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Abstract

In this work Density Functional Theory and the Nudged Elastic Band method are used to
calculate energy barriers to study atomic di�usion. Di�usion is one of the processes that leads to
non ideal experimental conditions such as defects or not sharp enough interfaces. In collaboration
with Seagate Technology, vacancy-driven di�usion across an Au/X interface is studied in the �rst
part of this thesis. This is done in the pursuit of the best X material that provides hardness to
the Au/X heterostructure under high temperatures and still has good plasmonic properties. It
is found that a layered heterostructure of 10 monolayers of Au and 6 monolayers of TiN is the
best of the combinations tested and it is attributed to TiN high packaging compared to Au. It
is also seen that the density of the X material is more relevant than a high melting temperature
or a good lattice match with the Au lattice, as it was suggested before. In a second project, the
di�usion of an adatom on a surface of the same material is investigated to �nd out the in�uence
of the magnetic phase of the surface on the di�usion barriers. With this aim, ferromagnetic
and non magnetic (001) fcc Ni surfaces and bcc Fe are simulated. Additionally, a paramagnetic
(001) Fe surface has been simulated with the distribution of moments determined by a Special
Quasirandom Structure approach to the Disordered Local Moment method. It is found that
energy barriers relevant for di�usion along the surface are lower for the magnetic phases but that
the in�uence of the magnetic phase on di�usion is not trivial.





Populärvetenskaplig Sammanfattning

Att skapa en bättre förståelse för ett materials egenskaper är en grundläggande förutsättning
för en fortsatt utveckling inom både materialvetenskap och industri, detta kan göras genom att
beskriva hur atomer och elektroner växelverkar i material. En av de mest populära metoderna är
att använda täthetsfunktionalteori (DTF), vilken tillåter system av �era elektroner att beskrivas
i termer av elektrontätheten istället för �erelektronvågfunktioner såsom i Schrödingerekvations-
baserade metoder.

Ett av målen inom beräkningsfysik och datastyrd materialvetenskap är att modellera och
simulera nya idéer, men även att förstå och kunna tolka experimentella resultat. En svårighet med
teoretisk modellering är dock att material i verkligheten ofta har en del brister, till exempel kan
kristallstrukturer sakna en atom, och gränssnittet som skiljer två material åt kan vara di�ust och
otydligt. Bristerna beror till stora delar av att atomer hela tiden är i rörelse och kan di�undera,
det vill säga slumpmässigt röra sig mellan olika material med olika egenskaper. Målet med den
här uppsatsen är att undersöka di�usion i två olika fall med hjälp av DFT.

Första delen av uppsatsen handlar om en studie som gjorts i samarbete med Seagate Tech-
nology, ett elektronikföretag som är världsledande inom hårddisktillverkning. För att förbättra
kapaciteten att samla information på oerhört små ytor och kunna möta de allt hårdare kra-
ven från dagens moderna samhälle, utvecklar Seagate en ny typ av hårddisk. Egenskaperna hos
den nya generationen av hårddiskar ska bli bättre genom upphettning med hjälp av laser. Nya
materialval måste göras eftersom vissa av de material som idag används inte klarar de nya förut-
sättningarna. Det var först tänkt att guld tillsammans med andra material i �era skikt skulle vara
en tänkbar lösning, men det visade sig att legeringar mellan de olika lagren skapade problem. Ef-
tersom di�usion är en viktig mekanism vid legering, då atomer rör sig mellan de olika materialen
och jämnar ut koncentrationsskillnader, studeras detta inledningsvis i uppsatsen. Di�usionshas-
tigheten är ett mått på hur stabil strukturen är och hur den skulle klara av upphettning, vid
lätt di�usion skulle atomer från det ena materialskiktet röra sig till ett annat skikt av ett annat
material och därmed bidra till legeringar som försämrar hela materialets egenskaper. Om det
istället nästan inte sker någon di�usion alls skulle gränssnittet likna det teoretiskt ideala och
innebära att materialet är stabilt även vid höga temperaturer. Vi kom fram till att den bästa
kombinationen av material är Au/TiN, främst på grund av att atomernas olika storlek och den
höga atomtätheten hos TiN gör det svårt för Au att di�undera över gränssnittet. Eftersom vi nu
vet vad di�usionen beror av kanske går det att hitta andra material med ännu bättre egenskaper.

I den andra delen av uppsatsen undersöks hur di�usion påverkas av yttre förhållanden. På-
verkar till exempel magnetism en atoms förmåga att di�undera och röra sig i skiktet? För att ta
reda på det studeras skillnaderna i en atoms rörelser i ytskiktet av ett material vid olika mag-
netiska tillstånd: ferromagnetiskt, paramagnetiskt och icke-magnetiskt. Det är viktigt att veta
för att kunna bygga upp skikt i �era lager. En stor utmaning är att simulera ett paramagnetiskt
ytskikt och arbetet är fortfarande pågående.
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Chapter 1

Introduction

Materials and its properties have always been interesting to the human kind: from the prehistory
to our times, it has tried to master the use of resources and to improve our quality of life.
This combined with the relatively recent introduction of computational sciences has lead to an
expansion of the materials research �eld. The main goal of computational material physics is to
quantitatively understand materials properties from a microscopic point of view, which includes
predicting new aspects as well as helping the understanding of experimental results. However,
experimental conditions are rather di�erent from theoretical calculations: there are defects,
materials are not perfectly periodic and sharp interfaces are not realistic, just to mention some
examples. One of the most interesting and important phenomena that occur in experimental
realisations is di�usion. It is the lying cause of more advanced processes such as nucleation
or alloying, and understanding how they work is paramount both for fundamental and applied
reasons. Di�usion can be de�ned as the migration due to the erratic movement of particles and
is one of the most interdisciplinary topics one can study. Not only can it be studied from a
natural-science point of view, but it is an interesting topic for social and political sciences, as
the concept of particles can be widened to refer to people, money, ideas... In this thesis di�usion
processes will be narrowed to solid state problems; nevertheless, these situations are interesting
for a large variety of natural science disciplines, being physics and chemistry the most important.

This study tries to simulate non-ideal conditions where atoms di�use across interfaces and
also how di�usion is a�ected by external conditions. The energy barrier that an atom faces when
di�using across an interface or on a surface has been evaluated from a quantum mechanical point
of view, combining Density Functional Theory and the Nudged Elastic Band method. Eventually,
the study is going to be a multiscale approach to the problem, because the energy barriers
calculated from a quantum mechanical theory�this is electronic length scale�are going to be used
in a Quantum Monte Carlo code in order to simulate materials under di�erent temperatures and
at a larger scale that incorporates atomic motion.

As it has already been mentioned, energy barriers and di�usion have been studied in two
di�erent cases. In the �rst one, the case of a non-ideal interface is simulated, in which an atom
is allowed to di�use across it. This is interesting as it gives a measure of how stable the interface
is, and if the two di�erent materials are prone to form an alloying layer, which can dramatically
change the properties of the heterostructure. In this speci�c case, the materials chosen are
part of one of the components of a new generation of magnetic recording devices that Seagate
Technology is currently developing. In order for the component to ful�l its purpose, it needs to
have a good plasmonic behaviour under quite high temperatures. However, the materials that
are typically used for plasmonic applications like Au become soft in these conditions because the
interactions between the grains or di�erent crystalline regions that form the bulk become weaker.
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This is why a layered heterostructure of Au and other materials has been proposed. However, it
is important to see if the heterostructure will become alloyed or on the contrary, it will result in
an almost sharp interface suitable for manufacturing.

On the second case an adatom�an extra atom that lies on a crystal surface� di�uses on a
surface of the same material with di�erent magnetic structures. It is a study on how external
conditions such as the magnetic properties of the materials in�uence the process of di�usion.
Besides of a non magnetic and a ferromagnetic surface, a paramagnetic surface is simulated in
this �nal part of the thesis, which is still a challenging process.

The rest of this thesis is organised as follows. To start, chapter 2 will give some background
on the theory behind this work and also on the basic tools used in the calculations. The following
two chapters will present the study of di�usion in the two aforementioned situations. Chapter
3 focuses on di�usion of an atom across an interface as a measure of the stability of an het-
erostructure. Then, chapter 4 focuses on the di�usion of an adatom on top of a surface of the
same material, depending on the magnetic properties it possesses. To conclude, chapter 5 will
summarize the ideas presented in the thesis and give an outlook on how one can continue this
research.
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Chapter 2

Theoretical Background

This chapter includes an overview to the two basic tools used in the calculations included in
this thesis�Density Functional Theory and the Nudged Elastic Band method�along with basic
concepts of di�usion, the mechanism lying under the studies of the two parts of the work.

2.1 Density Functional Theory

In the study of multi-electron systems such as solids or molecules, one is faced with the many-
body problem, in which the goal is to solve the time-independent Schrödinger equation. For
instance, the number of interacting particles in a solid can be of the order of 1023 and move in
a correlated manner, which makes the equation impossible to solve. Density Functional Theory
(DFT) happens to be one of the most successful methods to tackle these type of problems. It is
an ab-initio theory of correlated many-body systems which is a primary tool for the calculation of
electronic structure in condensed matter, but can also be used to study molecules and other �nite
systems. Its fundamental idea is that any property of a many-body interacting system can be
described using a functional of the ground state density instead of its many-body wavefunction,
which reduces the number of degrees of freedom drastically.

