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Abstract 
 

Theoretical studies of point defect interactions and structural stability of 
compounds have been performed using density functional theory. The defect-related 
properties, such as activation energy of diffusion, electronic and magnetic structure of 
selected materials have been studied.  
 The major part of the present work is devoted to a very important material for 
semiconductor industry, GaAs. The formation energies of intrinsic point defects and the 
solution energies of 3d transitions in GaAs have been calculated from first principles. 
Based on the calculated energies, we analysed the site preference of defects in the 
crystal. The tendency of defects to form clusters has been investigated for the intrinsic 
defects as well as for impurities in GaAs. The magnetic moment of 3d impurities has 
been calculated as a function of the chemical environment. The possibility of increasing 
the Curie temperature in (Ga,Mn)As by co-doping it with Cr impurities has been 
examined on the basis of calculated total energy difference between the disordered 
local moment  and   the ferromagnetically ordered spin configurations. We found that, 
in order to reach the highest critical temperature, GaAs should be separately doped with 
either Cr or Mn impurities. Also, we have shown that diffusion barrier of interstitial Mn 
depends on the charge state of this impurity in (Ga, Mn)As. The formation of defect 
complexes between interstitial and substitutional Mn atoms, and their influence on the 
value of diffusion barrier for interstitial Mn, has been studied.  
 The pair interactions energies between interstitial oxygen atoms in hcp Zr, Hf 
and Ti have been calculated using first principles. Based on the calculated energies, the 
oxygen ordering structures in IVB transition metal solid solutions have been explained. 
A prediction of nitrogen ordering in Hf-N solid solution has been made.   
 The thermodynamic description of intermetallic compounds in the Zr-Sn binary 
system has been obtained. The conclusion has been made that Zr substitution on the Sn 
sites takes place in the Zr4Sn phase, which accounts for the unusual stoichiometry of 

is Crth
 The influence of pressure on the phase stability in the Fe-Si system has been 
investigated. We have found instability of the hcp Fe

3Si structure type compound.   

0.9Si0.1 random alloy with respect 
to the decomposition onto the Si-poor hcp Fe alloy and the B2 FeSi under high 
pressure. The tendency of this decomposition becomes stronger with increasing the 
applied pressure.   
 
 
Keywords: first principles, ab initio, density functional theory, point defects 
interactions, diluted magnetic semiconductors, structural stability, zirconium alloys. 
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Chapter 1 
 

Introduction 
  

The remarkable properties of semiconductors, which have determined the rapid 
development of modern electronics, are obliged, on the one hand, to the techniques of 
deep purification of semiconductor crystals and, on the other hand, to the techniques of 
controlled doping by impurities. Therefore, studies of various aspects of the state and 
behaviour of point defects (impurities, vacancies, interstitial atoms, and antisite defects) 
represent a scientific area of extreme scientific and technical importance, which 
eventually only extends and goes deeper. Modern development of microelectronics 
forces the researchers to pay special attention to small quantities of defects, as even 
individual defects can cause failure of a semiconductor device. Design of novel 
materials, which combine both the transport and magnetic properties of electrons inside 
one crystal, is a major problem of modern physics [1-4].  

In practical applications one deals with non-ideal, but real crystals. The 
distinctive feature of real materials is the presence of various defects in them, simply 
because the presence of defects in a crystal lattice is inevitable from the thermodynamic 
point of view. To identify the important defects, to neutralize their harmful influence, 
or to enhance their useful properties, it is necessary to clearly understand the processes 
of the defect formation and also the accompanying electronic processes. At present, 
huge progress has been achieved in investigations of solids and their properties based 
on fundamental, quantum mechanical description. The developed efficient methods and 
the increasing capacities of modern computers enable scientists to calculate the 
electronic structure and thermodynamic properties of realistically complex systems, 
starting from the atomic numbers of the constituting elements and the crystal structure.  

Many macroscopic solids have crystalline order. It means that the structure of 
such a solid may be derived from a small unit of atoms, by repeating it infinitely and 
periodically in space. Therefore, the properties of the whole material can be completely 
described by considering just one unit cell containing a small number of atoms. This 
remarkable structural model is widely exploited in ab initio calculations in order to turn 
from a consideration of ~1023 atoms of real crystal to a small number of particles. First-
principles calculations allow us to determine the properties of macroscopic materials 
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with sufficient accuracy, to describe the chemical bonding in terms of the electronic 
structure, as well as to calculate the parameters of interatomic interactions. Modern 
computational methods reveal deep mutual interrelation between the microscopic and 
macroscopic characteristics of the materials. Using the modern methods, based on the 
density functional theory (DFT), it is possible to investigate various imperfections of 
the ideal crystal structure (such as vacancies, impurities, interface segregations, etc.), to 
obtain the magnetic properties, phase stability, and many other useful characteristics of 
materials. The goal of my theoretical studies based on ab initio calculations is to 
reproduce and explain the experimental observations in real materials, thereby 
contributing to a better understanding of physical phenomena, and to make predictions 
which can lead to the development of new materials for future needs. 

This thesis is based on manuscripts and published articles that are included at 
the end of this book. The thesis is organized as follows. Chapter II describes the 
computational methods used in the present work, which are based on the density 
functional theory put forward in the 1960s by W. Kohn and P. Hohenberg. In Chapter II 
we give a description of the density functional theory and an overview of related 
computational methods. In Chapter III we are focusing on a new class of materials, 
Dilute Magnetic Semiconductors, and discuss their properties calculated from the first 
principles. We discuss in detail our calculations of the formation energy for various 
point defects and defect complexes, of the interaction energy between the defects, as 
well as defect diffusion and the influence of the defects on the magnetic structure of 
material. Chapter IV is devoted to calculations of phase stability. In this chapter we 
report our investigation of the ordering of oxygen and nitrogen in hcp IVB transition 
metals, based on the ab initio calculated interactions between the dissolved atoms. We 
discuss different contributions to these pair interactions and suggest a new model for 
calculations of strain-induced interactions in interstitial solid solutions. In Chapter VI 
we also consider the phase stability of compounds, based on the electronic structure 
calculations, and the effect of pressure on phase stability. The phase stability 
calculations are applied to the Zr-Sn and Fe-Si binary alloy systems. In conclusion, we 
summarize the results of the present thesis, appended papers, and discuss future 
prospects.    
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Chapter 2 
 

First Principles Calculations 
 
The information about the behavior of any system of electrons and atomic nuclei is 
contained in the many-body wave function, Ψ, which can be obtained by solving the 
Schrödinger equation  

 
,ˆ Ψ=Ψ EH                                            (2.1)  

 
where Ĥ  is the Hamiltonian operator of the system and E  is the total energy. The 
Hamiltonian operator describes the motion of each individual electron and the nucleus 
for every atom in the system and has the following form: 
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where we have used the Rydberg atomic units ( )2  ,1  ,2/1 22 === eme η .  Here R and r 
are the coordinates for each nucleus and electron, respectively, and Z is the atomic 
number. The first two terms in the Hamiltonian are kinetic energy operators acting on 
nuclei and electrons, respectively. The last three terms describe the Coulomb 
interactions between electrons and nuclei, electrons and electrons, and nuclei-nuclei. 
The first important and frequently used approximation is the Born-Oppenheimer 
approximation. Since the electrons are much lighter than the nuclei they move much 
more rapidly. This fact allows us to separate the motion of the electrons from the 
motion of the nuclei. The electrons can be considered as moving in a fixed crystal 
potential   , and the Hamiltonian can then be rewritten as: extV
 

                                                                                     (2.3) ,ˆˆˆˆ
extee VVTH ++= −
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where T̂  is the kinetic energy of the electrons,  is the electron-electron interaction, 

and  is the external potential acting on the electrons due to the nuclei. The many-
body Schrödinger equation involves 3N degrees of freedom for a system of N electrons 
and can be solved only for very small systems. A macroscopic solid (metal) consists of 
N~10

eeV −
ˆ

extV̂

23 /cm3 electrons, which makes Eq. (2.3) impossible to solve in realistic cases. 
Fortunately, there are approximations that can be used in order to solve a many-body 
problem. 
 

2.1 Density Functional Theory 
 
Density functional theory (DFT) is a fundamental instrument for calculating the 
electronic structure, magnetism, and other properties of condensed matter. DFT 
provides a way of solving the quantum mechanical problem of finding the ground state 
of a many-electron system by replacing it with a simpler problem of finding the 
eigensolutions of a one-particle Hamiltonian in which all the complex interactions and 
correlation effects are included in an exchange-correlation functional. This eigenvalue 
problem is usually referred to as the Kohn-Sham equation.  
 
In 1964 Hohenberg and Kohn [5] proved that the total ground state energy of a many-
electron system is a functional of the density 
 

,),...,,,(......)( 2
3232 NN rrrrdrdrdrNrn Ψ= ∫∫                                     (2.4) 

 
where  is the normalized ground state wave function for the system. The functional Ψ

[ ] ΨΨ= HnE ˆ  of the many-electron system has a minimum equal to the ground state 

energy at the ground state density, .  It means that if we know the functional form of 
 we are able to obtain the ground state density as well as the ground state energy of 

any interacting system. But in order to obtain 

0E
[ ]nE

[ ]nE  we must know the ground state 
wave function. Kohn and Sham [6] proposed a way to overcome this problem.  
 
Kohn and Sham assumed the existence of an external effective potential  such that 
the system of N non-interacting particles moving in this potential would have the same 
ground state density n

effV

0 as the corresponding system of N interacting particles.  Then 
non-interacting electrons satisfy the one-particle Schrödinger equation, usually called 
the one-particle Kohn-Sham equation 
 

                       ( )[ ] ( ) ( ).2 rrrV iiieff Ψ=Ψ+∇− ε                                  (2.5)  
 

The solution of this one-particle equation gives the electron density by the equation 
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where the sum runs over all occupied states up to the Fermi energy EF. The Fermi 
energy is, in turn, found from the condition for the total number of electrons in the 

system, . The ground state kinetic energy of the non-interacting electron 

system is given by 

drrnN FE
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This quantity is a unique functional of the density, because  is uniquely determined 
by n(r) according to Hohenberg and Kohn and, therefore, also the one-electron 
orbital . Problems, however, still remain. In the single particle equation (2.7) an 
artificial external single particle potential is still unknown. This potential must be 
constructed in a way to reproduce the electron density of the many-particle system. To 
solve this problem Kohn and Sham identified so-called exchange-correlation functional 
by 

effV

iΨ
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)()(ˆˆ                       (2.8) 

In this expression, all complexity deriving from the many-particle problem is put into 
the term denoted as  and called the exchange-correlation energy. The main 
contribution to this term is the correlation between different electrons that must be 
accounted for in order to produce realistic results. This term is typically 5% of the total 
energy and the next section is devoted to this. We can now express the total energy 
functional as follows: 

[ ]nExc

 

[ ] [ ] [ ] ∫∫∫ ++′
′−
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+= .)()()()()(2
2
1)()( drrnrVrnErdrd

rr
rnrnrnTrnE extxc           (2.9) 

 
The total energy functional in the above expression consists of the kinetic, the Hartree, 
the exchange-correlation, and the electron-nucleus interaction terms, respectively. In 
order to find the ground state energy and density this expression has to be minimized 

with respect to the density, [ ] 0
)(
)(

0

=
nrn

rnE
δ

δ . Let us calculate all terms in the energy 

functional separately.  
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Then we can write the following expression for the one-electron potential    
   

( ) )).(()(2)( rnV
rr
rnrdrVrV xcexteff +
′−
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′+= ∫                                                  (2.13)  

 
The ground state density n(r) of the interacting system can be found from eq. 2.6, 
where the single orbitals are the N lowest eigenfunctions of a one-particle Hamiltonian. 
The effective potential in the Hamiltonian is determined by the true ground state 
density n0, which is unknown initially. Therefore the solution of equation (2.13) is 
obtained by giving an initial guess at the density, thereby finding the corresponding 
eigensolutions. These states are then used to create a new density through using eq. 2.6 
and calculate a new effective potential. This interactive process is continued until the 
output density is consistent with the input density used to construct Veff, that is so-called 
self-consistent process. Having obtained the true density, we can subsequently find the 
total energy in the ground state from equation (2.9). 
 

