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INTRODUCTION

Introduction

Electrical and magnetic properties of materials are used in the modern information
technology. The information processing is performed in solid state circuits where the logical
states “1” and “0” are associated to the electric potential. The electron spin is not used during
the processing. However to store a large volume of information we use the magnetic record,
i.e. electron spin in ferromagnetic metals. The aim of the spin electronics (spintronics) is to
create new electronic components which would use both the electrical and spin dependent
phenomena for the information processing.

Giant magneto-resistance sensor is an example of such spintronic components. It
consists of two ferromagnetic metal layers separated by a nonmagnetic metal layer [1]. It was
shown that the electric resistance of the multilayer structure depends on the directions of the
magnetization in the ferromagnetic layers: if the magnetizations of the layers are parallel, the
resistance is small. The resistance increases when the magnetizations of the ferromagnetic
layers become anti-parallel. Today the magneto-resistance sensor is used in the read head in
hard disks and it allows information recording with the density as high as 19 Gbit/cm® [2].

The magneto-resistance sensor has a simple structure, small size and a high speed.
Therefore the component can be used as a storage cell in the random access memory. The
memory based on the magneto-resistance sensors is called the magnetic random access
memory (MRAM). It is interesting that the sensor can also perform the basic logical
operations a+b, axb and the inversion. Therefore a full functional microprocessor can be
created where the magneto-resistance cells keep and process information [3]. Many other
possible spintronic components were proposed during the last years [1,4], however the lack of
suitable materials prevents practical realization of the components.

The usual semiconductors which are used in the microelectronics (Si,GaAs) are not
ferromagnetic. On the other hand it is quit difficult to use ferromagnetic metals (Fe,Ni)
together with conventional semiconductors, because of complicate properties of metal-

semiconductor interfaces. The concentrated magnetic semiconductors (CuCr,S4, Sr,FeMoOg,
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Sr,CrReOg) are ferromagnetic at high temperature. However the crystal structure of these
materials does not allow incorporating them in modern microelectronic devices [4].

In order to use semiconductors in microelectronics we change their electric properties:
donor or acceptor impurities should be incorporated to obtain n-type and p-type
semiconductors. Just as in the case of electric properties, the magnetic properties of
semiconductors can be changed by doping with magnetic impurities. For a long time much
attention has being paid to II-VI semiconductors, where the valence of the cation coincide to
the valence of well studied magnetic ions (Mn, Cr). However antiferromagnetic interactions
are very important in the semiconductors and obtained values of the Curie temperature are
very low (a few K in ZnMnTe [5]).

Another way is to make conventional nonmagnetic semiconductors ferromagnetic.
Silicon based semiconductors would be very important for practical applications however the
Si layers doped with Mn are not homogeneous and they contain clusters like SizMns [4]. This
work is dedicated to three conventional semiconductors doped with Mn: (Ga,Mn)N,
(Ga,Mn)As and (Ge,Mn).

The diluted magnetic semiconductor (Ga,Mn)N was studied experimentally and
theoretically. According to a theoretical prediction [6], p type Ga;..Mn,N crystals would be
ferromagnetic above room temperature. This implies however the incorporation of x=0.05 of
Mn into GaN, substituting Ga in the form of Mn?* ions. Experimental works following this
prediction did not give any clearcut conclusion about the magnetic properties of (Ga,Mn)N:
ferromagnetic properties at room temperature [7,8], as well as paramagnetic properties at very
low temperature [9,10,11] were reported. In addition contradictory conclusions were drown
about the valence state of Mn in (Ga,Mn)N. In bulk (Ga,Mn)N, with a very low content of
Mn, the 2+ valence state was detected by the electron paramagnetic resonance in agreement
with the strong n type character of the samples [12]. In similar samples the 3+ valence state
was deduced from magneto-optical measurements upon co-doping with Mg [11], which is a
usual acceptor in GaN. The Mn content in these samples is very low, a few 10'® cm™ therefore
the valence state of Mn can be influenced by a small content of a donor impurity. Various
types of valence states from 2+ to 4+ were invoked to explain optical spectra of epilayers with
a larger Mn content [13,14]. Also p type (Ga,Mn)N layers were reported that implies the 2+

valence state of Mn in (Ga,Mn)N. Therefore additional investigation is necessary to clarify
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electronic and magnetic properties of (Ga,Mn)N. The most part of the work is devoted to this
semiconductor.

