-
ing implicitly by a phenomenological parameter τ , the life time of the excited
state, that may display a more clear picture regarding the two contributions
from the intraband scattering and the interband scattering. Nonetheless, our
experience and results indicate that the important effects of the damping and
its temperature dependence are captured rather well with the computational
methods we are using.

In connection to the CPA scheme [52,53] associated with the Gilbert damp-
ing at finite temperatures, in order to take into account the spin fluctuations,
the magnetization as a function of temperature is required for the mapping
of an effective potential. Figure. 3.9 compares the magnetization curve of Fe
obtained in three ways: fitting the experimental data, performing the Monte
Carlo (MC) simulations or by a linear function. The MC data deviate from
the experimental data at low-temperatures due to the use of classical Boltz-
mann statistics, but in this context, their difference is not a leading cause of
concern. However, linear fitting is much too simplified and would exaggerate
the spin fluctuations massively at all temperatures (up to Tc).

Figure 3.9: The reduced magnetization of Fe relative to the saturation mag-
netization (Ms) as a function of the reduced temperature, where Tc denotes
the Curie temperature.

Recap from the torque-correlation formula, the Gilbert damping can be
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explained into two types of scattering, the intraband scattering which leads
to a conductivity-like behavior and the interband scattering which gives rise
to a resistivity-like behavior. These two contributions are clearly indicated
in the Fig. 3.10(a), where the Gilbert damping as a function of temperature
for pure Fe is shown. The relaxation time τ which is associated to the mean-
free-path of the electrons becomes larger at low T . As a result, the intraband
scattering events which are proportional to τ , become the dominating term
in this temperature interval of the expression of the Gilbert damping. It
results in a conductivity-like trend and rapidly increasing damping at very
low-temperatures. On the contrary, the interband scattering which is inversely
in proportion to the relaxation time τ would be the domination at a higher
temperature range. Hence the Gilbert damping also increase along with the
increase of T in this interval.

Figure. 3.10(b) shows the temperature dependent behavior of Gilbert damp-
ing for a random alloyed system. Compared to pure Fe, the Gilbert damping
only shows a resistivity-like behavior, the conductivity-like trend seems to be
missing. This is an evidence to the fact that disorder would prohibit the in-
traband scattering, since even at the zero temperature the alloy embodies the
chemical disorder. For this particular system, the spin fluctuations are more
important than the atomic displacements for the damping. Another interest-
ing aspect is that the contributions from the different types of disorders are
non-additive, the total temperature effects do not equal to the sum of the
lattice displacement and spin fluctuation individually.

3.6 Extended Heisenberg model including
longitudinal spin fluctuations

A magnetic material has two possible types of excitations at finite temper-
atures, longitudinal and transversal fluctuations (Section 2.2) of the magnetic
moments, schematically illustrated in Fig. 3.11. The Heisenberg model de-
scribes well the transversal fluctuations when two coupled magnetic moments
change their internal orientation. The coupling strength is nothing else than
the exchange interaction J , Section 3.3. The longitudinal fluctuations, left
panel of Fig. 3.11, cause a change of the moment size of an individual mo-
ment. When dealing only with transversal fluctuations, a common weakness
is the reference state dependence of the calculated exchange interactions [72].
This weakness does not come as a surprise since the Heisenberg model assumes
that the magnetic moment and exchange interactions do not depend on the
magnetic configuration, which is often not the case in real materials. Two com-
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Figure 3.10: (a) pure Fe and (b) random alloy Fe80%Co20% the Gilbert damping
at finite temperature in taken into account the lattice displacements and the
spin fluctuations.
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Figure 3.11: Schematic illustration of the two types of excitation possible for
a magnetic material. The left panel indicates longitudinal spin fluctuation
(change of moment size ∆M) of each magnetic moment and the right panel
shows transversal spin fluctuations of two moments interacting with strength
J .

mon magnetic reference configurations are the low-temperature ferromagnetic
(FM) state and the high-temperature disordered local moment (DLM or para-
magnetic) state, illustrated in Fig. 3.12. If a material is completely described
by the Heisenberg model, the magnetic moment and exchange interactions
are the same in the two configurations. However, most real materials possess
some degree of itinerancy where the size of the moment changes depending on
the internal orientation. Take Ni as an example, the magnetic moment van-
ishes if the tilting angle between two nearest neighbor moments exceeds 60
degrees [14, 73]. In order to reliably describe the finite temperature magnetic
properties of materials like Ni, it is clear that an additional energy term to
the Heisenberg model is required.

From these arguments, we construct an extended spin model with following
design goals. Firstly, the model includes longitudinal spin fluctuations (LSF)
making it more applicable to materials with weak moments, such as induced
moments. Secondly, to eliminate the reference state dependence, both the FM
and DLM state are used in the mapping from electronic structure calculations.
In such manner, the extended spin model is expected to be valid in a large
temperature interval. The total Hamiltonian of the proposed extended spin
model reads

Htot = H0 +HLSF ({|mi|}) +H2(mi,mj), (3.49)

where mi denotes magnetic moment at site i, H0 is the nonmagnetic reference
energy, HLSF and H2 the energies (Hamiltonian) of longitudinal and transver-
sal spin fluctuations, respectively. The nonmagnetic reference energy can be
disregarded from the problem since it only sets a reference energy which does
not change during the simulations. The proposed Hamiltonian, Eq. (3.49)
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further specifies

Htot =
∑
i

J1({|mi|})−
∑
ij

(1 + k)Jij(|mi|, |mj|)mi ·mj. (3.50)

The first term describes the total energy of the homogeneous paramagnetic
state which in the model corresponds to the LSF energy that in turn is in-
cluded in the parameter J1 which depends on the magnitudes of the local
moments of each magnetic atom type of the system. The second term is the
standard Heisenberg Hamiltonian of transversal fluctuations with the impor-
tant distinction that the exchange parameters Jij now are explicitly dependent
on the size of the magnetic moments and rescaled by a parameter k, as will
be explained below. All the parameters entering the Hamiltonian are in our
model parameterized from first principles calculations from which the total
energies are mapped to the Hamiltonian.

Figure 3.12: Illustration of the reference states used in the mapping of the
extended spin Hamiltonian from DFT. FM denotes the low-temperature fer-
romagnetic state and DLM the high-temperature disordered local moment
state.