2.2 Approximations to the exchange-correlation energy 
functional Exc[n(r)] 
  

DFT reduces the number of variables in the Schrödinger equation, but we still have a 
problem with finding an explicit form of the exchange-correlation energy 
functional, , which is a really difficult task. Although the contribution of the 
exchange-correlation energy to the total energy is much smaller then the rest part, this 
term is of great importance in order to reproduce correct results for practical materials. 
There exist several ways how to approximate 

( )[ rnExc ]

( )[ ]rnExc  without losing too much in 
accuracy. The most widely used are the Local Density Approximation (LDA) and the 
Generalized Gradient Approximation (GGA).  
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In the LDA the exchange-correlation functional is written as 

( )[ ] ( )[ ] ( )∫= ,drrnrnrnE xc
LDA
xc ε                                                  (2.14) 

where ( )[ rnxc ]ε  at a given point r in space is taken to be equal to the exchange and 
correlation energy per particle in a homogeneous electron gas of density n(r).  The 
results obtained from LDA have been well above all expectations even for very 
inhomogeneous cases, considering its simplicity. However, for solids the LDA often 
gives too small equilibrium volumes (by ~3%). An improvement over the LDA is in 
many cases achieved using the generalized gradient approximation, where not only the 
density itself enters the expression for the exchange-correlation energy, but also its 
gradients that include the effect of non-homogeneity to first order, 

               ( )[ ] ( )[ ] ( )∫ ∇= .||, drrnnrnrnE xc
GGA
xc ε                                           (2.15)    

However, there exists no unique GGA functional and many different forms have been 
suggested. Most commonly used are the functionals formulated by Perdew and Wang 
(PW91) [7], and a simpler form suggested by Perdew, Burke, and Ernzerhof (PBE96) 
[8]. These functionals have been successfully employed in the present research studies. 
In many cases the GGA provides an improvement over the LDA, especially regarding 
the equilibrium volumes that become closer to experimental values. The LDA as well 
GGA functionals can be modified to account for the electron spin in order to describe 
magnetic properties of matter. The density of the electrons can be separated into two 
spin channels, spin un and spin down, .)()()( ↓↑ += rnrnrn  Then the magnetization 
can in turn be defined as .)()()( ↓↑ −= rnrnrm    

 

2.3 Periodicity 
 

Further conceptual simplification of the eigenvalue problem for Kohn-Sham equation is 
achieved exploiting the periodicity. As it has been discussed in the previous section the 
Kohn-Sham Hamiltonian depends on the trial density n(r) from which the effective 
one-electron potential is constructed. If the density has the same periodicity as the 
external potential (from periodically arranged ions in the crystal structure) then the 
same is also true for the effective potential. Let us consider a system described by a 
Hamiltonian that is assumed to be invariant under the spatial translations of a lattice 
vector. The lattice vector R of real space is defined as an integer linear combination, 

, of the set of translation vectors that defines the lattice. A 
Wigner-Seitz cell is defined as the smallest region of volume 

332211 anananR ++=
)( 321 aaa ×⋅=Ω  

enclosed by planes that bisect the lattice vectors. The atomic Wigner-Seitz sphere is 
centered at the atom, and the crystal containing only one atom per unit cell has a 
volume equal to the volume of its Wigner-Seitz cell. Its radius, S, is determined from  

3

3
4 Sπ

=Ω       (2.16)  
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The eigenstates of a periodic invariant Hamiltonian can be classified according to the 
irreducible representations of the relevant translation group. This is the content of a 
famous Bloch’s theorem [9]. According to Bloch’s theorem a wave function that is a 
solution to the Shrödinger equation in a periodic potential can be written as 

),(),( rkuerk j
ikr

j =Ψ ,                                               (2.17) 

where j is a band index,  has the same periodicity as the lattice, and k is a wave 
vector of the irreducible representation according to which the state transforms under 
translations. Crystals usually exhibit additional symmetry under rotation and inversion, 
which means that certain wave vectors inside the Brillouin zone become equivalent. 
The smallest part of the Brillouin zone that contains a complete set of inequivalent 
wave vectors is called the irreducible part and it is sufficient to consider the wave 
vector inside this zone. For example, the irreducible part of body centered cubic 
structure is 1/48 of the whole Brilliouin zone. The k vectors lead to the introduction of a 
reciprocal space in which we define reciprocal lattice vectors G by 

),( rku j

  ,2 mRG π=⋅      Zm∈ ,               (2.18) 

where R are lattice vectors in real space. The transformation properties of a Bloch’s 
function are only unique up to the addition of a reciprocal lattice vector. 

      (2.19)   
).,(

),(),( ))((

rGkue

RrGkueRrGk

j
ikRT

j
RrGki

j

+=

++=++Ψ ++

 The number of non-equivalent k-vectors is equal to the number of unit cells 
constituting the crystal. Therefore, we impose the periodic boundary conditions for a 
finite number of unit cells in order to obtain invariance. For each of the infinitely many 
k-points we need to span the space of functions each of which has the periodicity of the 
crystal. The wave functions at neighboring k-points will be almost identical, and the 
same holds for the energies. This implies that the wave functions only need to be 
calculated for a finite number of k points in the Brilliouin zone, say, for 100 points. The 
Kohn-Sham eigenvalues can be rewritten as a function of k. This function, E(k), is 
called the band structure and gives much information about the ground state properties 
of the system. For each k vector there is a discrete set of eigenenergies that leads to the 
concept of energy bands.  The total energy and the electonic density of states are 
calculated by integration over the sample k points in the Brilliouin zone. The 
convergence of these results depends on number of taken k points and this number 
depends on the accuracy required in the calculations.   

 An alternative way to construct a wave function with the correct transformation 
properties is: 

       ,                                     (2.20) )(),( Rruerk j
ikR

R
j −=Ψ ∑

where the sum extends over all lattice sites. This means that the equation (2.20) can be 
solved separately and independently for each k-point, though the integration over the 
Brillouin zone is necessary in the end to obtain the band energy.      
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2.2 Modern computational methods 
 

All methods for solving the Schrödinger equation should be, in principle, the 
same. However, numerical calculations for problem with an infinite number of degrees 
of freedom are always approximate. Many methods aim to choose a set of basis 
functions that approximate the real solutions as closely as possible. Some of the most 
widely used methods are the Projected Augmented Wave (PAW) method, the Korringa-
Kohn-Rostoker (KKR) method, and the Linear Muffin-tin Orbital (LMTO) method. All 
these methods have been implemented in the form of computer codes and some of them 
are used in the present thesis. The codes with a better accuracy are usually much more 
expensive in terms of computational power and memory usage, while other methods 
that make severe approximations usually run faster and may be used on smaller 
machines. The choice of the code for a specific task depends on the required accuracy. 
This section gives a brief overview of these methods. 

       

2.2.1 The PAW method 
 

The projector augmented wave method is a technique that allows one to 
combine the accuracy of the linearized augmented plane wave (LAPW) method with 
the speed and efficiency of a plane-wave pseudopotential method, to any desired 
proportion, via transformations of the wave functions. The idea of this technique is as 
follows.   

Using periodicity of  one can write it as a Fourier series,  )(ru jk

∑ ⋅=
G

riG
Gjkjk ecru ,)( ,                                          (2.21) 

where G are the reciprocal lattice vectors and   are the Fourier coefficients. When 
eq. 2.21 is inserted into eq. 2.17, the wave functions become expressed as a sum of 
plane waves,  

Gjkc ,

.),( )(
,

rGki

R
Gjkj ecrk ⋅+∑=Ψ                                  (2.22) 

The problem of finding has thereby been reduced to the problem of calculating 
the coefficients .   Hence, we have to solve the Shrödinger equation for an infinite 
set of plane waves, which is impossible. The coefficients in eq. 2.22 are decreasing 
rather rapidly with increasing the kinetic energy. Consequently, the sum in eq. 2.22 can 
be truncated at a certain cut-off value for the kinetic energy. Then we get the finite 
number of unknown coefficients.   Inserting the finite number of the plane wave 
functions into the Kohn-Sham equations and applying the orthogonality constraint for 
these functions give us a matrix eigenvalue equation that can, in principle, be solved by 
a diagonalization technique [10], to yield the eigenfunctions  and the 
eigenvalues

),( rkjΨ

Gjkc ,

Gjkc ,

jkε . In order to avoid a very large set of plane waves, which makes the 
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diagonalization procedure very expensive in terms of computational usage, the core 
region containing the biggest part of electronic states can be considered separately by 
introducing an effective pseudo potential [11,12] that replaces the core electron wave 
functions and the strong ionic potential. This model is based on the conception that only 
the valence electrons are responsible for the inter-atomic interaction, while the core 
electrons are almost unaffected. The scattering properties of the nuclei and the core 
electrons are reproduced by the pseudo potential. The pseudo potential and the 
corresponding wave functions are identical to the all-electron potential and the all-
electron wave functions outside a certain cut-off radius. The Projector Augmented 
Wave method, formulated by Blöchl [13] in 1994, provides a more general approach in 
order to manage the core orbitals and the valence electrons inside the core region. This 
approach was implemented by Kresse [14] in the very popular Vienna ab initio 
simulation package (VASP), in which one can use the PAW in the frozen core 
approximation. The core wave function are unaffected by the behavior of the valence 
electron wave functions, while the package relies on many atomic potentials as for the 
regular calculations as well for special tasks, ¨high pressure¨ calculations for example, 
where electrons typically confined in the core region effectively become situated in the 
valence. Together with the so-called Hellman-Feynman force theorem it becomes 
possible to relax the atomic positions in the supercell. This method was used for 
electronic structure calculations in papers IV, V and VI of this thesis.  
  

2.2.2 Linearized Muffin-tin Orbital (LMTO) method 
 

The linearized muffin-tin orbital (LMTO) method, largely developed by 
Andersen (1973) and documented by Skriver (1984), resembles the linearized 
augmented plane wave method, but carries out sums in a different order, emphasizing 
spherical symmetry, with the practical result that is very fast, but not as suitable as 
other methods for solids that are not very symmetrical [15].  So-called muffin-tin 
potential is spherically symmetric within non-overlapping spheres of radius 

centered at the individual nuclei and has a constant value  in the interstitial 
region outside the muffin tin spheres. Thus  can be written as  

MTR MTZV

MTV

⎩
⎨
⎧ −

=
0

)( MTZ
MT

VrV
V                    

.
;

MT

MT

Rr
Rr

>
≤

                                  (2.23) 

Here is the spherically symmetric component of the effective potential. This 
potential has been shifted in order to get a vanishing potential in the interstitial region. 
The full model potential is then just a sum of the individual muffin-tin wells: 

)(rV

           (2.24)  ∑ −=
R

MT RrVrV |)(|)(.mod

Solving the Kohn-Sham equation for a muffin-tin potential one gets  

  ( )[ ] ( ) ( ),,, 22 rkrrVMT εε Ψ=Ψ+∇−                            (2.25) 
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where  From the spherical symmetry of MT potential, the wave functions 
inside the MT sphere can be written as a product of a function dependent on angular 
momentum (a spherical harmonic), and a radial function  

.2
MTZVk −= ε

lΨ ,  

),,()ˆ(),( rrYir l
m

l
l

L εε Ψ=Ψ                                            (2.26) 

where  is the angular momentum index and is  a spherical harmonic. This 
form of the eigenenergy functions leads to the radial Schrödinger equation:    

),( mlL = m
lY

 ( ) .0,)1( 2
2

2

2 =Ψ⎥
⎦

⎤
⎢
⎣

⎡
−+

+
+− rkV

r
ll

dr
d

lMT ε                               (2.27) 

This equation is solved using a logarithmic radial grid where the density of grid points 
is higher near the nucleus. Outside the muffin-tin region, where the potential is constant 
the solution is a linear combination of spherical Bessel and Neumann 

functions.  Andersen [15] rewrote this formulation of the wave function as 
),( rkjl

),( rknl

⎩
⎨
⎧ +Ψ

×=
)(

)()(cot),(
)ˆ(),,(

krkn
krjngkr

rYirk
l

lllm
l

l
L

ε
εχ  

.
;

MT

MT

Rr
Rr

>
≤

  (2.28) 

The muffin tin orbital Lχ is explicitly energy dependent, but now only inside the MT-
potential well. The energy dependence of it outside the region is included in k. The 
muffin-tin orbitals are made independent of energy, and hence solutions can be found 
from their linear combination.     

