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Resumen

La fase y-Alumina (y-Al203) se utiliza en las industrias electronicas, automotrices y de
catalisis debido a sus interesantes propiedades electronicas y mecanicas. Estudios recientes
encontraron que la multicapa a-Aluminio/y-Alimina (a-Al/y-Al203) muestra una mejora de
sus propiedades mecanicas en comparacion con capas individuales. Sin embargo, la
estructura atdbmica real de y-Al203 es poco conocida y ha motivado una gran cantidad de
estudios experimentales y tedricos. La presente investigacion comenzd considerando la
estructura solida de y-Al203 que ya se predijo utilizando la teoria del funcional de la
densidad (DFT). Curiosamente, este modelo teorico predijo la descomposicion de y-Al203
(110) a nanofacetas (111) y esto ha sido verificado experimentalmente. EI conocimiento
sobre estas superficies se aplicé en la construccion de cuatro modelos atdmicos para la
multicapa a-Aluminio/y-Aldmina. El estudio considero la reconstruccion de la interface
metal/6xido; cuya estructura se resolvié utilizando una simulacion de recocido. Las
propiedades electronicas y mecanicas fueron calculadas para las estructuras multicapa mas
estables y se analizaron en base a los datos experimentales disponibles. Las propiedades
electrénicas mostraron que el compuesto adquiere un comportamiento metélico. Las
simulaciones presentadas en este trabajo predicen una mejora de las propiedades mecanicas

en los modelos multicapa en buen acuerdo con los resultados experimentales.

Palabras Clave:

Estudios iniciales, Teoria de la densidad funcional, y-Alumina, Aluminio, Compuesto

multicapa, interfaz.



Abstract

The y-Alumina (y-Al203) phase is mainly used in the catalysis, electronics and automotive
industries due to its interesting electronic and mechanical properties. Recent experiments on
multilayered a-Aluminum/y-Alumina (a-Al/y-Al203) are found to exhibit improvement of
the mechanical properties in comparison with individual layers. However, the actual atomic
structure of y-AlI203 is slightly known and has motivated a large number of experimental
and theoretical studies. The proposed research will start considering the y-Al203 bulk
structure that was already predicted using density-functional theory (DFT). Interestingly, this
theoretical model predicted the decomposition of the y-Al203(110) surface to (111)
nanofacets and has been already confirmed experimentally. The knowledge on these surfaces
is applied in the construction of four atomic models for a-Al/y-Al203(111) multilayer. The
study will consider the atomic interface reconstruction of the metal/oxide interface; which
structure will be resolved using simulated annealing. The electronic and mechanical
properties of the most stable multilayered structures obtained will be computed and analyzed
in the light of available experimental data. The electronic properties showed that the
composite acquires a metal-like behavior. The simulations presented in this work predict an
enhancement of the mechanical properties in the multilayered models in good agreement

with previous experimental results.

Keywords:

First-principles studies, Density-functional theory, y-Alumina, Aluminum, Multilayer

Composite, Interface.
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Chapter 1

Introduction

The interest shown in the study of metal/ceramic interfaces has growth with the development of new materials having
better mechanical, thermal, or electric properties'. Interfaces between metals and ceramics have a large number
of applications: heterogeneous catalysis, microelectronic, thermal barriers, corrosion protection, among others 23,
Metal/ceramic interfaces have unusual electronic and bonding nature because these types of interfaces combine two
solids with completely different electronic structures®*. Aluminum is a metal regularly used in industry, in large part
due to its superior strength to weight ratio, is one of the best electrodes, and having excellent electric conductivity>°.
At the same time, Alumina (Al,O3) is a widely used ceramic with a pervasive series of applications, microporous
catalysis, electronics, chemicals, aerospace industry, and other high-technology fields’~°. One industrially relevant
metal/ceramic interface is that between aluminum and alumina. However, a minimal amount of data is available for
the Al/Al,O35 interface.

There is limited scientific knowledge about the Al/Al,O3, mainly because it is challenging to measure an atom-
resolved interface structure. Besides, theoretically, first-principles calculations could be impractical for such non-well
defined systems, and it is challenging to describe ionic/covalent and metallic bonding consistently. Nevertheless,
recent experimental and theoretical approaches try to solve this interface structure, mainly applied to the construction
of multilayers of Al/Al,O3!%!!. Interestingly the experiment found an order of magnitude enhancement of the
strength of Al/Al,O3; multilayers after annealing, which might be associated with the precipitation of extremely fine
y-Alumina (y-Al,03)(111) in Al layers'®. Contradictorily, many theoretical studies of the multilayered Al/Al,O3
do not consider the y-alumina because there is a debate about its atomic structure 12 Also, a-Al,O; is the preferred

structure for theoretical calculations '*!#, because it is the most stable phase among the various Alumina polymorphs.



2 1.1. PROBLEM STATEMENT

In the literature there are four mainly theoretically proposed atomic structures for y-Al,O3 and used for theoretical

L 15 L 16,

calculations, namely: i) the cubic spinel model by Smrcok et al. >, ii) the monoclinic model by Digne et a
iii) the tetragonal nonspinel model by Paglia et al. !, and iv) the monoclinic spinel-based model by Pinto et al. '8.
Accordingly, Ref. 12 the tetragonal nonspinel and the spinel model describe a better y-Al,O3 atomic structure.
Besides, Kovarik et al. ' found that the y-Al,O3 synthesized in their experiments is not atomically flat; instead it
forms (111) nanofacets as discussed by Pinto ez al. 8.

It is essential to understand the structure and electronic properties of metal/oxide interfaces at the atomic scale,
such as in the case of a-Aluminum/y-Alumina (a-Al/y-Al,O3). Since these metal/oxide interfaces frequently have
peculiar structural, electronic, chemical, and mechanical properties associated with nanostructures. At this point,

density-functional theory (DFT) appears as a useful first-principles tool for solving the properties of these metal/oxide

interfaces.

1.1 Problem Statement

The problem to be tackled in this thesis is the lack of reliable atomic models for the a-Al/y-Al,O3 multilayered
system that could describe the experiment. We consider that it is relevant to solve this problem because of the
different mechanical and electrical properties that we can predict if we have a proper atomic representation of the
a-Al/y-Al, 03 interface. Thus, we use DFT to investigate electronic and mechanical properties of the a-Al/y-Al, O3

interface multilayered structure to compare them with the experimental data available.

1.2 General and Specific Objectives

The general goal of this thesis is to propose realistic atomic models for the a-Al/y-Al,O; interface multilayer structure

and predict the electronic and mechanical properties using DFT.
* Model the bulk structures of @-Aluminum (a-Al), and y-Al,Os.
* Analyze the mechanical and electronic properties of a-Al, and y-Al,03, using DFT.
* Create interface a-Al/y-Al,Oj3 structure models that can describe a multilayer system.
* Analyze the mechanical and electronic properties of the models using DFT

» Compare the final theoretical data with the experimental data available of the multilayer structure.
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1.3 Overview

This thesis has five chapters and an appendix. The first chapter corresponds to this Introduction, where we introduce
the context of the @-Al/y-Al,O3 multilayer structure, and the main objectives to solve this problem around this
structure. In the second chapter, Theoretical Background, the basic concepts of DFT are presented. Additionally
there is a description of the computational methods behind DFT. Also, we include a description of the y-Al,Oj3.
In the third chapter, Methodology, we describe the process to obtain the mechanical and electronic properties for
the a-Al, y-Al;,03, a-Al/y-Al,O3 interface models. In the fourth chapter, Results & Discussion, we analyze the
mechanical and electronic properties of the bulk structures and the interface models. In the fifth chapter, Conclusions,

we recapitulate the principal results and provide an outlook for future research.



Chapter 2

Theoretical Background

2.1 Density Functional Theory

Density-functional theory (DFT) is a successful quantum mechanical modeling method used in many fields like
Physics, Chemistry, Materials Science, Geology, and Astrophysics; and it is applied to study the electronic structure
of many-body systems, such as atoms, molecules, nanostructures, solids, surfaces, and interfaces. DFT method is
another manner to achieve a solution to the many-body Schrodinger equation since the properties of a many-body
system can be found by using just the functional of the electronic density. This method uses the electron density of

a system to provide us the properties of the ground state.

2.1.1 The Schrodinger equation

The materials at the atomic scale are complicated collections of electrons and nuclei. Then, to understand the

behavior of these quantum particles, we have to study the many-body Schrodinger equation??,
ﬁlp(l'l S v R] 5 ensy RM) = ElP(I'l S R] 5 ensy RM), (21)

where r; are the coordinates for the N electrons, and R; are the coordinates for the M nuclei. E represents the ground

state energy of the many-body system. Finally, A is the many-body Hamiltonian represented as,

N 1 1 1 Z; 1 1 1 1
A==V -2Y v - N 22
IR DI ACED I N TR PNy A DI vy @2
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The first two terms of Eq. 2.2 describe the kinetic energy of electrons and nuclei, where M; represents the mass of
the /-th nucleus. The third term represents the attractive Coulomb interaction potential between nuclei and electrons,
where Z; is the atomic number. The fourth term describes the repulsive potential due to the electron-electron
interaction, and the last term is the repulsive interaction potential between nuclei. The equation 2.2 is represented in

atomic units (i.e.,e = =m, = 4neg = 1).