2.1.1 From the many-body problem to a density-based theory

As stated above, the electronic properties of a system containing N electrons can be obtained
by solving the many-body Schrödinger equation, which for the non-relativistic time-independent
case can be written as follows:

Hψ(~r1, ~r2, ... ~rN , ~R1, ~R2, ...) = Eψ(~r1, ~r2, ... ~rN , ~R1, ~R2, ...), (2.1)

where ψ is the all electron wave function which depends on the positions of the electrons (~ri)
and the ions ( ~RI) and the full Hamiltonian is

H = − ~2

2me

∑
i

∇2
i −

∑
I

~2

2mI
∇2
I −

∑
i,I

ZIe
2

|~ri − ~RI |
+

1

2

∑
i 6=j

e2

|~ri − ~rj |
+

1

2

∑
I 6=J

ZIZJe
2

| ~RI − ~RJ |
. (2.2)

The �rst two terms in (2.2) are the kinetic energies of the electrons and the ions where me and
mI in are the mass of the electron and the Ith ion, respectively. The third term stands for the
Coulomb interaction between the ions and electrons, with ZI being the charge of the �rst ones,
and the two last terms represent the electron-electron and the ion-ion Coulomb interactions.

Equation (2.2) can only be solved for the case of the hydrogen atom, but approximations
need to be introduced already for the helium atom, which has 3 particles. For molecules and
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solids, the Born-Oppenheimer approximation [1] can be used relying on the fact that the ions are
much heavier than electrons and therefore can be considered as frozen. This results in a simpler
Hamiltonian (in atomic units):

H = −1

2

∑
i

∇2
i −

∑
i,I

ZI

|~ri − ~RI |
+

1

2

∑
i 6=j

1

|~ri − ~rj |
. (2.3)

Even with this approximation, a many body equation for a system of N interacting system needs
to be solved. A big step was made by the introduction of the Thomas-Fermi-Dirac approximation
[2, 3, 4], when the many-body wave function was substituted by the electron density n of the
system, which theoretically simpli�es the problem. The foundations of DFT were established on
this approximation, from which follows that electronic properties can be calculated using n(~r)
and that the total energy of the system is a functional of this density, E[n(~r)].

The formulation of DFT is based on the two Hohenberg-Kohn theorems [5], which shift the
attention from the ground state many-body wavefunction to the one-body electron density, a
function of only three variables and thus more manageable. The theorems are:

Theorem 1. For any problem of interacting particles in an external potential Vext(~r), there exist
an one-to-one correspondence, except for a constant, between this potential and the ground state
electronic density n0(~r).

Theorem 2. For any applied external potential in an interacting many-body system, the total
energy can be written as a functional of the density. Then, the exact electronic density is the one
that minimizes the total energy functional.

In other words, any property of an interacting system can be obtained from the ground state
electron density n0(~r) via the minimization of the total energy functional, now E[n0(~r)].

The Hohenberg-Kohn theorems only state that a method to solve the many-body problem
based on the density exists. However, they do not provide an expression of the total energy as
a function of this energy. This is given by the Kohn-Sham formalism [6], which has the task of
�nding an auxiliary non-interacting system exposed to an e�ective potential Veff that results in
the same density that the interacting system with an external potential Vext has.

The many body equation in (2.1) is then replaced by a single particle equation, the Kohn-
Sham (KS) equation:

Heff (~r)ψi(~r) =

[
−1

2
∇2 + Veff (~r)

]
φi = εiφi(~r), (2.4)

where Veff includes the external potential due to the nuclei, the Hartree potential and the

exchange-correlation potential Vxc =
δExc[n]

δn[n]
. Solving the KS equation in a self-consistent way

yields the total energy:

E =

N∑
i

εi −
1

2

∫
d~rd~r′

n(~r)n(~r′)

|~r − ~r′|
−
∫
d~rVxc(~r)n(~r) + Exc[n], (2.5)

where Exc is the exchange-correlation functional.
There is not an explicit form for Exc, so di�erent approximations need to be implemented

to solve the problem. Just to mention some, the Local Density Approximation (LDA) and the
Generalized-Gradient Approximation (GGA) are introduced hereafter.

In the Local Density Approximation (LDA) [5, 6] the exchange-correlation energy is �tted to
the one of an uniform electron gas, where electrons move on a positive background distribution
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so that the local ensemble is electrically neutral. The central assumption of this approximation
is

ELDAxc [ρ] =

∫
ρ(~r)εxc[ρ(~r)]d~r, (2.6)

where εxc is the exchange-correlation energy per particle of a uniform electron gas with density
ρ and can be separated into two terms:

εxc[ρ(~r)] = εx[ρ(~r)] + εc[ρ(~r)]. (2.7)

The �rst term is commonly taken as the Slater exchange and has an analytic form, but there is
not an exact expression for the correlation part. However, there are highly accurate numerical
quantum Monte Carlo calculations and di�erent εxc have been constructed based on them.

In an attempt of improving the agreement with experimental results, the Generalized Gra-
dient Approximation (GGA) [7] considers not only the density at a certain point but also its
gradient, including the non homogeneity of the true electron density:

EGGAxc [ρ] =

∫
ρ(~r)εxc[ρ(~r),∇ρ(~r)]d~r, (2.8)

where εxc can also be separated into the exchange and the correlation parts.

2.1.2 Pseudopotential theory: self-consistency and basis set

The problem of solving a many-body Schrödinger equation for an interacting system using the
complete wave-function has been replaced by self-consistently solving the non-interacting KS
equation (see �owchart in Figure 2.1) using a chosen basis. Plane waves are a good choice of
basis set for periodic systems such as solids, as it will become apparent hereafter.

Initial guess of the density

Calculate effective potential

Solve Kohn-Sham equation

Calculate electron density

Self-
consistent?

Energy, eigenvalues...

No

Yes

Figure 2.1: Flowchart of the iterative procedure used to solve the Kohn-Sham equations in
DFT.

In an ideal in�nite solid the number of electrons is also in�nite, but this can be overcome due
to the periodicity of the solid (if impurities and defects are neglected), as Veff in (2.4) can be
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chosen to have the periodicity of the underlying Bravais lattice, so Veff (~r+ ~R) = Veff (~r), where
~R is a translation lattice vector. A sketch of a typical crystalline e�ective periodic potential can
be appreciated in Figure 2.2.

Veff

r

Figure 2.2: Sketch of a typical crystalline potential (grey) along a line of ions (red).

Now, the many-body problem is reduced to solving the Schrödinger equations with an e�ective
potential:

Hψi =

(
− ~

2m
∇2 + Veff (~r)

)
ψi = εiψi. (2.9)

The Bloch's theorem [8] states that the eigenstates ψ of the one-electron Hamiltonian H =

− ~
2m∇

2 + Veff (~r), where Veff (~r + ~R) = Veff (~r) for all ~R in a Bravais lattice, can be chosen to
have the form of a plane wave times a function with the periodicity of the Bravais lattice:

ψ
n~k

= ei
~k·~ru

n~k
(~r), (2.10)

for which u
n~k

(~r+ ~R) = u
n~k

(~r). Exploiting the periodicity of u
n~k
, it can be expressed in a Fourier

series:
u
n~k

(~r) =
∑
~G

cn, ~Gei
~G·~r, (2.11)

where ~G is the reciprocal lattice vector and the ci, ~G are plane wave expansion coe�cients. Thus,
any wave function that obeys the Born-von Karman boundary conditions can be expanded in a
set of plane waves with the periodicity of the lattice:

ψ
n,~k

=
∑
~G

c
n,~k+ ~G

ei(
~k+ ~G)·~r. (2.12)

Therefore, the problem of having an in�nite number of electrons has been solved because the
number of ~k points needed to calculate the electronic properties is a �nite number and can be
limited to the irreducible Brillouin zone. However, the sum in (2.12) is in�nite, which can not
be performed computationally. Consequently, the series must be truncated at a cuto� |~G| value
(corresponding also to a cuto� energy), which introduces an error. The cuto� has to be chosen
wisely so the computation time does not become too long while the best results as possible are
achieved.

Because of their simplicity, it is relatively easy to develop and implement methods based on
k-space representation where operations such as derivatives and Fast Fourier transforms can be
performed almost e�ortlessly. Furthermore, the plane waves are the solution of the Schrödinger
equation of a free particle, which is not the case of the electrons in solids where nuclei and
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electrons interact strongly via the Coulomb potential. However, the Fermi Liquid theory shows
that excitations near the Fermi level in metals can be treated as independent quasi-particles [8].

Although this gives a justi�cation for using plane waves for the valence electrons wave func-
tions far from the nuclei, beyond the core radius rc, they fail to describe the core electrons,
which are strongly bound and oscillate strongly (Figure 2.3a) because they adopt the form of the
atomic wave functions. Also, the valence wave-functions oscillate in in the core region, as it can
be seen in Figure 2.3b, due to orthogonality. Trying to expand such wiggling functions would
require an enormous amount of plane waves, which is not computationally feasible.