 

2.2.3 KKR-ASA Green’s function method 
 

 The atomic sphere approximation (ASA) was introduced by O.K. Andersen. He 
suggested the use of a spherically symmetric model potential inside overlapping space-
filling Wigner-Seitz spheres, and complete neglect of the kinetic energy in the 
interstitial region. Within muffin-tin terminology this means RMT=S and k=0, where S is 
Wigner-Seitz radius (see eq. 2.16). If the crystal is not close-packed it is necessary to 
include so called empty spheres to reduce the overlap of muffin-tin spheres. This 
approach was also used for the Korringa, Kohn and Rostocker method (KKR-ASA) and 
implemented in the corresponding computer codes. The KKR method is based on 
multiple scattering theory (MST) and uses Green’s functions to solve the Kohn-Sham 
equation exactly for MT-type potentials. An energy-dependent MT orbital may be 
written as  

⎪
⎩

⎪
⎨

⎧
+

+Ψ
×=

+1)/(
)12(2

)/()(),(
)ˆ(),(

l

l

llm
l

l
L

rS
l
SrPr

rYir
εε

εχ          
Sr
Sr

>
≤

                (2.29) 

where )(εlP  is the potential function, corresponding to the cotangent function  
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and where  )(εlD is a logarithmic derivative function, 

MTSr

l

l
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SD
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)(
ε

ε
                               (2.31) 

defined for any partial wave lΨ  regular at the sphere boundary. In order to solve 
Schrödinger equation for the whole crystal, using linear combination of the Bloch sums 
(eq. 2.20), the wave function inside MT spheres must be described only by , because 
it solves the radial Shrödinger equation (eq. 2.27). We must therefore require the tails 
from other spheres to cancel the potential function in any individual sphere. It is 
possible to show that if all the tails (potential functions) in the Bloch sum expanded, 
they can be described by a matrix only related to the lattice structure, the so-called 
structure constant S

lΨ

LL’. The tail cancellation inside MT spheres means that the 
following relation should be fulfilled: 

[ ]∑ =−
L

jk
L

k
LLLLl aSP 0)( ''δε    max,...,1,0' LL =               (2.32)     

where the label j is a band index indicating the possibility of having several energies at 
each k. In practice one uses a cutoff on the l number. Experience shows that in most 
cases  or 3 is sufficient for an accurate description. The set of linear, 
homogeneous equations (2.32) is called the KKR-ASA equations. Non-trivial solutions, 

 for the coefficients  exist only when the secular determinant vanishes: 

2max =l

k
jεε = kj

la

[ ] .0)(det '' =− k
LLLL

k
jl SP δε                                               (2.33) 

This compact equation allows one to find the band structure E(k) of the Kohn-Sham 
equation in the ASA.  

 The solution of the Hamiltonian matrix equation can be found by considering 
Green’s functions. The Green’s function G of the system can be obtained from a 
reference Green’s function G0 from the Dyson relations 

,)(

...
11

0

00000000
−− −=

⇒+=+++=

tGG

tGGGtGtGGtGGGG
               (2.34) 

where t is a scattering matrix.  For example, consider Green’s function ),,(0 εrrG ′ to 
the one-electron Schrödinger equation, 

( )[ ] ( ) ).(,,0
2 rrrrGrV ′−−=′−+∇− δεε                 (2.35) 

The eigenfunctions behave as  

                                     (2.36) ).()()( * rrrr
i

ii ′−−=′ΨΨ∑ δ
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Therefore, one can write 

  ∑ −
ΨΨ

=′
i i

ii rr
rrG .

)()(
),,(

*

0 εε
ε                                  (2.37) 

Green’s function has poles corresponding to the eigenstates of H. In the KKR-ASA 
Green’s function method, an auxiliary Green’s function is introduced from the relation 

                                             (2.38) [ ] ),()()( 1 zkgkSzP =− −

where z a complex energy. Here the Green’s function is defined in the reciprocal k-
space. The corresponding real-space Green’s function ),,( εrrG LL ′′ is obtained by a 
transformation [16], which is done by integration over the Brillouin zone, 

),,(1)( ,
)(3

, zkgked
V

zg LUUL
BZ

TTik

BZ
LRRL ′′

′−⋅
′′ ∫=             (2.39) 

where VBZ is the volume of the Brillouin zone and U is a basis vector of the unit cell 
connected to the lattice site R via a translation T, R=U+T. Then it is possible to 
calculate all physical quantities, for instance, the electron density is obtained by 

).,,(Im1)( zrrGdzrn LL

EF

′−= ∫
∞−π

                             (2.40)      

For the evaluation of this equation, a contour integration in the complex plane is usually 
employed. The KKR-ASA Green’s function technique described above, together with 
the Coherent Potential Approximation (CPA, will be described below) was 
implemented in computer code, known as the Bulk Green’s Function Method (BGFM), 
by A. Ruban et al. This computational code was used for the calculations in papers II 
and III.   

 

2.2.4 The Exact Muffin-tin Orbital (EMTO) method 
 

Very briefly, the Exact Muffin-tin Orbital (EMTO) theory was originally 
developed by Andersen [17] and then implemented in a computer code by Vitos et al. 
[18]. The basic idea of EMTO method may be considered as an improved KKR 
method, where the exact potential is represented by large overlapping potential spheres. 
By using overlapping spheres one describes more accurately the exact crystal potential, 
when conventional non-overlapping muffin tin approach. In EMTO the one-electron 
Kohn-Sham equations are solved also within the muffin tin approximation for effective 
potential, 

,])([)()( 00 ∑ −+≡≈
R

RRMT vrvvrvrv                   (2.41) 

where R runs over the lattice sites, are spherical potentials, which become equal 
to outside the potentials spheres of radii . For accurate representation of the full 

)( RR rv

0v Rs
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potential these s-spheres should overlap [19]. This method was used for calculations of 
the ground state properties of materials under high pressure in paper VII of my thesis. 
 

2.3 Coherent potential approximation 
 

The Coherent Potential Approximation (CPA) was introduced in a paper by 
Soven [20] in 1967, in order to describe the electronic structure of random 
substitutional alloy. The main idea of CPA is to replace the random arrangement of the 
atoms with a uniform medium that describes the average scattering properties of the 
system and restores the translation invariance. This means that periodicity will 
somehow be restored so that Bloch’s theorem can be used again. A great advantage of 
the CPA is that the average electronic structure of an infinitely large system (disordered 
alloy) can be calculated very fast compared to the supercell method.  

Let us introduce this approximation by considering a random alloy consisting, 
for simplicity, of two components. Atoms A and B of the two different sorts are 
randomly distributed over the lattice sites so that the probability of finding a particular 
atom at a site is x for B atoms and 1–x for A atoms, where x is the concentration of B 
atoms in the alloy. Our aim is to create the best effective potential that can be placed on 
each lattice site, except the central one where the potential is described by that of atom 
A or B. It turns out that the problem becomes formally identical to that of a single 
impurity in an otherwise perfect crystal. This is why CPA is called a single-site 
approximation.  

In multiple scattering theory it is easy to describe spatially localized 
perturbations through the Dyson equation V∆

   
  ,                                 (2.42) VGGGG ∆+= 00

where G0  and G are Green’s functions for the unperturbed and perturbed system, 
respectively. To construct the coherent Green’s function for the effective medium, g~ , 
the KKR-AAS auxiliary Green’s function from eq.( 2.38) is used 

[ ]∫
−

−=
BZ

SPkdg ,~~ 13                                         (2.43) 

where P~  is the coherent potential function and S is the structure constant matrix. At 
the same time, g~  is given by the configurational average of single A and B atoms 
embedded in effective medium, 

 ,)1(~
BA xggxg +−=                                        (2.44) 

the single-site Green’s function  and  are then calculated from the Dyson 
equation 

Ag Bg

.)~(~~
,)~(~~

BB
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gPPggg

gPPggg

−+=

−+=
                                     (2.45) 
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Note that within the ASA the perturbation is only in the potential function. Combining 
equations (2.44) and (2.45) the coherent potential function becomes 

 [ ] [ ],~~~)1(~ PPgPPxPPxP BABA −−++−=         (2.46) 

which together with eq.(2.43) can be solved self-consistently for P~  and g~ . The single-
site Green’s functions and  can be calculated from eq. (2.45), thereafter 
properties including site-projected density of states, potential and energy can be also 
calculated. For more information about CPA, see reference [21]. 

Ag Bg

         

2.4 Locally Self-consistent Green’s Function (LSGF) method 
 

The locally self-consistent Green’ function method (LSGF) have been suggested 
and implemented by I. A. Abrikosov et al. [22,23]. The LSGF is a method for 
calculation of the electronic structure of systems with an arbitrary distribution of atoms 
of different kinds on an underlying crystal lattice. This method has an O(N) 
computational time scaling, where N is the number of atoms in the system. The O(N) 
techniques based on a Green’s function approach in Ref. [22-25] owe their favorable 
scaling properties thanks to the fact that the electron density is obtained solely from the 
site-diagonal block of the Green’s function matrix. It follows that the conventional 
approach, i.e., diagonalization of a Hamiltonian or inversion of a Green’s function 
matrix, involves large amounts of data that are needed only by the mathematical 
diagonalization, hence the O(N3) scaling, and not by DFT in the construction of the 
electron density and total energy. As I.A. Abrikosov et al. [22,23] have shown, the site 
diagonal block of the Green’s function matrix for a particular atom in a large system 
may be obtained with sufficient accuracy by considering only the electronic multiple 
scattering process in a finite region of space containing M atoms and called the local 
interaction zone (LIZ). This multiple scattering problem scales as O(M3), but when it is 
applied, in turn, to each atom in the unit cell the combined computational procedure 
exhibits the desired linear scaling in N with a prefactor determined by M and by the 
number of basis functions.  

 Let us consider the problem of calculating the total energy of a system of N 
atoms in a supercell subjected to periodic boundary conditions such as illustrated in 
Fig. 2.1. We assume that the atoms may be of different types and distributed with a 
specified degree of order. 

The first step of calculation is the construction of effective medium (Fig. 2.2a) 
using the CPA as it was shown in the previous section. The effective atoms are 
distributed on the same underlying lattice as the atoms of original system. They are 
represented by their potential functions RP~ , which on the average describe the 
properties of the original system as close as possible so that their Green’s functions 
g~ may be obtained from RP~  and the structure constants S~ of the underlying lattice by 

solving Eq. (2.38) in the conventional manner. Inside the constructed effective medium 
we can specify an atomic site i with a  LIZ consisting  of  the  nearest  neighbour  shell  
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Figure 2.1: A supercell with two kinds of atoms A (white) B (black) with a random 

distribution of atoms with periodic boundary conditions. 

 

surrounded by the effective medium (Fig. 2.2b).  The LIZ is constructed considering 
boundary conditions. In (2.2c) the LIZ is moved to another site j and it will be moved 
through all the sites of supercell. 

