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Abstract

In principle, most of the properties of solids can be determined by their electronic struc-
tures. So the understanding of electronic structures is essential. This thesis presents two
classes of materials using ab initio method based on density functional theory. One is
heavy metal compounds like Ta2AlC, ThO and the other one is hydrogen storage mate-
rial namely MgH2 surfaces.

The study of correlation and relativistic effects in Ta2AlC are presented. Based on our
results, Ta2AlC is a weakly correlated system. Our study shows that the spin - orbital
coupling does not play a very important role where as the other relativistic corrections
such as mass velocity and Darwin terms have a significant effect on the electronic prop-
erties.

The stability of rock salt like ThO has been proposed based on the first principle cal-
culation. ThO can be stabilized under pressure. The driving force is the sd to f charge
transfer in Th.

We have investigated the energetics of hydrogen desorption from the MgH2 (110) and
(001) surfaces. The doping of foreign metal elements and strain were used to reduce
the dehydrogenation energy. The reduction in dehydrogenation energy is caused by the
charge localization on the metal atoms which leads to destabilization and the weakening
of metal - hydrogen bonds.
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Chapter 1

Introduction

Computational materials science is one of the emerging fields in 21st century. All these
advancements are due to rapid increase in computational power and emergence of the
so called Density Functional Theory (DFT), using this kind of theory we can design new
materials with promising properties or improve the properties of existing materials. In
this thesis, two kinds of materials are computed. One is the heavy metal compounds
and the other is hydrogen storage material. For MAX phases materials, the effects of
correlation and relativistic effects have been investigated. We take advantage of DFT to
predict a new stable rock salt like ThO under pressure. The MgH2 two surfaces were
processed by the chemical doping and strain in order to obtain a lower dehydrogenation
energy. The following is the structure of the present thesis.

The introduction is given in Chapter 1. In Chapter 2, we present a brief introduction
to density functional theory. In 1964, Walter Kohn, Pierre Hohenberg and later Lu Jeu
Sham successfully prove that the properties of solids and molecules can be calculated
without any experimental data and the theory they use is DFT. In DFT, the electron
density at the atomic site is enough to calculate the total energy and other properties.
DFT is based on on electron theory which shares characters of Hatree - Fock method. In
Chpter 3, we give the details about the computational methods used in present thesis.
In Chapter 4, the relativity is used to explain the heavy metal compounds. Once the
correlation effect failed to describe the lattice parameters and bulk modulus, KS-Dirac
equation is introduced. Through the electronic structure, Ta2AlC is a weakly correlated
material. The relativistic effects further enhance the sd mixing inside Ta. In addition, a
new thorium mono oxide is predicted by DFT. The lattice dynamic is also used to ensure
the dynamical stability of ThO. Last not least, we have investigated the energetics of
hydrogen desorption from the MgH2 (110) and (001) surfaces. Based on total energy
and electronic structure calculations, two modes namely strain and doping of selected
dopants (Al, Si, Ti) and the combined effect of both on the dehydrogenation energies of
MgH2 systems have been analyzed. The maximum improvement in dehydrogenation
energy has been obtained with the combined effect of doping and strain. Among all the
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2 CHAPTER 1. INTRODUCTION

dopants, Al gives the lowest value of ∆H whereas the Si-MgH2 system show the least
improvement. The doping of Ti on MgH2 is also very beneficial even without strain.



Chapter 2

Theoretical background

2.1 The many body problem

In solid state physics, we are interested in understanding the total energy and the
properties of a system which contains a number of atoms interacting with each other.
Thereby, we are facing a many body problem. The properties of the solid state matter
can be determined by solving the Schrödinger equation[1]

HΨ = EΨ (2.1)

However, the exact solution is possible for at most three-body systems. In solids and
molecules, the system is described by many electron wave function Ψ(r1, r2.....rN ) so
to solve this many body problems one has to rely on approximations. In the system
containing many atoms the Hamiltonian is

H = −~2
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2

Nel∑
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me

+
1
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Zke
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|ri −Rk|
= TN + T e + V NN + V ee + V Ne (2.2)

Where ~ is Plank constant, Rk is the nuclear coordinate for the kth nuclear, ri the elec-
tronic coordinate for the ith electron and Mk and m are the corresponding masses, Z is
the nuclear charge. The first two terms are kinetic energy operators of the nuclei and
the electrons, and the last three terms are interaction operators between nuclei-nuclei,
electron-electron, and nuclei-electron. In the following section, we consider the most
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4 CHAPTER 2. THEORETICAL BACKGROUND

used approximation, Born-Oppenheimer approximation that utilizes the fact that the
motion of the nuclei is much slower than the electrons. Thus we can separate the elec-
tronic subsystem and treat it separately. The primary used method for the electronic
structure calculations through this thesis - density functional theory is introduced in
Chapter 3.

2.2 Born-Oppenheimer approximation

Born-Oppenheimer approximation[2] separates the motion of the electrons and that of
the nuclei. Since the mass of the nuclei is larger enough than those of the electrons, the
nuclei are treated as being frozen at the equilibrium positions. The interaction between
nuclei and electrons can be considered as an external potential, Vext, acting on the elec-
tronic subsystem. It is noted that the external forces induced by electromagnetic field
can also be included. Now, the problem for the electrons in the presence of the fixed ions
is left. To make it explicit, we write the Hamiltonian in the following form(omitting the
superscript on the kinetic energy and rewritting the Coulomb iteration as U):

He = −~2

2

Nel∑
i

∇2

me

+
1

2

Nel∑
i 6=j

e2

|ri − rj|
+ Vext = T + U + V ext (2.3)

In this representation the energy of the electronic sub- system is dependent on the
atomic coordinates as of a set of parameters, and can be minimized by moving the atoms
into there equilibrium positions.

