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Abstract
In this study, the structural, electronic and magnetic properties of
Al1 xVx P alloys, with concentration x = 0, 0.125, 0.25, 0.5, 0.75 and 1 in

zincblende structure (ZB) are calculated, using self consistent full potential
linearized augmented plane wave (FP-LAPW) method, implemented by the
WIEN2k code, with local spin density approximation (LSDA) and
generalized gradient approximation (GGA) for the energy and the exchange
correlation potential.
The evolution of band structure and magnetic moment were studied
as a function of the lattice parameter of the AlP compound and the ternary
alloys Al1 xVx P with x= 0.125, 0.25, 0.5, 0.75 and 1. The obtained results
are in good agreement with experimental results and other theoretical
calculations.
It is found that AlP is semiconductor, having an indirect band gap
energy of approximately 1.6 eV using LSDA method with an almost zero
magnetic moment for ZB structure.
At x=0.125, the AlP semiconductor has an indirect energy gap of 0.3 eV.

XII

For the ternary alloys Al1 xVx P with x= 0.25, 0.5 and 0.75, the energy band
gap is zero, such results characterize metal or semimetal compounds. The
total magnetic moment for these ternary alloys depend on the concentration
of V, while VP compound has shown the metal character with a total
magnetic moment of 2 Bohr magneton (  B ) / unit cell.
The total energy dependence on the lattice constant is obtained using
the spin density functional theory (DFT). It was found that the lattice
parameter depends directly with the concentration of V.
It was also found that on the Contrary to the bulk modulus and
energy, values of the lattice parameter, total magnetic moments and energy
band gap obtained using GGA method are larger than that using LSDA
method.

Chapter 1
Introduction

Semiconductors are widely used in most technological fields. They can
be found either in group IV elements, such as silicon (Si) and germanium
(Ge) , or in group III-V and II-IV compounds.
An important example of group III-V semiconductors is aluminum
phosphide (AlP); which has zincblende (ZB) structure at ambient condition
with lattice constant a0  5.4635 angstrom (Å) [1]; but at high pressure it
undergoes a transition to nickel arsenide

(NiAs) structure [2]. In ZB

structure, it was found that this compound is unstable in air [1], and it has
an indirect band gap energy E g  2.505

eV [3]. In addition, it emits

poisonous phosphine gas at high pressure, which makes its experimental
study too difficult and unique to be performed [4,5]. At 19 Gpa, AlP has a
NiAs (hexagonal) structure with lattice constants a0  3.466 Å and
c  5.571 Å [2]. Moreover, this compound is used in optoelectronic device

application in the visible range [6].
Theoretical investigation on AlP. Saeed et al [7] studied this compound
in ZB structure by using full potential linearized augmented plane wave
plus local (FP-LAPW+lo) with local spin density (LSDA) approximation.
It was found that its lattice constant is about a0  5.434 Å and its bulk
modulus ( B0 ) is about 85.5 gigapascal (GPa). On the other hand, Kulkova
et al [8] have been studied its structural and electronic properties in the ZB
structure using FP-LAPW method within local density approximation
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(LDA). They obtained the following physical parameters: a0  5.44 Å,
B0  95.5 GPa and E gID  1.45 eV. In another investigation. The electronic

properties of this compound using FP-LAPW method within LDA
approximation has been performed by Reshak et al [9] and an energy gap
of E gID  1.49 eV is obtained.
Annane et al [10] were used FP-LAPW+lo method within PW-GGA
approximation to study ZB structure of this compound. The obtained
results are a0  5.507 Å, B0  82.619 GPa and E gID  1.632 eV. Moreover,
Yu et al [11] were studied AlP compound using FP-LAPW+lo method
within GGA approximation in ZB structure to explore its structural and
electronic properties. It was found that a0  5.508 Å, B0  81.52 GPa and
E gID  1.635 eV. Briki et al [12] also investigated AlP compound in ZB

structure using the FP-LAPW method within local density approximation
(LDA) as well as general gradient approximation (GGA). They have
pointed out that a0  5.44 Å, B0  90.9 GPa using LDA approximation,
while a0  5.52 Å, B0  83.2 GPa using GGA approximation. They also
found using Engel-Vosko (EV-GGA) approximation that E gID  2.49 eV.
Within the same method Ahmed et al [13] predicted that a0  5.436 Å,
B0  89

GPa and

E gID  1.44

eV using LDA approximation, and

a0  5.511 Å, B0  82 GPa and E gID  1.57 eV using GGA approximation.

The pseudopotential method has performed by Mujica et al [14] to
study AlP compound in ZB structure within LDA approximation for
exchange

correlation

potential.

They

found

that

V0  39.91 (Å)3
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( a0  5.42 Å), B0  90 GPa. In addition, Froyen et al [15] used the
pseudopotential total energy scheme within LDA approximation in ZB
structure for AlP compound to investigate the structural properties. The
obtained results were a0  5.42 Å, B0  86.5 GPa. Wang et al [16] also used
plane wave pseudopotential approximation within LDA approximation by
using the Hartwigsen-Goedeccker-Hutter relativistic seperable dual-space
Gaussian

pseudopotentials to find the structural properties for AlP

compound in ZB structure. They showed that a0  5.417 Å, B0  88.6 GPa.
Indeed, Zhang et al [17] used the pseudopotential total energy approach
using the method of Hamann, Schülter and Chiang with the modification
introduced by Kleinman to investigate the structural properties for AlP in
ZB structure. They found that a0  5.471 Å, B0  84.5 GPa. Moreover,
Rodríguez-Hernándes et al [18] used an ab initio pseudopotential
calculation within LDA approximation in ZB structure to find the structural
properties. They found that a0  5.4 Å, B0  90 GPa.
AlP has also been studied by Arbouche et al [4] in many structures
using FP-LAPW+lo within GGA approximation. They found that ZB
structure is a ground state with a0  5.51 Å, B0  83.23 GPa, whereas
a0  3.72 Å, c/a0=1.46 and B0  102.31 GPa in NiAs structure. On the other

hand, Aouadi et al [5] studied this compound using pseudopotential method
with LDA approximation. It has been found that a0  5.43 Å, B0  90.46
GPa and E gID  1.41 eV in ZB structure, while a0  3.55 Å, c = 5.71 Å and
B0  111.5 GPa in NiAs structure. Chin-Yu Yeh et al [19] also studied AlP

