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Abstract

In this study, the structural, electronic and magnetic properties of
Al_V, Palloys, 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 AIP compound and the ternary
alloys Al_,V,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 AIP 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 AIP semiconductor has an indirect energy gap of 0.3 eV.
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For the ternary alloys Al,_V,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 (x;) / 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 1V elements, such as silicon (Si) and germanium
(Ge), or in group I1-V and I1-1VV compounds.

An important example of group Ill1-V semiconductors is aluminum
phosphide (AIP); which has zincblende (ZB) structure at ambient condition
with lattice constant a, =5.4635angstrom (A) [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, =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, AIP has a
NiAs (hexagonal) structure with lattice constants a, =3.466 A and
¢ =5.571A [2]. Moreover, this compound is used in optoelectronic device

application in the visible range [6].

Theoretical investigation on AIP. 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 a, =5.434A and its bulk
modulus (B,) 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: a, =5.44 A,

B, =95.5 GPa and E;> =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;° =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 a, =5.507 A, B, =82.619 GPa and E;> =1.632 eV. Moreover,
Yu et al [11] were studied AIP compound using FP-LAPW-+lo method

within GGA approximation in ZB structure to explore its structural and

electronic properties. It was found that a, =5.508 A, B, =81.52 GPa and
E,” =1.635 eV. Briki et al [12] also investigated AIP 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 a, =5.44A, B, =90.9 GPa using LDA approximation,

while a,=5.52A, B,=83.2 GPa using GGA approximation. They also
found using Engel-Vosko (EV-GGA) approximation that E;° =2.49 eV.
Within the same method Ahmed et al [13] predicted that a, =5.436 A,
B,=89 GPa and E;° =144 eV using LDA approximation, and

a, =5.511A, B, =82 GPaand E;” =1.57 eV using GGA approximation.

The pseudopotential method has performed by Mujica et al [14] to

study AIP compound in ZB structure within LDA approximation for

exchange correlation potential. They found that V,=39.91(A)°
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(a, =542A), B, =90 GPa. In addition, Froyen et al [15] used the
pseudopotential total energy scheme within LDA approximation in ZB
structure for AIP compound to investigate the structural properties. The
obtained results were a, =5.42 A, B, =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 AIP
compound in ZB structure. They showed that a, =5.417 A, B, =88.6 GPa.
Indeed, Zhang et al [17] used the pseudopotential total energy approach
using the method of Hamann, Schulter and Chiang with the modification
introduced by Kleinman to investigate the structural properties for AlIP in
ZB structure. They found that a, =5.471A, B, =845 GPa. Moreover,
Rodriguez-Hernandes et al [18] used an ab initio pseudopotential

calculation within LDA approximation in ZB structure to find the structural

properties. They found that a, =5.4 A, B, =90 GPa.

AIP 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 a, =5.51A, B, =83.23 GPa, whereas

a, =3.72 A, c/a;=1.46 and B, =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 a, =5.43A, B, =90.46

GPa and E;” =1.41 eV in ZB structure, while a, =3.55A, ¢ =5.71 A and

B, =111.5 GPa in NiAs structure. Chin-Yu Yeh et al [19] also studied AIP

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 a, =5.421 A. Huang et al [20]
used the first principles orthogonalized linear-combination-of-atomic-
orbitals (OLCAQO) method in LDA approximation to investigate the

structural and electronic properties for AIP compound in ZB structure. They
showed that a, =5.462 A and E° =2.17 eV,

In this work, vanadium is doped with AIP. 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 a,(c/ a,
) [23]. This makes the metal-metal interaction in ¢ direction small. The

Hukel method has been employed in studying VP in NiAs structure by
Kematick et al [23]. They found that a,=3.18A, ¢ = 6.224 A (c /

a,=1.956). Moreover, Galanakis et al [24] studied VP in ZB structure.

They pointed out that VP has a lattice constant of a, =5.27 A was obtained.

