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Electronic, Structural and M agnetic Properties of Al;,MnN in
Zincblende Structure: First-Principle Study
By
Raed Tawfeeq Aref Jaradat

Super visor
Dr. Mohammed S. Abu-Jafar Dr. Abdel-Rahman M .Abu-L abdeh

ADbstract
We apply a First-Principles method to calculate the electronic

structure and magnetic properties of the semiconductors Al,.xMnN alloys
by taking the concentrations (0.0, 0.25, 0.50, 0.75 , 1.00) in the
zincblende structure (ZB), using a self-consistent full-potential linearized
augmented plane-wave (FP-LAPW) method within the local-spin-density
functional approximation (LSDA) and the generalized gradient
approximation (GGA). Local spin density approximation (LSDA) and the
generalized gradient approximation (GGA) are used to treat the exchange

correlation energy.

We studied the evolution of the band structure and magnetic
moment as a function of the lattice parameter of the MnN compounds and
the ternary alloys Al;xMnN. The binary compound MnN and also the
ternary alloys with(x=0.5 and 0.75) magnetization increases as the lattice
parameter increase and tend to saturate at the value 4ug for MnN and 8 g
for the ternary alloys, as the material lattice (MnN) expansion the material
goes from paramagnetic to ferromagnetic phase. We also found that the
ternary alloy with x=0.25 is ferromagnetic and candidate to be half-
metallic material, the majority spin states are metallic and the minority
spin stats are insulating, for the other concentrations(x=0.5 and 0.75)
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Xiii
these are found to be ferromagnetic semimetals, the bands are crossing the
Fermi energy for both spin up and spin down (majority spin and minority
spin) (the Fermi level lies in the band).

The total energy versus lattice constant is obtained using the spin
density functional theory. It was found that the equilibrium lattice
parameter and the total magnetic moment strongly depend on

concentration of Manganese atoms.
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1
Chapter one

I ntroduction

A semiconductor is a material that has electrical conductivity in
between that of a conductor and that of an insulator. Semiconductors are
tremendously important in electronic technology. Semiconductor devices
( electronic components made of semiconductor materials) are essential in
modern consumer electronics, including computers, mobile phones, and
digital audio players. Silicon is used to produce most semiconductors
commercially, but dozens of other materials are used as well. Magnetic
semiconductors are materials that exhibit both ferromagnetism (or a
similar response) and useful semiconductor properties. Spin Magnetic
moment is due to the spin of an electron around its own axis. This spin

generates a magnetic dipole moment known as the Bohr magneton pg [1].
ug is given by the formula “sth_m’ where pg = 9.27 10  JTesla, eis the

electronic charge, m is the electronic mass, and h is the reduced Planck’s
constant (h = 1.05x10°* J/s).

Semionductors can be classified into three categories:

Conventional semiconductors, magnetic semiconductors and dilute
magnetic semiconductors. Conventional semiconductor compounds such as
elements from group IV of the periodic table, 111-V and 11-VI compounds.
Magnetic Semiconductors (MSs) are conventional semiconductor
compounds which doped with high concentration of magnetic ions, so
these compounds have both ferromagnetic and semiconducting properties,
due to a periodic array of magnetic ions in their crystal structures. In an
effort to combine the benefits of the magnetic, electronic, and

optoelectronic areas, a new class of material has recently been
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demonstrated. Dilute magnetic semiconductors (DMSs), conventional
semiconductor compounds which doped with low concentration of
magnetic ions, are projected to bethe basis for devices that rely on the
manipulation of both the charge and spin of electrons moving in a
semiconductor host. The main focus of the DMSs area is to effectively
incorporate magnetic ions into a semiconductor lattice and produce a

ferromagnetic material.

In DMSs and M Ss the host semiconductor is doped with magnetic
impurities, generally atoms of a transition metal such as manganese, iron,
cobalt, or chromium. The main attraction of DMSs and MSs is the
potential for incorporation into presently used semiconductor-based
devices. Due to their half-metallicity and structural similarity to
semiconductors, they are hopeful materials for a future spin-polarized
electronics (spintronics); Spintronics is a field which uses the spin of
carriers in addition to the charge of carriers to achieve new functionalities
in electronic devices. In terms of spin injection efficiency, DM Ss would
provide an advantage over ferromagnetic metals in semiconductor devices
[2, 3]. 1I1-V compounds are compounds with two elements one from the

[11 group in the periodic table and another from V group.

Mn doped in 111-V compounds, as AIN and GaAs, are among the
most widely studied. The electronic structure and mechanism of
ferromagnetic in DMSs or MSs systems such as AIMnN are far from
being completely understood. The attractive and principal idea is the
manipulation of the spin of the electron, in addition to its charge, as an
added degree of freedom [4, 5, 6, 7]. So far, most of the works have
focused on GaMnAs or InMnAs DMSs [8]. As a result, the number of
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possible new electronic devices and materials for more application and

the quality of the existing devices is increasing much more.

The elements Boron (B), Aluminum (Al), Gallium (Ga) and Indium
(In) are forming compound with Nitrogen (N) having the composition 111-
N semiconductors. The chemical bond of these compounds is
predominant covalent, that is, the constituents develop four tetrahedral
bonds for each atom. In recent years, group III-N have attracted the
interest of many researchers due to their scientific and technological
applications. 11-N compounds, as AIN and InN, are very important to be
studied because they have d-electrons which play in hybridization,
covalent bonds and has a band gap ranges from 0.7 eV for InN to about
6.2 eV for AIN [1]. This means that there is a high probability for
electrons to make transition from the valence band to the conduction
band. There is considerable current interest in these materials because
they appear to have great potential for use in spintronics. When magnetic
semiconductors are implemented in devices, they could provide a new
type of control of conduction. Whereas traditional electronics are based
on control of charge carriers (n or p type). Practica magnetic
semiconductors would also alow control of quantum spin state (up or
down), which is an important property for spintronics applications. The
availability of materials exhibiting ferromagnetism above room

temperature is prerequisite for realizing such devices [1, 6, 7].

The possibility of the use of both charge and spin of the electron
suggests many unprecedented functionality semiconductor devises such
as spin qubits[9] ( which can be used as the basic building block for
guantum computing), spin valves10] (which would result in high-density

non-volatile semiconductor memory chips), spin field effect transistors
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4
[11] (which could alow for software reprogramming of the
microprocessor hardware during run time), and new generation magnetic
random access memories (MRAM)[11]. The am nowadays in
experimental and theoretical research in this area is to identify materials
that can be high-efficiency sources of charge carriers with well defined
spin [12], and to produce (a class of) all semiconductor spin- dependent

devices.

Group I11-Nitrides (binaries InN, GaN, AIN and their alloys) are
considered as the promising semiconductor material system for short
wavelength light emitters and laser diodes. Their applications ranging
from blue, green, and white light emitting diodes (LEDSs) to blue laser
diodes (LD) has surfaced in the last decade. AIN and GaN based LEDs
are deemed as the next generation solid state lighting technology which
will revolutionize architectural lighting. In addition to optoelectronic
applications, high power and high frequency field effect transistors have
also been developed utilizing this material system. Large band gap 111-N
materials, as AIN and InN, gives them distinct capabilities for use in high-
power electronic and optoelectronic applications. Many device
technologies, however, will require band-gaps larger than that of GaN.
Large band-gap of AIN makes it an attractive material for investigation.
Current applications of AIN include metal-insulator semiconductor, gas
sensors, heterojunction diodes, optical detectors, and ultraviolet (UV)

LEDs and lasers.

AIN is a ceramic and refractory material and has a combination of
attractive physical properties, such as high melting point (3487K"), high
thermal conductivity, insulating properties (typical resistivity is around
10Q.cm), large bulk modulus (high hardness), chemical and thermal
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stability, and low thermal expansion. These properties beside its wide
band gap lead to use this material in several electronic and optoelectronic

applications (e.g., high-power field effect transistors) [13, 14, 15].

Several differences between I11-N and the other I11-V compounds
make them have these physical and electrical properties, which can be
related to the Nitrogen atom properties. The small covalent radius of the
N atom (0.7A") compared with the group V atoms (1.1 A", 1.18 A", 1.36
A’ for P, As, and Sb, respectively) gives rise to the formation of short
bond (4.37A" for AIN), with a large band energies (2.28¢V for AIN). This
leads to high melting temperature for AIN [16, 17, 18].

The group 111-N AIN, GaN and InN can be crystallizing in the three
phase's wurtzite (WZ), zincblende (ZB) and rocksalt (RS). At ambient
conditions, the thermodynamically stable phase is the wurtzit structure. A
phase transition to the rock salt structure takes place at high pressure. In
contrast, the zinc-blend structure is metastable and may be stabilized only
by heteroepitaxid growth on substrates reflecting topological
compatibility. Although the ZB phase is not the ground-state structure for
these materials [18, 19, 20, 21], researchers find interesting to study them
in the ZB structure, since in it the Mn atoms find the same loca
environment as in diluted alloys, such as GaMnAS, GaMnN, or AIMnN
[20]. Therefore, they studied the binary compounds AIN and MnN in the
ZB structure in order to have a better understanding of the nature of
AIMnN. The growth of AIN having excellent crystalline quality, smooth
surface morphology and good electrical and optical properties as required
for device fabrication however stills a big challenge. In recent years,
variation growth techniques have been reported by several groups [22, 23,
24].
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Thapa et al [13] studied the relation between basic epitaxial
parameters. They reported the effects of the variation of basic growth
parameters in low-pressure metalogranic vapor phase epitaxy (LP-
MOVPE) on the surface morphology and crystal quality. At the early
stage, hexagonal pits of varying size, depth and diameter, are largely
observed and it was inferior layers. By optimizing growth parameters they
were succeeding in reducing the pits concentration from 4x10° Cm? to
3x10” Cm%. On other hand there is worldwide interest in producing high-
quality crystals suitable for nitride based electronic and optoelectronic
devices. The ideal substrate should be lattice matched, isomorphic, and
thermal expansion coefficient matched to the film as much as possible.
Single crystal AIN is attractive as a substrate for group IlI-Nitride
epitaxial growth due to its relatively small lattice, good thermal stability
(melting point >2500 °C), high resistivity and similar coefficient of
thermal expansion [25].