2.1.2 Born-Oppenheimer approximation

The Born-Oppenheimer approximation (BOA)?!' assumes the separation of the electronic motion and the nuclear
motion in molecules. The nucleus mass is tree orders of magnitude bigger than m,, then nuclei move much slower

than electrons, and correspondingly the time scale of their motion. Thus the Hamiltonian can be simplified as,
N 1 1 1
Ho=-=) Vi+= + ) V(ry), 2.3
s 221 2;ri_rj 2w 23)

where H, is known as the electronic Hamiltonian, and V,(r;) is the Coulomb potential of the nuclei experienced by

the ith electron. The significance of the BOA is that it allows dividing the wave function into electronic and nuclear

components, as follows,
‘P(I‘] s s TN Ry, ..., RM) = lI‘e(l‘] Y aeny I‘N) ® lI"n(R] Y eeny RM). (24)

The independence of the electronic wave function from the nuclear coordinate dramatically simplifies the problem

in that the trial wave function needs only to be a guess for the electronic wave function.

2.1.3 Hartree-Fock approximation

The number of degrees of freedom of the many-body Hamiltonian decreased after BOA. The standard approach to
solve the Eq. 2.3 is using the Hartree-Fock (HF) approximation??, which relies on the assumption that electrons do
interact indeed, but perhaps this interaction is not too strong. Given this premise, the many-body wave function is

postulated as a Slater determinant??,

o1(ry) ... ¢i(ry)

1 . .
\/ﬁ N . . )
on(ry) ... on(ry)

Y(ry,....,rvy) = (2.5)

where ¢;(r) represents the single-particle wavefunctions. The Slater determinant fulfills the antisymmetric feature

of the wavefunction upon the interchange of the coordinates of two electrons. By using the variational method to
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minimize the expectation value of the Hamiltonian in Eq. 2.3, E = (‘PIFI [¥), with respect the functions ¢;(r) in the

Slater determinant, and using the orthonormality constrain of these functions, one obtains the HF equations?*:
V2
- )+ Vo) )+ [ A V) = i) 2.6
n(r) = )" i), @.7)
V2Vy(r) = —4nn(r), (2.8)

where Vjy(r) is called the Hartree potential, Vx(r, r’) represents the Fock exchange potential, and n(r) is the electron
charge density. The HF potential is non-local, and it depends on the spin orbitals. Thus, the HF equations must
be solved self-consistently. Besides, the HF method demands a lot of computational operations and avoids the

correlation between electrons.

2.1.4 The Hohenberg-Kohn theorems

In order to develop a theory that reduces the computational operations, we can consider expressing the system energy

in terms of electron density instead of wave equations. This idea led to the development of density-functional theory

(DFT), which is based on two essential theorems proposed by Hohenberg and Kohn (HK)?.

Theorem 1 (Uniqueness). The ground-state electronic density n(r) of a system of interacting electrons uniquely

determines the external potential V,(r) in which the electrons evolve.

This V,,(r) defines a unique Hamiltonian, and it also defines all properties of the ground state system. Therefore,

this indicates that the total energy must be a functional of the density £ = F [n]. In particular,

Eln] = (VT Va@)I¥) + CHIT + W), 2.9
using the relation between the wavefuntion and the electron density we have

Eln] = f drn(r)V,(r) + (PIT + W¥P). (2.10)

where T and W represent the kinetic and the Coulomb energy, respectively. The dependence on the density in these

terms is implicit.

Theorem 2 (Variational Principle). The universal functional for the energy E[n(r)] is defined in terms of the

electronic density n(r). The ground-state is obtained for the density no(r) that minimizes this functional.
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As aresult, the corresponding density z(r) that minimizes the functional is the exact ground state density ny(r).

2 Bl o, = 0 @.11)
on

and

Ey = E[nol. (2.12)

Therefore, the ground-state of the system can be obtained using conjugate gradient calculations or other iterative

methods.

2.1.5 The Kohn-Sham equations

HK theorems give us the main idea behind DFT, the total energy of many electrons in the ground state is a functional
of the electron density. In order to construct this functional we consider the Kohn-Sham (KS) ansatz. This ansatz
proposed that the interacting many-body problem can be replaced by an auxiliary independent-particle problem?°.
Precisely, the idea of Kohn and Sham was to split the implicit terms of Eq. 2.10 into the kinetic and Coulomb energy

of independent electrons and all the remaining painful many-body effects of the interacting system:
E = F[n] (2.13)

2 /
= fdrn(r)Vn(r)—Zfdr¢;‘(r)%¢,-(r)+%ffdrdr%+&m[n], (2.14)

where the first three terms represent the external potential, the kinetic energy, and the Hartree energy for the
independent electrons approximations. The last term is called the exchange and correlation (xc) energy.

Using the second HK theorem with the additional constrain that the total number of electrons has to remain
constant under any variation of the density, the ground-state density of the system, ng, is the function that minimizes

the total energy, E = F[n]:

o6F[n]

=0. 2.15
on lIng ( )
Then the Hohenberg-Kohn variational principle leads to:
1
—EVZ + V() + V() + ch(r)] ¢i(r) = £ipi(r), (2.16)

here the kinetic energy, the external nuclear potential, the Hartree potential and the xc potential are represented. The
last term, V. is given by:
OE . [n]

Vie(r) = on

2.17)

n(r)
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Finally, the set of equations given by Eq. 2.16 are called KS equations?°. These equations define a self-consistent
cycle to be solved. In addition this set of equation are the basis for computational methods for calculating materials

properties from the first principles of quantum mechanics.

2.1.6 Self-consistent calculations

To solve the KS equations, we need to define the Hartree potential. To define the Hartree potential, we need to know
the electron density. However, to find the electron density, we must know the single-electron wave functions, and to
know these wavefunctions, we have to solve the KS equations. Then, this defines a self-consistent cycle to be solved.

Thus, to break this cycle, the following algorithm can solve this problem?728:

1. Specify the nuclear coordinates to calculate the nuclear potential, V.

2. Propose an initial guess for the electron density, n(r).

3. Estimate the Hartree Vy and xc potentials V., and from there, the total potential V.
4. Solve the KS equations to find the single-particle wavefunctions, ¢;(r).

5. Calculate the electron density defined by the KS single-particle wavefunctions from the previous step, ngs (r) =
i o).

6. Compare the calculated electron density, ngs (r), with the initial guess used in solving the KS equations, n(r).
If the two densities are the same, then this is the ground-state electron density, and it can be used to calculate
the total energy. If the two densities are different, then the trial electron density must be renewed. Once this

is done, the process begins again from step 3.

This process is repeated until the new density agrees with the old density within the desired tolerance; at that
point, we have obtained self-consistency, and with this final density it is possible to calculate the total energy using

Eq. 2.14. The procedure is showed in Figure 2.1.
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Zr
Val(r) = -
! Z Ir - Ryl

v

Initial guess for
electron density

4
¥ y
V2V (r) = —4an(r) Veel(r) = O ln] (r)
—
Vied(r) = V(1) + Vy(r) + V(1)
v
|—%V2 + Vior(r) | §i(r) = £1¢hi(r)
v
n(r) = )" 1o’
new density¢ old density NO
YYES
Final Density

Figure 2.1: Kohn-Sham self-consistent process. Adapted from Ref. 28.

2.1.7 Exchange and correlation functionals

Until now, it should be possible to perform self-consistent calculations using KS equations. However, there is still a
problem, the xc functional is not known. Then, for a proper application of DFT, we need a good approximation of
the xc functional. Thus, many approximations with different complexity were created in the scientific community as

follows.
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The local density approximation

The local density approximation (LDA) is the simplest method to approximate xc functionals?***. The principal

idea of this model is to consider a uniform electron gas. Then, the xc energy is achieved by assuming that it depends

HEG

locally on the xc energy density of the homogeneous electron gas, ;. (n(r)). The total xc energy is calculated by

integrating the exchange-correlation energy density over the volume of the system:
ELPA ()] = f d*r 258 [n(r)In(r). (2.18)

Despite the approximations involved in the LDA, it has been shown to give consistent structural properties such
as bond lengths, lattice parameters and atomic positions within 1 or 2 % over a wide range of systems?3!. The reason
why the LDA works so surprisingly well is that the exchange-correlation hole fulfills all the sum rules and that for
reliable results, the exact shape of the xc hole is not required; only its average is of significance '*. Unfortunately, this
approximation is not reliable for all the properties. Exited states and band gap energy are poorly described within

LDA 2,

The generalized gradient approximation

The generalized gradient approximation (GGA) proposes to improve the LDA functional by including terms of both

the density and its gradient into the xc energy functional. The GGA functional is usually defined by 3334,
ESSA[ng,ny] = f &r &Sy, ny, Vg, Vi n(r). (2.19)
Then, a more simple way to represent this functional is to separate it in exchange and correlation contribution,
as follows3333:

ESAn(r)] = f &r e [n(r)F [s(r)] (2.20)

HEG

+ > is the exchange energy density, F, is

here ESYA is the GGA exchange functional, n(r) is the electronic density, &

an enhancement factor, and s is defined as,

|Vnl|
= 2.21
s T (2.21)
with kr = (3n%n)!/3. The enhancement factor can be represented as,
Fsl=1+us®+... (s> 0). (2.22)

In the same way we can define the correlation functional as33-:

ES9A[n(r)] = f &r {g?EG[n(r)] + %ﬁsz[n(r)] +.. } (2.23)
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HEG

where &,

is the correlation energy and (3 is a coefficient.