The proposed Hamiltonian Eq. (3.49) is designed in such a way that it is
exact for both the FM and DLM states, in the sense that the total energies
from DFT are satisfied in the both limits and interpolated in-between. The
exchange parameters Jij and rescaling parameter k explicitly depend on the
moment configuration. In the DLM limit, the Heisenberg term is equal to
zero and the only surviving term is the sum of J1, consistent with the model
proposed by Shallcross et. al [74] and Ruban et. al [75]. The parameter k
can be viewed as a rescaling parameter that sets the interpolation between
the DLM and FM limits. However, it is worth stressing even though the
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Figure 3.13: Total energy, LSF energy and exchange energy as a function of
moment size, (a) Fe and (b) Ni.

number of input parameters is increased, none of them are free parameters
but uniquely determined for each moment configuration. As a result, since
the overall Hamiltonian is fixed, it will result in different values of the rescaling
factor k depending if the exchange interactions are calculated from the FM
or DLM state. However, the rescaling factor makes sure that the rescaled
exchange energy is identical regardless of chosen reference state such that the
reference state dependency is eliminated.

As a technical remark regarding the implementation, the most accurate
LSF term in the Hamiltonian describes the energy cost or gain of forming
a local magnetic moment with size |m| embedded in a host with the aver-
age moment 〈m〉 and the LSF term then depend on both these indices. A
simplification of the model is to assume that the embedded moment has the
same size as the host, in such manner the number of indices is reduced to the
number of components without an additional index of the average moment. In
Fig. 3.13, calculated total energy decomposition in terms of LSF and exchange
energies as a function of average moment size for Fe and Ni are shown. In Fe,
the LSF energy has a pronounced minimum meaning that a stable magnetic
moment is formed in both the low-temperature FM state as well as in the
high-temperature paramagnetic state where the exchange energy is zero. In
FM state, the total energy minimum occurs at |m| = 2.2µB while in DLM
state the minimum occurs at |m| = 1.95µB. Ni, on the other hand, has com-
pletely different energetics. The LSF energy is positive for all moment sizes
and has a minimum at |m| = 0. As a consequence, it suggests that Ni cannot
sustain any finite magnetic moment in the paramagnetic state. In the FM
state, the total energy has a minimum at |m| = 0.65µB.

For systems having one atom per unit cell, the energy as a function of
moment can be formulated using the well known Landau expansion. Here the
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energy is expanded in even powers of the magnetic moment size, |m| = m, i.e.
E(m) ≈ a1m

2 + a2m
4 + ..., where ai are expansion coefficients. By employing

constrained density functional theory using the Fixed Spin Moment (FSM)
technique, E(m) is easily calculated and analytically fitted to the Landau ex-
pansion expression. Even with this simplified LSF term in the Monte Carlo
simulations, a number of studies [73,76,77] have demonstrated rather satisfac-
tory results for systems with one atom per cell, such as Fe. By expanding the
formalism to binary alloy systems, the approximation mentioned above still
holds, for instance in FeCo alloy. The Fe and Co magnetic moments are the
two components mα and mβ, while the average moment size 〈m〉 does not ex-
plicitly appear in the expression. The total number of configurations required
in the mapping is of the order 202 = 400, if 20 different moment sizes are used
for each of the components. Likewise, a ternary alloy will require 203 = 8000
different configurations for full mapping. Although the computational effort
drastically increases, it is important to realize that each configuration is inde-
pendent of each other, so clever scripting and parallel runs reduce the required
computational time massively.





Chapter 4

Results

4.1 Magnetodynamics properties of permalloy
and alloys with transition metal impurities

Permalloy is one of the most commonly used materials for magnonic devices
due to suitable properties, such as its low coercivity, low magnetocrystalline
anisotropy, and low Gilbert damping α. However, the optimum material for
a specific application may require materials properties that are tunable but
still stays rather close to permalloy. Therefore, tuning or subtle adjustment of
the desired property of permalloy would benefit the magnonic application to a
large extent. Previous studies [78,79] have shown that doping with transition
metal impurities could substantially change the material properties of permal-
loy. However quantitative theoretical studies are lacking. Motivated by this,
we have theoretically investigated how the doping of transition metal elements
in the 4d and 5d series, namely Pt, Au and Ag, affects the magnetodynamics
properties of permalloy and compare these findings with experiments. In a
follow-up study, we further investigated doping of permalloy by performing a
systematic study of all 4d and 5d elements. Moreover, we explain the trend
of the Gilbert damping results by a simple model that highlights the most
important effects, namely spin-orbit coupling and density of states.

The intrinsic Gilbert damping, measured from ferromagnetic resonance
(FMR), as a function of the film composition is displayed in Fig. 4.1(a).
These values should be compared with our calculated values from first princi-
ples, displayed in Fig. 4.1(d). While the damping trend of the Py100−xAgx or
Py100−xAux films has a linear dependence on concentration, the Py100−xPtx
samples show a more quadratic behavior. It suggests alloying with Pt has the
strongest effect on the damping with a maximum value of α = 0.035 at 30 %,
i.e. about 4.5 times larger than the intrinsic value of pure Py. In contrast,
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Figure 4.1: Left: experimental results for (a) damping, (b) saturation mag-
netization, and (c) exchange stiffness as a function of Pt, Au, and Ag concen-
tration. Solid lines are empirical fits to second-order polynomials. Right: the
same parameters calculated using DFT at room temperature. Solid symbols
in (d) include both magnon and phonon contributions, while open symbols
include phonons only. Solid symbols in (f) include exchange interactions be-
tween M and Py, whereas open triangles (Pt) ignore those. Solid and dashed
lines in (d), (e), and (f) are visual guides.
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the damping in Py100−xAgx films is virtually independent of the composition.
These trends are in a good agreement with what has been shown in Ref. [78] by
Rantschler et al.. They pointed out that the heavier element impurities more
strongly affects the damping, and also indicated that the spin-orbit coupling
is of major importance to the large increase of damping.

