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Résumé 

La spintronique connait actuellement un avancement qui vise à améliorer les nouvelles 

hétérostructures semi-conductrices pour augmenter la densité des composants, améliorer les 

performances et baisser les prix. L'objectif est de fusionner des matériaux magnétiques avec des 

semi-conducteurs afin de trouver des matériaux pouvant fonctionner à une température 

supérieure à la température ambiante et d'avoir un couplage d'échange ferromagnétique. Dans 

cette thèse, nous avons réalisé, d'une part, une étude théorique utilisant des calculs Ab initio via 

le code (AkaiKKR) basée sur la méthode (DFT) avec les deux approximations LDA et GGA. Les 

principaux matériaux utilisés dans nos calculs sont le Nitrure de Gallium (GaN) et l'Arséniure de 

Gallium (GaAs), les deux dopé avec des métaux de transition (Mn, Fe and Ni) dans le but 

d’étudier leur propriétés électroniques, magnétiques et magnéto-optiques. Pour GaN, les DOS et 

les diagrammes de bands d’énergie ont été calculés, le ferromagnétisme a été observé avec un 

comportement half- métallique pour une concentration de 5% de Mn avec un gap direct. Tandis 

que pour GaAs les DOS ont été calculé aussi ainsi que les états magnétiques et la stabilité 

magnétique du matériau pour différents pourcentages de dopage, la rotation de Faraday a été 

aussi observé pour le dopage avec le fer (Fe). Confirmant ainsi ces deux DMS comme candidats 

principaux pour les applications spintroniques.  

 

Mots-Clés : DMS; Calcules Ab initio ; Simulation Monte Carlo ; Propriétés magnétiques ; DOS ; 

structures de bandes ; Ferromagnétisme. 

 
 
 
 
 
 
 
 
 
 



 
 
 

 
Abstract 

There is currently a huge advancement in the spintronic field aimed at improving new 

semiconductor heterostructures in order to increase the components density, improve the 

performance and lower the prices. The objective is to fuse magnetic materials with 

semiconductors in order to find new materials that can operate above room temperature and have 

a ferromagnetic exchange coupling. In this thesis, we carried out a theoretical study using Ab 

initio calculations via (AkaiKKR) code based on the (DFT) method with the two approximations 

LDA and GGA. The main materials used in our calculations are Gallium Nitride (GaN) and 

Gallium Arsenide (GaAs), both doped with transition metals (Mn, Fe and Ni) so as to study their 

electronic, magnetic and magneto-optical properties. For GaN, the DOS and energy band 

diagrams were calculated and plotted, ferromagnetism was found with half-metallic behavior for 

a concentration of 5% (Mn) with a direct gap. While for GaAs the DOS were calculated as well 

as the magnetic states and the magnetic stability of the material for each (Fe) and (Ni) doping 

concentrations. The Faraday rotation was also observed for Ga(Fe)As. Thus, asserting these two 

DMSs as main candidates for spintronic applications. 

 

Keywords: DMSs; Ab initio calculations; Monte Carlo simulation; Magnetic properties; DOS; Band 

Structures; Ferromagnetism. 

 

 

 

 

 

 

 



                                                       Résumé (detailed) 

Le domaine de la spintronique connait actuellement un avancement qui vise à améliorer les 

nouvelles hétérostructures semi-conductrices pour augmenter la densité des composants, 

améliorer les performances et baisser les prix. L'objectif est de fusionner des matériaux 

magnétiques avec des semi-conducteurs afin d’intégrer, dans un même appareil, des fonctions de 

mémoire, de détection et de traitement de signaux. 

Le but des études actuelles sur la science des matériaux est de trouver des matériaux pouvant 

fonctionner à une température supérieure à la température ambiante et d'avoir un couplage 

d'échange ferromagnétique entre les impuretés magnétiques. Dans ce cadre, les méthodes de 

calcul structurel, par exemple les méthodes ab initio, sont très précieuses et utiles pour le 

développement de ces matériaux et leurs applications en spintronique et nanotechnologie. Ces 

méthodes sont utilisées pour calculer les propriétés structurelles, mécaniques, électriques et 

magnétiques du matériau ciblé en vue d’industrialisation de ses matériaux. 

Dans cette thèse, nous avons réalisé, d'une part, une étude théorique utilisant des calculs Ab 

initio de premier principe via la méthode Korringha Kohn Rostoker (KKR) (KKR-CPA) basée 

sur la théorie de la fonctionnelle de la densité (DFT) que nous décrirons plus en détail ci-

dessous. , à côté des différentes approximations utilisées dans les calculs. Afin d'étudier les 

propriétés électroniques et magnétiques de deux des plus importants semi-conducteurs 

magnétiques dilués (DMS) dopés avec des atomes de métaux de transition (TM). Les DMS sont 

très utiles et beaucoup plus intéressants lorsqu'ils sont dopés avec des impuretés magnétiques 

(TM), ce qui en fait des matériaux très importants pour le développement de dispositifs 

spintroniques. Les principaux matériaux utilisés dans nos calculs sont le nitrure de gallium 

(GaN) et l'arséniure de gallium (GaAs), tous deux sont des semi-conducteurs à bande interdite 

directe III-V. Le premier matériau est du GaN que nous avons dopé au Manganèse (Mn), pour 

différentes concentrations d'impuretés magnétiques, nous avons calculé la Densité d'Etats (DOS) 

pour chaque concentration de dopage. Il montre un comportement semi-métallique et un état 

ferromagnétique en particulier pour Ga0.95 Mn0.05 N. En plus de cela, l'aimantation et la 

susceptibilité suivant la température ont été calculées à l'aide d'une simulation Monte Carlo pour 

différentes tailles de système, afin d'étudier l'effet de taille. De plus, la température de transition 



a été déduite de la susceptibilité. Le second matériau est du GaAs dopé au fer (Fe) et au Nickel 

(Ni), nous avons étudié l'effet de chaque rapport d'impuretés magnétiques insérées dans la 

structure, sur les propriétés magnétiques et électroniques du matériau et les phénomènes de 

rotation de Faraday en tant que magnéto- propriété optique. Nous avons trouvé l'état magnétique 

et calculé leur énergie associée. Nous donnons également l'état magnétique stable pour le 

matériau dopé. Les propriétés électroniques telles que la densité d'états (DOS) sont en bon 

accord avec les données théoriques. Ainsi, GaN et GaAs, lorsqu'ils sont dopés avec la 

concentration correcte et précise d'impuretés magnétiques, sont des semi-conducteurs très 

intéressants et d'énormes candidats pour les applications spintroniques et les cellules 

photovoltaïques également. 

Cette thèse sera répartie en quatre chapitres; le premier présentera un aperçu général du domaine 

de la spintronique et ses applications. Ainsi qu’une présentation sur les semi-conducteurs 

magnétiques dilués: leurs types, propriétés, avantages et pourquoi le choix de ces matériaux dans 

ce travail. 

Le deuxième chapitre portera sur les méthodes de calcul utilisées dans notre travail, avec les 

différentes approximations et structures manipulées dans ces calculs et simulations. 

Le troisième chapitre sera consacré à l'étude Ab initio des propriétés magnétiques et 

électroniques du GaN dopé au Mn à côté de la simulation Monte Carlo du système. Tandis que 

dans le quatrième chapitre on va traiter le cas de GaAs  co-dopé avec Ni et Fe, donnant ainsi les 

états magnétiques et la stabilité magnétique aussi avec une vue sur la Rotation de Faraday. 

Enfin, nous clôturons la thèse par une conclusion générale et éventuelles perspectives. 
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General introduction 

It’s always a challenge for scientist and researchers in the industry around the world to develop 

new technologies and materials to have a better performance in nanotechnology devices. This is 

why the researches and studies of the specific properties of new materials in solid physics are the 

keys to the industrial development. The research activities focus on the application’s domains 

and specially micro-electronics, energy, nanomaterials, ect.  

The electrons have a charge and a spin but, for a long time, charge and spin have been used 

separately. Classical electronics ignore the spin and move the electrons by acting only on their 

charge. The spin appears through its macroscopic manifestation, the magnetization of a magnetic 

material, used to store information. Under the impetus of several recent discoveries, a new 

electronic emerges associating control of spin and charge currents in new devices that can be 

integrated into the high density circuits of microelectronics. Magnetic RAM memories are a 

prime example. This "Spin Electronics" or "Spintronics", now in full expansion, is evolving 

towards hybrid nanodevices combining semiconductors and ferromagnets, and promises 

applications for recording, electronics, optoelectronics and quantum information… 

The development of the spin valve, that followed the discovery in 1988 of the giant 

magnetoresistance (GMR) ferromagnetic multilayers, was one of the first experimental 

achievements of a spin-dependent electrical transport. A magnetic multilayer is a stack of 

alternately ferromagnetic and non-magnetic metal layers, cobalt and copper, for example. 

Through the effects of spin-dependent transport, the resistance of such a multilayer strongly 

depends on the relative orientation of the magnetizations of neighboring ferromagnetic layers, it 

is the GMR effect. The "spin valve" is, for its part, a sophisticated multilayer, working in current 

parallel to the plane of the layers, and designed to optimize a sensor type operation. 

Hence, So far two main effects of spintronics are: Giant Magnetoresistance (GMR) and Tunnel 

Magnetoresistance (TMR). These discoveries, which can be considered as the starting point of 

the domain, will lead to the development of Random Access Magnetic Memories (MRAM) and 

which makes it possible to replace the current RAM memories, thus the integration of this new 

science in technology research means a lot, since all the reading heads of the current hard drives 

are based on the TMR 
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The Magnetic Tunnel Junctions (MTJ) is the second type of spintronic device that will soon have 

important applications. The resistance of the MTJ depends on the relative orientation of the 

magnetizations of the electrodes. For alloy electrodes, the relative change in resistance between 

the parallel and antiparallel orientations of the magnetizations exceeds 50% at room temperature. 

This change of resistance is called TMR for Tunnel Magneto-Resistance. The MTJ is the first 

spintronic device in vertical current (current perpendicular to the layers). This vertical geometry 

makes it possible to insert it into circuits of very high density of microelectronics. Thus, small 

size MTJs (a few hundred nanometers) are at the basis of the new type of memory circuits, 

MRAM (Magnetic Random Access Memory). 

The development of spintronic aims at improving the new semiconductor hetero-structures to 

increase the density of components, improve the performance and lower the prices. The goal is to 

combine magnetic materials and semiconductors to integrate, in a same device, memory 

functions, signal detection and processing. 

 

However, there is a number of the factors that control the competitiveness, at the microscopic 

scale, of the realization of these new devices, the most important one is the injection of spin 

polarized electrons in a semiconductor from a metal. The raison is the difference in conductivity 

between the two materials and that of the compatibility with semiconductor technology. It’s here 

when the Diluted Magnetic semiconductors take part, by the injection of polarized spins taken 

from a DMS into the semiconductor, thus a part of the semiconductor ions are replaced by the 

magnetic ones, making it more interesting and useful. 

Diluted magnetic semiconductors (DMS) are very interesting especially when doped with a small 

concentration of magnetic impurities, which are transition metals, inducing ferromagnetic DMSs. 

In particular, DMS based on III–V and II–VI semiconductors, such as GaN, ZnO, GaAs…,In this 

doping there is an induced polarization coming from the exchange coupling of the valence band 

electrons of  the semiconductor and 3d band electrons of the transition metal. 

The goal of the actual material science researches is to find materials that can operate in a 

temperature which is above room temperature 350K, and to have a Ferromagnetic exchange 

coupling between the magnetic impurities.   
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Structural calculation methods, for example the ab initio methods, can be very valuable and 

useful for the development of these materials and their applications in spintronic and 

nanotechnology. These methods are used to calculate the structural, mechanical, electrical, and 

magnetic properties of the material. 

These methods provide the predictability and the possibility of being able to treat any element or 

atomic system, and they are likely to replace the very expensive experiments or even 

unrealizable to the current experimental level in laboratories. More specifically, the ability to 

predict new materials and calculate their basic physical, magnetic and chemical properties is 

quite remarkable based on the structural properties: atom distributions in space, atom positions, 

mesh parameters, crystal symmetry…. 

We aim in this theoretical study to investigate, by mean of Ab initio calculations and Monte 

Carlo simulation, the electronic, structural and magnetic properties of the two of the most 

interesting and promising diluted magnetic semiconductors GaN and GaAs.  

This thesis is divided into three chapters; the first chapter will present a general overview on the 

field of Spintronic and Its wide range of applications. Beside, we’ll give a presentation on the 

Diluted Magnetic Semiconductors: description, types, properties, advantages, and why the choice 

of these materials in this work. 

The second chapter will focus on the computational methods employed in our calculations, with 

the different approximations and structures manipulated in the calculations and simulations. 

The third chapter will be devoted to the investigation of the Magnetic and electronic properties 

of Mn doped GaN via Ab initio calculations beside Monte Carlo simulation of the system. While 

the fourth chapter will treat the case of GaAs single doped and co doped with Ni and Fe, giving 

the magnetic states and magnetic the stability beside the Faraday rotation property.  

Finally we close out the thesis with a conclusion and an overview. 
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Chapter I 

The Spintronic field:  Applications and DMS 
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I.1. Introduction: The Spintronic   

The today's research on current technologies aiming to improve the miniaturization as well as the 

speed of the components highlights the limits of classical electronics. That is the raison why 

multiple projects are studying a new kind of electronics: spintronics or spin electronics, which 

uses the spin of electrons to process or store information. 

Electronics uses the properties of electrons, elementary particles discovered by Joseph John 

Thomson in 1897. What’s interesting is that the electron is also characterized by a spin. The 

notion of spin of the electron was discovered in 1921 thanks to the experiment of Stern and 

Gerlach which made it possible to quantify the component of the magnetic moment of an atom. 

Spintronics proposes to use the spin of the electron in addition to its charge to guide the electrons 

and create currents. In the 1930s, Sir Nevill Mott, Nobel Prize in Physics, suggested that the spin 

of the electron is involved in electrical conduction. 

This idea was taken up by Albert Fert, scientific director at CNRS / Thalès, in the 70s. He 

showed the influence of the spin on the mobility of electrons in magnetic metals such as iron and 

nickel. 

So the spintronics describe devices that take advantage of the “spin”, as mentioned before. It’s a 

quantum-mechanical property of an electron that takes only two values: spin-up and spin-down. But 

why did we require spintronic science? It’s because the electronics wasn’t enough. Electronics are 

based, only, on the exploitation of the electrical charge carriers in the semiconductor, but the 

spintronic introduces the spin that can be manipulated via small magnetic fields.        

On the atomic scale, by sandwiching a non-magnetic layer of a material between two magnetic 

layers, where each of the layers was just a few atoms thick, and by applying small magnetic fields, 

the current flowing through the sandwich could significantly be changed. The reason was that within 

the magnetic layers, the electrical current, which was composed of negatively charged electrons, 

became “spin-polarized”, which means that all the  spins of electrons became oriented either “up” or 

“down,” depending on the magnetic orientation of these layers. 

Nowadays, scientific research focuses on the development of devices based on new materials to 

address the integration of spintronics in semiconductor technologies. But the complexity of the 
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issue requires a different approach to overcome physical difficulties. Namely, we must 

electrically inject spin polarized carriers in the semiconductor section. 

Also, researchers faced a problem in such materials which is the fact that the spin of the electron 

remains stable only over a distance of the order of 0.1 μm on average and beyond, it reverses. 

This distance is defined as the spin relaxation distance. 

It was therefore necessary to wait for the arrival of ultra-vacuum molecular beam epitaxy (MBE) 

in the mid-1980s to highlight the spintronics. It is now possible to pass electrons through thin 

layers of metal having a thickness of the order of a nanometer without their spin being reversed. 

Then, Albert Fert and team were able to bring out giant magnetoresistance (GMR) in 1988. This 

has paved the way for multiple possibilities; its use has increased the storage capacity of 

computer hard drives. Hence, Albert Fert and Peter Grünberg were awarded the Nobel Prize in 

Physics in 2007 for their discovery. 

In recent years, spin electronics is looking for new materials to meet the demand of technological 

challenges that drive the realization of new devices. Among them, the diluted magnetic 

semiconductors or DMSs, which are now the subjects of many studies as we’ll see below. 

The realization of such devices is a serious problem because of the great difference in 

conductivity during polarized spin injection in a semiconductor from a metal. Solutions based on 

new materials such as diluted magnetic semiconductors in which a part of the semiconductor is 

replaced by magnetic ions, which could be a solution to the problem. 

Let’s recap via the next illustration:    
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Figure I.1: Spintronic field illustration. 

We ought to note that the purpose of spintronics is the use of spin as a new degree of freedom: 

⇒New phenomena ⇒new components (MRAM, Logic gates, RF components,…). As illustrated 

in Figure I.1 [1], the merge of the spin and charge of electrons give rises to new applications in 

Nanotechnology, Data Transport and also in Optics domain.    

We can simplify the concept of spintronics as follow: It’s when we have a flow of electrons with 

Up and Down spins and we interrupt their path by a layer of magnetized material, like Iron (Fe), 

in order to stop or slow either the spin (up/down) electrons, Hence, we favor a direction over the 

other.  

 

Figure I.2:   The operating concept of Spintronics. 
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Figure I.2 schematizes this concept as seen above, we have as example Platinum as a conductive 

material, and then there is a layer of Iron as ferromagnetic material with a spin up orientation and 

a passing electron current. As noticed, the up spin electrons with a spin orientation parallel to the 

polarization direction of Iron passed through, while the down spin electrons were blocked by the 

magnetic layer. This concept paved the way to the birth of Giant Magnetoresistence (GMR), 

which we’ll elucidate below.   

 I.2. Applications and Technologies: 

        I.2.1.The Giant MagnetoResistance (GMR): 

 
It was in 1988 that two solid-state physicists, Albert Fert [2] and Peter Grünberg [3], discovered 

that an alternation of ultrathin layers of a magnetic metal and a non-magnetic metal, e.g. iron and 

chromium, Figure I.3, with a thickness of a few atoms for each layer, showed a very strong fall 

in its resistivity, Figure I.4 under the action of a magnetic field, and the macroscopic 

magnetizations of the successive magnetic layers, switch from an antiparallel state to an aligned 

parallel state. The effect was already known for a long time but not with such amplitude, which 

is why it was called giant magnetoresistance or GMR.  

 
 

 
 

Figure I.3: The operating principal of the GMR, with the Variation of the GMR’s resistance as a function 
of the Magnetic field. Also (a) is the Parallel magnetization and (b) as the Antiparallel magnetization [4]. 
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Figure I.4: Illustration of the alternatively stacked layers of Fe-Cr, beside the Magnetization direction of 

Ferromagnetic layers. 
 

In order to illustrate the operating principle of the GMR effect, we give two configurations 

characterized by a stack of two ferromagnetic layers to Parallel magnetization (Figure I.3.a) and 

antiparallel (Figure I.3.b) separated by a layer non-magnetic conductor [5]. The electrons that 

participate in the electrical conduction may have a parallel spin (majority ↑) or opposite 

(minority ↓) compared to the magnetization of the layers. The trajectories of the electrons are 

determined by their spin because the diffusion phenomena are strong in the case of a spin 

opposite the magnetization and weaker in the opposite case. In the configuration with parallel 

magnetization layers, the majority spin electrons (eup) pass through the almost non-scattering 

structure (green arrow), while the minority spin electrons (edown) are more strongly scattered (red 

arrow). In the antiparallel configuration, the electrons are all scattered and thus the strength of 

the structure is higher. 

In addition, without an external magnetic field, the magnetization axes of the successive 

ferromagnetic layers are opposite and the resistance is at maximum, while in the presence of a 

magnetic field, the magnetization axes of the ferromagnetic layers are progressively aligned in 

the axis of the applied magnetic field and therefore the electrical resistance of the structure 

decreases. 

Hence, very small variations in the intensity of magnetic fields became measurable. Practical 

applications were almost immediate with the technology of recording and reading magnetic 

information on hard disks. Indeed, it is by magnetizing a small region of these disks that an 
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alternation of magnetizations in a perpendicular direction "high" or "low" allows to record a 

series of binary information. The smaller these areas are, the higher the information density, and 

therefore the storage capacity of the hard disks, is important. In return, the magnetization is 

becoming weaker and it becomes more and more difficult to read. Using the GMR effect, the 

storage capacity has been multiplied by 100! 