Manganese Nitride (MnN) was studied by Pavia et al [23, 26].
They studied the density of states and the magnetic moments as a function
of the lattice parameter. They found that MnN is a half- metallic (i.e.,
showed a band gap at the Fermi energy for one spin direction when the
lattice expanded). Indeed, they found that the magnetic moment of MnN
vary with lattice constant. It begins from about zero at the equilibrium
lattice parameter to 4.0ug at large lattice parameter. Also they concluded
that the equilibrium lattice parameter with Generalized Gradient
Approximation GGA is greater than with local spin density
approximation LSDA.

DMSs and MSs related to Mn-doped 11I-V compound

semiconductors have attracted much attention because of the combining
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of magnetic and semiconducting properties, and hence due to their
potential application in developing future spintronic devices [27, 28].
Recently DM Ss based on 111-V compound have been extensively studied
because of the success in doping high concentration of transition metal
ions by molecular beam epitaxy (MBE) [29]. Most remarkably, Mn
doping in INAS, AIN, GaN and GaAs lead to ferromagnetism [30]. This
behavior is generaly called carrier-induced ferromagnetism because holes
carriers introduced into the system mediate the ferromagnetic coupling
between the Mn ions [31], although its microscopic mechanism has been
controversial. The key to understand the mechanism of the carrier-
induced ferromagnetism is to elucidate the nature of the doped hole
carrier as well as the exchange interaction between the host valence band
and the localized d-orbitals of the magnetic ions. Injection of spin-
polarized holes has been observed experimentally [32, 8] and supported
theoretically [33, 34], proving that spintronic devices are feasible.
However a problem of these DM Ss-systems is that the Curie temperatures
are well below room temperature (e.g., 170 K* for Ga MnAs). This is the
major obstacle for applications [1, 35]. Recently, a Curie temperature of
more than 340 K" has been observed for AICrN [36, 37] and greater than
300 K’ for AIMnN [38].

The fabrication of ferromagnetic AIN would produce a wider range
of possible all semiconductor spin-dependent devices, for example
ferromagnetic AIMnNN could be used as a magnetic barrier in a tunnel
junction, where it would serve as spin filter. When AIN or GaN is alloyed
with a transition metal element such as Mn, the Al, Ga cation is
substituted by the Mn atom. When Mn atoms form a homogeneous solid

solution in AIN the resulting structure becomes ferromagnetic depending
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on the Mn concentration [39]. The observed ferromagnetism is attributed
to the coupling of the spins of the carriers in the system with the localized
spins of the Mn ions resulting in a long range order. In other words, the
delocalized conduction band electrons and/or valence band holes interact
with the localized magnetic moments associated with the localized
magnetic moments of the Mn ions. In more scientific terms this is called
the s-d exchange interaction for the case of conduction band electrons and
the localized 3d states of the Mn ions, and p-d exchange interaction for
the valence holes and the localized 3d states of the Mn ions. On the other
hand, the coupling between Mn ions is antiferromagnetic and counteracts

the previous mechanism [39].

Frazier et al [40] reported room temperature ferromagnetism in
single phase AIMnN grown by gas-source molecular beam epitaxy. The
lattice constant was found to decrease with the Mn content, suggesting
that the Mn occupies a substitutional site. It was estimated that the
AIMnN films contained no more than 1% Mn. This single phase AIMnN
was found to be p-type, in accordance with what is expected for a deep-
acceptor produced by substitutional Mn. This expected deep-acceptor
nature of Mn in AIN was taken as a suggestion that carrier-mediated
ferromagnetism would be unlikely. The presence of MndN compound
that could clustering in AIMnN, was discarded the analyses of the
magnetizations as a function of temperature for AIN, single phase
AIMnN, and Mn4N (grown under the same conditions as the previous
materials) show substantially different behaviors. In fact Mn4N clearly
has a ferromagnetic behavior, and the formation of clusters has been
proposed as the case of hysteresis in some ferromagnetic 111-V materials
[26, 41]. Therefore, the incorporation of Mn into the AIN lattice forming

the ternary AIMnN was concluded to be the most likely reason for the
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observed hysteresis. In another work, Frazier et al [42] reported the
properties of Mn implanted AIN (0.03 Mn) and estimated a saturation
magnetic moment of 0.17pg. Disorder effects induced by the implantation
process were supposed to contribute in producing a distribution of
exchange coupling that favors antiferromagnetism, and reduce the
effective magnetism of the sample. It was aso argued that the origin of
the observed ferromagnetism is not likely to be carrier mediated, due to
the insulating nature of AIN. On the other hand, ferromagnetism could
occur due to a midgap defect band [43]. Another possibility for the
observed magnetic properties could be the presence of atomic scale
clustering of Mn atoms resulting in localization of spin-polarized holes

near region of higher Mn concentration [43, 44].

Pavia et al [45] studied the electronic structure and magnetic
properties of Al xMnN dilute magnetic alloys in the ZB structure with
x = 0.063 and 0.031. They applied a first principles method based on the
density functional theory within the local spin density approximation, and
the full potential linear augmented plan-wave method to calculate the
electronic structure and magnetic properties of Al,xMnN dilute magnetic
aloys in the ZB phase. They concluded that Mn in the dilute doping limit
form near mid-gap deep levels in the ZB AIN. They noted that
ferromagnetic ZB phase Al ,MnyN aloys are candidates to be half-
metallic materials, (the majority spin states are metallic and the minority
spin states are insulating). They also included that the total magnetization

of the cell is4.0ug and it dose not vary with concentration.

Kanoun et al [46] studied the electronic structure and magnetic
properties of Al MnyN (x= 0, 0.25) in ZB structure using Full Potential
Linearized Augmented Plane Wave plus Local Orbitals (FP-LAPW+l0).
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They found that the mgjority spin states are metalic but the
minority spin states are insulating. Also the total magnetization of the cell
was evaluated as 4.0pg per unit cell for x=0.25 and zero for x=0.0. As a
result they concluded that the valence band is ferromagnetically coupled
to the Mn atoms, so with x=0.25 this aloy is a haf-metalic
ferromagnetism alloy but it is insulator with x=0.0.

In order to help understanding and give a detailed description of the
electronic and magnetic properties of Al,.xMnN compounds (x=0, 0.25,
0.5, 0.75 and 1), we use in the present work one of the most accurate
methods (which is Full-potential linearized augmented plane wave (FP-
LAPW)[47, 48] approach based on the density functional theory [49]
within the local spin density approximation (LSDA) and the Generalized
Gradient Approximation (GGA) using scheme of Perdew, Brouke and
Ernzerhof [50])to study the ground states properties of Al;.xMnxN and
compare between GGA and LSDA calculations. As mentioned before, to

our best knowledge no one study these alloys with concentrations x>0.25.

The layout of this thesisis as follows.

Chapter two present the basics of Density Functional Theory DFT
and FP-LAPW+lo. Computational details used in this work are presents in
chapter three. In chapter four we report and discuss our results obtained
for the Al xMnN (x=0, 0.25, 0.5, 0.75, 1.0). The results and conclusions

are summarized in chapter five.
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Chapter two
Density functional theory

2.1 Introduction

In solids, one often starts with an ideal crystal that is studying
(relative stability, chemical bonding, relaxation of atoms, electrical, phase
transition, optical or magnetic behavior) on atomic scale at zero
temperature. The unit cell may contain several atoms at certain positions

and is repeating with periodic boundary conditions.

So the theorists came to face a many-body problem, and because
these particles are so light compared with classical scale, it is a quantum
many body problem. In principle, to study the materials and their
properties the theorist has to solve the time independent Schrédinger

equation.
I—iy = Ey
(2.2)

Hear, v is the wave function of all participating particles andq is

the many-particles Hamiltonian for this system. HA Can be written as

G_ PRI Ve 1 3 €*Z,
25 My 25 me dme 7| R -7 |
l Z I,.:Z J_ Z F'EZ:'Z_;i
8men oy |7 =75 | Bmeo i] | E - W} | (2.2)
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The mass of the ion at R; is M;, the mass of the electron at r; IS Me.
The first term in equation (2.2), is the kinetic energy operator for the
nuclei (T,), the second for electrons (Te), the last three terms correspond
to coulomb electron-nuclear attraction (V¢,), €lectron-electron repulsion

(Vee) and nuclear-nuclear repulsion (V ), respectively.

There is not an exact solution to this Schrédinger equation. The
problem of this many body particle is the dependence of its wave function
on the coordinates of each particle. We solve the problem using some

approximations.

These approximations are:

2.2.1 The Born-Oppenhemer approximation

Born-Oppenheimer approximation is one of the most important
approximations. The approximation began with the idea that the nuclei
are much massive in comparison to the electrons and so that much slower
than the electrons, this means that the kinetic energy of the nuclel is much
smaller and approximately goes to zero. In other words they consider
being static, only the electrons are kept as players in this many body
problems [51]. The nuclei are reduced to a given source of positive
charges; they become ‘external’ to the electron cloud. So in equation (2.2)

we can neglect the first term and the last term reduces to constant.

After the application of this approximation the problem is left with
a collection of interacting negative particles, moving in the potential of
the nuclei. Therefore the many body problems are left with the kinetic

energy of the electron gas (T¢), the potential energy due to electron-
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electron interactions (V) and the potential energy of the electrons in the
(now external) potential of the nuclei (V). So the new many body

Hamiltonian can be formally written as:
U U U U
H=Tet+VetVe (2.3)

The many body problem obtained after Born-Oppenheimer
approximation is much simpler than the original one, but still difficult to

solve. It needs more simplifications.

2.2.2 Hartree and Hartree-Fock Approximation

In Hartree approximation [52], the solution of many-electron
problem can be solved by assuming the electrons are independent from
each other. By this assumption the total wave function for the electrons

can be written as;

W(ry,ra,rs....0n) =¥1(r1)Pa(rz) Ps(ra).... Pnirn) (2.4)

where Wn(ry) is the electron wave function. With this assumption the

electron density can be represented by.
o N 2
r(ry=a .y m) (2.5)

After this assumption the total Hamiltonian can be written as:
(Ts +Vee V)Y (r) =EY (r) (2.6)

where T is the single particle kinetic energy, V4 is the Harttree potential,

(the component of the electron-electron potential), and is given by.
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Vv, =+ 8 y (1) (rj)‘zdgridgrj
H 8pe, ‘rrl - rrj‘ (2.7)

Hartree assumption is the electrons are non-interacting; so there exists a
non-zero probability of finding two electrons occupying the same point in

space.