Moreover, some of the GGA methods that were developed often have been empirically calibrated to optimize
the precision of the atomization energies of standard sets of molecules and have successfully produced the structural
and energetic features of various systems. The generally used GGA functional was proposed by Perdew, Burke and

Ernzerhof (PBE) in 199633, The PBE functional used the following fundamental constants,
p=0.21951 and 8 = 0.0066725. (2.24)

The PBEsol functional is an upgrade of the PBE GGA that improves predictions of equilibrium properties of

packed solids and their surfaces3®. For this functional only the fundamental constants change to
1= pge = 0.1235and 8 = 0.046, (2.25)

where ugr is used to obtain an accurate gradient expansion. The PBEsol functional was used to solve the metal/oxide

interface studied in this thesis.

2.2 Computational methods

Computational methods in materials science are demanded to supply specific quantities that can be used to predict
features of materials and their behavior during deformation or other physical processes. First-principle methods infer
the required quantities from the computed electronic structure. The first-principles method obtains the solution to

the Schrodinger equation through a series of approaches and simplifications.

2.2.1 Periodic systems and plane waves

In a solid, the infinitely large number of electrons represents a problem at the moment to calculate its properties.
Computationally, a solid is represented as a perfect crystal repeated periodically in space. Because of this periodic
arrangement of ions, the electrons change their effective potential that has the same periodicity as the crystal. The
physical system is characterized by the coordinates of the atoms in the primitive unit cell and the primitive translation
vectors (a;, a, a3) that determine how the unit cell is repeated?’.

By definition of the periodic crystal, any real space property f(r) of the system such as its electronic density or
some potential energy is invariant under any translation of the primitive translation vectors and integer combinations

of them?7:

fr+R) = f(r) (2.26)
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with R = n;a; + nya, + n3as, and ny, np, n3 € Z.

As a periodic quantity, f(r) can be expressed as a Fourier series

f)=) foelr (2.27)
G

in which G = mb; + myb, + m3bs (m;,my, m3 € Z) is a reciprocal space vector and (b, by, bs) are the reciprocal

space primitive vectors defined as

X X X
S XAy BXAdby = AR (2.28)

Vcell cell Vcell

b,

where V..,; = a; - (ay X a3) is the volume of the primitive cell. In reciprocal space, it is possible to define a
Wigner-Seitz cell, here it is called the Brillouin zone since many cell properties appear if we consider it33.

The Fourier coefficients fg in Eq. 2.27 are obtained as

fo =

f dr f(r)e 6T, (2.29)
Vcell Veell

The periodicity of the effective potential of the system implies that it must verify the condition of Eq. 2.26. Then,

a direct consequence is the Bloch theorem33:

Theorem 3 (Bloch). In a perfect crystal, one can choose the eigenfunctions of a Schrodinger equation in a periodic

potential V(r) to be written as the product of a plane wave part e**

and a periodic function uk(r) with the same
periodicity as the potential:
Ai(r) = " Tup(r) (2.30)

where

ug(r + R) = uk(r) (2.31)

and Kk is a reciprocal space vector which the quantum number resulting from the translational symmetry of the

potential.
Using the Fourier description and the Bloch theorem leads to reformulate the wavefunction of a system as >’
o) = 7 D el ™0 (2.32)
Vcell G

where the sum in principle is infinite but in practice, the basis set defined by the set of G vectors used is truncated

and include plane waves up to a given kinetic energy cutoff E,,:

k + GJ?
2

< Eeur. (2.33)
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The truncation in the set of G vectors induces errors in the computed properties. This error can be reduced by
improving the E,, for a desired accuracy. It should be noted that the all-electron wavefunction of a system has an
extensive oscillatory behavior close to the nuclei. Therefore, a significant kinetic energy cut-off and hence a high
computational cost. Therefore, one usually makes another assumption about the separation of core and valence

electrons leading to the pseudopotential approximation.

2.2.2 Pseudopotentials

The pseudopotentials are based on the idea that the valence electrons mostly determine the chemical and physical
properties; the core electrons are tightly bonded to the nucleus. Moreover, for DFT calculations, we can approximate

the core electrons by pseudopotentials 340

If we do not have a smooth and weak pseudopotential, it becomes
complicated to expand wave functions using a reasonable number of plane waves.

The criterion for choosing a pseudopotential lies in the character of the bonding between the ions in the system
and how well it reproduces the results of accurate all-electron calculations*'. One problem of pseudopotential

calculations is that it needs non-linear core corrections since of the non-linearity of the exchange interaction between

core and valence electrons*?. This obstacle may be eliminated using the projector-augmented wave method.

2.2.3 Projector-augmented wave method

143

The projector augmented wave (PAW) method, developed originally by Blochl*’, combines the ideas of a smooth

pseudopotential |;Z,,>, and all-electrons wavefunctions |, ), using a linear transformation:

W) = [Fa) + " (160 = 16:)) (Bl : (2.34)

i
the pseudo-wave functions |1Zn> are the variational quantities which are expanded in plane waves, where n represents
the band index. The wavefunctions |(Zrn> and |i,,) are identical outside augmentation spheres enclosing the atoms.
Inside the spheres |Jr,,> are a bad approximation to the exact form of the wave functions. The all-electron partial
waves, ¢; are solutions of the spherical scalar-relativistic Schodinger equation for a non-spinpolarized atom. The
pseudo-partial waves @; are node-less and identical to ¢; outside a radius approximately equal to half the nearest-
neighbor distance and match continuously inside these spheres. Finally, the projector functions p; are restricted to
4144

be dual to the partial waves

Within the PAW method the charge density is composed of three contributions,

n(r) = ii(r) — n*(r) + n(r), (2.35)
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where
ii(r) = (P, [r) (x| ,) (2.36)
is a pseudo charge density expanded in a plane wave basis, while
n'(r) = > (@ile) (xlgi) (Bl i) (5] %) (2.37)
ij
and

n(r) = > (i) (rlg) (B, 5i) (5] ) (2.38)
ij

are pseudo and all-electron on-site charge densities expanded as atom-centered radial grids. This decomposition of
the wave functions and the charge density provides the basic principle of the PAW method: A node-less pseudo wave
function and the corresponding pseudo charge density are determined as a solution of the KS equation in a plane

wave basis*!.

2.2.4 Computing the atomic forces and the Hellmann-Feymann theorem

One important thing when we do DFT calculations is to predict the equilibrium structure of material starting from
the first principles of quantum mechanics. The equilibrium structures of solids are described at zero-temperature
since this is often enough approximation for describing materials at room temperature. This equilibrium structure
corresponds to the situation where the total force acting on each nucleus vanishes. As a result, nuclei positions do
not change 8.

The determination of equilibrium structures of materials requires the minimization of the total potential energy,

U, concerning all the 3M nuclear degrees of freedom,

ou
F, = ——, 2.39
=R (2.39)
where F represents the force acting on the I-th nucleus, and U is defined as,
1 Z,Z
URy, - Ry) = = >~ L ERy,-+ ,Ry), (2.40)
2 £ R/~ R/
here E(Ry, -, Ryy), is the total energy of the electrons when the nuclei are held immobile in positions Ry, - -+ , Ry,.

Solving these two last equations are proven to be very time-consuming and demands 3M + 1 calculations®. Then,

the Hellmann-Feynman theorem is used to replace all these number of calculations by one single calculation.
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The Hellmann-Feynman*#¢ theorem, allows us to calculate the atomic forces as follows:
r— R[ RJ - R[
F, =27 fdrn(r)— - > Zij———|. (2.41)
! ’[ r—R,] ; IR/ -R/P

This equation let us know that the calculation of the forces for all M atoms in our system can be determined by the

electron density, n(r), for one set of nuclear coordinates.

2.2.5 Ab initio Molecular dynamics and simulating annealing

The basic concept of ab initio Molecular Dynamics (MD) is that the potential energy of a system can be calculated
using quantum mechanics. In other words, we can perform MD by calculating U(Ry, - - - , Ry) using DFT. Ab initio
MD refers to any method that advances the positions of nuclei along trajectories defined by classical mechanics from
forces calculated from DFT?.

In 1985, Car and Parrinello*’ proposed a ab initio MD method. The main feature of this method is that the total
energy of the system depends on the dynamics of nuclei and electronic KS orbitals. The Lagrangian according to ab

initio MD is expressed as:
1
L=3 MR} + i W f drigi(0) - Exslyi), R1+ D" fi 3" Ajj [ f Ay (O () — 65, (2.42)
1 i F 7

where the first term is the kinetic energy of the /-th nuclei, the second term indicates the fictitious dynamic of
KS orbitals via the fictitious electron mass, u. The third term represents the KS energy at the instantaneously fixed
nuclear configuration; the last term ensures the orthonormality of KS orbitals during the simulation by the Lagrange
multipliers A;;, the coeflicient f; accounts for the occupations numbers of associated orbitals 27,

Ab initio MD helps us to generate a model that mimic the experimental process to obtain a material. For example,

to simulate annealing to very high temperatures and then quenching of an multilayer system of a metal/oxide interface.