     I.2.2.The tunnel Mangetoresistance (TMR):  

Hereafter is the tunnel magnetoresistance (TMR) effect which is close to the giant 

magnetoresistance. This effect has been noticed in systems consisting of two ferromagnetic 

electrodes (free layer and trapped layer) separated by a thin insulating layer (called tunnel 

barrier) whose thickness is of the order of one nanometer. The trapped layer acts as a reference 

layer, its magnetization being frozen either by coupling with a strongly antiferromagnetic layer, 

or because of its harder magnetic character (higher coercive field). The other ferromagnetic layer 

retains the possibility of changing its orientation according to that of the applied magnetic field. 

In 1975, after the first experiments of Tedrow et al. on the tunnel transport Spin-dependent [6], 

Jullière [7] observes tunnel magnetoresistance in a Fe / GeOx / Co (GeOx, amorphous 

germanium oxide) low-temperature tri-layer. The effect disappears by applying a low voltage or 

by raising the temperature. 

Based on previous related works, Jullière developed a model based on two hypotheses to account 

for this TMR effect. The first hypothesis is that the spin of the electron is preserved during tunnel 

transport. The second is that the probability of electron transmission across the barrier is 

proportional to the density of states at the Fermi level in the receiving electrode. The number of 

electrons able for passage is proportional to the density of states at the Fermi level in the emitting 

electrode. The current for each spin channel is hence proportional to the product of the state 

densities at the Fermi level of the two electrodes. 

Figure I.5 represents a schematic illustration of the Jullière model. Such as the densities of states 

of majority and minority spin electrons (�↑	and �↓) are represented by parabolas shifted in 

energy. This shift induces what Jullière defines as the polarization P of ferromagnetic materials: 

� =
�↑��↓

�↑��↓
                                                                         I.1 
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Let's analyze this in details:   

In a parallel configuration of the magnetizations of the two ferromagnetic materials, Figure 

I.5.a), the density of state of majority spin electrons in the Fermi level is important in the 

emitting electrode F1 and in the receiving electrode F2. As a result the corresponding resistance 

is small �↑ for this spin channel, whereas the Fermi state density of state of minority spins in 

Fermi level is low in both electrodes, the tunnel resistance  �↓	in this case is important. As a 

result, the current is mainly due to the majority spin channel. Hence, the total resistance of the 

magnetic tunnel junction in the parallel state is given by: 

�↑↑ =
�↓	.�↑

�↓��↑
                                                                     I.2 

In the configuration of antiparallel magnetizations Figure I.5.b) the density of states at Fermi 

level of the majority or minority spin electrons is as weak in the emitting electrode F1, as it is in 

the receiving electrode F2. The two channels conduct equivalently and generally in a lower rate 

than in the case of parallel magnetizations. As a result, the tunneling resistances of the majority 

spins R ↑ and minority spins R ↓ are average. Hence, the total resistance of the magnetic tunnel 

junction in the antiparallel state is: 

�↑↓ =
�↓	.�↑

�↓��↑
                                                                     I.3 

Moreover, the low resistance  �↑ makes �↑↑ lower than �↑↓. A shift of magnetizations 

configuration from a parallel state to an antiparallel state consequently causes a variation of 

electric current through the tunnel barrier. 
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Figure I.5: The Tunnel magnetoresistance operating model with parallel and antiparallel cases. 

We can then conclude that the tunnel magnetoresistance (TMR) effect is specified as the relative 

variation of the resistance of the system between its two extreme values: 

��� =
�↑↓��↑↑

�↑↑
=

������

���
=

���
↑��

↑���
↓��

↓ ��(��
↑��
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↑��
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↓��

↑ =
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                    I.4 

Previously, it wasn’t evident to have a stable TMR at ambient temperature, which is why it took 

a long time and exactly twenty years (1995) before that Moodera et al. [8] observed a consistent 

TMR at ambient temperature measured on a CoFe / Al2O3/ Co or NiFe / Al2O3 / Co type 

junction. The attained TMR was 11.8% at 295 K [8]. 

Since then, the improvement of the deposition processes as well as the intense research carried 

out on new types of tunnel barriers have made it possible to obtain TMR of the order of 1000% 

[9] at low temperature, and 500% at room temperature [10].  

     I.2.3. Magnetic random access memories MRAMs: 

The access time to a piece of information (a bit) in a hard disk is long, a thousandth of a second. 

Also, when we turn on our computer and open a program, various software is read on the disk 

and loaded into RAM (Random Access Memory), memories based on very fast access 

semiconductors (billionth of a second). These RAMs are certainly fast access but unfortunately 

"volatile", which means that the stored information dies as soon as one turns off the computer 

and even, for some RAM, must be re-entered every thousandths of a second. A new type of 

memory, called MRAM (Magnetic Random Access Memory) appeared already as non-volatile 
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memories. Note that, MRAMs utilize the spintronic phenomenon observed in components called 

"magnetic tunnel junctions", see the figure below.   

 

 

Figure I.6: Magnetic random access memory [11].  

The above Figure I.6.i represents the MRAM operational principle; the change of state is done 

by flipping the spin of the electrons (by tunnel effect in particular). In the basic cross-point 

architecture. The binary information 0 corresponding to the parallel configuration (weak 

resistance) and 1 corresponding to the antiparallel configuration (strong resistance),is recorded 

on the two opposite orientations of the magnetization of the free layer of magnetic tunnel 

junctions (MTJ), which are connected to the crossing points of two perpendicular arrays of 

parallel conducting lines. For writing, current pulses are sent through one line of each array, and 

only at the crossing point of these lines is the resulting magnetic field high enough to orient the 

magnetization of the free layer. For reading, the resistance between the two lines connecting the 

addressed cell is measured.  

To remove the unwanted current paths around the direct one through the MTJ cell addressed for 

reading, the usual MRAM cell architecture has one transistor per cell added, resulting in more 

complex 1T/1MTJ cell architecture such as the one represented in Figure I.6.ii. 
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Spintronics is now developing considerably and other interesting phenomena are appearing. 

Some will allow extremely fast switching of MRAM components [11]. Others are very 

promising for the generation of microwave waves. There should also be a gradual fusion 

between classical electronics and spintronics in hybrid components combining semiconductors 

and magnetic materials or in components based on magnetic semiconductors. Long-term 

perspectives also concern the quantum computer. 

    I.2.4. Spin field effect transistor: 

The spin field-effect transistor or (SpinFET) is a one of the advanced semiconductor spintronics 

devices promising  a performance superior to that achieved with normal transistor technology. 

Figure I.7 present an illustration of the SpinFET. These transistors are composed of two 

ferromagnetic contacts that sandwich the semiconductor region, namely, source and drain. These 

contacts contain mostly spin-polarized electrons and play the role of polarizer and analyzer [12]. 

The ferromagnetic source contact injects spin-polarized electrons into the semiconductor. 

Because of the non-zero spin-orbit interaction the electron spin processes in his way through the 

channel. At the drain contact, only the electrons with spin aligned to the drain magnetization, can 

easily leave the channel and then have the majority contribution to the current. Thus, the total 

current through the device depends on the relative angle between the magnetization direction of 

the drain contact and the electron spin polarization at the end of the semiconductor channel. 

There is current modulation is achieved by tuning the strength of the spin-orbit interaction in the 

semiconductor region and thus the degree of the spin precession. Basically, the strength of the 

spin-orbit interaction in the channel depends on the effective electric field and can be controlled 

by the voltage applied to the gate. 

 

Figure I.7: Schematic illustration of the spin field-effect transistor [13]. 
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      I.2.5. Spin torque oscillators: 

Also called “spin-flip transistor” is a magnetoelectronic thin-film transistor that can display 

negative differential resistance and gain. This transistor works by the modulation of the source-

drain current in a spin valve by the magnetization of a third electrode, which is rotated by the 

spin-torque created by a control spin-valve. Moreover, for this device to be more interesting and 

practical, it requires ferromagnetic materials with small polarizations, and the transistor operates 

smoothly at room temperature. 

 

Figure I.8: Spin-torque device. 

Spin-torque device has three terminals composed of an antiparallel spin-valve in which the 

conducting channel is in contact with a ferromagnetic base; see Figure I.8 [14]. 

As we mentioned, the base magnetization direction is the one responsible for the modulation of 

the source-drain current that affects the spin accumulation in the conducting channel [15,17] the 

magnetization in spin valves can be switched by an electric current [16,18] Due to its 

characteristics, the spin-flip transistor was proposed as an MRAM element, in which the base 

magnetization is switched by the spin-torque due to the induced spin accumulation. 

I.3. Diluted Magnetic Semiconductors (DMSs): 

For the advancement of spintronics, the research of new materials was required, ones that exhibit 

half-metallic behavior and ferromagnetism at room temperature. Hence, DMSs are the solution, 

these materials are non-magnetic semiconductors in nature, in order to be magnetic, a DMS need 

to be doped with a small concentration of magnetic impurities, usually Transition-Metals (TM) 

(see Figure I.9). They offer an easy integration with existing semiconductors and also a high 
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spin-polarization. However, there is a huge challenge in solid-state science in the way of the 

discovery and understanding of such materials. Indeed, one of the critical unanswered scientific 

questions recently raised, “Is it possible to create magnetic semiconductors that work at room 

temperature?”.  

The DMS challenge is appealing because it requires both magnetic and electronic doping. The 

interaction between magnetic dopant spins and free carriers must be engineered to achieve 

thermally robust dopant spin carrier coupling. 

 

Figure I.9: Illustration representing (A) a magnetic semiconductor, (B) a non-magnetic 
semiconductor material, and (C) a diluted magnetic semiconductor [19]. 

 I.4. DMS’s synthesis methods: 

In the experimental field of condensed matter physics, there are various synthesis methods 

dedicated to elaborate a Diluted Magnetic Semiconductor and introduce a certain concentration 

of magnetic elements in a semiconductor. Amidst these DMSs synthesis methods: 

- The implant, which principal is bombarding our substrate with ionized magnetic atoms having 

a kinetic energy that we control experimentally.  The interesting benefit here is that, after the 

implantation, we can entirely control the obtained phase with the desired amount of magnetic 

impurities. Nevertheless, this method has a drawback, because this is no smooth way to 

implement these magnetic elements, the roughness of the introduction of the magnetic impurities 

creates defects in our substrate. Consequently, the quality of the material decreases significantly. 

This is not what we want in the industry. Hence, we have to remove these defects by annealing, 

which is done near the thermodynamic equilibrium. Unluckily, some intermetallic precipitates 

are created in the process. 



 17 

Hence, as shown in Figure I.10 Ions are pumped from the source then it goes through an 

analyzing magnet and passes after that within an accelerator in order to enhance ion’s speed, so 

as this ions wave is focused in order to be deposed or planted finally in the wafer    

 

Figure I.10: Representation of the ion implant process. 

Hence this ion implantation method is favored due to: its large spectrum of doses 1011 to 

1016/cm2, its highly accurate dose control, low temperature process, and its wide choice of 

masking materials.    

- The chemical vapor deposition or CVD is also one of the most commonly utilized synthesis 

methods, especially in the industry of Nano-wires. This method involves chemical processes to 

insert the magnetic elements in the substrate. It has two advantages: Less material defects and 

needs no vacuum. This results in great quality materials and gives high production rhythm. 
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Figure I.11:  step by step representation of the CVD method [20]. 

As shown in Figure I.11, we start with (step a) in which reactant particles or reactant gas (blue 

circles) are conducted into the reactor. Here, we have two likely paths for the reactant gas, either 

by direct diffusion via the boundary layer shown in (step b) and then it's adsorbed on the 

substrate (step c). Or by creating intermediate reactants (green circles) and by- products (red 

circles) using the gas-phase reaction (step d) after which, it's deposited by diffusion and 

adsorption on the substrate (step b and c). On the other hand, the surface diffusion and 

heterogeneous reactions in (step e) occur at the substrate’s surface prior to the formation of thin 

films or coatings. At the end, the by-products and unreacted species are desorbed from the 

surface and extracted from the reactor as escapements in (step f). Hence, this is the CVD process. 

- The Molecular Beam Epitaxy or MBE: The Molecular Beam Epitaxy was originally 

developed for the crystal growth of semiconductors. It is an ultra-vacuum technology (P <10-6 

mbar) based on the sequential evaporation of the elementary constituents placed in Knudsen 

effusion cells. The principle of molecular beam epitaxy as schematized in Figure I.12 [21] is as 

follows: we want to create a certain configuration of atomic layers on a substrate. The atoms 

which will constitute these layers are bombarded on the substrate (where they will be fixed) in 

the form of a gas flow at high speed. We play on the alternation of the emitted atoms and on the 

exposure time of the substrate to the flux in order to create the desired nanostructure. 
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In the aim to obtain epitaxial growth, several parameters are important: very low deposition rate 

(approximately 5 nm / hour), particular growth conditions (temperature of the substrate, ultra-

vacuum, etc.), monocrystalline substrates ... [21]. 

 

Figure I.12: Representation of the Molecular Beam Epitaxy principal on the substrate. 

I.5. DMS types: A variety of DMS materials: 

Based on the host semiconductor matrix, we can distinguish different types of DMS: 

 

 

 

 

 
 
 
 
 
 
                                        
                                        Figure I.13: Representation of different DMS’s Types. 

       

To start with these DMSs types, as shown in Figure I.13, we have DMSs based on type IV 

semiconductors: among this family of DMS there is silicon Si doped with magnetic impurities, 

DMS 

Type II-VI such 

as Zn1-x TMx O 

and Zn1-x TMxTe 

(TM: transition 

metal ion). 

Type III-V, 

which includes 

GaMnAs and 

InMnAs, 

among others. 

Type IV based 

on Si or Ge 

doped with 

Cr, Mn, Ni or 

Fe. 

Type IV-VI such 

as: 

Pb1-x-y Snx MnyTe. 
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e.g. Ni, Co, Mn, and germanium Ge doped with magnetic ions, e.g. Cr, Mn [22]. Then, there are 

DMSs based on type IV-VI Semiconductors:  These DMS are composed by cations of column 

IV and anions of column VI of the periodic table. They have a complex crystallographic 

structure and high carrier density, the ferromagnetic state can be stabilized, Pb1-x-ySnxMnyTe[23]. 

After that, there is the type of DMSs based on II-VI semiconductors: The II-VI DMSs have two 

stable structures, either zinc blende or wurtzite, formed by cations of column II (Cd, Hg, Zn) and 

anions of column VI (Se, S, Te...) of the periodic table. They have an antiferromagnetic spins 

coupling making the super-exchange the dominant type of magnetic interaction in these DMSs, 

but we report Ferromagnetic appearance mediated by holes carriers [24]. And last but not least, 

we’ve the III-V family of DMS: This type of DMSs is composed of a mixture of cations of 

column III and anions of column V of the periodic table. For instance, in manganese (Mn) DMS 

III-V, the magnetic ions Mn2+ are acceptors [25]. The ferromagnetic coupling carried by the 

carriers is the dominant one. Also the type of doping and the magnetism induced are strongly 

related, and we report a ferromagnetism phase mediated by holes as carriers [26,27].   

 I.6. Benefits of the II-VI and III-V based DMSs: 

Till today, scientists have known a considerable number of DMSs, but it was in the 80s that the 

prime DMSs were identified; they're the II-VI semiconductors alloys, e.g, Cd1-xMnxTe and Zn1-

xMnxTe [28]. their magnetic study revealed a spin-glass behavior and sometimes weak 

ferromagnetism  with low Curie temperatures (Tc) that are in the order of a few Kelvin (K) [29], 

hence it was inadequate for spintronic applications, ones  demanding the ferromagnetism at room 

temperature. On the other hand, recent studies revealed ferromagnetism with high Curie 

temperature in Mn doped III-V semiconductor Ga1-x Mnx As [30,31] and In1-xMnxAs [32]. Also a 

Tc of 173 K was reached for Mn doped GaAs employing low temperature annealing techniques 

that proved very promising [33,34]. 

These materials attract a huge interest in research on spin electronics because their intrinsic 

advantages:  Firstly, a long lifespan (up to 100 ns) of polarized carriers allowing their transport 

over several hundred nanometers;  

Secondly, a high efficiency in both polarization and spin injection. Thirdly, they have a location 

of carriers within heterostructures in quantum wells or quantum dots. Add to that all the 
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possibilities that band engineering offers for these materials: gap, mesh parameter and constraint 

adjustment, as needed. 

These materials also have some interesting magnetic properties:  The existence of a 

ferromagnetic phase, beyond the ambient temperature. The importance of their “Landé” factor, 

which quantifies the coupling between the spin properties and the external magnetic field, 

ensures a consistent Zeeman splitting. The spin-dependent properties, such as the giant Faraday 

rotation, are thus amplified and a rather weak magnetic field may be sufficient to completely 

polarize the carriers at the Fermi level. 

 I.7. The studied materials:  

       I.7.1. Gallium Nitrid (GaN): 

In the beginning of electronic technology, engineers have been on a mission to find the ideal 

switch, one that will convert, with rapidity and efficiency, raw electrical energy into a controlled, 

useful current of electrons. As a candidate, first came the vacuum tube but it was inefficient, 

since they generated heat that stands for loss in energy, and their large size and high cost, created 

limits to their use. Next, in the late ‘50s, the transistor gained expanded use; with its small size 

and better efficiency, creating new markets unreachable by vacuum tube technology. 

Silicon rapidly became the "chosen one" material for the semiconductor transistor, not only 

because of its fundamentally superior electrical properties. The fast rise of the silicon transistor 

in integrated circuits, continued throughout the 70’s and 80’s.  

Moreover, the silicon-based power MOSFET was the core of the rise predicted by “Moore’s 

Law” – which called for a doubling of the transistor’s performance with a lowering cost 

approximately every 18 months, as shown in Figure I.14. 
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Figure I.14: The evolution of the size of transistors following Moore’s law [35]. 

Now the vacuum tube, silicon power MOSFETs reached their limit in delivering better 

performance at a constantly decreasing cost. GaN presents the main candidate to take electronic 

performance to the next level and also gives a chance to reactivate a positive momentum of 

Moore’s Law. GaN’s ability to conduct electrons more than 1000 times more efficiently than 

silicon, while being able to be manufactured at a lower cost than silicon has now been well 

established. Silicon is out of gas, and a new, higher performing semiconductor material is 

emerging, GaN is on the rise. 

Gallium nitride (GaN) is a III/V direct bandgap semiconductor, with a wide band gape of 3.4 ev, 

this material is very interesting  and has three kinds of structures: hexagonal wurtzite, cubic 

blende and salt mine (NaCl-type compound square structure), which are shown in  Figure I.15, 

the wurtzite structure is the most stable one presenting  better atomic disposition, its large gape 

offers various opportunities for the application in many domains- optoelectronic, frequency-

doubling, solar cells… 
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Figure I.15: The crystal strcutures of GaN. (a) Wurtzite Structure; (b) Blende Strcuture; (c) Salt Mine 

Structure. 

In our study we worked with the Wurtzite structure of GaN, Figure I.16, because it’s the most 

stable one. 

 

Figure I.16: Illustration of the hexagonal wurtzite-type crystal structure. The unit cell (black box) has a 

four-atomic basis with the cations (grey) located at the positions (0, 0, 0) and (1/2, 1/2, 1/2), the anions in 

(yellow) are located at the positions (0, 0, 3/8) and (1/2, 1/2, 1/2). Each atom is tetrahedrally coordinated, 

which is showed by two polyhedral. Each one of two atom types constitutes a sublattice which is 

hexagonally close packed. 

As there is no more important evolution in silicon power devices, gallium nitride is set to take 

over, in speed, temperature and power. GaN presents the technology that will enable us to 

incorporate essential future innovations where efficiency is highly required.  
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Material science community huge interest in GaN comes from its unique material and electronic 

properties. We can sum up five essential characteristics that GaN devices offer: a high operating 

temperature, high current density, strong dielectric strength, a high speed switching and they’re 

low on-resistance. These characteristics stems from the unique properties of GaN, which, 

compared to silicon, offers ten times higher electrical breakdown characteristics, three times the 

bandgap, and exceptional carrier mobility.  

Thanks to its properties, GaN systems have successfully developed transistors presenting an 

attainable on-resistance lower than silicon (Si). Add to that, GaN's negligible charge storage, 

which offered unprecedented efficiencies in power switching circuits, beside the small size and 

very low heat losses.   

Here we give some other technical advantages: 

Due to material limitations, Silicon (Si) technology is being cut out in higher power applications. 

