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                                              ABSTRACT 


Exchange integral and correlation corrections are added to the previous calculations made by other investigators to simulate the crystal band structure and physical properties of covalent semiconductors.  Scalar relativistic corrections are embodied in the empirical parameters of the model. An approximate self-consistent method depending on the intermediate neglect of differential overlap (INDO) is used instead of the complete neglect of differential overlap (CNDO) which was used previously. Unlike previous works we differentiated between atomic and solid parameters by using the sp shell energy to describe the energy of the free atom. 


The large unit cell method (LUC) formalism is used to simulate diamond type crystal semiconductors. Eight atoms per cell (conventional cell) is investigated in this work. The band structure and physical properties of diamond, silicon, germanium and SYMBOL 97 \f "Symbol"-tin are obtained and compared with available experimental data.


Cohesive energy, direct band gap, valence band width and hybridized orbitals of the crystal are all obtained from the band structure calculations. Bulk modulus, speed of sound, x-ray form factors, charge distribution, electrostatic potential of the lattice and pressure dependence of some of the quantities of the band structure are calculated. Other minor corrections such as the relativistic spin-orbit splitting effects on the direct band gap and zero-point motion energy are also included. 


The average displacement of electrons from their atoms is found to be approximately equal to half the distance between two neighboring atoms. An evidence of that the average displacements of core electrons from atomic centers are increased is found from x-ray form factors especially for large core elements. The charge distribution in the region between two neighboring atoms is found to have a two-peak structure with the net charge in this region decreases as the atomic number increases. The effects of INDO and correlation corrections are also found to transform some of the charges from the bond region to the spherical region around the nucleus.  
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               INDEX OF SYMBOLS AND ABBREVIATIONS


The widely used and important symbols that frequently appear are registered in this index. These symbols and the less important symbols are also explained in the text.

1. Alphabetical symbols


	a
	lattice constant

	ASYMBOL 109 \f "Symbol"
	affinity

	B
	bulk modulus

	cSYMBOL 109 \f "Symbol"i
	combination coefficients of hybridized orbitals

	dV
	infinitesimal volume element in three dimensional space

	Ee
	electronic energy

	En
	inter nuclear energy

	ET
	total energy

	Ek(1)
	first contribution to correlation energy

	Ek(2)
	second contribution to correlation energy

	fj
	x-ray form factor 

	f(x)
	modulating function

	F0
	zero order two-electron integral

	F2
	second order two-electron integral

	FSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"
	Fock Hamiltonian matrix element between orbitals SYMBOL 109 \f "Symbol" and SYMBOL 110 \f "Symbol"

	G1
	first order two-electron integral

	H0
	Hartree-Fock Hamiltonian without correlation

	H1
	relativistic correction to the kinetic energy

	H2
	spin-orbit correction

	H3
	Darwin correction

	Hcore
	core Hamiltonian

	H'
	correlation correction Hamiltonian

	ISYMBOL 109 \f "Symbol"
	ionization potential

	k
	wave vector

	l
	angular momentum quantum number

	m
	magnetic quantum number

	M
	number of electron basis

	M
	sp shell transformation matrix

	n
	principal quantum number

	N
	number of combined atomic orbital to form solid eigenvectors

	P
	pressure

	PC
	density matrix of atom C

	PSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"
	density matrix between orbitals SYMBOL 109 \f "Symbol" and SYMBOL 110 \f "Symbol"

	r
	radial distance

	r12
	distance between particle one and two

	s
	reduced overlap integral

	S
	overlap integral

	USYMBOL 109 \f "Symbol"

SYMBOL 109 \f "Symbol"
	local core matrix element

	v0
	speed of sound

	V
	volume

	Vp
	potential

	VAB
	the interaction potential of valence electron on atom A with the core of atom B

	X
	high symmetry point in k space

	Yij
	a matrix used in evaluating overlap and two electron integrals analytically

	Z
	nuclear charge


2. Greek symbols


	SYMBOL 97 \f "Symbol"vk
	expansion coefficients of the crystal wave functions as a linear combination of LUC molecular states

	SYMBOL 98 \f "Symbol"0
	bonding parameter in CNDO and INDO theory

	SYMBOL 103 \f "Symbol"AB
	two-electron integral between atom A and B

	SYMBOL 71 \f "Symbol"
	high symmetry point in k space

	SYMBOL 100 \f "Symbol"SYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"
	Kronecker delta

	SYMBOL 68 \f "Symbol"0
	experimental spin-orbit splitting of p states

	SYMBOL 101 \f "Symbol"
	eigenvalues of Fock Hamiltonian

	SYMBOL 122 \f "Symbol"
	orbital exponent

	(SYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"

SYMBOL 189 \f "Symbol"

SYMBOL 108 \f "Symbol"

SYMBOL 115 \f "Symbol")
	two electron integral

	SYMBOL 114 \f "Symbol"
	mass density

	SYMBOL 114 \f "Symbol"e
	electronic charge density

	SYMBOL 102 \f "Symbol"i
	atomic wave functions

	SYMBOL 99 \f "Symbol"i
	wavefunction that include space and spin coordinates

	SYMBOL 99 \f "Symbol"(k,r)
	molecular wavefunction within one LUC

	SYMBOL 121 \f "Symbol"i, SYMBOL 121 \f "Symbol"(k,r)
	hybridized solid or molecular orbital

	SYMBOL 121 \f "Symbol"k(1)
	the first perturbative correction to the wavefunction SYMBOL 121 \f "Symbol"k

	SYMBOL 89 \f "Symbol"
	total antisymmetric wavefunction


3. Abbreviations


	CI
	configuration interaction

	CNDO
	complete neglect of differential overlap

	fcc
	face-centered cubic 

	GTO
	Gaussian type orbital

	HOMO
	highest occupied molecular orbital

	INDO
	intermediate neglect of differential overlap

	LCAO
	linear combination of atomic orbitals

	LUC
	large unit cell

	LUMO
	lowest unoccupied molecular orbital

	NDDO
	neglect of diatomic differential overlap

	STO
	Slater type orbital
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                                           CHAPTER ONE

                        SELF-CONSISTENT FIELD METHOD,  

                        CORRELATION, AND RELATIVISTIC

                                         CORRECTIONS   

 1.1   Introduction  

_______________


Few of the journeymen and masters of energy band calculations learned their methods entirely from books. Band calculation is a craft learned by experience, often developed in groups, and needing access to computers. Wigner and Seitz, who performed the first serious band calculations in 1933, refer to afternoons spent on the manual desk calculators of those days, using one afternoon for a trial wavefunction. Modern computers have eased the pain. However, the formulation of the problem requires great care, and the computer programs are not trivial.

                                                                 Kittel page 260 [1]


The application of an exact self-consistent field method to a solid is out of the range of present computers especially when the constituting atoms are of high atomic numbers so that large number of basis states is needed for the simulation of the individual atoms. This leads to several approximations that will be described in this chapter and the following chapters. In this chapter, the exact Hartree-Fock self-consistent field method will be described in Section (1.2). The first approximation that is the linear combination of atomic orbitals (LCAO) will be discussed in Section (1.3). From its name LCAO combines the atomic states to form the molecular or solid eigenvectors. The LCAO is already used in most of the molecular orbital theory calculations since it greatly reduces the computational efforts spent in the exact theory calculations. This will lead naturally to the incorporation of this approximation when trying to apply this theory to solids. An important correction to the deficiencies of Hartree-Fock method is the correlation corrections that are described in Section (1.4). Another important correction is the relativistic correction which is incorporated whenever the atomic number of the constituting atoms in the solid is larger than 20. Relativistic corrections are discussed in Section (1.5).


The use of LCAO approximation is enough to bring the problem of calculating molecular orbitals to a reasonable computational problem but it is not enough for solid band structure calculations. This will lead to the use of semiempirical methods that were used previously to simplify molecular orbital theory calculations. In Chapter Two the two most common semiempirical self-consistent approximations are discussed. The complete neglect of differential overlap (CNDO) is discussed in Section (2.1), and the intermediate neglect of differential overlap (INDO) is discussed in Section (2.2). A comparison of the results of the two semiempirical methods in calculating the two-electron integrals is presented in Section (2.3). 


Our method is applied to covalent semiconductors. A discussion of the principles of the band structure of covalent semiconductors is presented in Section (3.1). In order to apply self-consistent field calculations to crystalline solids, a model for the solid must be chosen. The large unit cell model of the solid (LUC) is found adequate for such calculations. As its name suggests the LUC method uses a large cell which is a multiple of the primitive cell of the crystal. Unlike other methods the LUC method offers the privilege of treating the interactions of nuclei and electrons explicitly without resorting to an average overall interaction potential. This advantage can be recognized in many applications of the LUC method. The LUC method is discussed in Section (3.2). The analytical formulation of INDO method within the frame of LUC method is discussed in Section (3.3). 


Computer programming of the above methods is discussed in Section (4.1). The application of this method to covalent semiconductors and the resulting electronic band structure is discussed in Section (4.2). Obtaining the band structure of any solid will lead naturally to the calculation of the physical properties that are related to electronic band structure. These properties of covalent semiconductors are obtained in Section (4.3). The discussion of the results of the band structure and physical properties is included in Section (4.4). Conclusions and many suggestions for future work are recorded in Chapter Five.  

1.2   Hartree-Fock self-consistent field method

______________________________________


Quantum mechanics offers the only possible way for the solution of many problems in physics and chemistry. One of these problems is the calculation of equilibrium energy or geometry of an atom, molecule or a solid. All the theories  applied to such problems are approximations to the Schrodinger equation of many-particle systems. This equation for two charged particles in atomic units reads
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The first term in the left of Eq.(1.1) is the kinetic energy of the two particles, the second term is the potential energy between the two particles, e1 and e2  are the charges of the first and second particle, SYMBOL 106 \f "Symbol" the wave function, SYMBOL 101 \f "Symbol" the energy of the system and r12 the distance between the two particles.


To generalize Eq.(1.1) to atoms with several electrons, molecules or solids, the Pauli exclusion principle should be considered. This principle forbids two electrons from taking the same spin and space coordinates simultaneously. This leads to antisymmetrization of the wave function which must be written in the Slater determinantal form

  SYMBOL 89 \f "Symbol"= [(2ne)!]-½ [image: image2.wmf]å

p

 (-1)P ASYMBOL 91 \f "Symbol"

SYMBOL 99 \f "Symbol"1(1) SYMBOL 99 \f "Symbol"2(2)......SYMBOL 99 \f "Symbol"2ne(2ne)SYMBOL 93 \f "Symbol",             (1.2)

where A is the permutation operator and SYMBOL 99 \f "Symbol"1(1) is the first basis function of the first electron that include space and spin degrees of freedom. 2ne is the number of electrons of the closed shell systems which is the subject of this work. (-1)P is +1 or -1 for even or odd permutations respectively. The summation extends over all the possible permutations (p) of electron coordinates. 