Following Nicholson et al. [24,25] one can consider a site R surrounded by M-1 
atoms, which is a LIZ with M atoms. But instead of solving the local multiple scattering 
problem directly, as it is done in the framework of the locally self-consistent multiple 
scattering method [25], one can embed all the N local interaction zones in the effective 
medium constructed as above. As a result, the Green’s function for the LIZ is now 
given by the Dyson equation, which for the Green’s function matrix  at the central 
site R can be written as  

RRg

∑ −+=
M

R
RRRRRRRRRR gPPggg

'
'''' ,)~(~~                     (2.47) 

Here the sum runs over the M atoms in the LIZ. Although the entire Green’s function 
matrix  does not in general correspond to that of the system under consideration, 
the site-diagonal block  will approach that of the real atom at R for a sufficiently 
large LIZ.  In this sense  will be locally self-consistent. Therefore, only the site-
diagonal blocks are needed in order to determine the charge density, the one-electron 
potential, and the total energy of the supercell. The  blocks are calculated 
independently for each atom by forming the associated LIZ’s and solving eq. (2.47). 
Hence the solution of the Kohn-Sham equation for the entire N-atom system is 
decomposed into N independent problems.  

RRg '

RRg

RRg
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Figure 2.2: The local interaction zones embedded into the effective medium. See text for 
explanation. 

 

 

 
Figure 3.2: Timing of LSGF method. See text for explanation. 
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In figure 3.2 we demonstrate that the computational effort of the complete 
procedure of calculation by the LSGF scales as O(M3N) problem, where M is the 
number of atoms contained in the LIZ. As one can see, the LSGF method is very 
suitable for calculations of systems containing a large number of atoms N. The main 
contribution in the calculation time comes from calculations inside the LIZ. Doubling 
the number of particles M in the LIZ increases the time of calculation by a factor of 8.  
Therefore, one should be careful with the choice of a LIZ size. Usually LIZ contains 
about 4 coordination shells around a central atom, but in each specific case, depending 
on the structure and the content of alloy, it may be different.  Calculations of small 
supercells, where M is equal or greater than N, by the LSGF method are not reasonable 
in terms of time scaling. 
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Chapter 3 
 

Studies of the energy characteristics 
and magnetic properties of point 
defects 
 

An ideal crystalline solid is represented by a periodic lattice with all the sites 
occupied by specific atoms or groups of atoms. In reality a perfect crystal does not 
exist. All crystals have some defects. The existence of the different kinds of defects can 
play crucial role in properties of materials. Defects are classified according to their 
spatial dimensionality into point defects, line defects, planar defects, and bulk defects. 
In this thesis, we consider only point defects and their energy characteristics, such as 
the formation energy, the diffusion barrier, and the interaction energy between point 
defects. We also discuss also how these defects change the magnetic properties, using 
GaAs doped by 3d-impurities as an example. The point defects calculations are an 
important part of most papers included in the present thesis, and they will be referred to 
in the following discussion.         
 Point defects are defects, which are not extended in space in any dimension. 
They may be classified as follows:: 

-Vacancies are empty spaces where an atom should be, but is missing. They are 
common, especially at high temperatures when atoms are frequently and randomly 
change their positions leaving behind empty lattice sites. If a neighbouring atom moves 
to occupy the vacant site, the vacancy moves in the opposite direction to the site, which 
used to be occupied by the moving atom (so called a diffusion process).  

-A self-interstitial atom is an extra atom that has crowded its way into an 
interstitial void in the crystal structure. Self-interstitial atoms occur only in low 
concentrations in metals because they distort and highly stress the tightly packed lattice 
structure.  

-A substitutional impurity atom is an atom of a different type than the bulk 
atoms, which has replaced one of the bulk atoms in the lattice. Substitutional impurity 
atoms are usually close in size (within approximately 15%) to the bulk atom. An 
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example of substitutional impurity atoms is the zinc atoms in brass. In brass, zinc atoms 
with a radius of 0.133 nm have replaced some of the copper atoms, which have a radius 
of 0.12 nm.  

-Interstitial impurity atoms are much smaller than the atoms in the bulk matrix. 
Interstitial impurity atoms fit into the open space between the bulk atoms of the lattice 
structure. An example of interstitial impurity atoms is the carbon atoms that are added 
to iron to make steel. Carbon atoms, with a radius of 0.071 nm, sit in the spaces 
between the larger (0.124 nm) iron atoms. 

- Anti-site defects occur in an ordered alloy. For example, some alloys have a 
regular structure in which every other atom is a different species, for illustration assume 
that type A atoms sit on the cube corners of a cubic lattice, and type B atoms sit in 
centre of the cubes. If one cube has an A atom at its centre, the atom is on a site usually 
occupied by an atom, but it is not the correct type. This is neither a vacancy nor an 
interstitial, nor an impurity.  

Vacancies, self-interstitials and antisite defects are so-called intrinsic or native 
defects since they do not involve foreign atoms. Defects involving foreign atoms (i. e., 
impurities) are referred to as extrinsic defects. The different kinds of point defects can 
form complexes. For example, if a vacancy encounters an impurity, the two may bind 
together if the impurity is too large for the lattice. Interstitials can form 'split interstitial' 
or 'dumbbell' structures where two atoms effectively share an atomic site, resulting in 
neither atom actually occupying the site.  

 

3.1 Dilute magnetic semiconductors 
 

 Until now, the spin of the electron was ignored in mainstream charge-based 
electronics. Adding the spin degree of freedom in conventional semiconductors charge 
based electronics (Si, GaAs) will add performance and capability to electronic products. 
The advantages of these new devises would be decreased electronic power 
consumption, increased data processing speed and integration densities compared with 
traditional semiconductor devises.     

The search for materials combining properties of a ferromagnet and a 
semiconductor has been a long-standing goal. An ideal magnetic semiconductor would 
be the one having a Curie temperature above the room temperature and it should be 
compatible with the base materials of complex integrated circuits. The list of candidate 
materials is expanding rapidly [26-35], and it is difficult to guess which material class 
will be the first to satisfy both criteria. Candidate materials for spintronic devices 
include transition metal oxides Fe2O3, CrO2 [36], some Heusler alloys [37], certain 
manganites (e.g., Ln0.7Sr0.3MnO3 [36]) as well as double perovskites (e.g., Sr2FeReO6 
[38]), and many other materials. The crystal structure of such materials is typically very 
different from that of traditional semiconductor materials of today’s use, like Si and 
GaAs. From this point of view, Ga1-xMnxAs is one of the most promising materials, 
simply because it is based on GaAs. It belongs to the class of dilute magnetic 
semiconductors (DMS). DMS are materials based on non-magnetic semiconductors 
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doped by magnetic elements, with typical concentrations of 3-8 at. %. The wide variety 
of II-VI and III-V-based DMS doped with different magnetic atoms form a class of 
materials, which range from wide-gap to zero-gap semiconductors. Most of the DMS 
have a p-type conductivity. For example, Mn2+ ion in GaAs acts as acceptor introducing 
a valence band hole, but also it forms a local magnetic moment. Ferromagnetism in 
DMS occurs because of the interactions between the local magnetic moments mediated 
by carriers (often holes in the semiconductor valence band). The exact origin of the 
ferromagnetism in DMS is still under debate. The most popular theories are based on 
the RKKY model and consider a competition between indirect exchange mechanisms 
such as double- and super-exchange. The solubility limit of magnetic atoms in DMS is 
very low. But for high temperature ferromagnetism, a large concentration of magnetic 
ions is needed. This can be accomplished by means of non-equilibrium crystal growth 
techniques, such as the low temperature molecular-beam epitaxy (MBE). Since the 
doped atoms are in a non-equilibrium state, it is very important to know their 
distribution among sites in the crystal as well as the influence of intrinsic defects on the 
magnetic structure. This problem will be considered in the next section.     

  

3.2 Site preference calculation of 3d metal impurities in GaAs 
 

In the present study, we consider the behavior of point defects, such as anti-
sites, vacancies, interstitials, substitutional impurities, as well as complexes of these 
defects, in GaAs. In papers I and II, we have studied theoretically the problem of site 
preference of an impurity in a multi-sublattice host, on the basis of ab initio 
calculations of point defects energies.  In this part of my thesis I would like to discuss 
in details the calculations of point defect energies in GaAs. One can also apply the 
technique and the general approach presented below to other materials, such as metal 
alloys or intermetallic compounds. 

Most ab initio packages give total energy of the system as an output. This total 
energy depends on atomic distribution in the system, the electrons and ions interactions, 
approaches used in the methods, etc. The numerical value of total energy does not have 
a practical physical meaning. However, one can compare this energy with other 
energies calculated using the same approach.  Simple combinations of total energies 
(representing the energies of quasi-chemical reactions) give us useful information about 
the real properties of materials. Here we will consider in detailed how to calculate the 
formation energy of intrinsic defects in GaAs and to analyze the site preference of 
impurities using the results of ab initio calculations. The consideration is based on the 
method developed in references [39-41].      
  The GaAs compound has the zinkblende structure, see fig. 3.1.  There are two 
atomic fcc sublattices (Ga and As, respectively) as well as two fcc sublattices formed by 
the tetrahedral interstitial positions in the zinkblende structure (I1 and I2, respectively). 
The two interstitial positions are not equivalent since position I1 is surrounded by four 
As atoms in the first coordination shell whereas position I2 is surrounded by four Ga 
atoms.  
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Fig. 3.1. The GaAs compound has a zinkblende structure.  There are two atomic fcc sublattices 
Ga (white atoms) and As (black atoms) as well as two fcc sublattices formed by the tetrahedral 
interstitial positions in the zinkblende structure I1 (d) and I2 (c). Figure 3.1a and 3.1b consist 
one antisite defect AsGa and GaAs, respectively. 

 
First of all, we determine the defect energies on the basis of ab initio total 

energy calculations performed within the locally self-consistent Green’s function 
method introduced by Abrikosov et. al.[22,23]. We use supercells containing N sites 
(N=32, 64, 128, 256) based on the unit cell of GaAs, each supercell contains just one 
point defect. Interstitial positions in LSGF method are represented by empty spheres 
and are considered as additional lattice sites. The vacancies are also modeled by empty 
spheres. Details of ab initio calculation can be found in paper II.   
 To calculate the energy of a reaction one needs the total energies of the 
supercells containing the point defects involved in the reaction, as well as the energy of 
defect-free GaAs in order to maintain the detailed atomic balance (the number of atoms 
corresponding to the right-hand site and to the left-hand site of the reaction must be 
kept equal since the reaction is composition-conserving). The total energy of the pure 
elements, Ga and As, should, in principle, be taken in the reaction for their stable 
structures, but here we simplify calculations by considering the pure elements in the fcc 
structure. 

  Let us write the reactions for single intrinsic defects. Formation energy of an 
AsGa antisite in the otherwise stoichiometric GaAs is calculated as follows: 

fccfcc Ga)As(GaAs GaGa +→+ ×  ,                              (3.1) 

The formation energy of a GaAs antisite is calculated as: 

  ,                               (3.2) fccfcc As)Ga(AsGa AsAs +→+ ×
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Fig.3.2 Calculated formation energy of native defects in GaAs as a function of supercell size. 

 

where ()x-denotes a neutral defect or defect complex. For the formation of neutral 
vacancies, VaGa on a Ga site and VaAs on an As site, one can write the following quasi-
chemical reactions: 

   fccGa)Va(Ga GaGa +→ ×

fccGa)Va(Ga AsGa +→ ×                                               (3.3) 

For GaI and AsI self-interstitials in GaAs one has:   

     and  .                      (3.4) ×→ )Ga(Ga Ifcc
×→ )As(As Ifcc

The calculated formation energies of single point defects in GaAs are presented 
in fig. 3.2. The calculations have been performed for different supercell sizes in order to 
exclude spurious defect interactions due to periodic boundary conditions. The energies 
of all these defects are calculated to be positive, which means that the defect-free 
stoichiometric GaAs is stable. From the balance of calculated formation energies it 
follows that non-stoichiometry in the As-rich and Ga-rich GaAs is most easily 
accommodated by neutral antisite defects (AsGa)x and (GaAs)x, respectively.  