To obtain a deeper understanding of the experimental results, it is possi-
ble to influence and to manipulate the materials properties in the calculations.
For instance, the calculated Gilbert damping, Fig. 4.1(d), can be compared
by adding different contributions one at the time. For pure Py, we obtain
α = 0.0036 with only the phonon contribution included at finite temperature.
Additional magnon contribution increases the damping, α = 0.0040. Includ-
ing both contributions have a minor effect of the Au and Ag doped samples
while for Pt, spin fluctuations play a rather important role and increase the
damping considerably. Even though the spin-orbit coupling is a very impor-
tant factor in determining the Gilbert damping, it is not the only factor. If
spin-orbit coupling would be the exclusive factor, then Pt and Au would have
similar trends in the Gilbert damping parameter as a function of impurity
concentration. Instead, it is clear from Fig. 4.1(d) that the increase in Gilbert
damping is much more pronounced for Pt than for Au. This can be explained
by examining the differences in the electronic structure of Au and Pt. The 5d
band in Au is completely filled. Therefore only sp states are present at the
Fermi level. For Pt on the other hand, there is a substantial contribution to
the density of states (DOS) at the Fermi level from the partially unfilled 5d
band. The larger DOS at the Fermi level for Pt leads to increased scattering,
and thus an increase of the Gilbert damping [80]. Ag has a filled 4d band and
a similar electronic structure at the Fermi level as Au, consisting of predomi-
nantly sp states. Furthermore, the spin-orbit coupling in 4d systems like Ag,
is much smaller than in 5d systems such as Au. All together, this explains the
observed trend of the Gilbert damping as a function of Ag concentration. For
Ag, the lack of both strong spin-orbit coupling and d states at the Fermi level
result in a Gilbert damping virtually independent of Ag concentration.

The Figures 4.1(b) and (e) show the experimental and calculated com-
position dependencies of the saturation magnetization, MS. MS is found to
decrease with increasing of dopants, and it is more noticeable for Au and less
so for Pt. The observed and calculated trends can be qualitatively under-
stood through evaluating the susceptibilities of the impurity atoms. Au and
Ag are slightly diamagnetic, with the calculated magnetic susceptibilities of
χm, Au = −3.4× 10−5 and χm, Ag = −2.6× 10−5, respectively, whereas Pt is a
paramagnet with an unusually large magnetic susceptibility for a nonmagnetic
metal, χ m, Pt = 26 × 10−5. In Fig. 4.3, we investigate the induced moments
for most of the 4d and 5d elements, where we found that Au and Ag impu-
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rities have minute (effectively zero) magnetic moments (0.018µB for Au and
−0.011µB for Ag). However, Pt has a substantial induced magnetic moment
with value 0.22µB.

The experimental and calculated composition dependency of the exchange
stiffness A are displayed in Figs. 4.1 (c) and (f). A decreases rapidly in the
case of the Py100−xAgx and Py100−xAux films, but not as much for Py100−xPtx.
This fact is however not so surprising since the stiffness A is proportional to
the magnetization. The calculated exchange stiffness are coherent with the
experimental data. In addition, we performed calculations of the exchange
stiffness in which the M-Py hybridization was kept intact, but with all ex-
change interactions between M and Py removed. This reduces the exchange
stiffness for the Pt case, as illustrated by the blue unfilled triangles in Fig. 4.1
(f). It suggests the exchange interaction between the Pt 5d states and Py
plays a major role in the observed trend of A.

A systematic analysis of the doping effects in permalloy is performed in an
ab-initio manner, such that there is no free parameters nor any experimental
input required. The calculated equilibrium volumes of doped Py for two dif-
ferent concentrations (10% and 15%) of impurities from the 4d and 5d series
are shown in Figure 4.2. First of all, note that the volume increases with the
doping concentration. Secondly, the volume variation within a series (4d or
5d) has a parabolic shape with the minimum in the middle of the series. This
is expected since the bonding states are consecutively filled and maximized in
the middle of the series where the bonding strength reaches a maximum. In
the second half of the series, the anti-bonding states start to fill, which gives
rise to a weaker bonding and contributes to a larger equilibrium volume to-
wards to the end of the series. Our results for the atomic volumes are found in
consistent with the Ref. [81]. We should point out that without determining
the equilibrium volume makes the following calculated quantities less reliable
since it is affecting the results and contributes to larger error bars.

The local moments of the host atoms (Fe, Ni) are only weakly dependent
on the impurity atoms present. The host magnetic moments are dominated
by the spin moment µS while the orbital moments µL are much smaller. In
pure Py without additional doping, the spin (orbital) moments of Fe is ≈
2.64 (0.05) µB and for Ni ≈ 0.64 (0.05) µB, respectively. This adds up to
an average spin (orbital) moment of ≈ 1.04 (0.05) µB taken into account the
concentration of Fe and Ni in Py. An analysis of the total moment can be
seen in more detail in Fig. 4.3 (upper panel). As mentioned above, one would
like to achieve the tunability of the Gilbert damping but at the same time
independent of the change of saturation magnetization. A reduction of the
magnetization reduces the radiative extrinsic damping but could at the same
time affect other properties in a negative manner, for instance, reduction of
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the spin-wave stiffness. In general, one strives for keeping the value of the
total moment (saturation magnetization) at least similar to pure Py, even for
the doped systems. From Fig. 4.3, it is clear that doping with late elements
in the series is a preferable option in that respect. Good candidates are Rh
and Pd in the 4d series and Ir, Pt and Au in the 5d series, whose electronic
configurations are closely matched with the host.

The lower panel of Fig. 4.3 shows the local impurity magnetic moments
with the impurity concentration of 5%. In the beginning of the 4d (5d) series,
the impurity atom has a negative moment value, which suggests that they are
antiferromagnetic coupled to the host atoms (Fe and Ni), whereas the latter
elements in series have positive moments. It is another reason that the latter
elements are preferred than the beginning elements because with antiferromag-
netic coupling it will tend to soften the magnetic properties and the potential
occurrence of more complicated non-collinear magnetic configurations.

According to the torque-correlation model, density of states (DOS) at the
Fermi level and the strength of the spin-orbit coupling are the two main phys-
ical properties determine the damping. In the following, we separately inves-
tigate how these properties affect the damping. In the lower panel of Fig. 4.4,
the total DOS and the impurity-DOS for 10% impurity concentration of 4d
and 5d series transition metals are displayed. In both 4d and 5d series, the
impurity-DOS exhibits a maximum in the middle of the series. The values
of the DOS are similar for the 4d and 5d series and therefore cannot solely
explain the large difference in damping found between the two series. For
the 4d series, the calculated damping is not directly proportional to the DOS,
while there is a distinct correlation between the DOS and damping in the 5d
series. The qualitative discrepancy between theory and experiment for the 4d
series is a bit surprising, most significant is the experimental peak for Ru is
missing in the calculations. Unfortunately, we have not been able to pinpoint
the origin of the disagreement. In the 5d series, qualitative agreement between
experiments and calculations are found.