The first derivation of the many-electron Schrodinger equations was due to Hartree [2,3]. Hartree equations did not take Pauli exclusion principle into account. Taking this principle into account, Fock [4,3] derived the many-electron Schrodinger equations that are generally known as Hartree-Fock equations or self-consistent field equations. These equations are written in the form [5]

  [ Hcore + 
 (2Jj-Kj)] SYMBOL 121 \f "Symbol"i = 
SYMBOL 101 \f "Symbol"ij SYMBOL 121 \f "Symbol"j       i=1,....,ne               (1.3)

where
 Hcore  is the one electron Hamiltonian for an electron moving in the field of bare nuclei, Jj  is the direct Coulomb repulsion integral due to the other electron occupying the same orbital SYMBOL 121 \f "Symbol"i, and Kj  is the exchange potential integral that arises from the anti-symmetry of the total wave function. The doubly occupied wave function SYMBOL 121 \f "Symbol"i is the space part of the original basis states SYMBOL 99 \f "Symbol"n(n). The summation over the index j extends over all the number of basis ne. The left hand side of Eq.(1.3) is also known as the Fock Hamiltonian since it reduces Eq.(1.3) to the standard form

        F SYMBOL 121 \f "Symbol"i = 
 SYMBOL 101 \f "Symbol"ij SYMBOL 121 \f "Symbol"j       i=1,.....,ne                           (1.4)


In order to solve the ne Hartree-Fock Eqs.(1.3) or (1.4), trial wave functions SYMBOL 121 \f "Symbol"1, SYMBOL 121 \f "Symbol"2, .......,SYMBOL 121 \f "Symbol"ne   are used to calculate the Coulomb and exchange potential integrals and Hcore differential equations. The ne equations are solved to obtain another set of wave functions. The new wave functions are then used to calculate a new set of potential integrals and Hcore. The cyclic procedure continues till there is no change in the calculated wave functions or potential integrals and Hcore. This explains why this method is called self-consistent field method since the final wave functions produce potential integrals and Hcore and those in turn produce the same wave functions within a given tolerance when Eqs.(1.4) are solved.


The real strength of Hartree-Fock method is its applicability to a wide range of problems. Most of the other methods are restricted to certain kind of calculations. As an example the Hartree-Fock method has a well-defined procedure for the calculations of excitations, correlation corrections, relativistic corrections, charge distribution, mechanical and many other properties.  Some of these  advantages in calculations and applications will be made clear in the following sections and chapters.

1.3   Linear combination of atomic orbitals and the 

        Roothaan-Hall equations.   

_________________________________________


As we have seen in the preceding section, Hartree-Fock equations are integrodifferential equations and their solution is difficult since integral and differential equations are time consuming even for main-frame computers. An approximate method resides on finding the appropriate combination of a given number of basis states can be used. This is performed by the variation of the combination coefficients to obtain the lowest possible total energy of the system SYMBOL 91 \f "Symbol"5SYMBOL 93 \f "Symbol". This method is called linear combination of atomic orbitals (LCAO). It is also referred to as the tight binding approximation. As is suggested by its name the basis states that are combined to form the molecular or solid eigenvectors are the wave functions of the atoms that form the molecule or the solid

     SYMBOL 121 \f "Symbol"i =  
cSYMBOL 109 \f "Symbol"i SYMBOL 106 \f "Symbol"SYMBOL 109 \f "Symbol" ,                                    (1.5)

where cSYMBOL 109 \f "Symbol"i is the combination coefficients and N is the number of combined atomic orbitals.  


This method has several advantages and some disadvantages. Its main advantages are:

1.
The great reduction in computational efforts and time needed to perform these calculations since integrodifferential equations are avoided and replaced by linear algebraic equations. The basis set expansion is fixed and all the integrals and differential equations are only needed to be solved once. The further iterations only change the coefficients of the linear combinations of these integrals or differential equations.

2.
The interpretability of the final eigenvectors in terms of the constituting atomic orbitals is possible, and a better understanding of these final states is gained.

3.
The integrodifferential equations are numerically solved giving rise to  errors that accumulate when performing further iterations. On the other hand the evaluation of integrals and differential equations in terms of atomic orbitals can be completely analytical. The integrodifferential equations can only be solved in high precision calculations whereas the algebraic equations can be solved in low precision.   


The main disadvantage is that the combined wave functions might not be perfectly suitable for the description of the final Hartree-Fock states. This proved not to be the case in most of the calculations and can be easily overcome by the use of large number of wave functions to be combined to form the final Hartree-Fock states.


As mentioned above, the molecular or solid wave functions are constructed in terms of the constituting atomic orbitals. The determination of the expansion coefficients is based on the variational methods in quantum mechanics. After selecting the basis states, the coefficients cSYMBOL 109 \f "Symbol"i may be adjusted to minimize the expectation value of the energy SYMBOL 101 \f "Symbol". The variation of these coefficients leads to a set of N algebraic equations that are called Roothaan-Hall equations SYMBOL 91 \f "Symbol"6SYMBOL 93 \f "Symbol"
              
(FSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"- SYMBOL 101 \f "Symbol"i SSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol") cSYMBOL 109 \f "Symbol"i = 0        SYMBOL 109 \f "Symbol"=1,2,.....,N.               (1.6)

The summation over the index SYMBOL 110 \f "Symbol" extends over the number of orbitals N. 


The normalization of the wave functions leads to the following equations 

                    

cSYMBOL 109 \f "Symbol"i* SSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol" cSYMBOL 110 \f "Symbol"i = 1.                                   (1.7)


In the above equations SSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol" is the overlap integral defined by

                             SSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"= SYMBOL 242 \f "Symbol" SYMBOL 106 \f "Symbol"SYMBOL 109 \f "Symbol"* SYMBOL 106 \f "Symbol"SYMBOL 110 \f "Symbol"   dV,                                    (1.8)

where the integration is over all space and dV is an infinitesimal volume element in three-dimensional space. FSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol" in Eq.(1.6) is the Fock operator matrix element defined by

              FSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol" = HSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"core + 

 PSYMBOL 108 \f "Symbol"

SYMBOL 115 \f "Symbol" SYMBOL 91 \f "Symbol"(SYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"

SYMBOL 124 \f "Symbol" SYMBOL 108 \f "Symbol"

SYMBOL 115 \f "Symbol") SYMBOL 190 \f "Symbol" ½ (SYMBOL 109 \f "Symbol"

SYMBOL 108 \f "Symbol"

SYMBOL 189 \f "Symbol"

SYMBOL 110 \f "Symbol"

SYMBOL 115 \f "Symbol") SYMBOL 93 \f "Symbol"          (1.9)


HSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"core    is the matrix element of the Hamiltonian of a single electron in the field of the nuclei. Its operator representation

                          Hcore = - ½ SYMBOL 209 \f "Symbol" 2   -  

 ,                      (1.10)

where ZA is the charge of nucleus A and the summation is over all nuclei. The quantities between parentheses in Eq.(1.9) is called the two-electron integrals defined by the following equation

   (SYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"

SYMBOL 124 \f "Symbol"

SYMBOL 108 \f "Symbol"

SYMBOL 115 \f "Symbol") = SYMBOL 242 \f "Symbol" SYMBOL 242 \f "Symbol" SYMBOL 106 \f "Symbol"SYMBOL 109 \f "Symbol"*(1) SYMBOL 106 \f "Symbol"SYMBOL 110 \f "Symbol"(1) (  
 ) SYMBOL 106 \f "Symbol"SYMBOL 108 \f "Symbol"*(2) SYMBOL 106 \f "Symbol"SYMBOL 115 \f "Symbol"(2)  dV1  dV2         (1.11)

In Eq.(1.9) the two-electron integrals are multiplied by the density matrix PSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"  which is defined by

                PSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"  = 2
 cSYMBOL 109 \f "Symbol"i*  cSYMBOL 110 \f "Symbol"i .                                   (1.12)

The summation is over occupied (Occ.) orbitals only.  The factor of two in the  above equation indicates that there are two electrons in each orbital for closed shell systems. The density matrix is the most precious output of the above calculations since by using it all the physical properties of  the solid can be determined. 


The total electronic energy is given by

                      Ee=   ½ 

PSYMBOL 108 \f "Symbol"

SYMBOL 115 \f "Symbol" (FSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol" + HSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"core ).                      (1.13)

This  energy is added to the inter-nuclear potential energy 

                          En =  


                                                  (1.14)
to give the total energy

                          ET =   En + Ee .                                       (1.15)
1.4   Correlation corrections to the Hartree-Fock method.   

___________________________________________


The main deficiency of Hartree-Fock theory is the lack of correlation between motions of electrons. Correlation energy is defined as the difference between the Hartree-Fock and exact (non relativistic) energySYMBOL 91 \f "Symbol"6SYMBOL 93 \f "Symbol"
            E(correlation)=E(exact)-E(Hartree-Fock)                (1.16)


The correlation correction to the initial error inhibited in Hartree-Fock calculations is due to the fact that only one single determinant is included in Hartree-Fock calculations. One obvious example of correlation correction importance is the F2 molecule. This molecule is predicted to be unstable in the exact Hartree-Fock calculations [6,7]. However adding correlation corrections to the Hartree-Fock calculations will result in nearly the exact experimental bond dissociation energy. This deficiency is also obvious when we try to describe the dissociation of a hydrogen molecule to two separate hydrogen atoms [6]. The dissociated hydrogen molecular wave function in Hartree-Fock calculations is contaminated with incorrect components that attach the two electrons to one atom. In order to correct this error several determinants should be included in the calculations. This method is called configuration interaction (CI) which relies on the variation of the energy of multiple-determinant wave functions to obtain the lowest possible energy of the system. The simplest CI calculations that can be performed include the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). These calculations are frequently called HOMO-LUMO calculations [6].


Since the hydrogen molecule has only two basis states, a full configuration interaction can be performed with the HOMO-LUMO type calculations. In order to perform these calculations, the two-electron repulsion integrals and core Hamiltonian integrals should be transformed in terms of the final Hartree-Fock molecular orbitals [8]

( i j SYMBOL 124 \f "Symbol" k l) = 

 

 cSYMBOL 109 \f "Symbol"i*  cSYMBOL 110 \f "Symbol"i*  cSYMBOL 108 \f "Symbol"k  cSYMBOL 115 \f "Symbol"l (SYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"

SYMBOL 124 \f "Symbol" SYMBOL 108 \f "Symbol"

SYMBOL 115 \f "Symbol"),         (1.17)

            Hij  = 

 cSYMBOL 109 \f "Symbol"i*  cSYMBOL 110 \f "Symbol"i HSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"                                            (1.18)


In order to calculate the CI corrections one can use McWeeny rules for this purpose [8]. Other methods of correlation are available and are widely used to correct the calculated Hartree-Fock total energy. One of these methods that can be applied to molecular and solid calculations is the Moller-Plesset perturbation method [9,10,6].  