2.3 Density functional theory and the Kohn-Sham equa-
tions

Density functional theory (DFT) is implemented as an effective single particle Ab ini-
tio method initialized by Hohenberg - Kohn[3] and Kohn - Sham[4]. DFT is aiming to
avoid the many interacting electrons and describe everything in terms of electron den-
sity. No matter how complicated the system is, the system is always described with 3N
variables, where N is the number of particles in the system. In DFT, the total energy
is a functional of the electron density. Electron density is a function, with three vari-
ables: x-position, y-position, and z-position of the electrons. Regardless of the number
of electrons, the total energy is functional with the electron density. If we turn back to
the many body Hamiltonian and consider the following functional of electron density.
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F [n] = min
ϕ→n

< ϕ|T + U |ϕ > (2.4)

(n), the density , is defined of the minimum of value of T+U over all N-electron wave
functions.

Hohenberg - Kohn formalism is based on these two theorems:

Theorem I : For any system, the interacting particles in an external potential Vext(r), the po-
tential can uniquely be determined except for a constant, by the ground state particle density
no(r).

Theorem II : A universal functional for the energy E[n] in terms of density n(r) can be defined for
any external potential Vext. For any particular Vext, the ground state energy of the system is the
global minimum of the energy functional and the density n(r) which minimizes the functional is
the exact ground state density n0(r).

The total energy functional can be written as:

E[n] = F [n] +

∫
d3rVext(r)n(r) (2.5)

It can be further split as

F [n] = Ts[n] +
1

2

∫
d3rd3r,

n(r)n(r,)

|r − r,|
+ Exc[n] (2.6)

where F describes the kinetic energy and all electron-electron interaction terms. Ts is
the kinetic energy term of the hypothetical non interacting electrons. The next ones are
Hatree term and exchange correlation energy which include the many particle effects.
This function is universal but it does not depended on the external potential. Although
Hohenberg and Kohn theory is robust, the properties cannot be solved due to poorly
known form of functionals. It can only be solved if the exact form of exchange corre-
lation energy and kinetic energy functionals are know which are yet unknown. Addi-
tionally, the potential depends on the wave functions and the density. The Kohn-Sham
ansatz [9] replaces the N-particle interacting problem with one particle non-interacting
problems . The key of KS is to set up a framework of that the ground state density
of the interacting system is assumed to be the non-interacting system subjected to two
potentials, the external potential,Vext and exchange correlation potential, Vxc. In the
Kohn-Sham ansatz, the total energy of the ground state is defined as,

E0[n(r)] = T [n(r)] +

∫
Vextn(r)dr +

1

2

∫ ∫
n(r)n(r′)

|r − r′|
dr′dr + Eec[n(r)] + EII (2.7)
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Where the first term is the kinetic energy of the non-interacting electrons, the second
term is the electrostatic potential due to nuclei, the third term is the Hartree energy, the
forth term is the exchange-correlation energy which includes all non-classical interac-
tions between electrons, and the last term, EII , is the energy contributed by the electron
- nuclei interactions. The Hartree term is used to figure out the interaction within a clas-
sical electron charge density. Using the variational principle leads to the one-particel
Kohn-Sham equations forms as:

(
−~2

2me

52 +VKS)ϕi(r) = εiϕi(r) (2.8)

where is the KS orbitals and VKS

VKS = VH + Vext + Vec (2.9)

In order to find the ground state, the electron density dependent Kohn-Sham equation
has to be solved in a self-consistent way. The only part that is unknown exactly is the
exchange-correlation potential, Vxc. In the next section, we will discuss some typical
approximations for the exchange-correlation functionals.

2.4 Exchange and correlation functionals

Exchange and correlation energy, Exc, is the sum of the error made in using a non-
interacting kinetic energy and the error in treating the electron-electron interaction clas-
sically. Here we review three commonly used exchange correlation approximations
starting from local density approximation LDA[5].

ELDA
xc [n] =

∫
d3rn(r)εXC(n) (2.10)

Where εXC is the exchange correlation energy per particle.

In this approximation, the exchange correlation energy is being considered as the same
as a locally uniform electron gas within the same density. εxc = εx+ εc, where εxcis ex-
change and correlation energy per electron, εx is the exchange energy per electron and
εc the correlation energy per electron. In this way, the electrons are subject to a con-
stant external potential and thus the charge density is constant. Hereby, the value of the
constant electron density p=N/V. The local density approximation can be considered to
be the zeroth order approximation to the semi-classical expansion of the density matrix
in terms of the density and its derivatives. LDA can give reasonable results for slow
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varying densities and it would be fail for more complicated systems, like the densities
vary quickly or a lot. A natural process beyond the LDA is thus to the gradient expan-
sion approximation (GEA) in which first order gradient terms are included. The general
formula of GGA functional is

EGGA
xc [n] =

∫
d3rn(r)εXC(n, |5n|) (2.11)

A number of functionals within the GGA family have been developed until now. Some
popular attempts are B88[6], PW91[7] and PBE[8]. In paper I, we have used LDA, PW91
and PBE to calculate the lattice constants and the equilibrium volumes. The results
shows the nature of over-binding in LDA and under-binding in GGA. Due to the differ-
ent functionals in GGA, we got different results from PW91, PBE.