The diluted magnetic semiconductor (Ga,Mn)As is another promising material for
spintronic applications. A recent progress in semiconductor technology allowed incorporation
a high concentration of Mn in GaAs epilayers [15]. The Curie temperature of the Ga;.,Mn,As
(x=0.053) was found to be 110 K. It was also shown that annealing of the samples increases
the Curie temperature [16] and the highest Curie temperature obtained in (Ga,Mn)As is 173 K
[17]. In this work (Ga,Mn)As semiconductor is used as a reference system: on the one hand
this semiconductor is close to the III-V semiconductor (Ga,Mn)N, therefore numerous
experimental and theoretical results obtained on (Ga,Mn)As samples will be useful in
investigation of (Ga,Mn)N semiconductor; on the other hand the electronic structures of
(Ga,Mn)As and (Ge,Mn) semiconductors are similar, therefore the same results obtained on
(Ga,Mn)As samples will be also used to predict electronic properties of (Ge,Mn). In the third
chapter the x-ray absorption spectrum of a (Ga,Mn)As sample is shown. This sample was
grown by molecular beam epitaxy at the University of Nottingham [18].

The third diluted magnetic semiconductor studied in the work is (Ge,Mn). First
experimental results indicated that (Ge,Mn) was a high temperature ferromagnetic
semiconductor (Tc=116K [19], 285K [20]). However later investigations did not confirm the
ferromagnetic properties of (Ge,Mn) [21,22]. The electronic structure of (Ge,Mn) was
calculated in this work. According to this calculation the valence state of Mn in (Ge,Mn) is
2+. This assumption can be checked using the K-edge x-ray absorption spectra of Mn in

(Ge,Mn).

In the first chapter the structure of (Ga,Mn)N samples is described. The electronic structure of
the samples was further investigated using x-ray absorption measurements. Therefore the
experimental equipment used for the measurements is also described in this chapter. Finally

the obtained K-edge x-ray absorption spectra of Mn in the (Ga,Mn)N samples are presented.

In the second chapter I describe the ab-initio methods that were used to calculate the
electronic structure of the semiconductors. Such ab-initio calculations are used very often in
interpretation of complicated experimental data. As we will see later the calculations allow us

to link together the real band structure and observable properties of crystals.
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In the third chapter the electronic properties of (Ga,Mn)N, (Ga,Mn)As and (Ge,Mn) are
investigated using the ab-initio methods described in the chapter II. The results of the
calculations were further compared to experimental x-ray absorption spectra of (Ga,Mn)N,
(Ga,Mn)As and (Zn,Mn)Te. An interpretation of the x-ray absorption near edge structure of
Mn is proposed. This interpretation allows determining the valence state and the distribution

of the Mn in diluted magnetic semiconductors with a tetrahedral arrangement of ligands.

The magnetic properties of the three semiconductors are outlined in the fourth chapter.
Different possible exchange mechanisms are considered. The observed magnetic properties of
the three diluted magnetic semiconductors are analyzed; the analysis is based on the study of

electronic properties of the semiconductors.
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Chapitre I. Etude expérimentale de DMS

Une étude expérimentale des couches de (Ga,Mn)N est présentée dans cette chapitre. Les
couches de Ga;. . Mn,N (x=0,003-0,057) ont été préparées par €pitaxie par jets moléculaires
[1,2,3]. La structure wurtzite de ces échantillons a été confirmée par des mesures de
diffraction des rayons X. La forte dynamique de ces mesures a montré également que les
couches de (Ga,Mn)N ne contiennent pas de phases secondaires comme GaMn;N [2].