compund in ZB structure using local density formalism (LDF) within
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Ceperley Alder exchange correlation and plane wave non local
pseudopotential method. They found that a0  5.421 Å. Huang et al [20]
used the first principles orthogonalized linear-combination-of-atomicorbitals (OLCAO) method in LDA approximation to investigate the
structural and electronic properties for AlP compound in ZB structure. They
showed that a0  5.462 Å and E gID  2.17 eV.
In this work, vanadium is doped with AlP. Vanadium is in group V with
d-shell [21], which makes it a transition metal. Vanadium compounds (VX)
have many important properties such as their interesting electrochemical
and magnetic properties [21]. An important compound among (VX)
compounds is the vanadium phosphide (VP) which was found in nickel
arsenide (NiAs) structure with large ratio of lattice parameter c to a0 (c / a0
) [23]. This makes the metal-metal interaction in c direction small. The
Hukel method has been employed in studying VP in NiAs structure by
Kematick et al [23]. They found that a0  3.18 Å, c = 6.224 Å (c /
a0 =1.956). Moreover, Galanakis et al [24] studied VP in ZB structure.

They pointed out that VP has a lattice constant of a0  5.27 Å was obtained.
Due to the combination of magnetic and semiconducting properties,
doping III-V semiconductors using transition metal (TM) is of great
importance to the research groups world. This combination may create
some features lead to many applications such as high speed electronic,
optoelectronic and spintronic devices [25,26]. These applications require
Curie's temperature to be higher than room temperature [27]. This can be
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achieved by doping the semiconductor with TM such as Mn-doped AlN
[28], Mn-doped GaN [29] and Cr-doped AlN [30,31].
Recently, this type of materials attract attention of researchers
worldwide due to the importance of magnetic properties of such alloys and
their electronic applications.
In this study, AlP is doped with vanadium ( Al1 xV X P ) at different
concentrations (x= 0, 0.125, 0.25, 0.5, 0.75, 1). The electronic, structural
and magnetic properties of Al1 xV X P for x= 0, 0.125, 0.25, 0.5, 0.75 and
1were investigated. Calculations were performed using FP-LAPW [32]
method based on density functional theory (DFT) within LSDA and GGA
approximations.
This thesis is organized as follows: Chapter 2 presents a brief reviewed
of theoretical background of solids and approximations that can be used in
solving Schrodinger equation. In addition, in this chapter, the methodology
used in the calculations were presented. Chapter 3, presents the results and
calculations for both binary compounds (AlP and VP ) and their alloys
( Al1 xV X P ). Finally, Chapter 4, includes comments from the study and
suggestions for future work.
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Chapter 2
Density functional theory

2.1 Introduction
Solid contains a huge numbers of molecules or atoms, that is a
collection of n negatively charged particles (electrons) and N positively
charged particles (nuclei). Therefore, when studying the properties of
solids, many body problem should be treated quantum mechanically. It is
worth noting that, particles are very light, so that quantum many body
problem is imposed [33].
Physical Properties of solids, such as electrical conductivity, thermal
conductivity, specific heat, optical and magnetic properties are calculated
through the solving time independent Schrödinger equation, thus,
ĤΨ=EΨ,

(2.1)

where Ψ is the N-body wave function and Ĥ is the Hamiltonian of this
system, which is given by

2
Hˆ  
2


1
8 0

 2Ri

2

i M 2
e
e2

 r r
i j

i


j

 2ri

m
i

1
8 0



e

1
4 0

e2 Zi Z j

 R R
i j

i

e2 Zi

 R r
i, j

i

j

,

(2.2)

j

This equation (2.2) can be written as:

Hˆ  TˆN  Tˆe  VˆNe  Vˆee  VˆNN .

(2.3)
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The first term of equation (2.2) is the kinetic energy operator of nucleus
i (TˆN ) , where the nucleus i is at position Ri with mass Mi . The second term
of equation (2.2) is the kinetic energy operator of electrons (Tˆe ) , where the
electron i is at ri with mass me. The last three terms of equation (2.2) are
coulomb interactions between nucleus- electron (VˆNe ) , electron- electron
(Vˆee ) and nucleus- nucleus (VˆNN ) , respectively. Thus, equation (2.2) can be

written as
Solving equation (2.3) is complicated because the term (VˆNe ) makes the
Hamiltonian in equation (2.3) non-separable variables (i.e., we cannot write
the wave function as a product of electronic part and nuclear part).
Therefore, some approximations are needed to solve equation (2.3). This is
discussed in the subsequent sections.
2.2 Born-Oppenheimer Approximation (BOA)
The BOA is based on the fact that nuclei are heavier and slower than
electrons (me/MN ~ 10-4- 10-6). Therefore, nuclei are assumed to be static at
certain positions. This fact leads to vanish the term TN . and VNN can be
considered to be constant. This constant can be removed from Hamiltonian
and added it after finishing the calculation, because Ri is now a parameter
not a variable.
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Based on this approximation, equation (2.3) becomes

Hˆ  Tˆe  VˆNe  Vˆee .

(2.4)

Equation (2.4) shows that the Hamiltonian depending explicitly on
electron coordinates and parametrically on nuclear coordinates. Although
this approximation reduce the complexity of solving original problem (i. e.,
equation (2.1), it is still very difficult to solve analytically because the Vee
term.
2.3 Density functional theory (DFT)
As mentioned in the previous section, the remaining Hamiltonian still
needs some approximation. One of the important approximations is the so
called Hartree approximation, where the many electron wave function is
considered as a product of a set single electron wave function. However,
this assumption disagrees with Pauli exclusive principle. Then, HartreeFock inserted additional potential term called an exchange potential [34].
Although Hartree-Fock approximation is a good one for atoms and
molecules in general, but it is not accurate enough in the field of solid state
physics [33].
2.3.1 Hohenburge Kohn theorems
Another intelligent and more useful approximation that was developed
in 1964 by Hohenburge and Kohn [35], and called the density functional
theory (DFT), was employed with much success to solve the many body
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problem in general . Hohenburge and Kohn showed that the ground state
electron density for interacting electrons is one to one function with
external potential. In other words, they showed that the external potential is
a functional of electron density, with condition of minimizing energy as
illustrated by the equation

E[  ]  E0 ,

(2.5)

where E 0 is the ground state energy of the system. This type of
approximation generally is called variational theory. When



is the

ground state density (i.e.,    0 ), equation (2.5) can be rewritten as

E[  0 ]  E0 .