Later this wave function is modified to include the spin of the
electron by the Hartree-Fock approximation [53]. This approximation is
an extenson of the above Hartree approximation to include the
permutation symmetry of the wave function which leads to the exchange
interaction. Exchange is due to the Pauli Exclusion Principle, which states
that the total wave function for the system must be antisymmetric under
particle exchange. Therefore no two electrons can have the same set of
guantum numbers, and electrons with the same spin cannot occupy the

same state simultaneously.

2.2.3 Density Functional Theory

The well-established scheme to calculate electronic properties of
solids are based on the density functional theory (DFT), for which
formally established in 1964 by two theorems due to Hohenbery and
Walter Kohn [54]. DFT is a universal approach to quantum mechanical
many-body problem, where the system of interacting electrons is mapping
in a unique manner onto an effective non-interacting system that has the
same total density. The great success of the density functional theory for
the description of the ground-state properties of large material classes
including insulators, semiconductors, semimetals, half-metals (half-metals

are defined as magnetic materials showing a band gap at the Fermi energy
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for one spin direction), simple metals, transition-metals and rare-earths
metals. The ground state electron density p(r) defines the total energy E,

must be a function of the density.

E=E(p) (2.8)

The density contains as much information as the wave function does,
(relative stability, chemical bonding, relaxation of atoms, electrical, phase
transition, optical or magnetic behavior) could possibly known. All
observable gquantities can be constructed in a unique way from the density

only, therefore they can be written as function of the density.

Hohenberg and Kohn showed that the true ground state density is
the density that minimizes E (p) and the other ground state properties are
also functional of the ground state density. In addition, theorists can do on
spin-polarized system where E and the other ground state properties

become functional of both spin up and spin down densities.

E=E(p;, py) (2.9

The non-interacting particles of this system move in an effective local
one-particle potential. This potential consists of a classical mean-field
(Hartree) part and a quantum mechanical part which is an exchange-
correlation part V. , that incorporates all correlation effects exactly. So E
(p) is rewritten as the Hartree total energy plus another smaller unknown

functional called exchanged-correlation functional, Ex. (p).

E()=Ts(p) +Ec(p) +En(p) + Ei (p) +Exc (p)  (2.10)
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where T (p) represents the single particle (non interacting) kinetic energy,
E. (p) denotes the Coulomb interaction energy between the electrons and
the nuclei, E; (p) term represent from the interaction of the nuclel with
each other and Ey (p) is the Hartree component of the electron-electron
energy.

2 r ry
E,(r)= e7(‘)d3rd3r’ ' (‘rf )_rr.(,r‘ ) (2.11)

and Ex(p) is the exchanged-correlation energy given by
Exc (p(1) =] p(1) &xc dp(1) (212)
where Exc (p(r)) is the exchange-correlation energy per particle of the

homogeneous electron gas.

According to the variational principle, a set of effective one-
particle Schrodinger equation, (the so-called Kohn-Sham (KS) equations
[55]) must be solved. Itsform is

[Ts +Vea(r) +Vu(p(n) +Vxc(p(M]®i(r) = eidi(r)  (2.13)

where, ¢ is the single particle energy and ®jis the electron wave
function.When written in Rydberg atomic units for an atom with the
obvious generalization to molecules and solids. The four termes represent
the kinetic energy operator; Vy is the Hartree potential, Ve« the coulomb
potential and Vyc is the exchange-correlation potential.

Vy can be written as:

V|_| = C\)Hdl’ '
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(2.14)

Again we can write the Schrodinger like equations in a new form

h2

C-an

Rz +V, ()Y (N=EY (1) 215

where W (r) is the total wave function of all electrons, E is the total energy
and V¢ is the effective potential and given in equation (2.16).
Equation (2.14) transforms the many-particle problem into a problem of

one electron moving in an effective potential such that

dE,.(r)

(2.16)
dr

ry _ ry . .r(ro
V. (r)=V,_(r)+ dr ¢+
r-r¢
where the second term represents the Hartree potential Vy given in
equation (2.14) and the third one represent the exchange-correlation
potential Vxc.

The KS equations must be solved iteratively until self-consistency is
reached. The iteration cycles are needed because of the interdependence

between orbitals and potential.

From the electron density equation (2.5) the Ve« and Vxc potentials
for the next iteration can be calculated, which define the KS orbitals. This
closes the self-consistent loop. The exact functional form of the potential
Vxc Is not known and thus one needs to make approximation. Local (spin)
density approximation (L(S)DA) approximation solve this problem and it
perform well with systems those varying density slowly . A logical step to
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improve on L(S)DA by making the exchange-correlation potential
depending on the local density of local volume as in L(S)DA and aso on
the density of the neighboring volume by adding gradient term of the
electron density. This modern version of DFT called Generalized

Gradient Approximation (GGA), and it reach to a high accuracy.

2.3 Single particle Kohn-Sham equation

Nearly all approaches that have been proposed for solid, including
Linearized augmented plane wave method LAPW which will discuss in
the next chapter do rely on a basis set expansion for the KS orbitals. With
Hartree-Fock HF or DFT one ends with an infinite set of one electron
equations of the form of equation (2.13).
The similarity between the HF and KS equations means that the same

mathematical techniques can be used to solve them. Solving the equation
means we want to find the coefficients C;, to express @, in a given basis

set
o

. f
. [ [
J.(r)y=a C,f.(r) (2.17)
i
Hear ¢, are mathematical true of one electron (or single particle)

orbitals. The solution of the KS orbitals permits to determine the C;, for
the occupied orbitals that minimize the total energy. In practice one works

with a limited set of basis functions. Such a limited basis will never be

able to describe ¢, exactly, but one could try to find a basis that can

generate a function that is ‘close’ to @p.

Density functional calculation required the optimization of the Ci,
and the determination of the density Figure 2.1. This procedure is usually
performed separately and hierarchically. Using stander matrix techniques
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it is possible to repeatedly determine the Cj, that solve the single equation
(2.17) for affixed charge density. Hence, given the basis, the Hamiltonian
and the overlapping matrix, H and S, can be constructed and the following
matrix eigenvalue equation
(H-&9Cin=0 (2.18)

or in another form

i Hi ) i) K L oe.
S G )e ) T %
¢ ! ! ! 0 £6”+ ?8)‘ (2.19)
E L L G, Hi )-e [i, )2 2 &

The overlap matrix S, defined as
nnl o~ x N\ I g
S =0 ,(Odr =G ) @D
W

So it is diagonal and it is equal S=6,,,; hear Q is the volume of the unit
cell . Equation (2.19) is solved for each K-point in the irreducible wedge
of the Brillouin Zone. The optimized Ci, will yield the exact self-
consistent solution only if the true occupied KS orbitals can be expressed
as a linear combination of the basis functions. In the case where they
cannot be expressed exactly in term of the basis, an approximate optimal
solution will be found (the one that gives the lowest possible total energy
for basis). Therefore, the quality of basis set can be measured by
comparing how much the total energy evaluated with the orbitals of
equation (2.18) differ from the true KS energy. The larger i, the better the
approximation of the eigenfunction, but the more time-consuming the
diagonalization of the matrix in equation (2.19), (2.20).
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Figure 2.1: Flow chart for the self-consistent density functional theory.
2.4.1: Thelocal spin density approximation L SDA:-

This approximation was applied to DFT by Kohn - Sham method
[54].Local-spin density approximation (LSDA) (or simply local-density
approximation (LDA)) dealing only with nonmagnetic systems) [56] is an
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approximation used to calculate the unknown exchange-correlation
energy EXC. This is the only term in the effective potential of the Kohn-
Sham equation which is can't be determined exactly. It divides the
inhomogeneous system into a smal set of regions containing
homogeneous interacting electron gas with density I'. (;) , Where (o) is

the spin up- or spin down ; and the total density p(r) =pl(r) + p1(r).

In each region the exchange-correlation energy per particle of the

homogeneous gas can be stated as:
el 1) e(r +ro)rec(r +r)

The analytic expression for the exchang energy ex(p1,p])can be obtained
from the Hartree-Foch approximation [57-59].The total exchange-
correlation energy IS tI"E%@Am of the contribution of all regions [60],
which is based on the quantum Monte-Carlo result of the ground-state
energy for the homogenous electron gas [61]. The total exchange-

correlation energy is the sum of the contribution of all regions:

EDAT 1) =¢r (ee(r_ (). r—()dr

The exchange-correlation potential is calculated from

(2.22)

o B der .,r), r I
VchA(X)_df—s(S_eXC(r- ,rHW( r@+0) (2.23)

The derivative of Vxo{X) expression is given by Painter [62)].

2.4.2 Generalized gradient approximation
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Many modern codes using DFT now use more advantage
approximations to improve accuracy for certain physical properties.
Generalized gradient approximation came as a modification of (LSDA); it
inserts another parameter to the exchange-correlation energy Exc; Exc is a

functional of local electron spin density p(r) and their gradients:

G o o ro he ., (224
Ec(r..ro) =exc(r. (F),r—(F))r (r)Nr (r)dr
Because of the incorporating of local gradient a better description of
system is expected [63-65]. The (GGA) improve significantly ground
state properties of light atoms, molecules and solids and generally tends to

produce larger equilibrium lattice parameters with respect to the LSDA.
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2.5 Full potential Linearized Augmented Plane Wave
plus L ocal Orbitals (FP-LAPW+LO).

2.5.1 Introduction

This section starts with an introduction of the Augmented Plane
Wave method (APW) and Linearized augmented plane wave plus local
orbitals method (LAPW+lo) concepts to solve the Kohn-Sham equation

for a periodic solid. Then the concepts of full potential (FP) method and
Muffin Tin approximation with full potential are described.

There are several techniques to solve the one-electron functions, the
basis which are used in calculation are plane waves (PWs) that
corresponding to Bloch functions. However, these plane waves need's
augment because it inefficient basis set for describing the rapidly varying

wave functions close to the nuclei.

2.5.2 The Augmented Plane Wave method (APW):-
Augmented plane wave introduced by Slater as a basis functions for
solving one-electron equations. APW divide the unit cell into two regions,

Figure 2.2

1) non-overlapping spheres centered at the atomic sites.

i) An interstitial region.

In the two types of regions different basis set are used.