Due to the combination of magnetic and semiconducting properties,
doping 11I-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 AIN
[28], Mn-doped GaN [29] and Cr-doped AIN [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, AIP is doped with vanadium (Al_V,P) at different

concentrations (x= 0, 0.125, 0.25, 0.5, 0.75, 1). The electronic, structural
and magnetic properties of Al_,V, 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 (AIP and VP ) and their alloys

(Al_V,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 qguantum 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 Schrddinger equation, thus,
AY=EY, (2.1)

where W is the N-body wave function and H is the Hamiltonian of this

system, which is given by

Vi p2 V2 1

2
A--lyalyo Lyt

i me 472'80 ij ‘RI —rj‘

2 27 7 : (2.2)
N 1Z—~e~ 1292.2J

+
87[50 i rl_rj‘ 872'(90 i

R-R|

]

This equation (2.2) can be written as:

A A A

H =Ty +fe +V e +\7ee +V - (2.3)
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The first term of equation (2.2) is the kinetic energy operator of nucleus

i (T,), where the nucleus i is at position R; with mass M; . The second term
of equation (2.2) is the kinetic energy operator of electrons (T,), where the
electron i is at r; with mass me. The last three terms of equation (2.2) are
coulomb interactions between nucleus- electron(V,,), electron- electron

(V..) and nucleus- nucleus(V,,), respectively. Thus, equation (2.2) can be

written as

Solving equation (2.3) is complicated because the term (V,,) 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/My ~ 10 10°®). Therefore, nuclei are assumed to be static at
certain positions. This fact leads to vanish the term Ty . and Vyy can be
considered to be constant. This constant can be removed from Hamiltonian
and added it after finishing the calculation, because R; is now a parameter

not a variable.
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Based on this approximation, equation (2.3) becomes

I:I :fe +\7Ne +vee' (24)

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 Ve

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, Hartree-
Fock 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[p] <E,, (2.5)

where E, is the ground state energy of the system. This type of

approximation generally is called variational theory. When 0 is the

ground state density (i.e., o = p,), equation (2.5) can be rewritten as
Elp,]=E,. (2.6)

From the assumptions of Hohenburge and Kohn, the total energy of the
system can be expressed as
Elp]l=(¥[T, +V.|¥)+ (¥ N, |¥),
=T.[P1+Valpl+ [ (P, (F)F, 27)

Ff[p]

= FLp]+ [ p(F )V, (7,

where the density functional F[p], 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[p]

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 (p) that it can be found from the equation
— N * 7 —
p(F) = ¢ (F)g,(F), (2.8)
i=1
where ¢, is a single electron wave function.

To make a reasonable approximation, a non interacting electron kinetic

energy operator (Ts[o]) should be added to F[p]. Thus

Flol=T.Lp]+Velpl+Ts[p]=Ts o]
=Ts[pl+Velpl+ (T L] -Ts LoD +Vy [p] -V [A]
=Ts[p]+Vilol+ (Telp] =Ts[p]) + Ve [£] -V [o]) (2.9)

VXC

=T [pl+Vy [pl+ Ve [p],

where V,, [p] 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,.[p] 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
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Hes =T, +\7H +V, +V,
ey & 2O e [, (s el @10
47[5 ‘r — r‘ &
where,
Histh = 56 2.11)

To solve equation (2.10) and hence calculate V,, and V,,, require a
well known p. 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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\\Y
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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,., 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,

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 exchange-
correlation energy for each small volume (&,.) is equal to the exchange-
correlation 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]:
Ex (N1 = [ £, (Nee (o, (P, (2.12)
and
Vie =22 = g 4 p 0 2.13
XC &) XC ap ! ( ' )

where, p_ is the total spins, up and down, as shown below
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Po=pPr+pP,. (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] :

E Lo(N]= [ £, (Meyc (o, (F)Vp(F)dT, (2.15)
Where Vp(F) 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
wE = Cleltor, (2.16)
This is called Bloch wave function.

Even though, this method is inefficient because the wave function for



15
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,.x) 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

functionY, .. The second is interstitial region (l1) with constant potential

and plane wave function. This method is called Muffin tin (MT)

approximation.

interstitial region

(i)

muffin tin sphere

U

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).F =
—e rel
W
V= o , (2.17)
Z A1k,n+wKU| (P E)Yn(F) reR,

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 v, is radial solution of Schrodinger

equation for free atom at energy E. In equation (2.17), Af;R 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 v, in terms of fixed E (E,) as

u(r ,E)=y(r,E,)+(E-E,) ou (r ,E)

| +O(E, - E)’ (2.18)

0

The linearized APW suggested by Andersen [44]. Substituting v, (r, E)
in equation (2.17), to obtain:
i i(k+K).F =