(2.6)

From the assumptions of Hohenburge and Kohn, the total energy of the
system can be expressed as

E[  ]   Tˆe  Vˆee    VˆNe  ,

 
 Te [  ]  Vee [  ]    (r )VˆNe (r )dr ,


F[ ]

(2.7)


 
 F [  ]    (r )V Ne (r )dr ,
where the density functional F[  ] , which includes the internal energy
for interacting system, but independant on nuclei or their positions.
Therefore, it can be used for many electron system, which makes it a
universal term [33].
It is worth noting that the electron density depends on 3 or 4 variables,
while the wave function is a function of 3N variables.
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2.3.2 Kohn Sham equation
The complexity of solving Schrodinger equation is in finding F[  ]
exactly. Kohn Sham derive an equation in 1965 [36]. They had assumed
non interacting electrons instead of interacting electrons, with the same
total electron density (  ) that it can be found from the equation



N





 (r )   i* (r )i (r ),

(2.8)

i 1

where  i is a single electron wave function.
To make a reasonable approximation, a non interacting electron kinetic
energy operator ( TS [  ] ) should be added to F[  ] . Thus

F [  ]  Te [  ]  Vee [  ]  TS [  ]  TS [  ]
 TS [  ]  Vee [  ]  (Te [  ]  TS [  ])  VH [  ]  VH [  ]
 TS [  ]  VH [  ]  (Te [  ]  TS [  ])  (Vee [  ]  VH [  ])



(2.9)

V XC

 TS [  ]  VH [  ]  V XC [  ],
where VH [  ] is Hartree potential ( classical e-e interaction ) and V XC
is exchange-correlation potential, which is equal to difference between total
energy for interacting and non interacting systems [33]. The physical
meaning of V XC [  ] is equivalent to Pauli exclusive principle. The
electrostatic energy for parallel electron spin ( anti symmetry ) is higher
than electrostatic energy for opposite electrons spin ( symmetry ) and
differs from classical ( Hartree ) electrostatic energy[37]. The Hamiltonian
of such system, therefore, becomes

11

Hˆ KS  Tˆs  VˆH  VˆNe  VˆXC
 2
e2
  i 
2m
4 0





  V XC [  ]
 (r ) 
,
 dr    (r )VˆNe (r )dr 
rr


(2.10)

where,

Hˆ KSi   ii

(2.11)

To solve equation (2.10) and hence calculate V Ne and VH , require a
well known  . This can be found according to the flowchart in Figure
(2.1), that exhibit the self-consistency with iterative procedure [33].
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Figure (2.1) : The flowchart of density functional theory.
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The last term in equation (2.10), V XC , is calculated using to the local
spin density ( LSDA ) and generalized gradient ( GGA ) approximations.
Both LSDA and GGA approximations are presented and discussed in the
following sections.
2.3.3 The local spin density approximation (LSDA)
As mentioned before, some approximations are needed to find V XC
potential. One of commonly used approximation is the local spin density
approximation (LSDA). The name local is used to indicate that the
exchange-correlation potential at r depends only on spin density at r.
In this approximation, the inhomogeneous system is divided into large
number of infinitesimal volumes with constant spin density. The exchangecorrelation energy for each small volume ( XC ) is equal to the exchangecorrelation energy for same volume and spin density in a homogeneous gas
system, which can be found by several methods like quantum Monte Carlo
method [38]. Therefore, the total energy for such systems can written as
[39]:



 
LSDA
E XC
[  (r )]    (r ) XC (  (r ))dr ,

(2.12)

and

V XC 

E XC

  XC   XC ,



where,   is the total spins, up and down , as shown below

(2.13)
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       .

(2.14)

This method is applicable only to systems which have slow density
variation. This restriction resulted in some limitations to the present method
[33].
2.3.4 The general gradient approximation (GGA)
Here, the exchange-correlation potential at r depends on the spin
density at r and its neighbors such as gradient of spin density. In such
approximation, the total energy then gives [40] :



   
GGA
E XC
[  (r )]    (r ) XC (  (r )) (r )dr ,


(2.15)



Where  (r ) is the gradient of spin density.
2.4

Full potential-linearized augmented plane-wave (FP-LAPW)

method
One of the well known methods that can be used to solve Kohen-Sham
equation is the variational method. This method is indicated by writing the
wave function of the system as a linear combination of plane wave basis
with k wave vector in the irreducible Brillouin zone and K reciprocal lattice
vector as
  

 Kk   C Kk e i ( k  K ). r ,

(2.16)

This is called Bloch wave function.
Even though, this method is inefficient because the wave function for
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electron near to nucleus was varying very quickly. This makes plane wave
(PW) converges very slowly and need a large number of wave vectors
( K max ) to get the accuracy. Therefore, the set up of calculation becomes

impossible [41]. The augmented plane-wave (APW) method was suggested
by Slater in 1937 [42, 43] to handle such difficulty. He introduced an
approximate potential by dividing the unit cell into two regions as seen in
Figure (2.2). The first one is the non overlapping sphere (I) with radius R ,
with spherical potential and radial wave function times spherical harmonic
function Yl ,m . The second is interstitial region (II) with constant potential
and plane wave function. This method is called Muffin tin (MT)
approximation.

Figure (2.2) : The interstitial and muffin tin sphere region in unit cell at muffin tin
approximation.