Inside the atomic sphere i of radius Ri(close to the nuclei), the electrons
behave quit as they were in a free atom, and radial function is used in the
remaining interstitial region, in this region (far away from the nuclei) the

electrons are free so plane waves are employed.
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I Sphere (o)
I
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Interstitial (I)

Figure 2.2: Adaptation of the basis set by dividing the unit cell into
atomic spheres and interstitial regions.

These basis set is due to the fact that the potential and wave
functions close to the nuclei are similar to those in an atom, while

between the atoms they are smother. The APWSs consist of:

3 r
| & A|mu|m(r,e)Y|m(r),r€ I
| Im
f APW 6= 7
K+G p |
- 1 S rror
| —&Cgexp(i(k+G).r), rel (2.25)
WV g e | |
where, is the wave function, V is the ur}|t cell volume, IS

. . g 41 . . . 1 .
the position indide Jsphere with polar coordinates I, K is awave vedtor in
1
the first Brillouin Zone, Gis the reciprocal lattice vector, un(r,e) is the
numerical solution to the radial Schrodinger equation at the energy € and

Am, Cg are expansion coefficients.

The KS orbitals VY (I!) are expressed as a linear combination of
APWs f (f) . Inside the MT sphere a KS orbital can only be accurately
described if € in the APW basis functions is equal to the eigen-energy ;.
Therefore, a different energy dependent set of APW basis functions must
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be found for each eigen-energy. Cg and A, are expantion coefficients; E
is a parameter (set equal to the band energy) and V the spherica
component of the potential in the sphere. The u,(r) satisfy the following

equation.
é d* I(1+1 u
g dr 2 + (rz )+V(r)' E, Qrulm(r):o

u (2.26)

By these functions Slater noting that plane waves are the solution of the
Schrodinger equation in a constant potential and radial functions are
solution in a spherical potential. This approximation to the potential is
called "muffin ten"(MT).

The dua representation defined by equation (2.25) is not
guaranteed to be continuous on the sphere boundary, as it must be for the
kinetic energy to be well defined. Accordingly, it is necessary to impose
this constraint. In the APW method this is done by requiring that the
augmented functions match (in value not in slope) the plane waves at the

atomic sphere boundary.

This done in APW by defining the uiy, in term of Cg.

U =P8 €3, (k+ gV (K + ) 227
Wu (R G

where J(| k+g|) is the Bessel function of order I.

The u, are determined by the plane wave coefficients (Cg) and the

energy parameters E;, which are variational coefficient, in APW method.
There is no restriction on the derivative at the atomic sphere

boundary. Therefore, the APW basis functions have in general a kink at
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r=Rwt and their derivations are discontinuous at the boundary. One must
mention hear that a more accurate method is the linearized augmented
plane wave method (LAPW), which made the basis functions and their
derivatives continuous by matching to a radial function at fixed E; plus its
derivative with respect to E;.

A more accurate band structure calculation scheme is the
Linearized Augmented Plane Wave (LAPW) method, which use the basis

function and its derivatives.

2.5.3 Linearized augmented plane wave method

(LAPW):-

A more flexible and accurate band structure calculation scheme is
the LAPW method where the basis functions and their first derivatives are
made continuous by matching to radial function at fixed E, plusits
derivative with respect to E;, continuous at the boundary between core
r<R, and interstitial region I. The linearized augmented plane wave
method (LAPW) scheme introduced by Andersen [66], in this scheme a
linear combination of radial function times spherical harmonics are used.
The original energy dependence of the radial basis function is thereby
replaced by the Taylor series:

Tu(r.e)

u(r.e)=u(re)+(e- eI)T

The wave functionf () inside the sphere r<R, are linear combination of

e TOE-6) (229

u(r) at affixed energy. Its energy derivative U(I’) at the same energy E

can be written as

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com

27

i Iémmu|m<r>+8|mu|m<r>mm<rr>,re !
m

1 o ror
——aCgexp(i(k+G).r), rel
Vg (2.29)

where B, are coefficients for the energy derivative. The augmenting
functions un(r)Y () and their derivatives U, ()Y, (r) are linearized
to form the basis functions inside the spheres.In order to determine the
coefficients A, and By, we will require that the function in the sphere

matches the plane wave both in value and in slope at the sphere boundary.

From the equation (2.29) it is obvious that a plane waves are used
in the interstitial region of the unit cell 1, in contrast a linear combination
of radial functions times spherical Hamiltonian are used inside atomic
sphere r<R. Two radial functions are used in LAPWs instead of one in the
APWSs, so LAPW are more variational freedom inside the atomic spheres,
the basis functions and their derivatives must be continuous at the
boundary. The u; and its energy derivative satisfies the following equation
d? 1(1+1)

e 0
& dr 2 + — tV(r)- E gru m(r)=ru,(r) (2.30)
e ar r 0

The LAPWSs are plan waves in the interstitial zone of the unit cell
which match the numerical radial functions inside the spheres with the
requirement that the basis functions and their derivatives are continuous at
the boundary.
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The linear compensation of u(r) and its derivative are obtained by
numerical integration of the radial Schrédinger equation on a radial mesh
inside the sphere. There are two radial functions in LAPWSs instead of one
in APW, non-spherical potential inside spheres can now treated with no
difficulties. On the other hand there is a price to be paid fore the
additional radial function: the basis function must have continuous
derivatives and consequently higher plan wave cut-offs are required to

achieve agiven level of convergence.

The solution of the KS equations is expanded in this combined

basis according to the linear variation method:
_ o .
Yk=aA € (2.31)
n

The coefficients ¢, are determined by the Rayleigh-Ritz variational
principle. The convergence of this basis set is controlled by a cut-off
parameter RyrxKuax, Where Ryt is the smallest atomic sphere radius in
the unit cell and Ky is the largest K, vector in equation (2.31).

2.5.4 The augmented plane wave pluslocal orbitals method

(APW+lo):

APW+lo (local orbital) method was proposed by Sjostedt et al.
[67]. The augmentation in this method is similar to it in APW scheme
with a different that each radial wave function is computed at fixed
linearization energy to avoid the non-linear eigenvalue problem that
complicated the APW method, so only the condition of continuity is
required. The local orbitals can be defined as
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.
! o * -
[qu’ougq (r)+By" u(f":':|}’}m (F), remI

PH(F) = < (2.32)

0, rel

The two coefficients are determined by the normalization and the
condition that the local orbital has zero value at the sphere boundary. There
IS no dependence between L],r(r) and the PWs, since it is only included for a
few local orbitals (e.g., p and d states) and not associated with every plan
wave. This new scheme can reach the same accuracy as LAPW but converse
faster in terms of number of PWs [68]. The highest efficiency was found for
a mixed basis set in which the low [-quantum numbers are treated by
APW-+lo but the higher | by LAPW. Physical quantities such as the total
energy, forces converge faster than with pure LAPW but reach the same
values. If for each atom local orbitals for p and d-states are added, the basis
set will dlightly increase [69], this slightly increased computational time is a
small price to be paid for the much better accuracy that local orbitals offer,
and therefore they are always used [70].

2.5.5 Thefull potential calculation:

One of the most accurate schemes for solving the Kohn-Sham
equations is the full-potential linearized augmented plan wave (FP-LAPW)
method suggested by Andersen [71] on which WIEN cod is based. Full-
potential LAPW method (FP-LAPW) combines the choice of the LAPW basis
set with the treatment of the full-potential and charge density with out any
shape approximations in the interstitial region and inside muffin-tins. This
generalization is achieved be relaxing the constant interstitial potential V, and

the spherical muffin-tin approximation Vyu(r) due to inclusion of a warped
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interstitial é V*€" where K are al reci procal lattice victors up to the largest

value of Kya. The non-spherical terms inside the muffin-tin spheres:

Z ot 7 . Interstitial-region
X

V(r) = (2.33)

> Vim (7 (F) muffin-tin
Im

This method become possible with the development of a technique for
obtaining the coulomb potential for a general periodic charge density with out
shape-approximation and with the inclusion of the Hamiltonian matrix
elements due to the warped interstitial and non-spherical terms of the

potential.

2.6.1 WIENZ2K code
The program package WIEN2K allow performing electronic and

magnetic structure calculations of solid by using density functional theory
(DFT).its based on LAPW+lo method, among one of the most accurate
schemes for band structure calculations. In DFT the local spin density
approximation (LDA) or the improved version of the generalized
approximation (GGA) can be used.

In the new version WIEN2K [48] (APW +lo) is used inside the
atomic spheres for the chemically important orbitals, whereas LAPW is
used for the others.
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2.6.2: Self-Consistent Cycle (SCF)

The WIEN2k package Figure 2.1 consists of several independent
programs, initialization and self-consistent cycle programs.The
initialization programs used to determines the space group of the
structure, generates free atomic densities, how the different orbitals are
treated in the band structure calculations, generates a k-mesh in the
irreducible part of the BZ and generates a starting density for the SCF
cycle by a super position of the atomic densities generated before for the

free atoms.

In the SCF cycle, the potential constructed from the charge density
which used to construct the Hamiltonian used to calculate the eigenvalues
and eigenvectors for the valence electrons (valence bands). As a result, a
new valence electron density is obtained from the calculated eigenvectors.
Then the core states and densities are determined by a fully-relativistic
self-consistent calculation. These two charge densities (valence and core)
are mixed with the input density to yield a refined input for the next
iteration. The simplest mixing scheme is represented by the straight

mixing:

i+1 i i
r input (1 - Q)r input + Qr out (2.34)
where i refer to the iteration number and Q is the mixing factor.

The self-consistent cycle repeated until convergence is reached, when old

and new electron densities are within our computational tolerance.
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2.7 Mechanisms used to explain magnetic properties

[11-N compounds (eg. AIN) are alloyed by transition metals (eg.
Mn) to form magnetic semiconductor compounds; these transition metals
have incomplete inner electron orbits. Once they loose their outermost
electrons, the remaining electrons in the d-shells have spins pointing in
the same direction in order to minimize their energy, and these metals act

as magnetic ions.

Zener describes ferromagnetism based on the interaction between
the d shells in transition metals. According the Hund’s rule the lowest
energy for the d-shell occurs when all the energy levels are singly
occupied with the spins of electrons pointing in the same direction. Since
each electron that has an uncompensated spin carries a magnetic moment
of one Bohr magneton, the overall atom will have a finite magnetic

moment associated with it.