Les propriétés structurales et électroniques de (Ga,Mn)N ont été étudiées par
spectroscopie d’absorption des rayons X au seuil K du Mn. Les spectres d’absorption ont été
enregistrés au Synchrotron Européen (ESRF, ligne BM30B) a Grenoble [10]. Cette méthode a
plusieurs avantages. Premic¢rement, elle permet d’étudier séparément les différents éléments
chimiques dans un alliage complexe. Deuxieémement, 1’intensité de ces spectres peut souvent
étre directement associée a la densité d’états p au dessus du niveau de Fermi. En outre, les
spectres d’absorption au seuil K sont moins influencés par la surface des échantillons que les
spectres au seuil L. Les spectres au seuil K permettent donc d’étudier les propriétés
intrinseques du cristal. Enfin, cette méthode est couramment utilisée a Grenoble et des
résultats préliminaires étaient disponibles dans notre équipe. Une simulation de la partie
EXAFS des spectres d'absorption au seuil K du Mn a confirmé que les atomes de Mn
substituent les atomes de Ga dans GaN [10]. Nous présentons une étude de 1'état électronique
et de la distribution du Mn dans (Ga,Mn)N a partir de la partie XANES des spectres
d'absorption des rayons X au seuil K du Mn. La forme des spectres XANES enregistrés ne
dépend pas de la concentration du Mn dans Ga;  Mn,N (x=0,003-0,057). L'état électronique
du Mn et la structure cristalline locale autour du Mn sont donc les mémes dans tous nos
échantillons. Cependant, il est assez compliqué de trouver un lien entre le XANES et la
structure électronique du cristal. Nous utiliserons des calculs ab-initio pour obtenir une

information quantitative a partir de ces spectres.
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Chapter [. Experimental investigation of
DMS

1.1 (Ga,Mn)N samples

Electronic and magnetic properties of (Ga,Mn)N semiconductor were studied on (Ga,Mn)N
layers grown by nitrogen-plasma-assisted molecular beam epitaxy (MBE). This method of
growth is widely used in the modern microelectronic technology and it allows us to prepare
very pure crystals of good quality. The technology of (Ga,Mn)N samples was described in
detail in [1,2,3]. The aim of this chapter is to outline main parameters of obtained (Ga,Mn)N

samples.

GaMnN MBE

GaN MBE

GaN MOCVD

AlL,O, (0001)

Fig. 1.1. Structure of (Ga,Mn)N samples. The (Ga,Mn)N films were grown by nitrogen-
plasma assisted molecular beam epitaxy (MBE) on a GaN buffer layer. The buffer layer
was previously grown by the metal-organic chemical vapor deposition (MOCVD) on a
sapphire substrate.

Sapphire crystals were used as a substrate in the samples. The sapphire crystals have

hexagonal structure and the surface (0001) was chosen as a growth surface. Thermal stability
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and transparency of the sapphire substrate allow creating thermally stable elements and
investigation of (Ga,Mn)N layers using optical spectroscopy methods. There is a considerable
mismatch between the sapphire and GaN crystal structures [4], therefore a GaN buffer layer
was grown by metal-organic chemical vapor deposition (MOCVD) on the sapphire substrate
to relax this mismatch. The thickness of the buffer layer is approximately 3 micron. A thin
MBE buffer layer (20 nm) was further grown on the MOCVD layer to create first high quality
mono-layers. Finally, the “active” (Ga,Mn)N layer was grown by molecular beam epitaxy.
The thickness of the (Ga,Mn)N layer is approximately 200 nm. The structure of (Ga,Mn)N
samples is shown in fig. 1.1.

The manganese content in the (Ga,Mn)N layers was measured by secondary emission
mass spectroscopy (SIMS). The presence of any secondary phase was checked in situ by
reflection high-energy diffraction (RHEED) and ex situ by x-ray diffraction (XRD)
measurements. The XRD measurements were performed using the Seifert 3003 PTS-HR
system. A beam concentrator in front of the two-bounce Ge (220) monochromator and a soller
slit of 0.15 degrees aperture inserted in front of the detector were used in the measurements
(E. Bellet-Amalric in [3,5]). The wavelength of x-ray light was 0.154 nm. During the
measurements the (Ga,Mn)N samples were fixed on a 2 degrees vicinal Si monocrystal in
order to reduce the background. Achieved large dynamic range (10°) allows detecting possible
inclusions in a very small amount. For example, the secondary phase GaMn3;N was detected
in a Ga;_;Mn,N sample with x=0.00007). Therefore the XRD measurements allow detecting
inclusions of such a small concentration.