The totality of power electronic systems in the upcoming years will take full advantage of the 

wide band gap devices such as GaN. These are some the advantages; 

 80% reduction in system volume and weight 

 Increased output power 

 Improved transient characteristics and switching speed 

 Reduced heat sink requirements 

 Lower voltage drop for unipolar devices 

 Reduced electrical noise due to virtually zero recovery charge 

 Reduced electrical noise from smaller system packages 

The Age of GaN is Underway ,With the increase in transistor and Integrated Circuit (IC) 

performance made possible by GaN materials, now is the time for innovative power design 

engineers to take advantage of GaN attributes: lower on resistance giving lower conductance 

losses, faster devices yielding less switching losses, less capacitance resulting in less losses when 

charging and discharging devices, less power needed to drive the circuit, smaller devices taking 

up less space on the printed circuit board, lower cost. 
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       I.7.2. Gallium Arsenide (GaAs): 

Gallium arsenide (GaAs) is a chemical compound belonging to the family of III-V 

semiconductors, because gallium and arsenic are respectively in columns III and V of the 

periodic table of elements, and thus have three and five valence electrons. Gallium arsenide has a 

crystalline structure of the blende type, considering that the gallium atoms follow a face centered 

cubic (CFC) type structure, the arsenic atoms occupy 4 of the 8 tetrahedral sites of this mesh 

(and vice versa), as shown in Figure I.17. 

 

Figure I.17:  The Zinc blend crystal structure of GaAs, with atoms position. 

It is a semiconductor material used in particular for producing microwave components and opto-

electronic components, enabling transistors made of gallium arsenide to function at frequencies 

over 250 GHz, infrared light emitting diodes and photovoltaic cells. 

Gallium arsenide devices are not sensitive to heat because of their wide band gap. Also, these 

devices typically have less noise than silicon devices, especially at high operating frequencies. 

There are various applications of gallium arsenide, namely, in the manufacturing of devices such 

as monolithic microwave integrated circuits, microwave frequency integrated circuits, infrared 

light-emitting diodes, actually, GaAs diodes are used to detect X-rays. GaAs is also used in solar 

cells, laser diodes and optical windows.    

The direct band gape of GaAs, unlike many other semiconductors, gives him the ability to emit 

light with high efficiency, to be resistant to radiation damage enabling its use in optical windows 

and space electronics in high power applications. 
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It is also used as an electrical substrate and offers natural isolation between circuits and devices. 

This makes it suitable for millimeter wave and microwave ICs.  

As interesting application also, in astronomy missions, in fact, solar cells based on GaAs power 

the ''Opportunity and Spirit rovers'' that are exploring the surface of Mars. In addition, a number 

of solar cars make use of GaAs in solar arrays. 

GaAs is also highly resistant to radiation damage, which lends GaAs to satellite and space 

applications. 

Analysts predicted the GaAs Wafer Market will reach $650M+ by 2017. Primarily, due to 

demand for handsets and LEDs in lighting and automotive domains. Solar cells for high-

concentration photovoltaic (HCPV) will also add to the development of the GaAs substrate 

market. 

The two biggest bonuses to Gallium Arsenide over Silicon in terms of device performance are: 

1)  Much higher Electron mobility , that is, you can shoot electrons across a transistor faster, get 

higher gain and higher bandwidth out of transistors, and get better n-type conduction with a 

lower doping level. 

2)  Direct band-gap, Figure I.18, allowing for direct on-chip generation of light for signaling and 

detection. 

Note that, a semiconductor's band gap is defined as the energy difference between the bottom of 

the conduction band (CB) and the top of the valence band (VB). Figure I.18 illustrates the 

difference between a direct and an indirect band gap. In the first one (a) the top of the VB and 

the bottom of the CB have the same momentum value, while for the indirect one (b) the 

respective momentum values are different.   
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Figure I.18: (a) Direct band gap vs (b) indirect band gap, such as “E” is the energy and “k” refers to the 

momentum from the brillouin zone) [36].   

In fact, there are a number of technologies where GaAs is applied that silicon technology just 

can't stand up to. For instance, RF/Microwave amplifiers.  In consumer electronics, a GaAs-

based Heterojunction bipolar transistor is likely at the heart of your high-end Wi-Fi receiver and 

transmitter, and is almost certainly at the heart of your cell phone's receiver and transmitter. 

In our work we have studied the magnetic and electronic properties of these two materials. The 

atomic interaction plays the main role in DMSs properties. Next, we give the different type of 

interactions that we can have in diluted semiconductor materials. 

 I.8. Outlook on the magnetic interactions in DMSs:  

When we incorporate magnetic impurities into a semiconductor to make it a diluted magnetic 

semiconductor, there are different magnetic interactions that occur between the magnetic 

impurities. Since the most wanted type of magnetism in DMSs is ferromagnetism. The origin of 

ferromagnetism in a material so far is not totally clear, but several models are available to 

convince the scientific community. These magnetic interactions are exploited to explain how this 

ferromagnetism is mediated. 

The origin of ferromagnetism in a material so far is not totally clear, but several models are 

available to convince the scientific community. In this paragraph we will present some origins 

that stabilize ferromagnetism in some of these materials. .  
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For most systems, beside these interactions, it is necessary to proceed more precisely, for 

example, by identifying the local coupling spins in the exchange interactions. This identification 

is based on a theoretical model inspired by the Hamiltonian and the comparison with the 

experimental observations. Our approach is based on the density functional theory that provides 

us very precious information on the magnetism of the DMS.   

      I.8.1. Direct exchange interaction: 

 

Figure I.19: Direct exchange interaction without any nonmagnetic atom. 

This interaction occurs when there is direct overlap of electrons of the nearest neighbors of these 

magnetic atoms in Figure I.19 [37], meaning a direct interaction between the magnetic 

impurities in the DMS without an intermediary ion. This interaction can also be understood 

based on Pauli’s principle and the Coulomb energy, the Coulomb energy decreases if the spins of 

the electrons are parallel, because for the alignment of parallel spins this energy is minimal 

compared to the antiparallel alignment. In the case of DMS, the average distance between 

magnetic impurities is much greater than the nearest neighbor distance, so that the mechanism 

describing this interaction is a short-range magnetic one.  

The Hamiltonian describing the interaction is as follow:  

��� = ∑ �(�� − ��)��. �����                                                    I.5 

Where: j (Ri- Rj) is the coupling between the Spins Si and Sj located in the sites Ri and Rj 

respectively.  
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      I.8.2. Indirect exchange interaction: 

This exchange interaction occurs between localized, transition metals (3d) or rare earth (4f), 

magnetic ions via a non-magnetic element. See Figure I.20. 

 

Figure I.20: Indirect exchange interaction between two magnetic ions i and j via a non-magnetic ion k, as 

illustrated by a) Kramers in 1934 [38] and b) Pratt in 1955 [39]. 

 The Hamiltonian of this coupling exchange type is: 

����� = −
�

�
∑ ∑ ��

����(�, ��)��������.�� × ��. ∑ ����
� �����������,�,���              I.6 
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����(�, ��) = ∫������′
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��
(�)

|����|
                                  I.7 

 

Here are the meanings of each element in the equation (I.6):  

��
����(�, ��): Represents the exchange integral between the carriers (electrons or holes) of the 

conduction or valence band respectively, with (n, k) and (n, k’) adding Si as spin of the magnetic 

impurity.    

��
∗(�):  Defines the Bloch wave function of the (electron or hole) of the conduction band where 

n=c or valence band with n=�. 

��(�): Taken as the wave function of the magnetic ion’s 3d level.    
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����
� : Refer to the creation operator of an electron or a hole in the conduction or valence band, 

with �	as a wave factor. 

�����: Stands for the annihilation factor of an electron or a hole located either in the conduction 

or in the valence band, with �	as a wave factor. 

���: The Pauli matrices vector. 

              I.8.2.1. Double exchange interaction: 

The double exchange mechanism is type of interaction in which an electron is exchanged 

between two magnetic elements via a nonmagnetic ion, oxygen for example. The two magnetic 

element in interaction are identical but with different valence.  

This  model was introduced by Zener [40,41] in 1951 to explain ferromagnetism in manganites 

(perovskites of general formula ��
��� ����

��  Mn���� ) as La0.75r0.3Mn����[42]. 

 

Figure I.21:  Double exchange mechanism between Mn ions.  

For instance, let's take a 180 degree interaction of Mn-O-Mn where Mn "eg" orbitals are directly 

interacting with the O "2p" orbitals, and there is a one electron difference between the two Mn 

ions. In the ground state, electrons on each Mn ion are aligned according to the Hund's rule. 



 31 

As shown in Figure I.21, the process is as follow: when oxygen (O) gives up its spin-up electron 

to Mn4+, its vacant orbital can then be filled by an electron from Mn3+. At the end of the process, 

an electron has moved between the neighboring metal ions, retaining its spin. 

there are various theoretical studies that consider the double exchange mechanism as the one 

responsible for the ferromagnetism and ferromagnetic stability in DMS, when the Fermi energy 

is placed in the t2g band of the majority impurity as in the case of (Ga, Mn)N, and (Zn, Cr)O.  

            I.8.2.2. Super exchange interaction: 

The super-exchange is an interaction that occurs between two second neighbor magnetic 

elements (cations), 3d state, through a non-magnetic element (anion), normally oxygen. This 

coupling is generally antiferromagnetic [43], providing exchange carriers in the DMS. It differs 

from direct exchange for which there is a coupling between cations that are immediate neighbors 

without involving an intermediate anion, as seen in Figure I.22, which is an illustration of a 

super exchange interaction between Transition Metal ions, via non-magnetic element playing the 

role of ligand (L).  The d band is half-filled for each ion in interaction, as stated by Goodenough-

Kanamori (GK) rules [44], when we have the angles of 180° and 90°, we get an 

antiferromagnetic and ferromagnetic spin alignment of the TM ions, respectively. Note that the 

one factor differing from both cases is the location of the two electrons of L, if they are in the 

same orbital or not, which provoke separate tendencies of spin alignments for those two 

electrons (L) in interaction with the TM.   

 

Figure I.22: The super exchange mechanism between magnetic elements (transition metals) [44].   
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In some compounds such as Rb2CrCl4 [45] a crystal lattice distortion (Jahn-Teller effect) leads 

the super-exchange to produce a ferromagnetic coupling. Indeed, the complete description of the 

super-exchange involves the orientation and the occupation of the orbitals of the metal. The 

different possible configurations lead to either antiferromagnetic or ferromagnetic interactions. 

      I.8.3. Ruderman-Kittel-Kasuya-Yoshida (RKKY) Interactions: 

The RKKY interaction, carried out via electrons in the conduction band, is a very strong indirect 

exchange interaction between the localized moments carried by the orbitals of the inner layer. 

An electron spin interacts with a conduction electron, which interacts with another electron spin 

thus creating a correlation of energy between the two spins. The spin of the conduction electron 

is oriented in the environment of the magnetic ion and its polarization decreases with the 

displacement from the magnetic ion in an oscillating way [46,47]. Thus, the sign of the coupling 

�depending on the electron density in the free electron gas and the distance between two 

magnetic ions, it is alternately ferromagnetic and antiferromagnetic (Figure I.23). This type of 

interaction requires the presence of free charge carriers (traveling electrons or hole). 

This model was then applied to explain the ferromagnetic /antiferromagnetic coupling between 

two thin layers of a ferromagnetic metal separated by a thin layer of a non-magnetic metal. 

Depending on the thickness of the non-magnetic layer there is a ferromagnetic or 

antiferromagnetic coupling between the two layers [48-50]. 

 

Figure I.23: Graphical illustration the indirect exchange interaction RKKY, giving the variation of the 

spin density of conduction electrons following the distance (d) [50]. 
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The two signs (+) and (-) represent the polarization of the conduction electrons as a function of 

the distance d from the magnetic ion located at site n0. The up and down ↑and ↓ represent the 

orientation of the magnetic moments. 

       I.8.4. Zener model: 

The origin of the ferromagnetism in the Mn doped III-V DMS is still on debate in the scientific 

community, but there are some theoretical studies that attributed the ferromagnetism observed in 

these materials to the Zener model. In this context, the addition of manganese into these 

semiconductors creates a p-type doping, meaning more hole carriers than electrons. Furthermore, 

there is a p-d exchange coupling between the delocalized valence band holes and the localized 

Mn2+ ions. Therefore, this exchange interaction will antiferromagnetically couple the holes with 

the Mn ions and as a result, induce a ferromagnetic phase [51,52]. 

On the other hand, In RKKY interaction we neglect the spin-orbit and carrier-carrier interactions, 

we can notice that there is a similitude between Zener model and RKKY interaction. Thus Zener 

model suits perfectly the doped III-V DMS. Adding to that, in various theoretical works [53-56], 

Zener model is used to describe the magnetic properties of semiconductors ferromagnetic. 

We question the origin of the ferromagnetism in Mn doped III-V semiconductors such as GaAs 

or InAs as for II-VI tellurides. In this context, the carriers (holes) density is important in the 

induction of ferromagnetism phase, in this point we can see the advantage of III-V 

semiconductors over the II-VI type, since for the III-V DMS manganese doping, introduces both 

carriers and spin, while for II-VI semiconductors it is necessary to co-dope in order to have 

sufficient holes density. 

        I.8.5. Magnetic polarons model: 

It's not an easy task to apply the Dietl et al. model , since this model needs the presence of free 

carriers (holes), but what about when these holes are localized around the ions?, yes ,the model 

doesn't work. In this case f localized holes; there interaction with the magnetic impurities causes 

the formation of magnetic polarons. In systems where the holes concentration is very low 

compared to magnetic ion density, a magnetic polaron is formed by a localized hole and a large 

number of magnetic impurities around this ‘hole’ (Figure I.24) [57].    
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Figure I.24: Magnetic polarons. The electron forms a hydrogenoid orbit and couples with the magnetic 

ions of the system [57]. 

Therefore, antiferromagnetic interactions occur between the localized hole and the Mn ions and a 

ferromagnetic interaction between polarons. It is possible to define an effective radius of the 

polaron Rp which depends on the temperature, the exchange interaction between the hole and the 

ion Mn and a characteristic length of the whole wave function. When the temperature decreases, 

Rp increases and for sufficiently low temperatures, there is a recovery of polarons (percolation). 

The ferromagnetic interaction between the polarons dominates the antiferromagnetic interaction 

between the manganese ions and a ferromagnetic phase is established. 

An interesting model was developed relaying on the properties of magnetic polarons in the aim 

to explain the ferromagnetism phase in ZnCoO [58]. We show that the existence of a band of 

impurities close to the conduction band and 3d levels of Co is a result to the formation of 

polarons of radius large enough to ensure their percolation. TM ions, in general, or Co ions, in 

this case, align with the internal magnetic field due to these magnetic polarons. 

 I.10. Presentation of different magnetic behaviors: 

In the Free State, an atom is magnetic if it carries a permanent magnetic moment represented by 

a constant module vector. Note that, every material substance is formed of a set of atoms that can 

be either non-magnetic or magnetic; in the latter case, the direction and sometimes the modulus 

of the magnetic moment may depend on the particular environment of each atom (nature and 

position of the neighboring atoms, temperature, and applied magnetic field). 

We’ll now briefly present the main types of magnetic behavior. These main types of magnetism 

are: ferromagnetism [59], paramagnetism and antiferromagnetism. Beside other types such as, 

ferrimagnetism and diamagnetism. 
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    I.10.1 Diamagnetism: 

In the majority of materials, diamagnetism is a weak magnetic behavior. However, in a 

superconductor it is not, since a powerful quantum effect repulses the magnetic field totally, 

except a thin layer at the surface.  

Historically, the discovery of diamagnets was in 1778, when Sebald Justinus Brugmans observed 

that bismuth (Bi) and antimony (Sb) were repelled by magnetic fields. In 1845, the term 

"diamagnetism" was pointed out by Michael Faraday, when he experimentally concluded that 

each material responded (in either a diamagnetic or paramagnetic way) to an applied magnetic 

field. 

Generally, diamagnetism is a quality related to all materials. It regularly makes a rather weak 

contribution to the material’s response to a magnetic field. Nevertheless, for materials exhibiting 

other forms of magnetism, e.g. ferromagnetism or paramagnetism, the diamagnetic par can be 

insignificant. 

For no-physicists, a diamagnetic material is the one said to be non-magnetic, such as, water and 

wood beside the majority of organic compounds (petroleum and some plastics),  and also various 

metals involving Copper (Cu), not to forget the heavy ones having a large  number of core 

electrons, namely, Mercury (Hg), Gold (Au) and Bismuth (Bi).  

In addition, diamagnetic materials possess a relative magnetic permeability that is less than or 

equal to 1, and consequently a magnetic susceptibility that is less than 0, since the susceptibility 

by definition is: 

�ʋ = �ʋ − �                                                               I.8 

That’s why this type of materials is repelled by magnetic fields. However, the diamagnetic effect 

isn’t observed in everyday life because it’s such a weak property within materials. For instance, 

the magnetic susceptibility of diamagnets such as water is (�ʋ = −9.05 × 10��). The strongest 

diamagnetic material is Bismuth (�ʋ = −1.66 × 10��, while pyrolytic carbon may have a 

susceptibility of �ʋ = −4.00 × 10�� in one plane [60]. 
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This type of magnetism is characterized by a negative low amplitude relative susceptibility. 

Diamagnetism is due to an orbital movement of the electrons, caused by the applied field. This 

movement can be assimilated to a microscopic current which behavior would be comparable to 

that of a solenoid induced current. According to Lenz's law, the induced current opposes the field 

that produces it, which is consistent with the fact that �� is negative, see [61] for more details. 

 

Figure I.25: Diamagnetic materials with spin behavior and H as magnetic field [61]. 

They create an induced magnetic field in a direction opposite to an externally applied magnetic 

field. See Figure I.25, the spins are repelled by the applied magnetic field, and the permanent 

dipoles are absent in diamagnetic materials. 

     I.10.2. Paramagnetism: 

Paramagnetism is characterized by a positive low amplitude relative susceptibility, which is to 

say between 10-6 and 10-3. It is found in substances whose atoms have a permanent magnetic 

moment and these moments are not coupled together. Under the action of a magnetic field, these 

moments tend to align, see Figure I.27. However, the resulting polarization remains very weak, 

because the effect of the thermal agitation, which randomly orients the magnetic moments, 

remains preponderant. 
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Figure I.26: illustration of Paramagnetic materials [62].  

As seen in the Figure I.26 above, they exhibit magnetism when the external magnetic field is 

applied. This type of materials loses magnetization in the absence of an externally applied field. 

Also, they are weakly attracted towards magnetic field. The degree of magnetization is 

proportional to the strength of the applied field, and the magnetization is parallel to the field. 

The usual magnetism, which allows a magnet to lift paper clips, is paramagnetism: it is the 

magnetism of iron and steel, but also nickel or cobalt [62]. 

Its process is quite simple but it is still necessary to dive in the heart of the matter. In atoms like 

those of iron, some electrons, those located on the periphery and don’t participate in the atomic 

bonds, are adjustable (one speaks about magnetic moment of the electron, which we could 

describe as the meaning of the magnet represented by the electron). 

When an iron sample is subjected to a magnetic field, these electrons all align in the same 

direction as the field lines of the magnetic field as illustrated here: 

 

Figure I.27: Paramagnetism while the magnetic moments of each atom align with the external magnetic 

field (in blue). 
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As a result, the magnetic field of the material and that of the magnet are added. The material and 

the magnet are then attracted to each other. This allows a trombone to remain "stuck" to a 

magnet. 

In addition, you may have noticed that if you use a relatively powerful magnet, you can create a 

kind of "snake" with the paper clips: the first trombone is glued to the magnet, but the other 

trombones can stick to the previous one. As a result, we can stick two or three thereafter, 

depending on the strength of the magnet. 

This is due to the fact that each trombone, in the presence of the magnet, becomes a magnet too 

(because of the electrons being all aligned). When the magnet is removed, the electrons return to 

a random orientation and the magnetization disappears. 

        I.10.3. Ferrimagnetism:  

The ferrimagnetism is considered at the intermediary between paramagnetism (all the electrons 

are oriented in the same direction) and antiferromagnetism (the electrons are oriented in two 

opposite directions). We find in this case that: the magnetic moments of the electrons are well 

opposed two by two. However, those following the direction of the external magnetic field (blue 

arrow) are stronger than those in the opposite direction. See Figure I.28, the total magnetic 

moment in one direction is therefore greater than that in the other direction and as a result, the 

total magnetic moment of the sample is not zero: 

 
Figure I.28: The magnetic moments in one direction do not have the same intensity as those in the other 

one. 