Ne

Z A|k+KU| (r',Ey) + B|k,n+1KD| (r, Eo)YLm (r') reR,

,m

where Af;K and B,M 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 | value. Within this method,

equation (2.19) becomes
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W= ,  (2.20)
2 AR (P E)+BLu (FLE)+CLu (FLE,)Y,,(F)  FeR

where local orbital is zero in the interstitial region and inside muffin tin
spheres of other atoms, E, is the energy of highest valence state and E, is

the energy of the lower state. A ,, B, ,and C,, are obtained by
normalizing v 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.Sjostedt et al [46]) .This method

converges faster than LAPW towards the basis set limit with same accurate

[47]. Thus, w can be written as

Y= (2.21)
Z A1I,OmU| (rE)+ Bll,c:nD| (F EDY) W (F) reR,

Finally, the full potential LAPW used to deal without any

approximation in potential is of the form [32]

dVinYin inside sphere

v (2.22)

ZVe‘E'r outside sphere
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Chapter 3

Computational Details, Results and Discussions

3.1 Introduction

In this study, calculations are performed on AIP and VP binary
compounds as well as their alloys Al _,V,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 I, in the wave function expansion inside the atomic

sphere, is confined to 1., =10. For the expansion of the wave functions in
the interstitial region, the plane wave cutoff energy is R, K., (where R,
is the muffin tin radius of atoms in the unit cell and K., is the maximum
modulus for the reciprocal lattice vector). The charge density is expanded
up to G, =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 (R,,) must be chosen in certain conditions to avoid possible overlaps

between itself and others. In this study, therefore, R, 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 ( AIP and VP)

Figure (3.1) : Unit cell used to simulate the A|HVXP alloys in ZB structure
(@ x=0(i.e.,, AlP) and (b) x =1 (i.e., VP).

In this case, both AIP and VP compounds are considered to be ZB
structure with space group 216 (F-43m). In AIP 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 VV 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
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[48] of 7x7x7 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 AIP and its alloys.

3.2.2 Al_V, P alloys at x=0.25and 0.75

In this case, ZB structure for Al_,V,P alloys when x= 0.25 and 0.75

with space group 215 ( P-43m) have been investigated. In Al ,.V,,: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,,.V,--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 7x7x7 Kmesh.

Figure (3.2): Unit cell used to simulate the Al,_,V, P alloys in ZB

structure:
(a) x=0.25 and (b) x=0.75
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3.2.3Al_,V,Palloys at x= 0.5

For Al,.V,: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 6x6x6 Kmesh of points.

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

3.24 Al _V 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 Al VP 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

2x5x5 Kmesh of points.

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

3.3 Structural properties

In order to know the structural properties (like lattice parameter (a,),

bulk modulus (B,)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,

B,V Voo Vg
E(V)=E;(V) +m[Bo (1—7) + (V) -1 (3.1)
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Where E, and V, 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]
ay pe =1-X)a, +(X)ag, (3.2)

where X is concentration of V, a, ,.is lattice parameter for the

Al_V,Palloy, a,. is lattice parameter for AIP compound and ag. is

lattice parameter for VP compound.
3.3.1 Binary compounds: AIP 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

Vziag

7%, (3.3)

where a, is lattice parameter of the compound.

Making the volume optimization and using equation (3.3), lattice
parameter for AIP and VP using LSDA and GGA approximation can be
calculated, (1 Bohr = 0.529177 A).

Using volume optimization curve shown in Figure (3.5a) and equation
(3.3), the lattice parameter for AIP is calculated using LSDA and GGA

approximations. It was found that, its minimum energy

E, = —1165.947615 (Ry) occurs at the volume V, =271.2068 (a.u)®, and



24
hence at the lattice constant a, =5.43A, within LSDA method. Figure (3.5b)

and equation (3.3) also used to calculate the minimum energy,
E, =—1167.826604 (Ry)occurs at the volume V, = 276.7553 (au)®, hence

at the lattice constant a, =5.47 A 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 E, =—2576.846886 (Ry)at the volume

V, = 247.8101 (au)®, and hence at the lattice constant a, =5.27 A. Figure

(3.5b) and equation (3.3) show that the minimum energy
E, =-2582.850035 (Ry) occurs at the volume V, = 258.1041 (a.u)® , and

hence at the lattice constant a,=535A using GGA method.
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Calculated results are presented in Table (3.1) for AIP compound, and

in Table (3.2) for VP compound. It is worth noting that the value of E,
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, .

