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Summary

The fascinating discovery of room temperature ferromagnetism in non-magnetic ele-

ments doped semiconductors grabbed the researchers′ attention in recent years for po-

tential spintronic applications. However, the origin and mechanism of ferromagnetism

in non-magnetic element doped semiconductors remain under debate over many years

and constrain its applications. Especially, in the view of miniaturization of devices, var-

ious experimental studies rely on low-dimensional systems of semiconductors such as

nanowires, thin films and surfaces/interfaces etc. Nevertheless, the nature and origin of

magnetism are unclear at the low-dimension of non-magnetic element doped semicon-

ductors. The theoretical aspect of magnetism in this direction is limited and requires

a great attention in identifying the capability of non-magnetic element doped semicon-

ductors for practical applications.

In order to identify the origin and magnetic phenomena in non-magnetic element doped

semiconductors especially at the low-dimension, I have considered the largest wide band

gap semiconductor AlN as a prototype material, and investigated the mechanism of mag-

netism of various alkali and alkaline earth metals doped AlN from bulk to low-dimension

such as different surfaces using first-principles calculations. The focus my systematic

investigation is to understand the electronic and magnetic properties of Mg doped AlN
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from bulk to different surfaces such as non-polar, polar and semi-polar surfaces. The

hole introduced by Mg doping in the substitution of Al, results in a magnetic moment of

1 µB. The magnetic moments are mainly localized on N atoms surrounding Mg (Mg-N

cluster). Interestingly, the magnetic interaction between Mg-N clusters always favors

ferromagnetic ground state from bulk to any surface orientation of Mg doped AlN. The

existence of virtual charge hopping between partially filled minority spin states of Mg-

N clusters, stabilizes the ferromagnetism from bulk to different surfaces of Mg doped

AlN. However the stability of ferromagnetism has been changed from one surface to

another surface due to various surface effects. The interplay among different factors

such as localization of magnetic moments, energy level splitting and the hopping in-

teraction between Mg-N clusters is analyzed systematically in each surface orientation

to understand the variation in the stability of ferromagnetism. In most of the surfaces,

ferromagnetic state is found to be more stable than antiferromagnetic state with an en-

ergy difference greater than the thermal energy at room temperature. The present results

strongly support the robust nature of ferromagnetism and the prospect of room tem-

perature ferromagnetism in bulk as well as at the low-dimension of Mg doped AlN.

Furthermore, the study of surface magnetism of Mg doped AlN paves a way to attain a

strong ferromagnetism in Mg doped AlN by tuning the surface effects.

The proposed mechanism of magnetism in Mg doped AlN has been successfully ex-

tended for the other alkali and alkaline earth metals doped AlN systems such as Be

and K doped AlN systems, and analyzed the nature of magnetism in those systems from

bulk to different surface orientations. The magnetism in Be doped AlN is not an intrinsic

property and it is identified as the surface effect. In case of K doped AlN, even though

ix



ferromagnetic ground state is observed at the surface of K doped AlN, the formation en-

ergy of doping K in AlN is found to be high. Unlike the other dopants, the observation

of lower formation energies and the robust nature of ferromagnetism in Mg doped AlN

indicate the capability of using Mg doped AlN for future spintronic applications.
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Chapter 1

Introduction

The discovery of Si based complementary metal oxide semiconductor (CMOS) in the

19th century is one of the breakthroughs for the semiconductor technology and wit-

nessed as a great success for microelectronic applications. In the past few years, size

scaling had been used for the Si based devices to improve the performance of existing

electronics. However, as the trend of minimization of the device continues, it triggers

various problems such as quantum and thermal effects, short channel effect, and also

large leakage current. Thus, the current semiconductor technology based on Si CMOS

cannot be down scaled further and this urges new materials and technologies for the

potential applications. In this direction, the discovery of semiconductor spintronics has

emerged as one of the promising technologies.

In the recent decades, the research on semiconductor based spintronics is rapidly in-

creasing in the view of developing novel applications and replacing the conventional
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Chapter 1. Introduction

electronics. The traditional electronics make use of charge freedom of electrons in semi-

conductors and develop the charge based devices such as integrated circuits, transistors

and high frequency devices. These devices play a crucial role in information process-

ing and communication in the semiconductor technology. On the other side, spin based

devices such as magnetic tapes and hard disks have been developed by manipulating

spin freedom of electrons. Spin based devices are beneficial for information storage or

magnetic recording. These devices mostly rely on the spontaneous magnetic ordering of

the spins in magnetic materials, and the applications in this direction are limited for the

information storage. Instead of considering separately the charge property of electrons

in semiconductors and spin freedom of electrons in magnetic materials, the semicon-

ductor spintronic technology has emerged with an idea of utilizing both charge and spin

freedom of an electron in a single material [1]. Such a material should have both semi-

conducting and ferromagnetic behaviors to render the exciting prospect of integrating

conventional semiconductor electronics and nonvolatile magnetic storage in a single de-

vice. Unfortunately, semiconductors that are prominently dominated in the present con-

ventional electronics are non-magnetic in nature and the natural ferromagnetic materials

utilized for spin based devices are metallic. Due to the large mismatch between exist-

ing natural semiconducting and ferromagnetic materials, it is rather difficult to combine

those materials and attain both semiconducting and ferromagnetic behaviors.

The prerequisite of combining the ferromagnetic and semiconducting properties in a

single material has been expected to be resolved with an idea of doping magnetic tran-

sition metals (TM) in a dilute limit into a semiconductor, which is further defined as

dilute magnetic semiconductor (DMS). DMS would facilitate the possibility to get high
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spin polarization by injecting magnetic semiconductor rather than ferromagnetic mate-

rial into a non-magnetic semiconductor. One of the ultimate goals of DMS is to under-

stand the spin-spin interaction in the solid state environment of semiconducting material,

and provides a felicitous way to achieve electrically controllable ferromagnetism at the

room temperature. In this direction, intense efforts have been put from past few years in

achieving ferromagnetism in semiconductors by doping different transition metals in a

dilute limit. A brief review on the progress of room temperature ferromagnetism in TM

doped non-magnetic semiconductors will be discussed in the following section.

1.1 Magnetism in transition metal doped semiconduc-

tors

The prospect of ferromagnetism in semiconductors through doping of TM ions was

first realized in III-V based semiconductor GaAs by doping Mn in the substitution of

Ga [2]. In this experiment, the maximum Curie temperature of 60 K was obtained in

(Ga,Mn)As. Various groups had achieved the maximum Curie temperatures up to 173 K

in (Ga,Mn)As at different possible Mn concentrations [3, 4]. This fascinating discovery

of ferromagnetism in (Ga,Mn)As invigorated the possibility to achieve ferromagnetism

in semiconductors by doping TM dopants. Nevertheless, since the Curie temperature

of (Ga,Mn)As is lower than the room temperature, it may not be reliable for the appli-

cations at room temperature. But the emerging phenomena of magnetism observed in

Mn doped GaAs motivated further to procure high Curie temperatures. The importance

of Mn substitution is that it can introduce local magnetic moments and itinerant holes

3



Chapter 1. Introduction

in the valence band and that are mutually coupled through p-d hybridization. Mn has

been doped in different materials to quest for high Curie temperatures. Especially, from

the theoretical study of Dietl et al [5], it was perceived that the wide band gap semi-

conductors such as GaN and ZnO etc. could be the potential materials to accomplish

high Curie temperatures by p-type doping. For instance, a Curie temperature of 373 K

was realized in Mn doped GaN [6] and the responsible mechanism behind the origin of

ferromagnetism is the double exchange interaction between defect states [7]. Similarly,

Curie temperature of 700 K was observed in Mn doped ZnO thin films by P. Sharma et al

[8]. The origin of strong ferromagnetism in wide band gap semiconductors is due to the

existence of strong localization of defect states, which can be usually achieved by suit-

able p-type doping. Several studies reinforce the possibility of high Curie temperature

ferromagnetism [9–14] in TM ion doped nitride and oxide based semiconductors.

1.2 sp/d0 magnetism in non-magnetic element doped semi-

conductors

Despite the ferromagnetism in TM doped semiconductors, the origin of ferromagnetism

in some of the TM doped semiconductors remains under debate [12, 15–18]. It is un-

clear whether the ferromagnetism in TM doped semiconductors is intrinsic or due to the

cluster formation of TM dopants in host semiconductor [16, 17]. To avoid the problem

of magnetic precipitates due to TM dopants, various research groups have tried to get

magnetism in semiconductors by doping non-magnetic atoms rather than magnetic TM

ions. Cu doped ZnO is one of such non-magnetic element doped semiconductors and a
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room temperature ferromagnetism was observed [19, 20] for doping Cu in the substitu-

tion of Zn. With this motivation, high Curie temperatures have been realized in various

non-magnetic element doped nitride and oxide based semiconductors [19–24]. The ob-

servation of ferromagnetism in non-magnetic element doped semiconductors grabbed

the researchers′ attention in identifying the fundamental magnetism in those semicon-

ductors and finding the potential practical applications for spintronics. The strong p-d

hybridization between Cu-d and O-p orbitals is identified as the origin of strong fer-

romagnetism in Cu doped ZnO [19]. The various experimental as well as theoretical

studies also showed a possibility of room temperature ferromagnetism in Cu doped GaN

[21, 22]. The theoretical study predicted that the origin of ferromagnetism [21] in Cu

doped GaN is due to the strong p-d hybridization between d orbital of Cu and p orbital

of N atoms similar to the case of Cu doped ZnO.

According to the Zener model, the d shell of dopants in magnetic semiconductors is

partially filled and well localized in the host as atomic like behavior. These d electrons

of dopants with their localized nature play a crucial role in attaining a magnetic order

especially in TM doped semiconductors. Interestingly, the recent fascinating discovery

of ferromagnetism in C doped ZnO [25] indicates the possibility of attaining ferromag-

netism through light element dopants with no d electrons. The Curie temperature of

above 400 K was achieved in C doped ZnO with a doping concentration of 2.5% [25].

The magnetic moments are prominently derived from C atoms and the origin of ferro-

magnetism in C doped ZnO is due to the strong coupling between C-p, O-p and Zn-d

orbitals. The p-p interaction between C and anions of the host ZnO semiconductor sim-

ilar to the p-d hybridization in TM doped semiconductors, stabilizes the ferromagnetic
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ground state in C doped ZnO. The 2p electrons of anions in nitrides and oxides have sim-

ilar localized nature as d electrons and thus strong ferromagnetism has been expected in

nitride and oxide based semiconductors through doping of suitable light elements. The

magnetism that arises due to d0 electrons is considered as sp/d0 magnetism. The fasci-

nating discovery of room temperature ferromagnetism in C doped ZnO and the work of

Dietl et.al [5] motivated further to achieve ferromagnetism in a series of light element

doped wide band gap semiconductors [26–30]. However, compare to 3d bands of TM

ions, the 2p bands of the light elements are generally full in ionic states and provide no

space for unpaired spins. How these light element dopants introduce the magnetic or-

der in non-magnetic semiconductors is one of the challenging issue for the fundamental

magnetism and it remains in debate over the half decade. The obscure origin and na-

ture of high Curie temperature ferromagnetism in light element doped semiconductors

constrain their practical applications for future spintronics. On the other hand, some

of the experimental studies realized magnetism in undoped semiconductors at the low-

dimension [31–35], and the origin of magnetism in those systems is believed to be due to

surface defects. Thus it is necessary to understand whether the magnetic order is due to

the dopants or surface defects at the low-dimension of magnetic semiconductors. More-

over, it is essential to understand the stability of magnetic order with the surface effects

at the low-dimension for practical applications. In fact, several studies noticed the sig-

nificant changes in the electronic and magnetic properties of magnetic semiconductors

at the low-dimension due to surface effects.

6
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1.3 sp/d0 magnetism in non-magnetic element doped semi-

conductors at the low-dimension

In the past few years, several theoretical studies on magnetic semiconductors mainly

dealt with bulk systems to quest for room temperature ferromagnetism and understand

the origin of magnetism. On the other hand, many of the experimental observations rely

on low-dimensional systems such as surface/interfaces, nanowires and nanostructures

etc. to obtain room temperature ferromagnetism for spintronic nanodevice applications.

Usually at the low-dimension, surface aggregation of the dopants may greatly influence

the effectiveness of the diluted doping. Therefore, the change in the magnetic prop-

erty could be possible from bulk to low-dimension of magnetic semiconductors. The

dissimilarity between experimental and theoretical results is observed in some systems

[6, 18, 36, 37] due to the different chemical environment from bulk to low-dimension.

Especially, at the low-dimension, surface effects have a strong influence on the elec-

tronic and magnetic properties, which has been realized in several magnetic semicon-

ductors [6, 7, 38–44]. One of the fascinating examples in this direction is Mn doped

GaN [6, 7, 38, 43, 45]. Theoretical study on Mn doped GaN predicted room tempera-

ture ferromagnetism in its bulk structure, and realized that the strong p-d hybridization

between d orbitals of Mn atoms and p orbitals of N atoms favors the ferromagnetic

ground state with a very high Curie temperature [6, 7]. Whereas, antiferromagnetism

was observed on Mn doped GaN thin films experimentally [45]. These theoretical and

experimental observations showed a different magnetic order in Mn doped GaN due to a

different chemical environment between the bulk and at the low-dimension. The obscure

7
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origin of different magnetic order in Mn doped GaN was later resolved from the theo-

retical studies of magnetism on Mn doped GaN surfaces [38, 43]. According to these

studies, the antiferromagnetic state is stabilized on the surface of Mn doped GaN due

to the bond length contraction between Mn atoms on surface, and that could be reason

antiferromagnetism was observed experimentally in Mn doped GaN thin films [45]. In

fact, the theoretical work on Mn doped GaN thin films [38, 43] predicted that the ferro-

magnetism favors if Mn atoms located in the innermost layers of a slab during crystal

growth, and if Mn atoms migrate to surface, antiferromagnetism favors due to the bond

length contraction between Mn atoms on surface.

Due to a difference in the chemical environment between surface and the bulk, often a

non-magnetic bulk material can become magnetic at the surface [31–35]. If there is any

variation in the electron occupation on the surface, magnetic moment might be enhanced

or reduced compared to that of bulk. The lower coordinated atoms at the surface can

affect the band structure and also the surface magnetic moment. Since atoms at the

surface are generally lower coordinated compared to those in bulk, surface atoms will

be relaxed more than atoms in bulk, and introduce the variation in the bond lengths and

hybridization between the atoms from bulk to surface. For example, the effect of lower

coordination and different surface environment change the stability of ferromagnetism

in case of Co doped ZnO and Mn doped ZnO [39, 40, 42]. The different doping location

and dopant-dopant interaction at the surface might change the nature of magnetism. Due

to a different bonding environment from bulk to surface, the change in the magnetic

order that is from ferromagnetic to antiferromagnetic states has been observed in Cr

doped ZnO [46]. In the case of Cr doped ZnO surface, the site preference of Cr exhibits

different magnetic ground states.
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The influence of surface effects on the magnetism is also observed for the case of non-

magnetic element doped semiconductors. For instance, C doped SnO2 [47] is non-

magnetic at its bulk structure, but it becomes ferromagnetic at its surface. Due to the sur-

face effects, there could be a change in the magnetic ground state at the low-dimension

that is from ferromagnetic to antiferromagnetic states or vice versa compared to that of

bulk. In fact, a few theoretical studies on magnetic semiconductors have shown sig-

nificant changes in the formation energies, doping concentration and spin polarization

energies etc. at the low-dimension compared to that of bulk [39, 48–50]. In most of the

cases, formation energies are found to be less at the low-dimension than that of bulk, and

indicates the possibility of high doping concentration at the low-dimension. The change

in the magnetic property was also predicted in the nanowires of magnetic semiconduc-

tors [49] because of a large surface area to volume ratio. These several observations

increasing the evidence of strong influence of surface effects on the electronic and mag-

netic properties of magnetic semiconductors at the low-dimension. Thus to identify the

origin of magnetism and enhance the applications of magnetic semiconductors, the theo-

retical understanding of magnetism in the bulk systems is not sufficient. It is essential to

know the influence of surface effects and the affect of diluted doping on the magnetism

of semiconductor surfaces.
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1.4 Physics of magnetism in dilute magnetic semicon-

ductors

Even though there is no unified theory to explain the magnetism in DMS, several models

were proposed to illustrate and understand the origin of magnetism in DMS.

1.4.1 Direct exchange interaction

Direct exchange interaction is an interaction between magnetic impurities through their

direct overlap of the wave functions as shown in Fig. 1.1(a). In such a type of interac-

tion, Pauli exclusion principle and Coulomb repulsion play a crucial role to decide the

magnetic ground state. If two electrons have the same spin, then the Pauli exclusion

principle prohibits those two electrons to appear on the same quantum state simultane-

ously. Thus for small interatomic distances, the anti-ferromagnetic coupling favors and

it can be observed in Cr and Mo atoms etc. [51]. However, if the distance between

the atoms increases, then electrons of the atoms prefer the parallel alignment of spins

to minimize the electron-electron repulsion energy. This type of ferromagnetic direct

exchange interaction can be found in 3d metals such as Fe, Ni, Co etc. For very large

distances, the paramagnetic state will occur due to the lack of overlap between the wave

functions.

The direct overlap of the wave functions of the dopants is possible in magnetic semi-

conductors only if the distance between dopants is close enough. Thus it might not

be suitable to understand the long range magnetic order that was observed in various
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Figure 1.1: Schematic energy level diagrams of direct exchange interaction (a), super

exchange interaction (b), and RKKY interaction (c).

magnetic semiconductors. In many of the DMSs, the distance between the impurities

is larger than the nearest neighbor distance. So the effect of direct exchange interaction

is weak and it is unlikely considerable for the long range type of magnetic interactions.

The long range nature of magnetism that was identified in some of the magnetic semi-

conductors is due to the indirect exchange interaction, in which transition metal ions

mediated through non-magnetic ions or conduction electrons (charge carriers). The dif-

ferent types of indirect exchange interactions will be discussed in the following sections.
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Figure 1.2: Schematic orbital diagram of super exchange interaction between Mn3+ ions

mediated through O atom in MnO.

1.4.2 Super exchange interaction

Super exchange is an indirect exchange interaction, in which magnetic impurities are

mediated through non-magnetic atoms [52] as shown in Fig. 1.1(b). For example,

consider two Mn3+ ions with an electronic configuration of 3d4 in MnO. The transi-

tion metal ions Mn3+ interact each other through a non-magnetic O atom as shown in

Fig. 1.2. Here d orbitals of Mn3+ ions are half filled and interact with p orbital of O

atoms. Because of p-d hybridization, there is a possibility of charge hopping from O to

Mn atoms. According to the Hund′s rule, spin up electron of O atom will hop to one of

the Mn3+ ion and spin down electron of O atom hop to another Mn3+ ion. Therefore,

charge hopping between Mn and O ions mediated through p-d hybridization favors the

antiferromagnetic ground state. The similar mechanism has been realized in a number

of oxides and fluorides such as CaO, NiO and MnF2 etc.
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1.4.3 RKKY interaction

The mechanism which involves in the interaction between magnetic atoms mediated

through charge carriers or band electrons is defined as Ruderman-Kittel-Kasuya-Yosida

(RKKY) model [53] as shown in Fig. 1.1(c). If the states of magnetic ions are more

localized, the direct exchange interaction between the ions is negligible or the coupling

between them is weak. However, these ions interact through itinerant carriers and attain

either ferromagnetic or antiferromagnetic ground state.