Special attention was paid to different growth regimes. It was shown that the highest
concentration of Mn in GaN can be incorporated using the nitrogen-rich regime (growth
regime in excess of nitrogen) [2]. Under optimal conditions, pure wurtzite Ga;.,Mn,N layers
with Mn content x up to 5.7% were obtained; additional inclusions like GaMn3;N or MnsN

clusters were not detected.
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1.2 X-ray absorption spectroscopy

X-ray absorption spectroscopy is a very powerful investigation method of solid state physics
which is used to study the structural, electronic and magnetic properties of materials. An x-ray
photon can be absorbed by a core electron of an atom. The excited photoelectron moves to an
empty state above the Fermi level. The probability of the transition depends on the energy of
the absorbed photon. The absorption probability as a function of the photon energy (x-ray
absorption spectrum) can be related to empty electronic states in the solid. Intense electronic
transitions fulfill the dipole selection rules: the orbital and total moments of initial and final
states change according to the relations Al/=+1, A4j=0,£1. Quadrupole transitions are less
intensive and in this case the orbital and total moments of initial and final states are related by
the quadrupole selection rules: A4/=0,+2 and 4j=0,£1,+2. If the excited core level has the
principal number n=1 the corresponding x-ray absorption spectrum is called K-spectrum; if
n=2 then absorption spectrum is called L-spectrum [6].

X-ray absorption spectroscopy methods have a number of important advantages as
compared to other methods. First of all, there is only one initial state of the excited electron,
i.e. a localized core state (in optical spectra we have several initial states). That is why the x-
ray absorption spectrum of a solid can be directly related to electronic states above the Fermi
level. In addition, the dipole selection rules allow a separate investigation of electronic states
of different symmetries. Another important advantage of x-ray absorption spectroscopy it is
the element selectivity. Energy positions of absorption edges of different atoms are very
different. Therefore electronic states of each element in a complex alloy can be studied
separately. These two advantages allow a very detailed study of structural and electronic
properties of solids.

However there is a serious drawback that limits the possibilities of the x-ray
absorption spectroscopy: it is limited resolution of the x-ray absorption spectra. The resolution
is determined by natural widths (lifetimes) of initial and final states, and by resolution of the
monochromator. While the resolution of the monochromator in principle can be chosen
sufficiently small, the natural width of the core level can not be changed. For example the
natural width of 1s level in Mn is 1.16 eV. Therefore the band structure of Mn compounds can

not be studied with a higher precision than 1.16 eV using the K-edge absorption spectra of

10
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Mn. Usually the natural width of shallow core levels is smaller. Therefore the soft x-ray
radiation allows a more precise study of the electronic states.

X-ray absorption measurements can be performed using three main devices: x-ray
radiation source, optical system and detector. Synchrotron can be used as a source of x-ray
radiation. It allows obtaining a very intense x-ray light that is necessary to investigate diluted
compounds like the diluted magnetic semiconductors. There are two main functions of the
optical system. The first function is to concentrate as much as possible of x-ray radiation in a
narrow beam. It is quite difficult to manipulate x-ray light because of lack of materials with
necessary properties in the x-ray energy region [7]. The second function of the optical system
is to pick out radiation with a fixed energy and the intensity of the obtained monochromatic
light should not be too weak. The experimental equipment which is intended to perform these
two functions is called the beamline. A scheme of a typical beamline at the European

Synchrotron Radiation Facility (ESRF, Grenoble) is shown in fig. 1.2.

lectrons
monochromator

mirror

experiment mirror

slits

Fig. 1.2. Main elements of a typical beamline at the European Synchrotron (ESRF) in
Grenoble [8].

The synchrotron beam is formed by the horizontal and vertical slits which are placed just on
the entry of the beamline. The slits pick out a parallel beam which will be further transformed
by the optical system. The acceptance angle should be sufficiently small because it is quite
difficult to transform a very diverging beam into a parallel one. At the same time a too small
acceptance angle will lead to a weak intensity of the beam. Therefore a compromise between
the energy resolution (which is related to the beam divergence) and the intensity of the beam

should be found. In the beamline BM30B the acceptance angle is about 2 mrad [9].