All correlation methods have the effect of bringing the electronic properties nearer to the experimental one. The effects of correlation corrections are made clear in Table (1.1) which compares the dissociation energy calculated in Hartree-Fock method before and after adding correlation corrections by Moller-Plesset perturbation method [6].


Moller-Plesset perturbation method is not a variational method as the CI methods but it has the advantage of being size consistent [6]. By size consistency we mean that the relative error of the method is related to the size of the molecule or the correlated part of the solid. This is important when we try to compare these errors for different sizes of the molecule or the solid. Another advantage is the gained computational time of the calculations. Unlike CI calculations Moller-Plesset perturbation method does not need a total transformation of the two-electron integrals of Eq. (1.17). Only a partial transformation is needed for this method as will be explained below. In this method the correlation Hamiltonian is written as a perturbation over the exactly solvable  Hartree-Fock Hamiltonian

                         H = H0+ SYMBOL 108 \f "Symbol" H',                                      (1.19)

where H is the total Hamiltonian, H0 is the Hartree-Fock Hamiltonian and H' is the correlation correction Hamiltonian. SYMBOL 108 \f "Symbol" is a dimensionless parameter that goes to  0 for H = H0, and can be given the value 1 for H = H0+ H'. The wave function of the k level of the total Hamiltonian is now given by

SYMBOL 121 \f "Symbol"k    =   SYMBOL 121 \f "Symbol"k(0) + SYMBOL 108 \f "Symbol"

SYMBOL 121 \f "Symbol"k(1)  + SYMBOL 108 \f "Symbol"2 SYMBOL 121 \f "Symbol"k(2)  + SYMBOL 108 \f "Symbol"3 SYMBOL 121 \f "Symbol"k(3)   +.....           (1.20)

and the energy of this level becomes

Ek    =   Ek(0) + SYMBOL 108 \f "Symbol" Ek(1)  + SYMBOL 108 \f "Symbol"2 Ek(2)  + SYMBOL 108 \f "Symbol"3 Ek(3)   +.....          (1.21)


The correlation correction Hamiltonian H' is given by

H' = ( i j SYMBOL 189 \f "Symbol"

SYMBOL 189 \f "Symbol" a b ),                                      (1.22)

where  ( i j SYMBOL 189 \f "Symbol"

SYMBOL 189 \f "Symbol" a b ) is related to the two-electron integral of Eq.(1.11) by

( i j SYMBOL 189 \f "Symbol"

SYMBOL 189 \f "Symbol" a b )= ( i a SYMBOL 189 \f "Symbol" j b ) - ( i b SYMBOL 189 \f "Symbol" j a ),                      (1.23)

so that only the two-electron integrals that are related to H' are needed to be transformed using Eq. (1.17). The first contribution to the energy of the k level is given by

Ek(1)   = SYMBOL 60 \f "Symbol" SYMBOL 121 \f "Symbol"kSYMBOL 189 \f "Symbol"  H'SYMBOL 189 \f "Symbol"  SYMBOL 121 \f "Symbol"kSYMBOL 62 \f "Symbol" = H'kk                                     (1.24)

The second contribution to the energy of the k level is given by


                                  (1.25).

Moller-Plesset perturbation method will be used in this work since size consistency is more important in the case of solid calculations than in molecular calculations that will give a comparative study of this correction when used for different sizes used for the simulation of the solid. The second feature of this method that is the time reduction is also very important in the solid case because of the large number of basis states. Time reduction of any correlation correction method is of a vital importance for the applicability of correlation corrections as we shall see in Chapter Four.  

Table (1.1):
Dissociation energies calculated in Hartree-Fock method before and after correlation corrections are added [6]. Energies are in (eV).

	     Molecule
	  Hartree-Fock  

      energy       
	After correlation   

   corrections
	   Experimental    

        value

	         H2
	        3.68
	         4.38
	        4.72

	         HF 
	        4.03
	         5.68
	        6.11

	        CH
	        2.47
	         3.16
	        3.64

	        OH
	        2.95
	         4.16
	        4.64

	        NH
	        2.2
	         3.08
	        3.42

	         F2
	       -1.43
	         1.52
	        1.65


1.5   Relativistic effects.   

____________________


Relativistic effects are important in atomic physics for high atomic number (Z) nuclei. They have the same parallel effects in solid state and molecular physics. Relativistic effects can be neglected for crystals containing atoms like carbon (Z=6) or silicon (Z=14), but their effects on electronic band structure cannot be neglected for atoms like germanium (Z=32), tin (Z=50) or lead (Z=82).  


The incorporation of relativistic effects can be done in two different ways, the first is by the solution of Dirac relativistic equation and the second is by the use of perturbation theory discussed in the last section. The first method is being more accurate and complicated, the second being easier and simpler with their results easier to interpret.


Three relativistic terms are added to the Schrodinger equation when considering relativistic corrections to an atom, molecule or a solid [3]

1.
Relativistic correction to the kinetic energy.


      ,                                     (1.26)


where p and m are the momentum and mass of the particle, c the speed of light. This term has a negative expectation value and its effect on s states (l=0) is more pronounced than the other states of  higher value of the angular momentum l.  

2.
Spin - orbit term.


  ,                           (1.27)


where Vp is the potential, L is angular momentum operator and S is the spin operator. This term has the effect of splitting levels of lSYMBOL 185 \f "Symbol"0 and it has no effect on s states (l=0).

3.
Relativistic correction to the potential energy (Darwin correction).


  .                           (1.28)


This term has a positive expectation value and affects s states only. 


From the presentation of the above three relativistic terms we can see that the first and third terms affect mainly the s states with different directions and do not produce any splitting. The second term is the only term that produces further splitting to the energy levels. The splitting in atoms depends on the total angular momentum j that is given by 

                                       j = l SYMBOL 177 \f "Symbol" ½   for   l SYMBOL 185 \f "Symbol" 0,

 j =  ½       for   l = 0,                                    (1.29)

so that the total relativistic effect on the p½  is the same as for the s½  in atoms.  


Since splitting of the p states is due to the spin-orbit correction only, the only relativistic correction that can be measured directly in experiment is this term. 


Our work will be concerned in solids. The experimental spin-orbit splitting (SYMBOL 68 \f "Symbol"0) of  the p states at the top of the valence band of the diamond structure elements is given in Table (1.2). The relative movement of the s and p states is affected by the various other non-relativistic effects in addition to the relativistic corrections. This makes the experimental estimation of the effects of the other two relativistic terms (the relativistic correction to the kinetic and potential energies) difficult. However, the inclusion of the first and third term in any calculations is easier than the inclusion of spin-orbit term. This is because the number of states will be increased when spin-orbit term is added to the Hamiltonian. This will be faced by memory and speed limitations in computers so that many workers prefer to include the relativistic correction to the kinetic and potential energy only and to drop the spin-orbit term from the calculations [11,12] which is called scalar relativistic correction. The inclusion of spin orbit term is finally made by splitting the finally obtained states as required by spin orbit interaction or by correcting the experimental data to obtain the positions of the levels if spin-orbit term is dropped [11].   


The effect of the inclusion of relativistic effects is the overall movement of the levels to deeper positions with these movements approximately of the same order with the exception of a few levels [13]. 


The set of Hartree-Fock equations in relativistic form is called Dirac-Fock equations. These equations should be solved when an atom, molecule or solid contains one of the heavy elements that has an appreciable relativistic effect on their structure.  

Table (1.2):
The experimental spin-orbit splitting (SYMBOL 68 \f "Symbol"0) of  the p states at the top of the valence band of diamond structure elements [14].

	     element
	         SYMBOL 68 \f "Symbol"0  (eV)    

	         C
	        0.00

	         Si 
	        0.044

	        Ge
	        0.29

	        SYMBOL 97 \f "Symbol"-Sn
	        0.80
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2.1   Complete neglect of differential overlap (CNDO) 

___________________________________________


Up to now we have considered what is called ab initio calculations of molecular orbitals. By ab initio calculations we mean the solution of Schrodinger equation using only the values of the fundamental physical constants (Planck's constant, velocity of light and the masses and charges of electrons and nuclei). This method involves the evaluation of large number of two-electron repulsion integrals that is equal approximately to M4/8 where M is the number of electron basis. When the number of basis is large, the evaluation of these integrals becomes a computer time problem. Some approximate approaches were suggested to avoid the evaluation of many of these integrals. Many of these integrals are approximately equal or have very small values. One of these approximations is the complete neglect of differential overlap (CNDO) SYMBOL 91 \f "Symbol"15,16SYMBOL 93 \f "Symbol". The following approximations are applied in CNDO

1.
Only valence electrons are considered.

2.
Replacing the overlap matrix by the unit matrix.

3.
Neglecting differential overlap in two-electron repulsion integrals

(SYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"

SYMBOL 124 \f "Symbol"

SYMBOL 108 \f "Symbol"

SYMBOL 115 \f "Symbol")= SYMBOL 100 \f "Symbol"SYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol" SYMBOL 100 \f "Symbol"SYMBOL 108 \f "Symbol"

SYMBOL 115 \f "Symbol" (SYMBOL 109 \f "Symbol"

SYMBOL 109 \f "Symbol"

SYMBOL 124 \f "Symbol"

SYMBOL 108 \f "Symbol"

SYMBOL 108 \f "Symbol"),                                (2.1)


where SYMBOL 100 \f "Symbol"SYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol" is the Kronecker delta.

4.
Reducing the remaining set of two-electron integrals to one per atom 
pair 

(SYMBOL 109 \f "Symbol"

SYMBOL 109 \f "Symbol"

SYMBOL 124 \f "Symbol"

SYMBOL 108 \f "Symbol"

SYMBOL 108 \f "Symbol")= SYMBOL 103 \f "Symbol"AB       SYMBOL 102 \f "Symbol"SYMBOL 109 \f "Symbol"on atom A, SYMBOL 102 \f "Symbol"SYMBOL 108 \f "Symbol"on atom B.             (2.2)


s (l=0) orbitals are chosen for the evaluation of these integrals. 

5.
Neglecting monatomic differential overlap in the interaction 
integrals involving the cores of other atoms

(SYMBOL 109 \f "Symbol"|VB|SYMBOL 110 \f "Symbol")= SYMBOL 100 \f "Symbol"SYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"VAB         SYMBOL 102 \f "Symbol"SYMBOL 109 \f "Symbol"on atom A.                                (2.3)


where VB  is the core potential of atom B.  