In order to analyze the influence of spin-orbit coupling to the damping
apart in isolation, we show in the upper panel of Fig. 4.5 the calculated values
of the spin-orbit parameter ξ ∝ (1/r)dV (r)/dr, where V(r) is the radial poten-
tial of the impurity d-states. The calculations include all relativistic effects by
solving the Dirac equation, but here we have specifically extracted the main
contribution from the spin-orbit coupling. The spin-orbit parameter increases
with the atomic number Z, as a consequence, it is considerably larger in the 5d
series compared to the 4d series. This is the most likely explanation why the
damping is found larger in the 5d series in comparison with 4d series. Within
a single element in either the 4d or 5d series, the damping is quadratically de-
pendent on the relative spin-orbit strength [80]. Our calculated values for the
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Figure 4.4: (Upper) Calculated Gilbert damping parameter for Py+M in
different concentrations of 4d and 5d transition metal M at low temperatures
(T = 10K). Experimental results from Ref. [78] measured at room tempera-
ture are displayed by solid squares and dashed line indicate the reference value
for pure Py. (Lower) Total (blue) and impurity (black) density of states at
the Fermi level EF for 10% impurities in Py.

spin-orbit parameter are in good agreement with previous calculations [82,83].
The largest values are about 0.6-0.9 eV for the late 5d elements Ir, Pt and Au.
In the 4d series, the values are much lower and of the order of 0.3 eV or less. If
the damping across the elements would only be proportional to the spin-orbit
coupling, then the damping would have monotonously increased with atomic
number, and since this is apparently not the case, we can conclude that there
is a delicate balance between spin-orbit coupling and the DOS. The damp-
ing could be further explained through a qualitative analysis of the scattering
processes [84,85] within the torque-correlation model, in which the dominant
contribution to the damping is through the scattering and takes the following
form
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α = 1
γMs

(γ2 )2n(EF )ξ2(g − 2)2/τ, (4.1)

where τ is the relaxation time between scattering events, and g the Landé g-
factor for small orbital contributions having the relation g = 2(1+µL/µS) [86].
We assume that τ is same for all impurities, which is clearly an approximation
but calculating τ is beyond the scope of the present study. By normalizing
the damping from Eq. (4.1) such that the value for Os (10% concentration)
coincides with the first principles calculations, we obtain a qualitative compar-
ison between the model and calculations, as illustrated in the lower panel of
Fig. 4.5. It confirms the trend in which the 5d series leads to a larger damping
than the 4d series and captures the main features qualitatively. However, the
peak value of the damping within the 5d series in the torque-correlation model
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occurs at Ir while calculation is given to Os which is also in coherent with the
experiment.

4.2 Gilbert damping of the full Heusler alloys
Co2FeAl

The family of materials known as Heusler alloys is suitable candidates for
spintronics applications [87–89] due to desirable material properties such as
high Curie temperature (Tc), tunable anisotropy, substantial spin polarization
and low Gilbert damping. The Heusler materials are ternary intermetallic
compounds and falling into two different groups depending on the stoichio-
metric composition. Full Heusler alloys have composition (X2YZ) and the half
Heusler alloys (XYZ). Heusler alloys could either synthesize in the cubic or
tetragonal crystal structure, but here we only discuss the cubic variant. The
unit cell of a full Heusler alloy in the cubic L21 crystal structure with lattice
parameter a is shown on the left side of Fig. 4.6. A unit cell of L21 struc-
ture consists of four interpenetrating fcc lattices. The element X occupies the
positions (0,0,0) and (1

2 ,
1
2 ,

1
2), the element Y occupies (1

4 ,
1
4 ,

1
4) and Z (3

4 ,
3
4 ,

3
4).

In instead one of the X positions are left unoccupied, the system is forming
a half Heusler alloy. Starting from the L21 structure but let the Y and Z
atoms be randomly distributed on these two sites, then the system is forming
a B2-structure. If all four sites have the random occupation, the system is
nothing else than a ternary random alloy in the fcc lattice (A2-structure). In
this study, we only focus on the full Heusler material Co2FeAl in different
crystal structures and study the magnetic properties.

The reasons to use the Bloch spectral function (BSF) for electronic band
structure calculations in disordered systems have been given in Section. 3.2.
The BSF of Co2FeAl in three different crystal structures are displayed in
Fig. 4.7. In the L21-structure Fig. 4.7(a), due to the crystalline periodicity,
the BSF appears as the ordinary band structure with well-defined electron
bands. However, if we gradually increase the disorder by mixing the two
original Fe and Al sites, then one eventually ends up with the B2-structure
Fig. 4.7(c), where the band structure is very diffuse to the large disorder. Even
in an intermediate state in-between L21 and B2 Fig. 4.7(b), the disorder is
clearly presented by diffusing the band structure.

The calculated values of the Gilbert damping of Co2FeAl in three differ-
ent crystal structures are displayed in Fig. 4.8. From the torque-correlation
model [66, 69], the Gilbert damping can qualitatively be described with two
contributions, the intraband and interband scattering. In the intraband scat-
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Figure 4.6: A unit cell of the full-Heusler alloys in L21-structure is illustrated
on the left-hand side. It can be seen as consisting of four interpenetrating fcc
lattices. In the B2-structure, the sites of Y and Z are randomly distributed. In
the A2-structure, each sites is occupied randomly forming a complete random
alloy.

tering, the scattering takes place within a single electron band such that the
band index n is conserved. It has a linear dependence on the electron lifetime
that exponentially increases when the temperature is decreasing, similar to the
electronic conductivity. Hence this scattering is also known as conductivity-
like scattering. The interband scattering which involves scattering between
two bands with different index, has an inverse dependence on the electron
lifetime and increases with temperature. Interband scattering is also often
known as resisistivity-like scattering. The interplay between the intraband
and interband electron scattering gives rise to a nonmonotonic temperature
dependence of the Gilbert damping in the L21-structure, which is in contrast
to the A2 and B2 structures, where only interband scattering is present due
to the intrinsic disorder and thus increase of damping with temperature. Our
theoretical result predicts that L21 structure has the lowest Gilbert damping,
around 0.5×10−3, at T=300K. Experimental measured value for L21 structure
is 0.76× 10−3 at the same temperature [90]. Since the theoretical result only
account the intrinsic part of Gilbert damping, given a modest underestima-
tion compared to experiment is fair and reasonable. The value calculated in
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Figure 4.7: The Bloch spectral function of Co2FeAl in (a) L21-structure, (b)
intermediate state between L21- and B2-structure, (c) B2-structure.
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the B2-structure is very similar while experimentally Gilbert damping found
at 1.46 × 10−3 and 2.56 × 10−3 for two different B2-structure samples [90].
The damping of A2-structure being four times lager than in L21 structure is
concluded in both theoretical and experimental results [90].