The RKKY exchange coupling constant Jij is proportional to F (2kFR), where F (x) =

xcosx−sinx
x4 and R = |Rj − Ri| is the distance between magnetic ions. The coupling

constant Jij has an oscillating behavior and it varies with the distance between magnetic

atoms. Therefore, the coupling can be ferromagnetic or antiferromagnetic depends on

the distance between the magnetic atoms.

1.4.4 Double exchange interaction

Zener double exchange mechanism is useful to understand the magnetism in semicon-

ductors due to dopants of same chemical nature but different charge states [54]. For

example, consider d3 and d4 metal ions of Mn mediated through non-magnetic atoms

as shown in Fig. 1.3. The electrons are filled in the t2g and eg orbitals of each metal

ion based on the Hund′s rule. Due to a difference in the valence states of metallic ions,

one d electron of eg orbital hops from one ion to the other ion through p orbital of

non-magnetic atoms. Different from super exchange interaction, there is a possibility

of virtual charge hopping of same spin electron between the defect levels that invokes
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Figure 1.3: Schematic energy level diagram of double exchange interaction between Mn

ions at different charge states.

the energy gain in ferromagnetic arrangement. This indicates that the double exchange

mechanism stabilizes mostly a ferromagnetic state. The origin of ferromagnetic cou-

pling between Mn2+ and Mn3+ ions in Mn doped ZnO etc [12] is well understood using

Zener double exchange mechanism.

1.4.5 Kinetic exchange interaction

Kinetic exchange interaction involves in the magnetic ordering by virtual hopping of

an electron from one site to another neighboring site. This charge hopping is mainly

driven by the kinetic energy of electrons. The probability of charge hopping from one

site to another neighboring site determines the strength of the magnetic interaction. The

p-d hybridization which usually appears in Mn-based II-VI DMS can be thought of as a

virtual charge hopping of an electron between p orbital of non-magnetic host anions and

d orbital of Mn atoms. However, based on the ordering of spin of transition metals, the

hopping interaction between the defects favors either antiferromagnetic or ferromagnetic

configuration. For instance, the d orbitals of Mn atoms in MnO are half filled and the
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energy levels split into eg and t2g levels [55]. By following the Hund′s rule, which

favors in increasing the spin, the d electrons of each Mn2+ ion occupy in eg and t2g

orbitals. In this case, the virtual charge hopping of electrons between Mn and O atoms

mediated through p-d hybridization decreases the total spin based on the Pauli exclusion

principle and favors the antiferromagnetic arrangement. Different from Mn2+, if one of

the orbitals is empty, then Pauli exclusion principle does not favor any spin direction

and thus it prefers to increase the spin based on Hund′s rule. For instance, in case of

Sc2+ and Ti2+ ions [55], at least one of the orbital is empty and the hybridization favors

ferromagnetic interaction.

The magnetic ordering in many of the solids is a result of competition between different

exchange mechanisms. For instance, in case of Fe3O4, the double exchange mechanism

favors ferromagnetic coupling between Fe3+ and Fe4+ ions at octahedral sites and su-

per exchange interaction favors antiferromagnetic coupling between Fe3+ ions located

at octahedral and tetrahedral sites. The competition between double and super exchange

interactions results in a ferromagnetic ground state in Fe3O4. Similarly, the interplay

between different exchange mechanisms decides the magnetic ground state in several

oxide and nitride based magnetic semiconductors [12]. This indicates that a single mech-

anism is not adequate to understand the magnetic nature in DMSs, and it is crucial to

consider the competition among different exchange mechanisms. On the other hand, it

is rather complex to identify the competition between different mechanisms in DMSs.

Recently, several studies on magnetic semiconductors have succeeded in understand-

ing the magnetic phenomena by considering energy level diagrams and charge hopping

between defect levels, and map with a simple Hubbard or Heisenberg models [56–58].

For instance, the stability of magnetic ground state in GaN due to Ga vacancy is well
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understood from the analysis of energy level diagrams and charge hopping mechanism

between the defect levels [56]. In case of a Ga vacancy at a neutral state, since spin down

states are completely empty in the energy level diagram, charge hopping is only possi-

ble in antiferromagnetic arrangement and thus gives the antiferromagnetic ground state.

However, upon adding an extra charge to the vacancy (negative charged state), ferro-

magnetism favors to be in a ground state due to the possibility of direct charge hopping

between partially filled states of parallel spin. In case of antiferromagnetic coupling,

parallel spins are at different energy levels and result in less energy gain compared to

that of ferromagnetic coupling. Similar mechanism is also realized in ZnO due to de-

fects [57]. Moreover, the latest theoretical studies resolved the nature of magnetism in N

doped MgO by examining the charge hopping mechanism between N and O atoms [58].

From these studies, it is realized that the knowledge of proper energy level diagrams

and the charge hopping mechanism between defects are some of the crucial factors to

understand the nature of local magnetic order especially in non-magnetic element doped

semiconductors. Similarly, there are different models like band coupling model [59]

and molecular orbital theory [60] can also be employed to understand the magnetism in

many of the DMSs. Here it is important to notice that all these models indirectly involve

the competition between different exchange mechanisms.

1.5 Motivation and scope for the present work

Over the course of years, several theoretical and experimental studies on magnetic semi-

conductors have mainly dealt with obtaining ferromagnetism in 3d or 4f based semi-

conductors by doping non-magnetic ions. However, there are a few studies realized
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magnetism in sp based systems [58, 61–63]. Among those, AlN is one of the largest

wide band gap III-V based semiconductor with many applications in opto electronics

and high energy devices [64–69]. In addition, room temperature ferromagnetism was

predicted recently in Mg doped AlN by doping Mg in the substitution of Al (MgAl) [62],

which shows a possibility to integrate optoelectronics with spintronics. Based on the

work of Dietl et.al [5], Mg doped AlN meets the requirement of wide band gap and

light element Mg doping, which further supports the possibility to attain strong ferro-

magnetism in Mg doped AlN. The latest experimental observations [70–72] increase the

evidence of room temperature ferromagnetism in Mg doped AlN. One of the experi-

mental groups [70] successfully grown the Mg doped Zigzag nanowires (ZNWs) of AlN

as shown in Fig. 1.4, observed the room temperature ferromagnetism. It was expected

that the (101̄1) surface orientation may play a crucial role in obtaining ferromagnetism

in Mg doped Zigzag AlN nanowires. The subsequent experimental studies [71] real-

ized the room temperature ferromagnetism in normal nanowires of Mg doped AlN by

increasing the crystal growth temperature. The present existing theoretical and experi-

mental results indicate the intrinsic nature of ferromagnetism in Mg doped AlN, which

is not the general trend in many of the room temperature ferromagnetic semiconduc-

tors such as Mn doped GaN, Cr doped ZnO or Co doped ZnO etc. [6, 7, 38–44]. The

growing evidence of intrinsic nature of ferromagnetism in Mg doped AlN should need

considerable attention for future spintronic applications. In fact, as of our knowledge,

till now there are no controversial results against the ferromagnetism in Mg doped AlN.

However, the origin and mechanism of ferromagnetism in AlN due to MgAl is unclear.

Even though room temperature ferromagnetism was predicted theoretically in Mg doped

bulk AlN and observed experimentally in Mg AlN nanowires, how MgAl introduces the
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Figure 1.4: The SEM image of Mg doped AlN zigzag nanowires and the corresponding

magnetic hysteresis loop are shown in left and right side of the figure respectively [70].

magnetic moments and why these moments favor the ferromagnetic arrangement rather

than antiferromagnetic arrangement is unknown. The Mg doping in AlN contains only s

and p electrons and introduces the sp magnetism. The observation of ferromagnetism in

Mg doped AlN that involve with only s and p electrons is one of the fascinating discov-

ery for the fundamental science and practical applications. Moreover, it is known that

surface effects have vital role on the magnetism of several magnetic semiconductors at

the low-dimension. Therefore, to identify the origin of ferromagnetism and enhance the

applications of Mg doped AlN for future spintronic nanodevices, it is essential to under-

stand the influence of surface effects on the ferromagnetism introduced by s and p elec-

trons of Mg doped AlN. The studies are limited in understanding the magnetism of non-

magnetic element doped III-V based semiconductors especially at the low-dimension.

In order to reveal the nature of magnetism and enhance the potential applications of
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Mg doped AlN for future spintronic nanodevices, I investigate the electronic and mag-

netic properties of Mg doped AlN from bulk to different surface orientations using first-

principles calculations based on the density functional theory. Several surface orien-

tations such as non-polar, polar and semi-polar surfaces of Mg doped AlN have been

considered to find out the dominant contribution of magnetism from each surface orien-

tation and the influence of surface effects on the magnetism. Similarly, I also investigate

the prospect of magnetism in other alkali and alkaline earth metals doped AlN from bulk

to various surfaces. To find out the nature of magnetism from bulk to low-dimension,

several factors have been explored as follows (1) mechanism of the magnetic property

due to single Mg defect in AlN, (2) the effect of Mg doping on magnetism of differ-

ent surfaces, (3) the influence of surface effects on the magnetism of Mg doped AlN

surfaces, (4) origin and stability of ferromagnetism on various Mg doped AlN surfaces

and (5) the applicability of observed magnetic phenomenon in Mg doped AlN for the

case of other alkali and alkaline earth metals doped AlN. With this notion, this thesis is

organized as follows. In chapter 2, the theory of first-principles calculations has been

introduced, which helps to investigate the electronic and magnetic properties of alkali

and alkaline earth metals doped AlN. In chapter 3, the electronic and magnetic proper-

ties have been discussed for Mg and other alkali (earth) metals doped AlN. In chapters

4, 5 and 6; the electronic and magnetic properties have been studied for non-polar, po-

lar and semi-polar surfaces of Mg doped AlN respectively. In chapter 7, the electronic

and magnetic nature of other alkali (earth) metals doped surfaces have been explored.

Finally, the summary and outlook of this project are concluded in chapter 8.

19



Chapter 2

First-principles calculations

The electronic and magnetic properties of materials are calculated by first-principles

calculations using density functional theory (DFT) implemented in VASP [73] software

package. The fundamental properties of materials can be determined if we can resolve

the Schrödinger equation for many body problem. However it is difficult to solve the

Schrödinger equation of many body problem due to the complexity of interaction be-

tween very large number of electrons (1023) and nucleus. Several approximations have

been made to address many body problem such as Born-Oppenheimer approximation,

Hartree, and Hartree-Fock etc. DFT has been the dominant quantum mechanical mod-

elling method to simplify the problem by considering density functional instead of wave

function. First-principles calculations based on DFT was quite successful to understand

the basic properties of various materials. In this chapter, a brief introduction about ear-

lier approximations and theories that were led up to DFT will be discussed.
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2.1 Born-Oppenheimer approximation

In quantum mechanics, the Schrödinger equation for many body system is described as,

HΨ = EΨ , (2.1)

where Ψ = Ψ(r1, r2, r3,...........rn) is the wave function, E is the energy eigen value and

the Hamiltonian operator Ĥ is given by,

Ĥ =
N∑
i=1

(
P 2
i

2mi

) +
1

2

N∑
i̸=j

(
qiqj

|ri − rj|
) , (2.2)

where summation is over all electrons including nucleus and mi is the mass of the nu-

cleus or electron, qi is their corresponding charge. The Hamitonian Ĥ of many body

problem includes the electron-electron interaction, electron-ion interaction and ion-ion

interaction, which can be written as,

Ĥ = −
∑
l

h̄2

2me

∇2
l −

∑
k

h̄2

2MN

∇2
k +

1

2

∑
l ̸=j

e2

|rl − rj|
+

1

2

∑
k ̸=j

e2

|Rk −Rj|
−

∑
k ̸=l

e2

|Rk − rl|

= Te + TN + Ve−e + VN−N − VN−e ,

(2.3)

where Te, TN are the kinetic energies of electron and ion respectively ; Ve−e, VN−N and

VN−e are the potential energies of electron-electron, ion-ion and ion-electron interac-

tions. It is almost impossible to solve many body Schrödinger Eq. (2.2) as it includes

all those interactions. Hence it much requires several approximations to simplify the

problem.

The first approximation that was made to simplify the many body problem is Born-

Oppenheimer approximation [74]. According to this approximation, since the nucleus is

much heavier than electrons, the kinetic energy of nucleus can be neglected compared to
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that of electrons. Hence we can assume that the nuclei are at fixed positions and electrons

to be in equilibrium with them adiabatically. This adiabatic environment reduces the

many body problem into a system of interacting electrons moving in an external potential

V(r) formed by a frozen-in ionic configuration of nuclei. So in the Eq. (2.3), the nuclei

part can be handled using classical approach. The Hamiltonian Ĥ for the electronic part

according to Born-Oppenheimer approximation can be written as,

Ĥ = Te + Ve−e + V (r) . (2.4)

Even though Born-Oppenheimer approximation greatly simplifies the problem, the electron-

electron interaction in the Hamiltonian which involves a large number of electrons (1023)

still remains a difficulty in solving the Schrödinger equation.

2.2 Density functional theory

DFT of Hohenberg and Sham [75, 76] showed an efficient method to simplify the many

body problem and describes the electron-electron interaction. Considering charge den-

sity ρ(r) as the fundamental variable instead of a wave function makes DFT remarkable

and it gives a great conceptual simplification of many body problem. The ground state

electron density uniquely determines the ion-electron interaction potential, which will

give information about all ground state properties and thus electron density is considered

as a basic variable in DFT. There are two important theorems form the basis for DFT.

Theorem 1: The ground state density ρ(r) uniquely determines the external potential

V(r) to within an additive constant. Instead of wave function, this theorem proves that

the ground state electron density can be considered as a fundamental quantity. Since
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the number of electrons and external potential are feasible to determine by the electron

density ρ(r), it also determines the Hamiltonian and all other ground state electronic

properties of a system.

The total energy in-terms of electron density is written as,

E = E [ρ(r)] = T [ρ(r)] + Uee [ρ(r)] +

∫
ρ(r)V (r)dr ,

= FHK [ρ(r)] +

∫
ρ(r)V (r)dr ,

(2.5)

where the elctron-electron interaction energy Uee [ρ(r)] contains the coulomb interaction

Ucou [ρ(r)] which is given by:

Ucou [ρ(r)] =
e2

2

∫∫
ρ(r)ρ(r′)

|r − r′|
drdr′ . (2.6)

Theorem 2 : The ground state electron density ρ(r) minimizes the energy functional

E(ρ(r)) through variational method. The global minimum of E(ρ(r)) can be possible

to obtain by varying the electron density ρ(r) using variational principle. For a trail

electron density ρ(r), there exists

E0 = E [ρ0(r)] ≤ E [ρ(r)] , (2.7)

where E0 is the ground state energy corresponding to the ground state electron density

ρ0(r). Therefore if we know the approximate energy functional E(ρ0(r)), the ground

state energy can be determined by varying the ρ0(r).

However, the explicit form of FHK [ρ(r)] is hard to get due to the fact that the accu-

rate calculational implementations of DFT are not easy to achieve. On the other side,

Hohenberg-Kohn theorem stated that the ground state energy of many body problem
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can be obtained by using electron density alone, but it does not provide any useful com-

putational scheme. Kohn and Sham showed that it is possible to map the many-body

problem with a set of non interacting single electron equations [76, 77]. They suggested

the functional F [ρ(r)] for any many body interacting system can be separated as,

F [ρ(r)] = T [ρ(r)] + Uee [ρ(r)] ,

= Tnon [ρ(r)] + Ucou [ρ(r)] + Exc [ρ(r)] ,

(2.8)

where,

Tnon [ρ(r)] =
∑
i

< Ψi

∣∣∣∣− h̄2

2me

∇2
i

∣∣∣∣Ψi > , (2.9)

Ucou [ρ(r)] =
1

2

∫
ρ(r)ρ(r′)

|r − r′|
drdr′ , (2.10)

and

Exc [ρ(r)] = T [ρ(r)]− Tnon [ρ(r)] + Uee[ρ(r)]− Ucou[ρ(r)] , (2.11)

where Tnon [ρ(r)], Ucou [ρ(r)], and Exc [ρ(r)] are the non interacting kinetic energy,

coulomb energy and exchange-correlation energies respectively.

The electron density of non interacting systems can be written as,

ρ(r) =
∑

s=±1/2

N/2∑
i=1

|Ψi(r, s)|2 (2.12)

At the global minimum energy functional, one has to satisfy

δ

{
F [ρ(r)] +

∫
V (r)ρ(r)dr + λ

[
N −

∫
ρ(r)dr

]}
= 0 , (2.13)

where λ is the Lagrange multiplier to make sure that δρ(r) is performed at constant

particle number N. If we plug Eq. (2.8) in the above equation Eq. (2.13), then we can

get,

λ =
δTnon

δρ(r)
+

∫
ρ(r′)

|r − r′|
dr′ +

δExc

δρ(r)
+ V (r) , (2.14)
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λ =
δTnon

δρ(r)
+ VKS(r) , (2.15)

where VKS(r) is the Kohn-Sham effective potential and it is defined by,

VKS(r) =

∫
ρ(r′)

|r − r′|
dr′ +

δExc

δρ(r)
+ V (r) . (2.16)

Therefore in the case of non interacting electron system, the equation for the particle

wave function is just the Schrödinger equations,[
− h̄2

2m
∇2

i + VKS(ri)

]
Ψ(ri) = εiΨ(ri); i = 1, 2....N (2.17)

and it is defined as Kohn-Sham equation. Since VKS(r) and ρ(r) are related recursively,

the above equation needs to be resolved self consistently. At the end, the total energy of

interacting system of N particles can be written as,

E =
∑
i

εi − Ucou [ρ(r)] + Exc [ρ(r)]−
∫

δExc

δρ(r)
ρ(r)dr , (2.18)

where ∑
i

εi =
∑
i

< Ψi

∣∣∣∣− h̄2

2m
∇2

i + VKS(r)

∣∣∣∣Ψi > ,

= Tnon [ρ(r)] +

∫
VKS(r)ρ(r)dr .

(2.19)

In the above equations all terms are treated exactly except the precise form of exchange

correlation functional Exc [ρ(r)] is unknown.