6.
Taking diatomic off-diagonal core matrix elements to be proportional 
to the corresponding overlap integrals

HSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"  = SSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol" SYMBOL 98 \f "Symbol"0AB             SYMBOL 102 \f "Symbol"SYMBOL 109 \f "Symbol"on atom A, SYMBOL 102 \f "Symbol"SYMBOL 108 \f "Symbol"on atom B.           (2.4)

The above equation is the mathematical translation of the maximum overlapping principle [17] which states that the strength of the bond in a solid or a molecule depends on the degree of overlapping of the atomic wave functions.


The remaining task is to specify the empirical parameters and remaining integrals suggested above. Two versions of CNDO parameterization were suggested. The second version CNDO/2 had better results than CNDO/1 [5] and it is parameterized as follows. Each element is assigned a value for the empirical parameter SYMBOL 98 \f "Symbol"0A so that SYMBOL 98 \f "Symbol"0AB  is given by

SYMBOL 98 \f "Symbol"0AB= ½(SYMBOL 98 \f "Symbol"0A+SYMBOL 98 \f "Symbol"0B).                                      (2.5)

The electron-core potential integrals VAB is given by

VAB= ZB SYMBOL 103 \f "Symbol"AB.                                                                       (2.6)

The local core matrix element  USYMBOL 109 \f "Symbol"

SYMBOL 109 \f "Symbol" is given by 

USYMBOL 109 \f "Symbol"

SYMBOL 109 \f "Symbol"= -½ (ISYMBOL 109 \f "Symbol"+ASYMBOL 109 \f "Symbol")-(ZA - ½)SYMBOL 103 \f "Symbol"AA,                            (2.7)

where ISYMBOL 109 \f "Symbol" is the ionization potential and ASYMBOL 109 \f "Symbol" is the electron affinity.         


The core Hamiltonian and Fock operator matrices are now given by

HSYMBOL 109 \f "Symbol"

SYMBOL 109 \f "Symbol"= -½ (ISYMBOL 109 \f "Symbol"+ASYMBOL 109 \f "Symbol")+ ½ SYMBOL 103 \f "Symbol"AA-
ZCSYMBOL 103 \f "Symbol"AC,                         (2.8)

HSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"  =  ½(SYMBOL 98 \f "Symbol"0A+SYMBOL 98 \f "Symbol"0B)SSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol",                                           (2.9)

FSYMBOL 109 \f "Symbol"

SYMBOL 109 \f "Symbol"= -½ (ISYMBOL 109 \f "Symbol"+ASYMBOL 109 \f "Symbol")-½( PSYMBOL 109 \f "Symbol"

SYMBOL 109 \f "Symbol"-1)SYMBOL 103 \f "Symbol"AA+
(PC-ZC)SYMBOL 103 \f "Symbol"AC,       (2.10)

FSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"  = ½ (SYMBOL 98 \f "Symbol"0A+SYMBOL 98 \f "Symbol"0B)SSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"-½ PSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"SYMBOL 103 \f "Symbol"AB.                            (2.11)

In the above equations PSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol" is the density matrix defined in Eq. (1.12). PC is the number of electrons at atom C.


The main deficiency of CNDO approximations is the total neglect of exchange integrals. This deficiency is partially retained in the intermediate neglect of differential overlap (INDO) which is discussed in the following section.


Configuration interaction imposed on the final CNDO calculations are reported in several references [18,19,20]. These calculations show the importance of  configuration interaction in obtaining a more accurate description for the ground and excited states of a molecule.


One very important advantage in CNDO or other methods of neglecting differential overlap is the straight forward applicability of relativistic corrections with no modification of the original CNDO equations. This is done by using the relativistic values of the empirical parameters SYMBOL 98 \f "Symbol"0AB and  ½(ISYMBOL 109 \f "Symbol"+ASYMBOL 109 \f "Symbol") [12]. All the other procedures or calculations remain with no change. This is possible since we can see that the only difference between the relativistic and non-relativistic calculations is in the matrix elements of the core and Fock Hamiltonians that are represented by the above empirical parameters.

2.2   Intermediate neglect of differential overlap (INDO)  

_____________________________________________


Partial account of exchange integrals is considered in INDO formalism. The Fock Hamiltonian in INDO method is written in the form [21]

FSYMBOL 109 \f "Symbol"

SYMBOL 109 \f "Symbol"= USYMBOL 109 \f "Symbol"

SYMBOL 109 \f "Symbol" + 
 [PSYMBOL 108 \f "Symbol"

SYMBOL 108 \f "Symbol"( (SYMBOL 109 \f "Symbol"

SYMBOL 109 \f "Symbol"

SYMBOL 124 \f "Symbol"

SYMBOL 108 \f "Symbol"

SYMBOL 108 \f "Symbol") - 0.5 (SYMBOL 109 \f "Symbol"

SYMBOL 108 \f "Symbol"

SYMBOL 124 \f "Symbol"

SYMBOL 109 \f "Symbol"

SYMBOL 108 \f "Symbol"))]+
(PC-ZC)SYMBOL 103 \f "Symbol"AC,   (2.12)

FSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"= PSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol" [1.5 (SYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"

SYMBOL 124 \f "Symbol"

SYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol")- 0.5 (SYMBOL 109 \f "Symbol"

SYMBOL 109 \f "Symbol"

SYMBOL 124 \f "Symbol"

SYMBOL 110 \f "Symbol"

SYMBOL 110 \f "Symbol")]  SYMBOL 109 \f "Symbol" , SYMBOL 110 \f "Symbol" on atom A                   (2.13)

FSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"  = ½(SYMBOL 98 \f "Symbol"0A+SYMBOL 98 \f "Symbol"0B)SSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"-½ PSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"SYMBOL 103 \f "Symbol"AB.   SYMBOL 109 \f "Symbol" on atom A, SYMBOL 110 \f "Symbol" on atom B   (2.14)


For 2s and 2p orbitals, the non-vanishing two-electron integrals are given by Slater [22]

( 2s 2s SYMBOL 124 \f "Symbol" 2s 2s ) = ( 2s 2s SYMBOL 124 \f "Symbol" 2px 2px ) = F0 = SYMBOL 103 \f "Symbol"AA  ,                (2.15)
( 2s 2px SYMBOL 124 \f "Symbol" 2s 2px ) =  G1/3  ,                                                                    (2.16)
( 2px 2py SYMBOL 124 \f "Symbol" 2px 2py ) = 3 F2/25  ,                                                         (2.17)
( 2px 2px SYMBOL 124 \f "Symbol" 2px 2px ) =  F0 + 4 F2/25  ,                                      (2.18)
 ( 2px 2px SYMBOL 124 \f "Symbol" 2py 2py ) =  F0 - 2 F2/25  ,                                        (2.19)
where 2s is an abbreviation for the s atomic wave function SYMBOL 102 \f "Symbol"2s, 2px is an abbreviation for the x component of the p atomic wave function SYMBOL 102 \f "Symbol"2px,..., etc.


All the above integrals are one-center integrals. By one-center integral we mean that all the integrated functions are on one atom. Two-center integrals mean that the integrated functions are distributed on two atoms ..., etc. The values of the experimental  G1  and F2 are given by Slater [22] for the first row elements. However, the determination of these two-electron integrals from experiment for the large atomic number elements is impossible since relativistic effects will affect the values of the energy levels that is used to evaluate these integrals [3]. The uncertainty of the assignments of some of the energy levels is another problem for the accurate evaluation of these integrals from the experiment. However these integrals can be evaluated from their theoretical definition as explained in Appendix A and as a consequence minimizing the dependence on experimental data. 


Fewer calculations are reported using INDO method in comparison with CNDO. Most of these calculations are centered on the first row elements.


The inclusion of the exchange integrals gives INDO the ability to distinguish the energy difference in atomic states such as the 3P,  1D, and  1S states in Carbon atom. These states are discussed in Appendix A. This makes INDO able to reach more accurate energy than CNDO when the coefficients of LCAO are varied to reach the lowest possible minimum energy. 


All what we mentioned in the preceding section concerning the relativistic corrections to CNDO is directly applicable to INDO method since the two methods share the same empirical parameters namely SYMBOL 98 \f "Symbol"0AB and  ½(ISYMBOL 109 \f "Symbol"+ASYMBOL 109 \f "Symbol").  

2.3    A comparison between INDO and CNDO calculations for

         molecular systems   

       _____________________________________________


Two kinds of atomic basis functions are used in molecular and solid state calculations SYMBOL 91 \f "Symbol"23SYMBOL 93 \f "Symbol". The first kind is called Slater type orbitals (STOs). These functions have the usual exponential radial part  exp(-SYMBOL 122 \f "Symbol"r ) multiplied by powers of x, y, z or r. As in hydrogenic wave functions these functions are labeled 1s, 2s, 2px ,2py ,2pz, ... and multiplied with a suitable normalization coefficient. The general form of STO is given by[5] 

SYMBOL 106 \f "Symbol"nlm(r,SYMBOL 113 \f "Symbol",SYMBOL 106 \f "Symbol")=Nn rn-1   exp(-SYMBOL 122 \f "Symbol" r) Ylm(SYMBOL 113 \f "Symbol",SYMBOL 106 \f "Symbol"),                        (2.20)

where n, l, and m are the principal, angular momentum and magnetic quantum numbers respectively. Nn is a normalization constant given by


                                     (2.21)

 Ylm(SYMBOL 113 \f "Symbol",SYMBOL 106 \f "Symbol") represent real spherical harmonics that are given by



             (2.22)

where Plm(cos SYMBOL 113 \f "Symbol") and SYMBOL 70 \f "Symbol"m(SYMBOL 106 \f "Symbol") are given by


 
       (2.23)

                           SYMBOL 70 \f "Symbol"m(SYMBOL 106 \f "Symbol")= SYMBOL 112 \f "Symbol" -1/2   cos mSYMBOL 106 \f "Symbol"        for  m SYMBOL 185 \f "Symbol" 0                             

                = (2SYMBOL 112 \f "Symbol") -1/2                  for  m = 0,                      (2.24)

and the coefficients Clmu are determined from the usual form of the associated Legendre polynomials Plm(cos SYMBOL 113 \f "Symbol").


The second kind of functions is called Gaussian type orbitals (GTOs). These functions differ from the STOs by their exponential radial part that follow the form exp(-SYMBOL 97 \f "Symbol"r2). As a consequence of this difference the shape of the radial part of these functions differs in two regions. The first region is the origin where the STOs have a finite slope whereas the GTOs have zero slope. The second region is at large r values where the GTOs decay much more rapidly than the STOs.     