2.2.6 Introduction to VASP

Vienna ab initio simulation package (VASP)*$-! is a plane wave code that performs density functional calculations.
VASP is currently the DFT plane wave code most cited within scientific community. VASP determines structural
and electronic properties different systems such as solid states and condensed matters. VASP determines the
electronic ground state configuration using pseudopotentials with a plane wave basis set and the PAW method.
Additionally, the code uses efficient matrix diagonalization techniques that allow performing energy calculations

and structural optimizations for systems with thousands of atoms. This code is applied to study structure and phase
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stability, mechanical and dynamical properties, among others for metals, semiconductors, and insulators in surfaces,
interfaces, or thin films*'. In this thesis, we used this code to solve a metal /oxide interface.

A standard VASP calculation requires at minimum four basic input files>*:

INCAR includes the simulation parameters. Also, it decides what calculation needs to be done and how they
should be done, e.g., cutoff energy, functional, relaxation process, annealing process, and others.

POSCAR specifies the atomic position of the atoms and the lattice parameters of the system to study. The number
of each type atom need to be written in one line in accordance to how the elements appears in the POTCAR file.

POTCAR contains the potentials for every atom species sorted in accordance of how the elements appears in the
POSCAR file.

KPOINTS includes the set of k-points within of the Brillouin zone. The choice of the k-points depends on the

type and size of the studied system.

The outcome of this standard calculation will produce several files, the most relevant are 52,

CONTCAR includes the position of the atoms in the system given in direct coordinates, it is similar to POSCAR file.
After a structural relaxation, the file will be reach to the energetically most stable configuration.

CHGCAR and CHG are files with the total charge density multiplied by the cell volume.

DOSCAR specifies the data for the density of states (DOS) and patial density of states (PDOS).

EIGENVAL contains the KS eigenvalues for all k-points.

OUTCAR includes all the details of the calculation, input parameters and outcome of the simulation.

WAVECAR is a binary file and contains the wavefunctions, the number of bands, the eigenvalues of the computed

system.

2.3 The y-Alumina Oxide

Among the various transition alumina polymorphs, y-Alumina (y-Al,O3) is the most important in catalysis and

1933 " The structural properties of y-Al,O3 changes according

different industries like automotive and petroleum
to the preparation technique used to synthesize it>»>*. However, the most used technique to obtain y-Al,Oj is by
thermal decomposition at 600 to 800 °C of Bohemite (AIOOH) 193336,

Even though there are many theoretically investigations of y-Al,03, there is still the debate of which atomic
structure describes better the properties of this crystal !>, In the literature there are four mainly proposed atomic

structures of y-Al, O3 used for theoretical calculations: i) the cubic spinel model by Smrcok et al. 15 i) the monoclinic



18 2.3. THE y-ALUMINA OXIDE

L 16 L 17

model by Digne et al. '°, iii) the tetragonal nonspinel model by Paglia ef al. *’, and iv) the monoclinic spinel-based
model by Pinto et al.'8. According to Ref. 12, the tetragonal nonspinel and the spinel model describe better
y-Al,O3 atomic structure. Moreover, Kovarik et al. !° found that the y-Al,O3 synthesized in their experiments is not
atomically flat. Instead, it forms (111) nanofacets, as predicted by Pinto et al. 18 model. Thus, in the present work,

we used the model proposed by Pinto et al. '3, showed in Fig. 2.2.

V
b B
L&
@)
A|6c
© la (-]
Va ¢
[111] 4
211 @ Ly

Figure 2.2: The y-Al,O3 monoclinic spinel-based crystal model, the blue, red and grey spheres represent the Al, O,
and Al-vacancy sites (V4 and Vp); notice the structure is composed of an array of tetrahedral Aly. and octahedral

Alg, sites. The axes are oriented, considering the perfect cubic spinel structure. Adapted from Ref. 18.

According to Pinto et al.'®, y-Al,O5 is a defective spinel structure where two octahedral Al are extracted,
forming the nonequivalent V5 and Vg vacancy sites as displayed in Fig. 2.2. The GGA-PWO91 predicted structure is
monoclinic that belongs to the space group C2/m, No. 12. The GGA-PW91 computed bulk modulus for y-Al,O3
is 209 GPa. The computed electronic structure is reported with a bandgap of 3.97 eV !8. In addition, Pinto et al. '®
computed the energy of y-Al,O3, they investigated the (111), (001), (110), and (150) surfaces. It is important to

mention that along the {111} planes, they considered two surfaces: (111)a formed by cleaving through a plane that
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crosses the V4 sites as displayed in Fig. 2.3(a), and (111)b, formed by cleaving through a plane that crosses the Vg
sites as displayed in Fig. 2.3(b). The reported surface energies are showed in Table 2.1. The surfaces highlighted
with yellow were those we selected to study in this work: the y-(111)a as the most likely surface reported and the

surface of the same family, the y-(111)b.

(a)

 a
0

b,

7 V&

b
2%
-
K/

%)

S8

Figure 2.3: y-Al,03 (a) (111)a, and (b) (111)b slabs; the blue and red spheres represent the Al and O, while the

black spheres are the Al-vacancy sites.

Table 2.1: Surface energies for y-Al,O3, after (o) and before (o7s) full relaxation, slabs. Adapted for Ref. 18.

Surface  ox(/m?) og@/m?)

y-(11ha  0.95 1.62
y-(111)b  1.85 3.57
y-(001) 1.05 2.97
y-(110) 1.53 3.43

y-(150) 1.91 2.79




Chapter 3

Methodology

3.1 Computational Details

The plane wave Vienna ab initio simulation package (VASP) was used for the density-functional theory (DFT)
calculations>>!. This package uses a plane-waves basis set ideal for crystalline systems. The necessary parameters
for the simulations are: the revised Perdew-Burke-Ernzerhof GGA (PBEsol) functional was employed to treat
the exchange and correlation (xc) energy >3, core electrons were described with projector augmented wave (PAW)

potential 4

, where the potential for the aluminium and oxygen atoms were generated in the electron configuration
[Ne] 3s 3p' and [1s?] 252 2p*, respectively; square brackets denote the core electron configurations. Depending on
the system, appropriate cutoff energy and k-points mesh were chosen to converge the total energy to < 1 meV/atom
and ionic relaxations to < 0.01 eV A~! (see below for details). Using those parameters, we computed the equation
of state (EOS) for a-Aluminum (a-Al), y-Alumina (y-Al,O3) and @-Aluminum/y-Alumina (a-Al/y-Al,O3)(111)

multilayer models.

3.1.1 Energy convergence and optimal parameters for VASP calculations

Before we start to simulate the systems of interest for this study, we need to find out the optimal parameters for a-Al,
v-Al,O3 and a-Al/y-Al,03(111) systems. In Figure 3.1 is displayed the convergence test for @-Al; we observe that
total energy converges to <1 meV/atom for cut-off energy E . of 400 eV and above, in our study we use E ;=500

eV (cf. Fig.3.1(a)). Using that value for E.,; we proceed to compute the convergence of the total energy with respect

21
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to the k-point mesh or Ak separation, considering the result displayed in Fig.3.1(b), we chose Ak/27=0.021 A~ that
corresponds to the k-point mesh 21 x 21 x 21.

(a) ' ' ' ' ' ‘ (b) 4087
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& & -4.091
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Figure 3.1: Convergence of the total energy for a-Al with respect to (a) the cut-off energy E.; and (b) Ak separation

of the k-points in the reciprocal space. In both figures, the horizontal red dashed lines delimit the energy range of 1

meV/atom.

The convergence test for y-Al,O; is showed in Figure 3.2 . We notice that the total energy converges to <1
meV/atom for cut-off energy E ., of 700 eV. Using that value of E.,, we computed the convergence of the total
energy with respect to the k-point mesh, then observe that the total energy converges to <1 meV/atom for Ak/2m

of 0.06 A~! and below, in our case we use Ak/27=0.04 A~! that corresponds to the k-point mesh 5 x 5 X 2, see
Fig. 3.2(b).
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Figure 3.2: Convergence of the total energy for y-Al,O3 with respect to (a) the cut-off energy E., and (b) Ak

separation of the k-points in the reciprocal space. In both figures, the horizontal red dashed lines delimit the energy

range of 1 meV/atom.
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In order to estimate the optimal parameters E and k-point mesh for the a-Al/y-Al,O3(111) multilayered system,
we used a typical model as displayed in Fig. 3.4. The convergence is displayed in Fig. 3.3 and the optimal parameters
that converge the total energy to <lmeV/atom are E, =700 eV and Ak/27=0.035 A~! that corresponds to the k-point

mesh 3 x5 x 1.
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Figure 3.3: Convergence of the total energy for a-Al/y-Al,O3(111) multilayered with respect to (a) the cut-off energy
E. and (b) Ak separation of the k-points in the reciprocal space. In both figures, the horizontal red dashed lines

delimit the energy range of 1 meV/atom.

The summary of the optimal parameters obtained from convergence test are presented in Table 3.1.

Table 3.1: Optimal parameters used in VASP for @-Al, y-Al,O3 and a-Al/y-Al,O3(111) to converge the total energy

to <1 meV/atom.