11
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The x-ray beam is further transformed by the first mirror. This mirror transforms the
diverging beam into a parallel beam before it enters in the monochromator. This
transformation is necessary to obtain the highest possible energy resolution of the beam after
all transformations. The second important role of the mirror is to suppress higher harmonics in
the initial beam. It is clear that this mirror dissipates a high amount of heat. Therefore the
material of the mirror should be stable at high temperature. In order to decrease the heating, a
small incidence angle is used and the mirror is coated by a heavy metal to increase the
reflectivity coefficient. In addition the first mirror supplied by a cooling system. Polished Si
monocrystals coated with rhodium are used as mirrors at the beamline BM30B [9].

Two Si monocrystals with the active surface (220) are used in the monochromator at
the beamline BM30B. The monocrystals of Si are stable at high temperature and at high
radiation level. The plane (220) allows obtaining a good resolution (~0.45 eV) at energy 6539
eV (K-egde of Mn). The first Si monocrystal dissipates a high amount of energy. Therefore it
is provided by a cooling system.

The obtained monochromatic beam is further focused by two mirrors on a small point
(250%250 um? in BM30B beamline) to obtain the highest possible intensity of photons with
the chosen energy. Such a high intensity is necessary to study diluted materials where the

“useful” signal may be very weak.

1.3 X-ray absorption spectra of (Ga,Mn)N

The K-edge x-ray absorption spectra of Mn in Ga;.,Mn,N (x=0.003-0.057) were recorded at
the European Synchrotron Radiation Facility (ESRF, Grenoble) at the beamline BM30B. The
measurements were organized by X. Biquard [10] and I had an opportunity to participate in
these measurements. The x-ray absorption measurements were performed at the K-edge of
Mn (6539 eV) in fluorescence mode: the 1s hole of Mn created by an x-ray photon is filled by
a 2p electron of Mn. This transition 2p—1s causes an emission of another photon
(fluorescence, K, lines); number of the emitted photons equals to number of excited 1s

electrons. The energy dependence of the fluorescence from the two K, lines of Mn was

12
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measured during the x-ray absorption experiments. This method is very efficient when the
“useful” signal of Mn is only a small part of the total absorption. Such a situation is usual in
diluted systems.

The achieved energy resolution of the x-ray beam was ~0.45 eV, such a good
resolution is necessary to study the band structure of semiconductors. As it was mentioned
above, the final resolution of x-ray absorption spectra is limited by the natural width of the
excited core level. In our case of Mn the natural width of the 1s level is 1.16 eV, therefore this
is the fundamental limit for the energy resolution of x-ray absorption spectra. However this
resolution is sufficient to distinguish main features in the band structure of (Ga,Mn)N. The
incidence angle of the beam was kept 30°+10° with respect to the sample surface. Bragg
diffraction peaks from the sample saturate detectors; therefore only signals from the
unsaturated fluorescence detectors were included in final x-ray absorption spectra.

There are two different parts in the K-edge absorption spectrum. The first part is the
Extended X-ray Absorption Fine Structure (EXAFS). This part is situated above Ecgee+30 €V
(Ecqge 1s the absorption edge energy, energy position where the absorption coefficient achieves
50% of its maximum value). In this energy region the excited photoelectron has a high kinetic
energy. So the electron wave function is strongly dispersed by nearest neighbor atoms of Mn.
The dispersion of the wave function caused by the crystal potential is not so strong. That is
why this part of the x-ray absorption spectrum is very useful to identify the local atomic
structure around the atom-absorber. The local atomic structure of the atom-absorber depends
on the position of the atom in crystal; therefore the position of the atom-absorber in the
crystals can be determined from a simulation of the EXAFS spectrum. The EXAFS spectrum
can be simulated using the multiple-scattering approach: only crystal structure around the
atom-absorber is used to simulate the EXAFS part, the particular form of the crystal potential
is not taken into account. This simulation can be done using the FEFF code [11]; efficiency of
the code was confirmed by numerous simulations of experimental spectra. A simulation of the
measured EXAFS spectra of Mn in Ga;  ,Mn,N (x=0.003-0.057) demonstrated that the Mn
atoms substitute the Ga atoms in the (Ga,Mn)N samples [10].