Chapter 3

Computational methods

3.1 Pseudo potential and full potential

The electron - electron interation is not trival, therefore one more reduction of electronic
system is made. The core electrons are unaffected by the chemical bonding. Therefore
the inner electronic shells of the atoms are retained virtually and can be treated in a
spherical potential which cannot move around in the crystals. The actual energy differ-
ences are the changes in valence electron energies and if the binding energy of the core
electrons is ruled out, the valence electron energy change will be dominant in the bind-
ing energy. Hence, it will result in becoming easy to calculate total energy accurately. In
addition, we should also mention that the strong nuclear Coulomb potential and highly
localized core electron wave-functions are difficult to represent.

Since the core states are localized in the vicinity of the nucleus, the valence states must
oscillate rapidly in order to maintain this orthogonality with the core electrons. And
the atomic wave-functions must all be mutually orthogonal. This rapid oscillation gen-
erate very large kinetic energy which offsets the large potential energy induced by the
Coulomb potential. Thus the valence electrons are much more weakly bound than the
core electrons. Therefore, it is convenient to attempt to replace the strong Coulomb
potential and put the core electrons in an effective pseudo potential and replace the va-
lence electron wave-functions by pseudo-wave-functions, which vary smoothly in the
core region[9, 10]. We can get the whole picture from Fig. 3.1. The motivations are the
reduction of basis set size, the reduction of number of electrons and aiming to include
relativistic and other effects.

8



3.2. METHODS TO CALCULATE ELECTRONIC STRUCTURES 9

Figure 3.1. Comparison of a wavefunction in the Coulomb potential of the nucleus
(blue) to the one in the pseudopotential (red). The real and the pseudo
wavefunction and potentials match above a certain cutoff radius

3.2 Methods to calculate electronic structures

The basis sets are needed to solve the above equations. The plane Waves method need
high cut off energy and it is time demanding. The LCAO is a way to speed up and
the full relativity can be added easily in this method. We use both PAW and LCAO to
compare the lattice parameters and the effects of relativity on the electronic structures
in paper I. In Paper IV, LMTO method is used to calculate the electronic structures of
ThO.

3.2.1 Projector Augmented Wave

The projector augmented wave (PAW)[11] combines the features of the pseudopotential
method[12] and the linear augmented plane wave method[13].The wave function of the
electrons are very different dependent on the distance to the nucleus. In general, in the
augmented region, a partial wave expansion is used to describe the electrons. Because
of the heavy computational cost to represent the wave function by plane wave in the
core region where the wave function oscillates rapidly. Outside the augmented region,
the electrons are described by plane waves or some other convenient basis set.

Inside PAW, The wave function Ψ transforms to smooth pseudo wave function Ψ̃

|Ψ >= τ |Ψ̃ > (3.1)

The pseudo wave function can be expanded into the combinations of partial waves,
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|Ψ >=
∑
i

ci|φ̃i > (3.2)

All electron wave function expanded as

|Ψ >=
∑
i

ci|φi > (3.3)

The all electron partial waves,φi are obtained from the solution of the radial Schrödinger
equation. Outside the augmented region, the pseudo partial waves and all electron
partial waves are equivalent. Because the transformation is supposed to be linear and
the coefficients must be linearized functions of PS wave functions. the projector function
has to fulfill the following equations:

∑
i

|φ̃i >< p̃i| = 1 (3.4)

Now, the transformation,τ , is written as

τ = 1̂ +
∑
i

(|φi > −|φ̃i >) < p̃i| (3.5)

Finally, the Kohn-Sham equation can be written as

τ †Ĥτ |Ψ̃i >= εpτ
†τ |Ψ̃i > (3.6)

This form indicates that the computation becomes less demanding than if a plane wave
basis set would have been used, since the number of plane waves required to give a
good description of the Kohn Sham orbitals will be much smaller.

3.2.2 Linear Combination of Atomic Orbitals and Relativity

Linear combination of atomic orbitals(LCAO) combined with tight binding approxima-
tion that is first used by Slater[14] to solve electronic band structure problems. The
FPLO package is a full-potential local-orbital minimum-basis code[15, 16]to solve the
Kohn-Sham equations. Later on, Eschrig[17] further developed this theory and con-
trived an optimized LCAO method to be accurate and more appropriate to solve the
Kohn-Sham problem of solids. In this method, the ansatz fulfilling the Bloch theorem is
expanded by linear combinations of localized Slater-type orbitals:
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|kn >=
∑
RsL

|Rsl > cknsl e
ik(R + s) (3.7)

Where |RsL > refer to solutions of spherically averaged atomic potentials around atom-
ics which are at position R+s, R is the Bravais lattice vector, s is the site vector; k is the
momentum, and n is the band index.

Substituting this ansatz into KS equation:

HC = SCE (3.8)

where H in the secular equation is represented by

(
Hcc HccSsc

SvcHcc Hvv

)
(3.9)

S in the secular equation is represented by(
Scc Scv
Svc Svv

)
(3.10)

Where Scc, Svc and Svv is the overlap matrices between core-core, core-valence and
valence-valence levels respectively. Hcc and Hvv are the Hamiltonian matrices. The
density can then be constructed by the updated orbitals and the renewed potentials can
be formed by a self-consistent manner.