For AIP, it is shown that the bulk modulus (B,) is found to be 89 GPa
using LSDA method. By using GGA method, however, B, is found to be
85 GPa. For VP, B, is found to be 99 GPa using LSDA method, and B,

equals 94 GPa using GGA method. This means that VP is more hardness
than AIP (1. e., VP compound needs more pressure than AIP to change its

volume one unit).

The calculations also show that B' for AIP is 4 using both methods, but

itis 5 and 3 for VP using LSDA and GGA methods, respectively.
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Table (3.1): Equilibrium lattice constant (a,), bulk modulus (B,) and

pressure derivative of the bulk modulus (B') for AIP compound in the ZB
structure using LSDA and GGA approximations.

Method Lattice constant Bulk modulus Pressure
approach a, (A) B, (GPa) derivative B'
LSDA 5.4374 89.3601 3.9717
(present work)
GGAO08 5.4742 85.5460 3.9502
(present work)
Experimental 5.4635° - -
Other L(s)DA 5.43° 5.44° 90.46",90.9° 3.72°,4.24°
calculations 5.42°5.434° 86.5",85.5° 3.9°
5.44' 5.436° 95.5',89° 4.14°
5.462",5.417' 88.6' 4.037'
5.47,5.424" 90" 4.1
Other GGA 551',5.508"  83.23',81.52"  4.02',3.89"
calculations 5.52°,5.511" 83.2°,82.097" 3.7°,4.08"
5.511° 82" 3.99¢
Other 5.471° 84.5° 4.18°
calculations 5.421° - -

I:[4], m:[11], n:[10], o:[17], p:[19].

a:[1], b:[5], c:[12], d:[15], e:[7], F:[8], g:[13], h:[20], i:[16], j:[18], k:[14],
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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 (a,), bulk modulus (B,) and

pressure derivative of the bulk modulus (B') for VP compound in the

ZB structure using LSDA and GGA approximations.

Structural Present work Experimental
parameters LSDA GGA

Lattice constant

a, (A) 52763  5.3483 5.27°

Bulk modulus

B, (GPa) 99.219 94.069 -

Pressure

derivative B’ 53707  3.4601 -
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 Al_V P alloys at x= 0.125, 0.25, 0.5 and 0.75

The volume of the unit cell of ZB structure for Al_V,P alloy is given

by

V =a® For x=0.25, 0.5 and 0.75 (3.4)
and

V =2a’ 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

Energy [Ryl

Energy [Eyl

=18738, 2608

=18738. 2860

=18738.3688 -

=18738.3288 -

=10738. 5468 -

=187348, 36688 -

=18738,3888 -

=10/38 . 4488 -

=18738,. 42608

=18738.4488

' ' turnaghan; v0,B(GPa},BF,E8
2166,1980 89,5736 4,6728 -10738,426221

1a88

=-10754, 3200

2188 2288 2308 2488

Yolume [a,u,”3]

=16754, 3480 -

=18754, 3600 -

=18734.3800 -

=18734,4000 -

=18734,4200 -

=18754, 4488

=18754, 4688

' ' " turnaghan: V8,B(GPa),BP,E8 1
2213,4499 05,1364 3,8622 -10754,447228

2858

2188

2158

2208 2258 2388 2358 2488 2458 2588
Volume [a.u.”3]

Figure(3.7) :Total energy dependence on volume in ZB structure for

Al_V

1-x ¥ x

P, x=0.125 using a) LSDA approximation and (b) GGA

approximation.




32

Energy [Ryl

Energy [Ryl

=6674, 5508

=6074, 5600

=6074,5700

=-6074,5800

=6074,5900

=6074, 6000

=G074,6108

=G074, 6200

=6074,6300

=6B74. G488

turnaghan: v8,B{GFa},BF,E8 1
1060,6654 69,8811 4,2353 -6074,636203

a) /

F

958

=-6B83. 67608

1888 1lane 1188 1158 1288 12458

Volume [a,u,”3]

=-6B83. 6800

-6B83.0000

-6B83.1000

=-6BB3.1180

-6BB3.1280

=6B83.1308

Hurnaghan: Ve,B{GFa},BF,E0
1186,7134 86,3549 4,0597 -BABI, 130050

=683, 1488

1888 a8 1188 1158 1288 1258

Volume [a.u.™31

Figure(3.8) : Total energy dependence on volume in ZB structure for

Al _V

1-x ¥ x

P, x=0.25 using : (a) LSDA approximation and (b) GGA
approximation.