It can be shown that real atomic, molecular or solid orbitals should follow the shape of STOs. The only disadvantage of using STOs is that one must recourse to numerical integration when trying to evaluate the large number of integrals between combinations of these functions. Analytical expressions exist for limited cases of these integrals. On the other hand the GTOs have the important advantage that all integrals in terms of these functions can be evaluated analytically. STOs will be considered in this work since the integrals that arise from CNDO or INDO calculations can all be evaluated analytically using STOs as described in Appendix A. Numerical integration of  STOs or GTOs can be used as a further check of the analytical formulas or the corresponding computer programs used to evaluate the above mentioned integrals. 


The most significant difference between CNDO and INDO calculations is the two-electron integrals. The INDO calculations include the monatomic exchange integrals in addition to the modification of other two-electron integrals. To show the difference between CNDO and INDO calculations we shall take the HF (hydrogen fluoride) molecule as an example in which the two atoms are separated 1.733 atomic units. The exact two-electron integrals of the orbitals of this molecule were evaluated in [5]. CNDO and INDO calculations include only valence orbitals. These include the following orbitals for the fluorine 

SYMBOL 106 \f "Symbol"1 = SYMBOL 106 \f "Symbol"2s = ( SYMBOL 122 \f "Symbol"15/ 3SYMBOL 112 \f "Symbol")1/2  r exp(-SYMBOL 122 \f "Symbol"1 r)                      (2.25)

SYMBOL 106 \f "Symbol"2 = SYMBOL 106 \f "Symbol"2pz = ( SYMBOL 122 \f "Symbol"15/ SYMBOL 112 \f "Symbol")1/2  z exp(-SYMBOL 122 \f "Symbol"1 r)                       (2.26)

SYMBOL 106 \f "Symbol"3 = SYMBOL 106 \f "Symbol"2px = ( SYMBOL 122 \f "Symbol"15/ SYMBOL 112 \f "Symbol")1/2  x exp(-SYMBOL 122 \f "Symbol"1 r)                       (2.27)

SYMBOL 106 \f "Symbol"4 = SYMBOL 106 \f "Symbol"2py = ( SYMBOL 122 \f "Symbol"15/ SYMBOL 112 \f "Symbol")1/2  y exp(-SYMBOL 122 \f "Symbol"1 r),                      (2.28)

and the following orbital for the hydrogen atom

SYMBOL 106 \f "Symbol"5 = SYMBOL 106 \f "Symbol"1s = ( SYMBOL 122 \f "Symbol"23/ SYMBOL 112 \f "Symbol")1/2   exp(-SYMBOL 122 \f "Symbol"2 r)                          (2.29)

where

SYMBOL 122 \f "Symbol"1= 2.6 (a.u.)-1,                                         (2.30)

SYMBOL 122 \f "Symbol"2= 1.0 (a.u.)-1.                                         (2.31)


Table (2.1) shows some of the two-electron integrals involved in the CNDO and INDO calculations in comparison with the exact calculations.   

As can be seen from this table, the two-electron integrals are divided into three categories when we try to compare CNDO, INDO and the exact calculations. The first category is when CNDO and INDO give the same value as in the exact theory as for example for the integrals  ( 1 1 SYMBOL 124 \f "Symbol" 1 1 ), ( 2 2 SYMBOL 124 \f "Symbol" 1 1 ). The second category is when INDO gives a closer value to the exact theory than CNDO as for example for ( 2 1 SYMBOL 124 \f "Symbol" 2 1 ), ( 2 2 SYMBOL 124 \f "Symbol" 2 2 ). The third category is when neither CNDO nor INDO gives the exact value as for  ( 5 5 SYMBOL 124 \f "Symbol" 2 2 ). It can be seen that CNDO can never give a closer value to the exact theory  than INDO. This certifies the conclusion that INDO must give a better performance than CNDO. All other two-electron integrals have the same categories that were explained above without exception even when trying to go to other molecular systems or solids. As mentioned above, the two-electron integrals are the most significant difference between CNDO and INDO theories. All the parameters that appear in CNDO method have the same meaning in INDO. Another difference between INDO and CNDO is the ability of INDO method to discriminate between different atomic states which is not the case in CNDO method. These states are illustrated in Appendix A. 


Another difference lies in the way that the energy of an atomic state is calculated. This difference is also in the side of INDO theory since it includes additional terms that are ignored in CNDO theory.

Table (2.1) Some of the two-electron integrals in atomic units involved in CNDO and INDO calculations in comparison with exact calculations [5].              

	    ( i j SYMBOL 124 \f "Symbol" k l)


	     CNDO
	      INDO
	       EXACT

	     ( 1 1 SYMBOL 124 \f "Symbol" 1 1 )
	       0.94453
	      0.94453
	      0.94453

	     ( 2 1 SYMBOL 124 \f "Symbol" 2 1 )
	       0.00000
	      0.17743
	      0.20877

	     ( 2 2 SYMBOL 124 \f "Symbol" 1 1 )
	       0.94453
	      0.94453
	      0.94453

	     ( 2 2 SYMBOL 124 \f "Symbol" 2 2 )
	       0.94453
	      0.99506
	      1.01766

	     ( 3 3 SYMBOL 124 \f "Symbol" 2 2 )
	       0.94453
	      0.91927
	      0.90797

	     ( 5 5 SYMBOL 124 \f "Symbol" 1 1 )
	       0.50168
	      0.50168
	      0.50168

	     ( 5 5 SYMBOL 124 \f "Symbol" 2 2 )
	       0.50168
	      0.50168
	      0.52778



The expression of the total energy of the atom in CNDO/2 theory for the configuration (2s)m (2p)n is given by [5]

ECNDO(atom)= m U2s2s+ n U2p2p+ ½ (m+n) (m+n-1) F0        (2.32)

while that for INDO is given by

               EINDO(atom)= m U2s2s+ n U2p2p+ ½ (m+n) (m+n-1) F0   

-1/6 m n G1 - 1/25 n (n-1) F2.                          (2.33)


In order to evaluate the atomic energy in CNDO or INDO methods we shall need to assign the empirical parameters for the atom that inter through USYMBOL 109 \f "Symbol"

SYMBOL 109 \f "Symbol" as in Eq.(2.7). In the work of Pople [5] the empirical parameters of the atom are considered to be the same parameters of the molecule. This approximation is sever and will give an error when evaluating the cohesive energy of an atom in a molecule or a solid since the empirical parameters of the atom differs from that of the molecule or the solid as we shall see in Chapter 4. In addition to the preceding reason the expressions of Eqs.(2.32,2.33) will need to be corrected for correlation corrections. Another alternative that is suggested by the author is the use of the experimental valence shell energy of the atom which is equal to the summation of ionization energy of all  the valence shell electrons. This method will be used and described in Chapter 4 for the sp shell energy for the atoms C, Si, Ge and Sn.  


Both of CNDO and INDO neglect the interaction of core electrons so that an atom like carbon having an atomic number 6, two 1s core electrons and 4 valence electrons in the 2s2p shell will be described as an atom of atomic number 4 (atomic number - core electrons) and 4 valence electrons in the 2s2p shell. This procedure has certain consequences when trying to apply CNDO or INDO methods especially to heavy atoms. As an example, we show in Table (2.2) the two-electron integrals between the core 1s state of fluorine (orbital exponent of the 1s orbital of fluorine is SYMBOL 122 \f "Symbol"=8.7 (a.u.)-1) with other valence electrons in the example described above for the HF molecule 

Table (2.2) Some of the exact two-electron integrals that involve core 1s electrons of fluorine ( labeled c ) in the HF molecule in atomic units [5].                   

	    ( i j SYMBOL 124 \f "Symbol" k l)


	     Exact value

	     ( 5 c SYMBOL 124 \f "Symbol" 5 c )
	       0.00825

	     ( 5 1 SYMBOL 124 \f "Symbol" 2 c )
	       0.00611

	     ( 5 1 SYMBOL 124 \f "Symbol" 5 c )
	       0.02442

	     ( 5 2 SYMBOL 124 \f "Symbol" 2 c )
	       0.01567



All the integrals in Table (2.2) are not taken into account neither in CNDO nor in INDO theory. Although the values of these integrals are smaller when compared with those in Table (2.1), their effect will increase when the number of core electrons is large. 
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3.1   Self-consistent field calculations and band structure of covalent    

        semiconductors   

_______________________________________________________


Several effects should be considered before applying ab initio or approximate self-consistent theories to solids. The first effect is the infinite number of atoms and electrons in the solid. As a consequence of this, it is impossible to simulate the solid in exact Hartree-Fock theory and use of approximate theories is unavoidable. Another way out of this problem is the use of a finite number of atoms that is called a cluster calculation [24, 25, 26SYMBOL 93 \f "Symbol". Cluster calculations on the other hand suffer from the large number of surface atoms and dangling bonds. In order to simulate the bulk of a solid, surface atoms are replaced sometimes by other atoms or pseudo atoms to saturate the surface dangling bonds. For diamond type structure semiconductors shown in Fig. (3.1) , hydrogen atoms were used as surface atoms [26]. However, hydrogen atoms were found adequate to saturate diamond surfaces, but their use was found inappropriate to saturate the silicon crystal surfaces. This is due to the large difference in the affinity between hydrogen and silicon atoms. The simplest cluster that simulates diamond is the methane molecule. This is a sever approximation to the bulk of diamond since only first neighbors are included with these neighbors being hydrogen atoms instead of carbon atoms. The first realistic simulation of the diamond cluster is the C5 cluster. This cluster contains one central carbon atom surrounded by 4 carbon atoms as its first neighbors. This cluster can be saturated on its surface with 12 hydrogen atoms as second neighbors. However, if we consider only carbon atoms, the number of basis functions to be considered in this case, are 25 basis, 5 for each carbon atom. In order to apply exact self-consistent calculations to this cluster a number of two-electron integrals must be calculated. This number is equal to [8]


,                            (3.1)

Fig. (3.1) The diamond conventional (Bravais) lattice [1]. Filled black circles refer to the positions of atoms.

where M is the number of basis. In the C5 case the number of two-electron integrals that must be calculated is  52,975 integrals.


The second simplest cluster that can be saturated with hydrogen atoms is the C17 cluster. Its number of basis is 85 and the number of two-electron integrals is 6,681,340 integrals. This cluster contains a central carbon atom surrounded by its first and second neighbors of carbon atoms.  The third cluster is the C29 cluster that contains a central carbon atom with its neighbors up to the third neighbors. Its number of basis is 145 and the number of two-electron integrals is 5.6 107. As can be seen from these figures, the number of two-electron integrals is increasing enormously. The evaluation of these integrals becomes a computer time and storage problem.    