In paper I, results obtained from non-relativity, scalar relativity and full relativity have
been compared in terms of the lattice parameters. Thereby, the functionals of relativ-
ity implemented in FPLO are shown here. Spin contribution to the total energy is well
known due to the relativistic effects. Furthermore, (r,s) dependent functionals are em-
ployed and the Vext together with Vxc to be spin dependent corresponding to the regular
Schrödinger formalism. Rajagopal and Call-away[18] first showed that it is a natural re-
sult to have spin-dependent DFT if the relativistic scheme is used from the beginning.
Correspondingly, the Kohn-Sham-Dirac equation similar to the Kohn-Sham equation
can be derived:

[−icα∇+ βm0c
2 − ecβγµ(Aµ + αµ + αXCµ )]Ψk = εkΨk (3.11)

Another important effect due to the relativity is spin orbital coupling(SOC)[19]. In Kohn
Sham Dirac equation, SOC is included in the kinetic energy implicitly.
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3.2.3 Linear Muffin Tin Orbital

In the past several years, the linear muffin tin orbital(LMTO) method[20] has become
very popular for the the electronic structure calculations. The LMTO method shows us
the following characters: 1) it uses a minimal basis leading to be high efficiency; 2) d and
f systems are well treated while in the localized state, the leakage is usually large; 3) it
is accurate due to the augmentation procedure which gives the correct shape of wave
function. In the thesis, the FP-LMTO method calculations are displayed. Compared
with LMTO-ASA, FP-LMTO method is an all electron and fully relativistic, without
shape approximation to the charge density or potential[21].

The crystal is divided into non-overlapping muffin-tin spheres surrounding the atomic
sites and the interstitial region outside the muffin-tin spheres. Inside the muffin-tion
sphere, the potential is assumed to be spherically symmetric while in the interstitial
region, VMTZ is assumed to be constant or slowly varying. Due to the constant value of
potential in the interstitial region, we shift it to zero. So we can write the potential as
following:

Here, V(r) is the spherically symmetric part of potential. The SMT is the radius of muffin-
tin that cannot touch each other. For an electron subjected to a spherical potential em-
bedded to a flat interstitial potential, the wave function is

ϕ(ε, r) = ilY m
l (r̂)ψl(ε, r) (3.12)

Where the convention of r̂, the direction of r and the length is equal to |r|. Anderson[22]
employed muffin-tin orbitals to decouple the basis function with energy and normaliz-
able for all κ2. So we have the muffin-tin orbitals in the form of

χlm(ε, r) = ilY m
l (r̂)

{
ϕl(ε, r) + Pl(ε)

(r/S)l

2(2l+1)
, |r| < S

(r/S)−l−1, |r| > S

}
(3.13)

Where ϕl(ε, r) is a solution of radial Schrödinger equation in the sphere, Pl(ε) is the
potential function. Based on these, we now introduce a convenient notation for the
basis functions:

|χi(k) >= |φi(k) > +|ϕi(k) > (3.14)

where |φ > is the basis function inside the muffin-tin spheres and |φ > represents the
basis functions of tails. We construct a basis function Ψkn(r) by a linear combination of
LMTO basis functions, χi. Hereby, the linear combination can be written as
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|Ψ >= ΣiAi|χi > (3.15)

The Hamiltonian operator is

Ĥ = H0 + Vnmt + VI (3.16)

where H0 is the Hamiltonian operator containing the kinetic operator and the spherical
part of the muffin-tin potential, Vnmt represents the non-spherical part of the muffin-tin
potential, and VI is the interstitial potential.

3.3 Lattice Dynamics

The phonon frequency of the crystalline lattice is one of fundamental properties in the
area of phase transition and thermodynamics [23, 24] The phonon dispersion curve of
crystals can be calculated mainly via two methods, supercell approach and linear re-
sponse approach based on density functional perturbation theory. The concept of su-
percell approach is that the dynamic matrix of phonon can be directly obtained from
the force constant matrix. It has the characters of easily manipulated and the drawback
of the supercell approach is already suggested from the name. As the supercell size in-
creases, accurate results would be cost of much computing power. Because one needs to
get the forces of the supercell in several displacements, the total calculation load could
be very expensive. The big merit of this code is that it can import Hellmann-Feynmann
force from any standard DFT code. Also, the well-known code,PHON[25]developed
by Alfé has been employed in all calculations. Phonon calculations based on density
functional perturbation theory (DFPT) is rigorously reviewed by Baroni and imple-
mented in ABINIT[26]and QUANTUM-ESPRESSO[24]. This approach calculates the
dynamical matrix at by an arbitrary phonon momentum q based on the valence electron
density[27]. In all the phonon calculations presented in this thesis have been calculated
by supercell approach implemented in PHON.

At non-zero temperatures, all atoms oscillate away from equilibrium positions. These
vibrations in the lattice as collective excitations propagating through the lattice are
phonons. Most of the discussion below follows the lecture notes and the book of M.I.
Katsnelson[28]. To estimate the dispersion relation of the phonons, we use the harmonic
approximation. In this approach, it is assumed that the crystal is described by a Bravais
lattice, where the ions oscillate around their equilibrium position with deviations that
are small enough compared to the interatomic distance. Holding this assumption, we
can expand the potential energy U as a function of the displacements of the atoms u up
to second order when the ions sits away from the equilibrium positions.



14 CHAPTER 3. COMPUTATIONAL METHODS

U ≈ U0 +
∑
lkα

(
∂U

∂uα(lk))

)
0

uα(lk) +
1

2

∑
lka,l,k,β

(
∂2U

∂uα(lk)∂u(l,k,)

)
0

uα(lk)uβ(l,k,) (3.17)

If the ions are in the equlibium positions, one second term is supposed to be zero.