The chemical disorder is increasing going from L21 → B2 → A2 and the
values of the Gilbert damping reflect this, however at finite temperatures there
are more sources of disorder such as lattice displacements and spin fluctuations
that we now turn our attention to.
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Figure 4.8: The Gilbert damping of A2-, B2- and L21-structure as a function
of the temperature from low to above the room temperature.

From experiments, it is difficult to synthesize Co2FeAl in the perfect L21
structure. Very often there is still some disorder still present so that the
sample is in a transition state close to B2- and L21-structure. Motivated by
this, our calculations also include an intermediate state in-between the B2 and
L21 structures.

In Fig. 4.9, the temperature dependent magnetization from Monte-Carlo
simulations are shown. The saturation magnetization for the three structures
are very similar, around 5µB per formula unit. From the temperature depen-
dent magnetization, we can deduct that the Tc is highest for the L21 structure
while the values for the intermediate and B2 structures and very similar. The
value of transition temperature is useful to explain the Gilbert damping con-
tribution from spin fluctuations since this contribution vanish above Tc

Apart from showing the total Gilbert damping which is the average effect
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Figure 4.9: The magnetic moment of L21-, the transition state(Inter.) and
B2-structure as a function of the temperature.

from each lattice site, we have compared the atomic site projected Gilbert
damping in the L21- and B2-structure, Fig. 4.10. Since the damping on the
Al site can be neglected due to the very small moment, only the damping
contribution from the Co and Fe atoms are shown. The damping from the Co
and Fe atoms show a different temperature dependency, in particular at high
temperature where Co damping is saturated while Fe damping still increases.
For temperatures above the corresponding Tc, the spin fluctuations do not
contribute to the damping but only the lattice displacements. However as
expected, but it is worth noting that the site projected damping has similar
temperature dependent behavior as the total damping in Fig. 4.8.

4.3 Extended spin model in the atomistic
simulations; with a focus on random alloys

We have applied our extended spin model to the transition metals Fe, Co
and Ni, where Fe crystallizes in the bcc structure and Co and Ni in the fcc
structure. Furthermore, we have investigated the transition metal alloys in
the form of permalloy in the fcc structure and a binary alloy consisting of Fe
and Co in the bcc structure with varying Co concentration.

The calculated energy surfaces for Ni relevant to the parameters J1 and
the rescaling factor k are shown in Fig. 4.11. We show that the reference state
dependence of the mapping from either DLM and FM state can be eliminated
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Figure 4.10: The atomic projected Gilbert damping in the (a) L21- and (b)
B2-structure.

using rescaling of the exchange interactions. Figure 4.11(a) and 4.11(b) indi-
cate that the total energy of FM state has a shallow minimum of moment size
around 0.7 µB, while there is no such minimum in the DLM state, indicating
that in the DLM state no magnetic moments can be sustained unless addi-
tional fluctuations are present in the system. The total exchange energy is not
explicitly plotted here, but from Eq. (3.50) it is apparent that it is the total
energy difference between the FM and DLM states. Inspection of individual
nearest neighbor exchange interaction corresponding to the total energy min-
imum for FM, it is found that the DLM reference state gives approximately
two times larger Jij than in the FM state. This fact is well reflected in the
calculated Curie temperature based on the traditional Heisenberg model.

In Fig. 4.11(c) and 4.11(d), the rescaling factor k of the exchange inter-
actions are displayed in the case when the “bare” exchange interactions are
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calculated from the DLM and FM states, respectively. A negative (positive)
value of k corresponds to reduction (addition) of the exchange such that it
forces the exchange energy being the same regardless of chosen initial reference
state. Calculating Jij from the FM state gives a larger surface roughness of k
compared to calculation from the DLM state due to larger numerical sensitiv-
ity, however since the overall total energy surface is smooth, it is not expected
to cause any particular numerical difficulties in the simulations. Although we
show only Ni as an example of the energy parametrization, the procedure is
similar for the other systems with the key feature that the overall spin model
gives correct total energy in both the FM and DLM limits.

1.5
1

|m| (µ
B

)
0.5

(a)

00

0.5
|m| (µ

B
)

1

40

20

0

1.5

E
 (

m
R

y
)

1.5
1

|m| (µ
B

)
0.5

(b)

00

0.5
|m| (µ

B
)

1

40

20

0

1.5

E
 (

R
m

y
)

1.5
1

|m| (µ
B

)
0.5

(c)

00

0.5
|m| (µ

B
)

1

-0.5

-0.4

-0.3

-0.2

1.5

K

1.5

1

|m| (µ
B

)

0.5

(d)

01.5

1
|m| (µ

B
)

0.5

0

0.9

0.6

0.3

0

K

Figure 4.11: The total energy surface of Ni is calculated using the binary-
components scheme at each discretized grids of the moments size from two
starting points: (a) DLM reference state (J1) and (b) FM reference state.
The magnitude of the rescaling factor k is shown in Fig. (c) (DLM) and
(d) (FM). Note that for visualization clarity the scale on the z-axis and the
viewing angle are different between Fig. (c) and (d).