2.2.1 LDA and GGA

Kohn and Sham proposed Local density approximation (LDA) [76] to overcome the

problem of unknown exchange correlation functional. In LDA, it is assumed that the
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electron density at a point r of a system of slowly varying density can be considered as

if it is homogenous in a small region. So the exchange correlation energy εxc(r) at point

r is assumed as the exchange correlation energy of homogeneous gas at point r. It can

be calculated as,

Exc [ρ(r)] ≈
∫

εxc(r)ρ(r)dr , (2.20)

where εxc(r) = εhomo
xc (ρ(r)) and εhomo

xc (ρ(r) contains the contribution of both correlation

and exchange energies which can be further split into,

εhomo
xc (ρ(r) = εhomo

c (ρ(r) + εhomo
x (ρ(r) . (2.21)

The exchange energy εhomo
x (ρ(r) is simplified by Hartree-Fock description of electron

gas and it is proportional to ρ(r)4/3. However, in LDA it is important to notice that it

neglects the surrounding inhomogeneities of electron density at point r. Even though,

there is an inexact nature of the approximation, LDA was proved as a good approach in

calculating vibrational frequencies, electronic structures, elastic moduli and stability of

phase. On the other side, there are several problems arise with LDA. For example, the

band gaps and lattice constants are underestimated in LDA for several semiconductors

and insulators. Moreover the magnetic properties using LDA are not well appreciated

by several studies.

Since in LDA, homogenous electron density has been considered, it is not suitable to

calculate exchange correlation energy in case of non-uniform charge density problems.

But the deviations of charge density can be calculated by considering the gradient of

total charge density. The improvement of LDA is GGA, in which the gradient of electron

density was also considered to better approximate the exchange correlation functional at

point r. So in GGA, there is an explicit dependence of exchange correlation functional
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on both charge density and its gradient at point r which can be written as,

εGGA
xc [ρ(r)] =

∫
f(ρ,∇ρ)dr . (2.22)

There are several forms for gradient approximations, among GGA proposed by Perdew

et al [78–80] has been widely used and proved to be successful in calculating various

properties such as mechanical, electronic, optical and magnetic properties. At least in

case of system of light elements, GGA is assumed to be the proper approach to calcu-

late different properties. The electronic and magnetic properties in several studies were

found to be accurate by using GGA proposed by Perdew et al [78–80].

2.2.2 Bloch theorem and supercell approach

In Density functional theory, many body problem was quite simplified by mapping the

Schrödinger equation with a system of non interacting single electron Kohn-Sham equa-

tions. However, it is difficult to handle an infinite number of non-interacting electrons

within a static potential of infinite number of nuclei or ions. To resolve this issue, firstly

the wave function of each electron in the system needs to be calculated. Secondly, the

infinite basis function to expand wave function is required. Fortunately, these problems

can be reduced in case of periodic systems based on Bloch theorem. In a perfect crystal,

the electrons move in a periodic potential of regular arranged arrays of ions, so the ex-

ternal potential can be written as V (r +R) = V (r), where R is the lattice vector in real

space.

According to Bloch theorem, if the electron moves in a periodic potential, then the
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corresponding wave function can be defined as:

Ψk(r +R) = eiK.Ruk(r) (2.23)

Therefore, according to the Bloch theorem, the wave function of any atom in a periodic

lattice can be rewritten as a product of the wave function uk(r) and its corresponding

plane wave. Similarly, the k-point outside the 1st Brillouin zone can always be mapped

to the k-point in the 1st Brillouin zone. So in the context of electronic structure calcula-

tions, the wave function Ψk can also be folded into the 1st Brillouin zone due to periodic

behavior of the energy.

However, many real systems such as surfaces, interfaces, nanotubes and nanowires etc

are not periodic along all the three dimensions. There are two approaches to study the

properties, cluster model and periodic supercell model. In a cluster model, system is

modeled with a cluster of atoms. In a periodic supercell model, the periodic symmetry

is considered on the aperiodic dimension. For non periodic systems, for example, in

case of defects and surface calculations, a periodic supercell method has been proved to

be one of the quite efficient method. This method is implemented in surface/interface

calculations by modeling surface or interface with periodically arranged slabs that are

separated by vacuum layers. The artificial coulomb interaction between neighboring

slabs can be minimized by considering a sufficient thickness of vacuum layer. Depend

on the inter layer spacing in a slab, the thickness of vacuum layer changes. Usually,

vacuum layer should be thicker for a slab with a smaller inter layer spacing.
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2.2.3 K-point sampling

Electronic states are allowed only at a particular set of k-points. Therefore, it can be

determined by the boundary conditions that are applied to the bulk solid. The density

of k-points changes depending on the volume of the solid. In a solid, we have an in-

finite number of k-points for the infinite number of electrons. Bloch theorem resolves

the problem of calculating an infinite number of electronic wave functions to the one

of calculating a finite number of electronic wave functions at an infinite number of k

points. So only a finite number of electronic states will be occupied at each k-point.

Since the occupied electronic states at each k-point contribute to the electronic poten-

tial in a solid, it requires an infinite number of calculations to compute the potential.

However, if the k-points are close together, then the change in the electronic wave func-

tion Ψn,k with k becomes negligible and a great simplification is possible by calculating

at finite number of k-points which is called k-point sampling. For k-points sampling,

various methods [81, 82] were proposed by Monkhorst-pack method, Blochl-Jepsen-

Andersen, Lehmann-Taut, Muller-Wilkins, Methfessel and coworkers etc. Among them

the Monkhorst-Pack method [82] is the mostly used method for calculations. The ba-

sic idea of this method for sampling k-points is to construct equally spaced k-points

(N1 ×N2 ×N3) in the first Brillouin using the following expression.

k =
n1 + 1/2

N1

b1 +
n2 + 1/2

N2

b2 +
n3 + 1/2

N3

b3, (2.24)

where n1, n2 and n3 = 0, ....Ni − 1(i = 1 ∼ 3). Based on the symmetry, it is possible

to map the equivalent k-points to each other, which further reduce the total number of k-

points significantly generated by the above equation. If we use more number of k-points,

the error due to k-point sampling reaches to zero and the total energy will converge.

Especially, for metallic systems, more number of k-points are required to determine the

29



Chapter 2. First-principles calculations

Fermi surface. However, computational cost is high to perform at very dense k-points

sampling. In such cases, k.p perturbation method is one of the preferable method, which

reduces the computational cost of performing at very dense k-points.

2.2.4 Plane wave basis sets

Based on Blochs theorem, the single electron wave function Ψj and the potential Vj can

be expressed using plane wave basis exp(iG.r):

Ψj =
∑
G

Cj(G)exp(iG.r) , (2.25)

Vj =
∑
G

Vj(G)exp(iG.r) , (2.26)

and the correponding kinetic energy at a k-point can be defined as :

Ecut =
h̄2

2m
|k +Gcut|2 , (2.27)

where the plane waves exp(iG.r) are confined within a sphere of radius Gcut. One of the

advantage in working with a plane wave basis set is that the kinetic part of Kohn-Sham

can be easily computed as:

h̄2

2m
∇2Ψj =

h̄2

2m

∑
G

|G|2 Cj(G)exp(iG.r) (2.28)

From the preceding ideas, the Kohn-Sham equation can be reduced to the secular equa-

tion:

∑
G′

[
h̄2

2m
|k +G|2 δGG′ + V (G−G′) + VH(G−G′) + Vxc(G−G′)

]
cn,k+G′ = εn,kcn,k+G

(2.29)
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In principle, we need an infinite plane wave basis set to expand infinite electronic wave

function. But the advantage of plane wave basis set is that the coefficients cn,k+G for the

plane wave with small kinetic energy h̄2

2m
|k +G|2are more important than with larger

kinetic energy. So the plane wave basis set can be truncated to include only plane waves

that have kinetic energies lesser than particular cutoff energy Ecut. But the total energy

might not accurate due to the truncation of plane wave basis set. However, the accuracy

of total energy can be improved by considering high Ecut. Normally, we should choose

a particular cut off energy which will converge the total energy.

2.2.5 Pseudo potential approximation

As seen earlier in the above sections, the Bloch theorem and plane wave basis set greatly

simplifies the problem of Kohn-Sham equations of an infinite solid. However in the core

region, the ionic potential is very strong and thus requires a large number of plane waves

to describe the rapid oscillations of wave functions of the valence electrons in the core

region. This would cause all electron calculations to be expensive and even make it im-

practical for large systems. Fortunately the problem can be resolved by pseudo potential

approximation [83–85] which allows the expansion of electronic wave functions with

much smaller number of plane wave basis sets.

Usually in solids, most of the physical properties of materials are mainly determined by

the valence electrons and the properties have negligible dependency on the bound core

electrons. For instance, the nature of bonding involves only the valence electrons but

not the core electrons. In the pseudo potential approximation, the effect of bound core

electrons is treated together with nuclei and the strong ionic potential, which is replaced
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Figure 2.1: Schematic illustration of all electron (solid lines) and pseudo electron (dash

lines) potentials and their corresponding wave functions.

by a weaker pseudo potential (Vpseudo). This pseudo potential acts on pseudo wave

functions rather than real wave functions as shown in Fig. 2.1 [86]. The pseudo potential

is approximated in such a way that outside the cutoff radius (rc), the pseudo potential

and pseudo wave functions are similar to the real electron wave function, whereas there

are no radial nodes in the pseudo valence states in the core region.

The general form of pseudo potential is :

Vpseudo =
∑
lm

|lm > Vl < lm| , (2.30)

where | lm > are the spherical harmonics and Vl is the pseudo potential for angular

momentum l.

In the first-principles calculations, the frequently used pseudo potentials are norm-conserving

and ultrasoft pseudo potentials. The norm-conserving potentials are discovered by Bachelet
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et al [87]. In these potentials, even though the pseudo wave functions differ from real

valence wave functions inside (rc), the norm is constrained to be same as the real valence

states. The corresponding wave function is defined as :

rc∫
0

∣∣Ψps
n,k(r)

∣∣2 dr = rc∫
0

|Ψn,k(r)|2 dr. (2.31)

The norm conserving potential is found to be accurate for the solids which contains

s, p-bond main group elements. But in case of 2p second row elements, 3d transition

metals and rare earth elements, norm-conserving pseudo potentials are less effective

due to the highly localized valence states in those elements. It requires a large number

of planes waves to describe such valence states. Vanderbleit proposed ultra soft pseudo

potential to overcome this problem [88]. In this potential, the plane wave cutoff required

for the calculations is greatly reduced by removing the norm conserving constrain and

makes the pseudo wave functions inside rc as smooth as possible. However, compare

to ultrasoft pseudo potentials, projector augmented wave (PAW) method developed by

Blöchl [89] is found to be more accurate and it requires smaller radial cutoffs (core radii)

than in ultrasoft pseudo potentials. In PAW method, the valence wave function with all

nodes in the core region is exactly reconstructed and it makes PAW to be more accurate

than ultrasoft pseudo potentials and the computational cost using PAW potentials is not

more expensive.

2.2.6 Kohn-Sham energy functional minimization

The electronic states corresponding to the minimized Kohn-Sham (KS) energy func-

tional are important for the total energy pseudo potential calculations. However, the
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indirect approach of getting self consistent KS Hamiltonian may lead to instability due

to discontinuous changes of KS hamiltonian from iteration to iteration. To avoid the in-

stability, the direct minimization of KS energy functional is the proper way because the

KS energy functional normally has a single well defined energy minimum. Therefore,

an efficient method is necessary to minimize the KS energy functional in an accurate

way for the calculations.

The conjugate gradient (CG) is one of such techniques which provides a simple proce-

dure to minimize the KS energy functional. To locate the minimum of the energy, the

negative of the gradient is considered as the initial search direction in CG technique at

the starting point. A subsequent search direction is then constructed from the linear com-

binations of new gradient and the previous direction that minimizes the functional. This

way CG technique provides an efficient procedure to minimize the functional. However,

CG method needs to be implemented in the direction of maximizing the computational

speed and minimizing the memory requirement. This criteria was fulfilled using the CG

method developed by Teter et al [90].

2.3 VASP Code

Vienna Ab-initio simulation package (VASP) [73] is one of the efficient software pack-

ages to perform first-principles calculations based on DFT. It uses pseudo potentials such

as PAW or ultrasoft and plane wave basis set. VASP can be used for both static and dy-

namic simulations. It gives an information about forces, stresses and total energies of an

atomic systems. VASP uses the efficient matrix diagnolization schemes and an efficient
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pullay/Broyden density mixing. The atoms can be relaxed to their ground state from the

known information of forces and stress factors calculated by VASP. Various properties

of materials such as electronic, mechanical, optical and magnetic properties etc. can be

calculated by using VASP.

VASP has a wide usage in the theoretical community in the field of spin polarized DFT

calculations and magnetism. In this thesis, VASP is used to calculate the electronic and

magnetic properties of alkali and alkaline earth metals doped AlN systems.
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Electronic and magnetic properties of

alkali and alkaline earth metals doped

AlN

3.1 Introduction

The prospect of room temperature ferromagnetism in wide band gap semiconductors by

doping non-magnetic elements has been paid great attention in recent years for potential

spintronic applications, and the progress of those systems is discussed briefly in chapter

1. ZnO and GaN are two such wide band gap semiconductors in which high Curie tem-

perature (Tc) ferromagnetism was attained by doping various non-magnetic elements.

Besides ZnO, GaN; AlN is another largest wide band gap semiconductor in group III-V

based semiconductors. The discovery of very high Tc of 900 K in Cr doped AlN [91–93]
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indicates the possibility of high Tc ferromagnetism in AlN for future spintronic applica-

tions. Nevertheless, since there is a problem of magnetic clusters due to TM ions at high

concentrations, recently non-magnetic elements have been attracted to achieve high Tc

ferromagnetism in AlN [94–98]. The existence of wide band gap and localized nature

of 2p orbital of N atoms near the valence band of AlN, could provide the magnetism

for suitable acceptor doping. Among the non-magnetic element doped AlN systems,

Mg doped AlN is one of the fascinating sp system and it has already emerged as a cru-

cial technology for optoelectronics device applications. If ferromagnetism exists in such

systems, it could be possible to integrate spintronics with opto electronics. According

to the work of Dietl et al. [5], high Curie temperature ferromagnetism is expected to be

feasible in wide band semiconductors for the proper doping of light elements. With this

motivation, Wu et al. [62] predicted room temperature ferromagnetism in Mg doped

AlN by doping Mg in the substitution of Al. Furthermore, the latest experimental ob-

servations on Mg doped AlN growing an evidence of room temperature ferromagnetism

in Mg doped AlN [70–72], which is discussed briefly in chapter 1. Even though, the

theoretical and experimental studies show a strong evidence of ferromagnetism in Mg

doped AlN, the origin and nature of ferromagnetism in Mg doped AlN is unclear and

it requires great attention to enhance its potential applications for future spintronics. In

this chapter, a systematic investigation has been done to identify the origin and mech-

anism of ferromagnetism in Mg doped bulk AlN. Furthermore, the feasibility of stable

magnetic order has been examined for the other alkali and alkaline earth metals doped

AlN such as Be doped AlN and K doped AlN, and understand the magnetic phenomena

in those systems compared to the magnetic phenomena in Mg doped AlN.
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3.2 Computational details

The electronic and magnetic properties of alkali and alkaline earth metals doped AlN

have been investigated using first principle calculations based on density functional the-

ory that was implemented in VASP package [73, 99, 100]. PAW potentials are used

to account for the interactions between atomic core and the valence electrons. GGA

implemented in PBE is adopted for the exchange correlational functional [80]. 3s23p1,

2s22p3, 3s23p0, 2s22p0 and 3s3p4s electrons are treated as valence electrons for Al, N,

Mg, Be and K respectively. The electron wave function is expanded using plane waves

with a cutoff energy of 500 eV. A Gamma centered K-point mesh of 4 × 4 × 4 is used

for a 3 × 3 × 2 AlN wurtzite supercell to sample the irreducible Brillouin zone. Cal-

culations on 3 × 3 × 2 and 4 × 4 × 3 supercells of Mg doped AlN are produced the

same energy difference between the spin polarized and non-spin polarized states and the

same magnetic moment. Thus a supercell of 3 × 3 × 2 is found to be sufficient for the

study magnetism of Mg doped AlN. Moreover, it was noticed that several studies have

successfully reported the magnetism of various semiconductors by using a 3 × 3 × 2

supercell [25, 101, 102]. The positions of all atoms are fully relaxed using the con-

jugate gradient algorithm [103] until the maximum force on a single atom is less than

0.01 eV/Å. The calculated optimized lattice constants a = 3.13 Å and c = 5.01 Å for the

wurtzite AlN are consistent with previous studies [62, 104]. The optimized AlN wurtzite

structure with a single dopant X (X = Mg, Be or K) is modelled as shown in Fig. 3.1.

The electronegativities of Al, Mg, Be and K are 1.6, 1.3, 1.6 and 0.8 respectively. The

formation energy for doping X (X = Mg, Be or K) in the substitution of Al in AlN is

calculated from Eq. (3.1).

EForm = EDope − EIdeal + n(µAl − µX) (3.1)
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where Edope and EIdeal are the total energies of doped and undoped AlN respectively.

n is the number of X atoms added, or equivalently the number of Al atoms removed.

µX and µAl are the chemical potentials of X and Al atoms respectively. The chemical

potential of X is considered from its bulk phase as µX = µBulk
X . The chemical potential

of Al is calculated from the relation,

µBulk
AlN = µAl + µN ,

µAl = µBulk
AlN − µN ,

(3.2)

where, µN = 1
2
µN2 and µAl = µBulk

AlN − 1
2
µN2 [105] at the N-rich condition. Here µBulk

AlN

is considered as the total energy of bulk AlN per unit cell and µN2 is the total energy of

N2 molecule.

3.3 Results and discussion

3.3.1 Mg doped AlN

A single Mg dopant has been introduced in the substitution of Aluminium (MgAl), which

was predicted as the most stable form [105] compare with the other forms, and some

studies noticed the favorability of MgAl doping in AlN to attain a magnetic ground state

[62, 70]. MgAl is doped in a 3× 3× 2 AlN supercell of 72 atoms as shown in Fig. 3.1.

Due to the large ionic radius and lower electronegativity of Mg than that of Al, the N

atoms surrounding Mg are relaxed outward. This results in a bond length expansion

between Mg and its surrounding N atoms N1 (basal) and N2 (c-axis). The bond lengths

between Mg to N1 and Mg to N2 are 2.04 Å and 2.06 Å respectively. Whereas in
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Figure 3.1: The optimized wurtzite AlN 3 × 3 × 2 supercell for a single dopant X (X=

Mg, Be or K). Dopant X is highlighted with a big ball irrespective of its atomic size.