The crystal consists of a number of unit cells labelled by the integer vector l = (lx,ly,lz).
The position of the unit cell is given by Rl. The unit cell contains n atoms labelled by
k, with positions rk with respect to the origin of the unit cell. The Cartesian coordinates
are denoted with indices α and β. The first term is a constant and the force constant that
is important to calculate phonons is φαβ (lk, l,k,). The equation of motion for each ion is
:

mküα(lk) = −
∑
l,k,β

φαβ(lk, l,k,)uβ(l,k,) (3.18)

where mk is the k-th atom in the unit cell. The equation of motion can be solved by the
ansatz:

uα(lk) =
Aα, k(q)
√
mk

ei(qRt−w(q)t)) (3.19)

Then we can reformulate this linear relation in an eigenvalue problem:

w2(q)eiqRlAα,k(q) =
∑
βk,

Dαβ(k, k,, q)Aβ,k, (3.20)

The above equation tells the eigenvalues (phonon frequencies) and eigenvector (po-
larization) relation of the dynamical matrix by diagonalizing it. Knowing the phonon
frequencies, we can estimate the lattice stability of the ThO in paper IV.



Chapter 4

Results

4.1 Correlation and relativistic effects in Ta2AlC

In recent years, the layered ternary compounds MN+1AXN , where N = 1, 2 or 3, M is an
early transition metal, A is an A-group (mostly IIIA and IVA) element, and X is either
C or N, attract increasing interest owing to their unique properties[29, 30, 31, 32, 33].
These ternary carbides and nitrides combine properties of both metals and ceramics.
Like metals, they are good thermal and electrical conductors with electrical and ther-
mal conductivities. They are relatively soft with Vickers hardness of about 2-5 GPa.
Like ceramics, they are elastically stiff, some of them like Ti3SiC2, also exhibit excel-
lent high temperature mechanical properties. They are resistant to thermal shock and
unusually showing good damage tolerance and exhibit excellent corrosion resistance.
Above all, unlike conventional carbides or nitrides, they can be machined by conven-
tional tools without lubricant, which is of great technological importance for the appli-
cation of the MN+1AXN phases. These excellent properties mentioned above make the
MN+1AXN phases another family of technically important materials. There are many
other applications such as brushes in electric motors being the most obvious, that can
take advantage of this combination of properties. This technological interest triggered a
round of theoretical and experimental research aimed to better understand their nature
and physics. One of the most interesting and fascinating properties of the MAX phases
has to be their mechanical response. They are lightweight and stiff, yet machinable and
ductile at room temperature. For most of the MAX phases, the agreement between the
measured and calculated values of bulk modulus are acceptable, but there is one excep-
tions - Ta2AlC. In present study, we would like to study the effect of correlation as well
as the effect of relativity on the electronic and the mechanical properties of Ta2AlC.

In Table 4.1, we report the lattice parameters and bulk modulus within LDA, GGA-PBE
and GGA-PW91 and the strong correlation corrected ones. Firstly, if we don’t consider
the correlation effects. Among the three exchange correlation functions, GGA-PW91

15
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Table 4.1. Calculated and experimental values of the lattice constants, equilibrium
volume and bulk modulus of Ta2AlC within VASP and FPLO. Exc stands
for exchange and correlation function.

a(Å) c(Å) Volume(Å3) B(GPa)
Exp. 3.086 13.85 114.4 251
Theo.
Exc Ueff (eV )

LDA 0 3.067 13.710 111.687 239
LDA 3.3 3.084 13.856 114.137 182
PW91 0 3.10 13.899 115.671 190
PW91 2.3 3.121 14.008 118.163 183
PBE 0 3.109 13.916 116.493 191
PBE 2.3 3.117 14.018 117.99 185

FPLO-FR-PBE N/A 3.10 13.91 115.76 194
FPLO-NR-PBE N/A 3.17 13.92 121.14 173
FPLO-FR-LDA N/A 3.04 13.80 110.44 211
FPLO-NR-LDA N/A 3.13 13.83 117.34 190

gives better volume but lowest bulk modulus; LDA gives better bulk modulus but very
small volume compared to experiment. After including strong correlation correction,
the increase of volume can be found for each exchange and correlation function but
the magnitude changes with the different value of Ueff . With comparison, Ueff equals
to 3.3 eV gives us quite good lattice parameters with a deviation of volume only 0.3 Å3

whereas a very small bulk modulus. Stefan Blügel et.al [34] have estimated the Hubbard
U value by random phase approximation. For pure Tantalum, 2.58 eV for eg band and
2.21 eV for t2g. Since the calculated bulk modulus is too low compared to experiments,
which is very unusual for MN+1AXN phases. We have also performed calculation with
different exchange and correlation functions and correction on the strongly correlated
5f orbitals but they failed to reproduce experimental data. Since, we know that for
heavier elements, in present case Ta, the relativistic corrections can play an important
role. Therefore, we have included all relativistic effects. Within FPLO, we compared
the effect of relativity. For both LDA and GGA-PBE, the lattice parameters and bulk
modulus can be found in Table 4.1. Comparing all the obtained volumes, the relativistic
effect lowers the volume and FR-PBE gives better volume but it is still larger than the
experiment. LDA still gives better bulk modulus with a small volume. Surprisingly,
both correlation and relativity cannot give a good agreement with experiments.

To analyze the relativistic effects, we present the 6s and 5d bands energy top and bottom
levels in Fig. 4.1. All the computation has been done with the corresponding equilib-
rium volumes. We first looked at the relativistic effect in PBE function. Around 80 eV, 5d
band is pulled down and 6s band moves slightly up in the conduction bands. Near the
Fermi level, 6s band jumped from 5 eV into valence bands at -2 eV close to Fermi level.
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Figure 4.1. 6s and 5d band energy level of Ta2AlC.