(a) Core wave function: close to the ions the
oscillation is related to the characteristic atomic
wave functions, which practically vanish between

lattice sites.

(b) Valence wave function: it oscillates strongly at
the atom sites and is plane-wave-like in between.

Figure 2.3: Typical spatial dependence of a core (left) and a valence (right) wavefunction.
From [8].

As it has already been stated, it is not possible to reproduce the real wavefunction's nodes in
the atomic core region using a basis set of only plane waves, mainly because of the steep shape
of the strong Coulomb potential of the nucleus. Thus, a new softer potential [9] acting only on
the valence electrons is de�ned, Vpseudo, which is identical to the real potential outside of the
problematic region. As well, its ground-state wave function Ψpseudo is equal to the all electron
wave function but nodeless in the core region (see �g. 2.4 for a scheme of it).

Figure 2.4: Sketch of the actual Coulomb potential and wavefunctions (in dashed blue),
compared to the softer pseudopotential and the nodeless pseudofunction related to it (in red).

The real and pseudo-functions are the same beyond the core radius rc. From [10].

With this, the core states and the wiggles in the valence wave functions in the core region have
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been removed. Therefore, Ψpseudo varies smoothly and can be represented with a low number
of plane waves. Consequently, by doing this approximation some information is lost in the core
region (frozen core approximation): inner electrons can not be studied. However, the region
of interest is r > rc, where chemical bonding happens. Additionally, the complexity of these
methods arises from the pseudopotential generation, which can be the most computationally
expensive of the calculation, but are already implemented in the Vienna Ab-Initio Simulation
Package (VASP) [11, 12, 13], the software used for the calculations in this thesis.

The Projector Augmented Waves (PAW) used in VASP approach has its origins in the or-
thogonalized plane wave method (OPW) [14], in which the electronic properties are calculated by
solving a secular equation where the wave functions are plane waves made orthogonal to the core
eigenfunctions. Let |ψc〉 and |ψv〉 be the core and valence bands, respectively, which each satisfy
a time-independent Schrödinger equation. In order to eliminate the valence states oscillation
coming from the orthogonality in the core region a pseudostate is de�ned:

|ϕv〉 = |ψv〉+
∑
c

|ψc〉αc,v. (2.13)

Substituting into a Schrödinger equation leads to[
H +

∑
c

(Ev − Ec) |ψc〉 〈ψc|

]
|ϕv〉 = Ev |ϕv〉 , (2.14)

where Ev and Ec are the energies of the valence and the conduction band. The expression
inside the brackets can be called a pseudo-Hamiltonian, because the pseudostates |ϕv〉 satisfy a
Schrödinger equation with this pseudo-Hamiltonian and a pseudopotential given by:

Vpseudo = V +
∑
c

(Ev − Ec) |ψc〉 〈ψc| . (2.15)

The pseudopotential is thus formed by adding a repulsive potential to the true potential, which
softens it. The PAW method reformulates the OPW approach in order to keep the full wave
function using projectors and auxiliary localized functions. The wave function can be decomposed
into three terms which can be understood looking at �gure 2.5.

Figure 2.5: Graphic representation of the components of the wave function in PAW: the exact
wavefunction is created subtracting the radial pseudo functions on the atomic sites to the
nodeless pseudo function made of plane waves and adding the exact radial functions of the

atomic sites (Adapted from [9]).
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2.2 Di�usion: from a continuum to a microscopic description

Before focusing on how atoms di�use in a solid environment, it is worth looking at the Fick's
Laws, which describe di�usion in the continuous limit. When Fick �rst reported his �ndings
[15], di�usion was only believed to happen in �uids. However, Fick's Laws are now the core of
all sorts of di�usion, even in solids. The �rst Fick's Law focuses on a steady state and can be
expressed with the following equation:

~J = −D~∇C. (2.16)

The �ux of particles ~J represents the number of particles crossing a unit area per unit time, and
C is the concentration �eld, namely the number of particles per unit volume. D stands for the
di�usivity and is a 2nd-rank tensor �although it becomes a scalar in an isotropic media. As the
�ux goes from high concentration regions to lower ones, di�usion is a process which leads to an
equalisation of concentration.

The second Fick's Law combines (2.16) with the equation of continuity, which for the case of
particles which undergo no reactions can be written as

∂2C

∂t2
+∇ ~J = 0. (2.17)

The result is what is commonly referred to as the di�usion equation:

∂2C

∂t2
= ~∇(D~∇C). (2.18)

If the di�usivity does not depend on the concentration, the di�usion equation can be simpli�ed
further:

∂2C

∂t2
= D4C, (2.19)

where 4 is the Laplace operator. Solutions to this equation can be found in [16] for many
di�erent boundary conditions.

The approach given until now does not give any explanation about how the di�usion happens
on a more microscopic scale. In one of his most famous papers, Einstein looked exactly into this
problem [17]. The erratic motion of the particles and its probabilistic nature were used to derive
the same di�usion equations explained previously, but providing a physical explanation about
the di�usion mechanism.

Di�usion in crystalline solids takes place by a series of jumps of individual atoms. It is known
that atoms possess a vibrational energy that makes them oscillate around their equilibrium
position, to which they are con�ned by a potential energy barrier. The thermal energy can
activate di�usion, which means that a thermal �uctuation provides an atom with enough energy
to overcome the energy barrier that separates it from its neighbouring site. In this way, atoms
can migrate through the lattice. The main mechanisms in crystals are interstitial, in which small
solute atoms migrate through a lattice of much larger atoms; vacancy, in which neighbouring
atoms jump to an empty atomic site; divacancy, which is similar to the previous mechanism
but two vacancies have bonded; and interstitialcy, in which a self-di�usion happens: an extra
solute atom travels through positions that are in between of the lattice sites by substitution. For
clarity, sketches of these di�usion mechanisms are shown in Figure 2.6. In this thesis, vacancy-
driven di�usion will be studied in chapter 3 and interstitial-driven di�usion will be investigated
in chapter 4.
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(a) Interstitial (b) Vacancy

(c) Divacancy (d) Interstitialcy

Figure 2.6: Sketch of the four main mechanisms of atomic di�usion. Adapted from [16].

In a �rst approximation, the di�usion coe�cient and the energy barrier the atom faces when
di�using through the lattice are related in the following manner:

D = D0e
−∆/kBT , (2.20)

where D0 is a factor that includes the rates of the jumps that cause the di�usion as well as other
geometrical aspects, ∆ represents the energy barrier, kB is the Boltzmann constant and T stands
for the temperature. The energy barrier between two equilibrium points is related to the Gibbs
migration energy G, that can be separated into

G = H − TS, (2.21)

where H is the enthalpy and S is the entropy. The variation of enthalpy and entropy are coupled
and depend on the di�usion type. An extended review on their dependence with temperature
can be found in [18].

Even if the calculations performed in this thesis are an approximation in which temperature
is not considered, it is important to quantitatively compute the energy barriers from this point
of view in order to use them in a more advanced calculation that introduces temperature, such
as the Kinetic Monte Carlo method does.
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2.3 Nudged elastic band method

The Nudged Elastic Band (NEB) method [19, 20] is widely used in materials science and chem-
istry to study reaction pathways in atomic-scale systems. A common problem faced in condensed
matter physics and in theoretical chemistry is to determine how the position of a group of atoms
change between two stable con�gurations. The minimum energy path (MEP) represents how the
atoms would evolve experimentally and is an important quantity to describe chemical reactions
and di�usion processes in solids because the maximum in the potential energy along the MEP
gives the activation energy barrier of the studied process. Unlike some other methods designed
to �nd this local maximum, the NEB method uses a two point boundary condition. These are
the initial and �nal states for the transitions, which are normally two stable positions or local
minima. An extended review on the method can be found in [21]. In NEB, a chain of images
of the system is generated between the two stable con�gurations and they are optimized simul-
taneously, which makes it suitable for parallelised computing. This is an advantage over other
methods that sequentially walk along the path to �nd the next image and optimize them one
after the other. As well, the acting on the images is kept parallel to the path, which ensures a
better convergence to the MEP than is achieved with other methods.

2.3.1 First attempts to �nd the MEP

The NEB method is included in a larger group called chain of images methods, which have in
common that a series of images or states of the system are generated between two boundary
conditions, the initial and the �nal con�gurations. They perform better than another group of
methods that start from a local minima and �nd the path in a sequential manner, as it has
previously pointed out.

In a �rst step towards the NEB, the Plain Elastic Band (PEB) method is described below.
The several images of the system are connected by springs of zero natural length to trace the
path, de�ning an object function that is to be minimized:

SPEB(~R1, ..., ~RP−1) =
P∑
i=0

V (~Ri) +
P∑
i=1

Pk

2
(~Ri − ~Ri−1)2. (2.22)

The �rst sum is over the "true" potential V and the second one is an elastic force, where k is
the strength of the springs connecting adjacent images. P is the number of intermediate images,
being i its index and ~Ri the vector position of each image. In PEB, the MEP is found by
minimizing the object function in (2.22) with respect to the intermediate images by keeping ~R0

and ~RP (initial and end states) �xed. However, as it fails to converge to the MEP in most of
the situations, several modi�cations to eq (2.22) trying to improve the result were presented by
di�erent authors:

• Elber and Karplus [22] introduced springs with a natural length equal to the distance
between adjacent images along the estimated path and used a non-linear optimization
algorithm. It is reported to be a relatively good approximation to the position of the
saddle point, but it does not provide the correct MEP and needs to be re�ned with a
Newton-Raphson algorithm (or similar), which needs second derivatives on the energy and
is thus computationally heavier.