 

The ferrimagnetic materials have anisotropic properties, which means that the orientation of the 

crystals used is important in the studies related to these materials. This is used in the field of 
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paleomagnetism [63], where ferrimagnetic rocks capture terrestrial magnetism from the time of 

their formation. The study of these rocks makes it possible to deduce that the earth's magnetic 

field is regularly reversed over the years. Conversely, one can also date a rock by analyzing the 

magnetic field recorded in it. Such as, some minerals contain a record of the direction and 

intensity of the magnetic field when they form. This record provides information on the past 

behavior of the Earth's magnetic field. 

These ferrimagnetic materials also have an interest in nanotechnologies [64]: their global 

magnetic moment being "controllable" under the effect of heat, some forms of memory could use 

ferrimagnetic elements with a laser based reading and writing heads. The goal is to have memory 

modules much faster than the memories which record data using electrical voltages only [65] 

[66]. 

       I.10.4. Ferromagnetism: 

Ferromagnetism is considered as the Main mechanism generated by some materials such as Iron 

(Fe)... in order to create permanent magnets, or to be attracted to magnets. In physics, we have 

various types of magnetism, but Ferromagnetism (involving ferrimagnetism) stands out as the 

strongest type. Such as, it is the only type of magnetism that generates forces strong enough to be 

sensed and is the one getting credit for the common phenomena of magnetism experienced in 

real life. 

Actually, this type of magnetism results from the alignment of permanent magnetic moments, 

these moments being oriented parallel to each other by a mutual interaction called 

“ferromagnetic coupling”. The ferromagnetic materials therefore also have a spontaneous 

polarization. What has been said for ferrimagnetic materials, concerning the return to a random 

distribution of magnetic moments under the effect of a rise in temperature, also applies here 

(Figure I.29). The ferromagnetic materials also have a Curie temperature TC, over which they 

become paramagnetic, beside their susceptibility following the Curie-Weiss law. 

If we take the previous (diamangnetic) case, where we stick paper clips to a magnet, but now we 

use a very powerful magnet (neodymium magnet for example), then the paper clips retain a small 

residual magnetization even when the magnet is removed. 
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As a result, the electrons in the material remain oriented in the same direction as the magnet has 

them, even when the magnet is removed. This is called ferromagnetism. 

In this case, the material has become a permanent magnet itself and it will retain this 

magnetization until it is removed (by heating the material, for example). In fact, the material is 

subdivided into small regions, called Weiss micro-domains. The orientation of the electrons in 

each of these regions is identical, but each domain has a random orientation. In total, the sample 

in its entirety is not magnetized as long as one does not apply an external magnetic field. 

 

Figure I.29: Presentation of spin behavior in a ferromagnetic material, both in presence and absence of 

magnetic field [67]. 

There is a large number of studies, in material sciences, regarding ferromagnetism since its 

interesting and powerful characteristics [67-70].  

          I.10.5. Antiferromagnetism: 

As we mentioned in ferromagnetic materials, the electrons are all oriented in the same direction 

as the external magnetic field (blue arrow). While, in antiferromagnetism, the orientation is 

inverted from one atom to the other, as shown in Figure I.30, forming a zero global magnetic 

moment: 

 

Figure I.30: The magnetic moments of an atom are reversed with that of the neighboring atom. 
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Macroscopically, this material reacts like a non-magnetic material (it is neither attracted nor 

repelled by a magnet), but magnetic phenomena intervene all the same at the microscopic level. 

Note that, the antiferromagnetic materials are below a certain temperature (called Neel TN) and 

are usually paramagnetic above. In addition to the intrinsically antiferromagnetic materials, 

ferromagnetic layer assemblies separated by an insulator sometimes also exhibit 

antiferromagnetic behavior. These devices are widely used in electronics and mechanics, because 

of particular electronic behavior [71-73]. These constructions with antiferromagnetic behavior 

are used on the read heads of the hard disks, in the magnetic random access memory (Magnetic 

Random Access Memory, or MRAM) and more generally in other forms of electromechanical 

microsystem (or MEMS). ) which include the accelerometers and hall sensors that are found in 

smartphones today [74-76]. 

 I.11. Conclusion: 

In this chapter we gave an introduction regarding the Spintronic domain and its importance in the 

industry besides different spintronic technologies and applications such as the GMR, TMR, 

MRAM, Spin field transistor and spin torque oscillators… where the exploitation of the spin is 

the main driving force in these technologies.  Also we introduced the DMSs materials, their 

synthesis methods, their characteristics and their types, namely, DMSs based on the II-VI, IV-VI, 

III-V and IV semiconductors. Moreover, we elucidated the importance of our two main DMS of 

choice: GaN and GaAs, and their advantages in the spintronic applications, then we gave the 

different types of magnetic interaction governing the magnetism in DMS materials, beside some 

important magnetic behaviors observed in semiconductors ( Ferromagnetism, Paramagnetism, 

antiferromagetism,…). Next we’ll present the calculation methods and approximations used in 

our work.         
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Chapter II 

Computational Methods: 

Ab initio and Monte Carlo 
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  II. 1. Ab initio method:  

          II.1.1. Introduction: 

In Condensed Matter physics, Studies based on ab initio calculations make it possible to predict 

and to explain the electronic structure and the nature of the magnetic interactions in 

Semiconductors, namely, GaN, GaAs with MTs. In the doping process, to simulate doping 

concentrations close to the experimental concentrations, supercells formed of a large number of 

atoms are required. The calculation results for TM-doped DMS  were obtained using different 

implementations of the electronic structure, usually using density functional theory (DFT) in 

which the total energy of an N-system electrons is described as a function of electronic density. 

Since solving Schrödinger equation is so difficult except for the case of hydrogen we resorted to 

the simulation methods such as the Monte Carlo method, molecular dynamics method, and also 

the methods for calculating the electronic structure called « Ab initio » (meaning « from the very 

beginning »), and which are used at zero temperature and constant pressure. 

In this chapter we are going to present the theoretical foundations of the ab initio method used in 

this work. We first start with the fundamental quantum approximations introduced to solve the 

Schrödinger equation for a complex system, we then introduce the concept of density functional 

theory (DFT), which is based mainly on Hohenberg and Kohn's (1964) theorems and Kohn and 

Sham's (1965) approach. We explain how the exchange-correlation potential can be processed 

through different approximations (LDA, GGA).Then we describe the different possible choices 

for the basis of the wave functions and for the shape of the potential, more particularly the 

Linearized Augmentation + Local Orbital Waveforms coupled to the Total Potential (FP) and the 

KKR method based on the functions of Green. 

The ab initio methods that rely on DFT can model materials reliably and quantitatively and 

process large systems [77-79]. In this way they allow comparison with the experimental results. 

In this chapter, we will present the bases on which the DFT is based, by discussing the different 

levels of approximations needed to solve the Schrödinger equation. In particular, the 

approximations used in our Ab intio calculations. 
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    II.1.2. Concept of the Density functional theory (DFT): 

The density functional theory (DFT) is one of the most widely used quantum methods in the 

fields of solid state physics and quantum chemistry for the determination of the physical and 

quantum gradients of a system (and particularly the systems) containing a large number of 

electrons), such as its electronic structure, its ionization energy, etc. This is a so-called first 

principle method. Indeed, it is based on the foundations of quantum mechanics and involves only 

a limited number of input data. For a given system with several bodies, it makes it possible to 

solve the Schrödinger equation without the introduction of parameters adjusted by the 

experiment. 

Here we give the Schrödinger equation: 

Time dependent:   

ĤΨ=EΨ                                                     II.1 

Precisely: 

Ĥ�({��}, {��}, �) = �
��({��},{��},�)

��
                               II.2 

With: 

Ĥ = ∑ −
��

���
+ ∑ −

��

�
+ ��({��}, {��}) = �� = � = �	��                     II.3 

Giving: 

e: The elementary charge  

me: The mass of the electron 

{R1}:  represents the variables that describe the nucleuses 

{r1}:  represents variables describing the electrons 

V: stand for the operator of potential energy considering all interactions in the system, namely, 

between the electrons, the nucleus, or between the two of them. 

There are different methods within the DFT, some of these calculation methods are schematized 

on Figure   II.1, and we’ll detail a number of these methods in the upcoming section.  
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Figure   II.1: Different calculation methods based on the DFT. 

       II.1.2.1. The N body problem: 

Unlike the Hartree-Fock method where the energy of the system is a functional function of the 

wave function Ψ, the DFT expresses energy as a functional the electron density ρ. This method 

allows a great simplification of the resolution of the Schrödinger equation. Here, the N electrons 

(3N spatial coordinates) are replaced by the total electronic density which depends only on 3 

spatial variables. The principle of the DFT is to reformulate a quantum problem to N body, into a 

one body problem (spin function) with electronic density as variable. 

A solid, in condensed matter, is mixture of positively charged heavy particles (nuclei) and 

negatively charged light particles (electrons). If we have N nuclei, we are confronted with a 

problem of (N + ZN) particles in electromagnetic interaction. It's a multi-body problem. Here is 

the Hamiltonian for such system: 

Ĥ� = ��� + ��� + ����� + ����� + �����                              II.4 

Where ���	 and ���	are  the kinetic energies of electrons and nuclei,  �����	is the potential energy 

of nuclei-nuclei interaction, �����	 as the potential energy of electron-nuclei interaction and  
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�����	for the potential energy of electron-electron interaction. Unfortunately, we can exactly 

calculate the eigenvalues of equation II.4 only for the hydrogen systems. In the case of a 

polyelectronic system, it's nearly impossible to have an analytical solution of the Schrödinger 

equation, because of the electronic interactions. Therefore, in order to find acceptable 

approximated eigenstates, we need to make approximations. Let's present one of these solution 

approximations, the Born-Oppenheimer approximation. 

       II.1.2.2. The Born-Oppenheimer approximation: 

All methods of solving the Schrödinger equation are based on this approximation, in which its 

authors (Born and Oppenheimer) assume that there is a large difference in mass between nuclei 

and electrons and a difference in time scale between electronic and nuclear movements. As a 

result, it is possible to decouple the movement of the nuclei from that of the electrons and to 

write the wave function as the product of two wave functions, a nuclear one and an electronic 

one in the equation II.5: 

����⃗ , ���⃗ � = �����(���⃗ )�����(��⃗ , ���⃗ )                                             II.5 

Where �����(��⃗ ) is the wave function associated with the nuclei and �����(�⃗, ��⃗ ) is the wave 

function related to the electrons, with the nuclei fixed in the position ��⃗  . The total energy is then 

written as the sum of a nuclear and electronic contribution: 

� = ���������⃗ � + �����(���⃗ )                                                II.6 

This approximation is known as the adiabatic approximation of Born-Oppenheimer [80].The 

position of the nuclei then becomes a parameter and the problem consists in solving the 

electronic Schrödinger equation in the field of the supposedly fixed nuclei. 

Ĥ���������(��⃗ , ���⃗ ) =�����(���⃗ )�����(��⃗ , ���⃗ )                                       II.7 

[�� + ���(��⃗ ) + ���(�)���⃗ + ������⃗ + ���⃗ �]�������⃗, ��⃗ � = �����(��⃗ )�������⃗, ��⃗ �               II.8 

There are various methods exist for solving equation II.6, these methods are widely used in 

quantum chemistry to treat atoms and molecules, but they are less accurate for solids. DFT is a 

more modern and probably more powerful method. Its history dates back to the first half of the 

20th century, but was formally established in 1964 by Hohenberg and Kohn's two theorems. 
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These authors demonstrated that all aspects of the electronic structure of a non-degenerate 

ground state system are completely determined by its electron density ρ (�⃗)  instead of its wave 

function. 

       II.1.2.3. The Hohenberg and Kohn theorems: 

In the First principle method, the DFT is based on the following two theorems of Hohenberg and 

Kohn [81]: 

a. The electronic density  ��(�⃗) , associated with the fundamental level of an N system electrons 

interacting in an external potential ����(�⃗), uniquely and rapidly determines this potential. As a 

result, all the properties of the system and in In particular, the total energy of the ground state is 

determined from ��(�⃗). The functional state of the total energy of the ground state is written as 

follows: 

�[�(��⃗ )] = �[�(��⃗ )] + ∫� (��⃗ )����(��⃗ )���⃗ 																																												II.9 

Taking ∫� (�⃗)����(�⃗)��⃗ as the interaction nuclei-electrons, �[�(�⃗)]	is a functional density of 

�(�⃗) independent of external potential	����(�⃗) ; it contains the kinetic and coulomb contributions 

to energy: 

�[�(��⃗ )] = �[�(��⃗ )] + ���[�(��⃗ )] = �[�(��⃗ )] + ��������[�(��⃗ )] + ���[�(��⃗ )]																II.10 

Where T [�(�⃗)] is the kinetic energy of the electronic system, ���[�(�⃗)] is the electron-electron 

interaction that includes Hartree's energy ��������[�(�⃗)] (the electron-electron Coulomb 

repulsion) and the exchange and correlation energy   ���[�(�⃗)].This functional is not exactly 

known because the expressions of kinetic energy T [�(�⃗)] and the exchange and correlation 

energy  ���[�(�⃗)] are not exactly known. 

b. Let’s take an external potential and a fixed number of electrons, the fundamental state of the 

system is the overall minimum of the functional �[�(�⃗)] and the density of the ground state 

��(�⃗)is the density which minimizes this functional. 

�
��[�(��⃗ )]

��(��⃗ )
�
�(��⃗ )���(��⃗ )

= �                                                  II.11 
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The functional F [�(�⃗)] is taken as universal for any multi-system of electrons. If this functional 

is known, then it will be relatively easy to use the variational principle to determine total energy 

and density of the ground state for a given external potential. Unfortunately, Hohenberg and 

Kohn's theorem gives no indication on the form of F [�(�⃗)]. 

         II.1.2.4. The Kohn-Sham arstaz equations: 

In condensed matter, the Kohn-Sham theory [82] is based on the hypothesis that it is possible to 

reproduce the ground-state density of a system composed of N interacting particles by an 

auxiliary system consisting of independent particles. The real system formed by interacting 

electrons is replaced by a set of fictitious and independent particles evolving in an effective 

potential. All the N-body interactions being contained in a functional exchange and correlation 

depending on the electron density given by: 

�(��⃗ ) = ∑ |��(��⃗ )|
��

���                                                         II.12 

The “variational” principle was applied for the ground state energy and the density given the 

functional	�����(�(�⃗)). Therefore the energy functional is written as: 

�����[�(��⃗ )] = ��[�(��⃗ )] + ��[�(��⃗ )] + ���[�(��⃗ )] + ����[�(��⃗ )]                 II.13 

The variable T0 stands for the kinetic energy of the system without interaction, VH is the term of 

Hartree (the classic Coulomb interaction between electrons). Vxc the term introducing the effects 

of exchange and correlation, and finally Vext includes the Coulomb interaction of electrons with 

nuclei and nuclei between them. The Hartree’s term and kinetic energy play an important role in 

describing the states of free electrons. 

These variables are the most important in the treatment of electron interaction. The difference 

between the real kinetic energy and that of the non-interacting electrons as well as the difference 

between the real interaction energy and that of Hartree are taken into account in the energy of 

exchange and correlation. 

Meanwhile, The Schrödinger equation is written as follows: 

�−
ħ�

���
��

������⃗ + ����(��⃗ )� + �����(��⃗ )� + ������(��⃗ )����(��⃗ ) = ����(��⃗ )							         II.14 
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Where: i= 1,…, N. 

Thus the exchange and correlation potential is given by the derived functional: 

�����(��⃗ )� =
����[�(��⃗ )]

��(��⃗ )
                                                   II.15 

Consequently, to determine the fundamental state of the system, we must solve, in a self-

consistent manner, Kohn-Sham equations II.13. The sum of the three terms VH + VHC + Vext 

constitutes an effective potential Veff taken as local, since it depends only on r. This method is 

very accurate, but for practical calculation, the exchange and correlation energy, which is a 

density functional, it requires the introduction of other approximations. 

             II.1.2.4 .a. Solving Kohn-Sham equations: 

To solve the Kohn-Sham equations, one must choose a basis to represent the electronic density ρ 

(r), the potential V (r) and the orbitals of Kohn-Sham��. The process of resolution is done 

iteratively using an auto coherent cycle of iterations. This is accomplished by injecting the initial 

density of charge  ��� to diagonalize the secular equation: 

(H-��S)=0                                                                 II.16 

With H representing the Hamiltonian matrix and S is the recovery matrix. 

After that, the new density of charge ���� is constructed with the eigenvectors of this secular 

equation using the total charge density that can be obtained by summation over all occupied 

orbitals. If we do not obtain the convergence of the calculations, we mix the densities of charges 

���  and ���� as follows: 

���
��� = (� − �)���

� +�����
�                                                II.17 

Taking i as the ith iteration and α as a mixing parameter. Thus the iterative procedure can be 

continued until convergence is achieved. When the convergence is reached, the energy of the 

ground state of the system is accessed. This entire procedure is shown below, in Figure II.2. 
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Figure II.2: schematic representation of the auto-coherent cycle corresponding to the resolution of Kohn-

Sham equations [82]. 

The previous algorithm calculates the energy and electronic density in the state fundamental of 

the atomic configuration with a fixed geometry (shape and volume). If the atomic set is not in 

mechanical equilibrium, forces are exerted on the atoms. They can be calculated from the 

Hellmann-Feynman theorem. 

In a practical way, it is enough to recover the value of the forces on the atoms at the end of each 

self-coherent electronic cycle and to use conjugated gradient or Verlet algorithms to minimize 

the energy and determine the optimal geometry or else perform molecular dynamics calculations. 

       II.1.2.5. The Hartree-Fock approximation:  

Since the electron-electron interaction creates a sort of complexity in their studies, the Hartree-

Fock approximation was proposed to resolve this problem taking into consideration the 

supposition of free electrons. Hence, the electrons are taken as independent and each electron is 
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surrounded by a number of other electrons which creates a field in which the electron can 

progress. In this case, every electron evolves in an orbital, so we can write the total wave 

function as follow:   

�({��}, {��}, �) = ��({��})… . .���({���})                            II.18 

It’s a product of orthogonal wave functions of one particle. So as we are discussing the electron-

electron interaction, one should not forget about the Pauli principal, and unfortunately this 

principle does not apply well within this approximation, so the solution based on the Harthree-

Fock approximation was to take the wave function of N electrons as a Slater determinant such as 

the elements of the determinant have one electron each [83,84]. Consequently, every electron is 

under the influence of two fields, an external field generated by the nucleuses, and another field 

created by the surrounding electrons and it's named Hartree potential. 

The goal is still the same and it's to reach an exact solution for the Schrödinger equation. In this 

aim, There are various methods in quantum chemistry founded on the Hartree-Fock 

approximation to deal with atoms and molecules but still doesn't give precise results for solids.    

       II.1.2.6. The exchange-correlation energy: 

The fact that the DFT gives no information on the form of the functional exchange-correlation, 

the approximation introduced for its determination must be applicable for different systems. The 

interactions between electrons give rise to three kinds of effects: 

The first one is the exchange effect, also called Fermi correlation, which results from the anti-

symmetry of the total wave function. It corresponds to the fact that two electrons of the same 

spin have a zero probability of being in the same place. This effect is directly related to Pauli's 

principle and absolutely does not involve the charge of the electron. The Hartree-Fock 

approximation takes it into account naturally, because of the anti-symmetry of the Slater 

determinant representing the wave function Ψ. 

The second one is the coulomb correlation which is due to the charge of the electron. It is 

connected to the repulsion of electrons in 1 / │r-r'│. Unlike the exchange effect, it is spin 

independent. This effect is neglected by the Hartree-Fock theory. 
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The third effect emanates from the fact that the electronic wave functions are formulated in terms 

of independent particles. This is the 'self-interaction 'correction [85], which must lead to a correct 

count of the number of electron pairs. 

On the other hand, to apply Kohn-Sham's approach, the exchange-correlation term is required, 

Moreover, the correction of the kinetic energy term. Indeed, even if the density of the fictitious 

system considered is the same as that of the real system, the determined kinetic energy is 

different from the real energy, because of the artificial independence of the wave functions. 

The calculation of energy and exchange-correlation potential is based on a number of 

approximations, which we’ll introduce next. 

   II.1.3. Ab initio Approximations: 

       II.1.3.1. The Local Density Approximation (LDA):  

We have used this approximation in our work. The Local Density Approximation (LDA) is 

based on the assumption that the electron density varies slowly in space and therefore the 

exchange-correlation terms depend only on the local value of ρ (r); that is, it treats a non-

homogeneous system as locally homogeneous. 