Similarly, in LDA this phenomenon repeats. Below the Fermi level, 6s electrons fill in
the valence band and increase the mixing with 5d bands. The high atomic number of Ta
shows the importance of relativistic effects in determining its electronic structure while
the closeness of 5d electrons to the 6s level indicates the possibility of non-negligible s - d
hybridization. The s band suffers a downshift due to the mass-velocity effect and this is
only compensated by the positive Darwin shift. Thus, the d states are shifted upwards
with respect to s state. In summary, s level becomes deeper and d level moves towards
to the s level. Consequently, the s - d level separation is decreased. Accordingly, the
whole energy rang is compressed and shrink to be shorter. The ignored s - d mixing
in case of non relativity calculation makes the lattice volume smaller. Since we have
confirmed that Ta2AlC is a weak correlated system, so the bulk modulus of 194 GPa is
reasonable and this compare well to the pure Ta which has a bulk modulus around 200
GPa[35]. But even though the relativistic effect has been included, the bulk modulus is
still not comparable to the experimental result. From this point of view, relativity cannot
fully resolve this problem. In theoretical calculation, exchange and correlation function
can heavily affect the lattice parameters. So our calculation result ranges from 185 GPa
to 239 GPa for bulk modus. This compound is very sensitive to the way in which to be
treated. Besides, we also found that the lattice volume and the bulk modulus cannot be
both matched well with experiment.

4.2 Formation of ThO under pressure

Actinide oxides play a significant role in the nuclear fuel cycle[41]. Many of them exhibit
polymorphism, non-stoichiometry, intermolecular in nature. Interest to those formed
by the actinide metals (particularly uranium, thorium and plutonium) and the non-
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Figure 4.2. (color online) the reaction energy of 2ThO=Th + ThO2 as a function of
pressure. The primitive cell shows the structure of ThO. The green ones are
thorium atoms and the red one is oxygen atom. The two arrow indicate the
reversal pressure.

metals of group Vb or VIb have been drawn attention for many years. The potential of
utilizing thorium as an alternative or supplement for uranium has been recognized for a
long time. Importantly, several types of reactors have already operated using thorium-
based fuels. Today, the application of thorium remains strong and growing concerns
over nuclear waste, safety and proliferation. Thorium may be used in solid fuel form or
in molten form. In some approaches, the fuel can incorporate components from spent
nuclear fuel (minor actinides, plutonium) to serve a transmutation function. If the focus
is on its monoxide and specifically at the ”d2” column in chemical period table. Thorium
does not exist mono oxide under ambient condition in contract to Ti, Zr, Hf and Ce.
Up to now, only thorium dioxides were extensively investigated both experimentally
and theoretically[42]. ThO is one of few actinide oxides who have abundant gas phase
spectroscopic data[43, 44]. The carbide or nitride phases[46], ThC and ThN are stable at
ambient condition and their electronic structure have been studied[47]. As a matter of
fact, the solid phase of ThO tends to break up into Th and ThO2[45]. For an endothermic
reaction, the change in enthalpy between the products and the reactants is positive (the
decomposition reaction of ThO), it may well have an extra injection of energy in order
to reverse the reaction direction. Hereby, we introduce the pressure on this reaction up
to 40 GPa and calculate reaction energy by ab initio calculation.

H = E + PV = E(V )− dE

dV
V = f(V ) (4.1)

To observe the designed chemical reaction, the enthalpy of the reaction, 4H = 2HThO

- [HTh + HThO2] , has been evaluated as a function of pressure. The pressure data is
fitted by the equation of states. In Fig. 4.2, at ambient condition, the reaction energy
is positive which means that the total enthalpy of Th plus ThO2 is lower than that of
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Figure 4.3. Phonon dispersion curve of ThO at 20 GPa by FPLMTO-LDA

ThO. The starting pressure of generating ThO is 14 GPa in FP - LMTO-LDA and 26 GPa
in PAW - PBE as the two arrows shown in Fig. 4.2. This discrepancy results from the
exchange and correlation energy. In other words, the consumed ThO2 & Th transformed
to ThO under the pressure between 14 GPa and 26 GPa. This predicted pressure range
provides a reference date to the experiment. In addition to the pressure range, the bulk
modulus of these three are calculated by FP - LMTO. The stabilized ThO shows 201
GPa of bulk modulus and Th and ThO2 have a values of bulk modulus of 79 GPa and
218 GPa respectively. We should mention that the discrepancy of the bulk modulus
with experiments results from the over binding in LDA. Because ThO is stable under
pressure in term of energy, whether it can be dynamically stable or not is questionable
as well. Hereby, phonon dispersions curve(PDC) at 20 GPa is shown in Fig. 4.3. The
dispersion expands alone the high symmetry k-points: Γ, X, Γ, L, X, W and Γ. It is
observed in Fig. 4.3 that all the phonon modes have positive frequencies indicating that
the B1 ThO structure is stable at P=20 GPa. The frequency gaps occurs between the
optic and acoustic modes due to the big mass ratio (m(Th)/m(O) =14.5). It is found that
the frequency along L - X - W is very closed which means that ThO is isotropic.