Mn as an example in this paper has 7 valence electrons and
substitutes for a Al atom, 3 of the 7 electrons can replace the 3 Al
electrons in the valence band. The remaining 4 electrons have to be put in
new localized d-states in the band gap the spin orientation of the electrons
in the 3d shells is Mn ** 1 1 1 1 with total magnetic moment 4.
Therefore the electronic structure of transition metal impurities in
semiconductors is dominated by d-states in the gap; only the mgjority
states are occupied. The impurity levels are schematically indicated in
Figure 2.3 Two different impurity levels have to be distinguished: A two
fold degenerate e-state (dp, Oiy2), the wave functions of which for
symmetry reasons hybridize very little with the valence band p-states, and
a three fold degenerate t-state (dy, dyz,d) Which strongly hybridizes with
the p states.
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In the neutral configuration only the two e-states and two of the
three t-states in the majority band are occupied, while the minority gap
states are empty. The Fermi level falls into the majority t-impurity band,
such that per Mn atom exactly two e-states and two t-states are occupied,
leaving one mgjority t-state and all minority d-states empty. Therefore the
considered system is a half-metallic ferromagnetic, with a moment of 4ug

per Mn atom.

] Conduction band
e
—
= ﬁ
Valence band

Figure 2.3: Impurity levels of magnetic transition metal impurities in
semiconductors: For Mn on the Ill-site in I1I-V semiconductors the
double degenerate e+ state and two of the three degenerate t+ states are

occupied.

Different mechanisms are used to explain magnetic properties of

semiconductors.

2.7.1 Zener Model (Mean Field Theory)
The Zener [72] model, based on the mean field theory, states that
ferromagnetism occurs through the interactions of the spins of the

localized magnetic ions. The electrons in the incomplete d shells tend to
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gain the lowest energy state by align electrons spin parallel, or have the
highest possible net spin to attain.

The interaction between the d shells of adjacent atoms has always
the same sign and in all circumstances lead to an antiferromagnetic
coupling. On the other hand, the spin of an incomplete shell is always
strongly couples to the conduction electrons. This coupling tends to align
the spins of the incomplete shells in a ferromagnetic manner. The
competition between these two tendencies determines the magnetic state
of the material.

2.7.2 Double Exchange M echanism

In the double exchange mechanism which was originally proposed
by Zener, magnetic ions in different charge states couple with each other
by virtual hopping of the “extra” electron from one ion to another. If the
neighboring magnetic moments of the transition metal ions are in the
same direction, the 3d band is widened by the hybridization between the
spin-up states Figure 2.4. The band energy in the ferromagnetic
configuration is lowered by introducing carriers in the d-band. In this
case, the partialy filled 3d bands of the transition metal ions facilitates
hopping of carriers from one ions orbital to another, provided that the
spins of the hopping electrons’ spins are in the same direction.
Consequently, the electrons lower their kinetic energy by hopping in the

ferromagnetic state. Thisis the so-called double exchange mechanism.
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Figure 2.4: Double exchange: Due to the broadening of the impurity t-
band with increasing Mn concentration X, states are transferred to lower
energies, leading to an energy gain, if the Fermi energy liesin the band.

2.7.3 Direct Superexchange

The direct superexchange mechanism is observed in substances in
which magnetic ions are separated by an intervening non magnetic ion
[73]. The interaction between the wave functions of the magnetic ion’s
electrons is antiferromagnetic and therefore aligns the neighboring Mn
ions antiferromagnetically. This type of interaction usually opposes
ferromagnetic properties in DMS materials and becomes more

pronounced as the Mn concentration is increased.
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Chapter three

Computational details

3.1 Introduction

For the binary compounds AIN and MnN the muffin-tin radii (Rur)
values chosen are 1.8 Bohr for Al and Mn; and 1.6 Bohr for N. The K-
integration over the Brillouin zone is performed with the Monk horst pack
[75] scheme. The number of K-points in the irreducible Brillouin zone for
the binary aloys is 512. The iteration process is repeated until the
calculated total energy of the crystal converges to less than 10 Ry. Basis
functions, charge density and potential are expanded inside the muffin-tin
spheres in combination with spherical harmonic functions with a cut-off
lmex = 10, and in Fourier series in the interstitial region. Moreover, we use
a parameter RytKmex = 8, which determines matrix size (convergence),
where Ky IS the plane wave cut-off and RMT is the smallest of all
atomic sphere radii.

3.2 Zincblende (Cubic Zinc Sulfide) Structure

Compounds with zincblende structure ZB crystallize in a cubic
conventional cell which composed of two fcc structures displaces from
each other by one-quarter of a body diagonal. Eight atoms in each one, in
this present work Al or Mn atoms are placed on one fcc lattice
coordinates and N atoms on the other fcc lattice. The coordinates for Al or
Mn atoms are (O, O, 0) a (0, 0.5, 0.5) a, (0.5, 0, 0.5) a (0.5, 0.5, 0) a,
while the coordinates for N atoms are (0.25, 0.25, 0.25) a, (0.25, 0.75,
0.75) a, (0.75, 0.25, 0.75) a, (0.75, 0.75, 0.25) a, where a is the lattice
parameter [96]. If we take MnN as an example Figure 3.1, each N atom is

surrounding by four equally distance Mn atoms and vice versa. One of the
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most famous compounds is ZB compounds is Zinc Sulfide The space

group is F34_m and the primitive vectors of fcc are:

q U r _a? aly

2720 2

r U
LIS
Alloys consist of a cation sublattice, where metals are interchanged
(Al by Mn) and of an anion sublattice (N), as shown in Figure 3.1, both

originated from the zincblende structure.

(b)
Figure 3.1: Unit cell used to simulate the Al,.;,MnyN (@) with x=1,
(b) with x=0.25.

3.3 Choosing Ry 1K max and the number of K-points

In order to achieve the energy eigen value convergence, the wave
function in the interstitial region is expanded in terms of plane waves,
with a cutoff of RytKmax (Where Ko is the maximum value for the
reciprocal lattice vector K, and Ryt is the average radius of the MT
spheres). Calculating the bulk properties for the binary and ternary alloys
must be made after applying some tests. K-points and Energy cutoff tests
are very important procedures to get best results in short time.

Choosing RytKmex N this test we make a number of sessions with

the same number of K- points, same Ryt for all sessions, the same I
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and the same lattice parameter. We make a run for every session and
looking for the energy. Finally we choose the RytKmax Which makes the
structure more stable, in other words we look for the RytKmax With a
minimum energy. As an example Table 3.1 show us that the best RytK max
for Alg7sMng 25N 1S RytKmax =8.
Table 3.1: Test to find the best RytKmax for Alg7sMng.2sN.

No. RvTK max Ewa(total energy in Ry units)
1 6 -4212.772349
2 6.5 -4212.83084
3 7 -4212.85841
4 7.5 -4212.868423
5 8 -4212.878512
6 8.5 -4212.876816
7 9 -4212.865295

To choose the best number of K-points we must make the same
steps for choosing the best RytKnax, IN this test we must fix all
parameters (lattice parameter, RytKmax, Imax @nd the same Ryr) except
number of K-points. Table 3.2 shows us the test results for Alg7sMng2sN.

Table 3.2: Choosing K-points for Alg7sMng2sN.

No. | K-points | K-reduced M atrix Eota(in RY)
1 27 5 3X3X3 -4212.818035
2 64 8 4X4X4 -4212.855674
3 125 14 SX5X5 -4212.856816
4 216 20 6X6X6 -4212.857024
5 343 30 IXTXT -4212.857692
6 512 40 8X8X8 -4212.856654
7 729 55 9X9X9 -4212.856608
8 1000 70 10X10X10 -4212.856725
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In order to simulate the ordered zincblende structure with 25%,
50% and 75% concentrations of Mn, we consider a model based on an
eight atoms supercell with cubic symmetry.The core states for Al, Mn and
N are treated self consistently and fully relativistically relaxed in a
spherical approximation; while the vaence states are treated self
consistently within a semi-relativistic approximation (spin-orbit effects

are not included).

Basis functions, charge density and potential are expanded inside
the muffin-tin spheres in combination with spherical harmonic functions
with a cut-off | o = 8 for each concentration (25%, 50% and 75% of Mn)
asin the binary study, and in Fourier seriesin the interstitial region.
Moreover, we use a parameter RytKmax = 8 for each concentration (25%,
50% and 75% of Mn), where K is the plane wave cut-off and RMT is
the smallest of all atomic sphere radii. The Ryt for the Al xMnyN (with
x=0.25, 0.5, 0.75) compound were chosen to be 1.78 Bohr for Al and Mn
atoms, and 1.6 Bohr for N atom. The number of K-pointes in the
irreducible Brillouin zone is 343 for 0.25%, 0.5% and 0.75%
concentrations, which correspond to 7X7X7 k-mesh. We chose this
number of k-pointes after the test on the best number of k-pointes as
mentioned before. The iteration process is repeated until the calculated
total energy of the crystal converges to less than 10 Ry.

3.4 Optimization
One of the most important steps is the optimization; it’s the first
step in our work (before the usual tests for the best k-pointes and
RutKmex) @nd in every work. By optimization we can determine the
equilibrium lattice parameter a., bulk modulus B, bulk modulus derivative

B, energy E. and volume V. at equilibrium.
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The structural properties in the strain-free case are obtained by a
minimization of the total energy depending on the volume for Al ,MnN
and the binary compounds (MnN and AIN) in the zincblende structure, by
using a trial value (usually experimental one for the binary and from this
relation, aammnay = (X) amnny + (1-X) aainy, for the ternary alloys) of the
lattice constants and then fitting the total energy versus volume according
to the Murnghan's equation of state [80]. We compute the equilibrium

lattice constants, bulk modulus and pressure derivative of the bulk

modulus.
é v 0
EV) = EM) + g g B ot 28y
B(B Dg é Vg éVg H

where E, and \4) are the energy and volume at equilibrium, B and B' are
the bulk modulus and its derivative.

The volume of the unit cell MnN or AIN is \/, :a§/4, (four molecules
per primitive cell), so the equilibrium lattice constant (a,) can be
calculated as &, :(4\/0)”3. The volume of the unit cell for Al,,MnN is
V,=a’, so &, =V."* From this we can compute (&, )for each

concentration of Mn.