The exchange-correlation functional���(�(�⃗)) is thus replaced by that of a homogeneous gas of 

density electrons ρ (r): 

���
���[�(��⃑ )] = ∫�(��⃑ )���[�(��⃑ )]���⃑                                              II.19                      

Taking ���[�(�⃗)] as the exchange-correlation energy for a uniform gas of electrons, with ρ(r) as 

a density. 

The exchange-correlation functional can be divided into two terms, one term of the exchange and 

another representing the correlation.  

	���
���[�(��⃑ )] = ��

���[�(��⃑ )] + ��
���[�(��⃑ )]                                      II.20                     

With the Dirac exchange functional gives ��
���(ρ(�⃗))=-

�

�
(
�

�
�(�⃗))

�
�� .  

There are some studies, namely, quantum Monte Carlo calculations [86,87] in which precise 

values of ��
���[�(�⃗)] have been obtained. These values were then interpolated by Vosko, Wilk 



 53 

and Nusair (VWN) [88] and by Perdew and Zunger [89] and Hedin-Lundqvist [90] to arrive at a 

form analytics of ��
���[�(�⃗)]. 

 
Recall that the LDA approximation only describes the ground state of electronic systems but not 

the excited states. The bandwidths of forbidden energies of semiconductors and insulators are 

underestimated in this approximation. For some systems with strong correlation effects (f-band 

or narrow-band), the LDA does not adequately describe the properties of the system. Especially, 

Mott-Hubbard insulating-type transition metal compounds or charge transfer insulators are 

predicted metal. 

       II.1.3.2. The generalized gradient approximation (GGA): 

The Generalized Gradient Approximations (GGA), which we've employed in our work, provides 

an improvement over the LDA approximation. In the local approximation, the exchange and 

correlation potential depends only on density�(�⃗). Whereas, in the GGA approximation, the 

potential is expressed as a function of the local electronic density�(�⃗) and its gradient ∇�(�⃗) 

[91].  

���
���[�(��⃑ )] = ∫�(��⃑ )ƒ[ �(��⃑ ). ��(��⃑ )]��(��⃑ )                                II.21                    

ƒ[�(�⃗), ∇�(�⃗)] as the exchange-correlation function depending on the electronic density and its 

gradient.    

In Ab initio calculations, we find several versions of the GGA, but the most frequently used in 

theoretical works are those introduced by Perdew and Wang (PW91) [92] and Perdew, Burke 

and Ernzerhof [93]. In many cases, the GGA approximation provides better results than the LDA 

for total energies, cohesive energies, equilibrium volumes, and incompressibility modules [94]. 

However, the forbidden band widths of insulators and semiconductors remain far too low. 

Systems with high correlations (narrow or narrow bands) are poorly described. 

        II.1.3.3. The local density and generalized gradient approximations with the Hubbard 

correction (LDA + U and GGA + U): 

In the TM-doped or Rare earth-doped systems in which there are highly localized d or f orbital 

systems, the effective  intra-site Coulomb repulsion between localized electrons, represented by 

U (Hubbard’s term) is strong in front of the bandwidth. The LDA method is then insufficient and 
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the intra-atomic correlations must be taken into account. Mott Hubbard's insulators, such as the 

transition metal compounds of the end of the 3d series, of rare earths, or of actinides, are in fact 

obtained in LDA metal. 

This incorrect description of high correlation systems comes from the fact that in the LDA 

method, the charge density is defined by an average occupancy on all orbitals of the same orbital 

quantum number l. The effective mono-electronic potential which is a functional of the charge 

density is therefore identical for all the orbitals having the same value of 1. This violates Hund's 

second rule associated with orbital polarization and responsible for local moments. 

In more details, the Strong intra-site Coulomb interactions screened between d electrons have 

been introduced using the approach known as the DFT + U method that combines the DFT 

(LSDA or GGA with spin polarization) method with a Hubbard Hamiltonian:  

��Hubbard=
�

�
 ∑ ���,�����,�� +

(���)

��,��,� ∑ ���,�����,�����,�                                 II.22                 

Where   ���,�  is the operator that gives the number of electrons occupying an orbital that has the 

quantum magnetic number m and spin σ at a particular site. U is the spherically averaged 

Hubbard parameter, which describes the energy cost of placing an extra electron on a particular 

site. J represents the screened exchange energy. U depends on the spatial extension of the wave 

functions and the screening. J is an approximation of the exchange parameter of Stoner. 

Parameters U and J characterize the intrasite Coulomb repulsion. In addition to that, in this 

approach U and J do not interfere separately but by their difference (Ueff = U- J). 

The Hamiltonian of Mott-Hubbard has the contributions of energy already accounted for by the 

functional DFT. After subtracting the twice-counted terms from the energy given by the classical 

DFT method, the energy of the functional DFT + U in spin polarization is obtained: 

������ = ���� +
(���)

�
∑ (���,� − ���

��)��                                             II.23                          

      II.1.3.4. Linearized augmented plane wave method: 

           II.1.3.4-a. Definition of the linear augmented plane wave (LAPW) method: 

The LAPW was first introduced by Andersen in the aim to resolve the problems brought by the 

APW base and especially the problem of non-linearity [95]. This method is also considered as an 
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improvement of the APW given by Slater. Its principle evolves Taylor series expansion which is 

performed for the radial function around the energy �� where we can determine the function 

��
�(��, �): 

��
�(��, ��) = ��

�(��, ��) + (�� − ��)�
���

�(��,�)

��
�
����

                                   II.24                        

And  

�
���

�(��,�)

��
�
����

= �̇�
�(��, ��)                                                    II.25                            

Hereafter, we use the given equations II.24 and II.25 to get the expression for the LAPW basis: 

��
� (�, �) = �

���/���(���)�													������(�)

����
�,�����

�(��, ��) + ���
�,����̇�

�(��, ��)� ∗ ���(��)						� < ���
�             II.26 

Where: 

���
�,���  : As coefficient which is determined by the continuity of ��

�(r, E). 

E0:  Is an Energy value.  

E0 is taken close to the center of the band p of the studied energy, this, when we investigate a 

proper state with character p. So that we find the energy difference E0- Ek as minimum as 

possible. Hence, LAPW method is very practical, providing all the valence bands energies based 

only on an energy value of E0.  

����
� : As the minimum radius of the atomic sphere.  

 Kmax : represents the maximum value of ||K||.  

Normally, the ����
�  Kmax is taken between 7 and 9. Consequently, the electronic density for spin 

up and down can also be calculated by integrating the square of the wave function in the sampled 

Brillouin zone. 

         II.1.3.4-b. Definition of the Linear Augmented plane wave with Local orbitals 

LAPW+Lo method: 

The application of the Augmented plane wave with Local orbitals (LAPW+Lo) method is 

significant in the case of various electronic state studies, namely, ''semi-core'' states despite that 
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this type have a small contribution in the atomic bounding and the electronic hybridizations [96]. 

Hence, in order to resolve this issue, the next equations are used to implement the local orbitals 

into the LAPW method:   

���
�� = ��������, ��,�� + ����̇���, ��,�� + �������, ��,������(��)                      II.27                 

There are two purposes, the first one is to have a better linearization of the LAPW method and 

the second one is to be able to treat the semi-core and valence states in the calculation. Thus, was 

the need to add other basic functions, namely, ''local orbital'' functions [97], having a linear 

fusion of two radial functions corresponding to two different energies (3s and 4s…) with their 

derivatives.  

In addition, the coefficients ��� , ��� and ���	are calculated using the condition that ���
��	have 

to be standardized besides having a slope at the edge of the sphere. 

         II.1.3.4-c. Insight on the Full Potential Linearized Augmented Plane Wave (FP-

LAPW) method: 

Note that, in order to study the electronic behavior of studied atomic systems, the plane wave is 

accurate to describe the free electrons when they are distant from the core, but when the 

electrons are very close to the core, they are assimilated as a free atom, another method is used in 

this case, which is the spherical functions. 

The spheres in this method can be illustrated as shown in Figure II.3, there are two regions: 

spherical muffin tin and interstitial region, these two regions are treated differently. Thus, two 

approaches are applied: in one hand, the spherical functions inside the muffin tin spheres where 

the solutions of Schrödinger equation are radial and angular, in the other hand, the plane wave in 

the interstitial region. 

 

Figure II.3: Interstitial and spherical regions. 
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Here's where this method is interesting: the FP-LAPW or full-potential linearized augmented-

plane wave method, enables a self-consistent solution of the Schrödinger equation (Kohn-Sham) 

within the unit cell involving the muffin tin sphere and the interstitial area. In addition, the 

potential and the density in the muffin tin spheres are both described by the angular and radial 

functions, since we've a spherical symmetry. However, in region (l), the unit cell is described by 

plane waves. 

  II.1.4. The Calculation code_ AKAIKKR: 

       II.1.4.1. Outlook on the AKAI code:   

The AkaiKKR (MACHIKANEYAMA) is a program package designed and made by Akai [98] 

using the Korringa- Kohn-Rostoker method combined with the coherent potential approximation 

(KKR-CPA) with the parameterization of Moruzzi, Janak and Williams (MJW), and Vosko, 

Wilk, and Nusair (VWN) [88], [99]. This code is exploited to perform first-principles calculation 

(Ab initio) of electronic structures, of metals, semiconductors and compounds beside the 

magnetic properties for the DMS, all this within the local density approximation (LDA) or 

generalized gradient approximation (GGA) of the density functional theory. 

AkaiKKR is based on KKR–Green’s function method. The code offers unique advantages in the 

calculations: high speed, high accuracy and compactness. It's a totally electronic method which, 

unlike the plane-wave cutoff, it does not has any serious truncation errors. In addition, since 

AkaiKKR is combined with CPA (coherent potential approximation), it makes the code very 

convenient for both normal ordered crystals and disordered systems, such as impurity systems, 

random substitutional alloys and mixed crystals. Also, the fact that the method directly calculates 

the Green’s function of the system, it provides a good starting point for first-principles linear 

response theory, many-body theory, etc. 

The package has been continuously developed since late 70th. Each program in the package is 

written in FORTRAN 77. The package is completely self-contained and does not need any 

additional libraries. It runs equally well, under different platforms (UNIX, Linux, Mac OS), on a 

small note PC and a large supercomputer.   
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We use the LDA technic as approximation since we have a disordered system. This method is 

the most convenient to study this kind of system. KKR-CPA was developed by Akai and 

Dederichs for DMSs doped with a transition metal see Refs [100] about KKR-CPA method. Also 

for oxide semiconductors, ZnO based DMSs [101].   

We’ve employed the Generalized Gradient Approximations (GGA) approximation, Perdew–

Wang functional, (GGA91) [92], to treat this disordered system since it is one of the most 

accurate and precise approximation to deal with this disorder. 

Hereafter, we introduce the KKR-CPA method with the details.  

       II.1.4.2.Studied Materials and Calculation details:  

            II.1.4.2-a. Gallium Nitride (GaN) case:  

We have used the AKAI-KKR-CPA code MACHIKANEYAMA2002v08 package designed and 

made by Akai [98] for our GaN system. Within the Korringa- Kohn-Rostoker method combined 

with the coherent potential approximation (KKR-CPA) with the parameterization of Moruzzi, 

Janak and Williams (MJW), and Vosko, Wilk, and Nusair (VWN) [88]. The MJW and VWN 

functional predict a band gap of approximately 2.72 eV for bulk GaN. This finding is compared 

with the experimental value of 3.507 eV. We use the LDA technic as approximation since we 

have a disordered system. This method is the most convenient to study this kind of system. 

KKR-CPA was developed by Akai and Dederichs for DMSs doped with a transition metal see 

Refs [100] about KKR-CPA method. Also for oxide semiconductors, ZnO based DMSs [101].    

The density of states (DOS) were calculated and plotted for Ga1-xMnxN for different doping 

concentrations which are Mn magnetic impurities. For better understanding of the upcoming 

figures, the syntax “Total” represents the total density of spins up and down, located in the 

valence and band conduction in the system structure. The Total density must not change from a 

figure to another. But the partial DOS curves will change, when varying the doping 

concentrations. These concentrations are x(Mn)=0.10, x(Mn)=0.15 and x(Mn)= 0.20. After the 

doping operation, the Mn atoms are placed in the Ga sites in the wurtzite structure at any 

concentration. We’ve used in our code 250 K-point in the first Brillouin zone and took into 

account that the magnetic impurities (Mn) replace randomly Ga atoms in the structure. Our 

system has a wurtzite crystal structure with a = 3.180 Å, and c = 5.166 Å as lattice constants and 

u= 0.377 [102]. Since the unite cell is hexagonal with two lattice parameters, our atoms in this 
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system are disposed as each Ga atom is encircled by four N atoms on the corners and vice versa 

as we will see next for more details about the model. 

            II.1.4.2-b. Gallium Arsenide (GaAs) case: 

The first principal calculations (Ab initio) were executed also with the AKAI-KKR-CPA code 

MACHIKANEYAMA2002v08 package designed and made by Akai. Korringa- Kohn-Rostoker 

method [98] combined with the coherent potential approximation (KKR-CPA).Based on the 

density functional theory (DFT), the KKR-CPA method was developed by Akai and Dedrichs to 

trait transition metal alloys, with the parameterization of Vosko, Wilk and Nusair (VWN) [88], 

e.g. in our case we have GaFeAs and GaNiAs alloys. The host material is GaAs and the 

transitions metals are Fe and Ni, the doping with these impurities is done randomly since the Fe 

and Ni atoms in each case replace and take the cation atoms (Ga) sites randomly. Therefore, we 

have employed the Generalized Gradient Approximations (GGA) approximation, Perdew–

Wang functional, (GGA91) [92], to treat this disordered system since it is one of the most 

accurate and precise approximation to deal with this disorder. In our previous works we have 

used the local density approximation LDA approximation also.  

The density of states (DOS) were calculated and plotted for both systems Ga1-xFexAs and   Ga1-

yNiyAs for different doping concentrations which are the Fe, Ni magnetic impurities. To better 

understand the upcoming figures, the syntax “Total” represents the total density of spins up and 

down, located in the valence and conduction bands in the system structure. The Total density 

must not change from a figure to another. But the partial DOS curves will change, when varying 

the doping concentrations. These concentrations are x (Fe) =0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 

0.07, and y (Ni) = 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07. As mentioned above, the Fe atoms are 

placed in the Ga sites inside the structure of GaAs. We’ve used in our code 300 K-point in the 

first Brillouin zone. Our system is a III-V direct bandgap semiconductor with a zinc blende  

crystal structure. With a = b= c= 5.65325 Å, as lattice constants and Td
2-F43m as a space group. 

Since we have a zinc blend structure with one lattice parameter, our atoms in this system are 

disposed as each Ga atom is encircled by four As atoms on the corners and vice versa.  
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     II.1.4.3. The coherent potential approximation (CPA) method: 

           II.1.4.3-a. presentation: 

In material physics, alloys are the center of high importance in material researches. They 

attracted a lot of interest because the addition of small percentage of atoms in a metal or 

semiconductor changes the magnetic and mechanical properties. The KKR method calculates the 

energy band structure of these classes of materials. This is one of the most powerful methods that 

have brought a deeper understanding of the structure of metals and semiconductors. The 

application to solids of this method among others allowed the use of Bloch's theorem where the 

periodicity of the crystal leads to simplifications in the equations. 

On the other hand the averaging process in the coherent potential approximation is done on all 

possible configurations. It applies to disordered alloys that do not present short-range order. The 

concept of this coherent potential has been developed in the context of multiple diffusions. It was 

proposed for the first time by Shiba and Soven [103,104]. 

In condensed matter physics, the coherent potential approximation, denoted as (CPA), is a 

method consisting on of finding the Green's function of an effective system. It is a very 

benefiting approach, used in other domains, as, to understand the scattering of sound waves in a 

material which displays spatial inhomogeneity.  

In our case, the CPA is applied to random materials using the muffin-tin approximation to 

calculate electronic band structure in solids. A variational implementation of the muffin-tin 

approximation to crystalline solids using Green's functions was suggested by Korringa and by 

Kohn and Rostocker, and is often known as the KKR method. For random materials, the theory 

is applied by the introduction of an ordered lattice of effective potentials to replace the varying 

potentials in the random material. This approach is called the KKR coherent potential 

approximation. 

        II.1.4.3-b.The idea behind the coherent potential approximation (CPA): 

Let us consider the representation in Figure II.4 and take a random alloy system which consists 

of n components, A1 , A2 , ... An and their concentrations are x1 , x2 , ... xn . Suppose that the 
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atom Ai is at the origin in the effective medium. Green’s function which starts from the origin 

and comes back to the origin is: 

 

����
�̇ = ∑ ������[� − (�� − ��)��]�����

��
���                                            II.28                            

 

���� and �̃ are the Green’s function with t-matrix (coherent t-matrix) of the effective medium, 

respectively. CPA is an efficient approximation to determine	��. We use the self-consistent 

equation: 

 

∑ ������
��

��� = �����                                                       II.29                           

 

This equation means that we calculate the Green’s function of the medium by taking weighted 

average of the Green’s function where the component atom is placed at the origin in the effective 

medium. 

 
Figure II.4: Schematization of the CPA method 

 

   II. 2. Monte Carlo simulation: 

      II.2.1. Introduction: 

Monte Carlo method is one of the most accurate and important numerical methods used in 

atomic scale calculations and to solve statistical physics problems both in equilibrium and out of 

equilibrium states [105]. This method has a strong asset which is the ability to exploit empirical 

or ab initio results in the simulations in the aim to calculate various properties, namely, 

thermodynamic and transport properties of systems. 

Monte Carlo method is based on simulations that enable us to utilize experimental or ab initio 

results along with classical statistical mechanics, in order to find out the thermodynamic and 

transport properties of various systems. Within this method, the change or development in our 
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system is controlled by a stochastic process based on a sequence of random numbers generated 

in the simulation by the program [106].  

Generally, one can dissemble Monte Carlo models into three defining steps, in the first one; the 

studied physical problem is represented in an analogous probabilistic or statistical model. In the 

second one, a high number of arithmetical and logical operations within a numerical probabilistic 

sampling experiment are used to solve the generated model, and then we have generated a 

number of data, which leads us to the third step, where the collected data are analyzed using 

statistical methods and we present and interpret the results, see Figure II.5. 

More importantly, Monte Carlo method is founded on Metropolis algorithm which stands out as 

one of the most powerful and known numerical algorithms on the 20th century [107,108]. 

Nevertheless, this method is limited by the computer tie and memory since we need a computer 

to perform the simulations, and the larger the simulations, the more powerful the computer 

should be. 

 

Figure II.5: Monte Carlo method modeling 

In Statistical mechanics, one of our priorities is to study and calculate the different properties of 

condensed matter systems in macroscopic scale. Generally, a physical system can be studied 

macroscopically and microscopically, the first one is not an easy task, hence, we investigate the 

microscopic properties of the system and we use the obtained results to describe the macroscopic 

behavior of that system. Nevertheless, these systems contain a huge number of data, leading us to 
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a critical problem in these types of systems, which is there composition of a high number of 

particles with various types. Hence, Monte Carlo method is an example of the numerical 

computer simulations that are key methods in the aim to investigate and study profoundly the 

complex physical systems, namely, spin, spin glasses, critical phenomena and order- disorder 

phase transitions or even in biology problems, protein folding. These magnetic properties and 

phase transitions of these systems have been highly studied with various techniques as the mean-

field approximation [109,110], renormalization group [111], series expansions [112] and Monte 

Carlo simulations [106], [113] which stands out as the most precise and powerful method among 

them. 

Hereafter, we have to point out the fact that not every magnetic system has these phase 

transitions. The presence of phase transition is normally related to different system's parameters, 

that is to say, the type of interactions between the atoms, the dimension of the space and 

symmetry of the system. Relating to that, we've mentioned before the order- disorder situation, 

there is an order parameter related to the type of symmetry that the investigated system has. 

There is a critical point, see Figure II.6, according to which the analysis is based on. Such as, if 

in one phase above the critical point, it takes a non-zero value, and zero otherwise, this order 

parameter is considered a good one. For us we're interested in the magnetic systems that have a 

phase transition, in this case the magnetization is considered as the order parameter.    

 

 

Figure II.6:  Cpoint representation 

    II.2.2. Simulation Models: 

In condensed matter physics, a magnetic system is one formed of atoms having a magnetic 

moment and a spin. But before going into that, one should ask how can we describe a physical 

system? 

Describing a system includes solving it; there are two methods for that:  

1. By solving, numerically, the Schrödinger’s equation of the system, which includes every data, 

starting with all possible and complicated interactions to understand quantitatively the behavior 

of this studied system. 
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2. By simplifying the system with a representative model that has the system's key parameters, 

and then from this model we can elaborate an analytic solution or an accurate numerical one. 