One can also simulate defect pairs using the supercell approach. For example, 
the formation energy of a AsGa-GaAs antisite pair can be calculated as the energy of the 
following quasi-chemical reaction: 

eV.05.4     ,)AsGa(GaAs GaAs ≈∆+→ × E       (3.5) 
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In Paper II we demonstrate that, in the case of GaAs, the formation energies of all pairs 
of native defects are positive, so that these defect pairs are energetically unfavorable.  

Let us now analyze the site preference problem for 3d- transition metal (TM) 
impurities in GaAs. The presence and distribution of impurities on sublattices in 
compounds semiconductors strongly influences the optical and transport properties of 
these materials. The impurities can occupy substitutional (fig. 3.1.a, b) and interstitial 
sites (fig. 3.1.c,d), as well as form defect complexes. Depending on the atomic position 
in the lattice, the impurity may act either as a donor or as an acceptor. This determines 
the type of conductance in the material. Concentrations and positions of defects depend 
on the formation energies of defects and the solution energies of doped atoms. The aim 
of the present study is to investigate the dependence of these energies on the type of 
impurities and their position in the lattice of GaAs. We analyze this problem for the 3d-
TM impurities in GaAs. The impurity solution reactions are written as:   

GaAs)TMGa(GaAsTM 1 ⋅+→+⋅ − xx xx    for TMGa, 

 As)TMAs(GaGaAsTM 1 ⋅+→+⋅ − xx xx   for TMAs,                  (3.6) 

   for TMITMTM → I. 

The calculated solution energies are shown in Table 3 of paper II. One can see 
that V, Cr, Mn, Fe and Co prefer to substitute on the Ga sublattice. This result is 
corroborated by many experimental observations [42-44]. However, an impurity can be 
in a metastable state on another sublattice.  Let us construct the reaction for exchange 
of a TM atoms (for example Mn impurity) from an interstitial site with a Ga atom from 
the Ga subllatice: 

    Mn.for  eV 1    , )( 1 ≈∆⋅+→⋅ − EGaxAsTMGaTMx IxxI  

Therefore, if a manganese impurity atom occupies an interstitial site during the crystal 
growth, then the impurity must spend the energy of about 1 eV to displace a Ga atom in 
order to attain the stable state on the Ga sublattice. In other words, in the absence of Ga 
vacancies, interstitial impurity atoms can exist in material in a metastable state. The 
experimental results show that up to 17% of all Mn impurities reside on the interstitial 
sites in (GaMn)As alloys [45]. The detailed studies of interstitial Mn in (GaMn)As will 
be discussed in section of interstitial diffusion.             

 

 3.3 Magnetic properties of 3d impurities in GaAs 
 

The calculated magnetic moments of 3d impurities for different chemical 
environments in GaAs are listed in Table. 3.1. The magnetic moments in Ga positions 
are integer numbers, except for Fe atoms due to the neglect of local atomic relaxations 
in the calculation. The values of magnetic moments can be explained by the order of 
filling up the d states of the impurity atoms.      
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     Table 3.1. Magnetic moment of transition metal impurities (in Bohr magnetons µB) on 
different GaAs sublattices. 

 
 

Since the magnetic moment exists on the impurities, our next task is to 
determine the stable magnetic structure of the material. The stability of ferromagnetic 
order is associated with the difference between total energies of a completely 
disordered, EDLM, and a completely ordered, EFM, magnetic configurations (subscript 
DLM stands for “disordered local moment”, and FM – for “ferromagnetic” 
configurations). These configurations can be simulated as the alloys, one with a random 
configuration of spin moments (Ga1-xTMx/2↑TMx/2↓)As and the other configuration with 
all magnetic moments up, (Ga1-xTMx↑)As, respectively.   

In figure 3.3 one can see the calculated difference (EDLM-EFM) for the series of 
3d-impurities in GaAs on the Ga sublattice, at a concentration of 3 %. A positive 
energy difference indicates that the ferromagnetic state is more stable than the spin-
glass state. The Fe- doped alloy has a negative value of the energy difference, and so, it 
does not exhibit the tendency to order ferromagnetically.  

Since the concentration of randomly distributed magnetic atoms in the DMS 
systems is low, one can use Heisenberg model in order to estimate a critical 
temperature TC of a material. The exchange interaction between magnetic atoms can be 
written in the form of Heisenberg Hamiltonian: 

 
     .∑

≠

−=
ji

jiij eeJH                                         (3.7) 

Here  is the exchange interaction only between the magnetic atoms i and j; eijJ i is the 
unit vector in the direction of magnetic moment at site Rj.   The calculated energy 
difference (EDLM-EFM) for DMS is proportional to the integral exchange 
energy of magnetic interactions. Thereby the Curie temperature of magnetic 
transformation can be estimated from following equation: 

∑= i iJJ 00

 

)(
2
3

0 FMDLMCB EEJTk −=≈ ,                 (3.8) 

This “mean field” estimate of Curie temperature gives good agreement with 
experimental data in many cases [46]. 
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Figure 3.3. Calculated energy difference between disordered EDLM and ordered EFM 
magnetic configurations for (Ga0.97TM0.03)As alloys. 

 
  
As one can see from figure 3.3, for Cr- and Mn-doped GaAs the energy difference is 
the largest among the 3d-dopants. It means that these impurities should demonstrate a 
maximum of the Curie temperature in GaAs.  Consequently, these materials are the 
most promising candidates for spintronic devises. In paper III we have considered in 
detail the alloys with these impurities. In fig. 3.4 the calculated total energy difference 
(EDLM-EFM) for (Ga1-x-yMnxCry)As alloys is plotted as a function of the ratio between 
the Mn concentration and the total concentration of TM impurities, up to 10%. This 
energy difference has a minimum at about the concentration ratio of 0.5, which is easily 
explained by a mutual compensation of the Mn and Cr impurities. As it was noted, the 
Curie temperature of (Ga,TM)As is controllable by changing the carrier (hole) 
concentration, which correlates with the concentrations of TM atoms and those of 
intrinsic defects. Increasing the carrier concentration in GaAs may increase the Curie 
temperature. For example, one atom of Mn produces one hole and one atom of Cr two 
holes in energy gap. The maximum Curie temperature is observed at the highest TM 
concentration (at the 10 at. %). The Cr impurity atom also has one occupied (electron) 
state in energy gap, which lies above the empty impurity states due to Mn. In the case 
of the pseudo-ternary alloys (Ga1-x-yMnxCry)As, the total energy is decreased by filling 
up the lower-energy Mn impurity states by the electrons from the higher-energy Cr 
impurity states, and the tendency towards the ferromagnetic ordering is then strongly 
reduced.     
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Figure 3.4. Calculated energy difference between disordered EDLM and ordered EFM 

magnetic configurations for the pseudo-ternary (Ga1-x-yMnxCry)As alloys. 
  
 The highest critical temperatures observed experimentally so far in (GaMn)As 
have been in the range 50-170 K [47,48] and 2 K for (GaCr)As alloys [49], but the 
theory predicts that even a room-temperature magnetism could be achievable in 
(Ga,Cr)As. In order to understand the negative experimental results we have to consider 
complicated combinations of impurities and intrinsic defects.  Thus, As antisite defects 
atoms substituting on the Ga sublattice (AsGa) are found to be the most common defects 
in (Ga,Mn)As [50]. The lower surface in Figure 3.4 corresponds to the pseudo-ternary 
alloys (GaCrMn)As with 2 at.% of antisite defects AsGa. The As antisites act as double 
donors in the (GaMn)As alloys, whereas the Mn atoms act as acceptors. As one can see 
from Figure 3.4, the compensation of Mn-induced holes induces a transition from the 
saturated ferromagnetic state to the DLM state, for (Ga0.96MnxCry) alloys. Note that the 
magnetic structure of Cr impurities is not sensitive to the presence of AsGa donor 
defects. However, the (GaCr)As alloys in experimental measurements still demonstrate 
low Curie temperatures. This fact can be explained by the presence of acceptor defects, 
such as vacancies on the Ga sublattice (VaGa).   Figure 3.5 shows the calculated total 
energy difference EDLM-EFM for (Ga1-xCrxVa0.01)As alloys (0 < x < 0.1). Here, the 
calculated energy difference for (Ga0.97Cr0.03)As alloy with 1% of vacancies VaGa is 
about 0.1 instead of 3.95 mRy/atom for the same alloy without vacancies.    

To conclude this section, we would like to emphasize that real materials have a 
complicated structure, which includes defects and their complexes. Therefore, in order 
to explain experimentally observed properties, one has to consider many factors acting 
simultaneously for each material.  The next section is devoted to the analysis of 
formation of point defect complexes in GaAs.      
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Figure 3.5 Calculated energy difference between disordered EDLM and ordered EFM 

magnetic configurations for the (Ga1-xCrxVa0.01)As alloys. 
 

4.3 Complexes of point defects  
 

Defects interact to each other and, as the concentration increases, the 
interactions become more important. The point defects in a material may form 
energetically favorable complex defects, which can completely change the properties.  
For example, such complexes could be divacancies (each divacancy consists of two 
vacancies bound to each other) or small clusters of impurity atoms and antisite-impurity 
clusters. Strong defect interactions may also lead to the formation of ordered defect 
structures, such as those that form in the cases of ZrO, TiO and HfO solid solutions 
(these order-disorder transformation will be considered in Chapter IV.)  Using an ab 
initio approach, we can predict the most expected type of defect in the material. In 
papers II and III we report the results of our studies of complex defects in GaAs.  

The formation energy of complexes, as well as that of separated defects, can be 
computed by considering the energies of corresponding quasi-chemical reactions. For 
example, the formation energy of an antisite pair, AsGa-GaAs, can be calculated from: 

 
                               (3.9) )AsGa)(AsGa(GaAs 11 xxxx −−→
       eV.05.4≈∆E

     
As one can see from Table 2 of paper II, the energies required to create pairs of other 
intrinsic defects, such as VaGa-VaAs or GaI-VaGa, are very large (E >7 eV) compared to 
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that of the AsGa-GaAs defect pair.  Therefore, those defects are unlikely to be present in 
large quantities in GaAs.  
 When calculating the energy properties of defects, one should always remember 
about the charge states of defects. The charge state must be taken in account because it 
may have a strong influence on the energy values. For example, the calculated 
formation energy of the most common intrinsic antisite defect (AsGa)x in the neutral 
charge state is about 2.27 eV. Let us now calculate the formation energy of the AsGa 
antisite in Mn-doped GaAs (p-type material): 
 
     (3.10) eV. 01.1  ; )Mn(2Ga)As()Mn(2GaAs GaGaGaGa ≈∆′++→++ ••× Efccfcc

 
As one can see, the formation energy of (doubly) positively charged antisite  is 
twice as low as that for neutral defect. For a supercell containing one  and two 
negatively charged defects, the calculations give a local magnetic moment of 5 
µ

••)As( Ga
••)As( Ga

)Mn( Ga ′

B per Mn atom, which corresponds to the Mn-3d5 configuration.  However, as it was 
shown in the previous section, in contrast to the neutral , the charged ×)Mn( Ga )Mn( Ga ′  
impurities tend to align their magnetic moments antiferromagnetically. It is easy to 
show that the dissolution energy of Mn on the Ga sublattice of GaAs also decreases 
upon the presence of the AsGa antisites in the initial state of the host.  
 Let us now consider another important case – the incorporation of a Mn atom 
into the As-coordinated interstitial site (I2) in GaAs, in the neutral charge state: 
  

eV, 64.3    ; )Mn(Mn I2 =∆→ × E  

 
and in the positively charged state, when MnI2 is formed in the p-type (Ga,Mn)As: 
                             

eV, 18.3   ; )Mn()Mn()Mn(Mn GaI2Ga =∆′+→+ •× E  
or 

eV. 03.3   ; )Mn(2)Mn()Mn(2Mn GaI2Ga =∆′+→+ ••× E              (3.11) 

 
The dissolution energy of interstitial Mn decreases with positively charging this defect. 
Consequently, the probability for this defect to occur in GaAs increases in the presence 
of substitutional Mn impurities on the Ga sites. Therefore, the charge state of defects is 
a very important parameter for calculations of the properties of DMS.    
 Another important parameter is the interaction energy between point defects. 
Based on this energy one can draw certain conclusions about the possibility of 
formation of clusters or ordered structures of defects. The interaction energies can be 
computed relative to the configuration with a maximum separation distance between 
the defects. Of course, this is an approximation, because the interaction between the 
defects in DMS is very long range. Hence, in order to get accurate results, one has to 
use large supercells.  The situation for DMS becomes more difficult, because one has to 
include the charge state of defects into the consideration. Consequently, all calculations 
should be performed for supercells having the same defect concentration.  In Table 3.2,  
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Table 3.2 Calculated pair-interaction energies between defects in GaAs (eV).