To further elaborate on the temperature induced magnetic phase transi-
tion, we show in Fig. 4.12 the total energy decomposition in terms of the
exchange and LSF energies, as a function of the temperature. The exchange
term gives the energy gain by aligning moments with each other, while the
LSF energy is a measure of the formation (reduction) of a local moment. By
resolving the exchange and LSF energies, the stability of the local moment
at certain temperature can be estimated. In the case of Fe, Fig. 4.12(a), the
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LSF energy is more or less constant, while the exchange energy is monotonous
increasing with respect to the temperature and vanishes at high temperature
where all moments are randomly distributed. The energies confirm that Fe is
forming a stable moment in both the FM and DLM states. In contrast to Fe,
Ni as shown in Fig. 4.12(b) reveals a much more precarious energy balance.
Upon increasing the temperature to around Tc, a part of the exchange energy
increase is compensated by decreasing the LSF energy, causing an reduction
of the magnetic moment. For Py, shown in Fig. 4.12(c), the interplay of the
LSF and exchange energies behaves similar as to elemental Ni where part of
the loss of the exchange energy is compensated by the LSF energy. As a re-
sult, the moments of Py in average have a tendency to be reduced at finite
temperatures.

From Monte Carlo simulations, the extended Heisenberg model including
LSF allows us to examine the temperature dependence of the size of the lo-
cal magnetic moments. The magnetization and the local moments size with
respect to temperature are displayed in Fig. 4.13(a) in the case of Fe, Co and
Ni. A linear reduction of the magnetization is observed at low temperature in
all the considered cases which do not follow the Bloch’s T 3/2, as expected from
using classical statistics. However, here we are focusing at the high tempera-
ture regime with the temperature around Tc and above where the classical spin
model is well justified. The average moment size of Fe is only weakly reduced,
about 10%, up to Tc. In contrast, the reduction of the average moments of
Co and Ni is almost the double compared to Fe. Our results are consistent
with Ref. [73], where the changes of the Ni moment size is continuous at Tc,
however a different behavior of Ni was found in Ref. [75]. Despite the rather
constant average local moment size, the individual variation of the moment
size is rather different. This behavior is shown in the Fig. 4.13(b) that the
standard deviation of the local moment size increase as a function of temper-
ature. Compare to Fe and Co where the standard deviations are relatively
small at low temperatures, Ni has a large standard deviation even at low tem-
peratures. This fact indicates that the description of a “rigid moment” in the
longitudinal direction is appropriate for Fe, intermediate for Co but not so for
Ni, as expected since Ni moments being the most itinerant of the three.

In Fig. 4.14(a), the component-resolved local moment size and magneti-
zation are calculated for Py. We focus on a few intricate features that only
are present in random alloys and not in elemental magnets. First of all, the
Fe moment size in Py is calculated to be larger than it is in the elemental Fe,
while the moment size of Ni has roughly the same value, as expected from
other studies [91]. Moreover, compared to the elemental Fe where moment
sizes are rather constant, the local Fe moments in Py are more strongly re-
duced, in particular above Tc. In Fig. 4.14(b), the moment size distributions
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Figure 4.12: Decomposition of the total energy from Monte Carlo simulations
in terms of the exchange and LSF energies as a function of temperature for
(a) Fe, (b) Ni, and (c) Py.
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Figure 4.13: (a) The averaged global magnetic moment i.e magnetization with
dashed lines and the mean value of the local moments amplitude with solid
lines. (b) The standard deviation of the local moments after normalized by
the corresponding moment size at the zero temperature.
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of the Fe and Ni moments in Py are shown at two temperatures, T = 10 K
and T = 550 K. At T = 10 K, the longitudinal fluctuations are small for
both Fe and Ni resulting in narrow distribution. At elevated temperatures, the
longitudinal fluctuations are more energetically favored. At T = 550 K, right
below the Tc of the system, the moment distribution of Fe shows an asymme-
try with a long tail to small moments. The distribution profile of Ni is rather
different than Fe. It has a significant shift to small moments indicating that
Ni prefers eventually losing its moment.

Figure 4.14: (a) The average magnetization of Py 〈M〉, the sub-lattice mag-
netization of Fe and Ni (MFe and MNi) and local moment size of Fe and Ni
(|mFe| and |mNi|) as a function of temperature. (b) Moment size distribution
of Fe and Ni moments in Py at T = 10 K and T = 550 K.
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4.3.1 The critical exponents
Studies of critical phenomena of systems having a phase transition could

give a lot of useful information. The characteristic feature of a second-order
transition, such as a ferromagnetic system, is the divergence of the correlation
length at the critical temperature Tc. An important consequence of the crit-
ical phenomena is the concept of universality class, which characterizes the
statistical model and its corresponding critical exponents. It follows that the
values of the critical exponents are model independent. The relevant factor
affecting the critical exponents is only lying on the dimensionality of the lat-
tice or the dimensionality of the parameter space. Remind that our extended
LSF Heisenberg model is essentially different from the standard Heisenberg
model, due to the additional degree of freedom where the longitudinal part
of the moment could vary. Therefore studying the values of the critical expo-
nents would reveal if the LSF model falls in the same universality class as the
normal Heisenberg model or not.

Before expanding the discussions we need to clarify the definition of some
quantities. The reduced temperature t is related as

t = T − Tc
Tc

. (4.2)

The behaviour of the correlation length ξ in the critical region i.e. t in the
vicinity of zero, has the relation

ξ ∼ |t|−ν (4.3)

and the similar relation for the magnetization

m ∼ |t|−β, (4.4)

where m is the normalized magnetization M/Ms, also the critical exponents ν
and β are shown in places. A direct measurement of the critical exponents has
proved to be a challenging task, we circumvent the difficulty by measuring the
ratio β/ν in the following procedure; an equivalent expression obtains after
doing some mathematical subscriptions

mTc ∼ L−β/ν , (4.5)

where mTc is the equilibrium magnetization at Tc and L the size of lattice.
We have employed the finite size scaling [92] technique and the numerical
calculations are performed with various lattice sizes L. The purpose is in
twofold, foremost a fairly accurate Tc can be pinpointed from the standard
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cumulant Eq. (2.16) crossing method, and m for the different L at Tc are used
in the fitting, where the slope of the log-scale function is found to be the ratio.

The results are shown in Fig. 4.15 for the ab-initio parameters of bccFe
implanted in the MC simulations, we have compared the standard Heisenberg
and extended LSF Heisenberg model by doing the fitting procedure mentioned
above. It is found that β/ν = 0.519 ± 0.002 and the difference between the
two models is very small. The same exponents’ ratio was found in previous
works [92, 93] using two different methods. Nevertheless, at this point we
still can not exclude that the extended spin model Hamiltonian has slightly
different ratio, since the value of the ratio is very sensitive to a tiny change of
Tc while the Tc is hardly obtained in a required precision (∆Tc < ±0.001K)
in our method. However even if there is a difference, seems a minor one.