So what is the main driving force of producing ThO? Our analysis initializes from the
definition of enthalpy in Eq. 4.1. The equation of states illustrate the relation of energy
with respect to the volume. The pressure can be obtained from the derivative of en-
ergy. Hereby, the enthalpy is dependent on the volume. The reversal of the reaction is
supposed to the electronic properties. We performed the calculations as a function of
pressure till 20 GPa aiming to obtain the orbital occupation. The transformation rate of
orbital occupation of 7s, 6d, 5f can be seen in Fig. 4.4. Under pressure, the number of 5f
electrons are increasing while those of 7s and 6d electrons are decreasing. According to
Fig. 4.4, the 7s electrons transfers the large amount to 5f orbital. By comparing the mag-
nitude of each orbital, we can conclude that Th shows the most rapid transformation
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Figure 4.4. (color online) The transformation rate of orbital occupation(%) in Th as
a functional of pressure in Th, ThO and ThO2.

rate among the three candidates. Per[48] also draw a conclusion that when Thorium
becomes f metal of bct structure(occupation number of f shell is closing to 1) from d
transition metal(small occupation number of 5f shell). The spd dominant metal trans-
forms to f dominant metal is the significant turning point in terms of enthalpy. Even
though the theoretical study of Th under pressure has been performed before[49, 50]
also by LMTO method while the variation of d orbital was ignored. The transfer from
6d orbital also contributes to the transformation of Th under pressure. Hereby, it is sd-
f transfer induce the transition where the 7s orbital count considerably in this process.
Experimentally, Yogesh K. Vohra[51] suggested the occupation number of 5f band in Th
transferred from s and d bands. Our results coincidence with the experimental data and
proposes the dominant role is the 7s orbital. In brief, Th plays a significant role in this
reaction under pressure. The transformation rate of 7s electrons in Th is faster than that
in ThO and ThO2 which have similar values. In case of 6d electrons, the curve of ThO
has a acute slope compared with the others. Under higher pressure, the transformation
rate in Th shoots up and the value of ThO is between Th and ThO2. The variation of
orbital occupation indicates the total energy that is counted in the enthalpy. Th metal is
of significance in this reaction.

4.3 Strain and doping effects on MgH2 (001) and (110) sur-
faces

In the current hydrocarbon economy, petroleum are primary resource of transportation
fuel. Due to the extensive use, a huge amount of carbon dioxide and other pollutants
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Figure 4.5. (colour online) (a) Side and (b) top view of the optimized structure of
MgH2 (110) surface. Green and red balls denote the Mg and H atoms re-
spectively. The blue ball represents the dopant.

Figure 4.6. (a) Side and (b) top view of the optimized structure of MgH2 (001)
surface. Green and red balls denote the Mg and H atoms respectively. The
blue ball represents the dopant.

will be produced. More importantly, the continous supply of hydrocarbon resources in
the world is not going to last and very limited. In fact, the demand for hydrocarbon
fuels is increasing year by year. Hydrogen can be an environmentally clean carrier of
energy to all the users, particularly in transportation applications, without release of
pollutants at the point of end use. Even though the storage of hydrogen in the earth
is the most abundant element which forms as H2O. In order to utilize hydrogen energy
effectively, it is necessary to develop a storage where hydrogen can be safely stored with
a high density.

Until now, a few types of hydrogen carriers have been discussed such as metal[36],
organic[37] or inorganic[38] hydrides, and methane[39] . Magnesium and magnesium-
based alloys are considered as possible candidates for rechargeable hydrogen storage
materials because of their high hydrogen capacities (theoretically up to 7.6 wt.%), re-
versibility, and low costs. Nowadays, much of the research work has been done mainly
on the dehydrogenation of MgH2 in the bulk form. Only a few studies have been fo-
cused on the desorption mechanism from MgH2 surfaces. Some of the surface studies
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Table 4.2. The direction of the applied strain and the amplitude (%), dehydrogena-
tion energy ∆H (eV), and average Mg-H bond length ∆l (Å) of MgH2 (110)
surface

applied strain along X direction & amplitude(%) ∆H (eV) ∆l (Å)
0 1.49 1.849

X2.5 1.47 1.865
X5.0 1.44 1.882
X7.5 1.39 1.900

applied strain along Y direction & amplitude(%) ∆H (eV) ∆l (Å)
Y2.5 1.49 1.8485
Y5.0 1.49 1.8484
Y7.5 1.48 1.8482

employed the technique of doping metals (light metals or transition metals) to reduce
the stability of MgH2. Du et. al have studied the MgH2(001) and (110) surfaces in which
MgH2 (110) is more stable than (001) surface[40]. This thin film material has the charac-
ters of friendly use and easily controlled by experiments. The two different orientations
of MgH2 surfaces are studied by the effects of strain and chemical doping in order to
achieve a lower dehydrogenation energy. The studies on the effect of strain is rather
rare and we are supposed to combine the strain and doping together. To use hydrogen
storage material, two important indexes are attracted a lot of attentions, one is the ca-
pacity of hydrogen and the other is dehydrogenation energy that is defined in eq. 4.1,
our aim is to seek a reasonable way to lower the dehydrogenation energy.

∆H = E(Mg16H32 − n) + (n/2)E(H2)− E(Mg16H32) (4.2)

Where, n refers to the number of H atoms. The energy of the system Mg16H32 has been
calculated by the removing nth H atom from the optimized structure while fixing the
geometry and the coordinates. Two different orientations surfaces consist of four layers
having 48 atoms (Mg = 16 and H = 32) as shown in Fig. 4.5 for (110) surface and Fig. 4.6
for (001) surface that have been fully relaxed.

First of all, the effect of uniaxial stretching of MgH2 (110) surface has been focused on.
Due to the anisotropy, the applied strain has been performed along X, Y direction sepa-
rately. It is noted that the elastic limit is ensured by a maximum of 7.5 % of mechanical
strain. The results of dehydrogenation energy and the bond length under the mechani-
cal strain is given the Table 4.2. Comparing with the dehydrogenation energy resulting
from the application of strain along Y direction, the strain applied along X direction is
much effective. Dehydrogenation energy oscillates in a very narrow range under the



4.3. STRAIN AND DOPING EFFECTS ON MGH2 (001) AND (110) SURFACES 23

Table 4.3. dehydrogenation energy ∆H (eV) of MgH2 (001) surface under 7.5 %
biaxial strain

Applied strain (%) ∆H (eV) Mg -H bond length (Å)
0 1.50 1.860

2.5 1.41 1.885
5.0 1.38 1.911
7.5 1.34 1.940
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Figure 4.7. The total and partial DOS of doped MgH2 (110) without strain.