The bases function in APW are

1 i ( k  K ). r

e
r I

V

 
,
 

 Ak  K (r ' , E )Y (r ' )
r

R
l ,m

 l ,m l


(2.17)


where V is the volume of the unit cell, r '  r  r , r is the atomic
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position within the unit cell and  l is radial solution of Schrodinger
 

equation for free atom at energy E. In equation (2.17), Alk,m K can be
determined by matching a muffin tin (MT) and plane wave. The energy
dependent radial function leads to nonlinear eigen value problem and
makes the dealing with this method not practical [33,41].
Using Taylor expansion, we can write  l in terms of fixed E ( E0 ) as

l (r ' , E )
l (r , E )  l (r , Eo )  ( E  E0 )
|  O( Eo  E ) 2
E E Eo
'

'

(2.18)

The linearized APW suggested by Andersen [44]. Substituting l (r ' , E )
in equation (2.17), to obtain:
1 i ( k  K ). r

e

V

 
 
 
 Ak  K (r ' , E )  B k  K (r ' , E )Y (r ' )
0
l ,m
l
0
l ,m
 l ,m l

 


r I

r  R

, (2.19)

 

where Alk,m K and Blk,m K can be found by matching the plane wave and its
derivative at the sphere boundary. This method, however, consider only the
charge density of core electrons (i. e., electrons near the nucleus) and
ignores the charge density of valence electrons (i. e., electrons far from
nucleus such as d or f states). Therefore, a modified method is needed. This
method is called LAPW + Lo which introduced by Singh [45] to
augmented the LAPW basis set for certain l value. Within this method,
equation (2.19) becomes
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0

 
 A LO (r ' , E )  B LO (r ' , E )  C LO (r ' , E )Y (r ' )
1
l ,m l
1
l ,m l
2
l ,m
 l ,m l


r  R

r  R

, (2.20)

where local orbital is zero in the interstitial region and inside muffin tin
spheres of other atoms, E1 is the energy of highest valence state and E 2 is
the energy of the lower state. Al ,m ,

Bl ,m and Cl ,m are obtained by

normalizing  and must be zero in value and slope at sphere's boundary.
The problem in this method is the large size of bases. This can be decreases
by APW + lo method (suggested by E.Sjöstedt et al [46]) .This method
converges faster than LAPW towards the basis set limit with same accurate
[47]. Thus,  can be written as

0

 
 Alo  (r ' , E )  B lo  (r ' , E )Y (r ' )
1
l ,m l
1 l ,m
 l ,m l


r  R

r  R

(2.21)

Finally, the full potential LAPW used to deal without any
approximation in potential is of the form [32]

Vl ,mYl ,m

V 

 Ve ik .r


inside sphere
(2.22)

outside sphere
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Chapter 3
Computational Details, Results and Discussions

3.1 Introduction
In this study, calculations are performed on AlP and VP binary
compounds as well as their alloys Al1 xVx P ( x=0.125,0.25,0.5,0.75) using
FP-LAPW [32] method within LSDA [39] and GGA [40] approximations
based on DFT [35,36] as implemented in WIEN2K 2009 code [47].The
maximum value of l , in the wave function expansion inside the atomic
sphere, is confined to l max  10 . For the expansion of the wave functions in
the interstitial region, the plane wave cutoff energy is Rmt K max (where Rmt
is the muffin tin radius of atoms in the unit cell and K max is the maximum
modulus for the reciprocal lattice vector). The charge density is expanded
up to Gmax  12 for LSDA and 16 for GGA. A 20 k points which are taken
in the irreducible wedge of the Brillouin zone are used to achieve good and
very close convergence of the total energy. A Muffin tin radius for each
atom ( Rmt ) must be chosen in certain conditions to avoid possible overlaps
between itself and others. In this study, therefore, Rmt is set to be 2.0
arbitrary unit (a.u.) for Al and P atoms, and to be 2.1 a.u. for V atom.
The present calculations have investigated the structural, electronic and
magnetic properties of each system of interest. Hence, the computational
details as well as the calculated results and their discussions are presented
in this chapter.
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3.2 Atomic positions and structures
In the zincblende (ZB) structure, atoms for each system of interest are
ordered in positions to get the total energy of the ground state. Therefore,
optimization is performed to minimize the total energy with respect to the
atomic position in order to get the desired results as discussed below.
3.2.1 Binary compounds ( AlP and VP)

Figure (3.1) : Unit cell used to simulate the

Al1 xVx P alloys in ZB structure

(a) x = 0 (i.e., AlP) and (b) x = 1 (i.e., VP).

In this case, both AlP and VP compounds are considered to be ZB
structure with space group 216 (F-43m). In AlP compound, the coordinates
for Al atom is chosen to be (0,0,0) and for P atom is chosen to be
(1/4,1/4,1/4) as shown in Figures (3.1 a). In VP compound, the coordinates
for V atom is also chosen to be (0,0,0) and for P atom is chosen to be
(1/4,1/4,1/4) as shown in Figures (3.1 b).
The total number of k points is chosen to be 343, which leads to 20 k
points in the irreducible Brillouin zone (IBZ) and a Monkhorst – Pack mesh

20

[48] of 7×7×7 k mesh of points.
Although some researchers showed that the structural ground state of
VP compound is NiAs structure [24,49], ZB structure is considered in this
study for the purpose of comparison with AlP and its alloys.
3.2.2 Al1 xVx P alloys at x= 0.25 and 0.75
In this case, ZB structure for Al1 xVx P alloys when x= 0.25 and 0.75
with space group 215 ( P-43m) have been investigated. In Al 0.75V0.25 P , the
coordinates of Al, V and P are chosen to be ( 0,0.5,0.5), (0,0,0) and
(1/4,1/4,1/4), respectively, (see Figure 3.2 a). In Al 0.25V0.75 P , the coordinates
of Al, V and P are also chosen to be (0,0,0), ( 0,0.5,0.5) and (1/4,1/4,1/4),
respectively. This is shown in Figure (3.2 b).
The number of k points is chosen to be 343, which leads to 20 k points
in the IBZ, and 7×7×7 Kmesh.

Figure (3.2): Unit cell used to simulate the Al1 xVx P alloys in ZB
structure:
(a) x=0.25 and (b) x=0.75
(a) x = 0.25 and (b) x = 0.75.
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3.2.3 Al1 xVx P alloys at x= 0.5
For Al 0.5V0.5 P , ZB structure with space group 111 (P-42m) has been
investigated, with 4 atoms. In this alloy, the coordinates are (0,0,0) and
(0.5,0.5,0) of Al atoms, (0,0.5,0.5) for V atoms and (1/4,1/4,1/4) for P
atoms, as shown in Figure (3.3).
The number of k points is chosen to be 216, which leads to 18 k points
in the IBZ, and 6×6×6 Kmesh of points.

Figure (3.3): Unit cell used to simulate the Al1-xVxP alloys in
ZB structure, x = 0.5.