Figure 4.15: Log-scale plot of the normalized magnetization m vs the lattice
size L, where L is from 8 up to 20. The data points are fitted by Eq. (4.5) for
the Heisenberg model (HM) and the LSF Heisenberg model (HM-LSF).

4.3.2 Phase space measure (PSM)
One aspect of including the longitudinal fluctuation that can affect the

evaluation of quantities at equilibrium is through the appearance in the par-
tition function. Written in the abstract form,

Z =
∫
g(m)dm exp

(
− Htot

kBT

)
, (4.6)



64 CHAPTER 4. RESULTS

where g(m) is the phase space measure. Since Htot has the dependency on
the transversal θ and longitudinal m variables, Eq. (4.6) can be expanded as

Z =
∫ 2π

0
dφ
∫ π

2

0
dθsinθ

∫ ∞
−∞

dm m2exp
(
− E(θ,m)/kBT

)
, (4.7)

where the phase space measure g(m) = m2 is named the Jacobian factor. This
is different from if only the transversal term is present, since m is treated as a
unit vector and g(m) = 1. As it was first pointed out by Sandratskii [94], the
Jacobin factor originates from integrating a spherical coordinate system. This
factor leads the different weight putting on the states with various length of m
where the states of larger m weight more than the smaller m. In addition, the
two freedoms of fluctuation are intertwined via the Jacobian factor. The in-
tricate details from the analysis prohibit one to vary this factor independently
from the rest since it is explicitly as a function of m. However, our working
hypothesis is that the Jacobian factor causes larger resistance to decreasing
the moment, and this might offset the shallow energy minimal of the LSF
energy for instance Ni where the Ni moments can be decreased in an effortless
way. Before a careful analysis is made, whether the Jacobian factor should be
included or the uniform value is still hold remains as an open question.

4.4 Magnon spectra of random alloys
The results are presented for two random alloyed systems; Fe80%Co20% and

Fe20%Ni80% (permalloy). For each system, we will discuss two methods for
obtaining magnon properties; 1) adiabatic magnon spectra originating from
the exchange interactions and 2) magnon spectrum including the damping and
temperature effects utilizing the dynamical structure factor from atomistic
spin dynamics simulations. Those two methods are complementary to each
other. Since the local environment and thus the exchange strength from a
central atom could vary a lot in a random alloy, the adiabatic magnon spectra
reflect this if it is calculated for many different disorder configurations. At
finite temperature, the magnon spectrum indicate the finite life time of a spin-
wave resulting in a broadening and softening of the spectra due to damping,
temperatures as well as chemical disorder. The theoretical expressions were
given in Section. 2.3 and Section. 3.3.1.

The calculated adiabatic magnon spectra of Fe80%Co20% along the high
symmetric points in the Brillouin zone are shown in Fig. 4.16. The average
spectra over 10 000 disorder configurations from a central atom (either Fe or
Co) is marked with the fat black line. The chemical species can not be dis-
tinguished from the spectra, however since Fe and Co have relatively similar
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Figure 4.16: Adiabatic magnon spectra of Fe80%Co20% random alloy. The
thick black line denotes the average spectra over all constructed available
configurations.

Figure 4.17: Magnon spectrum of Fe80%Co20% at T = 300 K from ASD simu-
lations with Gilbert damping α = 0.71× 10−3.

magnetic properties, the difference between different configurations is not so
pronounced. In Fig. 4.17, the magnon spectrum of the same system is cal-
culated from the Fourier transform of the correlation function obtained from
ASD simulations at T = 300 K, which is much lower than the ferromagnetic
transition temperature and using a Gilbert damping of α = 0.71× 10−3. The
spectra is split into two branches around the H point and elsewhere shows in
a similar trend as the adiabatic spectra. It indicates that both the adiabatic
and dynamical spectrum are indeed related to each other. The temperature
and Gilbert damping can affect the dynamical spectrum substantially as seen



66 CHAPTER 4. RESULTS

from the diffuse spectrum indicating finite magnon lifetimes, similar to broad-
ening of the electronic band structure for disordered systems from the Bloch
spectral function. An increase of temperature and/or Gilbert damping result
in larger broadening.

Figure 4.18: Adiabatic magnon spectra of permalloy. The thick black line
denotes the average spectra over all constructed available configurations.

Figure 4.19: Magnon spectrum of permalloy at T = 300 K from ASD simula-
tions using Gilbert damping α = 3.95× 10−3.

In Fig. 4.18, the adiabatic magnon spectra of permalloy are plotted in thin
red lines for 10 000 different configurations, and the mean value is shown from
the black line. The lines are separated in two main branches apart from a
region close to the Γ point. The low energy branch shows less diffusive feature
than the high energy branch. The origin of the differences between the two
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branches can be tracked down by inspecting the local environments and the
underlying interactions. It turns out that the low energy branch is dominated
by contributions from Ni atoms, whereas the Fe atoms contributed more to the
high branch. Of course, the respective contributions cannot be fully separated
due to the characteristic eignvalue problem of a random mixed alloy. Because
of a much higher concentration of Ni in the system, the mean value is closer
to the lower branch. This is profoundly different from the adiabatic magnon
specra of Fe80%Co20%, where basically a single branch is found. The difference
can be explained by the fact that the magnetic properties of Fe and Ni atoms
in Py, such as the magnetic moment and exchange interactions, seen from
Fig. 3.4, are very different from each other. The room temperature magnon
spectrum from ASD simulations is shown in Fig. 4.19 using the calculated
Gilbert damping α = 3.95×10−3. The upper branch of the magnon spectra is
much softened, and the shape is close to the average spectrum in the adiabatic
magnon spectra.





Chapter 5

Summary and Outlook

To model the properties of magnetic excitations and describe the synthe-
sis effects of the temperature brought fluctuations in a ferromagnetic system,
the existed atomistic spin model has been extended in cooperating with the
carefully selected first principle methods. Even though we have made ap-
proximations which inevitably exclude some effects originating from omitting
higher order perturbations as well as the decoupling between the spin reservoir
and the lattice, in general, the framework of combining first-principles meth-
ods and atomistic simulations gives rather a high accuracy in a vast number
of applications.