CNDO calculations had been applied several times to solid calculations with varying number of atoms but with the semiempirical parameters fitted to obtain the properties of the solid SYMBOL 91 \f "Symbol" 27, 28, 29, 30, 31SYMBOL 93 \f "Symbol". The important advantage of CNDO method is the great reduction of the number of two-electron integrals. The number of two-electron integrals in CNDO theory is given by 

NCNDO = ½ A (A+1),                                  (3.2)

where A is the number of atoms in the molecule or solid. For the C5 cluster  the number of two-electron integrals in CNDO theory is 15 integrals. For the C17 cluster the number of the two-electron integrals is 153.  For the C29 cluster the number of the two-electron integrals is 435 integrals. 


From Table (3.1) that contains the above figures we can see that a real solid can be considered in CNDO cluster calculations without facing computational time or storage problems. On the contrary except for the C5 cluster, the evaluation of the two-electron integrals in ab initio theory is out of the reasonable time and storage capacity of the nowadays available computer facilities. Using direct STOs (see Section (2.3)), the evaluation of a large number of these integrals is out of question since not all of these integrals have analytical formulas, and the use of numerical integration or approximations is unavoidable that leads to accuracy and time problems. Highly sophisticated international programs were written to perform ab initio calculations for molecular systems [6, 32, 33, 34] using GTOs. However, the use of these programs for molecules that contains more than ten carbon atoms is rare [6]. Computer time and storage capacity problems occur even for molecular systems. As an example the Hartree-Fock calculations for methyl amine molecule CH5N that contains 15 basis states takes 9 minutes and 50 seconds on the frame computer VAX 11/780 using the program GAUSSIAN 82 [6]. In the same way the VAX computer will take more than 6 days of continuous operation to perform these calculations for the C17 cluster assuming the evaluation and manipulation of two-electron integrals is the main time consuming source. It will also take more than 52 days for the C29 cluster! The storage of these two-electron integrals is also a real problem for these calculations. Since the use of double precision calculations is unavoidable, the storage of each two-electron integral will take at least 15 bytes of memory. This will result in 100 megabytes of memory for the storage of two-electron integrals only for the C17 cluster. It will also take 0.84 gigabytes of memory for the C29 cluster!  The writing of these data on a hard disc or other retrieving unit will slow the execution of the program by several times. From this we conclude that the use of approximations is unavoidable. However the use of CNDO for solid clusters calculations is faced with the unconvergence problem [25]. Another alternative is the use of periodic boundary that will be the subject of the next two sections. The number of two-electron integrals in INDO formalism is the same as in CNDO theory but with more accurate values for these integrals (see Table (2.1)), so that all what we have said above concerning CNDO is directly applicable to INDO theory which is the subject of this work. The INDO theory distinguishes some configurations that are not distinguished in CNDO so that the memory that is needed in INDO calculations is slightly larger than that needed in CNDO calculations.  


Recent researches had been published for the calculations of Hartree-Fock approximations that is intermediate between the approximations of  INDO methods and the real situation of a solid[ 11, 35]. In the work that was performed by Svan [11], the frozen core approximation is used instead of completely ignoring the core effects as in  CNDO or INDO methods. On the other hand Svan's work was not self-consistent. Other approximations are also incorporated in this work. However Svan in 1987 made the first published Hartree-Fock calculations for elements like Ge and SYMBOL 97 \f "Symbol"-Sn in their solid state. Previous calculations for the lighter elements C and Si were performed fifteen years before Svan's work [36, 37, 38, 39, 40, 41, 42]. 


The band structure of solids is usually calculated for certain number of points in the wave vector (k) space. Other points in the k space are usually extrapolated or interpolated. The most important points in k space are those which are called high symmetry points. Some of the most important high symmetry points are shown in Table (3.2) [29]. The standard band structure calculations are usually made at  00K and zero pressure. The generalization of the results to a given temperature and pressure is by the standard laws of statistical physics and thermodynamics[ 1, 43, 44]. 


The group IVA elements (C, Si, Ge, Sn and Pb)  crystallize in diamond structure lattice except Pb. The diamond structure elements maintain a finite energy gap between valence and conduction band except Sn. The diamond type lattice is composed of two interpenetrating face-centered cubic lattices (fcc) with two atoms per primitive unit cell [45, 46]. The Bravais lattice or conventional diamond lattice contains 8 atoms per cell. This cell is shown in Fig. (3.1). When diamond structure lattice is formed the atoms in the lattice will abandon their original valence shell configuration s2p2 to approximately the new configuration sp3. The orbitals that are formed are linear combination of the original s and three p orbitals of the valence shell. The bonds that are formed between identical atoms are purely covalent bonds. However, compounds of different atoms that still contain an average of four electrons per their combined sp shells, have a similar structure to the diamond structure with a fractional ionic character in their bonds [1]. These compounds crystallize in the zinc blende structure. Examples of these compounds are the IV-IV compounds (such as SiC), III-V compounds (such as GaAs) or II-VI compounds (such as ZnS). All these compounds share the same name of semiconductors because of there certain range of resistivity (at room temperature) that reflects their similar band structure.


Linear combination of orbitals of different angular momentum quantum number l is called hybridization. Assuming that interactions are only with the first neighboring atoms, the new hybrid orbitals on each atom are given by directional tetrahedral sp3 bonds as a linear combination of atomic orbitals in the following form

                                  SYMBOL 121 \f "Symbol"1= ½(SYMBOL 106 \f "Symbol"s+SYMBOL 106 \f "Symbol"px+SYMBOL 106 \f "Symbol"py+SYMBOL 106 \f "Symbol"pz),

                                   SYMBOL 121 \f "Symbol"2=½(SYMBOL 106 \f "Symbol"s+SYMBOL 106 \f "Symbol"px-SYMBOL 106 \f "Symbol"py-SYMBOL 106 \f "Symbol"pz),
                                    SYMBOL 121 \f "Symbol"3= ½(SYMBOL 106 \f "Symbol"s-SYMBOL 106 \f "Symbol"px+SYMBOL 106 \f "Symbol"py-SYMBOL 106 \f "Symbol"pz),
          SYMBOL 121 \f "Symbol"4=½(SYMBOL 106 \f "Symbol"s-SYMBOL 106 \f "Symbol"px-SYMBOL 106 \f "Symbol"py+SYMBOL 106 \f "Symbol"pz),                                     (3.3)
where the atomic wave functions SYMBOL 106 \f "Symbol"s, SYMBOL 106 \f "Symbol"px, SYMBOL 106 \f "Symbol"py and SYMBOL 106 \f "Symbol"pz are defined for the 2s2p shell in Eqs. (2.25-2.28). 


These hybridized orbitals SYMBOL 121 \f "Symbol"1 through SYMBOL 121 \f "Symbol"4 have their maximum charge distribution in the directions [1 1 1], [1 
 
], [
 1 
] and [
 
 1] respectively. Note that we are still talking about the electronic distribution of the valence shell of one atom. The first neighboring atoms will have their directional bonds in different  directions.  These  atoms  have  their  bonds  in  the  directions [
 
 
], [1 1 
], [1 
 1] and [
 1 1]. The crystal levels will be a linear combination of these new levels on each atom. The crystal orbitals that are formed have a definite linear combination in terms of original s and p orbitals of the free atoms. In Table (3.3) we list the kinds of SYMBOL 71 \f "Symbol" high symmetry points ( SYMBOL 71 \f "Symbol" points are defined in Table (3.2)) that are formed as a linear combination of neighboring atomic orbitals [46]. The point SYMBOL 71 \f "Symbol"1 is the bonding state for the s wave functions as in molecular physics while SYMBOL 71 \f "Symbol"25 is the bonding state for p wave functions. The point SYMBOL 71 \f "Symbol"2 is the anti-bonding state for the s states while SYMBOL 71 \f "Symbol"15 is the antibonding state for p states.  Similar combinations for other high symmetry points that are listed in Table (3.2) are formed in other points of the k space. However for each SYMBOL 71 \f "Symbol"(0,0,0) point there is three X points in the three different directions (1,0,0), (0,1,0) and (0,0,1) of the crystal. The X points that are in the valence band and are similar to the SYMBOL 71 \f "Symbol"1 and SYMBOL 71 \f "Symbol"25 points are labeled X1v and X4v. The X points that are in the conduction band and are similar to the SYMBOL 71 \f "Symbol"2 and SYMBOL 71 \f "Symbol"15 points are labeled X1c and X4c. Note that the standard notation that is listed for the non-relativistic case in Table (3.3) needs to be modified when relativistic spin-orbit effects is included [46]. In our work we shall restrict ourselves to the notation listed in Table (3.3) and the experimentally measured spin-orbit splitting will be used to obtain the original  non-splitted levels. This method is usually used when trying to add relativistic corrections for high Z elements[11].  As an example the SYMBOL 71 \f "Symbol"25 point with spin-orbit interaction is splitted to the SYMBOL 71 \f "Symbol"8+ and SYMBOL 71 \f "Symbol"7+ states as follows [46]   

E(SYMBOL 71 \f "Symbol"8+)=E(SYMBOL 71 \f "Symbol"25)+SYMBOL 108 \f "Symbol",                                        (3.4)
E(SYMBOL 71 \f "Symbol"7+)=E(SYMBOL 71 \f "Symbol"25)-2SYMBOL 108 \f "Symbol",                                       (3.5)
where SYMBOL 108 \f "Symbol" is given by


 ,                                                  (3.6)
and the spin-orbit splitting SYMBOL 68 \f "Symbol"0 is given in Table (1.2) for the group IV elements. The SYMBOL 71 \f "Symbol"1  and SYMBOL 71 \f "Symbol"2 do not split since they still bear the atomic s state symmetry from which they are formed. Only SYMBOL 71 \f "Symbol"25  and SYMBOL 71 \f "Symbol"15  are splitted, since they carry the atomic p state symmetry.