3.2.4 Al1 xVx P alloys at x= 0.125
For this alloy, we have used super cell (i. e., we have duplicated the
number of unit cells in x direction). In other words, we have
used Al1− x V x P for x=0.25, then we have duplicated it in x direction and
replaced one of V atoms by Al atom as shown in Figure (3.4).
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The number of k points is chosen to be 64 with 25 k points in the IBZ with
2×5×5 Kmesh of points.

Figure (3.4): Unit cell used to simulate the Al1 xVx P alloys in ZB
structure, x = 0.125.

3.3 Structural properties
In order to know the structural properties (like lattice parameter (a0 ) ,
bulk modulus ( B0 ) and pressure derivative of bulk modulus (B')) for any
binary compound, a guess value of lattice constant should be feeded (close
to experimental value if it is available) . Then, by fitting the volume versus
total energy for binary compounds using Murnaghan's equation (equation
1) of state [50], the structural properties can be determined. This operation
is called volume optimization method. Accordingly,

E (V )  E0 (V ) 

B0V
V
V
[ B0 (1  0 )  ( 0 ) B '  1 .
B' ( B'1)
V
V

(3.1)
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Where E 0 and V0 are total energy and volume, respectively, at ambient
pressure.
For alloys, the operation is the same except that we insert the
approximation value of lattice constant with assistance of Vegard's law [51]

a A1 x BxC  (1  x)a AC  ( x)aBC ,

(3.2)

where x is concentration of V, a A

1 x Bx C

is lattice parameter for the

Al1 xVx P alloy, a AC is lattice parameter for AlP compound and a BC is

lattice parameter for VP compound.
3.3.1 Binary compounds: AlP and VP in ZBS
For a binary compound, the volume V of a primitive unit cell in ZB
structure for face centred cubic (FCC) is given by

V 

1 3
a0 ,
4

(3.3)

where a 0 is lattice parameter of the compound.
Making the volume optimization and using equation (3.3), lattice
parameter for AlP and VP using LSDA and GGA approximation can be
calculated, (1 Bohr = 0.529177 Å).
Using volume optimization curve shown in Figure (3.5a) and equation
(3.3), the lattice parameter for AlP is calculated using LSDA and GGA
approximations.

It

was

found

that,

its

minimum

energy

E0  1165.947615 ( Ry ) occurs at the volume V0  271.2068 (a.u) 3 , and
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hence at the lattice constant a0  5.43 Å, within LSDA method. Figure (3.5b)
and equation (3.3) also used to calculate the minimum energy,
E0  1167.826604 ( Ry ) occurs at the volume V0  276.7553 (a.u) 3 , hence

at the lattice constant a0  5.47 Å using GGA method. Similarly, the
lattice parameter for VP compound is calculated using its volume
optimization curves shown in Figure (3.6) and equation (3.3) using LSDA
method, Figure (3.6 a) with equation (3.3) show that this compound has a
minimum

energy

E0  2576.846886 ( Ry ) at

the

volume

V0  247.8101 (a.u) 3 , and hence at the lattice constant a0  5.27 Å. Figure

(3.5b)

and

equation

(3.3)

show

that

the

minimum

energy

E0  2582.850035 ( Ry ) occurs at the volume V0  258.1041 (a.u) 3 , and

hence

at

the

lattice

constant

a0  5.35 Å

using

GGA method.
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Figure (3.5): Total energy dependence on volume in ZB structure for AlP using:
(a) LSDA approximation and (b) GGA approximation.
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Figure (3.6) :Total energy dependence on volume in ZB structure for VP using :
(a) LSDA approximation and (b) GGA approximation.
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Calculated results are presented in Table (3.1) for AlP compound, and
in Table (3.2) for VP compound. It is worth noting that the value of E 0
using GGA approximation is less than its value using the LSDA
approximation. This is an indication that the GGA method is more accurate
than LSDA method in calculating E 0 .
For AlP, it is shown that the bulk modulus ( B0 ) is found to be 89 GPa
using LSDA method. By using GGA method, however, B0 is found to be
85 GPa. For VP, B0 is found to be 99 GPa using LSDA method, and B0
equals 94 GPa using GGA method. This means that VP is more hardness
than AlP ( i. e., VP compound needs more pressure than AlP to change its
volume one unit).
The calculations also show that B' for AlP is 4 using both methods, but
it is 5 and 3 for VP using LSDA and GGA methods, respectively.
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Table (3.1): Equilibrium lattice constant (a0 ) , bulk modulus ( B0 ) and
pressure derivative of the bulk modulus (B') for AlP compound in the ZB
structure using LSDA and GGA approximations.

Method

Lattice constant

Bulk modulus

Pressure

approach

a 0 (Å)

B0 (GPa)

derivative B'

LSDA

5.4374

89.3601

3.9717

5.4742

85.5460

3.9502

Experimental

5.4635a

-

-

Other L(s)DA

5.43b ,5.44 c

90.46b ,90.9c

3.72b , 4.24c

calculations

5.42d , 5.434e

86.5d , 85.5e

3.9

5.44 f ,5.436 g

95.5f ,89 g

4.14

5.462h ,5.417i

88.6

5.4 j , 5.424 k

90 j, k

4.1

Other GGA

5.51l , 5.508m

83.23l , 81.52m

4.02l ,3.89m

calculations

5.52c , 5.511n

83.2c , 82.097n

3.7c , 4.08n

(present work)
GGA08
(present work)

g

i

g

e

g

4.037 i
k

3.99g

5.511

82

Other

5.471o

84.5o

4.18 o

calculations

5.421

-

-

p

a:[1], b:[5], c:[12], d:[15], e:[7], f:[8], g:[13], h:[20], i:[16], j:[18], k:[14],
l:[4], m:[11], n:[10], o:[17], p:[19].
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It is observed from Tables (3.1) that the present calculations are very
close to the theoretical and experimental results. The results of GGA
method, however, is closer to experimental results than the results obtained
from LSDA approximation, because GGA method take into consideration
spin density for both the point itself and it’s neighbors which makes it more
accurate. It is also worth noting that the values within LSDA method are
underestimated, while the values within GGA approximation are
overestimated.
Table (3.2): Equilibrium lattice constant (a0 ) , bulk modulus ( B0 ) and
pressure derivative of the bulk modulus (B') for VP compound in the
ZB structure using LSDA and GGA approximations.
Structural
parameters

Present work

Experimental

LSDA

GGA

5.2763

5.3483

5.27a

99.219

94.069

-

5.3707

3.4601

-

Lattice constant
a 0 (Å)