Another part of the x-ray absorption spectrum (under Ecqo.+30 €V) is called the X-ray
Absorption Near-Edge Structure (XANES) and it contains information about the electronic
structure of the crystal: the shape of the XANES is essentially determined by the density of

states above the Fermi level. Because the density of states depends on the local atomic

13



CHAPTER I Experimental investigation of DMS

structure around the atom-absorber, the shape of the XANES is sensible to the local crystal
structure. In addition the XANES spectra allow studying the electronic state of the atom-
absorber. As we will see late a more distant crystal structure can be also studied using the
XANES spectra. However interpretation of the XANES is not as straightforward as it was in
the case of the EXAFS: a calculation of the band structure of the crystal is necessary to extract
quantitative information from the XANES spectra.

The XANES part of K-edge absorption spectra of Mn in Ga;. .Mn,N (x=0.003-0.057)
is shown in fig. 1.3. The shape of the spectra does not depend on the Mn content in
(Ga,Mn)N. Therefore the Mn atoms have the same valence and local crystal structure in all
the samples. It is quite difficult to obtain more information from the spectra using such a
simple reasoning. Ab-initio calculation methods described in the chapter II will be used to
determine the valence state of Mn in (Ga,Mn)N from the XANES spectra. In addition the
shape of the XANES spectra points to a homogeneous distribution of Mn in (Ga,Mn)N. These

questions will be discussed in the chapter III in detail.
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Fig. 1.3. Normalized K-edge x-ray absorption spectra of Mn in Ga;. . Mn,N (x=0.003-
0.057 ), near-edge structure is shown. The Mn content is indicated in the figure. The x-
ray absorption spectra were recorded by X. Biquard et al. [10].
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Summary for chapter |

The Ga;..Mn,N epilayers were grown by molecular beam epitaxy on a sapphire substrate [2].
The wurtzite structure of the layers was confirmed by x-ray diffraction measurements. Special
growth conditions are necessary to avoid formation of Mn-rich clusters. At optimal growth
conditions (N-rich mode, Mn/Ga flux ration less than 15%) samples having a Mn content up
to x=0.057 were obtained. The x-ray diffraction measurements show that the samples do not
contain precipitations like GaMns;N and MnyN.

Structural and electronic properties of the samples were studied using the x-ray
absorption spectroscopy. This method allows a separate investigation of local atomic structure
around different atoms in complex compounds. In addition the electronic states of different
symmetries can be studied separately by appropriate choice of the absorption edge (K-edge
for empty p states and L-edge for empty d states). However the natural width of excited core
level limits the accuracy of the investigation: only well separated electronic states can be
distinguished in x-ray absorption spectrum.

The K-edge x-ray absorption spectra of Mn in (Ga,Mn)N epilayers were recorded at
the European Synchrotron Radiation Facility in Grenoble [10]. The achieved resolution of the
monochromator was ~0.45 eV. A simulation of the part EXAFS of the spectra confirmed the
substitutional position of Mn in the (Ga,Mn)N epilayers [10]. The shape of the XANES
spectra (edge region of the absorption spectra) does not depend on the concentration of Mn.
This implies the same valence state and local atomic structure around the Mn atoms. However
additional calculations are necessary to identify the valence state of Mn in the samples. The
calculations will be presented in the chapter III. As we will see late the distribution of Mn in

(Ga,Mn)N can be studied using the XANES spectra.
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Chapitre Il. Calcul de la structure de

bandes

Des méthodes de calcul ab-initio sont décrites dans ce chapitre. Des calculs de ce type
permettent de prédire des propriétés €lectroniques différentes des matériaux, et en principe
aucune information expérimentale n’est nécessaire pour effectuer ces calculs. La théorie de la
fonctionnelle de densit¢é permet de simplifier fortement le probleme: 1’équation
multiélectronique de Schrodinger peut €tre transformée a une autre équation pour un électron
dans un champ effectif. Et cette derniere équation peut étre résolue a 1’aide des ordinateurs
modernes. C’est pourquoi les calculs ab-initio sont devenus aujourd’hui treés populaire dans le
monde scientifique.