Aluminium (nitrogen) atoms are shown in pink (blue) color. N1 and N2 are the nitrogen

atoms surrounding X at the basal plane and along c-axis respectively.
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Figure 3.2: Total DOS of ideal AlN (a) and total DOS of Mg doped AlN (b).

ideal AlN, the corresponding bond lengths Al-N1 and Al-N2 are 1.90 Å and 1.91 Å

respectively. The changes in the bond lengths due to MgAl are in good agreement with

previous studies [106]. From the total energy calculations, the energy of spin polarized

state is found to be 280 meV lower than the energy of non-spin polarized state, indicates

the stability of magnetic state in Mg doped AlN. The formation energy of Mg doping

in the substitution of Al is calculated from Eq. 3.1 and it is found to be 0.37 eV. This

indicates the easiness of doping Mg in AlN. The total density of states (DOS) of both

ideal AlN and Mg doped AlN are shown in Fig. 3.2 (a) and 3.2 (b) respectively. The

symmetric spin up and spin down states in total DOS of AlN (Fig. 3.2 (a)) shows a

non-magnetic behavior. The band gap of AlN is found to be 4.2 eV consistent with the

previous studies. Whereas, an imbalance between spin up and spin down states of Mg

doped AlN as shown in Fig. 3.2 (b) clearly reveals the magnetic nature of Mg doped
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Figure 3.3: Isosurface spin density plot of Mg doped AlN, yellow color represents the

net spin density (a), PDOS of sum of N atoms surrounding Mg and Mg atom (b), and

schematic energy level diagram of defect levels of Mg-N cluster (c).
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AlN. The band gap of Mg doped AlN has been reduced compared to that of AlN due

to the defect levels introduced by doping of Mg atom. The MgAl defect in AlN acts as

an acceptor, and gives rise to a magnetic moment of 1 µB due to the hole introduced

by Mg. Unlike the other systems [19, 21, 25, 47] in which magnetic moment is mainly

contributed by dopant, magnetic moments in Mg doped AlN are prominently dominated

by host anions surrounding Mg (Mg-N cluster) as shown in isosurface spin density plot

Fig. 3.3 (a). Negligible contribution arises from Mg. From the partial density of states

(PDOS) of N and Mg atoms as shown in Fig. 3.3 (b), the defect states around the Fermi

level are mainly derived from 2p orbitals of N atoms, among which spin down states are

partially filled due to the hole introduced by Mg. Furthermore, the overlap of the peaks

of N and Mg atoms indicates a kind of sp-p interaction between Mg and N atoms, and

that interaction prompts the localized magnetic moments on N atoms surrounding Mg.

Although local magnetic moments are realized on Mg-N cluster, it may not necessarily

results in the collective magnetism. The magnetic interaction between Mg-N clusters has

been analyzed by introducing a pair of Mg atoms at a distance of 5.42 Å. From the cal-

culations, it is realized that the interaction between Mg-N clusters favors ferromagnetic

(FM) configuration than antiferromagnetic (AFM) configuration. The energy difference

between AFM and FM configuration (△E) is found to be 43 meV. The magnetic interac-

tion between Mg-N clusters has been analyzed by examining the energy level diagram

of Mg doped AlN with the help of PDOS as shown in Fig. 3.3 (b). The crystal field

symmetry in Mg doped AlN is found to be C3v symmetry and it is in agreement with

previous study [106]. According to the C3v symmetry of Mg doped AlN, the energy

levels split into singly occupied a2, a1 states and doubly degenerate e state. The a2 state

is mainly derived from s orbital, which is occupied and located deep in the valence band.
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Figure 3.4: Schematic energy level diagrams for ferromagnetic coupling (a) and antifer-

romagnetic coupling (b) of Mg doped AlN.

Thus we considered that the a2 state has negligible effect on magnetism. The states a1

and e are mainly derived from 2p orbitals and located around the Fermi level. Since px,

py and pz orbitals are almost at the same energy level as shown in Fig. 3.3 (b), we have

considered the negligible splitting between a1 and e states and take it as triply degener-

ate t2 state in Fig. 3.3 (b). The spin up t2 state is completely occupied and spin down t2

state is partially filled around the Fermi level. The corresponding energy level diagram

is shown in Fig. 3.3 (c). Spin up t2 state is occupied by the three spin up electrons of px,

py and pz orbitals and spin down t2 state is partially filled due to the hole introduced by

MgAl.

The interaction between Mg-N clusters has been analyzed based on energy level diagram

and hopping mechanism between the defects. From the energy level diagram of Mg

doped AlN as shown in Fig. 3.3 (c), the schematic energy level diagrams of the FM and

AFM arrangement of Mg-N clusters for the uniform doping of Mg atoms are drawn as

shown in Fig. 3.4 (a) and Fig. 3.4 (b) respectively. In the FM coupling, it is realized that

the partially filled spin down t2 states of both Mg-N clusters are degenerate as shown

in Fig. 3.4 (a). Since spin down t2 states are partially filled and degenerate in the FM
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coupling, it allows the direct charge hopping between Mg-N clusters and gives the more

energy gain than that of AFM coupling. In case of AFM coupling, since parallel spin

states are at different energy levels as shown in Fig. 3.4 (b), there is no possibility of

direct charge hopping between the parallel spin states, and thus it gives the less energy

gain. The possibility of direct charge hopping between degenerate partially filled spin

down states of Mg-N clusters, favors the FM ground state in Mg doped AlN. The similar

magnetic phenomenon has been noticed in a few systems [56–58], in which the hopping

mechanism and energy level splitting among the defect states decide the FM or AFM

ground state. The observed magnetic phenomena in Mg doped AlN is expected to be

applicable for other alkali (earth) elements doped AlN. The prospect of magnetism in

AlN due to the other alkali (earth) metal dopants such as K doped AlN and Be doped

AlN will be discussed briefly in the following sections.

3.3.2 K doped AlN

The alkali metal K is introduced in the substitution of Al (KAl) in a 3× 3× 2 supercell

of AlN similar to the case of Mg doped AlN. Only KAl defect has been considered to

analyze the magnetic nature of K doped AlN compared to that of MgAl. The doping of

KAl in AlN introduces an expansion in the bond lengths between K and its surrounding

N atoms due to the large ionic radius of K than that of Al. The bond lengths between

K-N1 and K-N2 are 2.34 Å and 2.40 Å respectively. The bond lengths between K

and N atoms are enhanced than the bond lengths between Mg and N atoms due to the

large ionic radius of K compared to the ionic radius of Mg. From the total DOS of K

doped AlN as shown in Fig. 3.5 (a), the imbalance between spin up and spin down states
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Figure 3.5: Total DOS of K doped AlN (a), isosurface spin density plot (b), PDOS of

sum of N atoms surrounding K and K atom (c), and schematic energy level diagram of

defect levels of K-N cluster (d).

indicates the magnetic behavior of K doped AlN. A single KAl introduces two holes in

AlN and that results in a magnetic moment of 2 µB. The isosurface spin density plot in

Fig. 3.5 (b) shows the prominent magnetic contribution of N atoms surrounding K (K-N

cluster) and negligible contribution from K. From the PDOS of N and K atoms as shown

in Fig. 3.5(c), the states around the Fermi level are mainly derived from 2p orbitals of

N atoms. The overlap of the peaks between s and p orbitals of K and 2p orbitals of N

atoms indicates the existence of sp-p interaction between K and N atoms similar to the

case of Mg doped AlN.
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The magnetic interaction among K-N clusters has been examined by introducing a pair

of K atoms at a distance of 5.42 Å similar to the case of Mg doped AlN. From the calcu-

lations, FM state is found to be more favorable than AFM state with an energy difference

of 12 meV. The energy difference between AFM and FM states in K doped AlN is lower

compared to that of Mg doped AlN (△E = 43 meV). The magnetic interaction and low

stability of ferromagnetism in K doped AlN are analyzed by employing the proposed

mechanism that is discussed in the case of Mg doped AlN. For that purpose, the energy

level splitting in single K doped AlN is examined with the help of PDOS (Fig. 3.5(c))

and the corresponding schematic energy level diagram is shown in Fig. 3.5(d). Since the

ionic radius of K is larger than the ionic radius of Al, noticeable splitting is observed

between a1 and e states in K doped AlN as shown in PDOS (Fig. 3.5(c)).

The splitting between a1 and e states in K doped AlN has been analyzed from the bond-

ing nature of K atom with its surrounding N atoms. The bond length expansion between

K and N2 atoms (N2 atom shown in Fig. 3.1, which is along c-axis) is found to be in-

creased by 2% compared to the bond length expansion between K and N1 atoms (N1

atom shown in Fig. 3.1 and it is in the basal plane). This indicates the strong hybridiza-

tion between K and basal N atoms compared to the hybridization between K and N2

atom. The px, py orbitals near the Fermi level shown in Fig. 3.5(c) are mainly derived

from the basal N atoms, and the pz orbital is derived from the N2 atom. Due to the

strong hybridization between K and basal N atoms, large splitting is observed between

e states derived from px, py orbitals. While, the splitting is found to be less between a1

states derived from pz orbital related to N2 atom. From the analysis of PDOS, a1 and e

states are represented at different energy locations in the energy level diagram as shown

in Fig. 3.5(d). The spin up a1, e states are completely filled and located at the lower
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Figure 3.6: Schematic energy level diagrams of ferromagnetic coupling (a) and antifer-

romagnetic coupling (b) of K doped AlN.

energetic level than the partially filled spin down a1, e states. Among those spin down

states, a1 state is filled with one electron and located at the lower energetic level of spin

down e state. The holes introduced by K are occupied in doubly degenerate spin down

e state and results in a magnetic moment of 2 µB. Since spin down a1, e states are at

different energy levels, in FM coupling as shown in Fig. 3.6 (a), it should require some

energy to hope the charge from occupied spin down a1 state to empty spin down e state.

On the other hand, there is no possibility of charge hopping between spin up a1 state

to empty spin down e state in AFM coupling as shown in Fig. 3.6 (b). However, the

possibility of indirect charge hopping between the other non-degenerate energy levels

in AFM coupling, increases the competition between FM and AFM interactions in K

doped AlN. Therefore it results in a weak stable FM state (△E = 12 meV) in K doped

AlN compared to that of Mg doped AlN. The highest energy level is partially filled and

degenerate in the case of Mg doped AlN.
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Figure 3.7: Total DOS of Be doped AlN.

3.3.3 Be doped AlN

The similar size of supercell and doping location of Mg in AlN are employed to study

the nature of magnetism in case of Be doped AlN. Be is introduced in the substitution

of Al (BeAl) and the corresponding bond lengths Be - N1 (basal plane) and Be - N2 are

1.83 Å and 1.89 Å respectively. These bond lengths are found to be short compared to

the respective Al-N bond lengths due to the small ionic radius of Be than that of Al.

The total DOS of Be doped AlN are shown in Fig. 3.7. The symmetric spin up and

spin down states clearly indicates the non-magnetic nature of Be doped AlN, which is

different from the case of Mg or K doped AlN systems. The electronegativity and ionic

radius of Be play a crucial role for non-magnetic nature in Be doped AlN. Since the

electronegativity of Be is same as the electronegativity of Al, Be is also strongly bond
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with N like Al. Due to the small ionic radius of Be compared to the ionic radius of Al, the

bond length Be-N shrinks upon structural relaxation and forms a strong bonding between

Be and N atoms in the valence band. The strong binding of Be atom with N atoms forms

the bonding and antibonding states within the host valence band and conduction bands

of AlN respectively. Thus there are no gap states allowed in Be doped AlN and that

results in no spin polarization. The crucial role of electronegativity and ionic radius of

dopants in achieving the magnetic order is seen in various semiconductors [101, 107].

In Mg and K doped AlN systems, Mg and K atoms are weakly interact with N atoms

due to the lower electronegativities and also larger ionic radii than that of Al, results in

gap states around the Fermi level.

Among Mg, K and Be dopants, the spin polarized states have been realized in AlN due

to doping of MgAl and KAl. The formation energies of doping Mg in AlN and doping

of K in AlN are found to be 0.37 eV and 6.13 eV respectively. Since the ionic radius

of K is larger than ionic radius of Al and KAl introduces more unpaired electrons to

its surrounding N atoms compared to that of MgAl, the formation energy of doping K

in AlN is found to be higher than the formation energy of doping Mg in AlN. The

simple comparison of formation energies indicates that Mg is more preferable to be

doped in AlN than doping of K in AlN. From the previous studies [108, 109], it was

also noticed that the formation energies of doping of Ca or Na atoms in the substitution

of Al are found to be high compared to that of doping of MgAl defect. The large ionic

radii of Ca and Na atoms compared to that of Mg atom, and more holes introduced

by NaAl defect leads to the high formation energies for the case of Na or Ca doped

AlN compared to that of Mg doped AlN. A strong ferromagnetism is also noticed in

Mg doped AlN compared to that of K doped AlN. In addition, the latest experimental
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observations showed an evidence of room temperature ferromagnetism in Mg doped

AlN nanowires and thin films [70–72], which further indicates the intrinsic nature of

ferromagnetism in Mg doped AlN. Nevertheless, the theoretical studies are limited and

it is challenging to understand the mechanism of magnetism in Mg doped AlN at the low-

dimension. Since surface effects play a vital role at the low-dimension, the electronic

and magnetic properties of different Mg doped AlN surface orientations such as non-

polar, polar and semi-polar surfaces have been systematically investigated and it will be

discussed in the subsequent chapters.

3.4 Chapter summary

The holes introduced by MgAl defect and the existence of partially filled degenerate

states derived from Mg-N cluster, stabilize the ferromagnetic ground state in Mg doped

AlN. The charge hopping between partially filled spin down states of Mg-N clusters

favors ferromagnetic ground state. The magnetic phenomenon that is proposed in the

case of Mg doped AlN has been further extended to understand the magnetic behavior

of other alkali (earth) metal doped AlN systems. The localized nature and energy level

splitting vary from Mg doped AlN to Be and K doped AlN systems due to the different

ionic sizes and electronegativities of Mg, K and Be dopants. The energy level splitting in

K doped AlN favors weak stable ferromagnetic state compared to that of Mg doped AlN.

Unlike Mg and K dopants, BeAl gives zero magnetic moment in AlN due to the strong

interaction between Be and host anions in the valence band. The same electronegativity

and small ionic radius of Be compared to that of Al, a non-magnetic state has been

realized in Be doped AlN. Compare to other dopants, since MgAl introduces the well
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localized nature of defect states, low formation energy and the strong ferromagnetism;

Mg doped AlN could be beneficial for future spintronic applications.
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Chapter 4

Electronic and magnetic properties of

Mg doped AlN non-polar surfaces

4.1 Introduction

In this chapter, electronic and magnetic properties of Mg doped AlN non-polar sur-

faces have been extensively studied using first-principles calculations. Generally, crystal

growth along non-polar semiconductor surfaces is preferable for various applications to

avoid the affect of polarization induced by the electric fields. For spintronic applications,

several efforts have been put to acquire room temperature ferromagnetism in various

semiconductors. Many of the theoretical studies on magnetic semiconductors, exam-

ined the origin and nature of magnetism by considering the bulk systems. On the other

hand, experimental studies mainly deal with the magnetism at the low-dimension such as
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nanostructures, thin films, interfaces/surfaces and nanowires etc. Therefore the theoret-

ical and experimental observations might often give different results on the magnetism

and it is illustrated briefly in chapter 1. One of the fascinating example in this direction

is Mn doped GaN. The initial theoretical observation was predicted ferromagnetism in

Mn doped GaN bulk system [6, 7]. Whereas, experimental observations realized AFM

in Mn doped GaN thin films [45]. The dissimilarity between theoretical and experimen-

tal observations has been revealed from the theoretical prediction of AFM on Mn doped

GaN surface [38, 43]. These theoretical studies predicted that the experimentally ob-

served AFM in Mn doped GaN thinfilms is due to the bond length contraction between

Mn atoms on non-polar GaN (112̄0) surface. With this motivation, several studies con-

sidered various non-polar surface orientations of Mn doped GaN and showed the vital

role of non-polar surface orientation on the magnetism of Mn doped GaN. Similarly,

the contribution of non-polar surface orientation on the magnetism of several magnetic

semiconductors was investigated and found the significant changes compared to their

bulk structures [38, 43, 47, 50, 110–112]. These studies growing an evidence of crucial

role of non-polar surface orientation in the magnetism of magnetic semiconductors at

the low-dimension. However, most of the investigations predominantly deal with the

influence of surface effects on the magnetism of TM doped semiconductors. To our

knowledge, there are no theoretical studies on the magnetism of non-polar surfaces of

sp based semiconductors such as Mg doped AlN.

The origin and nature of ferromagnetism in Mg doped AlN can be cleared if we able

to explore the influence of surface effects on the magnetism of Mg doped AlN. In this

chapter, my aim is to identify the origin of magnetism and investigate the crucial role
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of non-polar surface orientation on the ferromagnetism of Mg doped AlN. For that pur-

pose, two low indexed non-polar Mg doped AlN surfaces has been considered such as

Mg doped AlN (101̄0) and Mg doped AlN (112̄0) surfaces. The electronic and magnetic

properties of each surface are investigated systematically by consider the following. (1)

The electronic structure and mechanism of magnetism due to single Mg dopant on both

AlN (101̄0) and AlN (112̄0) surfaces, (2) the influence of surface effects on the mag-

netism of Mg doped AlN along the non-polar surface orientation, and (3) the combined

affect of Mg doping and surface factors on the origin and stability of ferromagnetism.

4.2 Computational details

The optimized wurtzite AlN structure with lattice constants a = 3.13 Å and c = 5.014

Å is employed to model the slab of (101̄0) and (112̄0) surfaces. All surfaces discussed

in the thesis are cleaved from the optimized bulk AlN wurtzite structure. Surface atoms

preferred to be relaxed to minimize the surface energy due to breaking of bonds at the

surface. All calculations are done by including the structural relaxation of atoms on the

surface. A slab model with a thickness of 10 atomic layers and a 2×2 supercell of (101̄0)

surface are adopted for single Mg dopant, which corresponds to a surface Mg coverage

of 25%. Similarly, a 2 × 1 supercell of (112̄0) surface with a slab of 10 atomic layers

is used for doping one Mg and that corresponds to a surface Mg coverage of 25%. A

vacuum of 15 Å is set to avoid the interaction between the repeated slabs. The electron

wave function is expanded using plane waves with a cutoff energy of 500 eV. A Gamma

centered 6×6×1 K-point mesh is used to sample the irreducible Brillouin zone. Atoms

in the bottom four layers of both surfaces are fixed during relaxation process, and the
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positions of other atoms are fully relaxed using the conjugate gradient algorithm [103]

until the maximum force on a single atom is less than 0.01 eV/Å. A bulk like behavior is

attained at the central layers of AlN surfaces, which is defined as the bulk like position

in the subsequent discussions. The region immediately below the first atomic layer of

the surface is considered as the subsurface location for all surface studies considered in

this thesis. A 3× 2 and a 2× 2 supercells are considered for both Mg doped (101̄0) and

Mg doped (112̄0) surfaces respectively to study the magnetic interaction between two

Mg-N clusters which corresponds to a ∼33% surface Mg coverage.

The formation energy of Mg doped AlN surfaces is calculated from Eq. (4.1) [48].

EForm = EDope − EIdeal + n(µAl − µMg) (4.1)

where EDope and EIdeal are the total energies of doped and undoped surfaces respec-

tively. n is the number of Mg atoms added, or equivalently the number of Al atoms

removed. µMg and µAl are the chemical potentials of Mg and Al atoms respectively.

The chemical potential of Mg is considered from its bulk phase as µMg = µBulk
Mg and

chemical potential of Al is calculated from µAl = µBulk
AlN − 1

2
µN2 [105]. Here µBulk

AlN is the

total energy of bulk AlN per unit cell and µN2 is the total energy of N2 molecule.