Bulk modulus
B0 (GPa)

Pressure
derivative B'
a[24],
It is observed from Tables (3.2) that the present calculations are very
close to the experimental results.
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3.3.2 Al1 xVx P alloys at x= 0.125, 0.25, 0.5 and 0.75
The volume of the unit cell of ZB structure for Al1 xVx P alloy is given
by

V  a 3 For x=0.25, 0.5 and 0.75

(3.4)

and

V  2a 3 For x= 0.125

(3.5)

Figures (3.7), (3.8), (3.9) and (3.10) present the energy volume
optimization for x= 0.125, 0.25, 0.5 and 0.75, respectively. Using Figures
(3.8), (3.9), (3.10) along with equation (3.4), the equilibrium lattice
constants have been calculated at the minimum total energy point seen in
Table (3.3) using LSDA and GGA approximations. For x=0.125, however,
the equilibrium lattice constant using LSDA and GGA approximations has
been calculated using Figures (3.7) at the minimum total energy point
shown in Table (3.3) along with equation (3.5) ( the volume of the lattice in
this concentration is double the others, because two unit cells were taken in
the calculations).

31

Figure(3.7) :Total energy dependence on volume in ZB structure for
Al1 xVx P , x= 0.125 using a) LSDA approximation and (b) GGA
approximation.
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Figure(3.8) : Total energy dependence on volume in ZB structure for
Al1 xVx P , x= 0.25 using : (a) LSDA approximation and (b) GGA
approximation.
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Figure(3.9) : Total energy dependence on volume in ZB structure for Al1 xVx P ,
x= 0.5 using : (a) LSDA approximation and (b) GGA approximation.
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Fig(3.10) : Total energy dependence on volume in ZB structure for Al1 xVx P ,
x= 0.75 using : (a) LSDA approximation and (b) GGA approximation.
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The minimum total energy E 0 using GGA method is less than that of
LSDA method for each concentration, as illustrated in Table (3.3).
Table (3.3) : Total minimum energy (E0) in Rydberg (Ry) for Al1 xVx P
alloys with concentration (x= 0.125, 0.25, 0.5 and 0.75) in ZB structure
using LSDA and GGA approximations.

Concentration

Minimum total energy E0 ( Ry)
LSDA

GGA

0.125

-5369.213110

-5377.223614

0.25

-6074.636203

-6083.138850

0.5

-7405.519809

-7495.000338

0.75

-8896.431872

-8906.889422

Table (3.3) illustrate that the total minimum energy decreases as the
concentration of vanadium increases, because the vanadium has a strong
magnetic and it makes the alloy ferromagnetic which has lower energy.
The calculated equilibrium lattice constants for various concentrations
using LSDA and GGA approximations are summarized in Table (3.4).
Additionally, the calculated values of bulk modulus B0 and its derivative B'
using LSDA and GGA approximations for Al1 xVx P when x=0.125, 0.25,
0.5 and 0.75 have been presented in Table (3.4).
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Table (3.4) : The structural properties of Al1 xVx P alloys (x=0.125, 0.25,
0.5 and 0.75) in ZB structure using LSDA and GGA approximations.
Method
approach
(present work)

Al1− X V X P
x=0.125

Al1− x V x P
x=0.25

Al1− x V x P

Lattice
Bulk modulus
Pressure
derivative B'
constant a 0
(Å)

B0 (GPa)

LSDA

5.4338

89.5736

4.0728

GGA08

5.47369

86.1364

3.8622

LSDA

5.4304

89.8811

4.2353

GGA08

5.47367

86.3549

4.2597

LSDA

5.3997

90.1070

3.7019

GGA08

5.4485

87.3454

3.8852

LSDA

5.3673

91.9481

2.7045

GGA08

5.4178

92.0179

4.0029

x=0.5

Al1− x V x P
x=0.75

From Table (3.4), it can be concluded that the radius of vanadium is
smaller than that of aluminium. It was a matter of disagreement between
some of the researchers, some of them see that vanadium radius is larger
than that of aluminium [52] , others see the opposite [53].
Figure (3.11) below describes the relation between the concentration of
vanadium V and lattice parameter (a0 )

using LSDA and GGA
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approximations.

Figure (3.11): lattice constant variation with V concentration for Al1 xVx P using:
(a) LSDA method and (b) GGA method.

In Figure (3.11), it is shown that the lattice constant of the compound
decreases as the concentration of vanadium increases. This observation
leads to the conclusion that the radius of vanadium is smaller than
aluminum as mentioned previously.
Figure (3.12) shows the relation between concentration of V and the
bulk modulus B0 using LSDA and GGA approximations.

Figure (3.12): Bulk modulus variation with V concentration for Al1 xVx P
using:(a) LSDA method and (b) GGA method.

Figure (3.12) indicates that the bulk modulus B0 increases as
concentration of V increases. This means that the alloy of interest becomes
harder as the concentration of vanadium increases.
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To know which of LSDA and GGA is more accurate, the percentage
errors in these calculations versus experimental results for AlP and VP
compound have been presented in Table (3.5). Table (3.5) shows that the
GGA approximation is more precise than LSDA approximation for AlP . In
contrast the GGA approximation is less precise than LSDA approximation
for VP because NiAs structure is not considered as the ground state for VP,
instead of that ZB structure is considered.
Table(3.5): The percentage errors in AlP and VP for a 0 using LSDA and
GGA approximations.

LSDA

GGA

a0

a0

AlP

0.48%

0.19%

VP (ZB)

0.1%

1.5%

Compound

3.4 Electronic properties
In free atoms at 0 Kelvin (K), electrons are arranged in discrete energy
levels. When a huge number of atoms gather together and interact with
each other to form a crystalline solid, the adjacent energy states (i. e.,
energy bands) will replace previous discrete energy states. The highest
filled energy band of electrons is called valence band, the lowest unfilled
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energy band is called conduction band. The distance between the top of
valence band and the minimum of conduction band is called the energy
gap. If the top of valence band and minimum of conduction band are at the
same symmetry line in BZ, then the energy band gap is called direct energy
band gap. Otherwise it is called indirect energy band gap.
From the value of energy band gap we can specify if the solid is
insulator, semiconductor, semi-metal or metal. Using WIEN2K-code and
plotting band structure graphs, we will clarify those types of the solid as
shown in the next sections.
3.4.1 Binary compounds: AlP and VP in ZB structure
Figure (3.13) illustrated the band structure for AlP in ZB structure using
LSDA and GGA approximations, respectively. These figures show that the
Fermi energy E f is on the top of valence band along the  symmetry line;
while the minimum of conduction band is along X symmetry line. The
difference between top of valence band and minimum of conduction band
is about 1.43 eV and 1.63 eV, respectively, using LSDA and GGA methods.
This implies that the AlP compound is a semiconductor material with
indirect band gap energy. It is worth noting that the energy band gap for
GGA is larger than LSDA because of the difference in their lattice
parameters.
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Figure (3.13): The spin polarized band structure for AlP in ZB structure using:
(a) LSDA approximation and (b) GGA approximation.