Within a magnetic system, the magnetic interactions between the ions are the most important 

source of information. Thus, a variety of Hamiltonians related to magnetic models were given to 

describe the interactions in these magnetic systems. The spin and lattice model are the two main 

elements of these magnetic models [114,116]. In addition, the Hamiltonian is the representation 

of the energy variation and magnetic coupling in the studied magnetic system, using spin 

variables and coupling exchange as input. 

         II.2.2-a. Structures and geometries: 

In physics, every system has degrees of freedom which represent the most important parameter 

that controls the system. Hereafter, we can define the lattice model in two parts; the first one is, 

as an interval where the degrees of freedom reside on the sites. The second one is, as a space that 

connects a D-dimensional lattice. Let's take the example of spins system (magnetic system), it's 

crucial to know which spins are interacting in the system because that controls the magnetism. 

To do that, those spins most have a position or location, or we have to elaborate a way to connect 

one spin with the other. Hence, this can be schematized by a geometric structure, composed by 

line linked lattices. 

There are various examples of lattice schematization, as shown in Figure II.7, that we can divide 

in three categories:  

(1) A simple lattice, such as cubic, square, triangular or honeycomb). 

(2) Complicated regular lattice, namely, diamond, face-centered cubic (FCC), body-centered 

cubic (BCC) or hypercubic,... 

(3) Random lattices, see refs [115-118]. 

 

Generally, in the regular lattice, every spin is located on a site. Nevertheless, in the random 

lattices, some sites in the structure can be empty or simply does not have any spin. In addition, 

between sites, there is a lattice bond which connects two sites to each other.  
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Figure II.7:  Various 2D spacial lattices used in Monte Carlo, cellular automaton and percolation 

simulations also. 

   

(a) Bethe/Cayley lattice (coordination number k = 3) (lattice with no closed circuits; beside the 

perimeter sites, the other sites have the same number of neighbors);  

(b) Honeycomb lattice (k = 3);  

(c) Square lattice (k = 4);  

(d) Kagom´e lattice (k = 4);  

(e) Triangular lattice (k = 6). 

          II.2.2-b. Ising model:   

Among the most famous models in solid-state physics and material sciences, spin models are 

based on degrees of freedom which are located in a discrete spatial lattice and interact locally. 

Beside different terms of spin interaction that are implemented in the Hamiltonian. In these 

models, the energy change typically occurs by the flip of particle spins instead of exchanging 

atoms or displacement. They are very effective when we want to predict the behavior of many-

body systems by attributing particles with certain properties to the lattice sites. Amid the 

classical spin models, there are different types: 

 -Models with discrete spins:  

          - Ising model [119,121].    

          - Potts model [122,123].   

 - Models with continuous spins: 



 66 

         - The two dimensional unit vectors XY model [115]. 

         - Three dimensional unit vectors of the classical Heisenberg model [117]. 

         - N dimensional unit vectors (n-vector model or O(n) model) [124]. 

         - Baxter’s vertex models [120]. 

Note that, the first proposed Ising model was in 1920 by W. Lenz as recognition to his student 

Ising for being able to explain quantitatively the transition between ferromagnetic and 

paramagnetic state [120]. Ising has developed the model in 1925 [121], where the spin 

interaction is governed by the Hamiltonian: 

 

� =	−�	∑ ���� − �	 ∑ �������                                                   II.30                             

Where:  

J: stands for the coupling exchange constant, which takes different values depending on the type 

of magnetism: positive (J>0) in the ferromagnetic state, zero (J=0) in the paramagnetic state and 

negative (J<0) in the anti-ferromagnetic state. 

<ij>: represents the nearest neighbors, so that the lattice sum runs only over all these nearest-

neighbors. 

Si, Sj: are the spin amplitude values for each site. 

In 1944, a solution was analytically found for the two-dimensional square lattice Ising model in 

vanishing field [125].This is a simpler case, but there is no exact solution for more complicated 

systems such as, those with 2+ states of spin, mixed spins or systems with more than two 

dimensions (2D). Hence, to study these systems, different approaches and approximate methods 

were proposed to determine their magnetic properties, namely, the magnetization, susceptibility, 

energy, specific heat, critical temperature, critical exponents and the phase transitions, etc. 

In addition, the advancement and the thermodynamic properties of these spin lattice models are 

generally investigated by randomly flipping the spins of particles that occupies random lattice 

sites and weighting the resulting energy variation by the use of a Metropolis Monte Carlo 

sampling approach that we'll elucidate next. 
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As mentioned before, Monte Carlo method gives the most precise calculations. In what follow 

we'll explain shortly the basic of this method. There are more studies covering more theoretical 

concepts related to Monte Carlo algorithm [105,106], [117, 118]. 

         II.2.2-c. Heisenberg Model: 

The Heisenberg's model treats interactions between spins. This model strongly depends on the 

sign of the coupling constant; positive for the ferromagnetic state or negative for the 

antiferromagnetic state, for the purpose of studying the magnetic properties of magnetic 

materials. 

This model makes it possible to directly treat a set of spins in relative interaction which depends 

on the distance between the close neighbors [126]. 

Recall that, the spin is the intrinsic kinetic moment of the particle. It is a vector operator with 

three components �⃗�	, �⃗�	, �⃗�. 

In the case of spin 1/2, we can define the spin operators according to the creations and 

annihilation operators in the following form: 

��� =
�

�
	∑ ���́

�
�,�̇ ���⃗ ��́���̇́                                                   II.31                               

Where �⃗��́ represent the Pauli’s matrices. 
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� �
� �
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� −�
� �

�	, �� = �
� �
� �

�                                         II.32                             

Note that, the interaction energy between a magnetic moment and a magnetic field is defined by 

the following term−��⃗ .���⃗ . We can represent the two magnetic moments ���⃗ � and ���⃗ � by two small 

magnets which are oriented antiparallel to minimize their energy as in (Figure II.8): 
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Figure II.8: Field lines of two magnetic dipoles 

The Heisenberg Hamiltonian describes a set of interacting magnetic moments in the theory of 

quantum magnetism.  

Where the expression of this Hamiltonian is: 

� =
�

�
∑ �

�,�+�
���⃗ �. ���⃗ �+�� − ∑ �

�
��� ���⃗                                    II.33                          

Where: 

��: Bohr magneton. 

��: refers to the gyromagnetic ratio. 

�⃗:  The spin operator. 

ℎ�⃗ : represents the external magnetic field.  

��,���:  The exchange constant. Such as, for ��,��� > 0 the interaction is antiferromagnetic, 

meanwhile, for ��,��� < 0 it is ferromagnetic. 

Nevertheless, in real systems, there is always a fluctuation of the spin away from the axis of 

symmetry. Thus Heisenberg proposed a suitable Hamiltonian to describe all interactions [127]:   

�����=−�ǁ ∑ ��
���

� −	�� ∑ (��
���

�
��,�� + ��

���
�) − �∑ ��

�	,					����		��,� = ±����,��       II.34 

The symbols x, y and z represent the Cartesian axes in spin space, J and J stand for parallel and 

perpendicular coupling interaction energy. When J⊥ =0, we are then in the case of the classical 
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Ising model. Note that the main difference between the Ising model and Heisenberg model is the 

fact that for the late one, the spin operators do not commute.  

      II.2.3. Markov chain and Importance sampling:  

In statistical physics, we often want to have the most accurate value of the some quantities, e.g., 

the Magnetization, the internal energy or the susceptibility, etc. Hence, the most appropriate 

method to calculate the anticipated value (Q) of a thermodynamic quantity (Q) is by taking an 

average of the studied quantity over all system states in our phase space, referred to as the 

canonical ensemble: 

〈�〉 = ∑ �����/�
������ 	                                                        II.35                               

 

The summation runs over all possible states of the system.  Such as:  

�: As the partition function 

� ≡ 1
���

� : Represents the inverse temperature with an external heat bath. 

��:	Boltzmann’s constant  

H: Refer to the Hamiltonian of the system projecting all types of interactions occurring in the 

system (i.e. short-, medium or long-ranged). 

Note that, the degrees of freedom can be either continuous or discrete field variables, such as 

spins. 

Let's take the Ising model as an example, having two spin states, on a lattice of N sites, the above 

sum will run over 2N configurations in phase space. With further calculation, this number 

increases rapidly, making it very difficult to analytically calculate the expectation value of our 

quantity. But this task can be easier if we use standard methods to evaluate integrals, such as 

taking a random sampling of these configurations { �}  and weighing them accordingly. 

Keep in mind that not every region in the phase space is easily targeted by the random numbers. 

That's why it's better and more precise to restrict the sampling on spin configurations in the 
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important regions. This is referred to as importance sampling [118]. The purpose is to build an 

appropriate Markov chain that projects configurations following there Boltzmann weigh: 

���({��}) =
����(����)

Ƶ
                                               II.36                           

Now how can we move in a Markov chain? The answer is via stochastic rules applied in the 

transition from one state to another. Let's take two configurations: (1) and (2), the condition here 

is that the probability of configuration (2) depends only on the configuration (1), such as: 

�…
�
→{��}

�
→ {��}

�
�
→ {��}

��
�
→…�                                            II.37                        

The probability of transition W has to fulfill the conditions: 

�

(�)�({��} → {��}
�) ≥ �	���	���	{��}, {��}

�

(�)∑ �({��} → {��}
�) = �	���	���	{��}�

{��}

(�) ∑ �({��} → {��}
�){��} ���({��}) = ���({��}

�)	���	���	{��}
�	

�									                      II.38 

 

According to condition (c), we can notice that the Boltzmann distribution ��� is just an exact 

point of W, taken as an eigenvalue of W. Hence, we can write the detailed balance as: 

���({��})�({��} → {��}
�) = ���({��}

�)�({��}
� → {��})             II.39 

Moreover, the condition (c) runs a summation over all {��} and using condition (b). Thus, after 

reaching equilibrium, one can estimate the anticipated values by taking a mean over the Markov 

chain of length L, for instance: 

� = 〈�〉 = ∑ �({��}
{��})�

��({��}) ≈
�

�
∑ ��{��}��

�
���                   II.40 

Such as: 

{��}�: Represent the spin configuration at (time) j. 

     II.2.4. Metropolis Algorithm: 

              II.2.4-a. Presentation:  

The Monte Carlo (TM) Metropolis method was introduced in condensed matter physics by 

Metropolis et al. in 1953 [128]. It is called because it is based on the use of random numbers. 

This method allows the estimation of the average physical quantities given by the Gibbs 

formulation of statistical mechanics in the form of multidimensional integrals. 
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The MC technique is in fact particularly suitable for calculating integrals larger than ten. The 

first simulations were performed in the canonical set (constant N, V and T), then the technique 

was extended to the other statistical sets. A random sequence of accessible states (Markov chain) 

is generated in the system configuration space. We sample by favoring the regions where the 

Boltzmann factor (�
��

���� ), that is to say the probability density of the canonical set in this 

space, is the highest (Metropolis algorithm).  The probability of a particular configuration of 

potential energy �� is then proportional to	�
�
��

����
), in other words the acceptance of a 

configuration of the Markov chain is weighted by a frequency proportional to the Boltzmann 

factor.  A property of equilibrium is then obtained as a simple average on the accepted 

configurations. This exploration of the configuration space, following the Metropolis algorithm, 

constitutes the first case of sampling according to importance in statistical mechanics. 

It is still widely used nowadays because it represents a simple and relatively efficient way to 

obtain averages of physical quantities in a statistical set. It is important to note that these 

averages are obtained despite the inability to know explicitly the standardized probability density 

of the set considered. Direct estimates of free energy (entropy, free energy of Helmholtz, 

enthalpy, free enthalpy) are therefore impossible, whereas differences in free energies 

(corresponding to ratios of probability densities) are accessible and are subject to particular 

methods. The MC method is generally limited to computation of static properties since only the 

configurational part of the phase space is explored and time is not an explicit variable. Dynamic 

properties are inaccessible and should be obtained by another technique [129]. 

           II.2.4-b. Application in Monte Carlo method: 

There are various single flip algorithms that can differently fulfill the main Markov chain 

conditions (a) and (b). Nevertheless, the simplest and most flexible one is the classic Metropolis 

algorithm [130], It is applicable in nearly all situations, such as (discrete/continuous, lattice/off-

lattice, short-range/ long-range interactions ...) in which we can suggest a state for a single 

degree of freedom, that is the spin, and accept this suggestion with an acceptance probability: 

�({��}��� → 	 {��}���) = �
�																																						���� < ����

���(���������)																																					���� ≥ 		����																						
 II.41 
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Enew and Eold: corresponds to the energy of the new and old spin configuration [{��}���]	and 

[{��}���	] respectively. 

When we move from a configuration to another, one degree of freedom is changed, this 

modification is the difference between the [{��}���	] and [{��}���]	 . So respecting the transition 

probabilities, the variation of the system goes in an asymptotic way to a stable state where the 

probability of a configuration is	�(���[�]). 

Hence, how can we accept or deny a spin flip?  

To decide that, we compare the energies, if the new energy is lower than the old configuration 

energy, the flip is always accepted. Hereafter, if the energy of the new configuration is higher 

than the old one, the flip can still be accepted with a reliable probability. Thus, we take a random 

number r [0, 1) which we compare to W, if W≤r, we accept the new state. Or else we maintain 

the old configuration and move on to the next spin. The process of the execution of the 

Metropolis algorithm is quite simple as show in Figure II.9 [130], which we have summarized 

in these steps: 

1- Specify the system, a spin-lattice of N sites along with the lattice size L. 

2- Specify a matrix of N variables which represents the spin values. 

3- Impose the periodic boundary conditions. 

4- Define the temperature interval and ∆T as it's variation.    

5- Choose the initial spin configuration. 

6- The boucle of temperature starts from the initial state at T+ ∆T which is the equilibrium state 

of T. 

7- Now, pick out a random or sequent spin, which will be updated, then flip it and calculate the 

corresponding energy, after that, calculate the energy variation ∆E= Ef –Ei and its probability W . 

8- Randomly select a number r and accept the update (flip), only, if ∆E≤0 or W≤r. 
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9- In the case where the flip is accepted, we then compute the related changes in energy and 

magnetization. 

10- We repeat the steps (7-9) until the thermal equilibrium is attained. 

11- Now it's the production step, after the thermal equilibrium, repeat the steps (7-9) n times so 

as to calculate the measurements and averages.     

12- Modify the temperature by ∆T and repeat the steps (6-11) until the temperature reaches its 

maximum, already defined. 

 

Figure II.9: Flowchart representing the basic steps in a Monte Carlo simulation for a simple spin model. 

       II.2.5. Critical properties:     

In Monte Carlo simulation, our aim is to calculate the critical parameter of the system, these 

parameter are measured in the "production step''. That is to say, when our system reaches 

equilibrium, which equals a certain number of Monte Carlo steps, we, then, calculate the most 

important quantities, or the thermodynamic quantities that we aim at. Namely, the magnetization, 

the magnetic susceptibility and the specific heat beside the hysteresis loops. In our Metropolis 

algorithm we’ve used the following expressions to compute the critical parameters:    

   � =
�

�
∑ ��																																																						

�
���                               II.42 
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� = ��(< �� > −< � >�)										                                  II.43 

�� =
��

�
(< �� > −< � >�)													                                  II.44 

N: stands for the number of spins in our studied system which has a size L.  

We evaluate the Curie temperature through the susceptibility peak with different system sizes 

giving more precision.  

Note that in the aim to compute the magnetic properties of a real magnetic material, the 

exchange interaction coupling J, which can be one or multiples, beside other constants in the 

Hamiltonian, such as the magnetic anisotropy ∆, ought to be pre calculated via experimental 

methods like SQUID or theoretical methods, such as the DFT calculations to determine these 

terms especially the exchange coupling [131-134]. 

      II.2.6. Implementation and practical Details: 
 
In the previous section we've defined the basis of the metropolis algorithm. So how can we use it 

practically?   

The following part is the answer to this question. We give here, few steps to implement the 

Metropolis algorithm and data analysis: 

First, we establish the initial configuration. Basically, there is no effect between the first and the 

final configuration. Add that, we can urge the system to reach equilibrium faster if we choose a 

convenient initial configuration. 

Secondly, choose the degrees of freedom, in magnetic systems, it is the spin value of each site, 

we can for example update the values of all even sites and then all odd sites. Or we can 

sequentially update the values of the sites, until we run through all sites in our system. 

Thirdly, apply the boundary conditions. We use these conditions in the system, such that we 

emulate an infinite system by copying the system periodically in all directions (x, y, z). Note 

that, free boundary conditions are used for the finite size system such as Nano-particles.  
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Fourthly, this step is about the finite-size effects, we repeat the Monte Carlo steps over different 

system sizes L, starting from a small size to larger ones and thus we can have an idea about the 

system magnetic behavior for an infinite size L. 

Fifth, we generate random numbers, within Monte Carlo simulations; we use the random 

numbers generators (RNG) to generate random values between 0 and 1. There are various RNGs, 

a good RNG have to produce a reproducible results for testing operations in the algorithm. 

Namely, the energies and Boltzmann weight. Moreover one has to use only well-tested and well-

documented RNGs      

Finally, Statistical errors: in the aim to get trustworthy results, we must take an average over MC 

steps, so one should run some tests on the system to get an idea about the system's equilibrium, 

meaning how many MC steps the program go through in order to reach equilibrium. After that, 

those steps are discarded, and in that point, we starts generating the thermodynamic quantities, e. 

g, magnetizations, susceptibilities, ...   

At last, we have to say that in statistical physics; two other spin flip (local) algorithms exist, 

which are amply utilized nowadays: the heat -bath and Glauber algorithms [135]. Alongside 

these types of algorithms, there is another family of algorithms named "non-local update 

(cluster)" algorithms such as Wolf [136] and Swenden- Wang [137]. Of course, these two 

algorithms verify the general Markov chain conditions (a) and (b) and both have their advantages 

and flaws. 

   II.7. Conclusion: 

Here above, we presented the two main methods that we employed in our calculations, the first 

one being the Ab initio method, and the second one being the Monte Carlo simulation.  On one 

hand, for the Ab initio, we gave the concept of the DFT method which is the base of the Ab initio 

calculations, and its importance in different theorem and condensed matter approximations. Also, 

we introduced the two main approximations we used: LDA and GGA approximation.  In 

addition, we displayed an outlook regarding the AKAI code and AKAI KKR- CPA method. The 

details of our data implementation for the two materials: Mn-doped GaN and (Ni, Fe)-doped 

GaAs, were also given. On the other hand, we presented the Monte Carlo method:  its 

advantages, its importance and the simulation models (Ising model and Heisenberg model), 
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noting that we employed the Ising model in our simulations. Besides, we exposed the Metropolis 

algorithm, on which the Monte Carlo method is based on. After that, we detailed the critical 

properties that we target (the magnetization, susceptibility …) and the implementation in the 

Monte Carlo algorithm.    
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Chapter III 

Ab initio study of the electronic, magnetic properties 

and phase transitions in Ga (Mn) N with Monte Carlo 

Approach 
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   III.1. Introduction:  

The scientific community has given a huge focus to the study of diluted magnetic 

semiconductors (DMS) doped with a controlled concentration of magnetic impurities, such as, 

transition metals inducing ferromagnetic DMSs. particularly, DMS based on III–V and II–VI 

semiconductors. This DMS doping has been That type of doping has been really  explored  both 

theoretically and experimentally [138,139], with the attempt  to integrate these DMSs in 

spintronic devices such as optical isolator, emitting diodes, spin-valve transistor, non-volatile 

memory, spin light, etc. From a Theoretical point of view, there are many studies exhibiting 

interesting results like Dietl et al. [138] predicting high temperature ferromagnetism in doped 

semiconductors such as GaN, ZnO, GaAs and specifically Gallium nitride (GaN), for which 

significant interest has been devoted in the purpose of application in many and various electronic 

and optoelectronic applications, e.g, blue laser diodes, light-emitting diodes (LEDs), high power 

and high frequency devices [138-140]. This scientific interest is coming from the interesting 

qualities possessed by this GaN material, e.i a direct wide band-gap, high electron saturation 

velocity, high breakdown strength and good electrical properties. Also, since we are interested in 

spintronics, doping GaN with magnetic impurities such as, transition metals, increases the 

flexibility for spin based electronic application [141].  Mn-doped GaN can be considered as a 

good and suitable candidate for spintronic applications thanks to its promising room temperature 

ferromagnetism [142]. However, it has been reported that the non-uniform distribution of the Mn 

atoms within (Ga, Mn)N layers, forms  micro-precipitates and clusters, which affects negatively  

the efficiency and quality of the material [143,144]. Still, the ferromagnetism (FM) noticed 

experimentally has yet to be explained clearly and fully understood. There are certain cases 

where this ferromagnetism was subjected and a Curie temperature above room temperature was 

shown, namely in nanocrystals and thin films formed by Ga1-xMnxN. Note that, we can control 

the magnetic state either reverse or change that magnetic state by switching the type of doping, 

p- or n-. One of the main targets of these researches is to sustain the ferromagnetism in (Ga, 

Mn)N up to room temperature and It was theoretically anticipated [142]. The early studies have 

given some debatable results showing high Tc in (Ga, Mn)N, where the recorded Tc varied 

between 20K and 940K [145,146]. Zajac et al. [147] reported that the coupling between Mn ions 

in Ga1-x MnxN (x < 0.1) is anti-ferromagnetic (AFM). So to understand the FM–AFM 

competition ,electronic structures and magnetic properties of zinc blende Ga1-xMnxN for different 
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concentrations of dopant x were exanimated and processed in different calculations using the 

tight binding LMTO (Linear Muffin-Tin Orbital Method) method in the local spin density 

approximation, by Uspenskii et al. [148]. Sanyal and Mirbt [149] used the ab-initio plane wave 

code (VASP) on Mn-doped GaAs and GaN DMS through the density functional theory (DFT). 