Table (3.1): The number of two-electron integrals in ab initio and CNDO theory for some carbon clusters. The distance to the n neighbors is                     expressed in terms of the lattice constant a. 

	    cluster
	  neighbors 

  included
	distance to   

    the n   

neighbor(a)
	basis states for ab initio calculations
	ab initio two-  

   electron  

   integrals
	CNDO two- 

  electron  

   integrals

	      C5
	       1
	    0.433  
	       25
	       52975
	        15

	      C17
	       2
	    0.707
	       85
	    6681340 
	       153

	      C29
	       3
	    0.829
	       145
	    5.60 107
	       435

	      C35
	       4
	    1.000
	       175
	    1.18 108
	       630

	      C47
	       5
	    1.089
	       235
	    3.84 108
	     1128

	      C71
	       6
	    1.224 
	       355
	    1.99 109
	     2556 

	      C87
	       7
	    1.299
	       435
	    4.49 109
	     3828


Table (3.2): Some high symmetry points in band structure of solids in units of 2SYMBOL 112 \f "Symbol"/a where a is the lattice constant [29]. 

	 high symmetry      

      points   
	coordinates in 

 k space(2SYMBOL 112 \f "Symbol"/a)

	           SYMBOL 71 \f "Symbol"
	    ( 0 , 0 , 0 )

	          X
	    ( 1 , 0 , 0)

	          L
	  ( ½ , ½ , ½ )

	          K
	  ( 3/4, 3/4, 0)

	          SYMBOL 68 \f "Symbol"
	  ( ½ , 0 , 0 )       

	         W
	  ( 1 , ½ , 0 )       

	          SYMBOL 83 \f "Symbol"
	  ( ½ , ½ , 0 )       


Table (3.3): Some high symmetry SYMBOL 71 \f "Symbol" points in band structure of diamond type crystals as a linear combination of atomic orbitals [46]. s1 indicates the s orbital on the first atom, s2 indicates the s orbital on one of the first  neighboring atoms. The abbreviations of Eqs.(2.15-2.19) are used in this table.

	 high symmetry      

      points   
	     LCAO

	           SYMBOL 71 \f "Symbol"1
	    s1+s2

	           SYMBOL 71 \f "Symbol"2
	    s1-s2

	           SYMBOL 71 \f "Symbol"25
	    px1-px2

    py1-py2

    pz1-pz2

	           SYMBOL 71 \f "Symbol"15
	    px1+px2

    py1+py2

    pz1+pz2


3.2   The  large unit cell method 

__________________________


In order to perform cluster calculations to simulate the bulk of a solid, the cluster is chosen such that its surface has the minimum possible area to reduce the number of dangling bonds or the number of saturating atoms. This  restricts the number of atoms to certain numbers since we have to add all the n- neighbors of the central atom to the calculations. In order to avoid this restriction and other restrictions such as the problem of non-converging CNDO calculations [25] mentioned in the last section the large unit cell (LUC) approach is suggested [47, 48, 49]. In addition the LUC gives us the profits gained from cyclic boundary in simulating the solid. The LUC alters the shape and the size of the primitive unit cell so that the symmetry points in the original Brillouin zone at a wave vector k become equivalent to the central symmetry point SYMBOL 71 \f "Symbol"' in the new reduced zone [27].


The primitive unit cell of the diamond structure semiconductors contains two atoms while the conventional unit cell or Bravaise cell of the diamond structure which are shown in Fig. (3.1) contains eight atoms. The primitive unit cell can be represented by the following matrix [1]

½ a (  
 ),                       (3.7)

where a is the lattice constant of the Bravais lattice of Fig. (3.1).


In order to choose a LUC, one must multiply the above matrix by a convenient transforming matrix that will result in a new cell with different shape or size. To transform the primitive cell to the Bravais lattice cell we can use the following matrix [1] 

(
),                           (3.8)

which will result in the following matrix 

½ a ( 
 )                                          (3.9)


As can be seen from this matrix, the Bravais lattice is four times the volume of the primitive unit cell and has a different shape from the original primitive cell. The Bravais lattice will be used as the LUC in this work.  


Another feature of the LUC is the applicability of the k=0 approximation. The first Brillouin zone of a given lattice with a lattice constant a in the one dimensional case is defined by the wave vector

+SYMBOL 112 \f "Symbol"/a  SYMBOL 179 \f "Symbol"  k  SYMBOL 179 \f "Symbol"  -SYMBOL 112 \f "Symbol"/a                                      (3.10)

However this zone will become smaller when choosing a LUC lattice with a lattice constant 2a and is defined by the new wave vector 

+SYMBOL 112 \f "Symbol"/2a  SYMBOL 179 \f "Symbol"  k  SYMBOL 179 \f "Symbol"  -SYMBOL 112 \f "Symbol"/2a                                    (3.11)


As can be seen from the above argument that choosing a LUC lattice with a lattice constant large enough will make all points in the first Brillouin zone close to the point k=0 in the three-dimensional case. As a consequence we shall need to solve the self-consistent equations only for the points at the origin of the first Brillouin zone. This approximation is called the k=0 approximation and is used frequently in solid state physics whenever such large cells are encountered [50]. The use of the k=0 approximation will result in a great simplification of the self-consistent field equations as will be seen in the next section.


Calculations on LUCs are centered on small and limited number of atoms per LUC. In Table (3.4) the most common LUCs that are used for the calculations of band structure of diamond structure crystals is listed with the high symmetry points that are obtained from the solution of Hartree-Fock equations for these crystals[28].

Table (3.4): The most common LUCs, that are used for the calculations of band structure of diamond type crystals, are listed with the high symmetry points that are obtained from the solution of Hartree-Fock equations for these crystals[28].

	     number of     

    atoms in the    

         LUC              
	              high symmetry      

                    points   

	           8
	                     SYMBOL 71 \f "Symbol", 3X   

	          16
	                  SYMBOL 71 \f "Symbol", 3X, 4L

	          64
	       SYMBOL 71 \f "Symbol", 3X, 4L, 6SYMBOL 68 \f "Symbol", 6W, 12SYMBOL 229 \f "Symbol"

	          128
	 SYMBOL 71 \f "Symbol", 3X, 4L, 6SYMBOL 68 \f "Symbol", 6W, 12SYMBOL 229 \f "Symbol" and 32 inner points of reduced Brillouin zone


3.3   LUC-INDO formalism for the solid.   

_________________________________


To apply self-consistent field theory to a solid with a periodic potential, the wave functions of the solid must have a special form which is described by Bloch theorem [1]  

SYMBOL 121 \f "Symbol"(k,r)= u(k,r) exp(ik.r),                                 (3.12)

with u(k,r) having the period of the crystal

u(k,r)= u(k,r+Tv),                                    (3.13)

where T is the lattice translation operator defined by

Tv= v1 a1 + v2 a2 + v3 a3 ,                                     (3.14)

with v1 , v2 , and v3  are integers, a1, a2, and a3 are the basic translation vectors of the LUC of the crystal.


For a crystal wave function that is translated to the new position r+Tv 
we have

SYMBOL 121 \f "Symbol"(k,r+Tv)= u(k,r+Tv) exp(ik.r+Tv).                  (3.15)

Using  the Bloch theorem Eq. (3.12) for the crystal wave function we obtain

SYMBOL 121 \f "Symbol"(k,r+Tv) = exp(ik.Tv) SYMBOL 121 \f "Symbol"(k,r).                       (3.16)


In order to apply the theory of LCAO discussed in Section (1.3), two linear combinations must be made [27] :

1.
The crystal wave functions are approximated as a linear combination of the molecular states SYMBOL 99 \f "Symbol"(k,r-Tv) of each LUC so that

SYMBOL 121 \f "Symbol"(k,r) = NL-½ 
 SYMBOL 97 \f "Symbol"vk SYMBOL 99 \f "Symbol"(k,r-Tv),                      (3.17)


where the summation index v goes over all the crystal LUCs, NL is the number of LUCs in the crystal and is added for normalization requirements. As can be seen from Bloch theorem of Eq. (3.12), the expansion coefficients SYMBOL 97 \f "Symbol"vk  can be written as      

SYMBOL 97 \f "Symbol"vk = exp(ik.Tv)                                      (3.18)


so that the crystal wave function can be written

SYMBOL 121 \f "Symbol"(k,r) = NL-½ 
exp(ik.Tv) SYMBOL 99 \f "Symbol"(k,r-Tv)                   (3.19)

2.
The molecular states SYMBOL 99 \f "Symbol"(k,r-Tv) are themselves written as a LCAOs of the constituting atomic states of the LUC atoms

SYMBOL 99 \f "Symbol"(k,r-Tv) =  
cpk SYMBOL 102 \f "Symbol"p(r-Tv),                           (3.20)


where the summation index p goes over all the atomic states of the atoms of the LUC. Note that no normalization coefficients are needed in Eq. (3.20) since these normalization coefficients are absorbed in the expansion coefficients cvk   whereas the coefficients  SYMBOL 97 \f "Symbol"vk   always have a value of unity as can be seen from Eq.(3.18).

The final form of the crystal wave function is obtained by substituting Eq. (3.20) in Eq. (3.19) to obtain the following expression 

SYMBOL 121 \f "Symbol"(k,r) = NL-½ 

cpk SYMBOL 102 \f "Symbol"p(r-Tv) exp(ik.Tv)           (3.21)


Using the above expansion of the wave function, the Hartree-Fock Eqs. (1.6) can be written as [27] 


(Fpqk- SYMBOL 101 \f "Symbol"k Spqk) cpk = 0                             (3.22)

where Fpqk  and  Spqk  (the Fock and overlap integrals) are now given by

Fpqk = 
 SYMBOL 225 \f "Symbol" SYMBOL 102 \f "Symbol"p(r-T0) SYMBOL 231 \f "Symbol" HT SYMBOL 234 \f "Symbol"

SYMBOL 102 \f "Symbol"q(r-Tv) SYMBOL 241 \f "Symbol" exp(ik.Tv)        (3.23)

Spqk = 
 SYMBOL 225 \f "Symbol" SYMBOL 102 \f "Symbol"p(r-T0) SYMBOL 231 \f "Symbol"

SYMBOL 102 \f "Symbol"q(r-Tv) SYMBOL 241 \f "Symbol" exp(ik.Tv)               (3.24)

where HT is the Hamiltonian operator of the total energy (ET) defined in Eq. (1.15). 


The density matrix operator P of Eq. (1.12) has now the following form

PSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"vSYMBOL 108 \f "Symbol"  = 2 
cSYMBOL 109 \f "Symbol"ik'*  cSYMBOL 110 \f "Symbol"ik'  exp(ik.(Tv- TSYMBOL 108 \f "Symbol" )),                (3.25)

where the additional superscripts for the density matrix refer to the LUCs and the new wave vector k' refers to the summation over the occupied wave vector states only. As we mentioned in Section (3.1), the solution of the exact equations is out of the power of the present computational facilities so that we have to resort to approximate solutions. INDO will be the model that will be used in this work since it proved to be superior to CNDO at least in molecular problems [5]. In order to apply the INDO method to LUC theory we must substitute the expressions of the overlap integrals and density matrix  Eqs. (3.24,3.25) in the Fock Hamiltonian Eqs. (2.12-2.14) of INDO theory. Applying the k=0 approximation discussed in the previous section will result in the following simplified equations [27]

FSYMBOL 109 \f "Symbol"

SYMBOL 109 \f "Symbol"= USYMBOL 109 \f "Symbol"

SYMBOL 109 \f "Symbol"00 - ½  
PSYMBOL 109 \f "Symbol"

SYMBOL 109 \f "Symbol" SYMBOL 103 \f "Symbol"AA0v - ½
PSYMBOL 108 \f "Symbol"

SYMBOL 108 \f "Symbol" (SYMBOL 109 \f "Symbol"

SYMBOL 108 \f "Symbol"

SYMBOL 124 \f "Symbol"

SYMBOL 109 \f "Symbol"

SYMBOL 108 \f "Symbol") -

  ZC  SYMBOL 103 \f "Symbol"AC0v 

+

 PC SYMBOL 103 \f "Symbol"AC0v+
 SYMBOL 98 \f "Symbol"0A  (SSYMBOL 109 \f "Symbol"

SYMBOL 109 \f "Symbol"0v -SYMBOL 100 \f "Symbol"0v)                      (3.26)

      FSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"= 
SYMBOL 98 \f "Symbol"0A  SSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"0v- ½ PSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol" 
SYMBOL 103 \f "Symbol"AA0v + PSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol" [1.5 (SYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"

SYMBOL 124 \f "Symbol"

SYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol")- ½ (SYMBOL 109 \f "Symbol"

SYMBOL 109 \f "Symbol"

SYMBOL 124 \f "Symbol"

SYMBOL 110 \f "Symbol"

SYMBOL 110 \f "Symbol")]  

                                SYMBOL 109 \f "Symbol" , SYMBOL 110 \f "Symbol" on atom A                   (3.27)

      FSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"  =  
 ½ (SYMBOL 98 \f "Symbol"0A+SYMBOL 98 \f "Symbol"0C)SSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"0v- ½ PSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"  
  SYMBOL 103 \f "Symbol"AC0v.   