                            Separation      distance 
Defect complex 1-st. neighbours 2-nd. neighbours 

×× + )Mn()Mn( GaGa  
)Mn()Mn( GaGa ′+′  
••+′ )As()Mn( GaGa  

-0.09 
-0.22 
-0.16 

0.00 
-0.21 
-0.03 

 
 
one can see the interaction energies for some defects pairs in GaAs, which have been 
computed using the supercells with 256 (2*2*2) atomic lattice sites.  

The  impurity atoms interact with each other only if they are nearest 
neighbours. However, the most interesting result for compensated GaAs demonstrate 
the stronger preference to form clusters, since the interactions in the first and second 
coordination shells are similar. This cluster formation reduces the ferromagnetic order 
in Mn-doped GaAs and sets an upper limit on the impurity solubility for the random 
alloy. Other important common defect complexes in (Ga,Mn)As alloys are the 
{Mn

)Mn( Ga ′

Ga+MnI} and {2MnGa+MnI}, which are relatively stable. We calculated the 
dissociation energy of these defects (see paper IV) to be 0.94, 0.81, 0.29, and 0.49 eV 
for {(MnGa)′+(MnI1)••+(MnGa)′}, {(MnGa)′+(MnI2)••+(MnGa)′}, {(MnGa)′+(MnI1)•}, and 
{(MnGa)′+(MnI2)•} complexes, respectively.   Experimental [51] and theoretical [paper 
IV] studies have shown that the Mn interstitial defects decrease the Curie temperature 
in the (Ga,Mn)As alloys by acting as double donors to compensate the holes provided 
by the sustitutional MnGa atoms, which induce ferromagnetism. To remove the 
interstitial defects one uses low-temperature annealing. The annealing leads to the 
migration of interstitial Mn towards the surface of (GaMn)As, so-called out-diffusion 
process. This process will be considered in the next section.                  
     

    3.5 Diffusion of interstitial atoms in GaAs 

Diffusion is the migration of atoms or vacancies from a region of high 
concentration to a region of low concentration. In equilibrium the impurities or 
vacancies will be distributed uniformly. In an inhomogeneous material, all the atoms 
are moving randomly but there is a net flux of atoms to the areas where their 
concentrations are lower. In other words, there is a net diffusion. Therefore, the driving 
force of diffusion is the concentration gradient C∇ . So, one can write a 
phenomenological relation called Fick’s law:  

CDJ ∇−= ,                                      (3.12) 

where J is the number of atoms crossing a unit area in unit time; the constant D is the 
diffusion coefficient  or diffusivity and has the units (cm2/s). The minus sign means that  
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Figure 3.6 Schematic representation of a) vacancy diffusion, and b) interstitial diffusion 

 

diffusion occurs away from regions of high concentration. The diffusion coefficient 
obeys an Arrhenius relation 

),/exp(0 TkEDD B−=                       (3.13) 

where D0 is a frequency factor and E is the activation energy. The diffusion process 
must satisfy the continuity equation, 

    0=⋅∇+
∂
∂ J

t
C .                                  (3.14) 

Combining equations (3.12) and (3.14) one can write the second Fick’s law 

CD
t
C 2∇=
∂
∂ .                                     (3.15)  

To diffuse, an atom must overcome the potential energy barrier imposed by its nearest 
neighbors. If the barrier is of height E, the atom must have thermal energy to overcome 
the barrier a fraction exp(–E/kBT) of the time. This energy can be given to atom due to 
heating of the material.  Thereby, experimentally the diffusion process is managed by 
varying the temperature or the duration of the annealing.  
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 There are several different 
mechanisms of diffusion in solids, of 
which the vacancy diffusion and 
interstitial diffusion are the dominant 
mechanisms as they have low energetic 
cost associated with the change of atomic 
position in crystal lattice. The vacancy 
mechanism: interchange of an atom in a 
lattice position and a vacancy is shown in 
Figure 3.6 (a). The vacancy mechanism is 
responsible for self-diffusion in pure 
metals and substitutional solid solutions. 
Interstitial mechanism: migration of an 
atom from one interstitial position to a neighboring empty interstitial position is shown 
in Figure 3.6 (b). Let us consider this diffusion mechanism for Mn interstitials in 
(GaMn)As alloy, which is described in more detail in paper IV.    

 

 .  As it was noted in previous section that a significant fraction (up to 17 %) of 
the Mn impurities resides on the interstitial sites in the (GaMn)As alloys [45]. An 
experimental measured energy barrier for Mn interstitial diffusion is 0.7 ±0.1 eV, while 
a theoretically calculated barrier is 1.25 eV [51]. Annealing of the (GaMn)As alloy 
leads to migration of  interstitial Mn to the surface of the sample, as well to formation 
of clusters of substitutional Mn atoms inside the sample. The clustering of 
substitutional Mn is governed by the diffusion barrier of 2.2-2.3 eV [52] and reduces 
the Curie temperature. Hence, a practical way of producing a (GaMn)As alloy with 
increased Curie temperature is to promote out-diffusion of interstitial Mn atoms while 
avoiding the clustering of substitutional Mn.  

In paper IV we calculated the migration energy of an interstitial MnI along the 
pathway of out diffusion. It was done using 64-atom cubic supercells of (GaMn)As 
with various concentrations of sunstitutional MnGa. The interstitial and substitutional 
Mn atoms were separated by the maximum distance allowed by the supercell size. The 
configuration of magnetic moments was taken parallel for the substitutional MnGa, 
while the orientation of the moment on MnI was antiparallel to that, which is 
energetically the most favorable magnetic configuration. The migration energy barrier 
is calculated from the total energy profile along the IAs–IGa–Ias diffusion path for the 
interstitial MnI atom, relative to the minimum energy that corresponds to a MnI in the 
interstitial site surrounded by four As atoms, IAs. The path of MnI diffusion is indicated 
in the figure by arrows. The calculated interstitial site preference may be understood as 
resulting from Coulomb attraction between the Mn cation and the As anions.  

 The calculated energy profiles along the diffusion path are shown in figure 3.6.  
One can see that the diffusion barrier is strongly dependent on the ratio of 
concentrations of interstitial and substitutional Mn impurities in the supercell. This 
dependence naturally arises from electrostatic interaction of the migrating ion with the 
crystal field imposed by the host ions. In the practically relevant case of p-type doped 
(Ga,Mn)As the calculated value of migration barrier is about 0.55 eV. The experimental 
value is 0.7 eV. The higher experimental value can be ascribed to the formation of 
metastable defect complexes such as {(MnGa)′+(MnI1)•} and {(MnGa)′+(MnI2)•}  
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Figure 3.6 Calculated diffusion barrier of Mn interstitial along IAs-IGa-IAs path in (GaMn)As 
alloys with different concentration of MnGa substitutions.   

considered above, with the calculated dissociation energy of 0.29 and 0.49 eV, 
respectively. Then the migration energy of a MnI impurity bound in one of these 
complexes can be estimated as a sum of the dissociation energy and the barrier energy, 
e.g., 0.29+0.55=0.84 eV. The path of out-diffusion for each individual interstitial atom 
consists of many steps from one interstitial position to another. Consequently, the 
experimentally observed diffusion barrier should be understood as an average of the 
migration energies for all the diffusion steps. Therefore, we conclude that the calculated 
values of the diffusion barriers are in a good agreement with the experimental data.   

 The experimental magnetic measurements by combined channeling Rutherford 
backscattering experiments [45] have shown that a significant part of interstitial Mn 
remains in the sample after annealing at 282°C. It is easy to show that they can be 
immobilized by the formation of the more stable defect complexes such as the 
{(MnGa)′+(MnI2)••+(MnGa)′}x charged-neutral complex with a dissociation energy of 
about 0.8 eV. Therefore, the present theoretical calculation gives clear explanation of 
all the so far observed phenomena concerning the annealing of (Ga,Mn)As.        
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Chapter 4 
  

Structural stability calculations  
 
 

The stability of alloys and compounds is a crucial problem in many industrial 
applications of construction materials, such as the aerospace, power generation, and 
metallurgical processing.  The structural stability of a material is determined by the 
stregth of interatomic bonding.  This bonding can be evaluated through a calculation of 
the configurational energy for the alloy system using first-principles techniques. The 
configurational energy can be expressed in terms of interatomic interactions, such as 
effective pair interactions. In this case the analysis of alloy ordering tendencies and of 
phase stability reduces to the accurate and reliable determination of the effective 
interactions.      
 In this Chapter we will discuss the method of the pair interaction calculation and 
the different contributions to these interactions. We will focus on the application of this 
method for an investigation of oxygen ordering in hcp Zr, Hf and Ti. The Zr-O and Ti-
O systems are perfect candidates for testing the applicability and limitations of our 
formalism for accurate experimental information is available on the low-temperature 
ordered structures in these two systems. In this Chapter we will also present the 
electronic structure calculations of the mixing enthalpies of alloys and compounds in 
the Zr-Sn and Fe-Si binary systems. We will make conclusions, based on the calculated 
enthalpies, concerning the structural phase stability of these compounds.   
  

4.1 Introduction into IVB transition metals and their 
applications 
 

Zirconium, hafnium and titanium are transition metals from group IVB of the 
Periodic Table. These metals have outstanding properties, which make them very 
attractive for industrial applications. The Zr, Ti, and Hf metals react with atmospheric 
oxygen to form protective oxide films that prevent further corrosion of these materials. 
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Zirconium has a low absorption cross section for thermal neutrons, which 
makes it ideal for nuclear energy uses, such as cladding fuel elements. More than 90% 
of zirconium metal production is consumed by commercial nuclear power generation. 
Modern commercial-scale reactors can use as much as a 150,000 meters of zirconium 
alloy tubing. Reactor-grade zirconium has to be purified of hafnium, which has a 600 
times higher neutron cross-section; hafnium-free zirconium can be 10 times more 
expensive than zirconium with naturally occurring 1-5% of hafnium.  

Hafnium is used to make nuclear control rods, because of its ability to absorb 
neutrons (its thermal neutron absorption cross section is nearly 600 times that of 
zirconium), excellent mechanical properties, and exceptional corrosion resistance. All 
pure IVB metals are very reactive. Therefore, Hf is used for scavenging oxygen and 
nitrogen in gas-filled and incandescent lamps. 

 Owing to its strength and inertness to seawater, titanium was the principal 
material used in the construction of many advanced submarines. Titanium applications 
can also be found in aerospace industry, due to excellent mechanical properties and low 
mass density. The Ti- and Zr-based materials are biocompatible and are used in 
medicine for artificial joints and limbs in human bodies.  