In the next chapter we present the calculated bulk properties, &, E_
, V.. B and B', of the binary compounds AIN and MnN as well as the
ternary alloys Al xMnN (x=0.25, 0.5 and 0.75). Also we present the

magnetic results for MnN compound and the ternary alloys Al; xMnN.
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Chapter four
Resultsand Discussions

4.1 Introduction

This charter is devoted to the principle results of the scalar
relativistic full-potential linearized augmented plane wave plus local
orbitals (FP-L/APW+lo) [47] approach based on the density functional
theory [49] within the LSDA and GGA approximations using scheme of
Perdew, Brouke and Ernzerhof [50]. We adopt the Ceperley-Alder [61]
form for exchange-correlation energy as parameterized by Perdew and
Wang [74]. In the present calculations we apply the recent version of
Wien package WIEN2K [77, 78]. APW+lo is used inside the atomic
sphere for chemically important I-orbitals that are difficultly converge

(p,d or f orbitals) [79-81]. For al other partial waves the LAPW scheme
IS used.

Spherical harmonics expansion is used inside the non-overlapping
spheres of muffin-tin (MT) radius (RwT), for the remaining space of the
unit cell the plane wave basis is used. The MT radius values chosen for
the binary compounds AIN and MnN are 1.8, 1.6 Bohr for (Al, Mn) and N
respectively. The maximum | value for the wave function expansion inside
the atomic spheres was confined to Im=10. In order to achieve the energy
eigenvalue convergence, the wave function in the interstitial region is
expanded in terms of plane waves, with a cutoff of RytKmx=8 (where
Kmax 1S the maximum modulus for the reciprocal lattice vector, and Ry is
the average radius of the MT spheres). The number of K-pointsin the
irreducible Brillouin zone is 512 for the binary compounds AIN and MnN
which correspond to 8X8X8 k-mesh which reduced to 43 k-points. We

chose this number of k-points after the test on the best number of k-points
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as mentioned before, the total energy and eigenvalues were converged to
10°eV . The calculations were performed with spin-polarized potentials in
order to analyze the ferromagnetic phases of the compounds.
Calculations are performed on AIN, MnN compounds and AlyMn;4N (x=
0.25, 0.5, 0.75).

In part | we study the structural, electronic and magnetic properties
of AIN and MnN compounds. In part Il, we studied the effect of
manganese (Mn) doping on AIN compound and determine the principal
characteristics of diluted magnetic semiconductors Al MmN with (x=
0.25, 0.5, 0.75) in their ferromagnetic phase.

Part I:
4.1.1: Cubic binary compounds MnN and AIN.

We report the calculations of electronic structures of the binary
compounds MnN and AIN in the zincblende phase. We use the theoretical
local spin density approximation (LSDA) and the generalized gradient
approximation (GGA) within density functional theory.

4.1.2: Optimization

The structural properties in the strain-free case are obtained by a
minimization of the total energy depending on the volume for MnN and
AIN in the zincblende structure by fitting the total energy versus volume
according to the Murnghan's equation of state [80], equation (3.1).
We compute the equilibrium lattice constants, bulk modulus and pressure
derivative of the bulk modulus. Figure 4.1.1 and Figure (4.1.2) show the
total energy as a function of the unit cell volume for MnN and AIN within
GGA and LSDA approaches.
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Figure 4.1.1: Total energy as afunction of the volume for the
zincblende MnN using a) GGA, b) LSDA methods.
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Figure 4.1.2: Total energy as afunction of the volume for the
zincblende AIN using @) GGA, b) LSDA methods.
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We can see that the GGA total energy (E.) is less than the LSDA
approach for both MnN and AIN. For MnN, E. = -2426.88Ry with GGA
method and E.= -2421.94Ry with LSDA method.For AIN, E.= -595.36Ry
with GGA method and E.= -521.84 Ry with LSDA method. This means
that the GGA is more accurate thane the LSDA approximation.

We computed the equilibrium lattice constant(ao) For MnN, it is

found that the minimum energy occurs at a lattice constant a. = 4.27A°
and 4.184 A" by GGA and LSDA methods respectively. The lattice
constants have been found by GGA and LSDA methods for AIN are
4.409A" and 4.348A" respectively.

In table (4.1.1) the equilibrium lattice constant, bulk modulus and pressure

derivative of the bulk modulus for MnN are shown.

Table 4.1.1: Equilibrium lattice constant a, bulk modulus B and pressure
derivative of the bulk modulus B'for MnN compound in zincblende

structure.
Structural Present Other Calculations
Parameters LSDA GGA LSDA GGA
a(A) 4.184 4.278 | 419%4.187°  4.3% 4.309
B.(Gpa) 338.2 2745 336% 329.6° 2717 273.2°
B' 4.926 4.8104 | 4 gug° 4.4997"

%Ref.[82], °Ref.[83]

From table 4.1.1, the obtained lattice parameters are larger for the GGA
approach than the LSDA approach. The difference between the two
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approaches is about 0.095A°. On the contrary, the GGA values for the
bulk modulus are smaller than the LSDA values. The results are very

close to and agree with the other results.

Table 4.1.2 summarizes the results of structure optimization for

zincblende AIN calculations.

Table4.l. 2: Lattice constant a, bulk modulus B, and pressure derivative

of the bulk modulus B'of the zincblende AIN.

Structural Present Other Calculations Experiment

Parameters | | SDA  GGA | LSDA GGA
a(A’) |4.348 4409 |4.31-4.376°  4.39-4.42° 4.37°

B(GPa) |210.74 192.89 |211.78-216% 191-193.3°|  ---

B' 3.923 3.792 | 3.2-3.9° 3.8-3.81° ----

®Ref. [46, 84, 85, 86, 87], "Ref. [84, 85, 86], °Ref. Wurtzite structure Ref. [88]

Our calculations show that the GGA lattice constant is greater than
the LSDA of about 0.06A°, while the bulk modulus value obtained by
GGA method is smaller than which obtained by LSDA method of about
18Gpa. Lattice constant obtained from LSDA approximation is smaller
than the experimental value by 0.022A°, while GGA calculation greater
than experimental value by 0.039A".

4.1.3 MnN Band structure

Band gap is very important for determining the electronic and
magnetic properties of the compounds or aloys. As an example, by
calculating the band gap we can determine whether the compound is
metal, semimetal, semiconductor or insulator. After the optimization and

calculating the exact structural parameters we build a new structure with
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the equilibrium lattice parameters to plot the band structure from which
the nature of the band gap and its width was calculated.

Figures 4.1.3 (a-f) show the dependent of the majority-spin system
as a function of the lattice parameter of MnN compound. As the lattice
parameter is varied the majority-spin system keeps a metallic character in
which the Fermi energy lies in the band, while the minority-spin, Figures
4.1.4 (af), evolves from a metallic character in which the Fermi energy
lies in the band to insulating character in which the Fermi level lies in the
gap with an energy gap = 2.712 eV. This behavior may be understood on
the basis of a model of charge transfer from Mn-3d to N-2p shells.

MnN may be half-metallic in the zincblende stretched lattices in which
a> 4.91A° (half-metals are defined by an electronic structure, which
shows conduction by charge carriers of one spin direction exclusively),

therefore showing conduction by charge carriers of one spin direction.
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Figures 4.1.3 (a-f): The evolution of the mgority band structures as a
function of the lattice parameter of MnN compound using GGA method.
Lattice constant a= 4.18 A", 4.279A", 4.445 A", 4.656 A", 4.868A" and
4.998A" are shown in Figures a, b, c, d, e, and f respectively.
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Figures 4.1.4 (a-f): The evolution of the minority band structures as a
function of the lattice parameter of MnN compound using GGA method.

Lattice constant a= 4.18 A", 4.279A", 4.445 A", 4.656 A", 4.868A" and
4.998A" are shown in Figures a, b, c, d, e, and f respectively.
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Present calculations shows that the magnetic moments for MnN are
zero at the equilibrium lattice constant a. =4.184A" using LSDA method,
and it is equal to 0.67ug using GGA method at a. =4.27A", part of this
difference related to the increment in the lattice constant with GGA

approximation.

Fig 4.1.5 shows that the magnetization increases as the lattice
parameters increases and tend to saturate at the value 4ug in both LSDA
and GGA approaches. It is noticeable that the LSDA values always tend
to be lower than the GGA ones; GGA method is more efficient to
calculate the magnetic moment because it adds the gradient term to the
form of Exchange-correlation energy. One can see that as the material
lattice expansion goes from paramagnetic to ferromagnetic phase. The
saturation of the magnetization at the value 4 pg may be understood on
the basis of a model of charge transfer from Mn-3d to the neighbors N-2p
shells [89]. This charge transfer is not complete due to the strong
interaction originating from the p-d hybridization. The hybridization is
reduced as the lattice constant increase and so reaches to a magnetic

moment of 4 g.
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Figure 4.1.5. Magnetization per unit cell for the MnN compound as a
function of the lattice parameter in both LSDA and GGA approaches.

4.1.4 AIN Band structure.

Fig 4.1.5 shows the band structures along the symmetry line for
zincblende AIN using LSDA and GGA approaches. The band structures
are calculated at the equilibrium lattice constant for both LSDA and GGA
approaches. There are a dight difference between LSDA and GGA, and
this is related to the slight difference between the lattice constants where
the GGA lattice constant is slightly greater thane LSDA, the difference is
about 0.061 A"

The band gap for AIN is indirect; it is between the I" point (the
valence-band maximum) and the X point (the conduction-band minimum)

therefore it is a I'-X indirect band gap. The indirect band-gap is 3.258eV
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and 3.278eV using LSDA and GGA approaches respectively, Kanoun et
al [46] used FP-LAPW +lo in his calculations, the predicted I'-X indirect
band gap was 3.211eV and 3.304eV using LSDA and GGA approaches
respectively. So present calculations are in good agreement with Kanoun
et al [46] calculations.
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Figure 4.1.6: The band structures for zincblende (ZB) AIN aong the
symmetry line with a) GGA, b) LSDA approaches.

In Figure 4.1.6 and Figure 4.1.7 we show the calculated total and
partial density of states (DOS) for AIN ; density of state of a system
describes the number of states at each energy level that are available to be
occupied. In the total density of state the lower part of the valence band
dominate by N 2s, the upper part of the valence dominate by N 2p and a
smal value from Al 2p. From the partiadl DOSs we can see the
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hybridization of N 2p with the Al s and p states, also we can see the
forbidden region (energy gap) and the Fermi energy lie in its lower edge.
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Figure (4.1.7): a) Total density of states of AIN. b) Total density of states
of Al atom. c) Total density of states of N atom.
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Part |1
4. |1: Manganese (M n) doping on AIN (AlxM n,N)

For Al.xMnN alloys calculations the muffin-tin radius values are
chosen to be (1.78) Bohr for both Aluminum and Manganese atoms (Al,
Mn) and 1.6 Bohr for Nitrogen atom (N). Charge density and potential are
expanded inside the muffin-tin spheres in combination with spherical
harmonic functions with a cut-off |,=10, and in Fourier series in the
interstitial region.