33

-T-IIE'_'L-‘-'IEIIB T T T

Hurnaghan: ve,B(GPa),BP,E0
1862, 4329 96,1670 3,7619 -7485,519609

=7485,4300 [ Ei) i
-7485,4408 E
=748%5. 4588 I-.I -
=7485, 4600 - ) . -

-7485,4700 | \ / !

Energy [Ryl

-748%, 4868 | \ f |
=F485, 4988 - r 1
-7485,5000 | A v ;

~7485,5108 | AN v 1

=745, 5208 L - =P
988 9458 1868 1858 1188 1158 1288

Volume [a.u.”31

-?dgd, ﬂiﬂﬂ T T T T T T T
Hurnaghan: Y0,6{GFa},BF.E8 +
\ 1891. 5378 87,3454 3,86852 =7495,000538

=7494,9200 1
. b)

=7494,93688 [ | 1

-7494,9400 | \ / .

=7494,9500 \ / .

=7494.9688 \ b

Energy [Eyl
-+
“

=7494,9700 - ' ¢ _
=7494,9808 | , ' _
=7494,0900 N, ¥ .

~7495, 0000 | A 4

=749%. 6188 : : ! ! : : :
T3] 956 1886 1856 11686 1158 1288 1256

VYolure [a,u.”3]
Figure(3.9) : Total energy dependence on volume in ZB structure for Al,_,V P,
x= 0.5 using : (a) LSDA approximation and (b) GGA approximation.




34

=-5896, 3708 T T

Hurnaghan: v8,B{GPa},BP,EB
\ 1043,4236 91,9401 2,7045 -DO96,431672

-6896,3600 | a} |
-8896,3900 | | |
-8896, 4000 _ / _
-85, 4160 | " l
=BB95, 4208 | /7 |

=6if96, 4368 [

=8596, 49688 * * ' :
988 956 1666 1858 1188 1158

Voluwe [a.u.”3]

=-B006. 8288 T T T

Hurnaghan: V6,B{GFa),BF,E0
1673,1651 92,8179 4,8629 -BI06,B69422

=5086 . 8300

-8906, 8400 | J

-390, 8500 ! 4

Energy [Ryl

=B906, BE00 4 .

0906, 5760 A .

-69086., 6600 ' H .

-6906, 5960 ' ' e :
988 %8 1888 1858 1188 1158

Yolume [a.u.”31

Fig(3.10) : Total energy dependence on volume in ZB structure for Al_,V, P,
x=0.75 using : (a) LSDA approximation and (b) GGA approximation.




35

The minimum total energy E, 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 (Eo) in Rydberg (Ry) for Al,_V,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 Eo ( 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 B, and its derivative B'

using LSDA and GGA approximations for Al_V,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 Al_V,P alloys (x=0.125, 0.25,

0.5 and 0.75) in ZB structure using LSDA and GGA approximations.

Method Lattice Bulk modulus Pressure
approach  constant a, derivative B’
( A) B, (GPa)
(present work)
LSDA 5.4338 89.5736 4.0728
Al_xVyP GGAO8 5.47369 86.1364 3.8622
x=0.125

LSDA 5.4304 89.8811 4.2353

Al_,V P GGAO8 5.47367 86.3549 4.2597
x=0.25

LSDA 5.3997 90.1070 3.7019

Al VP GGA08 5.4485 87.3454 3.8852
x=0.5

LSDA 5.3673 91.9481 2.7045

Al VP GGAO8 5.4178 92.0179 4.0029
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 (a,) using LSDA and GGA
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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 B, using LSDA and GGA approximations.
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Figure (3.12): Bulk modulus variation with \V concentration for Al,_,V, P

using:(a) LSDA method and (b) GGA method.

Figure (3.12) indicates that the bulk modulus B, 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 AIP 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 AlIP . 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 AIP and VP for a, using LSDA and

GGA approximations.

LSDA GGA
Compound
2N do
AlP 0.48% 0.19%
VP (ZB) 0.1% 1.5%

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: AIP and VP in ZB structure

Figure (3.13) illustrated the band structure for AIP in ZB structure using
LSDA and GGA approximations, respectively. These figures show that the
Fermi energy E, is on the top of valence band along the I" 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 AIP 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 AIP in ZB structure using:
(a) LSDA approximation and (b) GGA approximation.
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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 AIP. 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 AIP in ZB structure using LSDA and GGA approximations.