Many remarkable properties of the Zr, Ti and Hf alloys are obliged to the 
presence of oxygen atoms.  Up to 29 at. % in Zr, 20 at. % in Hf and 33 at. % in Ti of 
dissolved oxygen atoms have been observed in the octahedral interstitial sites of hcp 
metal lattice at room temperature. The oxygen stabilizes these solid solutions, 
increasing the melting temperature due to the very strong metal-oxygen covalent 
bonding.  The dissolved oxygen atoms form ordered structures at high oxygen-to-metal 
ratios and at low temperature [53]. The low-temperature oxygen-ordered structures 
transform to the completely disordered phase at high temperatures, through partially 
ordered phases at intermideate temperatures, depending on the transition metal and 
oxygen concentration. The phase diagrams for Zr-O [54] and Ti-O [55] systems (see 
figures 4.1 and 4.2) have been assessed including information about order-disorder 
transformations in interstitial hcp-based solid solutions, although this region of the 
phase diagrams remains rather speculative. The oxygen ordering in the IVB transition 
metals indicates the existence of an interaction between the oxygen interstitials. Paper 
VI of this thesis is devoted to a calculation of this interaction and to investigation of 
oxygen-ordered structures in Zr, Hf, and Ti.   
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4.1. Phase diagram of the Ti-O system. 

 

 
4.2. Phase diagram of Zr-O binary system. 
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4.2 Calculation of pair-interaction between dissolved atoms in 
solid solutions 

 

The nature of interactions between dissolved atoms may be represented as a 
sum of different contributions, for example, as the sum of electrostatic and strain-
induced interactions. The knowledge of these interactions enables one to explain many 
experimentally observed phenomena and to predict new, interesting effects in solids. 
The modern first-principles methods, implemented in the form of computer codes, 
allow one to calculate the interactions containing the chemical as well as the 
deformation contributions. In this section, I would like to discuss the technique, 
together with its limits and approximations, of ab initio calculations of pairwise 
interactions between dissolved atoms in crystals, using a supercell approach.  

In paper VI we used the Vienna ab initio simulation package (described in 
Chapter I), combined with a supercell approach, in order to obtain the pair interaction 
energies.  The calculation procedure was organized as follows: 

1. We constructed a supercell containing N atoms of metal (N=54 or 200) and 
one impurity atom in an interstitial position. The separation distance between the 
impurity atoms in this case is determined by periodic boundary conditions, i.e. by the 
size of the supercell. For this atomic configuration, we optimized the volume of the 
supercell and the c/a-ratio (in the case of cubic structure we used a fixed shape of the 
cell). The total energy of the supercell was then calculated and passed to the next 
calculation step, together with the optimized values of the volume and c/a parameter. 

2.  We calculated the total energy of a supercell containing two impurity atoms, 
arranged as the nearest neighbours, and N atoms of the host metal. In order to balance 
the quasi-chemical reaction, we also needed the total energy of N-atomic supercell 
without any impurities.  

3.  Then we extracted the pair interaction energy at the first nearest neighbor 
distance, relative to the atomic configuration with a maximum separation distance 
between the impurities, by using the following equation: 

     ).,(2).,().,().,( 12.int shapeVolEshapeVolEshapeVolEshapeVolE total
N

total
N

total
Npair ++− ×−+=

4. The same calculations as in steps 2 and 3 were then repeated for the two 
impurities at separation distances up to the seventh coordination shell. The calculated 
pair interactions of oxygen interstitials are presented in table 4.1.    

As one can see, oxygen has the largest repulsive interaction energy at the two 
closest coordination shells. It means that the atomic configurations in which two 
oxygen atoms are separated by these distances are energetically unfavourable and may 
occur in solid solutions only at very high temperatures and oxygen concentrations. This 
conclusion is in agreement with experimental findings. Therefore, the oxygen order in 
Hf-O, Ti-O and Zr-O solid solutions is determined by the pair interactions at long 
distances. Since these interactions are very strong, the temperature of the order-disorder 
transformations are also quite high (see figures 4.1 and 4.2).   
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Table 4.1. The calculated pair interaction energy (mRy) between oxygen interstitials in 
TiO, ZrO, and HfO solid solutions.  

 
 

As shown in paper VI, the calculated pair interactions are very suitable for 
description of oxygen ordering in the hcp solid solutions of IVB transition metals. 
Using Monte-Carlo simulations, based on the calculated pair interaction energies, we 
could explain the ordering oxygen structures observed in experiments.  Comparison of 
the Monte-Carlo simulated structures with the experimental structures confirms that the 
calculated pair-interactions are quite reasonable.  It also means that the presented model 
is suitable for explaining and predicting structural peculiarities in other systems (for 
example TaO, NbO, TiN, HfN, FeC, FeN). It opens up a large field for future research.      

Let us now discuss the simplifying assumptions and the limits of our calculation 
model. The number of coordination shells is limited by the supercell size. For example, 
the seventh coordination shell is the maximum distance that can be considered using an 
hcp supercell containing 54 atoms, because we want to avoid any overlap of the 
interacting fields due to the periodic boundary conditions. For the 54 atomic supercell 
the 5th and 7th coordination shells around the impurity atoms already overlap. Taking 
into consideration a larger supercell (with 200 atoms) we could avoid this problem. 
There are, of course, overlapping interactions even for this large supercell, but we 
assume them to be negligible. This is the first approximation in our model. The second 
approximation consists in using fixed optimized values of the lattice parameters. These 
parameters have been determined for very dilute solid solutions. It means that the 
distance between interacting atoms in more concentrated alloys will be smaller than it is 
in the real alloy. Thereby we neglect, to some extent, the effect of concentration 
expansion. As consequence, the calculated pair interaction energies will be 
overestimated. This fact can explain the difference between the pair interaction 
parameters calculated using the 54-and and 200-atom supercells (see table 4.1). 
Although the calculated absolute values of oxygen interactions energies are different 
for these two sets of results of supercell calculations, the Monte-Carlo simulations 
based on these interaction energies give the very similar results for the oxygen-ordered 
structures. Therefore, we can conclude that a balance of the pair interaction energies is 
correct in both cases and that they are suitable for description of the ordering structures.          
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In next section, we will discuss how to extract the chemical and deformation 
contributions from total pair interaction. We will also introduce a model for 
calculations of strain-induced pair interactions, exploiting crystal symmetry.   

 

4.3 Strain-induced interactions of dissolved atoms 
 

The modern development of ab initio methods enables us to calculate the 
quantum mechanical forces arising from the electronic structure and acting on the 
atoms. This approach opens up many new possibilities in research, from calculations of 
relaxed crystal structures of materials, by finding the equilibrium atomic geometry, to 
ab initio molecular dynamic, by simply applying Newtonian mechanics driven by the 
quantum mechanical forces. In the present thesis the calculations of relaxation effects 
were used in many studied cases.   

The force on an atom is equal to the electrostatic force on its nucleus. According 
to the Hellmann-Feynman (HF) theorem [56,57], the force on an atom is given by the 

partial derivative of the total energy with respect to the position of the atom,
R
EF
δ
δ

= . 

The ground-state configuration of the atomic structure can be calculated using HF 
theorem by minimizing the total energy of the system with respect to the atomic 
positions. It means that we find the relaxed structure using calculated forces in order to 
move atoms towards their equilibrium positions. The relaxation process is iterated until 
the forces are reduced below a certain convergence criterion. The computer code with 
such an efficient implementation of forces is found in the Vienna ab initio simulation 
package (VASP), which was used in papers IV, V, and VI.      

 The process of crystal structure relaxation usually contains two steps. The first 
step is volume relaxation, where the problem of finding the equilibrium volume is 
solved. The second step is internal atomic relaxation, in which one optimizes the 
internal atomic positions at the fixed equiibrium volume. Let us now discuss the second 
step.  In paper VI we have calculated the pair interaction energies between dissolved 
impurity atoms. For this purpose, the total energies of supercells were calculated 
including internal relaxation effects. If now we do the same calculations using 
unrelaxed supercells (for the same volume), we will determine the chemical and 
deformation contributions to the total pair-interaction energies. These two contributions 
are listed in Table 4.2 for the Zr-O solid solution. 

As one can see from table 4.2, the main contribution to pair interaction energy is 
due to the chemical interaction between the oxygen atoms. However, deformation 
contribution is comparable in strength with chemical one, and it is slowly decaying 
with distance between the interacting atoms. For the Zr-O solid solutions, the 
deformation interaction plays only a minor role in ordering of the solute atoms. On the 
other hand, it is possible that in some cases the driving force for ordering arises entirely 
from the deformation interaction. The deformation interaction is also known by the 
name ‘strain-induced interaction’. The existence of strain-induced interaction between 
solute atoms gives rise to the possibility of self-induced preferential distribution. The 
magnitude of the preferred distribution will depend upon the strength of the strain-
energy  coupling  between  the  solute atoms. The calculation of  this coupling is a very  
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                   Table 4.2. The pair interaction energy (mRy) of O-O interstitials in hcp Zr. 
ZrO (200 atoms 

of metal) 
 

Total pair 
interaction 

energy 

Chemical pair 
Interaction 

energy 

Deformation 
pair interaction 

energy 
1 neighbours 34.849658 38.022005 -3.172347 
2 neighbours 8.843499 10.285395 -1.441896 
3 neighbours -1.671872 -1.302027 -0.369844 
4 neighbours -2.175338 -1.677532 -0.497805 
5 neighbours -2.583035 -2.118817 -0.464217 
6 neighbours -1.871936 -1.368397 -0.503538 
7 neighbours -0.405712 -0.675084 0.269372 

 
 

important problem of materials science.  Such calculations are very expensive in terms 
of computer resources, because one has to consider huge supercells in order to include 
long-range interactions. Besides, the relaxation process requires several iterations for 
calculating the equilibrium atomic positions. In order to avoid time-consuming 
calculations let us introduce the following model for calculation of strain-induced 
interactions.                
   Let us consider two interstitial atoms, designated as atom 1 and atom 2. These 
interstitial atoms induce stresses on the host atoms, which we designate as force filelds 
F1 and F2, respectively.  Each force is then considered as a linear function of the 
corresponding atomic displacement in the direction of applied force: 
  

                                 (4.1) .,...,1

,

22

11

NikuF

kuF
ii

ii

==

=

where u1 and u2 are the corresponding atomic displacements, i is the index of atoms in 
the N-atom supercell. Let us consider the case where the force fields induced by atom 1 
and atom 2 do not overlap with each other, as shown in figure 4.3 (a) and (b), due to the 
large distance between the interstitial atoms. It is clear that the forces induced by the 
two impurity atoms are equivalent due to crystal symmetry. The strain energies of the 
lattices are quadratic functions of u1 and u2, and hence may be written as   
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Let us now consider a system with overlapping of strain-induced force fields, as 
it shown for the first- and the second-neighbor pairs of interstitials in figure 4.3(c) and 
4.3(d), respectively. The strain energy for these systems can be written in the following 
form:  
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.                    (4.3) 

 41 
 
 



 
Figure 4.3. See explanation in text. 

 
 
Then one can calculate the strain-induced pair interaction energy of interstitials relative 
to that of non-interacting interstitials: 
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   (4.4) 

Thereby the strain-induced pair interaction energy between two dissolved atoms may be 
interpreted as a sum of contributions from each atom of the supercell.  The contribution 
from each atom into the total interaction energy equals to the force induced by atom 1 
times the displacement due to atom 2 plus the force induced by atom 2 times the 
displacement due to atom 1.  Let us calculate the strain-induced interaction for oxygen 
interstitials in hcp Zr using equation 4.4. The forces and displacements entering 
equation 4.4 were calculated by VASP using a supercell containing 200 Zr atoms and 1 
oxygen atom. The results have shown in Table 4.3.  As one can see, the strain-induced 
pair interactions calculated using equation 4.4 are in good agreement with the values 
calculated directly by VASP for distant coordination shells. For the closest neighbor 
shells there is a disagreement caused by the fact that in equation 4.4 we do not include 
the contributions from the direct interactions of two oxygen atoms. Indeed, if we do 
calculate these contributions (see Table 4.3) and add them to the values calculated 
using eq. 4.4, we reproduce the total pair interaction energy calculated by VASP 
directly. Therefore, the proposed model gives accurate results for the pair interaction 
energy for interstitial atoms in cases where the direct deformation interaction between 
the impurity atoms is negligible.         
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Table 4.3. Strain-induced interaction energy (mRy). 