4.3 Results and discussion

4.3.1 Pristine AlN non-polar surfaces

A pristine AlN non-polar (101̄0) surface is shown in Fig. 4.1(a). It has one Al-N pair

per surface unit cell and its pristine structure is stable due to the equal number of cations
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Figure 4.1: Modelling of (101̄0) surface with different doping locations of Mg repre-

sented in numbers and its top view (a), and total DOS of pristine surface (b). Fermi

energy is set at zero.

and anions on the surface [113]. Each atom at the surface has three nearest neighbors

(three coordinated), and atoms at the central layers (bulk like position) have four nearest

neighbors (four coordinated). Surface atoms have large structural relaxation and the

bond lengths between Al-N on surface are contracted by 7.4% compare to that of bond

lengths at the bulk like position. Upon relaxation, surface N atoms move outward and

Al atoms move inward similar to the observation in the previous studies [113]. The

existence of equal number of Al and N atoms on pristine (101̄0) surface neutralizes

the charge and results in a non-magnetic behavior. The corresponding total DOS in

Fig. 4.1(b) exhibits the symmetric spin up and spin down states. The states near the

valence band top are mainly derived from 2p orbitals of N atoms.

In case of (112̄0) surface as shown in Fig. 4.2(a), surface atoms are three coordinated and
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Figure 4.2: Modelling of (112̄0) surface with different doping locations of Mg repre-

sented in numbers and its top view (a), and total DOS of pristine surface (b). Fermi

energy is set at zero.

it contains two Al-N pairs on the surface per unit cell. Upon relaxation, the bond length

between Al and N atoms on surface contracted by 6% similar to that of (101̄0) surface.

Since (112̄0) surface has equal number of cations and anions on surface similar to the

case of (101̄0) surface, the charge neutralization results in a non-magnetic behavior.

The DOS in Fig. 4.2(b) shows the symmetric spin up and spin down states and reveals

the non-magnetic nature of (112̄0) surface. However these non-magnetic (101̄0) and

(112̄0) surfaces become spin polarized by doping Mg in the substitution of Al (MgAl).

Interestingly, the energy of FM state is found to be lower than the energy of AFM state

for both the Mg doped AlN non-polar surfaces. The electronic and magnetic properties

of each Mg doped AlN non-polar surface will be discussed briefly in the following

sections.
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4.3.2 Mg doped AlN (101̄0) surface

The 2 × 2 supercell of AlN (101̄0) surface is considered for single MgAl defect. In a

slab, MgAl defect is introduced at different locations such as at surface, subsurface and

at the bulk like position as shown in Fig. 4.1(a). The corresponding sites are represented

as site 1, site 2 and site 3 respectively. The relative energies for doping Mg at different

sites 1, 2 and 3 with respect to site 3 are -1.22 eV, -0.36 eV and 0 eV respectively. The

total energy comparison shows that Mg prefers to be doped on surface (site 1). The

corresponding formation energy for doping Mg on surface is calculated from Eq. (4.1)

and it is found to be -1 eV. The formation energy of introducing MgAl on AlN surface is

found to be lower than that of Mg doping in bulk AlN (Eform=0.37 eV) as mentioned in

chapter 1. These formation energy values indicate that it is easy to dope Mg on surface

compared to that of bulk due to the weak chemical bonding between anions and cations

on surface. The spin polarized state on Mg doped (101̄0) surface is favorable with an

energy 260 meV lower than the energy of non-spin polarized state. From DOS as shown

in Fig. 4.3 (a), the spin imbalance between spin up and spin down states around the

Fermi level exhibits the magnetic nature of Mg doped AlN (101̄0) surface. MgAl acts as

an acceptor and introduces a hole in AlN that results in a magnetic moment of 0.99 µB.

The magnetic moments are mainly derived from N atoms (N1, N2, N3) surrounding Mg

(Mg-N cluster) as shown in Fig. 4.3 (b). The same isosurface density level is applied

for all surfaces discussed in the thesis. The change in the valence charge and magnetic

moment of N1, N2 and N3 atoms due to the effect of MgAl are calculated from the bader

charge analysis and it is listed in Table (4.1). The less valence charge and more local

magnetic moment are realized on surface nitrogen (N1) atom compare to that of other

nitrogen atoms (N2, N3). The structural relaxation on Mg doped AlN (101̄0) surface
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Figure 4.3: Total DOS (a), net spin density plot (b), PDOS of sum of N atoms surround-

ing Mg and Mg atom (c), and schematic energy level diagram (d) of Mg doped AlN

(101̄0) surface.
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expands the bond length between Mg and surface atom N1 by 14.7% and Mg to N2 atom

by 7% with respect to corresponding bond lengths between Al and N atoms on pristine

AlN surface. This clearly indicates that MgAl doping strongly influences the surface N1

atom and causes the strong localization of magnetic moment on N1 atom than that of

other N2, N3 atoms. As a result, magnetic moments are unequally distributed on Mg

doped (101̄0) surface as shown in Fig. 4.3(b). While in Mg doped bulk AlN, magnetic

moments are equally distributed on N atoms surrounding Mg as seen in the previous

chapter. In Mg doped AlN (101̄0) surface, the PDOS of sum of surface N atoms and

Mg atom as shown in Fig. 4.3(c), indicates that the defect states are mainly derived from

2p orbitals of surface N atoms, and a very less contribution arises from Mg. Moreover,

the overlap between the peaks of 2p orbitals of N atoms and the sp orbital of Mg atom

around the Fermi level shows an evidence of sp-p interaction between Mg and N atoms,

which introduces the local magnetic moments on N atoms.

Although local magnetic moments are realized on Mg doped AlN (101̄0) surface, it

may not necessarily result in the collective magnetism. In order to look at the magnetic

interaction between the defects, a pair of Mg atoms are introduced in a 3×2 supercell of

(101̄0) surface that corresponds to a surface Mg coverage of 33%. Since Mg prefers to be

doped at the surface, the magnetic interaction between Mg atoms has been investigated

around the surface region that is at the top two layers of a slab. The representation of

1st and 2nd layers of a slab is shown in Fig. 4.1(a). The similar type of layer notation is

followed for all surfaces considered in this thesis, but the large supercell size is take into

account to study the magnetic coupling. On the 1st layer of Mg doped (101̄0) surface,

a pair of Mg atoms are introduced at nearest neighbor distance of 3.13 Å and at next

nearest neighbor distance of 5.04 Å. The doping of Mg atoms at a distance of 3.13
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Å on the 1st layer, favors the FM ground state with an energy of 12 meV lower than

the energy of AFM state. On the same layer, if the Mg atoms doped at a distance of

5.04 Å, the strength of ferromagnetism is further reduced and the corresponding energy

difference between FM and AFM states (△E) is found to be 3 meV. Interestingly, a

strong ferromagnetism is observed in a 2nd layer with △E of 50 meV for a pair of Mg

atoms at a 3.13 Å distance. These results indicate the sensitivity of FM stability on Mg

doped AlN (101̄0) surface, and it depends on the distance between Mg atoms and the

location of the dopants. In the present study, the doping of one Mg on 1st layer and

another Mg on 2nd layer is not considered, because its total energy is 99 meV higher

than that of doping of two Mg atoms on 1st layer. This reveals that the doping of two

Mg atoms on surface is more favorable than doping of one Mg on 1st layer and another

Mg on 2nd layer.

The origin and mechanism of FM stability on Mg doped (101̄0) surface have been ana-

lyzed from the energy level diagram of single defect as shown in Fig. 4.3(d). According

to the C3v symmetry of Mg doped AlN, energy levels split into singly occupied a2, a1

states and doubly degenerate e state. Among those states, a2 state is mainly derived from

s orbital and it is located very deep in the valence band. Thus we assume that a2 state

has negligible effect on the magnetism of Mg doped (101̄0) surface. Whereas, a1 and e

states are derived from 2p orbitals of N atoms. The a1 state is occupied by the electrons

of px orbital, while the doubly degenerate e state derived from py and pz orbitals is par-

tially filled as shown in Fig. 4.3(c). Due to the spin polarization effect, e state splits into

spin up and spin down states. The spin up e state is completely occupied and spin down

e state is partially filled as shown in Fig. 4.3(c). The corresponding schematic energy

level diagram is shown in Fig. 4.3(d). Since spin down e state is partially filled, there
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Figure 4.4: Schematic energy level diagrams of ferromagnetic coupling (a) and antifer-

romagnetic coupling (b) of Mg doped AlN (101̄0) surface.

is a possibility of direct virtual charge hopping between spin down e states in the FM

arrangement of Mg-N clusters as shown in Fig. 4.4(a), and thus it results in a more en-

ergy gain than that of AFM arrangement. Whereas, in the AFM coupling, parallel spins

are at different energy levels as shown in Fig. 4.4(b) and thus it gives less energy gain

compare to the case of FM coupling. Hence ferromagnetism is found to be stable than

antiferromagnetism on Mg doped AlN (101̄0) surface at nearest neighbor distance of Mg

atoms. Since the defect states are highly localized on Mg doped AlN (101̄0) surface as

shown in Fig. 4.3(b), hopping strength becomes weak as the distance between dopants

increases. As a result, a very weak stable FM state is found for the case of Mg atoms

at a distance of 5.04 Å, and indicates the short range nature of ferromagnetism on Mg

doped (101̄0) surface.

However, if there is no structural relaxation (unrelaxed) of the atoms on surface, ferro-

magnetism is found to be more stable on Mg doped (101̄0) surface with △E of 31 meV

for two Mg atoms at 3.13Å distance. Here it is important to notice that the unrelaxed
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structure of (101̄0) surface is a surface cleaved from the bulk AlN, in which atomic re-

laxation is not considered at the surface. Therefore, the bond lengths between atoms on

unrelaxed structure of (101̄0) surface are analogous to that of bulk AlN. Since the value

of △E in the case of unrelaxed structure is different from the △E of relaxed case (△E

= 12 meV), both the unrelaxed and relaxed structures of Mg doped (101̄0) surfaces have

been considered to analyze the nature of structural relaxation on the magnetic interac-

tion in Mg doped AlN. The corresponding spin density plots of FM coupling between

Mg-N clusters on the 1st layer of Mg doped (101̄0) surface for the case of relaxed and

unrelaxed structures are shown in Fig. 4.5(a) and Fig. 4.5(b) respectively. In the relaxed

structure of Mg doped (101̄0) surface, the bond length between Mg and N atoms on

surface is expanded by 4% compared to that of unrelaxed case. The corresponding low

spin density overlap region between Mg-N clusters in the relaxed case can be seen in

Fig. 4.5(a) compared to that of unrelaxed case in Fig. 4.5(b). The spin density at the

overlap region between Mg-N clusters reduces as the distance between Mg atoms in-

creases, which implies that the sp-p interaction between Mg-N clusters becomes weak

as the distance between Mg atoms increases. Since in the relaxed case, the bond length

between Mg and N atoms is expanded by 4% compared to that of unrelaxed case, sp-p

interaction becomes weaken in the relaxed case than that of unrelaxed case. Therefore,

a weak stable FM state (△E = 12 meV) is observed in the relaxed case compared to

that of unrelaxed case (△E = 31 meV) on Mg doped AlN (101̄0) surface. This analy-

sis clearly indicates the sensitivity of magnetic interaction between Mg-N clusters with

structural relaxation or with the change in the distance between Mg atoms.

Interestingly, strong ferromagnetism is noticed on the 2nd layer of Mg doped (101̄0)

surface with △E of 50 meV for Mg atoms at 3.13Å distance. This value of △E is high
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Figure 4.5: Top view of net spin density plot of ferromagnetic coupling between Mg-N

clusters on surface with relaxation (a) and without relaxation (b), and Mg-N clusters at

subsurface with relaxation (c).
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compare to that of 1st layer (△E = 12 meV). The origin of different stable FM states in

the 1st and 2nd layers is analysed from the net spin density plots as shown in Fig. 4.5(a)

and Fig. 4.5(c) respectively. The Mg-N clusters in the 1st layer are connected by a N

atom of low spin density region as shown in Fig. 4.5(a) compare to that of 2nd layer

as shown in Fig. 4.5(c). In the 2nd layer, Mg-N clusters are connected by a surface N

atom of high spin density and indicates a strong sp-p interaction between Mg-N clusters.

The strong sp-p interaction favors the strong FM state on the 2nd layer than that of 1st

layer. The existence of low spin density overlap region or weak sp-p interaction between

Mg-N clusters results in a weak stable FM state at the 1st layer. This emphasis that the

stability of ferromagnetism on Mg doped AlN (101̄0) surface is not only depends on

the distance between Mg atoms but also rely on the way the defects connected to each

other. The high to low spin density overlap regions between Mg-N clusters are mainly

occurred due to surface effects.

Table 4.1: Charge and magnetic moment (µ) of high spin polarized N atoms surrounding

Mg of both Mg doped AlN (101̄0) and Mg doped AlN (112̄0) surfaces. µ is the magnetic

moment in units of bohr magneton

N atoms (101̄0) surface (112̄0) surface

Charge µ Charge µ

N1 7.13 0.805 7.52 0.459

N2 8.09 0.031 7.58 0.365

N3 8.09 0.031 7.91 0.078

The non-polar (101̄0) surface orientation of Mg doped AlN favors FM ground state, but

FM stability is sensitive with Mg doping location, bond length changes and the distance

between Mg atoms. Compare to the case of Mg doped (101̄0) surface, a strong FM
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ground state is realized on Mg doped (112̄0) surface. The nature of magnetism due to

surface effects and the mechanism behind the strong FM state on Mg doped AlN non-

polar (112̄0) surface will be discussed in detail in the following section.

4.3.3 Mg doped AlN (112̄0) surface

The Mg doping in the substitution of Al introduces the magnetism in AlN (112̄0) surface.

The observed magnetic moment is ∼ 1 µB and it is found to be independent of Mg

doping location. The site preference of Mg dopant is calculated by introducing Mg at

surface (site 1), subsurface (site 2) and at the bulk like position (site 3) as shown in

Fig. 4.2(a). The corresponding relative energies of site 1, site 2 and site 3 with respect

to site 3 are -0.93 eV, -0.19 eV and 0 eV respectively. These relative energies indicate

that Mg atom preferred to be doped on surface compare to the other locations due to

the weak bonding between anions and cations on surface, similar to the case of Mg

doped (101̄0) surface. The formation energy for doping MgAl on surface is found to

be -0.7 eV and it shows the capability of Mg doping on surface. The total DOS of

Mg doped (112̄0) surface in Fig. 4.6(a) exhibits the asymmetry between spin up and

spin down states and reveals the magnetic behavior of Mg doped AlN (112̄0) surface.

From the net spin density plot as shown in Fig. 4.6(b), magnetic moments are mainly

contributed by surface N atoms surrounding Mg. Due to the structural relaxation, MgAl

introduces an expansion in the bond lengths between Mg and its surrounding N atoms

(N1, N2, N3). The bond lengths between Mg and its surrounding N atoms N1, N2

and N3 on Mg doped (112̄0) surface are expanded by 13%, 12% and 10% respectively

compare with the bond lengths between Al and N atoms on pristine surface. This bond
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Figure 4.6: Total DOS (a), net spin density plot (b), PDOS of sum of N atoms surround-

ing Mg and Mg atoms (c), and schematic energy level diagram (d) of Mg doped AlN

(112̄0) surface.
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length difference clearly indicates that Mg doping on (112̄0) surface has large influence

on both N1 and N2 surface atoms and introduces the strong localization of magnetic

moments compare to that of other N atoms. The magnetic moment and valence charge

of N atoms surrounding Mg on (112̄0) surface are shown in Table (1.1). The valence

charge and magnetic moment are found to be same for both surface N atoms (N1 and

N2), but negligible magnetic moment arises from N3 atom. The PDOS of spin polarized

N and Mg atoms shown in Fig. 4.6(c) exhibits that the magnetic moments are mainly

derived from 2p orbitals of N atoms. Furthermore, the overlap of the peaks of 2p orbitals

of N atoms and sp orbital of Mg atom reveals a sp-p interaction between Mg and its

surrounding N atoms.

The magnetic interaction on Mg doped AlN (112̄0) surface is examined by introducing a

pair of Mg atoms at different distances around the surface region. Firstly, two Mg atoms

are doped in the 1st layer at various distances such as 3.09 Å, 4.39 Å and 5.4 Å. The en-

ergy differences between AFM state and FM state (△E) for two Mg atoms at distances

3.09 Å, 4.39 Å and 5.4 Å are found to be 77 meV, 17 meV and -11 meV respectively.

These △E values clearly indicate the strong FM nature on Mg doped AlN (112̄0) sur-

face at the nearest neighbor distance of Mg atoms. The stability of ferromagnetism on

Mg doped (112̄0) surface is high compare to the case of Mg doped (101̄0) surface. In

addition, ferromagnetism remains to be stabilized in the 2nd layer of Mg doped (112̄0)

surface with △E of 75 meV for Mg atoms at 3.09 Å distance. However, the strength of

ferromagnetism is decreased as the distance between Mg atoms increases on Mg doped

(112̄0) surface similar to the case of Mg doped (101̄0) surface.

The mechanism and the origin of strong ferromagnetism on Mg doped AlN (112̄0)
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surface have been analyzed by considering energy level diagrams and the charge hop-

ping between Mg-N clusters. From the PDOS of spin polarized atoms as shown in

Fig. 4.6(c), the schematic energy level diagram of Mg doped (112̄0) surface is drawn as

in Fig. 4.6(d). Since s orbital of N atoms is located deep in the host valence band of Mg

doped (112̄0) surface, we assumed that the a2 state derived from s orbital has negligible

effect on the magnetic interaction. The defect states around the Fermi level are mainly

derived from px, py and pz orbitals and these orbitals located at the same energy level on

an average. Therefore the combination of a1 and e states, derived from px, py and pz or-

bitals is represented as triply degenerate a1+e state in the energy level diagram as shown

in Fig. 4.6(d). Due to the spin polarization effect, a1+e state splits into spin up and spin

down states. The spin up a1+e state is completely filled and spin down a1+e state is par-

tially filled due to the hole introduced by Mg. The partially filled spin down a1+e state

allows the direct charge hopping between Mg-N clusters in FM coupling as shown in

Fig. 4.7(a) and leads to the more energy gain. However in AFM coupling, parallel spins

are at different energy levels as shown in Fig. 4.7(b) and thus it weakens the hopping

strength due to a super exchange type of interaction. This results in less energy gain in

AFM coupling than that of FM coupling, and favors the strong ferromagnetism on Mg

doped AlN (112̄0) surface for Mg pair at nearest neighbor distance. Nevertheless, the

strength of ferromagnetism is found to be changed on Mg doped AlN (112̄0) surface for

different distances of Mg atoms. When the distance between Mg atoms increases, the

spin density around the overlap region between Mg-N clusters reduces and that weakens

the hopping interaction. This results in a weak stable FM state in Mg doped AlN (112̄0)

surface as the distance between Mg atoms increases.