Optimal Parameters a-Al v-Al,O3  a-Ally-Al,O3(111)
Ecy (eV) 500 700 700
Ak/2m (A7) 0.021 0.040 0.035
k-points mesh 21 x21x21 5x5x%2 3x5x%1

3.1.2 a-Al/y-Al,O; multilayer models

In this work we consider only the case of a-Al(111)/y-Al,O3(111) multilayer where the a-Al and y-Al,O3(111)
have approximately the same thickness, 13.5 A, along the crystallographic direction [111]. More specifically, the
multilayer models were built using y-Al,O3 slabs y-Al,O3(111)a and y-Al,O3(111)b showed in Fig 2.3; those were
joined to a@-Al(111) slabs using the configurations a-Al(111); and a-Al(111),. a-Al(111); represents a 8 layer
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a-Al(111) slab after a C4=90° rotation, while a-Al(111), represents a 7 layer a-Al(111) slab without any rotation.
In addition, the some Al atoms at the interface were removed and the remaining moved by hand to resembling the

bulk environment of the y-Al,O3 phase (cf. Fig. 3.4).

Table 3.2: Crystallographic data for the initial configuration of the interface models

Model size (atoms) a(A) b(A) c¢/a a=B=yC) Volume (A%)

Al 120 9.691 5.642 3.01 90 1597.08
A2 132 9.691 5.642 3.01 90 1592.94
B1 118 9.691 5.642 2383 90 1504.42
B2 128 9.691 5.642 2383 90 1501.40

Figure 3.4 and Table 3.2 show the initial configuration and crystallographic data for the four multilayer models
analyzed in this thesis, where Al represents a-Al(111);/y-Al,O3(111)a, A2 represents a-Al(111),/y-Al,03(111)a,
B1 represents a-Al(111);/y-Al,O3(111)b, and B2 represents a-Al(111),/a-Al(111)b.

The search for the most stable atomic configuration followed three stages. 1. In the first stage, a set of CONTCAR
files were obtained for different volumes close to the initial volume given by each of the structures of Fig 3.4. For this,

arelaxation was performed for each of the volumes using cutoff energy of 700 eV and a k-point mesh of (3 x5 x 1).

2. In the second stage, we used the previous CONTCAR files to performing simulated annealing in order to solve
the metal/oxide atomic interface. The systems were heated to 1000 K and then cooled down to O K, followed by full
relaxation. For the annealing process, and the relaxation, a cutoff energy of 700 eV and a k-point mesh of (3 x4 x 1)
were used to speed up the simulations. Then we selected, for each multilayer model, the structure with the lowest
energy. In other words, we selected the CONTCAR file with the lowest convergence energy after relaxation and used

as input structure in the next stage, for each multilayer model.

3. In the third stage, we proceed to compute the EOS and the ground state state properties of the optimal
multilayer model. For this, we start considering the CONTCAR files of the previous stage as input; then we performed
a new relaxation for a series of volume values. We used a cutoff energy of 700 eV and a k-point mesh of (3 X 5 x 1).
Then, we obtain the data necessary to compute the EOS using the third order Birch-Murnaghan (BM) equation,
and finally obtain the optimal volume for each of the interface models. Using this optimal volume, we proceed to

calculate the structural, electronic and mechanical properties of each multilayer model.
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Figure 3.4: Initial configuration for the a-Al/y-Al, O3 interface models. Al represents a-Al(111);/y-Al,O03(111)a, A2
represents a@-Al(111),/y-Al,O3(111)a, B1 represents a-Al(111);/y-Al,O3(111)b, and B2 represents a-Al(111),/a-
Al(111)b; the blue and red spheres represent the Al, and O of the y-Al,03. The light blue spheres represent the
Al, of the @-Al, and the cyan spheres represent the Al atoms at the interface, Al;. In all the figures, the black box

delimits the periodic supercell.
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3.1.3 Mechanical properties
Birch-Murnaghan equation of state

The equation of states (EOS) describes the properties of a system mathematically at certain thermodynamical
conditions such as total energy E, volume V temperature 7 and pressure P. The EOS is efficiently obtained by
numerical fitting of the calculated E as a function of the volume V. Solids are characterized under high pressures
using the isothermal BM EOS.

The third order BM EOS>"38 is widely used in DFT studies. It is based on Taylor’s expansion of the energy in

terms of the finite strain in the crystal. It is represented as follows,

E(V) = Ey + 220 {[(&)m - 1]3 mel() - 1]2 o 4(%)2/3]} oy

16 Vv
where, E represents the ground state energy, V) is the ground state volume, V' the volume of the studied solid, By

is the bulk modulus, and Bj, is the bulk modulus pressure derivative. Therefore, the optimal volume can be figure
out as the volume that corresponds to the total energy minimum of the BM EOS. Furthermore, the bulk modulus is
defined as,
62
By = [VWE(V)LHVn 3.2)
We used these equations to obtain the optimal structural properties of the different structures analyzed in this

thesis.

Knoop and Vickers Hardness

The Knoop hardness (KH) 3 test is a measure of the microhardness of a material. In other words, it is a mechanical
test used particularly for very brittle materials or thin sheets. KH test uses a pyramidal diamond tip to pressed onto
the surface of the sample to measure the indentation produced. KH is calculated by dividing the load by the projected

area. Experimentally, the KH is given by the formula:

_14.229P

K= —5 (3.3)

here P is the indentation load, and d is the length of the long diagonal of the pyramidal shape indentation .

The Vickers hardness®' is a test of the hardness of a material, measured from the size of an impression generated

under load by a pyramid-shaped diamond indenter. Vickers hardness is computed by dividing the force by the
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contacting surface area. Experimentally, the Vickers hardness is given by the formula:

_ 1.8544F

> (3.4

14

where F is the force employed to the diamond in kilograms-force, and d is the average length of the diagonal left by
the indenter in millimeters .

In Figure 3.5 is showed the differences between these two hardness tests.

Vickers

Knoop I Q
172° 3% 136°

7
7

34/18581c © IFW

Figure 3.5: Knoop and Vickers Hardness test. Adapted from Ref. 62

In the present work, we use the method develop by Li er al. * and later by Lyakhov and Oganov * to calculate the
KH. This method involves the knowledge of the optimal crystal structure that DFT can compute with high accuracy.

Then, the KH is calculated using the formula:

4
Hy(GPa) =

k=1 1n
23.8
o (H Nkae_2'7ﬁ‘] —34 (3.5)

where V is the volume of the unit cell and N; is the number of bonds of the type k in the unit cell. X and f; are the

electron-holding energy of the bond k and its ionicity indicator, which are defined as in the original work of Ref. 63

Xk x*k Xk - x*
Xy = \| =——t iz ——= (3.6)
k k
J CNCN; 4 [Xkx

as,
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X{f , Xf are the electronegativities of atoms i, j in bonds as defined by Ref. 64. CN{‘, CN? are effective coordination
numbers of atoms i and j defined as CN¥ = v;/s¥, where v; is the valence of atom i, and s¥ is the bond valence
computed using the classical Brown’s bond valence model &,

Vi - e=B1037)

k_
Si = T -0 /037) (3.7

here the sum goes over all bonds k" in which atom i participates, A is deviation from reference covalent bond length.
The calculated hardness has units of Giga Pascal (GPa). Table 3.3 shows some hardness values for different materials

using the Lyakhov and Oganov ® method compared with experimental data.

Table 3.3: Hardnees of different materials in GPa using Knoop hardness test: theory Hg versus experiment. Adapted

from Ref. 64.

Material Hy(GPa) Expt.
Diamond 89.7 90
Graphite 0.17 0.14
Rutile, TiO, 14 8-11
B-SizNy 234 21
Stishovite, SiO, 33.8 32
a-Al 1.03* 0.25-1.09*
v-AlL, O3 22.26" 19-20.29*

* Data obtained from references: 66—68.

+ Data obtained in the present work.

Cohesive energy

The cohesive energy of a solid refers to the energy required to separate its constituent atoms and isolated them to an
assembly of neutral free atoms®. The cohesive energy is defined as follows>’:

Ecoh - Z Ell_solated _ ;:;ld (38)

1
where i represent the different atoms that constitute the solid, and N represent the total number of atoms in the solid.

We used this equation to calculate the cohesive energy of structures analyzed in this work.
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Interface energy

Interface energy iy explains the interaction between two materials A and B to form an A/B interface”. A different
way to view the vy, is the energy involve to built the interface A/B from the bulk material A an B. Therefore, this
energy associates the interfacial bonds to the bonding of the bulk material. Consequently, the interface energy can

be defined as’!:
Eam — NAEA puik — NBEB pulk
2A

Yint = (39)

where Ny and Ea puk ( Np and Ep pyx) are the number of atoms and bulk energy of system A (B), Es/p is the total
energy of the interface system, A is the interfacial area, and the factor 2 accounts for the two identical interfaces in
the multilayered composite. Notice that this estimation does not take into account the vibrational energy contribution
as is expected to be small compared with the 0 K energies that VASP computes.

Equation 3.9 was used to obtain the interface energy in order to describe the metal/oxide interface described in

this work.



Chapter 4

Results & Discussion

The Results & Discussion chapter is divided in tree main sections: the first section presents and discuss the computed
structural, mechanical, and electronic properties of both the a-Aluminum (a-Al), and y-Alumina (y-Al,O3) bulk
structure. The second section corresponds to the results and discussions of the structural, mechanical, and electronic
properties of the four interface models A1, A2, B1, and B2. Finally, the last section compares and discuss the results

with experimental data.