• Czerminksi and Elber [23] introduced the Self Penalty Walk (SPW) algorithm, which added
a repulsive term to (2.22) to keep the images apart because it was noted that sometimes
they were found to condensate at regions near minima.
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• Choi and Elber [24] proposed the Locally Updated Planes (LUP) algorithm, in which the
�rst guess of the MEP is the local tangent to the path as the line segment connecting
one image and the one that follows it. Every image's energy is then minimized within the
hyperplane normal to the tangent described before. Its main drawback is that it can lead
to discontinuous paths as the images are not connected by any springs.

The NEB will include the strong points of these early chain of images methods to achieve the
desirable results.

2.3.2 Problems of PEB

As a motivation to the NEB method, it is useful to check PEB's main weaknesses, as the �rst
tries to improve the later. The object function to be minimized was described already in (2.22),
which leads to the force acting on each image to be as follows

~Fi = −~∇V (~Ri) + ~F si . (2.23)

The spring force ~F si ≡ ki+1(~Ri+1 − ~Ri) − ki(~Ri − ~Ri−1) tries to keep the images together and
avoid that they accumulate in the minima due to the �rst term. Figure 2.7 depicts the results of
a PEB calculation and its failure on the convergence to the MEP. Two problems are encountered:
corner-cutting and image sliding.

Figure 2.7: Contour plot of the potential energy for an atom B that can form a bond with
either one or two atoms A and C. The horizontal (vertical) axis represents the A-B (B-C)

distance. The MEP is represented with a solid continuous line, while the path resulting from a
PEB calculation is plotted with dots connected by a solid line. In the left panel, the spring
constant k has a large value (k = 1), while the right panel shows a plot for a small one

(k = 0.1). With sti�er springs (large k), the MEP is missed due to corner-cutting, which can be
avoided with softer springs (small k). Then, however, the images tend to slide down the

potential surface towards minima, which leads to a lower resolution in the interesting area.
From [21].
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The latter has a simple cause: the parallel component to the path of the true force, the 1st
term in (2.23), drags the images towards lower potential regions thus avoiding the saddle point
in the region of interest. The corner-cutting occurs because of the spring force with components
perpendicular to the path. This can be understood if one sees that (2.22) becomes

SPEB = P

∫
dλ

V (~R(λ)) +
k(P )

2P

∣∣∣∣∣d~Rdλ
∣∣∣∣∣
2
 (2.24)

in the continuous limit. It is analogous with the action on a classical particle of unity mass if the
time is taken to be

√
P/K(P )λ, which means that while the image moves through the saddle

point along a curved trajectory perpendicular forces push it away of the MEP.

2.3.3 Description of the NEB method

The NEB has a quite straightforward solution to the PEB problems, and is to perform a mini-
mization in which the force is kept to be

~F 0
i = −~∇V (~Ri) |⊥ +~F si · τ̂‖τ̂‖, (2.25)

where ~∇V (~Ri) |⊥= ~∇V (~R)− ~∇V (~Ri) · τ̂‖τ̂‖ and τ̂‖ is the unit vector tangent to the path. This
means that both the perpendicular component of the spring force and the parallel component of
the true force are set to zero. This is often referred as nudging, as it pushes the images to the
MEP.

Summarizing, the strong qualities of the Nudged Elastic Band method can be summarized
in three points. Firstly, it converges to at least one MEP (if there are multiple ones) if enough
images are provided. Secondly, it is not computationally heavy as only �rst derivatives of the
energy with respect to the images coordinates need to be calculated. Finally, because the images
are optimized simultaneously, it is very suitable for parallel computing.
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Chapter 3

Au/X interfaces for plasmonic
applications

This chapter is based on the two-month stay at Seagate Technology in Springtown, Derry/Lon-
donderry, Northern Ireland (UK). It was done under the NU-MATHIMO, a European project
that is a collaboration between academia and industry. Seagate, the world's leading hard-drive
manufacturer, and the University of Duisburg-Essen and Uppsala University work together to
improve the hard-drive capacities beyond 2 TB/in2.

Plasmonic materials are needed in order to develop the new generation of magnetic recording
devices. Due to the relatively high temperatures that some components need to withstand,
conventional plasmonic materials alone are not suitable for this application, as they become soft
and the device becomes degraded just after some minutes of use. It was proposed that a layered
structure combining Au with other materials could overcome this issue. Atomic di�usion across
the layer interfaces is a major problem in experimental realizations, and this is what this part of
the thesis tries to study in order to suggest good materials that would lead to sharp interfaces
with Au, avoiding undesired alloying layers that would threaten the device performance.

3.1 Background

Magnetic recording is the storage of data in a magnetised medium. Examples of devices that
use this technique are magnetic recording tape, magnetic stripes on credit cards and hard drives.
In the latter, the information is recorded using a write head that modi�es the magnetization
of a domain in the media by applying a magnetic �eld that �ips the spins and a read head
is used after to access the information. In particular, nowadays hard drives use Perpendicular
Magnetic Recording (PMR) [25, 26], which means that the magnetization direction of each bit is
perpendicular to the surface of the disk platters, in opposition to the previously used Longitudinal
Magnetic Recording(LMR). Its main advantage over LMR is its ability to achieve a higher density
of stored information, which translates in smaller and more portable devices.

The International Data Corporation (IDC) projected that the data storage need will increase
40% every year and the storage density of hard disks has doubled every three years since their
introduction in 1995 by replacing longitudinal by perpendicular magnetic recording [27]. How-
ever, a storage density of just above 1 Tb/in2 is the theoretical maximum of the latter, and new
technologies need to be introduced to overcome this limitation, as Figure 3.1 shows.
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Figure 3.1: Projected areal density in the future years. CAGR stands for compound annual
growth rates. In blue, perpendicular magnetic recording (PMR) is expected to plateau at 1.5
Tb/in2, which is predicted to be overcome by heat assisted magnetic recording (HAMR)

combined methods. (From [27]).

3.1.1 Heat Assisted Magnetic Recording

Heat Assisted Magnetic Recording (HAMR) is a technique that is currently being developed in
order to increase the density of stored information in hard drives. Higher areal density translates
into a high total capacity of the device and lower cost for consumers. However, in order to increase
the storage density, the size of the magnetic domains (grains) needs to be reduced, which can lead
to magnetic instabilities due to thermal energy in what is called the superparamagnetic limit :

KuV

KBT
≥ 70, (3.1)

where Ku is the uniaxial anisotropy energy density, V is the grain volume, KB is the Boltzmann
constant and T is the temperature. Looking at (3.1), in order to reduce the grain size one must
look into more anisotropic materials with higher coercivity. Coercivity is a measure of the ability
of a ferromagnetic material to remain demagnetized when an external magnetic �eld is applied.
Materials with higher coercivity are needed so that the magnetic domains are stable enough to
resist the thermal �uctuations even if they are very small. Nevertheless, the coercivity of high-
anisotropy materials that would satisfy the purpose is greater than the available write head �eld
(about 2.5 T).

As shown in Figure 3.2, to overcome this issue, a laser is used in HAMR to locally and
momentarily heat the recording medium to reduce its coercivity and be able to change the
magnetization of each of the small grains with the available �elds. This process is shown in
Figure 3.3: the material is heated up to what is called writing temperature, where the coercivity
is reduced enough so the available magnetic �eld is able to align the spins in the media. When the
writing has been completed, the media is cooled so the coercivity increases and the information
is safely recorded, as 3.4 shows.

A laser is used as the heating system, but it can not be focused directly on the recording
media, as the focus area would be too wide due to the di�raction limit. At Tb/in2 storage
densities the recording area per bit needs to be about ∼ (25) nm2, but lenses can only focus light
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Figure 3.2: PMR and HARM have the same architecture and principle, but the second adds a
laser to heat the media in order to reduce its coercivity and change its magnetization (From

Seagate).

Figure 3.3: Schematic plot of the writing process in HAMR. From [28]

Figure 3.4: Comparison between PMR and HAMR:Magnetic force microscopy image of high
coercivity media being written without heat assist (left, blue) and with heat assist (right, red).

Without heat assist the magnetic �eld is not large enough to �ip the spins to generate the bits of
information so they are randomly distributed. However, if heat assist is used, the magnetic �eld

is able to create the magnetic domains that store the information. Adapted from [28].
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to sizes that are about half a wavelength in diameter. The diode laser that is used in the writer
head has a wavelength of 830 nm, which means that it needs to be focused with more advanced
systems than conventional light condensers like solid immersion lenses or mirrors. To adress this
issue, HAMR devices employ plasmonic materials to act as near �eld transducers (NFT), as they
are not limited by the di�raction limit.