Compound Method approach Energy gap E(eV)
LSDA (present) 1.43821
GGAO08 (present) 1.63845
Experimental results 2.505°
Other LDA calculations 1.41°,1.49°
AlP 1.44° 2.17°
Other GGA calculations 1.635',2.49¢
1.632",1.57¢

a:[3], b:[5], c:[9], d:[13], e:[20], f:[11], 0:[12] ,h:[10].
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3.4.2 Al_V, Palloys 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 Al,_,V,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, Al_,V,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 Al_,V,P is

strongly effected by vanadium because vanadium is a strong metal.
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Figure (3.15): The spin polarized band structure for Al,_,V,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 Al, ,V,P, x=0.25 in ZB
structure using: (a) LSDA approximation and (b) GGA approximation.
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Figure (3.17) : The spin polarized band structure for Al, ,V,P, x=0.5 in ZB
structure using: (a) LSDA approximation and (b) GGA approximation.
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structure using: (a) LSDA approximation and (b) GGA approximation.

Table (3.7) summarizes the energy band gap for Al_,V,P alloy for

x=0.125. For Al_V,P alloys, it can be concluded that the energy gap

decreases as the concentration of the vanadium increases. Therefore,

Al_V,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 Al_V,Pin ZB

structure for x=0.125 using LSDA and GGA approximations.

Compound  Method approach  Energy gap E(eV)

LSDA 0

Al VP GGA 0.3
(x=0.125)

3.5 Magnetic properties

The total magnetic dipole moment () 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 (,, /unit cell) for Al,_V,Pis almost zero for x=0; whereas it
is 2.06382 g, 1.99685 uy, 3.99425 1, 5.98478 1y, and 1.49720 p, 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 z,,, /unit
cell for Al_V,P is almost zero for x=0; whereas it is 2.01317 x5,
2.00069 g, 3.99753 1y, 6.00272 p, and 1.64528 u, 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 z,,, than LSDA
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approximation, and the results differ by 0.01- 0.0254,. This small
difference may be due to the difference in the lattice parameters values.

Table (3.8): Total and local Magnetic Moments for Al,_V,P system in ZB

structure using LSDA and GGA approximations.

Compound  Magnetic moment LSDA GGA
(w)
(Mg) (Mg)
interstitial - 0.01660 - 0.00357
AlP Al -0.00734 - 0.00069
P 0.00494 0.00133
Ly, Junit cell - 0.01899 - 0.00293
interstitial 0.24284 0.21904
Al 0.03990 0.03467
Al_.V,P
Vv 0.78981 0.81089
x=0.125
P - 0.04065 - 0.05802
U, Junit cell 1.03191 1.00658
interstitial 0.44892 0.43096
Al 0.06507 0.06150
Al_, V. P
V 1.57961 1.60179
x=0.25
P - 0.09676 - 0.09356
L, unit cell 1.99685 2.00069
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interstitial 0.92154 0.89290
Al 0.06820 0.06254
Al,_ V. P
V 3.16176 3.27134
x=0.5
P -0.15724 -0.22924
Lo, lunit cell 3.99425 3.99753
interstitial 1.31949 1.30050
Al 0.04137 0.03637
Al,_ V. P
V 4.83993 499734
x=0.75
P -0.21600 - 0.33152
U, Junit cell 5.98478 6.00272
interstitial 0.26006 0.29556
VP V 1.27888 1.42596
P -0.04174 -0.07624
U, Junit cell 1.49720 1.64528

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

to V atoms.
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Figure (3.19): The relation between concentration of V and total magnetic moment

( Mo )unit cell using:(a) LSDA approximation and (b) GGA approximation.

In addition, Table (3.8) as well as Figure (3.19) show that the

increases as the concentration of V increases with the existence of Al. This
indicates that the most important role in determining the value of ,, 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 ., . Therefore,

U, decreases for x=1, because the V-Al spin interactions vanish in this

case.
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for V atom /unit cell using: (a) LSDA approximation and (b) GGA approximation.

Figure (3.20) show that the x 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 ., 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
AIP 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

itis vanishes after x=0.125.

6) The doped V transforms AIP compound in ZB structure from

semiconductor to metal.

7) The total magnetic moment z,,, 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, | would like to carry on more research on the AIP
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 AIP, VP and ternary alloys Al _,V,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 AIP 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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