4.1 The a-Al and y-Al,O; bulk properties

4.1.1 Structural and mechanical properties

We start considering the calculation of fcc a-Al crystal using PBEsol with VASP. The EOS is displayed in Fig. 4.1,

from this result we obtained the optimal structure for @-Al as displayed in Table 4.1

31
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Table 4.1: PBEsol computed crystallographic data for optimal primitive cell of @-Al; here u, v and w are in fractional

coordinates

Property Calculated (PBEsol)
Space group Fm3m
a=b=c(A) 2.840
a=B=y() 60
Volume (A3) 16.198
By(GPa) 81.59
Sites u v w
Al 0.0 0.0 0.0

-3.85
-3.90
S
0]
— =3.95
>
>
€ -4.00
-4.05
-410
14 16 18 20
Volume (A?)

Figure 4.1: (a) PBEsol computed EOS for a-Al using the optimal parameters as displayed in Table 3.1. The red dots
are the computed values and the blue curve is the fitted function using the third-order BM EOS from Eq. 3.1. (b)

Optimal primitive cell of fcc @-Al, the details of this structure is presented in Table 4.1.
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In the same fashion, in Fig. 4.2 is shown the PBEsol computed EOS for the monoclinic y-Al,O3 bulk structure,

from this result is estimated the optimal structure which crystallographic data is displayed in Table 4.2.

(a)

-311.4
__-3116
>
2
> -311.8
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[4F]
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W _312.0
-312.2

350 360 370 380 390
Volume (A®)

Figure 4.2: (a) PBEsol computed EOS for monoclinic y-Al,O3 using the optimal parameters as displayed in Table
3.1. The red dots are the computed values and the blue curve is the fitted function using the third-order BM EOS,
Eq. 3.1. (b) Optimal primitive cell of y-Al,O3. The red and blue spheres represent the O and Al atoms, while the

black spheres represent the Al-vacancies sites, V4 and Vp.
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Table 4.2: PBEsol computed crystallographic data for optimal primitive cell of y-Al,O3; here u, v and w are in

fractional coordinates. The location of the Al vacancies are also included for reference.

Property Calculated (PBEsol)
Space group C2/m
a=b(A) 5.607
c(A) 13.578
a=6() 90.58
Y ©) 60.41
Volume (A% 371.191
By(GPa) 204.05
Sites u v w
Alpy 0.3242 0.3242 -0.7926
Alyg 0.0029 0.0029 -0.8776
Alry 0.6666 0.6666 -0.4527
Alop 0.6759 0.1653 -0.3399
Algy, 0.6522 0.6522 -0.8396
Alop, 0.1661 0.1661 -0.3392
Alop 0.0 0.5 0.0
0] 0.8445 0.3465 -0.9141
(0] 0.4888 0.0322 -0.2545
(0] 0.8366 0.3313 -0.4064
(0] 0.8229 0.8229 -0.9163
(0] 0.6785 0.6785 -0.0790
o 0.4944 0.4944 -0.2526
(0] 0.8360 0.8360 -0.4063
(0] 0.3357 0.3357 -0.4126
(0] 0.0036 0.0036 -0.2582
Va 0.0 0.0 0.5
Vg 0.5 0.5 0.0
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A summary of some computed properties of a-Al and y-Al,O;3 crystals are given in Table 4.3. The obtained
bulk modulus By by using Eq. 3.2 for both structures suggest that y-Al,O3 is more resistance to compression than
a-Al, also the obtained cohesive energy E.,, indicates that it requires more energy to split y-Al,O3 crystal to its
atomic constituents than for the fcc a-Al crystal. According to Ref. 72, insulators, as y-Al,O3, have high cohesive
energies because these solids are bounded strongly and have great mechanical strength. On the contrary, metals with
electrons in sp-bond, as @-Al, have tiny cohesive energies because this type of metallic bond is weak. As a result,
metals such as aluminum or magnesium should be alloyed with other metals with strong metallic bonds. In addition,
E.on is independent of the crystal arrangement in metals bound with the electrons from sp-shells’?>. The computed
Knoop hardness Hx from Eq. 3.5 suggests that y-Al,O3 is harder than the a-Al structure in good agreement with

the experiments.

Table 4.3: Structural and mechanical data for computed a-Al and y-Al,O3. In parenthesis are the

corresponding experimental values.

System Vo(A%) Bo(GPa) Econ(€V/atom) Hy(GPa)
a-Al 16.198 81.59 (69 +4)  3.89(3.39)7  1.03 (0.25-1.09)%667
y-ALOs;  371.191 (371.35)™  204.05 (250 +9)7 5.76 22.26 (19-20.29%)66.68

* Data for corundum a-Al,O;.

Our a-Al cohesive energy is in agreement with other theoretical results, refs.: 37,76. Furthermore, the structural
properties obtained for the fcc a-Al are similar to the data for aluminum’’ storage in Materials Project”® database.
Our calculated crystal lattice constant, and bulk modulus By for the y-Al,O3 are similar to some theoretical and
experimental values, refs.: 16—18,79-81. Finally, the value of the Knoop hardness (KH), Hg, for the y-Al,O3 is in
good agreement to the measured value for corundum a-Al,O; that ranges between 19 to 20.29 GPa®-% In overall
the predicted values are in good agreements with experiments and other theoretical studies, thus these results validate

our theoretical approach to the structural and electronic structures of the multilayered models studied in this work.

4.1.2 Electronic properties

The PBEsol computed density of states (DOS) for the bulk a-Al, and y-Al, O3 are plotted in Fig 4.3, where the Fermi
level EF is aligned to 0 eV on the x-axis.

The computed DOS for the a-Al (Fig. 4.3(a)) is nonzero at the Fermi energy, confirming that Al is metallic.
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The bottom of the band below Er has mainly Al-3s character, whereas, above Ef, the band has a combination of Al
3s+3p states (cf. Fig. A.1). The computed band structure is displayed in Fig. A.20.

The DOS for the y-Al,O3 is shown in Fig. 4.3(b). The system is an insulator with a band gap of 4.1 €V; this
value is in agreement with other theoretical calculations, refs.: 17,18,80. The lower valence band (LVB), located in
the energy range between -20.4 and -16.4 eV, has mainly an O-2s character. The upper valence band (UVB), located
within the energy range -8.6 eV to Ef is formed mainly by O-2p states with a minor contribution of Al 3s+3p states.
The lower part of the conduction band (CV), the electronic structure has a composition of Al 3s+3p and O 2s+2p
states (c¢f. Fig. 4.3(b) and Figs. A.3, A.5). The computed band structure is showed in Fig. A.21, it presents a
direct band gap of 4.1 eV along the T point; the reported experimental value is 8.5 eV #2, a well known limitation of
standard DFT calculations. Moreover, the flatness of the occupied bands at Er reflects the electron localization on

the O-2p orbitals near to the vacancy sites Va p.
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Figure 4.3: PDOS for a) @-Al and b) y-Al,O3. The Fermi level is represented as a black solid line.
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4.2 a-Al/y-Al,05(111) multilayer models

4.2.1 Structural and mechanical properties

The PBEsol computed optimal structures for multilayer models are shown in Table 4.4, whereas the computed
mechanical properties are shown in Table 4.5. The final structure configuration for the four models is illustrated in
part a) of Figures 4.4, 4.6, 4.8, 4.10.

In Table 4.4, all the computed optimal multilayer models have a space group P1. The lattice parameters a and
b of all the optimal models almost remain constant in comparison to the original configuration (cf. Table 3.2),
while the ratio c/a changes in the multilayer models Al and B1. We noticed that in the structures Al and B1, the
lattice angles change more than in the other models, especially in A1. The optimal volume of the models shows the

following trend: Vp(B1) < Vy(Al) < Vp(B2) < Vo(A2).

Table 4.4: PBEsol computed optimal structural properties obtained from the final atomic configuration of the

multilayer models. All the structures belong to a monoclinic P1 space group.

Model a(A) bA) cla aC) BC) yC) VoA
Al 9543 5606 283 931 923 90.0 1439.88
A2 9.673 5.606 3.12 90.1 872 90.0 1634.55
B1 9.694 5608 262 964 926 90.0 137242
B2 9784 5.628 284 900 93.6 90.0 1527.34

According to Table 4.5, among the composites, B2 has the highest By. Moreover, the bulk modulus shows
the trend By(a-Al) < Bo(Al) < Byp(A2) < By(B1) < Byp(B2) < By(y-Al,03). This means that the resistance
to compression of the multilayered a-Al/y-Al,O3(111) shows values in between their parents @-Al and y-Al, O3,
i.e., the composite enhance By compared to @-Al alone. The computed micro hardness Hk present the trend
Hg(a-Al) < Hx(Al) < Hx(A2) < Hg(B1) < Hg(B2) < Hg(y-Al,03); the model B2 as the hardness composite but
again the values of Hg for Al/y-Al,O3(111) models indicates that the composite is harder than a-Al alone but softer
than pristine y-Al,Os. Interestingly, we notice a proportionality between By and Hg; the higher the bulk modulus the
higher the Knoop hardness. The trend for the computed cohesion energy is E.on(y-Al,O3) < E.on(B1) < Econ(B2) <
Econ(A2) < Econ(Al) < Econ(a-Al); this indicates that model B1 has the higher value among the composites but

certainly lower than the pristine y-Al,Os. It is important to recall that E., is related with the bonding strength of
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the material. The interfacial energy trend is ¥in(A2) < yine(B2) < yine(Al) < yine(B1), suggesting how likely is to
form a given multilayer a-Al/y-Al,O03(111) compound under the same conditions of annealing and layer thickness;
basically the lower the value the higher probability to form the composite; then the results suggest the system B1 as
the most likely structure to be formed and A2 is the less favorable. Finally, we observe the following trend in the
density d(a-Al) < 6(A2) < 6(Al) < 6(B2) < 6(B1) < d(y-Al,03); the composite A2 is the less dense; in general, all
the composites have densities in between their parents. It is important to stress the importance of light and strong

materials based on aluminum for applications in the automotive and aerospace industry.