In order to achieve the energy eigenvalues convergence, the wave
function in the interstitial region is expanded in terms of plane waves,
with a cutoff of RytKmax=8 (Where K is the maximum modulus for the
reciprocal lattice vector, and Ry is the average radius of the MT spheres).
The number of K-points in the irreducible Brillouin zone is 343 for
0.25%, 0.5% and 0.75% concentrations which correspond to 7X7X7 k-
mesh. The total energy and eigen-values were converged to 10%eV. The
calculations were performed with spin-polarized potentials in order to

analyze the ferromagnetic phases of the compounds.

4.11.1: Structural optimization

The total energy of Al,.xMn,N has been calculated as a function
of the global volume. The equilibrium lattice parameters, bulk modulus
and it's pressure derivative following from a fit of the total energy as a
function of the volume to the Murnagahn equation of state [76] (Figure
4.11.1 for x=0.25 with LSDA and GGA methods, Figure 4.11.2 for x=0.5,
and Figure 4.11.3 for x= 0.75).

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com

56

-42@8. 2208 T T T

-4z2EE. 2488 - -

-42@8. 2608 - -

-d4z2EE. 2288 -

-4288.3800 -

Energy [Ryl

-d4Z2EE. 3288 - -

-4288.3400 -

(@)
-4208. 26080 L L L L L L L L
Sea Sze S48 Se@ Sem Y]] 628 648 1] 658

Wolume [a.u.™31]

-4212.2108 ; ;

-4gla.g8288 - b

-d4z1z2.8208 -

-4g2le2.8488 - b

-d4z212.8508 -

Energy [Ryl

-4g2la.8688 b

-d4212. 8708 -

-4212.8808 =

(b)

-4212.589@a 1 1 1 1
s2@ 544 SE@ s58a 6Ea f28 G4a

Yolume [a.u.™31]

Figure4.11.1: Total energy as afunction of the volume for the
zincblende Alg7sMng 25N with approximations: a) LSDA b) GGA.
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Figure 4.11.3: Total energy as a function of the volume for the
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We can see in table 4.11.1 that the energy E. at equilibrium lattice
constant using LSDA method always is less than GGA method, this is
related to the modification in calculation Exchange-correlation energy
with GGA by adding the gradient to its form. This means that these
compounds are more stable with GGA approximation.

Table4.I1.1: Energy E. (Ry) for Al.xMnN (x=0.0, 0.25, 0.5, 0.75 1.0),
using LSDA and GGA approximations.

LSDA GGA Concentration
-592.845063 -595.365738 0.0
Energy (E.) | -4200.342598 -4212.883878 0.25
in (Ry) units | -6029.392610 -6044.364744 0.5
-7858.536347 -7875.91419 0.75
-2421.934262 -2426.880581 1

Also we can see from table 4.11.1 that the alloys ground state energys (E.)
is smaller than E. for the binary MnN and AIN, that’s because the aloys
are ferromagnetic but the binary are not. When the electrons are in the

ferromagnetic state the energy decrease and are more stable.

Table 4.11.2 shows the predicted values of the structural parameters
for the concentration x=0.25, the results are compared with the binary
compound AIN shown in table 4.1.2 and are found in the same order. This
is related to the low concentration of Mn atom with x=0.25. We can see
that the equilibrium lattice constant with GGA method is greater than the
LSDA method of about 0.144A".
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Table 4.11.2:- Lattice constant a, bulk modulus B, and pressure

derivative of the bulk modulus B' for the zincblende
Alp7sMng 2sN.
Structural Present Other Calculations
Parameters | LSDA GGA LSDA GGA
a.(A") 4.37258 4.444147 4.3726° = -
B(GPa) |206.68 183.0881 20858 = -
B' 4.278 4.156 3.744
3Ref [46].

On the other hand bulk modulus B and pressure derivatives of the
bulk modulus B' are greater with LSDA. The results as shown in table
4.11.2 are in an excellent agreement with the other calculations which are
done by using FP-LAPW + o method [46].

Table 4.11.3shows the predicted values of the structural parameters for the

other two concentrations x=0.5 and 0.75.

Table 4.11.3: Lattice constants a, bulk modulus B, and pressure
derivatives of the bulk modulus B' of the zincblende Alp sMng sN,

Alp. 2sMng, 75N.
Structural
Parameters LSDA GGA | Concentration
a.(A") 4.3453 4.453
B.(Gpa) 167 134.8 0.5
B' 4.1 3.9
a.(A") 4.233 4.3287
B.(Gpa) 286 229 0.75
B' 4.44 4.62
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From the table 4.11.2, we see that the lattice parameter for x=0.5
with GGA method is greater than the LSDA method by about 0.1077A".
Our calculations for x=0.75 show that the GGA lattice constant is greater
than the LSDA of about 0.0947 A", while the bulk modulus value and its
derivative obtained by GGA method is smaller than those obtained by
LSDA method. This is the same result for all concentrations and also for
the binary compounds. For higher concentrations up to our best

knowledge there are no studies for Alg sMng sN and Alg, 2sMng, 7sN.
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Figure 4.11.4: Equilibrium lattice constants as a function of the Mn
concentration for the zincblende Al MnN system in both LSDA and
GGA approximations.

Figure 4.11.5 shows us that the lattice parameters of Al xMnyN
aloys depend strongly on the Mn doped atoms concentration. For GGA
approximation, the lattice parameter decreases as the Mn concentration
increases but deviates at x= 0.25 and x=0.5, the same result with LSDA

approximation but deviates only at x= 0.25. The maximum value of the

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com

62
lattice constant occur at x=0.25, while the minimum at x=1 for the two
GGA and LSDA approximations.

4.11.2: Electronic structures

Spin polarized calculations are performed using the concept of
spin-up and spin-down electrons separately. Figure 4.11.4, shows the spin
polarized band structure of Alg75Mng2sN for both spin up and spin
down (mgjority spin and minority spin). New states were found to form
within the wide band gap of AIN and convert it from insulator to
semiconductor; the majority spin band structure has the same structure as

the minority spin except for the region between -2eV to 2.2eV.

For the mgjority there are bands dlightly crossing the Fermi energy
with a narrow band gap about 1.218eV and 1.473eV with LSDA and
GGA approximation respectively. We define the majority-spin component
to be the one that contains the largest number of electrons.

For the minority-spin, the top of the valence band is under the Fermi level
and the band gap is much wider 3.491eV and 3.3628eV with LSDA and
GGA approaches respectively.
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Figure 4.11.5: The spin polarized band structure for Alp7sMng2sN in the
zincblende structure: @) Magjority spin, b) Minority spin.

Figure 4.11.5 and Figure 4.11.6 show us the spin polarized band
structure diagram along the high symmetry directions of the Brillouin
Zone for AlgsMngsN and Alg2sMng7sN; the bands are crossing the Fermi
energy for both spin up and spin down (majority spin and minority spin),
the Fermi level lies in the band. The system behaves like a ferromagnetic
semimetal. Sanyal et al [94] study the Gayg, sMng sN in the wurtzite
structure, and the calculations show that the system is ferromagnetic
metal and it is semi metallic with the other concentrations of Mn (low

concentrations).
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4.11.3 Density of state (DOS)

Density of state DOS of a system describes the number of states at
each energy level that are available to be occupied.
From the total and local partial DOS for Alp7sMng2sN Figure 4.11.7 and
Figure 4.11.8, we can see that the energy range from -7.8eV to -2.3eV
come mainly from Mn-d state and N-p state with a little contribution from
Al-p and s states.

For the majority the Mn-d state divided into two parts, the Mn-d
doubly degenerate state (d-e;) has a maximum value between -2.2eV to -
0.9eV with a band width about 1.3eV, the Mn-d triply degenerate (d-
to)band maximum value between -1.3eV to 0.5eV and we can see the
Fermi energy running through it. The energy region from -7.7eV to -
2.6eV comes mainly from the Mn-d band (triply degenerate (d-t;) and a
small value from doubly degenerate (d-ey)), and the N-p state with a small

contribution from Al-p state.

For the minority, the energy region from 0.48eV to 2.4 eV comes
mainly from the Mn-d band (triply degenerate state t, and doubly
degenerate (g;) with asmall contribution from Al-p and N-p states.

The energy region from -7.75eV to -3¢V comes mainly from N-p state
and smaller contribution from Mn-d (triply degenerate d-t;), with a small
contribution from Al-p and s states. The top of the valence band for the
minority far away below the Fermi energy, while the bottom of the

conduction bands are above the Fermi energy.
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4. 11.4: Magnetic properties

The total magnetic moment M per unit cell at x=0.25 is 4,/unit
cell with both LSDA and GGA approaches, where pg is the Bohr
magneton. Kanoun et al [46] studied the AIMNN alloy with x=0.25 and
calculated the total magnetic moment using FP-LAPW + lo and it was
4ug, SO we can see that the present calculation is in good agreement with
Kanoun et al theoretical calculations. The main value of the total
magnetic moment M is strongly localized on the Mn site (MM" about 3u,
the remaining value comes from the N and Al atoms, table (4.11.4).The
total magnetic moment M'* for (Alp. sMng, sN) is about 5.0 y; at the
equilibrium lattice constant (a,~>"" =4.3453 A") using LSDA approach,
and it is about 6.839 Wz a (@G " = 4.453 A°) using GGA
approximation. The total magnetic moment calculated with GGA method
is greater than LSDA method of about 1.839 pg; this is because the
equilibrium lattice constant in GGA method is greater than the LSDA
method of about 0.1077 A°.

The magnetic moment for (Alg2 sMNg7 sN) is about 2y at the
equilibrium lattice constant (a,~>"" = 4.233A°) with LSDA method, and it
is about 3.125 g at (8, "= 4.3287 A°) with GGA approximation.
We can see the difference in the total magnetic moment of about 1.125 g
between the two LSDA and GGA approaches. Part of this difference is
related to the difference in the equilibrium lattice constant (ay).