The NFT for the HAMR device designed by Seagate is called lollipop transducer for obvious
reasons, as Figure 3.5 depicts. It consists of a circular antenna and a peg that focuses the
laser beam in a reduced spot of the recording medium, below the di�raction limit. The main
problem faced with this design is its lifetime, just about several tens of track recordings. The
NFT self-heating over several hundred degrees is a major drawback for conventional materials
used in plasmonic applications such as gold, as although the peg remains below its melting point,
nanostructured Au starts to be very ductile at 100◦C. This is the reason why there is an interest
in �nding alternative peg materials that would resist the high temperatures achieved in HAMR
and still have good plasmonic properties.

recording layer

peg

NFT

laser

heated point

Figure 3.5: Diagram of a lollipop Near Field Transducer used in Seagate HAMR designs. The
peg is able to concentrate the electromagnetic �eld of the laser shone on the disk in order to heat

a very point on the recording layer, below the di�raction limit.

3.1.2 Plasmonics

As the HAMR writing process involves a laser to heat the writing medium and the purpose of this
collaboration is to study good peg materials, it is important to give a background on plasmonics,
as the materials will need to have good enough plasmonic properties. An extended introduction
to pasmonics can be found in [29].

Plasmonics is the study of the interaction between an electromagnetic �eld and free electrons
in a metal, which can be excited by the electric component of light to have collective oscillations.
In a metal, free electrons move in a background of positive ions so it can be considered a free-
electron plasma or a solid-state plasma. A quasiparticle can be de�ned, the plasmon, which is
the quantum of plasma oscillations in the same way as the photon arises from the quantization of
the electromagnetic waves. Similarly, although plasmons have a quantum mechanics origin they
can be approached in a classical manner. In the classical picture a plasmon is an oscillation of
the free electron density with respect to the �xed positive ions in a metal and can be described
using Maxwell's equations.
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To further clarify what plasmons represent, let's consider the following situation:

1. A cube of metal with an electric �eld E pointing to the right: electrons will accumulate in
the left side of the cube to cancel the external �eld.

2. E is removed: electrons will travel to the right due to repulsion with each other and
attracted by the ions.

3. there is an oscillation of electrons at what is called the plasma frequency until the energy
is lost through damping and the equilibrium is reached.

Plasmons are the quantization of the oscillation in step 3.

3.1.3 Optical response approach

Using the optical response approach, the only information needed to study the plasmonic prop-
erties of a given material is contained in the relative dielectric function ε(ω), which depends on
the plasma frequancy ω. It is an imaginary function and its real and imaginary parts provide
di�erent information: Re(ε) (also denoted by ε1 or ε

′
) is related to the strength of the polar-

ization induced by an external electric �eld while Im(ε) (also ε2 or ε
′′
) is linked to the losses

encountered in polarizing the material, mainly due to Ohmic processes.
Good plasmonics materials are required to have a negative ε

′
in the wavelength of interest

and a small enough ε
′′
so that the losses are minimized. For example, most metals ful�l the

�rst condition but are also subject to great losses, so they are normally combined with other
materials that correct this behaviour.

A useful quantity to classify materials on the basis of their plasmonic performance is the
quality factor (Q), which can be useful to compare materials in di�erent applications. It is
calculated as follows

Q =
enhanced local field

incident field
, (3.2)

which for a cigar-shaped spheroid (the easiest approximation to the peg shape) translates into

Q(ω) =
ε
′
(ω)2

ε′′(ω)
. (3.3)

Conventional plasmonic materials such as silver and gold have the highest Q values of all. A
review on the search for better plasmonics materials can be found in [30].

3.2 Simulation details

All calculations were done in the framework of DFT using the projector augmented wave (PAW)
[31, 32] method and the Perdew-Burke-Ernzerhof (PBE) generalized-gradient approximation
(GGA) [7] implemented in the Vienna Ab initio Simulation Package (VASP) [11, 12, 13] code,
that uses a plane wave basis. The electronic states were sampled using a k-point density equiv-
alent to a 10 × 10 × 1 mesh and an energy cuto� of 230 eV. Each heterostructure consists of a
supercell of 2×2 unit cells and has 6 monolayers of the X material (Ag, Cu, TiN, Rh) on top of
6 monolayers of fcc Au. The positions of the atoms have been allowed to relax in the z direction
at constant volume and cell shape shown in table 3.1, except for the two central Au layers, that
have been kept �xed to simulate the substrate.

After all the structures were relaxed, a NEB calculation has been performed for each het-
erostructure. The energy barrier has been calculated from a starting con�guration in which
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Heterostructure Cell volume (Å3)
Au/Ag 2173.4
Au/Cu 1873.9
Au/TiN 2456.5
Au/Rh 2040.3

Table 3.1: Cell volume of the di�erent heterostructures studied.

there was a vacancy in the �rst layer of material X to a �nal con�guration in which an Au atom
occupies this vacancy and leaves a vacancy in the last Au layer. In the TiN case, the Au atom
occupies a Ti-vacancy in the �nal state. These con�gurations can be observed in Figure 3.6.

Figure 3.6: Simpli�ed X/Au interface. The clean interface is shown in the left panel. In the
center, the initial con�guration for the NEB calculation is shown, in which there is a vacancy in
a X atomic site close to the interface. The right panel shows the �nal con�guration of the NEB
calculation, in which an Au atom occupies the X vacancy, leaving an empty position behind.

3.2.1 Materials used

The substrate has been chosen to be Au for its excellent plasmonic properties, and the X materials
placed on top of it need to be a compromise between

• High barrier to avoid alloyed layers

• Good plasmonic properties

Table 3.2 contains the crystal structure details as well as the melting temperature and the
quality factor for each of the X materials studied and the Au substrate. A high quality factor
means the material will be good for plasmonic aplications, but it is usually related to low energy
barrier, controlled by the melting temperature and lattice parameters.

Noble metals such as Au, Cu and Ag have very good plasmonic properties. Rh is also
interesting as a peg material because even if its quality factor is lower than for the two other
noble metals, it is inert and reacts very little with other chemicals. Ag, on the other hand, tends
to be oxidized very easily. Therefore, Au is the most widespread plasmonic material, as it is also
inert and has a high quality factor. However, due to its low melting temperature, it tends to be
soft when heated, leading to the device destruction after some hours of functioning. Figures 3.7
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Material lattice constant (Å) Crystal structure Tm (◦C) Quality factor
Ag 4.079 fcc 961 386
Au 4.065 fcc 1064 340
Cu 3.597 fcc 1084 350
Rh 3.995 fcc 1964 44
TiN 4.425 cubic CF8 2930 9

Table 3.2: Interesting peg materials. Materials with high melting temperatures (Tm), such as
ZrN and TiN, are attractive for its resistance to the heat from the laser but have a very bad
plasmonic performance, here represented by the quality factor. On the other hand, good
plasmonic materials (high quality factor), tend to have lower melting temperatures.

and 3.8 show di�erent views of the heterostructure containing the Ag/Au interface. The same
structure was used for the other noble metals, as they all share the fcc crystal structure.

b

c

a

(a)

c

ba

(b)

Figure 3.7: Two views of the Au/Ag heterostructure unit cell generated with VESTA [33]
(Visualization for Electronic and STructural Analysis). The 10 monolayers of Au are shown in

yellow and the 6 monolayers of Ag are shown in grey.

a

b

c

Figure 3.8: Top view of the Au/Ag heterostructure unit cell generated with VESTA. Au atoms
are shown in yellow and Ag are shown in grey.
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Nitrides like TiN are extremely hard ceramic materials often used to coat structures to
improve their surface properties. This is why it is believed that heterostructures formed by Au
and thin layers of nitrides will be hard enough to resist the heat from the laser but still show
good plasmonic properties to a large extent. Figure 3.9 shows the TiN/Au supercell.

c

b
a

(a) Au/TiN unit cell

c

b
a

(b) TiN unit cell, CF8 structure

Figure 3.9: View of the Au/TiN heterostructure unit cell generated with VESTA. The 10
monolayers of Au are shown in yellow and the 6 monolayers of TiN are shown in blue (Ti

atoms) and grey (N atoms).

3.3 Results and discussion

The results of the NEB calculations are shown in Figure 3.10. The plot represents the energy
barrier that an Au atom faces when it di�uses across the Au/X interface. A high barrier implies
a more stable structure, because the atom needs to have a higher energy to cross the interface,
which avoids alloying between the two materials and keeps them in layers.

Looking at the shape and height of the barriers for the di�erent X materials, two di�erent
groups can be distinguished. On the one side, the three noble metals behave in a very similar
way, with similar barrier shapes and heights. On the other side, the nitride has a less symmetric
and much higher barrier than the other tested materials.

The reason behind the fact that the noble metal barriers are more symmetric than the nitride
one is that Au�the other material in the interface�is also a noble metal and shares the same
fcc structure with Ag, Cu and Rh. Consequently, an Au atom that crosses the interface �nds a
similar environment on the other side and this leads to a quite even barrier. In contrast, for TiN
the Au atom has to cross from an fcc to a rock-salt structure, which accounts for the asymmetric
barrier.