Table 4.5: PBEsol computed mechanical properties obtained from the optimal structure of the interface models, we
include the values for bulk a-Al and y-Al, O3 from Table 4.3 for easy comparison. The values of the total energy E;

are displayed for reference only.

System  Bo(GPa) Hg(GPa) Ey(eV) E.n(eV/atom) 6(g/cm3) %m(eV/AZ)

Al 108.47 6.672 -718.43 3.95 3.13 20.82
A2 112.04 8.471 -829.75 4.24 3.08 22.79
Bl 113.07 8.505 -771.05 4.49 3.21 19.65
B2 128.98 12.11 -810.65 4.29 3.18 21.17
a-Al 81.59 1.03 -4.09 3.89 2.77 -
y-AlLO3;  204.05 22.26 -312.27 5.76 3.65 -

4.2.2 Electronic properties
Al model

DOS and patial density of states (PDOS): The PBEsol computed DOS and PDOS for the optimal structure for
the multilayered A1 model is displayed in Figure 4.4 b). We can note that the system is metallic, there is not an
energy gap between the conduction and valence band in the total DOS, black solid line. The LVB, located within the
energy range -23 to -19 eV, has mainly a O-2s character with a very small contribution of 3s+3p states for the Al,
and Al; (see Fig. A.7). The band within -11 to 4.9 eV is crossed by the Fermi level at 0 eV. The occupied states are
formed mainly by O-2p states with minor contribution of Al,, Al, and Al; 3s+3p states. Interestingly, we observe a
depletion of O-2p+Al, 3s+3p states within the range from -2.2 to 2.1 eV where dominates the Al,-3s+3p. Above 2.7

eV, the electronic structure has a composition of a combination of Al, 3s+3p, Al, 3s+3p and small contribution of
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Al; 3s+3p states. The band structure for model A1 is showed in Fig. A.22, which confirms the analysis of the PDOS.

(a)

PDOS (states/eV)

-10
E—Eg (eV)

Figure 4.4: PBEsol predicted A1 model. (a) Optimal crystal structure; the blue and red spheres represent the Al,
and O of the y-Al,03. The lightblue spheres represent the Al, of the @-Al and the cyan spheres represent the Al
atoms in the interface, Al;. The black box delimits the periodic supercell. (b) PBEsol computed PDOS, the Fermi

level is represented as a black dashed line.

Electron charge density: Figure 4.5 shows the electron charge density for the optimal structure A1 model. The
electron density contours are displayed from 0 to 1.2 e/A.3. We note first the difference between the metal, oxide
and interfacial regions. In the a-Al metal region there is no evidence of strongly localized electrons, 0.2 ¢ A=3. This
is characteristic of the homogeneous electrons gas and metallic bonding. In contrast, y-Al,O3 consist mainly of
regions of low charge density, 0.1 ¢ A=, with most electrons localized on the O atoms. This implies some ionic type
of bonding. The interfacial region, the black rectangle in Fig. 4.5 a), b), d) gives evidence for a directional Al-Al

bonding with some covalent character across the metal/ceramic interface. This can be seen in the Fig. 4.5 c).
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Figure 4.5: Electron charge density for A1 model. (a) Electron charge density across (010) plane crossing certain
Al and O atoms.. The light blue and red spheres represent the Al and O atoms. (b) Close-up of section showing a
iso-charge density in yellow for the A, and A; bond. (c) Contour plot across a plane showing the electron charge
density in the interface region pointed by the black arrow in (b). (d) Contour plot of electron charge density across

(010) plane as displayed in (a). The colored scale bar below ranges between 0 to 1.2 ¢/A3
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A2 model

DOS and PDOS: The PBEsol computed DOS and PDOS for the optimal structure for the multilayered A2 model
is displayed in Figure 4.6 b). The system is metallic, as we can see in the total DOS. The LVB, located within the
energy range -23.6 to -20 eV, has mainly a O-2s character. The band within -11.6 to 4.4 €V is crossed by the Fermi
level at 0 eV. The occupied states are formed mainly by O-2p states with minor contribution of Al,, Al, and Al;
3s+3p states. In the A2 model, we observe the depletion of O-2p+Al, 3s+3p states within the range from -3.2 to 1.2
eV where dominates the Al,-3s+3p. Above 1.3 €V, the electronic structure has a composition of a combination of
Al, 3s+3p, Al, 3s+3p and small contribution of Al; 3s+3p states (cf. Figs. A.9 to A.11). The band structure for
model A2 is showed in Fig. A.23, which confirms the analysis of the PDOS.
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Figure 4.6: PBEsol predicted A2 model. (a) Optimal crystal structure; the blue and red spheres represent the Al,
and O of the y-Al,O3. The lightblue spheres represent the Al, of the @-Al and the cyan spheres represent the Al
atoms in the interface, Al;. The black box delimits the periodic supercell. (b) PBEsol computed PDOS, the Fermi

level is represented as a black dashed line.
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Electron charge density: Figure 4.7 shows the electron charge density for the optimal structure A2 model. The
electron density contours are displayed from 0 to 1.2 ¢ A=3. We note first the difference between the metal, oxide
and interfacial region layers. In the @-Al metal region there is a homogeneous distribution of electron density,
characteristic of a metallic bonding. The y-Al, O3 the electron density is mostly localized on the O atoms suggesting
some ionic type of bonding. The interfacial region, the black rectangle in Figs. 4.7 a), b), d) gives evidence for a
directional Al-Al bonding with covalent character across the metal/ceramic interface; this is evident in Fig. 4.5 c).

The covalent bond of the model A2 is the strongest one of all the interface models.

d)

<A\»

1.20

Figure 4.7: Electron charge density for A2 model. (a) Electron charge density across (010) plane crossing certain
Al and O atoms. The light blue and red spheres represent the Al and O atoms. (b) Close-up of section showing a
iso-charge density in yellow for the A, and A; bond. (c) Contour plot across a plane showing the electron charge
density in the interface region pointed by the black arrow in (b). (d) Contour plot of electron charge density across

(010) plane as displayed in (a). The colored scaled bar below ranges between 0 to 1.2 ¢/A3.
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B1 model

DOS and PDOS: The PBEsol computed DOS and PDOS for the optimal structure of B1 model is displayed in
Figure 4.8 b). We can see that the system is metallic according the total DOS. The LVB, located within the energy
range -24.3 to -20.3 eV, has mainly a O-2s character. The band within -12.1 to 4.3 €V is crossed by the Fermi level
at 0 eV. The occupied states are formed mainly by O-2p states with minor contribution of Al,, Al, and Al; 3s+3p
states. In the B1 model, we observe the depletion of O-2p+Al, 3s+3p states within the range from -3.8 to 1.3 eV
where dominates the Al,-3s+3p. Above 1.3 eV, the electronic structure has a composition of a combination of Al,
3s43p, Al, 3s+3p and small contribution of Al; 3s+3p states. (cf. Figs. A.13to A.15). The band structure for model
B1 is showed in Fig. A.24, which confirms the analysis of the PDOS.
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Figure 4.8: PBEsol predicted B1 model. (a) Optimal crystal structure; the blue and red spheres represent the Al,

and O of the y-Al,O3. The lightblue spheres represent the Al, of the a-Al and the cyan spheres represent the Al

atoms in the interface, Al;. The black box delimits the periodic supercell. (b) PBEsol computed PDOS, the Fermi

level is represented as a black dashed line.
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Electron charge density: Figure 4.9 shows the electron charge density for the optimal structure B1 model. The
electron density contours are displayed from 0 to 1.2 ¢ A=, Similarly to the other systems, it is clear the a-Al metal
region with homogeneous electrons gas, the y-Al,O3 region that shows electrons localized around the O atoms with
some ionic type of bonding. Across the metal/ceramic interfacial region shows some directional bonding. The black
rectangle in Fig. 4.9 a), b), d) gives evidence for a Al-Al bonding with some covalent character. This can be seen in

the Fig. 4.9 ¢).