Table (4.11.4) shows that the main value of the total magnetic moment is
strongly localized on the Mn site MM" and is about 3Hp, 2.74 pg and 1y
for x=0.25, 0.5 and 0.75 respectively, the remaining values come from the
N and Al atoms. We note that the most important role in this system is

due to the contribution of the Mn atoms.
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Table 4.11.4: Total and local Magnetic moments in Al,.xMnyN systems in
the zincblende structure using LSDA and GGA approximations.

concentration 0.0 0.25 0.5 0.75 1

L SDA Method
V() 0.00028 079621 053957  0.31095 -0.00621
M M"(ug/atom) -0.00002 292026 2.114 0.54758 -
M ™(up/atom) -0.00004 0.05188  0.02463  0.0022 0.00071
M*(ug/atom) | - 0.02561  0.05343 0.03725  -0.00045
M'( ug/unit cell) | 0.00022  4.00002  5.00 2.00 -0.00599
concentration 0.0 0.25 0.5 0.75 1

GGA Method

M intersttial oy 0.10056  0.78145 1.14652  0.28352 -0.0118
M M"(ug/atom) 0.61346  3.04205 2.7414 095255 -
M ™(up/atom) -0.03942  0.0302 0.03316 -0.01023  0.00731
M*(ug/atom) | - 0.02118 0.03914  0.02466  -0.00374
M ( pg/unit cell) | 0.6746 4.00 6.83935  3.1249 -0.00827

The Mn magnetic moment (MM") depends on the Mn concentration
(depends on the number of Mn atoms per unit cell) Figure 4.11.10 and this
difference related to the Mn-Mn spin interaction. The total magnetic
moment M™ depends strongly on the Mn concentration and reaches its
maximum value with x=0.5. The magnetic moment of Al and N are very
small and goes to zero. There is a difference in the total magnetic moment
between the LSDA and GGA approximation with x=0.0, 0.5 and 0.75,
part of this is related to the difference in the lattice constant value. With
the same lattice constant they give us approximately the same value of

magnetic moment. The calculated total magnetic moments M™ for MnN
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are zero at the equilibrium lattice for both LSDA and GGA approaches as
the results by using smaller Ryt than we used.
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Figure 4.11.10: The total magnetic moment M (ug/unit cell) of
Al xMnN as a function of the Mn-concentration in both LSDA and GGA
approaches.

Kulatvo et al [95], studied the magnetic ordering for GaMnN and
GaMnAs with different concentration of Mn using (TB-LMTO) method,
the total magnetic moment M was calculated to be 4 pg, 8 g, 8 Ug, and
8ue/unit cell for 1.56%, 3.125%, 6.25% and 12.5% concentration of Mn
atom respectively for both GaMnN and GaMnAs, from these calculations
and present calculations we can say that the total magnetic moment

depends strongly on the Mn concentration.
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Figure 4.11.11 shows that the magnetization increases as the lattice
parameter increases and tends to saturate at the value 8g/unit cell in both
approaches LSDA and GGA. As it expands, it is still ferromagnetic half-
metal. It is noticeable that the LSDA values always tend to be lower than
the GGA ones as in the binary MnN compound.

The saturation of the magnetization at the value 8 pg may be
understood on the basis of a model of charge transfer from Mn-3d to the
neighbors N-2p shells [89], this charge transfer is not complete due to the
strong interaction originating from the p-d hybridization. The
hybridization is reduced as the lattice constant increases and so reaches to

amagnetic moment of 8.
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=
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Figure 4.11.11: Magnetization per unit cell for the compounds
AlosMngsN as afunction of the lattice parameter in both LSDA and GGA

approaches in zincblende structure.
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Chapter five

Summary and Conclusion

The binary compounds (MnN, AIN) and the ternary alloys Al;.
«MnN properties are calculated using the self-consistent FP-LAPW
method with the LSDA and GGA approximations. We have investigated
the equilibrium lattice parameters for different values of Mn
concentrations (x = 0.00, 0.25, 0.50, 0.75, 1.00). Our results are in good
agreement with the others [46, 26, 20]. The lattice parameters of Al;.
«MnN alloys depend strongly on the Mn doped atoms concentration.
Upon Mn doping into AIN, new states were found to form within the wide
band gap of AIN convert it from insulator to semiconductor or semimetal.
With x= 0.25, the magjority spin band structure has the same structure as
the minority spin except for the region between -2eV to 2.2eV. Fig 4.11.3
shows the spin polarized band structure of Alg7sMngosN, for the
majority there are bands slightly crossing the Fermi energy level with a
narrow band gap of about 1.218eV and 1.473eV with LSDA and GGA
approximations respectively.For the minority-spin, the top of the valence
band is under the Fermi level and the band gap is much wider 3.491eV
and 3.3628eV with LSDA and GGA respectively. With x=0.5 and x=0.75,
the valence band crossing the Fermi energy level for both majority-spin

and minority-spin as shown in Figures 4.11.6 and 4.11.7.

The total magnetic moment depends strongly on Mn concentration
and reaches its maximum value at x=0.5.The main value of the total
magnetic moment is strongly localized on the Mn. Also, the
magnetization increases as the lattice parameter increases and tends to
saturate at the value 8ug/unit for Al,.xMnN and 4pg/unit cell for MnN in
both LSDA and GGA approaches as shown in Figures 4.1.4 and 4.11.11.
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This expansion converts the MnN compound from insulator to
semiconductor in which the majority-spin system is metallic and the
minority-spin is insulating. We can see that the total magnetic moments
for MnNN are zero at the equilibrium lattice parameter with LSDA
approach but it is about 0.67 pg with GGA method. The calculated total
magnetic moments M for MnN are zero at the equilibrium lattice for
both LSDA and GGA approaches as the results by using smaller Ryt than
we used.

The ferromagnetic (FM) state for the alloys has been found to be
more energetically stable than the nonmagnetic state (NM) at x=0.25, AE,
nM -emy €gquals 0.13Ry, and x=0.5, AE. nm -rvy €qual 0.12Ry, also from
table (5.11.1) the GGA state has been found to be more energetically
stable than the LSDA state.

The main results and conclusions of this work are summarized as
follows:
1- The calculated structural parameters (a., B and B') using FP-LAPW,
are found to be in good agreement with the available experimental and
theoretical results [46, 82, 83, 85, 88].
2- The equilibrium lattice parameters of Al,.xMnyN (x=0.0, 0.25, 0.5, 1.0)
aloys are larger for GGA approach than the LSDA approach, while the
bulk modulus B value obtained by GGA approach is smaller than which
obtained with LSDA approach.
3- The lattice parameters of Al;.xMnyN alloys depend strongly on the Mn
doped atoms concentration.
4- The energy at equilibrium lattice constant (E.) for LSDA method
aways minimum than with GGA method, this means that these
compounds are more stable with GGA approximation.
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5- The ferromagnetic (FM) state for the alloys has been found to be more
energetically stable than the nonmagnetic state (NM).
6- Upon Mn doping into AIN, new states were found to form within the
wide band gap of AIN convert it from insulator to semiconductor or
semimetal.
7- The total magnetic moment M' of Al.,Mn,N depends strongly on Mn
concentration and reaches its maximum value with x=0.5.
8- The magnetization increases as the lattice parameter increases and
tends to saturate at the value 8p/unit cell for Al Mn,N and 4ug/unit cell
for MnN in both LSDA and GGA approaches.
9- The calculated total magnetic moments M™ for MnN are zero at the
equilibrium lattice constant for both LSDA and GGA approaches.
10- The calculated total magnetic moments M for Al.,Mn\N at the
equilibrium lattice constant always greater with GGA than LSDA

approaches.

Futureworks

The magnetic moment of all atoms in Al1L,MnN alloys are parallel
and the total magnetic moment ranges from 4 pg with x=0.25 to about 6.8
Wg for x=0.5. This unique feature, together with the suggested high Curie
temperature, greater than 300 K° [44], makes AlL,Mn,N a potential
material for spintronics application. So if we can overcome the
technological limitations, it may emerge as a significant material for

modern spintronics devices.

Moreover these results make a step to future works dealing with
superlattice, complex system semiconductors and the problems are not

solved up to now.
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Appendix

In the beginning of this present work we built the binary
compounds in the ZB structure by building a structure file of two
distinguishable atoms Mn and N in the case of MnN or Al and N in the

case of AIN.

We must note hear that it's usefully to use the Bohr unitsin the
structure file building; this makes the calculations easer than Angstrom
units, also its important to use the lattice type F for the binary MnN and
AIN.

The atoms positions in the binary case are:

Position Atom 1: (0.00, 0.00, 0.00) a

Position Atom 2: (0.25, 0.25, 0.25) a

Where:

Atom 1isMnin the case of MnN or Al in the case of AIN.
Atom 2 isthe N atom.

To build the structure file fore the ternary alloys Al xMnyN we

must use different structure file with eight atoms instead of two atoms,
lattice type P and Bohr units.

The atoms positions are:

Position Atom 1: (0.00, 0.00, 0.00) a

Position Atom 2: (0.00, 0.50, 0.50) a

Position Atom 3: (0. 50, 0.00, 0.50) a

Position Atom 4: (0.50, 0.50, 0.00) a

Position Atom 5: (0.25, 0.25, 0.25) a

Position Atom 6: (0.25, 0.75, 0.75) a
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Position Atom 7: (0.75, 0.25, 0.75) a
Position Atom 8: ( 0.75, 0.75, 0.25) a
In the case of x=0.25 there are only one Mn atom in the first position and
three Al atoms in the next three positions while the Nitrogen in the last

four positions.

In the case of x=0. 5 there are two Mn atoms in the first two

positions and two Al atoms in the next two positions while the Nitrogen
atoms in the last four positions.

In the case of x=0.75 there are only one Al atom in the first position and
three Mn atoms in the next three positions while the Nitrogen atoms in the

last four positions.

It is important hear to mention that you haven’t to distinguish

between these atoms in all concentrations, in other words you haven’t to
write Mn1, All, Al2, Al3 or N1 to N4 except with x=0.5. In the case of
x=0.5 you must distinguish Manganese and Aluminum atoms from each
other by using Mn1, Mn2, Al1 and Al2 or you will face a problems which
not solved else you distinguish them. Y ou haven’t to distinguish N atoms

in this structure file.
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