Figure(3.14): The spin polarized band structure for VP in ZB structure using:
(a) LSDA approximation and (b) GGA approximation.
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Similarly, Figure (3.14) illustrates the band structure for VP in ZB
structure using LSDA and GGA approximations, respectively. From these
figures, it is clearly seen that the Fermi energy crosses the valence and
conduction bands due to the hybridization between V-d state with P -p
state. This indicates that the VP compound is a metal.
Table (3.6) summarizes our results as well as other theoretical and
experimental results of the energy band gap for AlP. This table shows that
the GGA result is closer to experimental value than LSDA method. The
percentage error in energy gap of AlP is 42% for LSDA approximation and
34% for GGA approximation, which makes GGA approximation more
precise than LSDA approximation in calculating the energy band gap.
Table (3.6): The Calculated and The experimental energy band gap (Eg) in
eV for AlP in ZB structure using LSDA and GGA approximations.
Compound

Method approach

Energy gap E(eV)

LSDA (present)

1.43821
1.63845

GGA08 (present)

a

Experimental results

2.505

Other LDA calculations

1.41b ,1.49c
1.44d ,2.17 e

Other GGA calculations

1.635f ,2.49 g
1.632h ,1.57 d

AlP

a:[3], b:[5], c:[9], d:[13], e:[20], f:[11], g:[12] ,h:[10].
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3.4.2 Al1 xVx P alloys at x= 0.125, 0.25, 0.5 and 0.75
Figures (3.15), (3.16), (3.17) and (3.18) present the band structure
for Al1 xVx P in ZB structure using LSDA and GGA approximations for x=
0.125, 0.25, 0.5 and 0.75, respectively.

Figure (3.15) shows that the

conduction and valence bands almost overlap with others. The zero energy
band gap using LSDA method; whereas the energy band gap using GGA
method is very small (0.3 eV). In contrast, Figures (3.16), (3.17) and
(3.18) indicate that the conduction and valence bands overlap with zero
energy gap. Hence, Al1 xVx P in ZB structure is a metal for x=0.25, 0.5 and
0.75 concentrations. This implies that the band gap energy of Al1 xVx P is
strongly effected by vanadium because vanadium is a strong metal.

Figure (3.15): The spin polarized band structure for Al1 xVx P at x=0.125 in ZB
structure using: (a) LSDA approximation and (b) GGA approximation.
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Figure (3.16) : The spin polarized band structure for Al1 xVx P , x=0.25 in ZB
structure using: (a) LSDA approximation and (b) GGA approximation.

Figure (3.17) : The spin polarized band structure for Al1 xVx P , x=0.5 in ZB
structure using: (a) LSDA approximation and (b) GGA approximation.
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Figure (3.18) : The spin polarized band structure for Al1 xVx P , x=0.75 in ZB
structure using: (a) LSDA approximation and (b) GGA approximation.

Table (3.7) summarizes the energy band gap for Al1 xVx P alloy for
x=0.125. For Al1 xVx P alloys, it can be concluded that the energy gap
decreases as the concentration of the vanadium increases. Therefore,
Al1 xVx P were semiconductors for x=0 and 0.125; whereas they were

metals for x= 0.25, 0.5, 0.75 and 1.
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Table (3.7): The Calculated energy band gap (Eg) in eV for Al1 xVx P in ZB
structure for x=0.125 using LSDA and GGA approximations.
Compound

Method approach

Energy gap E(eV)

LSDA

0

GGA

0.3

Al1-xVxP
( x=0.125)

3.5 Magnetic properties
The total magnetic dipole moment (  tot ) for any system comes from
the magnetic moment of the interstitial region as well as the atoms of
compounds or alloys. From the total magnetic moment, we can justify
whether the compound is diamagnetic, paramagnetic, ferromagnetic or
antiferromagnetic.
The present LSDA calculations show that the total magnetic moment
per unit cell (  tot /unit cell) for Al1 xVx P is almost zero for x=0; whereas it
is 2.06382  B , 1.99685  B , 3.99425  B , 5.98478  B , and 1.49720  B for
x=0.125, 0.25, 0.5,0.75 and 1, respectively, as shown in Table (3.8).
Similarly, the present GGA calculations show that the value of  tot /unit
cell

for Al1 xVx P is almost zero for x=0; whereas it is

2.01317  B ,

2.00069  B , 3.99753  B , 6.00272  B , and 1.64528  B for x=0.125, 0.25,
0.5,0.75 and 1, respectively, as shown in Table (3.8). From this table, it is
shown that the GGA approximation gives larger values for  tot than LSDA
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approximation, and the results differ by 0.01- 0.025  B .