ZrO 
 

 (200 atoms of 
metal) 

Strain-induced 
pair interactions 
calculated from 

VASP 

Strain-induced 
pair ineractions 
from theoretical 
model. (eq. 4.4) 

The contributions in total pair 
interaction energy from two 
oxygen atoms  calculated  by 

VASP directly. 
1 neighbours -3.172347 0.2874 -3.87 
2 neighbours -1.441896 -1.3446 -0.128 
3 neighbours -0.369844 0.3550 -1.09 
4 neighbours -0.497805 -0.7985 -0.005 
5 neighbours -0.464217 -0.5104  
6 neighbours -0.503538 -0.4549  
7 neighbours 0.269372 0.2860  

 

To conclude the section, we must note that the proposed model for calculation 
of strain-induced interactions may be used for interstitial as well for substitutional solid 
solutions. Although it does not give accurate interaction energy values for the closest 
coordination shells, the model remains very important because it allows one to obtain 
accurate values for the interactions at very distant coordination shells, at a minimum 
computational cost.     

 

4.4 Structural stability of compounds 
 

The manifestations of the thermodynamic properties of alloy system are 
summed up in the phase diagram. The modern computational methods based on the 
first-principles calculations are widely employed for construction of the different phase 
diagrams.  The relevance of these calculations has been proved many times. Such 
calculations give an explanation of experimental results and often take their place, if it 
is necessary. In the present section we consider the phase stability calculation using the 
Zr-Sn and in the Fe-Si binary systems as examples.     

  The free energy of a compound or a random alloy is written as 

),,(),(),( TCTSTCHTCF ααα −=                               (4.5) 

where the superscript α  refers to the phase or structure that the alloy is assumed to be 
in. The enthalpy H is the sum of the binding energies E of the alloy and depends on the 
equilibrium volume V 

),,(),(),( TCPVTCETCH ααα +=                  (4.6) 

where P is the pressure. In a diagram of phase stability the free energy of formation is 
plotted as a function of composition for different phases and structures. In papers VI 
and VII we have plotted such diagrams at T = 0 (see figures 4.4 and 4.7) for the 
enthalpy of formation, thus omitting the entropy contribution. The enthalpy of alloy 
formation (an excess enthalpy of mixing) can be defined by the equation: 
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where H(A) and H(B) are the enthalpies of A and B in their reference states at T=0.  
The components A and B could be pure elements as well as compounds.  Let us 
consider examples of structural stability calculations for specific cases.    

 

4.4.1 Structural stability of intermetallic phases in the Zr-Sn system    
 
The aim of the present calculation is to solve two problems: to verify at zero 

temperature the thermodynamic stability of Zr5Sn4 compound and to determine the type 
of structural defects in the Zr4Sn compound, relative to the A15 (Cr3Si prototype) 
structure.  

The enthalpies of the different compounds were calculated within the fully 
relaxed geometry, including the volume and the internal atomic positions. The enthalpy 
of formation was calculated from equation (4.7), where the enthalpy of pure hcp Zr and 
bct Sn were the references.   

The calculated enthalpy of formation for different compounds and alloys in the 
Zr-Sn system are demonstrated in figure 4.4. As one can see the Zr5Sn4 compound is 
stable relatively to Zr5Sn3 and ZrSn2 compounds. The formation enthalpy of the Zr5Sn4 
compound is very negative that is explained by strong covalent bonding between Zr and 
Sn in this structure.  

An experimental investigation of the structural type of the Zr4Sn compound has 
shown A15 structure with the space group Pm3n.  However this structure requires the 
Zr3Sn stoichiometry.  But, as one can see from figure 4.4, the A15 phase is unstable at 
the ideal stoichiometry of Zr3Sn relatively to pure hcp Zr and Zr5Sn3 compound. We 
have suggested that the stoichiometry of the Zr4Sn phase can be accounted by two 
possible kind of defects in the A15-type structure, either by vacancies on the Sn sites 
[Zr3(Sn0.75Va0.25) structure] or by Zr substitution on the Sn sites [Zr3(Sn0.3Zr0.2) 
structure]. As one can see from picture 4.4, the alloy with vacancies is unstable. At the 
same time, the calculated formation enthalpy of a substitutional alloy with the 
stoichiometry close to Zr4Sn is under the line drawn between pure hcp Zr and the 
Zr5Sn3 compound. It means that this alloy is stable due to presence of substitutional 
defects.                                                                                                                                                               

The phase diagram of the Zr-Sn binary system (see figure 4.5) was assessed 
using Thermo-Calc software [58], using the calculated enthalpies of formation 
combined with experimental measurements. The ab initio derived qualitative 
information about the constitution of Zr4Sn and Zr5Sn4 phases has been included in the 
model.   
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Figure 4.4. Calculated enthalpy of formation of the intermetallic compounds in the Zr-Sn 
binary system. 

 
 

Figure 4.5 Phase diagram of the Zr-Sn binary system. 

 

4.4.2 Structural stability of phases in the Fe-Si system under high 
pressure 
 

The electronic structure and total energy calculations can also be performed for 
solids under high pressure. Such calculations are often used for prediction of phase 
transformations or for investigations of electronic properties of crystalline materials  
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Figure 4.6 Calculated enthalpy of hcp, diamond and fcc Si as a function of pressure. 

 
 
under pressure. The pressure can be introduced in the calculations by decreasing the 
volume of unit cell.  Then the pressure can be expressed as  
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Let us now consider an example of calculation of structural transitions in pure 

Si under pressure. For this purpose, we have calculated the enthalpy of pure Si in the 
hcp, fcc and diamond structures as a function of pressure. The results of the calculations 
are plotted in figure 4.6. One can see that Si is stable in the diamond structure in the 
pressure range from 0 to 22 GPa and transforms to the hcp structure at pressures above 
22 GPa. The enthalpy dependences of hcp and fcc Si are almost coinciding; they cross 
each other at a pressure of 79 GPa. This means that Si prefers to have the fcc structure 
at very high pressures above 79 GPa, which is in agreement with experimental 
measurements [59].      

If we know the crystal structures and the enthalpies of alloys, compounds, and 
pure elements at the given pressure, we can calculate the formation enthalpy at these 
conditions using eq. 4.7.  For example, the formation enthalpy of FeSi compound 
having the B2 structure (CsCl prototype) at a pressure of 100 GPa can be calculated as 

)(5.0)(5.0)()( 22 SiHFeHFeSiHFeSiH fcchcpBB ⋅−⋅−=∆ , 

where fcc Si and hcp Fe have been chosen to be the reference states of the elements. In 
paper VII we have determined theoretically the mixing enthalpies of random Fe0.9Si0.1 
alloy and formation enthalpies of B2 FeSi compound at different pressure. The results 
of the calculation are shown in figure 4.7. As one can see, the mixing enthalpy of hcp 
Fe0.9Si0.1 random alloy at a given pressure is above the corresponding line drawn  
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Figure 4.7 Theoretically determined mixing enthalpies (in kJ/mole) of random hcp Fe0.9Si0.1 
alloy (filled circles) and formation enthalpies of B2 FeSi compound (filled squares) at different 
pressures. 
 

between the pure Fe and the FeSi compound. It indicates instability of the random alloy 
with respect to the decomposition onto the Si-poor hcp Fe alloy and the B2 FeSi. This 
tendency increases with increasing the pressure.   

 Thus we have shown that pressure plays a crucial role in phase stability of 
alloys and compounds. The solubility of alloys, the structure, the electrical conductivity 
and many other properties may be controlled by applying pressure.     
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Chapter 5 
 

Conclusions 
 
 

The role of first-principles calculations is increasing every year. The 
development of computer technologies during the last 20 years has given a strong 
impetus to advance of computational physics. Using the modern computational 
methods based on ab initio approach we can simulate the properties of real materials, 
make prediction of new phenomena, explain experimental observations, etc.  In the 
present thesis we have applied first-principles calculations, based on density functional 
theory, to several highly interesting materials for modern and future industrial 
applications. We have considered the behavior of point defects in these materials, 
computed interactions of these defects with each other, and studied their influence on 
the materials’ properties. We have obtained valuable information for explanation of 
many experimental facts. At the end of my thesis, I would like to draw general 
conclusions from the individual studies contained in the present work.  

Papers I-IV are devoted to a new important class of materials, Diluted Magnetic 
Semiconductors.  The GaAs compound has been taken into consideration as a most 
promising material for microelectronic applications. In papers I and II, we have 
obtained the formation energies of intrinsic defects and the solution energies of 3d 
impurities in GaAs from first-principles. We have also analyzed the site-preference 
problem for point defects in GaAs. Arsenic antisites AsGa have been found to be the 
most energetically favorable defects in the As-rich GaAs. The transition metal (TM) 
impurities (V, Fe, Mn and Cr) have been found to dissolve substitutionally on the Ga-
sublattice. We have calculated the magnetic moments of TM impurities as a function of 
chemical environment. In paper II we also have discussed in details the tendency of 
cluster formation by Mn impurities in GaAs.              
 Paper III extends the study of magnetic properties of TM impurities in GaAs 
and to the analysis of the influence of intrinsic defects on the magnetic structure. Here 
we have considered how the Curie temperature of (Ga,Mn)As alloy depends on the 
impurity and intrinsic defect concentrations, and how the Curie temperature in 
(Ga,Mn)As would change upon co-doping it with Cr impurities. We conclude that 
GaAs should be doped separately, either by Mn or by Cr, in order to achieve high Curie 
temperatures.        
 In paper IV we have calculated the diffusion barrier for Mn interstitials in 
(Ga,Mn)As. A strong dependence of the diffusion barrier on the type of conductivity in 
the host GaAs has been found. We also consider the interaction of interstitial and 
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substitutional Mn that causes the formation of stabile defect complexes. The calculated 
diffusion barriers and dissociation energies of complex defects allow us to explain the 
experimental observations concerning the Mn interstitial mobility in (Ga,Mn)As.   
 Paper V is devoted to calculations of structural stability of intermetallic phases 
in the Zr-Sn binary system. In this paper, using first-principles calculations, we 
managed to solve two major problems with this binary system. The first problem was to 
verify the thermodynamic stability Zr5Sn4 compound.  We found that Zr5Sn4 is, in fact, 
the most stable intermetallic compound in the Zr-Sn system, owing to strong covalent 
bonding. The second problem was to determine the type of structural defects in the 
Zr4Sn compound, relative to the A15 structure. We have found that zirconium atoms 
substitute on the Sn sites to form Zr4Sn compound with Nb3Sn prototype structure.    
 In paper VI we have calculated the interactions between the interstitial oxygen 
and nitrogen atoms in solid solutions based on hcp Hf, Zr and Ti. We have explained 
the ordered structures in the solid solutions using the calculated pair interactions 
between the dissolved atoms. Based on this approach, we have predicted the ordering of 
nitrogen atoms dissolved in hcp Hf.    
 Paper VII is devoted to a combined experimental and theoretical study of the 
interaction between iron and SiO2 at extreme conditions (under high pressure and at 
high temperature). My part of this work was the theoretical calculations in which we 
have investigated the structural stability of the hcp phase of Fe0.9Si0.1 alloys and the B2 
phase of FeSi compound under high pressure. We have demonstrated instability of 
Fe0.9Si0.1 alloy under high pressure relative to the FeSi compound and pure Fe. The 
electronic structure calculations have shown that the B2 FeSi compound should be an 
electric conductor under the high-pressure conditions.  
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