Figure 4.9: Electron charge density for B1 model. (a) Electron charge density across (010) plane crossing certain
Al and O atoms. The light blue and red spheres represent the Al and O atoms. (b) Close-up section showing a
iso-charge density in yellow for the A, and A; bond. (c) Contour plot of electron charge density across (010) plane
as displayed in (a). (d) Contour plot of electron charge density across (010) plane as displayed in (a). The colored

scaled bar below ranges between 0 to 1.2 e/A3.
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B2 model

DOS and PDOS: The PBEsol computed DOS and PDOS for the optimal structure of B2 model is displayed in
Figure 4.10 (b). The system is also metallic. The LVB, located within the energy range -24.6 to -21.1 eV, has mainly
a O-2s character with a very small contribution of 3s+3p states for the Al, and Al; (see Fig. A.11). The band within
-12.5 to 3.9 eV is crossed by the Fermi level at O eV. The occupied states are formed mainly by O-2p states with
minor contribution of Al,, Al, and Al; 3s+3p states. The B2 depletion of O-2p+Al, 3s+3p states is within the range
from -4.5 to 0.6 eV where dominates the Al,-3s+3p. Above 1.6 eV, the electronic structure has a composition of a
combination of Al, 3s+3p, Al, 3s+3p and small contribution of Al; 3s+3p states (cf. Figs. A.17 to A.19). The band
structure for model B2 is showed in Fig. A.25, which confirms the analysis of the PDOS.
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Figure 4.10: PBEsol predicted B2 model. (a) Optimal crystal structure; the blue and red spheres represent the Al,
and O of the y-Al,03. The lightblue spheres represent the Al, of the @-Al and the cyan spheres represent the Al

atoms in the interface, Al;. The black box delimits the periodic supercell. (b) PBEsol computed PDOS, the Fermi
level is represented as a black dashed line.
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Electron charge density: Figure 4.11 shows the electron charge density for the optimal structure B2 model. The
electron density contours are displayed from 0 to 1.2 ¢ A=3. Similar to the other systems; there is a region of
homogeneous electrons gas corresponding to a-Al, region with electrons localized on the O atoms that corresponds

to the y-Al, O3 region and the interfacial region showing directional bondings with some covalent character. The

black rectangle in Fig. 4.11 a), b), d) gives evidence for a Al-Al bonding. This can be seen in the Fig. 4.11 c).

Figure 4.11: Electron charge density for B2 model. (a) Electron charge density across (010) plane crossing certain
Al and O atoms. The light blue and red spheres represent the Al and O atoms. (b) Close-up section showing a
iso-charge density in yellow for the A, and A; bond. (c) Contour plot of electron charge density across (010) plane
as displayed in (a). (d) Contour plot of electron charge density across (010) plane as displayed in (a). The colored

scaled bar below ranges between 0 to 1.2 e/A3 1.

In summary, the electronic properties of the @-Aluminum/y-Alumina (@-Al/y-Al,O3)(111) multilayer models

show us that the composites obtain a metal-like behavior, in all the cases. According, the PDOS, there is not a
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bandgap between the valence band and the conduction band. Also, the electron density of the multilayer models
identifies the formation of covalent bonds between the metal and the insulator. Here, we can notice that the type
of bounding of the models B1 and B2 are different from the models Al and A2. That difference can be related to
the fact that the model B2 is the hardest and the most resistant under compression. Besides, the composites have an

insulator-like behavior along the ¢ axis, but a conductive response along the planes due to @-Al phase sublayers.

4.3 Theory versus Experiment

In this section we compare the data calculated for our interface structure models with the experimental available data

for the multilayered system.

© Goswami, R., et al., Acta Materialia 2015

Figure 4.12: Left side: a) HAADF image of post annealed Al/Al,O3 multilayers, b) and c) EDS maps of Al and
O. d) HAADF image showing the dark dots of Al,O3. Adapted from Ref. 10. Right side: theoretical multilayer
a-Ally-Al,03(111) models; notice the scale of the layers: the thickness of the experiment, in nanometers (nm), is

two orders of magnitude bigger than theoretical models.
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The experimental work of Goswami et al. '° reported that Al/Al,O3; multilayers enhanced their strength after
annealing, because of precipitation of extremely fine y-Al,O3 in Al layers. The annealed structures of this experiment
are shown in Fig. 4.12. Also, they find a value of Vickers hardness equal to 3.43 GPa for the interface. In our
calculations, for the Knoop hardness we find values between 6.67 to 12.11 GPa, in particular, the B2 (A1) model
shows the highest (lowest) value of hardness of 12.11 (6.67) GPa. We are aware that at the moment we can not
make a direct comparison between the experiment and our models since the experiments the nanolayer thickness are
two orders of magnitude larger than in our model but provides an interesting suggestion: the smaller the nanolayer
thickness, the stronger can become the composite. This hypothesis is under study, we are simulating composites

with twice the thickness presented in this work.



Chapter 5

Conclusions & Outlook

In this thesis, we have conducted a first-principles study of the a-Aluminum/y-Alumina (a-Al/y-Al,O3)(111)
metal/ceramic interface using the slabs of @-Aluminum (a-Al) and y-Alumina (y-Al,0O3). For this, we studied
four models that describe the mechanical and electronic properties of this interface. We first validate our theoretical
approach finding the optimal mechanical and electronic properties for both @-Al and y-Al, O3 bulk structures, using
density-functional theory (DFT). We found that the structure model we used in this thesis for y-Al,03, mono-
clinic spinel-based model, describes with high accuracy the structural, mechanical, and electronic properties of the
v-Al,O3. Then, we create our four models to describe the a-Al/y-Al,O3(111) interface. We applied simulated
annealing using DFT that recreate in a significant way the experimental process to obtain multilayer a-Al/y-Al, O3
interfaces. Therefore we analyzed the data obtained from the interface models properties.

Thus, according to the mechanical properties studied, we found that although all structures have almost the same
bulk modulus and microhardness, the B2 model is the most resistant under compression and the hardest. In the
same way, we found that A1 is the most compressible and softest system. Besides, based on the data of the cohesion
and interface energy, the most stable structure is the B1. However, these energy values are almost the same for all
models. Then, the study of the electronic properties of the interface models gives as a result that the composite
acquires a metal-like behavior. The reason is that electrons of the metal phase populates the bandgap of the insulator.
The analysis of the electron density suggest the formation of directional bonds with some covalent character.

Ongoing studies are considering multilayer interface models with a different ratio thickness of the y-Al,O3 and
a-Al. Finally, as a concluding remark, the theoretical research of interfaces gives exciting results of novelty materials

properties that can be corroborated by experiments or vice versa, this is the reason of the relevancy of DFT.
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Appendix A

Results of DFT calculations

a-Al PDOS
Al-all Al-s Al-p
0.20 0.20 0.20
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Al-p, Al-p; Al-py
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Figure A.1: PDOS of the a-Al.
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’y-Aleg, PDOS
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Figure A.2: PDOS of the y-Al,O3, Al contribution.
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Figure A.3: PDOS of the y-Al, 03, O contribution.
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Figure A.4: PDOS of the interface A1, O contribution.
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Al ,-all Alg-s Alg-p
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Figure A.5: PDOS of the interface A1, Al, contribution.
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Figure A.6: PDOS of the interface A1, Al, contribution.
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Figure A.7: PDOS of the interface Al, Al; contribution.
Model A2 PDOS
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Figure A.8: PDOS of the interface A2, O contribution.
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Figure A.9: PDOS of the interface A2, Al, contribution.
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Figure A.10: PDOS of the interface A2, Al, contribution.
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Figure A.11: PDOS of the interface A2, Al; contribution.
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Figure A.12: PDOS of the interface B1, O contribution.
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Figure A.13: PDOS of the interface B1, Al, contribution.
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Figure A.14: PDOS of the interface B1, Al, contribution.
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Figure A.15: PDOS of the interface B1, Al; contribution.
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Figure A.16: PDOS of the interface B2, O contribution.
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Figure A.17: PDOS of the interface B2, Al, contribution.
Al -all Al,-s Al,—p
8 8
6 6
' 4 24
2 )\q 2
fJu 0
-20 -15 -10 -5 0 5 -20 -15 -10 -5 0 5 -20 -15 -10 -5
Al,-py Aly—p; Aly-py
8 8
6 6
r 4 T4
L L )’M‘ .,A clul L L M&. A GA' L L L L
-20 -15 -10 -5 0 5 -20 -15 -10 -5 0 5 -20 -15 -10 -5

Figure A.18: PDOS of the interface B2, Al, contribution.




APPENDIX A. RESULTS OF DFT CALCULATIONS PDOS

61

Al;=all Ali-s Al;i-p
8 8 8
6 6 6
4 14 r 4
2 W u 2 2
Olil 1 0 ”’JJ"A‘HM 0 | .Q'JM'"‘"LLW
-20 -15 -10 -5 0 5 -20 -15 -10 -5 0 5 -20 -15 -10 -5 0
Ali-py Alj-p; Alj=py
8 8 8
6 6 6
4 T4 {24
2 2 2
ol . A Lt [y . .rl...\-w-.whm sy olu L b J"-J‘H.
-20 -15 -10 -5 0 5 -20 -15 -10 -5 0 5 -20 -15 -10 -5 0

Figure A.19: PDOS of the interface B2, Al; contribution.
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Figure A.20: Band structure @-Al, the Fermi level represented as a red dashed line.
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Figure A.21: Band structure y-Al,0O3, the Fermi level represented as a red dashed line.
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Figure A.22: Band structure of the final Al interface model a) for the upper valence band and the conduction band

and b) bands near the Fermi level represented as a red dashed line.
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(a)

Figure A.23: Band structure of the final A2 interface a) for the upper valence band and the conduction band and b)

bands near the Fermi level.
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Figure A.24: Band structure of the final B1 interface a) for the upper valence band and the conduction band and b)

bands near the Fermi level.
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(a)
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Figure A.25: Band structure of the final B2 interface a) for the upper valence band and the conduction band and b)

bands near the Fermi level.
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