Furthermore, the di�erence between the crystal structures of the noble metals and the nitride
may be the reason behind their unequal barrier heights. The rock-salt is a denser structure,
meaning it has more atoms per unit cell, than the fcc. This implies that the Au atom that is
placed in a Ti site has more neighbours than it had in its Au environment. It seems that the Au
atom has troubles to cross to a denser environment, as the size of Au is much larger than both
the Ti and Ni sites.
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Figure 3.10: Energy barrier across the Au/X interface. The X side can be a noble metal (Ag,
Cu and Rh in shades of orange) or a nitride (TiN in blue). The higher the barrier, the more

stable is the interface and the less the atoms will be able to cross it.

The energy to cross the interface can be provided by thermal �uctuations ET , which are

ET = kBT, (3.4)

where kB is the Boltzmann constant and T is the temperature. The peg can reach several
hundreds of ◦C, so to be on the safe side T = 1200 K has been considered, which results in
�uctuations of the order of 10−1 eV. This means that the Au/noble-metal heterostructure should
be stable enough, but Ag and Cu have too low melting temperatures. Rh, with a higher Tm is a
good candidate to be part of the peg, specially knowing its good chemical properties. However,
TiN should be the best candidate of all the studied materials, as the thermal �uctuations are
quite unlikely to provide enough energy to the Au atoms to overcome an energy barrier of more
than 30 eV.

The results obtained during this study can be compared to a series of calculations previously
performed by Carmine Autieri in his collaboration with Seagate. He simulated heterostructures
containing 10 Au monolayers and 6 or 10 X material monolayers and a plot of his and this
present study results are shown in Figure 3.11. These previous calculations were restricted to X
materials that had an fcc crystal lattice and a lattice parameter that did not di�er much from
Au so that there was a good matching between the two components. Furthermore, the studied
materials had a high melting temperature and Ir and Pt were known for not forming alloys with
Au experimentally. Looking at the height of the barriers, however, it seems that the high packing
of the X material plays a more important role than the factors considered before.

23



-5

0

5

10

15

20

25

30

35

E
n
e
rg
y
b
a
rr
ie
r
[e
V
]

Au side X sideAu side X side

X=Ag (6ML)

X=Rh (6ML)
X=Cu (6ML)

X=TiN (6ML)
X=Ir (6ML)
X=Ir (10ML)
X=Rh (10ML)
X=Pt (10ML)

Figure 3.11: Comparison of Carmine Autieri's results (in shades of green) with the outcome
of this project (blue and shades of orange).

3.4 Partial conclusions

This study has found a good compromise between plasmonics and stability at high temperatures:
a layered Au/TiN peg is the best option of the tested combinations. The reason behind the
stability of this heterostructure has been attributed to the high atomic density TiN has compared
to Au, and not so much to its high melting temperature or good lattice matching with fcc Au.
The fact that both Ti and N have a smaller atomic radius than Au makes it di�cult for the latter
to di�use into the TiN lattice. With this in mind, the pursuit of good peg materials should go in
the direction of �nding materials with a higher packing factor than the fcc Au. As fcc and hcp
have the highest packing of all the monocomponent crystal structures, the search needs to be
focused in multicomponent materials such as TiN or ZrN, another nitrate with similar properties
to the �rst one.

However, this study has been performed using a very simpli�ed model in which di�usion is
driven only by vacancies in the lattice. Further causes for di�usion and other interactions should
be included in order to improve it and obtain more realistic results.
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Chapter 4

Di�usion barriers across the magnetic
transition

This chapter includes the study on how the magnetic con�guration a�ects the di�usion of an
adatom on top of a surface. The di�erence in the energy barriers of a spin polarized and spin-
unpolarized calculations for the Ni case was the motivation for the study in a more suitable
material like Fe. Three di�erent magnetic phases have been simulated for the Fe surface: non
magnetic, ferromagnetic and paramagnetic.

4.1 Background and Motivation

4.1.1 Basic concepts

It is useful to describe the three di�erent magnetic phases that are considered in this study:
ferromagnetic, paramagnetic and non magnetic. A ferromagnetic material has a spontaneous
magnetization in the absence of a magnetic �eld due to the fact that all the magnetic moments
of the atoms forming the solids are ordered, have the same magnitude and point to the same
direction. The simpler Hamiltonian that describes this system is a Heisenberg Hamiltonian,
which in the absence of a magnetic �eld can be written as follows:

H = −
∑
i<j

Jij ~Si · ~Sj , (4.1)

where Jij is an exchange interaction between the spins Si and Sj . In a ferromagnetic ordering,
Jij is positive.

Paramagnetic materials, on the other hand, have a zero total magnetization even if their
atoms have permanent magnetic moments. This is because due to the weak interactions between
them, the magnetic moments can be considered independent and point to random directions in
the absence of a magnetic �eld. Finally, the atoms in non magnetic materials don't have magnetic
moments and therefore are not a�ected by the presence of a magnetic �eld. These three cases
are shown in Figure 4.1. In the fcc Ni calculation, only the ferromagnetic (spin polarized) and
non magnetic (spin unpolarized) cases were simulated. However, understanding paramagnetism
is interesting both for fundamental and applied reasons and this is why this third phase was also
studied for bcc Fe.
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(a) Ferromagnetic (b) Paramagnetic (c) Non-magnetic

Figure 4.1: Sketch of the di�erent magnetic orders considered in this thesis, where the arrows
represent the direction and magnitude of the magnetic moment on each atomic site. Note that
in the ferromagnetic and paramagnetic cases, all the magnetic moments have the same length,

which excludes more complex cases like ferrimagnetism from this study.

4.1.2 Di�usion of a Ni adatom on a (001) fcc Ni surface

Early NEB calculations for the di�usion of a Ni adatom on a (001) fcc-Ni surface showed that
there is a di�erence in the energy barriers for a spin polarized (ferromagnetic with an initial
magnetic moment of 2 µB) and a spin unpolarized calculation. In this test, a 2 × 2 fcc Ni
supercell with a lattice parameter of a = 4.978 Å and 11.5 Å of vacuum was constructed. Then
NEB calculations were performed in order to evaluate the energy barrier for an adatom in one
of the three standard positions (top, hollow or bridge, see Table 4.1 and Figure 4.2) to di�use to
any of the other two positions.

adatom position coordinates
top (0.25,0.25,0.49)

bridge (0.25,0.50,0.47)
hollow (0.00,0.50,0.45)

Table 4.1: Coordinates of the adatom positions on top of the (001) fcc Ni surface, in
fractional units.
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c

a

(a)

a

b

c

(b)

Figure 4.2: Two views of the 2× 2 fcc Ni supercell generated with VESTA [33]. The adatom
positions are shown in red for the top, green for the bridge and blue for the hollow positions.

The adatom in hollow appears twice because its periodic image is shown as well.
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For the ferromagnetic case it was found that the spin of the adatom is depending on its
position:

Shollow < Sbridge < Stop. (4.2)

This can be related with the number of nearest neighbours the adatom interacts with at each of
the positions. In hollow it is quite close to the surface and has 4 neighbouring atoms, while it
has 2 at bridge and only one at top. Also it is observed that for slabs, the magnetic moments
are smaller for the inner layers than for the surface.This is expected due to the reduction of the
coordination number and hence, narrowing of the d-band. The total magnetic moment of the
surface follows also this trend, as it changes mainly only due to the adatom contribution. In
order to be able to investigate its role in the energy results, an other calculation was performed in
which the total magnetic moment of the surface is �xed to 9 µB, a value lying between the values
of the unconstrained case, which range from 8.8 µB to 9.3 µB. In the ideal case, the desirable
would be to be able to �x the magnetic moment of the adatom only, but this is not possible in
VASP. NEB calculations were performed for these three cases and the results are presented in
Figure 4.3, wich shows the energy barrier along three paths between the top, hollow and bridge
positions. It can be seen that hollow is the most stable position, followed by bridge and top.
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Figure 4.3: Nudged elastic band calculations for a Ni adatom on a fcc-Ni (001) surface.
Energy barriers are plotted for a) a MEP between the hollow and bridge positions, b) a MEP
between the top and bridge positions and c) a MEP between the top and hollow positions. For
comparison the calculated the spin unpolarized results are shown in red, and the spin polarized
ones are shown in green (not �xing the total surface magnetization) and in blue (�xing the total

surface magnetization).
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Besides the expected result that the spin polarized energies are lower than for the spin
unpolarized case because the ground state of fcc Ni is ferromagnetic, all energy barriers are
smaller for the spin polarized case than for the non magnetic case, as it is shown in Table 4.2.

path ∆SU (eV) ∆SP (eV) (�xed m) ∆SP (eV)
hollow-bridge 0.807 0.737 0.737
top-bridge 0.630 0.567 0.566
top-hollow 1.440 1.303 1.301

Table 4.2: Energy barriers for the di�usion of a Ni adatom on a (001) fcc Ni surface for the
spin polarized (SP) in the �rst column, spin unpolarized (SU) keeping a total magnetic moment
of 9 µB in the second column and spin unpolarized letting it freely evolve in the third column.
Each barrier has been calculated by taking the absolute value of the initial and �nal energies, for

instance, ∆SU (hollow-bridge)=
∣∣ESU (hollow)− ESU (bridge)

∣∣.
As it can be extracted from Figure 4.3 and Table 4.2, even if the energy barrier (∆) di�erence

between the two spin-polarized calculations is very small, the values obtained keeping the total
magnetic moment �xed lie between the two extreme cases:

∆SU > ∆SP (fixed m) ≥ ∆SP . (4.3)

Although this con�rms that the magnetic structure plays a role in the di�usion, it seems that
it is not trivial: the di�erence between the energy values was smaller for the case where the
adatom was placed at the hollow position than for the case where it was at bridge and top (in
this order). From the Heisenberg model one would expect that the energy di�erence at hollow
was larger than at top, and not the other way around, as Table 4.3 tries to elucidate.

adatom position spin unpolarized spin polarized
hollow Eh Eh − 4JijSiSj
bridge Eb Eb − 2JijSiSj
top Et Et − JijSiSj

Table 4.3: Magnetic contribution to the energy for each adatom position. The exchange
parameter Jij is positive for a ferromagnetic interaction, so the di�erence between the energies
at hollow should be larger than at top, assuming that the spins and Jij remain the same in all
the cases. As this is not the case, it can mean that Jij signi�cantly changes with the adatom

position.