The magnetic phenomena is found to be same for both Mg doped AlN (112̄0) and Mg
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Figure 4.7: Schematic energy level diagrams of ferromagnetic coupling (a) and antifer-

romagnetic coupling (b) of Mg doped AlN (112̄0) surface.

doped AlN (101̄0) surfaces, but the energy level splitting and the corresponding charge

hopping between defect levels are different from one surface to other surface. The role

of energy level splitting and the localized nature of defect states in stabilizing the fer-

romagnetism has been analyzed on Mg doped AlN (112̄0) surface, and compared with

the case of Mg doped AlN (101̄0) surface. The weak stable FM state is realized on Mg

doped AlN (101̄0) surface, while the strength of ferromagnetism is found to be high on

Mg doped (112̄0) surface. From the spin density plots of both Mg doped (101̄0) and Mg

doped (112̄0) surfaces as shown in Fig. 4.3(b) and Fig. 4.6(b) respectively, it is noticed

that the two Mg atoms on (101̄0) surface can only be connected by N atoms of low spin

density region. Whereas, on Mg doped (112̄0) surface, Mg-N clusters are interacted

through surface N atoms of high spin density distribution. The high spin density overlap

region between Mg-N clusters on (112̄0) surface indicates the strong sp-p interaction

and attains a strong FM state. But the weak sp-p interaction or low spin density overlap

region between Mg-N clusters on (101̄0) surface results in a weak stable FM state com-

pare to the case of Mg doped (112̄0) surface. Moreover in the 2nd layer of Mg doped
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(112̄0) surface, the two Mg atoms are connected by surface N atoms of high spin density

and results in a strong FM state. These observations show an evidence that the stabil-

ity of ferromagnetism depends on the way the Mg atoms connected to each other from

one surface to another surface of Mg doped AlN. Since, the localization of magnetic

of moments varies from one surface to other surface due to various surface effects, the

different stable FM states have been observed.

The mechanism of different stable FM states is further examined in both Mg doped non-

polar surfaces from the keen observation of schematic DOS as shown in Figs. 4.8. It is

noticed that the separation between occupied and unoccupied spin down states is larger

in Mg doped (101̄0) surface (Fig. 4.8(a)) compare to the case of Mg doped (112̄0) surface

(Fig. 4.8(b)). Therefore in the FM coupling, the virtual charge transfer from occupied

to unoccupied spin down states as shown in Figs. 4.8(b) gives more energy gain in Mg

doped AlN (112̄0) surface compare to the case of Mg doped AlN (101̄0) surface as

shown in Fig. 4.8(a). On the other hand, the exchange splitting between occupied spin

up and occupied spin down states is more or less similar with the separation between

occupied and unoccupied spin down states on Mg doped AlN (101̄0) surface. Hence,

attaining the strong ferromagnetism on Mg doped (101̄0) surface is rather difficult due

to the high competition between FM and AFM interaction. Nevertheless, on Mg doped

(112̄0) surface, the exchange splitting between occupied spin up and occupied spin down

states is found to be larger than the separation between occupied and unoccupied spin

down states. This weakens the super exchange type of interaction in AFM coupling and

reduces the competition between antiferromagnetism and ferromagnetism, leads to the

strong ferromagnetism on Mg doped (112̄0) surface. Even though FM ground state is

observed in both Mg doped AlN non-polar surfaces, the strength of ferromagnetism is
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Figure 4.8: Schematic DOS of both Mg doped AlN (101̄0) surface (a) and Mg doped

AlN (112̄0) surface (b) for the case of ferromagnetic arrangement of Mg-N clusters.
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decided by the interplay among different factors such as localized nature of magnetic

moments, energy level splitting, distance between the dopants and the sp-p interaction

between Mg-N clusters etc.

4.4 Chapter summary

The present study reveals the origin and mechanism of ferromagnetism in different Mg

doped AlN non-polar surfaces. The charge hopping between partially filled spin down

states in both the surfaces favors the ferromagnetic ground state. However the stability

of ferromagnetism changes from one surface to the other surface due to different lo-

calization of magnetic moments, overlap region between Mg-N clusters and the energy

level splitting. In case of Mg doped (101̄0) surface, the low spin density overlap region

or weak sp-p interaction between Mg-N clusters result in a weak stable ferromagnetic

state. Whereas, the localization of magnetic moments and the high spin density over-

lap between Mg-N clusters on Mg doped (112̄0) surface favor a strong ferromagnetic

ground state. Unlike the other magnetic semiconductors, non-polar surface orientation

stabilizes the ferromagnetic state in Mg doped AlN and indicates the intrinsic nature of

ferromagnetism. Since the stability of ferromagnetism is sensitive with the surface ef-

fects introduced by Mg doped AlN non-polar surface orientation, strong ferromagnetism

might be possible by tuning the surface effects.

74



Chapter 5

Electronic and magnetic properties of

Mg doped AlN polar surfaces

5.1 Introduction

The electronic and magnetic nature of Mg doped AlN polar surfaces have been exten-

sively studied in this chapter to analyze the influence of surface effects on the magnetism

of Mg doped AlN in polar surface orientation. Usually nitride based crystals prefer to

grow in a polar direction in most of the experiments. The significant changes in the

electronic and magnetic properties have been observed in various systems along polar

surface orientation [39, 40, 42, 114–116]. Similarly, the electronic and magnetic prop-

erties of Mg doped AlN may vary along polar surface orientation.

In this chapter, one of the low indexed polar surface of AlN such as (0001̄) surface has

75



Chapter 5. Electronic and magnetic properties of Mg doped AlN polar surfaces

been considered. The polar surface orientations contain dangling bonds (DBs) espe-

cially on the surface of nitride based semiconductors. These unsaturated DBs favored

to be reconstructed or passivated to minimize the surface energy [117]. The stable re-

constructed or passivated surfaces can be determine by following the electron counting

model [118]. The variation in the electronic and magnetic properties has been observed

in several magnetic semiconductor polar surfaces [120, 121] due to effect of passivation

and reconstruction. Therefore, both passivated and reconstructed Mg doped AlN (0001̄)

surfaces have been considered in order to understand the origin of magnetism and the

effect of passivation and reconstruction on the electronic and magnetic properties of

polar surfaces of nitrides. In the passivated (0001̄) surface, the DBs are saturated by

pseudo hydrogen atoms [119]. The (0001̄) surface is reconstructed by considering Al

adatom that is bonded to three N atoms on surface such as Al at H3 location, which was

predicted as the most stable reconstructed (0001̄) surface for all Al-chemical potential

range [113].

5.2 Computational details

The optimized wurtzite AlN structure with lattice constants a = 3.13 Å and c = 5.014 Å is

used to model the passivated (0001̄) surface (p-(0001̄) surface) and reconstructed (0001̄)

surface (r-(0001̄) surface). A slab model with a thickness of 10 atomic layers in a 2× 2

supercell is considered for a single defect in both p-(0001̄) and r-(0001̄) surfaces. The

electron wave function is expanded using plane waves with a cutoff energy of 500 eV. A

Gamma centered 6×6×1 K-point meshes are adopted to sample the irreducible Brillouin

zone. A 3 × 3 supercell of p-(0001̄) surface and a 4 × 4 supercell of r-(0001̄) surface
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are considered to analyze the magnetic interaction between two Mg dopants. In these

supercells, the incorporation of two Mg atoms corresponds to a surface Mg coverage

of 22% and 25% for Mg doped p-(0001̄) and Mg doped r-(0001̄) surfaces respectively.

In addition, a vacuum region of 12 Å is used to minimize the interaction of adjacent

surfaces. During the relaxation process, atoms in the bottom four layers of all surfaces

are fixed, and the positions of other atoms are fully relaxed using the conjugate gradient

algorithm [103] until the maximum force on a single atom is less than 0.01 eV/Å. A bulk

like behavior is attained at the central layers.

5.3 Results and discussion

5.3.1 Pristine, passivated and reconstructed AlN (0001̄) surfaces

The pristine AlN polar (0001̄) surface contains only one type of ion on top layer of

the surface as shown in Fig. 5.1(a). In principle, the termination with less number of

unsaturated bonds is considered as the most stable one [114] and thus (0001̄) surface

with N-termination is identified as the most stable surface. The DBs of surface N atoms

results in a magnetic moment of 2 µB for a 2 × 2 supercell of pristine (0001̄) surface.

The total DOS in Fig. 5.1(b) exhibits an imbalance between spin up and spin down

states around the Fermi level and indicates the magnetic nature of a surface. The inset

of Fig. 5.1(b) shows the net spin density of (0001̄) surface, in which magnetic moments

are mainly localized around the DBs of surface N atoms. Even though magnetism is

observed in pristine AlN (0001̄) surface, magnetism due to surface DBs is not usually

stable. Since our intension is to identify the origin of magnetism due to MgAl, the DBs
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Figure 5.1: Modelling of pristine (0001̄) surface and its top view (bottom picture) (a),

the corresponding total DOS (b) and inset of (b) shows the net spin density plot.

of pristine AlN (0001̄) surface are saturated by passivation and reconstruction.

A pseudo hydrogen of charge 0.75 es is considered to saturate the DBs of each surface

N atom of (0001̄) surface and the resultant p-(0001̄) surface is shown in Fig. 5.2(a). The

corresponding DOS of p-(0001̄) surface in Fig. 5.2(b) shows the symmetric spin up and

spin down states and indicates the non-magnetic nature. Similarly, the r-(0001̄) surface,

in which one Al atom added at the hallow position of three surface N atoms as shown

in Fig. 5.2(c) saturates the DBs of pristine surface. The corresponding total DOS of

r-(0001̄) surface as shown in Fig. 5.2(d) exhibits the non-magnetic nature.
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Figure 5.2: Modelling of passivated (0001̄) surface with different doping locations of

Mg represented in numbers and its topview (a), total DOS of passivated (0001̄) surface

(b), modelling of reconstructed (0001̄) surface with different doping locations of Mg

represented in numbers and its topview (c), and total DOS of reconstructed AlN (0001̄)

surface (d).
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5.3.2 Mg doped passivated AlN (0001̄) surface

Firstly, a single Mg atom is introduced in the substitution of Al at different locations

of a non-magnetic p-(0001̄) surface of AlN as shown in Fig. 5.2(a). The sites 1, 2 and

3 in a p-(0001̄) slab represent the doping sites of Mg at surface, subsurface and at the

bulk like position respectively. The relative energies for doping Mg at sites 1, 2 and 3

with respect to site 3 are 0.02 eV, -0.1 eV, 0 eV respectively. These relative energies

indicate that the Mg prefers to be doped at site 2 compared to other locations. The

MgAl defect results in a net magnetic moment of 0.9 µB irrespective of any doping

locations in a slab. The formation energy for doping Mg on subsurface is calculated

from Eq. (4.1) and it is found to be 0.14 eV. The total DOS of Mg doped at subsurface is

shown in Fig. 5.3(a). The asymmetric spin up and spin down states show the magnetic

behavior, in which spin up states are completely filled and spin down states are partially

filled around the Fermi level. The magnetic moments are mainly localized on N atoms

(N1, N2, N3) surrounding Mg as shown in Fig. 5.3(b). Due to the same coordination

of N atoms, magnetic moments are equally distributed on N atoms surrounding Mg,

and the localized nature of magnetic moments on Mg doped p-(0001̄) surface is found

to be similar with the case of Mg doped bulk AlN. The states around the Fermi level

are mainly derived from 2p orbitals of N atoms as shown in PDOS (Fig. 5.3(c)). The

partially filled spin down states are prominently derived from px, py orbitals and the

negligible contribution raised from the pz orbital. The overlap between the peaks of s

and p orbital of Mg and p orbital of N atoms clearly shows the sp-p interaction between

Mg and N atoms similar to the case of Mg doped AlN non-polar surfaces.
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Figure 5.3: Total DOS (a), net spin density plot (b), PDOS of sum of N atoms sur-

rounding Mg and Mg atoms (c), and schematic energy level diagram (d) of Mg doped

passivated AlN (0001̄) surface.
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The mechanism behind the magnetic coupling between Mg-N clusters on Mg doped p-

(0001̄) surface needs to be cleared for the collective magnetism, even though we have

found localized magnetic moments on N atoms surrounding Mg. The magnetic inter-

action between Mg-N clusters has been considered at different locations of a slab such

as at surface, subsurface and at the bulk like position for two Mg atoms at a distance of

3.13 Å. The energy differences between AFM and FM states (△E) at surface, subsur-

face, and at bulk like position are found to be 44 meV, 49 meV and 56 meV respectively.

Since these △E values are greater than the thermal energy at room temperature (KBT

= 26 meV), it is possible to get strong ferromagnetism at any location of Mg doped AlN

p-(0001̄) surface. In order to analyze the magnetic interaction among Mg-N clusters,

firstly the energy level diagram of Mg doped p-(0001̄) surface has been examined. From

the PDOS as shown in Fig. 5.3(c), s orbital is located deep in the valence band and thus

the effect of a2 state derived from s orbital is neglected in the magnetic interaction sim-

ilar to the case of Mg doped non-polar surfaces. Among p orbitals, spin up and spin

down states derived from pz orbital are filled, and the state corresponding to pz orbital is

considered as singly occupied a1 state. The partially filled states are prominently derived

from px, py orbitals and located at the same energy level. The state derived from px, py

orbitals is considered as doubly degenerate e state. Due to the spin polarization effect,

the e state splits into spin up and spin down states, in which spin up e state is occupied

by two electrons of px, py orbitals and spin down e state is partially filled due to the

hole created by MgAl. The corresponding energy level diagram of Mg doped p-(0001̄)

surface is shown in Fig. 5.3(d). The a1 state, occupied by two electrons of pz orbital is

located at the lower energetic level than partially filled e state. Since spin down e state

is partially filled around the Fermi level, there is a possibility of virtual charge hopping

between spin down e states of Mg-N clusters in FM coupling as shown in Fig. 5.4(a).
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Figure 5.4: Schematic energy level diagrams of ferromagnetic coupling (a) and antifer-

romagnetic coupling (b) of Mg doped passivated AlN (0001̄) surface.

Whereas, in AFM coupling, since parallel spins are at different energy levels, there is

no possibility of direct charge hopping between the states of parallel spins as shown in

Fig. 5.4(b). This leads to a low energy gain in AFM coupling than that of FM coupling,

and results in a stable FM ground state on Mg doped AlN p-(0001̄) surface. The sta-

bility of ferromagnetism corresponding to two Mg atoms at a nearest neighbor distance

is found to be same at any location on surface due to the same chemical environment.

Since the energy difference between AFM and FM states is in the range of ∼40-50 meV,

and it is similar with that of Mg doped bulk AlN [62], there is a possible route to attain

room temperature ferromagnetism in Mg doped p-(0001̄) surface.

5.3.3 Mg doped reconstructed AlN (0001̄) surface

The MgAl defect has been introduced at different locations in a non-magnetic recon-

structed (0001̄) surface (r-(0001̄) surface) of AlN as shown in Fig. 5.2(c). The sites 1,
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2, 3 and 4 represent the doping locations of Mg at reconstructed position, surface, sub-

surface and at the bulk like position respectively. The relative total energies for doping

MgAl at sites 1, 2, 3 and 4 with respect to site 4 are -2.46 eV,-0.45 eV,-0.26 eV and 0 eV

respectively. These relative energies clearly show that Mg prefers to be doped at recon-

structed position compared to the other locations. The corresponding formation energy

is found to be -1.09 eV, and exhibits the easiness of doping Mg on surface compared to

the case of Mg doped bulk AlN. The total DOS of Mg doped r-(0001̄) surface is shown in

Fig. 5.5(a). The imbalance between spin up and spin down states around the Fermi level

indicates the magnetic nature of the surface. The spin up states are completely filled

and spin down states are partially filled due to the hole created by Mg and results in a

magnetic moment of ∼ 0.99 µB. The net spin density plot in Fig. 5.5(b) shows that the

magnetic moments are mainly localized on lower coordinated surface N atoms near Mg.

The surface N atoms (N1, N2, N3) surrounding Mg are strongly bind to Mg and forms

a type of closed shell structure. These atoms take enough charge from Mg and transfers

the hole to lower coordinated surface N atom (N4). Hence, the magnetic moments are

unequally distributed on N atoms of Mg doped r-(0001̄) surface due to the different coor-

dination, compared to the case of Mg doped p-(0001̄) surface. Different from non-polar

surfaces, the defect states on Mg doped r-(0001̄) surface have more extended nature due

to the MgAl at reconstructed position, which acts like an adatom. Generally, it was be-

lieved that the adatoms on surface have more extending nature [120] due to a different

type of chemical environment compared to the case of pristine surfaces. From PDOS of

surface N atom and Mg atom as shown in Fig. 5.5(c), the states around the Fermi level

are mainly derived from p orbitals of N atoms and the magnetic moment is prominently

localized on surface N atom (N4). Even though, there is no much overlap between the
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Figure 5.5: Total DOS (a), net spin density plot (b), PDOS of sum of N atoms sur-

rounding Mg and Mg atoms (c), and schematic energy level diagram (d) of Mg doped

reconstructed AlN (0001̄) surface.
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peaks of orbitals of Mg and N4 atoms as shown in inset of Fig. 5.5(c), the strong inter-

action between Mg to N1, N2 and N3 atoms causes the transfer of hole from Mg to N4

atom. This results in a more extended nature of defect states in Mg doped r-(0001̄) sur-

face. The surface environment and localized nature of magnetic moments on Mg doped

r-(0001̄) surface are found to be significantly different from Mg doped p-(0001̄) surface

and Mg doped non-polar surfaces. For Mg doped non-polar and Mg doped p-(0001̄)

surfaces, the magnetic moments are mainly localized on N atoms near to Mg. Whereas

for Mg doped r-(0001̄) surface, the magnetic moments are prominently dominated by

lower coordinated surface N atom rather than N atoms near Mg. These results indicate

that the reconstruction significantly changes the localized nature of magnetism on Mg

doped r-(0001̄) surface, different from the case of Mg doped p-(0001̄) surface. Hence,

it is very crucial to take it into account the crystal growth condition that is whether the

film is reconstructed or passivated in order to understand the nature of magnetism at the

low-dimension especially for the case of nitride based magnetic semiconductors.

The magnetic interaction between Mg-N clusters is analyzed on Mg doped r-(0001̄)

surface by considering Mg atoms at the most favorable location of the surface. Since Mg

prefers to be doped at reconstructed location compared to other locations, four Mg atoms

are introduced at a reconstructed positions in a 4× 4 supercell with a distance of 6.26Å.

The doping of four Mg atoms in a 4×4 supercell corresponds to a surface Mg coverage of

25%. Interestingly, a strong ferromagnetism is observed with an energy difference △E

of 146 meV. The mechanism of this strong ferromagnetism has been analyzed using

energy level diagrams. From PDOS of spin polarized N atoms of Mg doped r-(0001̄)

surface as shown in Fig. 5.5(c), s orbital is located deep in valence band and thus it was

neglected in the magnetic interaction. The defect states near the Fermi level of Mg doped
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r-(0001̄) surface are prominently derived from 2p orbitals of N atoms, which are split

into singly occupied a1 state and doubly degenerate e state. Among those states, a1 state

is completely filled by the electrons of px orbital as shown in PDOS (Fig. 5.5(c)). The

doubly degenerate e state is partially filled due to the unpaired electrons in pz orbital.