They calculated the interatomic exchange interactions by substituting Mn atoms in specific 

positions within the unit cell and attributed the origin of the ferromagnetism in (Ga,Mn)N to a 

double-exchange mechanism associating the hopping of Mn–d electrons. Raebiger et al. [150] 

studied all possible configurations formed by the two Mn atoms on a Ga sublattice for 5% of 

magnetic impurities using the full potential linearized augmented plane wave (FP-LAPW) 

method in order to investigate the correlation between clustering and exchange coupling in the 

magnetic semiconductor Ga1-xMnxN. We point out an interesting conclusion that is the clustering 

of Mn atoms at near neighbor Ga sites is energetically preferred. This can be very useful in order 

to have the best output from these materials.  

Hereafter, regarding Monte Carlo approach, as far as we are concerned we are not aware of any 

work in which we perform Monte Carlo Simulating for GaN doped with Mn. Where Mn3+ is the 

only present high spin magnetic ion, S =2, and this is where comes our motivation for this work, 

to lighten and clear up data about MCs simulation for Ga(Mn)N. We study the variation of the 

thermal magnetization, susceptibility as a function of the temperature for a spin S=2 and for 

different lengths by Monte Carlo simulations (MCS). The critical temperature (Tc) is deduced 

from the susceptibility graph. In addition, the ab-initio calculations were performed to investigate 

the magnetism in Ga(Mn)N.       

   III.2.Crystal structure and Calculation Methods: 

In this ab initio study we exploited the AKAI-KKR-CPA code MACHIKANEYAMA2002v08 

package designed and made by Akai [98], for our GaN system. Within the Korringa- Kohn-

Rostoker method combined with the coherent potential approximation (KKR-CPA) with the 

parameterization of Moruzzi, Janak and Williams (MJW), and Vosko, Wilk, and Nusair (VWN) 

[88], [99]. The MJW and VWN functional showcase a band gap of approximately 2.72 eV for 

bulk GaN. This result is compared with the experimental value of 3.507 eV. We apply the LDA 

technic as approximation since we have a disordered system. This method is the most convenient 

to study this kind of system. KKR-CPA was developed by Akai and Dederichs for DMSs doped 
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with a transition metal see Ref [100] about KKR-CPA method. Also for oxide semiconductors, 

ZnO based DMSs [101].    

The density of states (DOS) were calculated and plotted for Ga1-xMnxN for different doping 

concentrations which are Mn magnetic impurities. For better understanding of the upcoming 

figures, the syntax “Total” represents the total density of spins up and down, located in the 

valence and band conduction in the system structure. The Total density must not change from a 

figure to another. But the partial DOS curves will change, when varying the doping 

concentrations. These concentrations are x(Mn)=0.10, x(Mn)=0.15 and x(Mn)= 0.20. After the 

doping operation, the Mn atoms are placed in the Ga sites in the wurtzite structure at any 

concentration. We’ve used in our code 250 K-point in the first Brillouin zone and took into 

account that the magnetic impurities (Mn) replace randomly Ga atoms in the structure. Our 

system has a wurtzite crystal structure with a = 3.180 Å, and c = 5.166 Å as lattice constants and 

u= 0.377 [102]. Since the unite cell is hexagonal with two lattice parameters, our atoms in this 

system are disposed as each Ga atom is encircled by four N atoms on the corners and vice versa 

as we will see next for more details about the model. 

   III.3. Results and discussions:  

        III.3.a.Band structures and density of states: 
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Figure III.1: The density of states (DOS) for GaN without any transition metal impurities. 
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Figure III.2: The band structure (E-k curve) for non-doped GaN (1Ry =13.605 ev) 
 

 
 

Figure III.3: Total d and p state projected density of stat (DOS) of Mn, doped 
GaN.���.�����.���, the total DOS is denoted by a thick solid black line,3d-states of Mn by a 

blue line and 2p-states of N by a Green line. 
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                                      Ga0.95Mn0.05NUp 

 
  

Ga0.95Mn0.05Ndn 

Figure III.4: The Band structure (E-k curve) in the case Ga0.95Mn0.05N for up spins   

Ga0.95Mn0.05NUp and down spins Ga0.95Mn0.05Ndn 

 

The total density of states for GaN before doping with Mn atoms is given in Figure III.1 as we 

can see in the DOS, we don’t have any impurities bands in the gap, the corresponding band 

structure is given in Figure III.2. It shows a direct band gap .As a result there no magnetism in  

GaN so it is not interesting for spintronics applications that’s why we are in the necessity of 

doping it with a metal transition which is Mn, that’s when we proceeded with the doping of our 

material using various concentrations of magnetic impurities, Mn atoms, to determine the effect 

of the amount of magnetic atoms on the Density of State of our system, and then on magnetic 

properties.  

Since low concentration of Mn does not exhibit interesting results, we started with x(Mn)=0.05, 

see Figure III.3. This illustrates the total and partial density of states (DOS) for this case: 

Ga0.95Mn0.05N. The DOS is divided into two parts: a first one corresponding to the spin up states 

and a second one indicating the spin down states. Preliminary results show that when adding 

magnetic impurities in our structure, this causes the appearance of a magnetic band in the gap. 

Also when we are doping with a transition metal, these bands are 3d bands. This result is 

confirmed by Figure III.3. The 3d bands of Mn are thin and localized in the gap of the spin up 

part. Furthermore, these bands are not hybridized with the valence band. To better understand the 

magnetic behavior, we considered the electronic structure. As we mentioned before, every Mn 

atom replaces a Ga atom, and as Mn has 7 valence electrons and Ga has 3. These 3 electrons 
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(from 7 electrons) create a bond and replace the 3 electrons of Ga in the valence band. In the 

other hand, the 4 remaining electrons, belonging to the Mn valence, are located in the band gap, 

corresponding to new localized d states. As a result, the electronic structure of Mn transition 

metal impurity in DMS is dominated by the d-states which represent the impurity bands in the 

Gap. The 3d states for the spin up in the gap have a little lower energy than those of the spin 

down part, each Mn atom have 4 nearest-neighbor atoms  of  nitrogen (N) that have 2p states. 

These surrounding atoms generate a crystal field that splits the impurity bands (3d states) into 

two bands. These bands are: a double degenerated band (e band), and a triple degenerated band 

(ta band). Each one has 3d orbitals with different symmetry. As it is seen in the DOS, see Figure 

III. 3. The d (ta) band is higher than the d (e) band. The bands d (ta) have higher energy than d (e) 

band. This is due to the fact that the d(ta) orbitals are situated closer to the N atoms than those of 

d(e), increasing the interaction between these atoms. The strong interaction between the 3d(ta) 

states and the 2p states of N splits the d(ta) bands in two part. A bonding and anti-bonding parts 

arises and the second part (anti-bonding) is located above the d(e) band. This is in good 

agreement with the results of Sato et al. [151,152].  

The above considerations explain the fact that the d(e) band are fully situated under the Fermi 

level, as well as the fact that d(ta) band have two parts: a part situated under the Fermi level and 

another above the Fermi level. This leads to the fact that the 3d (e) spin up is completely filled by 

electrons, whereas the 3d(ta) spin up is partially empty. The magnetic state of our system is 

ferromagnetic, as it is seen in the DOS, see Figure III.3, with a small width of the triple 

degenerated state (ta). In order to stabilize this ferromagnetic state, we have to add carriers in ta 

states. Since the d(e) band is totally filled, and d(ta) band is still partially empty, the e state 

electrons are localized and will not participate in the interaction mechanism .  

In the other hand, a stable magnetic state has the lowest energy. This is why the itinerant 

electrons participate to the double exchange mechanism leading to the apparition of a lower 

ferromagnetic energy state.  

The origin of the ferromagnetism has been subject of a great debate. Other researchers, see Ref. 

[102], outlined that the increasing of the doping concentrations of magnetic impurities, leads to a 

larger partially filled band in the gap (ta). This indicates that the coupling is a ferromagnetic 

double exchange. It’s clear that the ferromagnetism is caused by the double exchange interaction 
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mechanism between different Mn atoms (Mn-Mn). The double exchange interaction occurs 

between the magnetic atoms Mn, of different valences, with the assistance of a non-magnetic 

atom, which is the Ga atom [102]. This result is in good agreement with what we have found, as 

it is illustrated in Figure III.5 and Figure III.7. Moreover, the band structure corresponding to 

the case of Ga1-xMnxNx =0.05, 0.10, 0.15, 0.20 are given in Figure III.4 and Figure III.6. We 

have found a half–metallic behavior which is reinforced by increasing the concentration values 

of the magnetic impurities Mn, see Figure III.5. This represents the evolution of the density of 

spin states as a function of the energy level including the Fermi level. From this figure, the 

density of states (DOS) of Ga and N doesn’t change because these atoms do not contribute to the 

magnetic interactions. The Mn dopant is the only magnetic atom. As a result, the Mn impurity is 

the only responsible of the appearing magnetism in the studied system. 
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Figure III.5: Total d and p state projected density of stat (DOS) of Mn, doped GaN, for different 
concentrations of Mn impurities, x(Mn)=0.10, x(Mn)=0.15 and x(Mn)= 0.20. 
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Ga0.90Mn0.10NUp 

 
Ga0.90Mn0.10Ndn 

 
Ga0.85Mn0.15NUp 

 
Ga0.85Mn0.15Ndn 

 

 
Ga0.80Mn0.20Nup 

 
Ga0.80Mn0.20Ndn 

Figure III.6: The Band structure (E-k curve) for Ga0.90Mn0.10N, Ga0.85Mn0.15N, Ga0.80Mn0.20N for 

up spins and down spins. 
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Figure III.7: The DOS of GaN doped with various concentrations of Mn plotted simultaneously. 

 
 

      III.3.b. Monte Carlo Simulation: 
 

In our calculations we have used a wurtzite structure for which the primitive GaN unit cell 

contains 4 atoms. The corresponding space group is P63mc. We will define the structures as 

follows: The shape of the wurtzite cell is a vertically oriented prism with the base defined by the 

primitive lattice vectors ‘a’ and ‘b’ (a=b) separated by an angle of 60o; ‘a’ and ‘b’ both lies in the 

horizontal (xy)-plane. The height of the cell is defined by the vector c which is oriented 

vertically at 90o to both ‘a’ and ‘b’. In the ``ideal'' wurtzite structure c =2�
�

�
� . This is not 

necessarily the case in the real structure. To specify the positions of atoms within the cell we 

usually use fractional coordinates. If a point in space (r) has Cartesian coordinates, (x,y,z), then 

its fractional coordinates, (x’,y’,z’), are defined as that : 

 

� = ��� + ��b+���                                                       III.1 

 

The Ga atoms are positioned such as one is at the origin (0,0,0) and the other is at (1/3,1/3,1/2). 

The N atoms are positioned directly above the Ga atoms. In the (ideal) wurtzite structure, these 
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are at (0,0,3/2) and (1/3,1/3,7/8). The length of each Ga-N bond is the same if � = 2�
�

�
�  ; a 

graphical representation of the wurtzite cell is shown in Figure III.8: 

 
 

 

Figure III.8: a) The Wurtzite-unit-cell-3D and b) The Wurtzite-unit-cell that we have obtained 
using “XCrySDen”. 

 
 
The geometry of the studied structure is displayed in Figure III.9, with Ns=6 spins for the 

distance D1 corresponding to the coupling  J1 and Ns=6 for D2 corresponding to J2 and Ns= 12 

spins for D3 corresponding to J3. The size of our system is N= Lx Lx L with L =5(number of 

layers) that we increase it in our simulation to see the effect of the size on the magnetization and 

susceptibility. We have applied Standard sampling method under the Metropolis algorithm to 

simulate the Hamiltonian given by equation III.4. The boundary conditions on the structure 

lattice were imposed and configurations were generated by sequentially visiting all the sites of 

our system and making single-spin flip trial. The flips are accepted or rejected according to 

conditions and probability function imposed in the algorithm. In our program, data were 

generated with 10000 Monte Carlo steps per spin, discarding the first 7000 Monte Carlo 

simulations, starting from initial conditions. We performed the average of each parameter and 

estimate the Monte Carlo simulations. We calculate the following parameters, namely: 

 

The magnetization per site: 
 

�� =
�

�
∑ ��

�
�                                                  III.2 

 
N = �� : total number of sites , it’s the size of the system. 
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 The magnetic susceptibility is given by: 
 

� =
�

���
�< ��

� > −< �� >��                                               III.3 

 

And β=
�

���
 , �� the Boltzmann’s constant and T denotes the temperature.  

 
The Hamiltonian of the Ising model includes the nearest neighbors interactions and the external 

magnetic field and is given as follow: 

 

� =  −(∑ ��	����	) − (∑ ������) − (∑ ������) − �∑ ������������������                     III.4 

where <i,j> stands for nearest neighbors spins Si,j. �� , �� and �� denotes the coupling constants 

between Si and Sj spins respectively, H represents the magnetic field.  

Since the spin amplitude is  S=2 ,the spin Si introduced in our Hamiltonian takes the values 

[+2,+1,0,-1,-2] and The corresponding energy Ei is defined as follows : 

 

�� =−�� ∑ ��,�,����                                                           III.5 

 

 

 
 

Figure III.9: The wurtzite structure of GaN with the 3 coupling interactions between atoms. 
 

 
We calculated and plotted the ground state representing our system at zero temperature at the 

lowest energy state. It corresponds to an Ising model with a value of spin S=2 that gives rise to 
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five states (+2, +1, 0, -1, -2) using our Hamiltonian, as illustrated in Figure III.10. The plotted 

ground state diagram is separated into five phases; each phase is separated from the other by a 

line obeying to a certain equation. We have calculated  the equation for each line, beginning with 

the (phase -2) which is separated from the (phase -1) by the equation H= -12J -1/10.The (phase -

1) is separated from (phase 0) by the equation H=-4J – 1/8 , by symmetry on the axe H=0 we 

find the two equations separating the phases (0 , +1 and +2): H=4J - 1/8 and H=12J -1/10 

respectively. On one hand, the stable phases are (phase +2), (phase -2) for positives values of the 

coupling interactions J referring to the ferromagnetic state. On the other hand, the (phase-1), 

(phase0) and (phase+1) are the stables phases for negatives values of the coupling interaction 

indicating anti-ferromagnetic state. In the Figure III.11.a) and Figure III.11.b) we present the 

thermal variation of the magnetization MS and the magnetic susceptibility��, respectively. We’ve 

calculated the variation of the magnetization as a function of the temperature for different size of 

the system (L≥4). The magnetization becomes lower and takes smaller values with the 

increasing of temperature, until a temperature T=27K and the magnetization M remain nearly 

constant (Ms=0,18 emu g-1 ) indicating that the transition is of second order. This behavior of the 

magnetization stays the same for the others values of the lattice size L but as we increase L, the 

value of MS for which we have the stability of the system get lower. The magnetization vanishes 

continuously at the critical temperature indicating a second order transition as we mentioned. 

Therefore, as we increase the size of our system the occurrence of this second order transition get 

delayed. Moreover, the susceptibility is calculated and plotted in Figure III.11.b) .The peak of 

the susceptibility and its corresponding temperature increase by increasing the system size L. 

The variation of susceptibility �� takes a maximum value for a Tc= 29K, then it decreases until it 

reaches a minimum value of �� = 0,1.  

As we increase L, the susceptibility peak becomes thinner and the value of Tc can be evaluated 

more precisely. In Figure III.12, we plotted both the magnetization and susceptibility in the 

same graph, when the fluctuations of the magnetization (��) are at there maximum MS take the 

minimum value between 0,18 and 0,17 emu g-1 .          
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Figure III.10: The ground state phase diagram in the plan (J,H) for an Ising system 
corresponding to our spin configuration. 

 

 
Figure III.11: a) The magnetization and b) The susceptibility as a function of the temperature 

for different size ranges L= 4 to L= 30 
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Figure III.12: The magnetization Ms and magnetic susceptibility ��versus the temperature 
plotted simultaneously. 

 

  III.4. Conclusion: 
 
The Total Density of state for our DMS Ga(Mn)N was calculated for different doping 

concentrations of magnetic impurities. We obtained a half-metallic behavior which is reinforced 

by increasing the concentration of the doping impurities (Mn atoms) taking into account not to 

exceed a certain concentration where the structure can be broken. Moreover, the magnetic state is 

ferromagnetic and the mechanism responsible for this magnetic state is the Double exchange 

confirmed by the DOS calculated for doping concentration x ≥0.05. In addition to that, the 

ferromagnetism can be stabilized by adding itinerants carriers in the semi-filled band of Mn 3d-

state, in good agreement with other ab initio calculations about GaN doped system.     

The ground state phase diagram was determined and plotted in the plan (H,J) for our Ising 

system , it corresponds to the spin configuration Si. The ground state shows five separated 

phases (phase (+2), phase (+1), phase (0), phase (-1) and phase (-2). For the positives values of 

the coupling interaction J, the two phases [(+2) and (-2)] are the stable ones and for negatives 

values of J, the phases [(+1),(0) and (-1)] are the stables phases. Moreover, the  magnetic 

properties were investigated by Monte Carlo simulations using Ising model applied on a wurtzite 
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structure system.The magnetization decreases with the increasing of the temperature then it 

vanishes and maintain a value of 0,18 emu g-1  at a temperature T= 27K, it indicates a second 

order transition. The same behavior of the magnetization is obtained when increasing the size 

lattice L, except the fact that the value of the magnetization corresponding to the second order 

transition gets lower. The magnetic susceptibility increases when the temperature gets higher 

until it reaches a peak and vanishes after that to take the lowest value. The peak of the 

susceptibility and its corresponding temperature Tc increases by increasing the lattice size L, its 

peak is at maximum at the transition temperature. 
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Chapter IV 

Ab initio investigation of (Fe, Ni) doped GaAs: 

Magnetic, electronic properties and Faraday rotation 
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IV.1. Introduction:  
 
In recent years, many laboratories and institutes around the world have given noticeable 

attention, in their studies and researches, to diluted magnetic studies (DMS). These DMSs can be 

divided into various categories: III-V DMSs, II-VI DMSs…, and this scientific attention comes 

from their interesting properties and potential applications in Spintronic devices [153,154]. 

Namely, (II, Mn)VI diluted magnetic semiconductors (DMS) with a strongly enhanced 

paramagnetic behavior have been investigated [155,156]. As well as doped GaAs, and other 

DMSs of the group III–V [157,158]. The doping of these DMSs has opened the door for their 

different applications because of the magnetism inducted by the injection of magnetic impurities, 

e. g, transition metals: Mn, Ni, Fe, Co…[153], predicting high temperature ferromagnetism in 

certain doped semiconductors such as GaN, ZnO, GaAs. Among these DMSs, one attracts lots of 

interest, which is Gallium Arsenide (GaAs). Various studies has targeted this material, it has 

been studied from many aspects, e,g , spin-orbit interaction in GaAs wells [159], and the 

interface contribution of this spin-orbit interaction in the GaAs/AlGaAs  [160] Udson C. Mendes 

et al. [159] have investigated the electronic and optical properties of InGaAs wells with Mn delta 

doping GaAs barriers, also there are some few Ab initio calculations on GaAs, precisely, on the 

Mn-doped GaAs digital ferromagnetic heterostructures [161]. Also, a remarkably high Curie 

temperature (Tc) about 250 K has been reported in a P-type selectively doped III-V hetero-

structured composed of Mn delta-doped GaAs/p-AlGaAs [153]. Meanwhile, there are not many 

theoretical studies about the Fe-doped GaAs and Ni-doped GaAs. I.R. Harris et al. [162] worked 

on the phase identification in Fe-doped GaAs single crystals and reported a ferromagnetic phase 

with a curie temperature about 1000C. Further experimental works have been carried on for Fe-

doping in GaAs [163-166]. As mentioned before, our interest comes from the lack of data 

concerning the magnetic and magneto-optical properties of Ga(Fe, Ni)As. Along with the 

interesting properties that the Fe doping can show and the effect on the magneto-optical aspect as 

reported in [166]. While regarding Ni-doping in GaAs, Nickel diffuses rapidly into GaAs and 

acts as a deep acceptor [164]. It has often been used as a contact material on GaAs devices [165]. 