This small

difference may be due to the difference in the lattice parameters values.
Table (3.8): Total and local Magnetic Moments for Al1 xVx P system in ZB
structure using LSDA and GGA approximations.
Compound

AlP

Al1− x V x P

Magnetic moment

LSDA

GGA

(μ B )

(μ B )

interstitial

- 0.01660

- 0.00357

Al

- 0.00734

- 0.00069

P

0.00494

0.00133

 tot /unit cell

- 0.01899

- 0.00293

interstitial

0.24284

0.21904

Al

0.03990

0.03467

V

0.78981

0.81089

P

- 0.04065

- 0.05802

 tot /unit cell

1.03191

1.00658

interstitial

0.44892

0.43096

( )

x=0.125

Al1− x V x P

Al

0.06507

0.06150

V

1.57961

1.60179

P

- 0.09676

- 0.09356

 tot /unit cell

1.99685

2.00069

x=0.25
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Al1− x V x P

interstitial

0.92154

0.89290

Al

0.06820

0.06254

V

3.16176

3.27134

P

- 0.15724

- 0.22924

 tot /unit cell

3.99425

3.99753

interstitial

1.31949

1.30050

Al

0.04137

0.03637

V

4.83993

4.99734

P

- 0.21600

- 0.33152

 tot /unit cell

5.98478

6.00272

interstitial

0.26006

0.29556

V

1.27888

1.42596

P

- 0.04174

- 0.07624

 tot /unit cell

1.49720

1.64528

x=0.5

Al1− x V x P

x=0.75

VP

From Table (3.8) as well as from Figure (3.19), it can be seen that the
largest contribution in the total magnetic moment comes from V atoms.
Their contributions using LSDA and GGA approximations, respectively,
are 76.5% and 80.5% for x=0.125, 79.1% and 80% for x=0.25, 79.15% and
81.8% for x=0.5, 80.8% and 83.3% for x=0.75 and 85.4% and 86.7% for
x=1. Although there is a little contribution by Al atoms and interstitial
region, there is a loss in the total magnetic moment by P atoms. This leads

48

us to conclude that the main contribution for total magnetic moment is due
to V atoms.

Figure (3.19): The relation between concentration of V and total magnetic moment
(  tot )/unit cell using:(a) LSDA approximation and (b) GGA approximation.

In addition, Table (3.8) as well as Figure (3.19) show that the  tot
increases as the concentration of V increases with the existence of Al. This
indicates that the most important role in determining the value of  tot for
the system of interest is due to the concentration of V atoms in the presence
of Al atoms. In other words, V-V spin interactions and V-Al spin
interactions play a critical role in determining the value of  tot . Therefore,

 tot decreases for x=1, because the V-Al spin interactions vanish in this
case.
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Figure (3.20): The relation between concentration of V and the magnetic moment (  )
for V atom /unit cell using: (a) LSDA approximation and (b) GGA approximation.

Figure (3.20) show that the  of V per unit cell increases as the
concentration of V increases.
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3) The equilibrium lattice parameter, energy band gap and  tot for every
concentration using GGA method are larger than LSDA method, whereas
the bulk modulus using GGA method is smaller than that of LSDA method.
4) The present calculated results using GGA method is more accurate than
LSDA method because
a) the total energy of equilibrium lattice parameter using GGA method is
smaller than that of LSDA method.
b) the calculated lattice constant, Bulk modulus and energy band gap for
AlP compound using GGA method are closer to the experimental values
than that of LSDA method.
5) The energy band gap is dependent on the concentration of doped V;
While the concentration of V increases, the energy band gap decreases and
it is vanishes after x=0.125.
6) The doped V transforms AlP compound in ZB structure from
semiconductor to metal.
7) The total magnetic moment  tot is dependent on the concentration of
doped V. While the concentration of V increases, the lattice parameter
increases as the concentration of V increases.
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Future work:
For future work, I would like to carry on more research on the AlP
compound and calculate its other physical properties such as density of
states and transition pressure, for different structures.
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Chapter 4
Conclusions and future work

In this study, FP-LAPW method was employed using LSDA and GGA
approximations for calculating the structural, electronic and magnetic
properties of binary compounds AlP, VP and ternary alloys Al1 xVx P for x=
0.125, 0.25, 0.5 and 0.75.
Results achieved in this study are in good agreement with experimental
and other LSDA and GGA theoretical values for x=0 and 1. To the best of
our knowledge, other concentrations (x=0.125, 0.25, 0.5 and 0.75) have not
been studied before.
In the present work, it was found that lattice constant, bulk modulus,
energy band gap and total magnetic moment are dependent directly with
the concentration of V.
The major conclusions of this study can be summarized as follows:
1) The lattice parameter and bulk modulus for binary compounds AlP and
VP are in good agreement with experimental results and other theoretical
calculations.
2) The lattice parameter and bulk modulus are dependent on the
concentration of doped V, such that the increasing in concentration of V
decreases lattice parameter and increases bulk modulus.
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الملخص
تم في هذه األطروحة حساب الخصائص التركيبية وااللكترونية والمغناطيسية للمخلوط
الثالثي  Al1 xVx Pفي حالة التركيب البلوري زنك بلند للتراكيز 0..0 ،0.0 ،0..0 ،0.1.0 ،0
و 1وذلك باستخدام طريقة الموجات المستوية المعدلة الخطية لجهد تام )(FP-LAPW
المتطبق في برنامج).(WIEN2k-code
ولقد تم أيضا استخدام تقريب الكثافة المغزلية الموضعية ( ، )LSDAوتقريب الميل
االتجاهي المعمم ( )GGAللجهد التبادلي الترابطي.
لقد تم دراسة تطور البنية لحزم الطاقة والعزم المغناطيسي واعتمادها على ثابت الشبكة
للمركب فوسفاد األلمنيوم  AlPوالمخلوط الثالثي  Al1 xVx Pوكانت النتائج جيدة بالمقارنة مع
القيم العملية الحسابية األخرى.
أظهرت الدراسة الحالية بأن المركب  AlPشبه موصل وذو فجوة طاقةغير مباشرة
مقدارها  1.6الكترون فولت وال يمتلك الخصائص المغناطيسية في التركيب البلوري الحالي.
وتبين أن  Al1 xVx Pفي تركيز  0.125وجد أنه شبه موصل بفجوة طاقة غير مباشرة تقدر بحوالي
 0.3الكترون فولت .

ج

للمخاليط الثالثية  Al1 xVx Pللتراكيز  0.5 ،0.25و  0.75فجوة الطاقة لهم تساوي صفر مما
يجعلهم فلزات أو أشباه فلزات .كما أن لهم عزم مغناطيسي يعتمد على تركيز عنصر الفاناديوم.أما
بالنسبة للمركب  VPفهو فلز وعزمه المغناطيسي  / (μ B ) 2وحده بناء .
ووجد أن ثابت الشبكة للمخاليط الثالثية يعتمد على تركيز عنصر الفاناديوم.
قيمة العزم المغناطيسي وثابت الشبكة وفجوة الطاقة أكبر للتقريب  GGAمقارنة مع ، LSDA
أما بالنسبة لمعامل الصالبة فقيمته أكبر للتقريب  LSDAمقارنة مع . GGA