The corresponding schematic energy level diagram of Mg doped r-(0001̄) surface is

shown in Fig. 5.5(d). Since the spin down e state is partially filled, there is a possibility

of charge hopping between parallel spin down states of Mg-N clusters and results in

a stable FM ground state similar to that of other surfaces. Since Mg at reconstructed

position acts like an adatom, and MgAl introduces the localized magnetic moments on

N4 atom rather than N atoms (N1, N2, N3) near Mg, the FM state remains stabilized on

Mg doped r-(0001̄) surface for Mg atoms doped at a distance of ∼ 6 Å.

5.4 Chapter summary

In this chapter, the electronic and magnetic properties of Mg doped AlN have been

investigated in a polar surface orientation with different surface environments such as

passivation and reconstruction. The passivated Mg doped AlN surface introduces an

equal distribution of magnetic moments on N atoms surrounding Mg similar to that of

Mg doped bulk AlN. Whereas in case of Mg doped reconstructed surface, the magnetic

moments are unequally distributed on N atoms due to different coordination. Ferro-

magnetism is found to be stable in both Mg doped passivated and reconstructed (0001̄)

surfaces due to the possibility of charge hopping between defect levels of parallel spin.

Nevertheless, the stability of ferromagnetism is significantly varied from Mg doped pas-

sivated to Mg doped reconstructed surfaces. The Mg atom at reconstructed position
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behaves like an adatom and results in a long ranged ferromagnetic state due to the ex-

tended nature of defect state.

The existence of ferromagnetic ground state in both Mg doped passivated and Mg doped

reconstructed AlN (0001̄) surfaces further supports the intrinsic nature of ferromag-

netism in Mg doped AlN. Since the ferromagnetic stability changes with the surface

environment of Mg doped AlN, it is very crucial to take into account the crystal growth

condition in order to understand the nature of ferromagnetism. The sensitivity of sta-

bility of ferromagnetism with the surface environment of Mg doped AlN polar surface,

paves a way to get strong ferromagnetism by tuning the surface effects.
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Chapter 6

Electronic and magnetic properties of

Mg doped AlN semi-polar surfaces

6.1 Introduction

In recent years, several theoretical studies on magnetic semiconductors are mainly in-

vestigated the magnetism along non-polar or polar surface orientations. Other than non-

polar and polar surfaces of magnetic semiconductors, the semi-polar surface orienta-

tion could also have an effect on the magnetic property. The recent experimental study

proposed that the semi-polar (101̄1) orientation might also have an impact on the FM

behavior of Mg doped AlN zigzag nanowires [70]. To date, as of our knowledge there

were no theoretical studies on the magnetism of semi-polar surfaces of magnetic semi-

conductors. Usually, the modeling of semi-polar surfaces of wurtzite semiconductors is
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a challenging due to their complex crystal structures. Nevertheless, the theoretical as-

pect of magnetism along semi-polar orientation and its contribution to the magnetism of

Mg doped AlN need to be cleared for practical applications. Therefore in this chapter,

I have tried to shed the insights of the electronic and magnetic properties of Mg doped

AlN semi-polar (101̄1) surface.

6.2 Computational details

The optimized wurtzite AlN structure with lattice constants a = 3.13 Å and c = 5.014 Å

is used to model the slab of (101̄1) surface. A slab model with a thickness of 10 atomic

layers and a 1×3 supercell are considered for a single defect in passivated (101̄1) surface.

The electron wave function is expanded using plane waves with a cutoff energy of 500

eV. A Gamma centered 6 × 4 × 1 K-point meshes are used to sample the irreducible

Brillouin zone. The magnetic interaction between two Mg atoms has been analyzed in a

2 × 3 supercell of passivated Mg doped (101̄1) surface, which corresponds to a surface

Mg coverage of 33%. In addition, a vacuum region of 12 Å is adopted to minimize the

interaction of adjacent surfaces. During relaxation process, atoms in the bottom four

layers of all surfaces are fixed, and the positions of other atoms are fully relaxed using

the conjugate gradient algorithm [103] until the maximum force on a single atom is less

than 0.01 eV/Å. A bulk like behavior is attained at the central layers.
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6.3 Results and discussion

6.3.1 Pristine and passivated AlN (101̄1) semi-polar surfaces

The pristine AlN semi-polar (101̄1) surface contains same type of ions with different

coordination on the surface as shown in Fig. 6.1 (a). Since N-termination contains less

number of dangling bonds (DBs) than Al-termination, the N terminated (101̄1) surface is

considered. The surface environment on semi-polar surface is different from non-polar

surface and polar surfaces. In non-polar surfaces, the top layer of the surface contains

Al-N pair, and polar surfaces contain one type of ion with same coordination at the top

layer, which is seen in the previous chapters. Unlike the non-polar and polar surfaces

of AlN, the N-terminated semi-polar (101̄1) surface contains two different coordinated

anions N1 and N2 per unit cell as shown in Fig. 6.1 (a). N1 and N2 are two coordinated

and three coordinated atoms respectively, which contain net DBs. Whereas, at the cen-

tral layers that is at the bulk like position of a (101̄1) slab, N atom is four coordinated.

Due to the DBs of surface N atoms, the pristine (101̄1) surface results in a magnetic mo-

ment of 2.25 µB per 1 × 1 supercell. The corresponding DOS in Fig. 6.1(b) shows the

asymmetric spin up and spin down states around the Fermi level and indicates the mag-

netic nature of pristine (101̄1) surface. The inset of Fig. 6.1(b) is the net spin density of

pristine semi-polar surface, shows that the magnetic moments are mainly derived from

DBs of surface N atoms. These DBs generally prefer to be saturated through passiva-

tion or reconstruction to minimize the surface energy. Nevertheless, due to the complex

structure of (101̄1) surface, it is challenging to find all the possible reconstructed config-

urations, which requires more number atoms and also more computational power espe-

cially to study the magnetic coupling. The difficulty in finding the stable reconstructed
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Figure 6.1: Modelling of pristine (101̄1) surface (a), the corresponding total DOS of

pristine (101̄1) surface (b). N1 and N2 atoms are the different coordinated surface N

atoms and inset of (b) is the net spin density plot. Modelling of passivated AlN (101̄1)

surface with different doping locations of Mg represented in numbers (c) and its top

view, total DOS of passivated (101̄1) surface (d).
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configurations for the nitride semi-polar surfaces can be estimated from the study of

GaN semi-polar surfaces [122]. Therefore, in this chapter, only AlN passivated (101̄1)

surface (p-(101̄1) surface) has been considered as shown in Fig. 6.1 (c). A charge of

0.75 es is used to saturate each DB of surface N atom. Due to the complete saturation of

DBs, zero magnetic moment is realized on p-(101̄1) surface. From the DOS as shown

in Fig. 6.1 (d), the symmetric spin up and spin down states indicates a non-magnetic be-

havior of p-(101̄1) surface. The unpaired states around the Fermi level of pristine (101̄1)

surface (Fig. 6.1 (b)) are disappeared for the case of p-(101̄1) surface (Fig. 6.1 (d)). This

p-(101̄1) surface has been considered to examine the electronic and magnetic properties

due to doping of MgAl.

6.3.2 Mg doped passivated AlN (101̄1) surface

The MgAl defect has been introduced in a 1×3 supercell of p-(101̄1) surface at different

locations as shown in Fig. 6.1 (c). The numbers 1, 2 and 3 represent the MgAl doping

sites at surface, subsurface and at the bulk like position in a slab respectively. The

relative energies at sites 1, 2 and 3 with respect to site 3 are -0.14 eV, -0.2 eV and 0

eV respectively. These energy values indicate that the Mg atom preferred to be doped

at the subsurface, similar to the case of Mg doped p-(0001̄) surface. The capability of

doping MgAl in p-(101̄1) surface is estimated from the formation energy and it is found

to be 0.24 eV for single defect. The doping of MgAl introduces a magnetic moment of

∼ 0.99 µB. The imbalance between spin up and spin down states as shown in the total

DOS of Mg doped p-(101̄1) surface (Fig. 6.2 (a)), indicates the magnetic behavior. The

magnetic moments are prominently dominated by N atoms (N1, N2, N3) and equally
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Figure 6.2: Total DOS (a), net spin density plot (b), PDOS of sum of N atoms sur-

rounding Mg and Mg atoms (c), and schematic energy level diagram (d) of Mg doped

passivated AlN (101̄1) surface.

distributed on N atoms surrounding Mg as shown in spin density plot (Fig. 6.2 (b))

similar to that of Mg doped p-(0001̄) surface. From PDOS as shown in Fig. 6.2 (c),

magnetic moments are mainly derived from 2p orbitals of N atoms surrounding Mg.

The overlap between the peaks of sp and p orbital of Mg and p orbital of N atom around

the Fermi level indicates the sp-p interaction between Mg and its surrounding N atoms.

The magnetic interaction between two Mg-N clusters is examined by introducing a pair

of Mg atoms at a distance of 3.13 Å. Similar to the case of other Mg doped AlN surfaces,

FM ground state is observed on Mg doped AlN p-(101̄1) surface with an energy of 43
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meV lower than the energy of AFM state. The magnetic coupling among Mg-N clus-

ters has been analyzed by considering the energy level diagram of Mg doped p-(101̄1)

surface and the hopping interaction between Mg-N clusters on the surface. From PDOS

(Fig. 6.2 (c)), it shows that spin up states are completely filled and spin down states are

partially filled. Among those states, a1 state derived from pz orbital is fully occupied

and it has negligible contribution to the magnetic moment. Whereas, the partially filled

states around the Fermi level are mainly derived from px , py orbitals and these orbitals

are located at the same energy level. The state derived from px, py orbitals is considered

as doubly degenerate e state. The corresponding schematic energy level diagram of Mg

doped p-(101̄1) surface is shown in Fig. 6.2 (d). Since the high energy level spin down

e state is partially filled, there is a possibility of direct virtual charge hopping between

spin down e states of Mg-N clusters in FM arrangement as shown in Fig. 6.3 (a). This

leads to the more energy gain than that of AFM coupling as shown in Fig. 6.3 (b). In

AFM coupling, parallel spin states are at different energy levels and it gives less energy

gain than that of FM coupling. As a result, strong FM state has been observed on Mg

doped AlN p-(101̄1) surface. Moreover, the energy difference between FM and AFM

states is found to be similar irrespective of any location in a slab that is at the surface,

subsurface or at the bulk like position due to the same chemical environment.

The magnetic nature of Mg doped AlN p-(101̄1) surface is analogous with the magnetic

nature of Mg doped AlN p-(0001̄) surface. The energy difference between FM and AFM

state is always in the range of 40-50 meV in a slab for two Mg atoms at nearest neighbor

distance. The long ranged FM nature on Mg doped p-(101̄1) surface might be possible

compared to that of other surfaces due to the more extended nature of defect states on Mg

doped AlN p-(101̄1) surface as shown in spin density plot (Fig. 6.2 (b)). Nevertheless,
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Figure 6.3: Schematic energy level diagrams corresponding to the ferromagnetic cou-

pling (a) and antiferromagnetic coupling (b) between Mg-N clusters in Mg doped passi-

vated AlN (101̄1) surface.

a very big supercell of Mg doped p-(101̄1) surface must require to study the long range

nature of ferromagnetism, and the computational cost to deal with big supercells is very

high. Thus for Mg doped p-(0001̄) surface, the magnetic interaction is not considered at

large distances of Mg atoms.

6.3.3 Comparison of ferromagnetic stability in various Mg doped

AlN surfaces

The formation energies of all Mg doped AlN surfaces are in the range between -1.0 to

0.2 eV, and realized that the doping of Mg on any surface is easier compared to the case

of bulk doping (formation energy of bulk doping is 0.37 eV). Interestingly, FM ground

state is observed in Mg doped AlN irrespective of any surface orientation, and emphasis
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the intrinsic nature of ferromagnetism in Mg doped AlN. However, stability of ferro-

magnetism changes in different surface orientations. The variation in the FM stability

for different surface orientations at different locations of Mg atoms is shown in Fig. 6.4.

If we exclude the reconstructed Mg doped (0001̄) surface which has completely different

surface environment, the strong ferromagnetism is observed in Mg doped (112̄0) surface

and a weak stable FM state is identified in Mg doped (101̄0) surface. The different stable

FM states of various surfaces are further analysed by considering schematic diagrams of

DOS of several Mg doped surfaces as shown in Fig. 6.5. The interplay between follow-

ing three factors have been examined for each surface. (1) exchange splitting between

occupied spin up (εup) and spin down (εdn) states, (2) energy level splitting between

occupied (εdn) and unoccupied spin down (ε0dn) states, and (3) the band width (w) of

occupied spin down state.

The existence of strong localized nature and a narrow band width (w) of partially filled

spin down states in Mg doped (112̄0) surface as shown in Fig. 6.5(a), promote the strong

ferromagnetism compared to the case of other surfaces. Whereas, in Mg doped (101̄0)

surface, the splitting between occupied spin up and occupied spin down (εup − εdn)

states is almost same as the splitting between occupied spin down and empty spin down

(εdn − ε0dn) states as shown in Fig. 6.5(b). This introduces a high competition between

AFM and FM coupling and thus results in a weak FM stability. On the other hand,

partially filled spin down states favor the hopping of same spin electron, and stabilize

the strong ferromagnetism in both Mg doped polar p-(0001̄) and Mg doped semi-polar

p-(101̄1) surfaces. In case of Mg doped polar p-(0001̄) and Mg doped semi-polar p-

(101̄1) surfaces, the band width (w) of partially filled spin down state is wider as shown

in Fig. 6.5(c) compared to that of Mg doped (112̄0) surface (Fig. 6.5(a)). Since, the
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Figure 6.4: The variation in the stability of ferromagnetic state for different surfaces

at different distances of Mg atoms. KT is the thermal energy at the room temperature.

Positive value of Y-axis indicates the stability of ferromagnetic state.

Figure 6.5: Schematic diagrams for DOS of non-polar (112̄0) surface (a), non-polar

(101̄0) surface (b), and polar p-(0001̄) and semi-polar p-(101̄1) surfaces (c) of Mg doped

AlN.
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band width is large in Mg doped p-(0001̄) and Mg doped p-(101̄1) surfaces, it allows the

possibility of charge hopping between parallel spin states in AFM coupling in addition to

the case of FM coupling. In other words, the large band width increases the competition

between FM and AFM coupling on Mg doped p-(0001̄) and Mg doped p-(101̄1) surfaces

compared to the case of Mg doped (112̄0) surface. Therefore, even though FM sate is

stable with △E of ∼ 45 meV on both Mg doped p-(0001̄) and Mg doped p-(101̄1)

surfaces, it is less stable than that of Mg doped (112̄0) surface (△E = 75 meV). These

observations indicate that the variation in the surface environment from one surface to

other surface results in a different localization of magnetic moments and energy level

splitting, which significantly affect the stability of ferromagnetism in different surface

orientations of Mg doped AlN.

6.4 Chapter summary

In this chapter, the electronic and magnetic properties of Mg doped AlN semi-polar

surface have been extensively studied and compared with that of other Mg doped AlN

surfaces. The existence of stable ferromagnetism in Mg doped AlN semi-polar surface

supports the intrinsic nature of ferromagnetism in Mg doped AlN. The localization of

magnetic moments and energy level splitting favor the ferromagnetic ground state in

Mg doped p-(101̄1) surface, analogous to the case of Mg doped polar surface p-(0001̄).

The direct charge hopping between partially filled spin down states around the Fermi

level stabilizes the strong ferromagnetic ground state. However, the observed ferromag-

netism is less stable in Mg doped (101̄1) surface due to the large band width of partially

filled spin down states compared to that of Mg doped (112̄0) surface. The energy level
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splitting, localization of magnetic moments and band width of defect states etc. are sig-

nificantly influenced by the surface effects in different surface orientations of Mg doped

AlN, which result in different stable ferromagnetic states. The sensitivity of stability of

ferromagnetism with surface orientation further paves a way to attain a strong ferromag-

netism in Mg doped AlN by tuning the surface effects.
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Chapter 7

Electronic and magnetic properties of

Be and K doped AlN surfaces

7.1 Introduction

The electronic and magnetic properties of Mg doped AlN from bulk to surfaces have

been extensively discussed in the previous chapters. The mechanism of ferromagnetism

in Mg doped AlN is systematically analyzed based on energy level diagrams and the

hopping interaction between defect energy levels. The doping of Mg in AlN (MgAl)

introduces a hole and left the spin down states of 2p orbitals of N atoms to be partially

filled. The energy level splitting due to doping of MgAl, stabilizes the ferromagnetism

in AlN from bulk to surface. The possibility of direct charge hopping between partially

filled spin down states of Mg-N clusters favors FM ground state and showed an intrinsic

nature of ferromagnetism in Mg doped AlN. These studies motivated further to explore
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the prospect of ferromagnetism in other alkali or alkaline earth metal doped surfaces.

In chapter 3, the electronic and magnetic properties have been discussed for the other

alkali and alkaline earth metals doped AlN such as Be and K doped bulk AlN. In Be

doped AlN, the strong binding between Be and host anions in the valence band, does

not allow any gap states and shows a non-magnetic behavior. Whereas, KAl doping

in bulk AlN, results in a weak stable FM state. However, since significant changes

in the magnetism have been noticed in various systems from bulk to low-dimension

[6, 7, 38–40, 42, 43, 46, 47], in this chapter, the electronic and magnetic properties of

Be and K doped AlN surfaces have been discussed and compared with that of bulk. The

observed mechanism of magnetism in Mg doped AlN is extended to analyze the nature

of magnetism of Be and K doped AlN surfaces.

7.2 Computational details

The optimized wurtzite AlN structure with lattice constants a = 3.13 Å and c = 5.014 Å

is employed to model the slab of all Be and K doped AlN surfaces. A slab model with

a thickness of 10 atomic layers in a 2 × 2 supercell is considered for a single defect in

non-polar (101̄0), (112̄0) and polar p-(0001̄) surfaces. A 1 × 3 supercell is considered

for semi-polar p-(101̄1) surface. A Gamma centered 6×6×1 is employed for non-polar

and p-(0001̄) surfaces and a 6 × 4 × 1 K-point mesh is used to sample the irreducible

Brillouin zone of p-(101̄1) surface. The electron wave function is expanded using plane

waves with a cutoff energy of 500 eV. The magnetic interaction between two Be or two

K dopants is analyzed in a 3 × 3 supercell of AlN non-polar and p-(0001̄) surfaces and

a 2 × 3 supercell is chosen for semi-polar p-(101̄1) surface. In these supercells, the
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two Be or two K atoms incorporation correspond to a surface doping coverage of 25%,

22%, 25% and 33% for (101̄0), (112̄0), p-(0001̄) and p-(101̄1) surfaces respectively.

In addition, a vacuum region of 12 Å is used to minimize the interaction of adjacent

surfaces. During relaxation process, atoms in the bottom four layers of all surfaces are

fixed, and the positions of other atoms are fully relaxed using the conjugate gradient

algorithm [103] until the maximum force on a single atom is less than 0.01 eV/Å. A

bulk like behavior is attained at the central layers of a slab. The DBs on top of polar and

semi-polar surfaces are saturated by using pseudo hydrogen atoms.