Deux méthodes ab-initio ont été utilisées pour calculer la structure de bandes des
semiconducteurs: LAPW et LMTO. Ces méthodes sont tres efficaces (elles sont linaires) et
assez précises. Des cristaux avec plusieurs centaines d’atomes par une maille élémentaire
peuvent étre calculer assez facilement par ces deux méthodes. Les méthodes LAPW et LMTO

sont donc décrites en détail dans ce chapitre.
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Chapter Il. Band structure calculations

The aim of this chapter is to describe the basic principles of ab-initio band structure
calculations. Such calculations allow us to investigate and to predict different electronic
properties of solids. Progress in computer technology made it possible to investigate atomic
systems which contain several hundred atoms. That is why the ab-initio calculations became
so popular in the scientific community and they are widely used as a complimentary
component of experimental investigations.

Ab-initio methods allow us to calculate different properties of a crystal and to do that
one does not need any experimental parameter of the crystal, therefore the band structure and
other properties of a crystal can be investigated without synthesizing the crystal. This
particularity of ab-initio methods allows us to predict the properties of a material and to
estimate the benefit of the material for future applications.

The electronic structure of a crystal (eigenfunctions and eigenvalues of energy) can be

calculated using a multi-particle Hamiltonian in the Schrodinger equation [1]:

W<V o e’ 1 e’
g Vi_n 2.1
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here M; is the mass of the nucleus at point R;, m, is the mass of a free electron at point r;. The
first two terms are kinetic energy operators for electrons and nuclei, respectively. The last
three terms describe electrons-nuclei, electrons-electrons and nuclei-nuclei Coulomb
interactions. Today it is not possible to solve the Schrodinger equation containing this
Hamilton operator for several hundred particles. Therefore no exact solution of the problem
can be found. However we do not need an exact solution of quantum mechanical problems to
perform a comparison between theoretical predictions and available experimental data

because the experimental data always contain an error and an acceptable error of our
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calculation can be of the same order as the experimental error. Therefore some
approximations can be accepted to simplify the problem of band structure calculation.

First of all, the positions of the nuclei will be fixed (Born-Oppenheimer
approximation). This allows us to reduce the problem to a simpler one: motion of electrons in
an external field of the nuclei. This problem is still complicated because the Schrodinger
equation should be solved for several hundred electrons. Therefore further simplifications are
necessary.

The next approximation was proposed by Hohenberg, Kohn and Sham in [2,3].
According to this approach the ground state of an electronic system can be described by an
electron density functional of E[p]. The exact form of the functional is still unknown, but
there are good approximations for the functional for different electronic systems [4]. This
approach allows us to replace the multi-particle Schrodinger equation by a single-particle

equation where an external effective field describes the interaction between electrons.

2.1 Electron density functional

According to the electron density functional theory all properties of the ground state of an
electron system can be described by the electron density functional. The electron density

functional can be written in this form [4]:

Elp1 = [drp(),, 0+ [[arar 2P 1 Grp, 22
87e, |r -r

here V., is an external field which includes the electric field of nuclei, functional G[p]
includes the kinetic and exchange-correlation energy of electrons. The ground state of an
electron system can be found by minimization the electron density functional and the total
energy of the ground state is the minimum of the electron density functional. It was proposed

that the G[p] functional can be rewritten in the form:
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Glpl=Tlpl+V,[p]. 2.3)

The functional 7Tp] is the kinetic energy of non-interacting electrons and the functional V,.[p]
takes into account exchange interaction between electrons and correlation effects. The
electron density can be presented as a sum of squared wave functions of electrons:

2
>

2.4)

pr)=c |p(r)

N is the number of electrons. Minimization of the functional (2.2) using the new variables ¢;

leads to one-particle Kohn-Sham equations [1,4]:

hZ
- 2m,

V2 + 1 J‘ ,0(1' )/ dr’+Vexr(I‘)+VM_(r) Y =EQ, (25)
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where ¢; are Lagrange coefficients used for the minimization of the functional (2.2), the

exchange-correlation is given by the functional derivative [1]:

V,=——. (2.6)

Thus to calculate the band structure of a crystal we have to solve a set of Schrodinger
equations for one-particle wave functions ¢;. This problem is much simpler than the initial
one (2.1). However the problem is still difficult. First of all the Hamiltonian in equation (2.5)
contains the electron wave functions ¢; (they are present as the electron density) that we want
to find. Therefore several iterations are necessary to find a self-consistent solution of the
Schrédinger equations. Secondly, we can find a solution