Regarding the work of extended spin model in Monte Carlo simulations,
exchange interactions and total energies from two different reference magnetic
states are used, namely the low temperature ferromagnetic state and the high
temperature disordered local moment state. In this manner, the extended spin
model is expected to work in a larger temperature region compared to stan-
dard Heisenberg Hamiltonian. This has provided the opportunity for relaxing
the rigid spin model and introducing the longitudinal spin fluctuation at the
same time. In particular, it is applicable to the systems containing multiple
components, such as alloys. Future work is to add the longitudinal contribu-
tion into the effective field so it can also be applied in atomistic spin dynamics
simulations with possible extension to combined spin-lattice simulations and
simulations of ultrafast demagnetization. Another continuation work is to
perform a more detailed study of phase space measure in spin models con-
taining longitudinal fluctuations. Although calculating the partition function
with integration over spherical space appears to be mathematically correct,
the impact of phase space measure on the fundamental statistical properties
remains as an open question.

The systematic study of Gilbert damping in transition metal alloys and
Heusler alloys provides guidelines for choosing suitable materials in terms of
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the magneto-dynamic properties for spintronics applications. Doping permal-
loy with 4d and 5d elements tunes its magnetization, spin stiffness and Gilbert
damping altogether. However, the temperature dependent Gilbert damping is
still less explored since accounting for the temperature effects involves more
approximations in the first principle methods. We analyzed the temperature
effects of Gilbert damping by employing the alloy-analogy model within CPA
which accounts for lattice displacement and magnetic fluctuations. Despite
the attempts that reveal the trends of temperature dependency, whether the
treatment of finite temperature using the scheme of alloy-analogy model pro-
vides a complete picture, is still under debate. Besides, the separation of
intrinsic from extrinsic Gilbert damping being less uncertain complicates the
comparison between the experiments.

The study of magnon excitation in terms of adiabatic spectra and magnon
spectrum calculated from dynamical factor has exemplified some sort of equiv-
alency between the real and reciprocal space representations where the quan-
tities such as exchange parameters and correlation function can be interpreted
in both pictures. This also allows us to evaluate the averaged exchange pa-
rameters over various disorder configurations of random alloys. The magnon
spectra as calculated from the dynamical structure factor have predicted chem-
ically resolved spectra that could be achieved by experimental techniques in
the future.



Chapter 6

Svensk sammanfattning

Den digitala revolutionen präglar vårt vardagliga liv. Att leva utan mo-
biltelefon idag är svårt att tänka sig. Hur uppkom egentligen detta fenomen?
Några förklarningar är ökat informationsflöde som möjliggjorts av många
tekniska landvinningar inom informationsteknologiområdet såsom snabbare
transistorer och processorer i datorer. Det är nästan svårt att föreställa sig
att för bara hundra år sedan så uppfanns det magnetiska bandet som kunde
spela in och reproducera ljud. Sedan dess har magnetism spelat en mycket
stor roll för informationslagring, såsom magnetband, hårddiskar, disketter och
processorer. Upptäckten av GMR (eng. Giant Magneto Resistance) [3,4] och
tillämpningar på detta fenomen möjliggjorde en enorm ökning av lagringska-
pacitet i hårddiskar and ökat läs- och skrivprestanda. GMR kombinerar mag-
netism med elektronik och skapade ett helt nytt fält, spinntronik, som gjorde
det möjligt att skapa helt nya tillämpningar som man inte kunde drömma om
tidigare. Upphovsmännen till GMR, Albert ert och Peter Gruünberg belö-
nades med Nobelpriset 2007 för sin viktiga upptÃ̈¤ckt. En viktig beståndsdel
till dess framgång var den samtida utvecklingen av materialvetenskap och
tillverkning av små nanomagneter i stor skala.

Magnetiska material kan grupperas utifrån hur den inbördes magnetiska
ordningen ser ut, se Fig. 6.1. De grå cirklarna visar atomer och pilarna sym-
boliserar de atomära magnetiska moment som bildas på varje atom. Detta är
ett sätt att se på magnetism, att varje atom har ett moment kopplat till sig.
I vissa material, tex järn, nickel och kobolt pekar alla moment åt samma håll,
se Fig. 6.1(a). Dessa material kallas ferromagnetiska. Ofta är dessa material
gynnsamma för tillämpningar. En något mer komplicerad magnetisk ordning
syns i Fig. 6.1(b), som endast kan förekomma om det finns flera olika atom-
slag i materialet. Ett exempel på material inom denna klass är så kallade
Heuslerlegeringar som har många intressanta och användbara egenskaper för
tillämpningar. Ännu mer komplicerade magnetiska strukturer kan förekomma,
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framför allt då olika moment pekar i olika riktningar. Fig. 6.1(c) och (d) visar
material där momenten antingen fullständigt eller delvis tar ut varandra. I
det mest extrema fallen finns ingen inbördes ordning och momenten pekar i
slumpmässiga riktningar, Fig. 6.1(e) and (f). Dock är det viktigt att påpeka
att ett material kan vara ferromagnetiskt vid låga temperaturer och övergå till
ett oordnat tillstånd när temperaturen höjs. Den temperatur för när denna
övergång sker kallas för Curietemperaturen och i tillämpningar vill man helst
att denna temperatur är högt över rumstemperatur.

Figure 6.1: Exempel på magnetisk ordning: (a) ferromagnet, (b) ferromagnet
med sub-gitter, (c) antiferromagnet, (d) ferrimagnet, (e) icke-kolinjär magnet
and (f) paramagnet.

Denna avhandling handlar om magnetism och hur man kan beräkna och
förutsäga magnetiska egenskaper med enbart hjälp av datorer. En viktig
egenskap är att förutse magnetisk ordning och beräkna Curietemperaturer.
En annan viktig materialegenskap är Gilbertdämpning som är ett mått på
hur stor energiförlust man har i ett magnetisk material. Denna egenskap har
tidigare varit mycket krånglig att beräkna och det är först på senare år detta
har varit möjligt. Resultaten från denna avhandling ger förhoppningsvis en
större förståelse för magnetiska material som kan hjälpa till med utvecklingen
för framtida tillämpningar inom informationsteknologi.
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