The capability of Be or K doping in the substitution of Al for various AlN surfaces is

calculated from the formation energy as shown in Eq. (7.1) [48],

EForm = EDope − EIdeal + n(µAl − µX) (7.1)

where EDope and EIdeal are the total energies of doped and undoped surfaces respec-

tively. n is the number of X (Be or K) atoms added, or equivalently the number of

Al atoms removed. µX and µAl are the chemical potentials of X and Al atoms respec-

tively. The chemical potential of X is considered from its bulk phase as µX = µBulk
X and

chemical potential of Al is calculated from µAl = µBulk
AlN − 1

2
µN2 [105]. Here µBulk

AlN is

considered as the total energy of bulk AlN per unit cell and µN2 is the total energy of N2

molecule.
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7.3 Results and discussion

7.3.1 Be doped AlN surfaces

Firstly, the electronic and magnetic properties have been examined for various Be doped

AlN surfaces such as non-polar (101̄0), (112̄0), polar p-(0001̄) and semi-polar p-(101̄1)

surfaces. The doping locations of BeAl in all AlN surfaces are considered similar to that

of Mg doped AlN surfaces. For AlN non-polar (101̄0) and (112̄0) surfaces, the most

favorable location of BeAl is considered at the top layer of the surface and it is at the

subsurface in case of polar p-(0001̄) and semi-polar p-(101̄1) surfaces. Interestingly,

BeAl introduces the magnetism in AlN non-polar surfaces in contrast from Be doped

bulk AlN. The total DOS of Be doped non-polar (101̄0) and (112̄0) surfaces are shown

in Fig. 7.1(a) and 7.1(b) respectively. The DOS clearly shows a spin imbalance between

spin up and spin down states and it results in a magnetic moment of ∼ 1 µB. The similar

nature of magnetism has been realized in C doped SnO2 from its bulk to surface [47].

In bulk SnO2, C doping introduces a non-magnetic state, whereas it shows a magnetic

nature on SnO2 surface due to surface effects.

However, unlike the non-polar surfaces of Be doped AlN, magnetism disappears on Be

doped polar p-(0001̄) and Be doped semi-polar p-(101̄1) surfaces. This clearly indicates

that the magnetism in Be doped AlN non-polar surfaces is the surface effect. The total

DOS of Be doped polar surface is shown in Fig. 7.1(c). The symmetric spin up and spin

down states exhibit the non-magnetic nature similar to that of Be doped bulk AlN. The

magnetic property in Be doped semi-polar p-(101̄1) surface is found to be same as the

magnetic property of Be doped polar p-(0001̄) surface. Since in Be doped p-(0001̄) and

104



Chapter 7. Electronic and magnetic properties of Be and K doped AlN surfaces

Figure 7.1: Total DOS of (101̄0) (a), (112̄0) (b), and p-(0001̄) (c) surfaces of Be doped

AlN
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Be doped p-(101̄1) surfaces, the surface effects are screened by pseudo hydrogen atoms,

and the interaction between Be and surrounding N atoms on the subsurface is found to be

similar to that of Be doped bulk AlN. The bond length between Be and its nearest N atom

in Be doped bulk AlN is 1.83 Å. At the subsurface location of Be doped p-(0001̄) and

Be doped p-(101̄1) slabs, the bond length between Be to nearest N atom is only changed

by ∼ 2.2% compared to that of bulk, and remains in a non-magnetic state similar to

the case of Be doped bulk AlN. Nevertheless, the doping of Be in non-polar surfaces,

allows the large structural relaxation on the surface, and the bond length between Be-N

atoms is changed by ∼ 9% compared to that of bulk. The weak interaction of Be with its

surrounding surface N atoms, allows the gap states around the Fermi-level in Be doped

non-polar surfaces. Due to the existence of lower coordination and the large structural

relaxation at the surface, BeAl defect invokes the magnetism in AlN non-polar surfaces.

The doping of BeAl in AlN non-polar surfaces, results in a magnetic moment of ∼ 1 µB

similar to the case of Mg doped AlN non-polar surfaces. The magnetic moments of Be

doped (101̄0) and Be doped (112̄0) surfaces are mainly localized on surface N atoms

near Be (Be-N cluster) as shown in Fig. 7.2(a) and 7.2(c) respectively. The partial DOS

of both Be doped (101̄0) and Be doped (112̄0) surfaces are shown in Fig. 7.2(b) and

Fig. 7.2(d) respectively. The magnetic moments are mainly derived from 2p orbitals

of N atoms, and the negligible contribution arises from Be atom. Similar to the sp-p

interaction between Mg and N atoms, the overlap between the peaks of s and p orbitals

of Be and p orbital of N atoms shows an existence of sp-p interaction in Be doped AlN

surface.

The magnetic coupling between Be-N clusters has been analyzed by introducing a pair

of Be atoms at a distance of 3.13 Å for both Be doped (101̄0) and Be doped (112̄0)
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Figure 7.2: Net spin density (a) and PDOS of Be and N atoms (b) of Be doped (101̄0)

surface, net spin density (c) and PDOS of Be and N atoms (d) of Be doped (112̄0)

surface.
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surfaces. The energy differences between FM and AFM states for both Be doped (101̄0)

and Be doped (112̄0) surfaces are found to be 14 meV and 140 meV respectively. The

magnetic interaction between Be-N clusters is analyzed based on energy level splitting

and the hopping mechanism similar to the case of Mg doped AlN. In the PDOS of

Be doped (101̄0) surface as shown in Fig. 7.2(b), px and py orbitals are filled and the

corresponding state is considered as doubly degenerate e state. While, singly occupied

a1 state derived from pz orbital is partially filled. Whereas, in case of Be doped (112̄0)

surface, py orbital is filled and other two orbitals px, pz are partially filled and degenerate.

The a1 state derived from py orbital is at the lower energy level than doubly degenerate

e state derived from px and pz orbitals as shown in Fig. 7.2(d). Since spin down a1

state is empty in case of Be doped (101̄0) surface, weak stable FM state is observed due

to the only possibility of indirect charge hopping between spin down e and a1 states.

The strong localized nature of spin down a1 state and the large splitting between spin

down a1 and spin down e states, weaken the hopping interaction between defect states.

This exchange splitting results in a weak stable FM state in Be doped (101̄0) surface.

Nevertheless, in Be doped (112̄0) surface, the existence of partially filled spin down e

states allows the direct charge hopping between Be-N clusters and highly stabilizes the

FM state.

The localized nature of magnetic moments and the energy level splitting of Be-N clusters

vary from one surface to other surface, and consequences different stable FM states

on Be doped (101̄0) and Be doped (112̄0) surfaces. Since in Be doped AlN, stability

of ferromagnetism is sensitive with the surface effects, it might be possible to attain

ferromagnetism at low-dimension by tuning the surface effects. Moreover, from the

Eq. (7.1), the calculated formation energies of Be doped (101̄0) and Be doped (112̄0)
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surfaces are found to be -3.62 eV and -3.18 eV respectively. These formation energies

indicate the possibility of more Be doping concentration to attain a strong FM state.

However, since magnetism is not an intrinsic property of Be doped AlN and it varies

from one surface to other surface, specific crystal surface orientation should be required

to attain ferromagnetism in Be doped AlN at the low-dimension.

7.3.2 K doped AlN surfaces

The alkali metal K is introduced in the substitution of Al at different surface orientations

of AlN similar to the case of Be and Mg doped AlN. The doping of KAl in AlN results

in a magnetic moment of ∼ 2 µB for all surfaces due to the two holes created by KAl

defect. The total DOS of K doped (101̄0), (112̄0) and p-(0001̄) surfaces are shown in

Fig. 7.3 (a), 7.3 (b) and 7.3 (c) respectively. The spin imbalance between spin up and

spin down states around the Fermi level indicates the magnetic nature of all K doped

surfaces. Magnetic moments are prominently derived from N atoms (K-N cluster), but

the localization of magnetic moments varies form one surface to other surface as shown

in right side of Fig. 7.3. Similar to Mg doped AlN surfaces, magnetic moments of both

K doped (101̄0) and K doped (112̄0) surfaces are unequally distributed and strongly

localized on surface N atoms. In case of K doped polar p-(0001̄) surface, magnetic

moments are equally distributed on N atoms surrounding K. The magnetic property of

K doped p-(101̄1) surface is found to be similar with the magnetic property of K doped

p-(0001̄) surface. The PDOS of spin polarized N atoms of each surface are shown in

Fig. 7.4. In case of K doped (101̄0) surface (Fig. 7.4(a)), the existence of partially filled

states near the Fermi level allow the direct charge hopping between the K-N clusters,
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Figure 7.3: Total DOS of (101̄0) (a), total DOS of (112̄0) (b), and total DOS of p-(0001̄)

(c) surfaces of K doped AlN, and their corresponding spin density plots are shown at the

right side.
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Figure 7.4: PDOS of K and N atoms for (101̄0) (a), (112̄0) (b), and p-(0001̄) (c) surfaces

of K doped AlN.
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and stabilizes the FM state with an energy difference of 149 meV. Similarly, the non-

polar K doped (112̄0) and the polar K doped p-(0001̄) surfaces exhibit the strong FM

state due to the existence of partially filled spin down states around the Fermi level as

shown in Fig. 7.4(b) and Fig. 7.4(c) respectively. The energy difference between FM

and AFM states for both K doped (112̄0) and K doped p-(0001̄) surfaces are 414 meV

and 417 meV respectively. Similar to the polar and semi-polar surfaces of Be and Mg

doped AlN, the magnetic nature of K doped semi-polar p-(101̄1) surface is found to be

same as the magnetic nature of K doped polar p-(0001̄) surface. The strong FM state

is observed on K doped AlN surfaces compared to the case of Be and Mg doped AlN

surfaces due to the more number of holes introduced by KAl defect. Nevertheless, the

formation energies of K doped AlN (101̄0), (112̄0), p-(0001̄) and p-(101̄1) surfaces are

found to be 1.3 eV, 1.3 eV, 5.85 eV and 5.96 eV respectively. These formation energy

values are high and thus AlN may not allow high K doping concentration to attain strong

ferromagnetism.

7.4 Chapter summary

The magnetic phenomenon observed in Mg doped AlN is successfully extended to un-

derstand the nature of magnetism in other alkali and alkaline earth metals doped AlN.

The variation in the surface environment from one surface to other surface significantly

changes the magnetic nature. Magnetism is obtained on Be doped non-polar surfaces,

and the non-magnetic behavior is noticed in Be doped passivated polar and semi-polar

surfaces. The nature of localization of magnetic moments in Be doped AlN non-polar

surfaces is found to be same as that of Mg doped AlN non-polar surfaces. Similarly,
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the electronic and magnetic properties have been investigated for the case of K-doped

AlN surfaces. The more number of holes introduced by KAl allows the strong ferro-

magnetic state on K doped (101̄0) surface, compared to the case of Be or Mg doped

(101̄0) surfaces. The existence of partially filled degenerate states stabilizes the ferro-

magnetic state on K doped AlN surfaces. Nevertheless, the high doping concentration

of K is hard to achieve in AlN due to the high formation energies, and thus it is difficult

to attain strong ferromagnetism in K doped AlN for practical applications. Since the

proposed mechanism of magnetism in Mg doped AlN has been successfully extended

to understand the magnetic property of Be and K doped AlN systems from bulk to low-

dimension, I strongly believe that the same magnetic phenomenon can be applicable to

understand the nature of magnetism for the other non-magnetic elements doped nitride

based semiconductors.
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In this thesis, an extensive study has been carried out to reveal the nature of magnetism

and understand the influence of surface effects on the magnetism of non-magnetic ele-

ment doped semiconductors using first-principles calculations. I have considered AlN

as a prototype material and analyzed the electronic and magnetic properties of various

non-magnetic alkali and alkaline earth metals doped AlN. The focus of my investiga-

tion is to unveil the origin and nature of ferromagnetism in Mg doped AlN, which was

observed experimentally in normal and zigzag nanowires. Since at the low-dimension,

the electronic and magnetic properties can be strongly affected by the surface effects,

the influence of surface effects on the magnetism of Mg doped AlN is thoroughly scru-

tinized by considering different Mg doped AlN surfaces such as non-polar, polar and

semi-polar surfaces. The origin and mechanism of ferromagnetism have been analyzed

in Mg doped AlN from bulk to different surfaces. The similar magnetic phenomenon

has been extended to understand the nature of magnetism of other alkali and alkaline
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earth metals doped AlN surfaces.

Firstly, the electronic and magnetic properties have been examined in the bulk AlN by

doping Mg, K and Be atoms. In Mg or K doped AlN, magnetic moments are prominently

derived from N atoms surrounding the dopant. The 2p orbitals of N atoms in Mg-N or K-

N clusters are partially filled due to the holes introduced by dopants. The direct charge

hopping between degenerate partially filled spin down states of Mg-N clusters favors

strong ferromagnetic ground state in Mg doped AlN. Nevertheless, the indirect charge

hopping between partially filled spin down states results in a weak stable ferromagnetic

state in K doped AlN. Unlike Mg doped AlN or K doped AlN, since Be has smaller

ionic radius and same electronegativity as of Al, the doping of Be in bulk AlN does not

allow any gap states around the Fermi level and results in a non-magnetic state.

Secondly, the influence of surface effects on the electronic and magnetic properties of

Mg doped AlN has been discussed by considering different surfaces such as non-polar,

polar and semi-polar surfaces. Ferromagnetic ground state is identified in Mg doped

AlN irrespective of any surface orientation. The possibility of direct charge hopping

between degenerate partially filled spin down states of Mg-N clusters, stabilized the

ferromagnetic ground state in Mg doped AlN surfaces. However, the stability of ferro-

magnetism is changed for different surfaces due to various surface effects. The interplay

among the localization of magnetic moments, energy level splitting and sp-p interaction

between Mg-N clusters, vary from one surface to other surface and leads to the differ-

ent stable ferromagnetic states. The weak stable ferromagnetic state is obtained on Mg

doped non-polar (101̄0) surface and the strong ferromagnetic state is realized on non-

polar (112̄0) surface, passivated and reconstructed polar (0001̄) surfaces, and semi-polar

(101̄1) surface of Mg doped AlN.
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The scenario behind the different stable ferromagnetic states has been analyzed system-

atically. The magnetic interaction between Mg-N clusters is found to be sensitive with

structural relaxation. The spin density around the overlap region between Mg-N clus-

ters varies with the structural relaxation, and results in different stable ferromagnetic

states on Mg doped (101̄0) surface before and after relaxation. The increase in the bond

length between Mg-N clusters upon relaxation, weakens the interaction between Mg-N

clusters and results in a weak stable ferromagnetic state on Mg doped non-polar (101̄0)

surface. In Mg doped (112̄0) surface, strong ferromagnetic state is observed due to the

possibility of strong interaction between Mg-N clusters through surface N atoms of high

spin density. Moreover, the large splitting is noticed between occupied and unoccupied

spin down states in the case of Mg doped (101̄0) surface, and it weakens the hopping

interaction in ferromagnetic coupling. Whereas, the negligible splitting between occu-

pied and unoccupied spin down states favors the strong ferromagnetic ground state on

Mg doped (112̄0) surface. Similarly, for polar and semi-polar Mg doped AlN surfaces,

the direct charge hopping between partially occupied spin down states favors the strong

ferromagnetism. The observation of ferromagnetism in Mg doped AlN surfaces further

supports the recent experimental studies on Mg doped AlN.

Finally, the proposed mechanism of magnetism in Mg doped AlN has been further ex-

tended to analyze the nature of magnetism in other alkali and alkaline earth metals AlN

doped surfaces. In contrast to Be doped bulk AlN, the magnetic order has been realized

on Be doped AlN non-polar surfaces. Similar to non-polar surfaces of Mg doped AlN,

weak ferromagnetic state is observed on Be doped non-polar (101̄0) surface, and the

strong ferromagnetism is noticed in Be doped non-polar (112̄0) surface. However, the

polar and semi-polar surfaces of Be doped AlN exhibit a non-magnetic nature similar to
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that of Be doped bulk AlN. In K doped AlN surfaces, the partially filled spin down states

favor the strong ferromagnetic ground state in all surface orientations. Nevertheless, the

formation energies of doping K in AlN are found to be high in bulk as well as at the

surface.

The present study of surface magnetism of Mg, Be and K doped AlN systems led us

to acquire the knowledge of nature of magnetism in non-magnetic element doped semi-

conductors due to various surface effects. Among Be, K and Mg dopants; Mg doping

introduces the strong localized nature of defect states, and the existence of partially

filled degenerate states at the high energy level stabilized the ferromagnetism from bulk

to surface of Mg doped AlN. The present study and the recent experimental observations

of room temperature ferromagnetism in Mg doped AlN strongly encourage the further

directions of Mg doped AlN for the possible spintronic applications. Moreover, since

the stability of ferromagnetism in Mg doped AlN is sensitive with the surface effect, it

could be possible to get high stable ferromagnetism by tuning the surface effects. One

of such studies is identified in the case of Mg doped AlN reconstructed (0001̄) surface,

which exhibits a stable and long ranged ferromagnetism.

Although an extensive study has been done to understand and identify the origin of mag-

netism in non-magnetic element doped semiconductors, still there is a lot more space

remains to be filled for better spintronic applications in the future. Especially, since

DFT is a ground state theory, I did not study the temperature effects, phase transition

etc., and those will need to be cleared in the future. Since the present study supports the

ferromagnetism in Mg doped AlN, we need to have considerable attention especially

in the experimental direction to enhance its applications for opto-magnetic applications.

Furthermore, the stability of ferromagnetism on each surface orientation of Mg doped
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AlN indicates the possibility of forming magnetic Mg doped AlN superlattices for the

potential spintronic applications.
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[106] Á. Szabó, N. T. Son, E. Janzén, and A. Gali, Appl. Phys. Lett. 96, 192110 (2010).

[107] K. Yang, R. Wu, L. Shen, Y. P. Feng, Y. Dai, and B. Huang, Phys. Rev. B 81,

125211 (2010).

[108] Y. Zhang, W. Liu, and H. Niu, Phys. Rev. B 77, 035201 (2008).

[109] R. Han, W. Yuan, H. Yang, X. Du, Y. Yan, and H. Jin, J. Magn. Mag. Mat. 326,

45 (2013).

[110] H. Jin, Y. Dai, B. Huang and M. -H. Whangbo, Appl. Phys. Lett. 94, 162505

(2009).

[111] G. Ciatto, A. Di Trolio, E. Fonda, L. Amidani, F. Boscherini, M. Thomasset, P.

Alippi, and A. A. Bonapasta, Appl. Phys. Lett. 101, 252101 (2012).

[112] M. C. Munoz, S. Gallego, and N. Sanchez, Joint European Magnetic Symposia

(Jems) 303, 012001 (2011).

[113] M. S. Miao, A. Janotti, and C. G. Van de Walle, Phys. Rev. B 80, 155319 (2009).
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