Indeed, the barrier between top and hollow for the spin unpolarized case is ∆SU
t−h = Et −Eh

and ∆SP
t−h = Et − Eh + 3JijSiSj for the spin polarized. For a ferromagnetic coupling Jij > 0,

which would imply that ∆SP
t−h > ∆SU

t−h and this is not the case. One of the reasons to explain
this could be that the Jij are not the same for all the adatom positions, but it hugely increases
when the adatom is placed at the top position.

These interesting results for the Ni case were the motivation to perform a more extended study
on how the magnetic state a�ects di�usion. Due to the fact that it is interesting to simulate
also a real paramagnet and the Ni magnetic moment is very sensitive to the environment, the
material was decided to be changed to bcc-Fe.
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4.1.3 Di�usion of a Fe adatom on a (001) bcc-Fe surface

Fe is an interesting material to study, both for fundamental and applied reasons. It is an abundant
3d transition metal used in many alloys that have technological interest. For instance, it is the
main component of ferritic and austenitic steel alloys, which have very good thermo-mechanical
properties. It is paramount to understand how these materials are a�ected by defects migration,
mainly governed by di�usion. In this direction, atom di�usion on bcc Fe has been studied ex-
perimentally. Techniques such as re�ection high-energy electron di�raction (RHEED), Scanning
Tunnelling Microscope (STM), ion scattering and low energy electron di�raction (LEED) have
been used to study how di�usion in�uences the homoepitaxial growth of Fe surfaces at di�erent
and conditions in [34, 35, 36, 37]. To explain the experimental results and further understand
the properties of iron, many theoretical studies have been performed. DFT calculations for the
di�usion of multivacancies in bulk Fe are studied in [38] and [39]. Besides ab-initio calculations,
molecular dynamics simulations using embedded atom method (EAM) is a quite popular ap-
proach to the topic. For example, in [40], the di�usion and adsorption of single adatoms on Fe
surfaces are studied. However, there is very little information on how the self-di�usion of Fe is
a�ected by the magnetic state of the surface. This is an inherent property of the material at
di�erent temperatures, and thus is observed in experiments. However, little is known about the
theory behind it. This is the aim of this part of the thesis: to study how the di�usion of iron
varies across the magnetic transitions.

4.2 Simulation details

All calculations were done in the framework of Density Functional Theory using the projector
augmented wave (PAW) [31, 32] method and the Perdew-Burke-Ernzerhof (PBE) generalized-
gradient approximation (GGA) [7] implemented in the Vienna Ab initio Simulation Package
(VASP) [11, 12, 13] code, that uses a plane wave basis. The electronic states were sampled using
a k-point density equivalent to a 8 × 8 × 1 mesh and an energy cuto� of 290 eV. The surface
is constructed by creating a supercell (see lattice parameters in Table 4.4) of 4×4 bcc Fe unit
cells and has 7 monolayers of Fe and 20 Å of vacuum separate them to their periodic image on
the z direction, which builds a (001) bcc slab. The positions of the atoms have been allowed to
relax in all directions at constant volume and cell shape keeping the three lower layers �xed to
simulate a surface.

a(Å) b(Å) c(Å)
11.44 11.44 28.6

Table 4.4: Lattice constants in the x, y and z directions for the Fe supercell

Three cases with di�erent magnetic con�gurations have been studied. In the �rst one, a fer-
romagnetic ordering between the atoms has been considered, which represents how the surface
would behave at low temperature. In the second one, a paramagnetic ordering has been chosen
to simulate an intermediate temperature in which the spins of the Fe atoms are pointing at
random directions adding to a zero magnetization. In the last con�guration, the system is non
magnetic, which would represent a high temperature case in which the total magnetization is
also zero as well as each atomic magnetic moment but it has never been realized in nature. In
the ferromagnetic case all the atoms are given an initial magnetic moment of 3 µB, the same
number of atoms with 3 µB and -3 µB are placed in the paramagnetic cell, while the simulation
is spin unpolarized for the non-magnetic case.
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4.2.1 Ferromagnetic and non-magnetic phases

A Fe adatom is placed on top of the Fe surface in the three stable positions shown in Table 4.5
and Figures 4.4 and 4.5. The adatoms have been allowed to relax only in the z direction to avoid
them to fall to the hollow position, which is the most stable of the three.

adatom position coordinates
top (0.50,0.50,0.40)

bridge (0.50,0.65,0.35)
hollow (0.65,0.65,0.35)

Table 4.5: Coordinates of the adatom positions on top of the (001) bcc Fe surface, in
fractional units.
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Figure 4.4: Front views of the Fe unit cell generated with VESTA [33]. The Fe atoms are
shown in brown and the adatoms are shown in red (top), green (bridge) and blue (hollow).
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Figure 4.5: Further views of the Fe unit cell generated with VESTA [33]. The Fe atoms are
shown in brown and the adatoms are whown in red (top), green (bridge) and blue (hollow).
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The NEB method has been used to calculate the energy barrier that the adatom faces when
di�using between the stable positions included in Table 4.5.

4.2.2 Modelling of the paramagnetic phase of Fe

The paramagnetic phase of materials is often modelled as a non-magnetic phase, where the
magnetization is zero because the local magnetic moments have vanished. However, magnetic
moments survive above the magnetic order-disorder transition (Curie temperature for ferromag-
netic materials and Néel temperature for antiferromagnetic materials) but long-range order is
lost. This disorder is the reason behind an overall zero magnetization. A good description of the
paramagnetic phase is needed to explain some materials properties, specially in the vicinity of
the transition temperature, where it is most probable that the local magnetic moments are still
present. This text focuses on the magnetism of 3d transition metals, as Fe is the material that
has been studied.

Historically there have been two pictures to describe magnetic materials: the Heisenberg [41]
and the Stoner [42] models. While the �rst deals with local magnetic moments and the magnetic
moment is determined by inter-atomic exchange interactions, the later is an itinerant model that
considers band electrons. In the Stoner model, the magnetic order arises from the competition
of the kinetic energy of the band electrons and the exchange interaction between them, as this
can lead to an imbalance of the number of electrons with spin up an down. Most materials
can not be described explicitly with such simple models, as they exhibit a mix of localized and
itinerant magnetic moments�specially at �nite temperature. Moriya combined the two visions
into a general problem of spin density �uctuation [43], which inspired many of the �rst principles
attempts to describe the paramagnetism. The starting point of many of these approaches is the
fact that although the magnetism of 3d transition metals is described by itinerant electrons, they
are rather bounded to their atomic sites. This means that each atom can be assigned a magnetic
moment that can be treated in a Heisenberg-like manner.

The Disordered Local Moment (DLM) model was initially developed to describe substitu-
tional alloys of metals [44], which can be represented as AxB1−x, where A and B are the two types
of atoms forming the alloy and x is the percentage of A atoms. DLM is usually combined with
the coherent potential approximation (CPA), which allows to calculate the thermodynamic and
electronic properties of the materials. Nevertheless, as CPA is a one-site theory, properties such
as o�-diagonal disorder or local lattice relaxation can not be properly described with it. This
can be overcome by using the supercell approach of the Special Quasirandom Structure (SQS)
model [45, 46]. Instead of randomly occupying each of the N sites of a periodic cell by A or B
atoms, the SQS method reproduces the correlation functions of an in�nite substitutional alloy
for a �nite N . It does so for few shells around each site, which is a reasonable approximation
as many physical properties of solids are determined by interactions between neighbors, while
long-ranged ones have a smaller contribution.

SQS method can be used to study paramagnets, because they can be considered as an un-
correlated ensemble of randomly oriented spins by building a binary alloy Fe↑0.5Fe

↓
0.5, where the

arrows indicate spin up or down and the total magnetization of the slab is zero. As shown in
Figure 4.6, the DLM model simpli�es the complex problem of describing a paramagnet.