The outline of this paper is as follows: In section 2 we present the calculation method and 

approximation. In section 3 we investigate and discuss the Ab initio results and then we conclude 

by a summarizing conclusion. 
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    IV.2. Crystal structure and Calculation Methods: 

In the following Ab initio calculations we utilized the AKAI-KKR-CPA code 

MACHIKANEYAMA2002v08 package designed and made by Akai. Korringa- Kohn-Rostoker 

method [98] combined with the coherent potential approximation (KKR-CPA). The method is 

based on the density functional theory (DFT), the KKR-CPA method was developed by Akai 

and Dedrichs to trait transition metal alloys, with the parametrization of Vosko, Wilk and Nusair 

(VWN) [88], e.g. in our case we have GaFeAs and GaNiAs alloys. The host material is GaAs 

and the transitions metals used are Iron (Fe) and Nickel (Ni). The doping with these impurities is 

done randomly since the Fe and Ni atoms in each case replace and take the cation atoms (Ga) 

sites randomly. Therefore, we have employed the Generalized Gradient Approximations (GGA) 

approximation, Perdew–Wang functional, (GGA91) [92], to treat this disordered system since it 

is one of the most accurate and precise approximation to deal with this disorder. In our previous 

works we have used the local density approximation LDA approximation also [166,167]. 

The density of states (DOS) were calculated and plotted for both systems Ga1-xFexAs and   Ga1-

yNiyAs for different doping concentrations which are the Fe, Ni magnetic impurities. To better 

understand the upcoming figures, the syntax “Total” represents the total density of spins up and 

down, located in the valence and conduction bands in the system structure. The Total density 

must not change from a figure to another. But the partial DOS curves will change, when varying 

the doping concentrations. These concentrations are x (Fe) =0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 

0.07, and y (Ni) = 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07. As mentioned above, the Fe atoms are 

placed in the Ga sites inside the structure of GaAs. We’ve used in our code 300 K-point in the 

first Brillouin zone. Our system is a III-V direct bandgap semiconductor with a zinc blende  

crystal structure. See Figure IV.1. With a = b= c= 5.65325 Å, as lattice constants and Td
2-F43m 

as a space group. Since we have a zinc blend structure with one lattice parameter, our atoms in 

this system are disposed as each Ga atom is encircled by four As atoms on the corners and vice 

versa.  
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Figure IV.1: GaAs zinc blende structure where Ga atoms are presented in Blue color and As 

atoms in purple one, via “XCrySDen”. 

   IV.3. Results and discussions:  

         IV.3.a. Density of states: 

We calculate the Density of state for different cases in our system, Figure IV.2 represents the 

Density of state (DOS) corresponding to the pure GaAs, without any doping impurities. The 

Fermi level is close to the conduction band and there is no impurities bands in the gap beside the 

symmetry between the spins up and down for both valence and band conduction, Thus our 

material in this case is n-type showing no magnetism as clear in the Figure IV.2.   

 

Figure IV.2. Density of states by GGA approximation for the pure GaAs without any doping impurities  
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It’s obvious that DMSs are more interesting when they’re doped with magnetic impurities which 

are in our case, transition metals atoms, irons (Fe) and Nickel (Ni). These transition metals 

contribute with their 3d bands electrons. For this purpose we proceeded by the doping of our 

host material, GaAs, with Fe atoms and Ni atoms separately. We’ve applied doping 

concentrations from 0.01 to 0.07 for each doping impurities. We did not reach higher 

concentration, taking into consideration not to exceed the solubility rate of GaAs, to not break 

the symmetry of the structure. Below, in Figure IV.3 are the corresponding DOS for each 

concentration. From Figure IV.3 we notice that doping with the Ni impurities changes the type 

of the semi-conductor from n-type to p-type which indicates in this case the abundance of the 

holes carriers in the material. This is clear for every concentration as in Figure IV.3 a)…g). The 

injection of the magnetic impurities causes the appearance of impurities band which are 3d-band 

as clear in both Figure IV.3 and Figure IV.4. Beside that, in Figure IV.2 a) Ni 3d-bands are 

degenerated and located in the gap below the Fermi level. As we increase the doping 

concentration the degeneracy is lifted progressively. From Figure IV.3 b) to g).the peaks of the 

Ni bands have the highest density of states of electrons as it reaches approximately (748 ev/unit 

cell) in comparison with the Arsenide (As) bands which have a really weak magnetic moment. 

In Figure IV.3 a) we have two Ni 3d-band in the Fermi level, one for the up-spins and the other 

in the down-spins region. In on hand, the majority of the first band (up-spins) is located below 

Fermi level. Therefore, the electrons bands are empty. In the other hand, the major part of the 

second band (down-spins) is above Fermi level, thus, the electrons bands are contains Ni 

electrons and their spins are down. This is an interesting information to have, because it can 

help in some GaAs spintronic application, e.g. Data memory….There is a shift between the 

magnetic  3d-up-spins band and down spins, Figure IV.3a) and Figure IV.3b).As the we inject 

more magnetic impurities, the shift disappears.   
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Figure IV.3.  Total and Partial density of states for the case of Ga1-xNixAs for various doping 

concentrations: a)x=0.01, b)x=0.02, c)x=0.03, d)x=0.04, e)x=0.05, f)x=0.06, g)x=0.07. 

As well as Ni doping, we performed Fe doping with the same range of concentrations. The 

doping with Fe atoms changes the type of the semiconductor from n-type to p-type. See Figure 

IV.4. In the first DOS, Figure IV.4a), the 3d-bands in the gap are triple degenerated. This 

degeneracy is lifted slowly with the increasing of the doping rate. The down-spins electrons have 

the highest density of state as clear in Figure IV.4a). With this low concentration of Fe, a half 

metallic behavior appears in our material. As we increase the concentration this half metallic 

behavior become stable this can be explained by the injection of carriers, which are the holes in 

this case. Moreover, the 3d-bands get wider as the percentage of magnetic atoms, Fe, increases, 
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indicating a double exchange mechanism responsible for the magnetism appearing in the 

material. 
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Figure IV.4: Total and Partial density of states for the case of Ga1-yFeyAs for various doping 

concentrations: a) y=0.01, b) y=0.02, c) y=0.03, d) y=0.04, e) y=0.05, f) y=0.06, g) y=0.07. 

  IV.3.b. Magnetic stability and Faraday rotation: 

We calculated the magnetic state energy for each concentration of the magnetic impurities (Fe, 

Ni).In the aim to study the competition between the DLM and Ferromagnetic state. See Table 

IV.1 and Table IV.2. In the first case, Ni doping, Ga1-yNiyAs, from y= 0.01 of Ni to 0.04, the 

DLM is the stable magnetic state; since it has the lowest energy. For 0.04≤y<0.07, the energy of 

the ferromagnetic state becomes the lowest and then the ferromagnetic state becomes the stable 

one. Above 0.07 the stability goes to the DLM state. Table.2 corresponds to the case of 
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Ga1yFeyAs, for 0.01≤x≤0.03, our material is ferromagnetic. Above x= 0.03 the stable magnetic 

state changes to DLM state. This is very interesting since we have an idea about the stable 

magnetic state and then we can us the material in the appropriate application.        

Table.1: The Values of the ferromagnetic and Dlm energy for 0.01≤x(Ni)≤0.07 in the case of 

Ga1-xNixAs. 

Ga1-xNixAs E Ferro(Ry) EDLM(Ry) EDLM- E Ferro (Ry) 

Ga0.99Ni0.01As -8403.2666199    -8403.2667263    -0.0001064 

Ga0.98Ni0.02As -8394.7944555    -8394.7946326   -0.0001771 

Ga0.97Ni0.03As -8386.3275106   -8386.3314842   -0.0039736 

Ga0.96Ni0.04As -8377.8640770   -8377.8640917    -0.0000147   

Ga0.95Ni0.05As -8369.3933444   -8369.3933223     0.0000221 

Ga0.94Ni0.06As -8360.9262415   -8360.9262183    0.0000232   

Ga0.93Ni0.07As -8352.4621321    -8352.4621451   -0.0000130       

 

Table.2: The Values of the ferromagnetic and Dlm energy for 0.01 ≤y(Fe)≤0.07 in the case of 

Ga1-yFeyAs. 

Ga1-yFeyAs E Ferro(Ry) EDLM(Ry) EDLM- E Ferro (Ry) 

Ga0.99Fe0.01As -8386.1335411   -8386.1332684     0.0002727 

Ga0.98Fe0.02As -8354.6879312    -8354.6875709  0.0003603 

Ga0.97Fe0.03As -8434.1576544 -8434.1573928  0.0002616 

Ga0.96Fe0.04As -8344.2837491   -8344.2839433    -0.0001942   

Ga0.95Fe0.05As -8330.8692579 -8330.8693447 -0.0000868 

Ga0.94Fe0.06As -8317.4546271    -8317.4547431 -0.0001160   

Ga0.93Fe0.07As -8304.0399780 -8304.0401350 -0.0001570     

 

Note that, GaAs material has various domains of application and consequently different types of 

properties have to be studied, namely, the Faraday rotation as an important magneto-optical 

property in this case, see ref [167].The following equation represents the equation of the Faraday 

rotation:             

�� =
√��	�

���
.

��

(��
�
���)� �⁄

. ��(� − �). �. < �� > 		                               IV.1 
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 Such as: F0, is a constant, E is the photon energy and E0, is the “exciton” energy, d is the sample 

thickness in our case the sample is composed by GaAs. Note that, ��  is proportional to the value 

of <Sz> and N0(α − β). Therefore, we introduce the equations IV.2 below, See Ref [166]: 

(��� 	= 	
���

�.���
, ��� =

���

�.���
	)                                                        IV.2   

 We exploited the results of the density of states (DOS) that we obtained for different doping 

concentration. ΔEc and ΔEv are the spin splitting of the difference between the up-spins and 

down-spins in both the conduction and valence bands. ��� and ��� represent the exchange 

constants in the valence and conduction bands, as clear in equation IV.1,the Faraday rotation 

depends on the exchange interactions in the valence and the conduction bands, then, it depends 

on	N0(α − β). Which is illustrated in the DOS [167], by the spin splitting in both of the valence 

and conduction bands. In our case, For Fe doping we have a weak splitting in the valence band 

whereas the injection of Ni causes no splitting in the valence or conduction band. Which indicate 

that the appropriate doping with Fe can help and increase the magneto optical properties for 

GaAs.  

   IV.4. Conclusion:  
 

We performed and Ab initio calculations for the magnetic and magneto-optical properties of 

GaAs in two case, the doping with Ni atoms and the doping with Fe atoms. For the first case, 

Ga1-xNixAs, the degenerated 3d-band are near the Fermi level. As we increase the doping 

concentration the degeneracy is lifted progressively. The stable magnetic state is the Dlm state 

for the range of concentration 0.01≤x≤0.04, for 0.04 and 0.05 the ferromagnetic state is the stable 

magnetic state. For the case of Ga1-yFeyAs, as well as Ni, the degeneracy is lifted by the 

increasing of the doping concentration. For the lower concentrations 0.01≤y ≤0.03, the 

ferromagnetic state is stable, for higher range of concentrations y≥0.04, the Dlm state becomes 

the stable magnetic state. It is very interesting since we can have an idea about the stable 

magnetic state and then we can us the material in the appropriate application. Also Ni doping 

does not present magneto-optical properties, the Faraday rotation, but for the Fe doping, the 

Faraday rotation exists and the Fe doping increases the magneto-optical properties. Hence, GaAs 

doped with Fe can be used for Faraday rotation based applications such as: optical isolator, 

telecommunications via optic fiber cables, Modern ultra-high field permanent magnet and special 
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paramagnetic glasses. Furthermore, when doped with the right and accurate concentration of 

magnetic impurities GaAs is an interesting semiconductor and a huge candidate for spintronic 

applications and photovoltaic cells also. 
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General Conclusion 

In this work, we utilized ab-initio methods, such as the linearized augmented plane waves 

method (FP-LAPW) and the KKR method in the framework of density functional theory (DFT), 

to study doped Dilute magnetic semiconductors (DMS) and there application in Spintronic field 

so as to have new spintronic technologies and new electronic devices.  

These DMSs are divided into families: IV, IV-VI and the principal ones are the II-VI(ZnTMO, 

CdTMTe...) and the III-V(GaTMAs, GaTMN,...) types with TM = ion from the series of 

transition metals. 

In our cases, we used Mn, Fe and Ni as transition metals. We, as a team, worked with both II-VI 

and III-V Types, but in the part of our work within this PhD thesis, we focused on the Mn-based 

III-V based DMS. The III—V DMS can be more attractive than II—VI materials, as they are 

probably much more usable for spintronic device fabrication. That's why over last two decades, 

diluted magnetic semiconductors based on III—V compounds have been of considerable interest, 

in the aim to find semiconductors that show ferromagnetism at room temperature or even higher.  

Note that, we study the magnetic and electronic properties of two important semiconductor 

compounds: GaN and GaAs and precisely, GaMnN and Ga(Fe/Ni)As, with a small Monte Carlo 

approach for GaN, that will be much more elucidated in future work.  

The Ab initio calculations were performed within the AKAI code, using two approximations: 

Beginning with LDA approximation which became the main approximation for the calculation of 

physical properties related to different semiconductors. Then, GGA approximation for 

Ga(Fe/Ni)As material .   

We calculated and plotted both total and partial Density of states and there magnetic and 

electronic properties, compared with other literature works. In GaMnN and Ga(Fe/Ni)As 

materials respectively, we discuss the doping with Mn impurity on one hand and Fe, Ni on the 

other hand. Different magnetic impurity concentrations are considered and analyzed suggesting 

the dominating role of Mn (3d5) configuration. Then we analyze s, p—d exchange, together with 

resulting magnetooptical properties (in particular Faraday rotation for GaFe/NiAs). Also the 
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coupling between Mn ions (d—d exchange) and ferromagnetic ordering observed in our 

material. We propose a potential mechanism responsible for this ferromagnetism.  

For GaN material, we found a half-mettalic behavior which is reinforced by increasing the 

concentration of the TM impurities (Mn atoms) taking keeping in mind not to exceed a certain 

concentration otherwise the structure could be broken. In addition, the magnetic state observed is 

ferromagnetic and the possible mechanism responsible for this magnetic state is the double 

exchange confirmed by the DOS calculated for the Mn doping concentrations of x≥0.05. Besides 

that, the ferromagnetism can be stabilized by adding itinerants carriers in the semi-filled band of 

Mn 3d-state. 

For the Monte Carlo approach, we calculated and presented the ground state diagram (H,J) for an 

Ising model showing five possible phases and there stability. Also, the magnetization and 

susceptibility behavior with the temperature was studied for different system sizes.   

For GaAs material, we incorporated the magnetic impurities iron (Fe) and Nickel (Ni) in our 

system with a controlled rate, so that we can study the magnetic and magneto-optical properties 

of Fe/Ni-based GaAs, beside the doping effect on our DMS. By mean of polarized density 

functional theory (DFT) and generalized gradient approximation (GGA) with  AKAI KKR-CPA 

method, we calculated the Density Of State related to different doping concentration (Ga1-x/y Fex 

Niy As). Also, we studied the magnetic state stability which can be very useful and therefore, 

apply the material conveniently in the industry. We give the calculated the magnetic state energy.  

The effect of Fe and Ni on the Faraday rotation in the system was also investigated, in the aim to 

find which one triggers the Faraday rotation on the system. It was found that, Ga1-x Fex N is the 

one which can be used in Faraday rotation based applications, e.g., telecommunications via optic 

fiber cables, Modern ultra-high field permanent magnet, optical isolator, and special 

paramagnetic glasses, etc. Hence, if we control the doping concentration of magnetic impurities 

and apply it accurately, Ga(Fe/Ni)As will present itself a very intriguing and huge candidate for 

spintronic applications and DMS-based photovoltaic cells.        

This DMS domain is expanding and still in progress, with each published paper we know more 

about DMS materials and whether or not they can be applicable in spintronic devices. The aim is 

to have a semiconductor that shows Ferromagnetic behavior at Room temperature or higher. 
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Both theoretical and experimental studies are complimentary supporting obtained results and 

refining them. The interest for this domain is rising and DMS-based devices will be more and 

more available in the industrial market in the near future. 

As perspectives, there are still many tasks to focus on; In upcoming work we'll investigate the 

ferromagnetism stability and how to sustain this ferromagnetism beside increasing the Curie 

temperature. We're focusing also on Monte Carlo method in our actual DMS studies since we've 

not fully exploited it yet, it can be a strong asset. Also, we're interested in the study of DMS-

based material for photovoltaic applications. 
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CENTRE D’ETUDES DOCTORALES - SCIENCES ET TECHNOLOGIES  
 

  
Résumé 

La spintronique connait actuellement un avancement qui vise à améliorer les nouvelles 
hétérostructures semi-conductrices pour augmenter la densité des composants, améliorer les 
performances et baisser les prix. L'objectif est de fusionner des matériaux magnétiques avec des semi-
conducteurs afin de trouver des matériaux pouvant fonctionner à une température supérieure à la 
température ambiante et d'avoir un couplage d'échange ferromagnétique. Dans cette thèse, nous avons 
réalisé, d'une part, une étude théorique utilisant des calculs Ab initio via le code (AkaiKKR) basée sur 
la méthode (DFT) avec les deux approximations LDA et GGA. Les principaux matériaux utilisés dans 
nos calculs sont le Nitrure de Gallium (GaN) et l'Arséniure de Gallium (GaAs), les deux dopé avec des 
métaux de transition (Mn, Fe and Ni) dans le but d’étudier leur propriétés électroniques, magnétiques 
et magnéto-optiques. Pour GaN, les DOS et les diagrammes de bands d’énergie ont été calculés, le 
ferromagnétisme a été observé avec un comportement half- métallique pour une concentration de 5% 
de Mn avec un gap direct. Tandis que pour GaAs les DOS ont été calculé aussi ainsi que les états 
magnétiques et la stabilité magnétique du matériau pour différents pourcentages de dopage, la rotation 
de Faraday a été aussi observé pour le dopage avec le fer (Fe). Confirmant ainsi ces deux DMS comme 
candidats principaux pour les applications spintroniques.  
 
Mots-Clés : DMS; Calcules Ab initio ; Simulation Monte Carlo ; Propriétés magnétiques ; DOS ; structures de 
bandes ; Ferromagnétisme. 

 

 Abstract 
There is currently a huge advancement in the spintronic field aimed at improving new semiconductor 
heterostructures in order to increase the components density, improve the performance and lower the 
prices. The objective is to fuse magnetic materials with semiconductors in order to find new materials 
that can operate above room temperature and have a ferromagnetic exchange coupling. In this thesis, 
we carried out a theoretical study using Ab initio calculations via (AkaiKKR) code based on the (DFT) 
method with the two approximations LDA and GGA. The main materials used in our calculations are 
Gallium Nitride (GaN) and Gallium Arsenide (GaAs), both doped with transition metals (Mn, Fe and 
Ni) so as to study their electronic, magnetic and magneto-optical properties. For GaN, the DOS and 
energy band diagrams were calculated and plotted, ferromagnetism was found with half-metallic 
behavior for a concentration of 5% (Mn) with a direct gap. While for GaAs the DOS were calculated 
as well as the magnetic states and the magnetic stability of the material for each (Fe) and (Ni) doping 
concentrations. The Faraday rotation was also observed for Ga(Fe)As. Thus, asserting these two DMSs 
as main candidates for spintronic applications. 
 
Keywords: DMSs; Ab initio calculations; Monte Carlo simulation; Magnetic properties; DOS; Band Structures; 
Ferromagnetism. 
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