Figure 4.8. The total and partial DOS of doped MgH2 (001) without strain.
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Figure 4.9. Total and partial densities of states of Al and Ti doped MgH2 (110) un-
der 7.5 % strain along X direction.
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(a) Total and partial densities of states
of Al doped MgH2 (001) under 7.5 %
biaxial symmetric strains.

(b) Total and partial densities of states
of Ti doped MgH2 (001) under 7.5 % bi-
axial symmetric strains.

Figure 4.10. The total and partial DOS of Al and Ti doped MgH2 (001) under 7.5 %
biaxial symmetric strains.
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applied strain along Y direction. If it turns to the other direction, ∆H keeps decreasing
with 0.02 eV as increasing the strain in a step of 2.5 %. In case of MgH2 (001) surface,
the effect of biaxial stretching of pure MgH2 (001) surface on ∆H as shown in Table 4.3.
A homogenous biaxial strain within the elastic limit is applied on MgH2 surface in a
stepwise manner. We have found that a maximum of 7.5 % of mechanical strain can be
applied along the biaxial (XY) direction, which results into the reduction of bond length
considerably. The effect of uniaxial asymmetric strains on ∆H and ∆l has also been
studied, but found less effective in improving the thermodynamics of MgH2.

For the doped MgH2 surfaces, dopant of Al is the most effective and Ti, Si are the less ef-
fective. In brief, the strain on the doped systems would further decrease the ∆H. In case
of (110) surface, the maximum decrease in ∆H can be seen in case of Al-doped MgH2.
In the Ti doped system, the value of ∆H under 7.5 % of mechanical strain is found to be
1.34 eV, which is considerably less than that of pure MgH2 (110) surface. Although, the
Si doped MgH2 (110) surface is less pronounced but withstabding the combined influ-
ence of doping and strain, the value of ∆H can be reduced to 1.16 eV (pure MgH2 (110)
surface holding 1.49 eV). In case of MgH2 (001), up to 7.5 % amplitude of biaxial strain,
the Al doped MgH2 surface shows the lowest dehydrogenation energy with a value of
1.337 eV and Ti doped surface with 0.962 eV. Nevertheless, the effect of Si doping in
the MgH2 (001) surface is less pronounced in improving its thermodynamic properties
but under the combined influence of doping and strain (Si-doped MgH2 under 7.5 %
biaxial symmetric strain) the value of ∆H can be reduced considerably. We have no-
ticed a reduction of around 0.8 eV (1.22 eV), which is significantly lower than the one
corresponding to pure MgH2. In case of Ti, the value of ∆H at 7.5 % mechanical strain is
found to be 0.962 eV, which is considerably less than that of pure MgH2 under the effect
of a similar amount of strain and even of Ti-doped MgH2 without strain. We found that
the trend of doped surfaces along different orientation similar.

In order to understand the reasons of the reduction of ∆H by the effects of doping
and strain, the electronic structures are analyzed. It should be emphasized that Mg1
denotes the Mg atom being near the dopant and Mg2 is the Mg atom being bonded to
the removal hydrogen atom. For the (110) direction slab, the system shows 2.2 eV band
gap as shown in Fig. 4.7. In the doped systems, Al and Ti doped MgH2 (110)surfaces are
metallic but the Si doped surface is a semiconductor(not shown here). It is concluded
that the states at Fermi level destabilize the surface. Let us look at Al doped system with
strain in Fig. 4.9(a). At Ef , the peak at Fermi level become very localized at Ef compared
that without strain. The Mg - H hybridization is weakened by the strain observed from
DOS of Mg1. Ti doped surface also got a further reduction by strain. In Fig. 4.9(b), 3d
states in Ti rise up to a higher level which destabilize the surface. The peak of MgH1

at -4 eV and the peaks of MgH2 at -4 eV and -2.5 eV become weak after the application
of strain. The strain weakens the hybridization between Mg - H bonds. The localized
states form the dopants at Ef and the weakened Mg - H bond lead to the decreased
dehydrogenation energy. In the case of MgH2(001) surface, the DOS is shown in Fig. 4.8.
As for (001) surface, the Al and Ti doped systems show less dehydrogenation energy.
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The DOS of the strained Al-doped MgH2 (001) is shown in fig. 4.10(a). The localized
s and p states of Al at Ef hybridize strongly with the electronic states of MgH2 (001).
As a result, the Mg-H bonds are found to be weakened. The s states of Mg1 localize
at and around Ef , while the s and p states of Mg2 redistribute at and around Ef . This
weakening in the Mg-H bonds facilitates the lowering in its dehydrogenation energies.
Strain brings down the dehydrogenation energies in Ti- doped systems. The broad d-
DOS of Ti shown in fig. 4.10(b) at Ef splits into two peaks and contributes a higher DOS
at Ef . This implies a diminution in the hybridization of the 3d orbitals of Ti. This strain-
induced localization of Ti- 3d states shows up at and around Ef , which contributes to
the destabilization. The s and p states of Mg2 also localize at Ef . The small s and p
contribution to DOS from Mg1 in the immediate vicinity of Ef shifts completely to Ef
upon the application of strain. The charge localization at and around Ef destabilizes the
MgH2 (001) surface, resulting in the lowering of its dehydrogenation energy.
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