The paramagnetic phase of a 3d transition metal like Fe is a nontrivial many-body problem.
However, it can be modelled using the supercell approach to the SQS. It has its starting point
in the Heisenberg Hamiltonian already introduced in (4.1):

H = −
∑
α

Jαnα 〈Φα〉 , (4.4)
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Collinear
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Figure 4.6: Schematic representation of the approximation performed when simulation a
paramagnetic state with the DLM model.

where the index α represents the coordination shell, nα is the number of atoms in the shell and
〈Φα〉 is the average of the spin-correlation functions and is be de�ned below. In the paramagnetic
state there is a lack of long-range order, which means that 〈Φα〉 vanish:

〈Φα〉 =
1

N ′

∑
i,j∈α

~ei · ~ej = 0, (4.5)

where N ′ is a normalization constant. This means that the structure generated with SQS must
ful�l (4.5) in order for the simulated system to have an energy in agreement with (4.4). A
representation of a Fe supercell generated with this method is shown in Figure 4.7, where the
di�erent colors represent di�erent spin directions.

b

c

a

Figure 4.7: Fe paramagnetic unit cell: the DLM method has been used to determine the
positions of the Fe atoms with spin up (brown) and down (blue).

So far all the reported calculations simulating a Fe paramagnet were done for bulk, while this
study focuses on surfaces. Relaxing the surface keeping avoiding spin �ipping is a real challenge,
due to the fact that atomic magnetic moments can not be �xed in VASP. However, the total
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magnetic moment is kept to be zero in order to remain in the paramagnetic state. The fact that
magnetic moments change across the layers that form the surface (typically magnetic moments in
the surface layer are larger than in the bulk layer for a ferromagnetic surface) makes simulating
a paramagnetic slab particularly di�cult. This is why for this case, the total energy of the
system has been calculated using two di�erent methods. In a �rst approximation, the relaxed
ferromagnetic structure has been assigned the SQS magnetic moments. The total energy of the
system has then been calculated without allowing it to relax further, with just one ionic step.
This needs to be compared with the total energy calculated via the second method, in which
the system is relaxed from the symmetric positions. In both of the cases, the magnetic moments
need to be localized in the atomic spheres with the aid of a Hubbard [47] term U for the initial
steps of the calculation.

4.3 Results and discussion

4.3.1 Di�usion energy barriers for the ferromagnetic and non-magnetic cases

The NEB method has been used to calculate the energy barrier that a Fe adatom faces when
di�using on a surface of the same material for two cases: one in which the surface is ferromagnetic
and one in which it is non-magnetic.

The preliminary results for the ferromagnetic case is shown in Figure 4.8. It can be seen
that the adatom tends to fall from the less stable position (top) to the more stable one (hollow).
This case needs further study due to the fact that the di�erent calculations happened to �nd a
di�erent symmetry, which is the reason behind the fact that some intermediate positions appear
to be stabler than the bridge and hollow positions.
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Figure 4.8: Preliminary NEB calculation for the ferromagnetic case. The highest energy
barrier is found between the top and hollow positions.

The convergence of the non-magnetic Fe surface has been challenging, specially when the
adatom was placed on top of it, because it is not the natural ground state of the surface. The
NEB calculations are still ongoing and the comparison is only done for the initial and �nal
points, that is for the total energy of the surface with the adatoms at each of the positions. This
comparison is presented in Figure 4.9 and Table 4.6.
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Figure 4.9: Comparation between the ferromagnetic and the non magnetic energy values for
each of the surfaces with adatom. Panel a shows that, as expected, the ferromagnetic calculation
has lower energy. Panel b shows the energy of each con�guration relative to the ground state
position for each magnetic state. For the ferromagnetic state this is hollow as usual, but bridge

becomes slightly stabler for the non-magnetic case.

adatom position ∆NM (eV) ∆FM (eV)
hollow-bridge 0.050 1.265
bridge-top 5.208 2.002
top-hollow 5.159 3.268

Table 4.6: Energy barriers for the di�usion of a Fe adatom on a (001) bcc Fe surface for the
non magnetic (NM) and ferromagnetic (FM) cases. Each barrier has been calculated by taking

the absolute value of the initial and �nal energies, for instance,
∆NM (hollow-bridge)=

∣∣ENM (hollow)− ENM (bridge)
∣∣, even if the actual intermediate points

have not been calculated with NEB for the non magnetic case yet.

Just like in fcc Ni, the barriers are in general smaller in the spin polarized calculation.
However, an interesting feature arises from the non magnetic calculation: the more stable position
for the adatom is no longer hollow but bridge, although their energy di�erence is just 50 meV.

4.3.2 Total energy of the paramagnetic phase

Two di�erent methods have been used to simulate the paramagnetic phase of the Fe surface, as
it was mentioned before. In the �rst one, SQS magnetic moments have been assigned to atoms
sitting in the relaxed positions of the ferromagnetic case, performing then a static calculation.
The second approach implies a relaxation of the atomic positions starting from the SQS supercell.
The main problem faced was that if the atoms were allowed to relax without any constrain, their
spins would �ip to converge to the ferromagnetic solution. In order to avoid this, a Hubbard
[47] term U has been added to the calculation in order to localize the magnetic moments in the
atomic sites. This U has been reduced from an initial value of 2 eV to a current value of 1 eV
and it is planned to reach 0 eV in the last steps of the calculation, which is still ongoing. Table
4.7 contains a comparison between the total energy resulting from the two di�erent approaches
for U = 1 eV.
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Approach Total energy (eV)
Full DLM geometric relaxation -767.835

Ferromagnetic structure, no relaxation -766.483

Table 4.7: Comparison between the total energies for the DLM Fe structure. The full
relaxation is the ground state.

One needs to be careful with the interpretation of the results obtained via the supercell
approach, as the local magnetic moments in the DLM model have the same magnitude and this
is not possible to control in self-consistent calculations. Indeed, the local magnetic moments in
this calculation ranged from 3.1 µB to 1.9 µB, as Figure 4.10 shows for some of the supercell
layers.
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Figure 4.10: Top view: Local magnetic moments (in µB units) of the atomic spheres for four
layers of the DLM supercell after geometric relaxation and with U = 1 eV. S is the surface
layer, S-1 is the layer below the surface and so on. S-3 is the innermost layer of the cell.
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The values of these magnetic moments can be compared to the magnetic moment at each
layer of the ferromagnetic supercell, which are shown in Figure 4.11.
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Figure 4.11: Side view: Local magnetic moments (in µB units) of the atomic spheres for four
layers of the ferromagnetic Fe supercell. S is the surface layer, S-1 is the layer below the surface

and so on. S-3 is the innermost layer of the cell. In the ferromagnetic case, due to the
symmetry, all atoms in one layer have the same magnetic moment, this is why only one is

drawn here.

4.4 Partial conclusions

The di�usion of an adatom on a surface has been studied in this chapter, �rst for an early
test in fcc Ni and then more thoroughly for bcc Fe. It has been found that di�usion can be
a�ected by the magnetic state of the surface in both cases, as energy barriers are higher for the
spin unpolarized cases than for the spin polarized cases. Furthermore, this e�ect is greater in
Fe, as its ferromagnetic interactions are stronger than in Ni. One possible explanation of these
di�erences would be that the exchange parameters are not constant for the three di�erent adatom
positions, but it is probable that there is an signi�cant increase of the exchange parameter for
the top position compared with the other two cases.
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Chapter 5

Conclusion and outlook

In this thesis atomic di�usion has been studied from a microscopical point of view: DFT and
NEB have been used to quantify energy barriers that can be related to di�usion coe�cients. This
chapter will try to summarize the main conclusions reached for the two di�erent cases studied
and discuss possible directions of future research.

The research compiled in chapter 3 was a collaboration with an industrial partner, Seagate
Technology. A study of suitable materials for one of the components of a new generation of
magnetic recording devices has been conducted, resulting in the proposal of an Au/TiN layered
heterostructure as the most suitable of the combinations. It seems that the desired plasmonic
properties will be provided by Au and the hardness at high temperatures will be guaranteed by
the nitride, which is denser than Au and thus avoids alloying to a higher extent than the rest
of the studied materials. From this, it can be concluded that atomic density is a more relevant
factor than the ones that were thought before this study, which were a high melting temperature
and a good lattice matching with Au. This allows to predict that other materials with high
packing fraction can be suitable for this application. The study could be extended �rst by trying
materials with even higher density to try to increase the energy barrier even further. On the other
side, it would be interesting to look at the di�usion of the Au atom through the other material,
to see if the di�usion into layers further than the neighbouring one is important. Furthermore,
di�erent di�usion mechanisms other than the vacancy-driven one could be simulated in order to
have a more complete understanding of the alloying process.

Chapter 4 has covered a study on how conditions such as the magnetization state of the
material a�ects di�usion. It has been seen that the ferromagnetic interactions result in a lower
barrier both for fcc Ni and bcc Fe and that the fact that this e�ect is stronger for the latter
case can be due to its larger ferromagnetic interaction. Furthermore, the exchange parameters
can not be considered constant among the three di�erent adatom positions, as it contradicts the
predicted results from the Heisenberg model. On the contrary, an increase on the Jij on the top
position would explain the results obtained.

In both of the cases, the research could be continued by taking the energy barrier value as
an input of a Kinetic Monte Carlo code, which would be able to simulate di�usion at a larger
scale where atomic motion is taken into account to represent temperature in an accurate way.
This will make possible to develop a multiscale approach.
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