                              SYMBOL 109 \f "Symbol" on atom A, SYMBOL 110 \f "Symbol" on atom C      (3.28)


A final correction is made by Evarestov et al [49] and Szymanski [29] by the introduction of the modulating function f(x) which have the form

           
,                                      (3.29)

where x for the 8 atom LUC is given by 

           
  ,                                       (3.30)

and RAB0v is the distance between the atom A at the central lattice 0 and the atom B at the v lattice. 

This function is multiplied by the density matrix PSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"  (the superscripts are omitted since they equal to zero) and two-electron integrals SYMBOL 103 \f "Symbol"AB when a summation on the LUCs (v) is made to avoid divergence when including large number of neighbors. A full discussion of this function can be found in the two references [49,29]. The final form of the LUC-INDO formalism is given in the following equations 

        FSYMBOL 109 \f "Symbol"

SYMBOL 109 \f "Symbol"= USYMBOL 109 \f "Symbol"

SYMBOL 109 \f "Symbol"00 - ½ 
PSYMBOL 109 \f "Symbol"

SYMBOL 109 \f "Symbol" f(x) SYMBOL 103 \f "Symbol"AA0v - ½
PSYMBOL 108 \f "Symbol"

SYMBOL 108 \f "Symbol" (SYMBOL 109 \f "Symbol"

SYMBOL 108 \f "Symbol"

SYMBOL 124 \f "Symbol"

SYMBOL 109 \f "Symbol"

SYMBOL 108 \f "Symbol")  

-

ZC SYMBOL 103 \f "Symbol"AC0v +

PC SYMBOL 103 \f "Symbol"AC0v+
SYMBOL 98 \f "Symbol"0A (SSYMBOL 109 \f "Symbol"

SYMBOL 109 \f "Symbol"0v-SYMBOL 100 \f "Symbol"0v)    (3.31)

 FSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"=
SYMBOL 98 \f "Symbol"0A  SSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"0v- ½ PSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"
f(x) SYMBOL 103 \f "Symbol"AA0v + PSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol" [1.5 (SYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"

SYMBOL 124 \f "Symbol"

SYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol")- ½ (SYMBOL 109 \f "Symbol"

SYMBOL 109 \f "Symbol"

SYMBOL 124 \f "Symbol"

SYMBOL 110 \f "Symbol"

SYMBOL 110 \f "Symbol")]

                       SYMBOL 109 \f "Symbol" , SYMBOL 110 \f "Symbol" on atom A                   (3.32)

      FSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"  =  
 ½ (SYMBOL 98 \f "Symbol"0A+SYMBOL 98 \f "Symbol"0C)SSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"0v- ½ PSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"   
 f(x) SYMBOL 103 \f "Symbol"AC0v.   

                       SYMBOL 109 \f "Symbol" on atom A, SYMBOL 110 \f "Symbol" on atom C      (3.33)


This form of the Fock Hamiltonian will be used in the calculations of the band structure and physical properties of  covalent semiconductors in the next chapter.
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                           CALCULATIONS AND RESULTS

4.1   Final formalism and computer program structure   

____________________________________________


In Fig. (4.1) a block diagram of the computational procedure that is used in the present calculations is shown. This procedure takes the following steps:

1.
The positions of atoms (in atomic units) and the kind of states that are associated   with every atom are given as an input data.

2.
The three-dimensional (overlap and core Hamiltonian) integrals and six-dimensional (two-electron) integrals are calculated and stored.

3.
The Fock Hamiltonian is calculated from an initial guess of the wave function together with the calculated integrals of step 2.

4.
The new eigenvalues are used to calculate the density matrix

5.
The density matrix is used to calculate the total electronic energy.

6.
The new eigenvalues are used to calculate a new Fock Hamiltonian.

7.
The steps 4 and 5 are repeated and the new electronic energy is compared with previous one.

8.
If the new electronic energy differs from the preceding one by more than a given tolerance (0.0136 eV), steps 6, 4, and 5 are repeated. If the new electronic energy differs from the preceding one by less than the given tolerance, step 9 is executed.

9.
Final Hartree-Fock wave functions are used to calculate the correlation corrections and correlated wave functions are obtained.

10.
The correlated wave functions are used to obtain the band structure of covalent semiconductors.

11.
The correlated wave functions are used to obtain the physical properties of covalent semiconductors.
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Fig. (4.1): A flow chart of the computational procedure for obtaining band structure and physical properties of covalent semiconductors. 


The tolerance of convergence of the total electronic energy depends on whither double precision (16 digits) calculations are used or single precision (8 digits). This precision is taken as 5.0 10-4 atomic units of energy (0.0136 eV) of the total energy of the lattice in our double precision calculations.


The prediction of the initial guess of the wave function is important since this initial guess reduces the number of iterations performed to obtain the converged electronic energy. A large number of iterations will result in an accumulation of computational errors in the matrices of the calculated quantities. The sp3 initial guess of the wave function is given as an expected linear combination of the atomic states of one cell.


The calculations are carried out by forming a cube of side 3a where a is the lattice constant of the Bravais lattice. The number of Bravais lattices in this cube is 27 lattices. The interaction of the atoms in the central Bravais lattice with the surrounding atoms up to the fourth neighbors is included. These calculations require the determination of wave functions and positions of  864 electrons and 216 nuclei.      


The selection of the suitable parameters is made after correlation corrections are added to the final Hartree-Fock wave functions (or Dirac-Fock wave functions if relativistic corrections are important as in the case of Ge and Sn). This is in contrast to the previous LUC works [52, 28, 31, 29] which did not include correlation corrections. CI calculations imposed on the final CNDO wave functions was performed by Deak [51]. This calculation differs from ours by the method of correlation correction. In addition this calculation used hydrogen atoms to saturate the surface of the LUC. Since we have 32 eigenvalues half-filled with electrons, the full number of the possible configurations is 257 configurations (162+1). All of these configurations are considered in the present calculations using Moller-Plesset theory discussed in Section (1.4).


The convergence of the LUC-INDO calculations is fast. As an example Table (4.1) shows the successive electronic energies calculated in each iteration for silicon lattice needed to obtain the final  Hartree-Fock results in the present work parameter set of Table (4.8). From this table we can see that the difference of electronic energy between step 4 and 3 is 8.1 10-3 eV which is less than  the required tolerance (1.36 10-2 eV) so that calculations are terminated at step 4. The calculated energy approaches the final energy approximately by one digit per iteration so that five iterations are needed to the required tolerance. Since we are using an 8 atom LUC, the tolerance of the cohesive energy of one atom can be seen to be 0.0017 eV.


The results of the program that had been written by the author of this thesis were checked with the same CNDO results of Harker and Larkins [28] for diamond and silicon.  The part that is related to INDO calculations was checked for molecular systems to give the exact results of Pople et al. [5]. The correlation corrections were calculated and gave the same results of Duadle et al. [8] for the hydrogen molecule. The extension of the results to germanium and SYMBOL 97 \f "Symbol"-tin needed the evaluation and tabulation of the Y-matrix used to evaluate overlap and two-electron integrals. A partial tabulation of the Y-matrix was given by Pople et al.[5] for the 1s, 2s, 2p, 3s and 3p wave functions. The author evaluated and tabulated the Y-matrix for the 4s, 4p, 5s and 5p wave functions in Appendix B to calculate overlap and two-electron integrals for germanium  and SYMBOL 97 \f "Symbol"-tin.


The number of parameters in the LUC-INDO method is three parameters. These are ½(Is+As), ½(Ip+Ap) and SYMBOL 98 \f "Symbol"0. This number of parameters is medium between the ab initio methods that do not contain any parameters [11, 35, 53, 54] and the methods of large number of parameters  [55, 56, 57, 58]. The methods of large number of parameters that are used to simulate the band structure contain usually six parameters at least. The use of a large number of parameters without a clear physical interpretation of these parameters will turn the method to a mere mathematical fitting method. In our work we avoided the addition of other parameters such as  G1 and F2 that were used originally in this way[5]. G1 and F2 are calculated on theoretical basis as in Appendix A. 


The three parameters are varied first so as to give nearly the exact values of the equilibrium lattice constant, cohesive energy and to compensate between the direct band gap and valence band width. The remaining of the output data of the programs is a result of the theory that is used in this work. Over thirty physical quantities for each element are obtained from the above mentioned three parameters.  The large number of output data with the restriction of the parameters to give nearly the exact equilibrium lattice constant and cohesive energy will certainly be a fine check for the present theory of this work.  


The cohesive energy is calculated from the total energy of the LUC. Since the large unit cell is composed of 8 atoms, the cohesive energy is given by

  -Ecoh= ET/8 - Efree - E0  ,                                 (4.1)
where Efree is the free atoms sp shell energy [59]. The sp shell energy is given in Table (4.2) for the four free atoms C, Si, Ge and Sn. The cohesive energy is also corrected for the zero-point motion of the nuclei [60]. This correction is due to the fact that unlike the classical harmonic oscillator, the vibrational ground state is not equal to zero but equal to E0. This is a pure quantum mechanical effect and is directly related to the uncertainly principle [3]. This correction had not been taken into account in the previous LUC calculations [28,29,30]. Its value is 0.18, 0.07, 0.04 and 0.03 (eV) for the four elements C, Si, Ge, and SYMBOL 97 \f "Symbol"-Sn respectively [60].


The experimental direct band gap is corrected for spin-orbit splitting as described by Eqs. (3.4-3.6) of the last chapter. This correction increases the experimental value of the band gap by a certain amount depending on the states that bound this gap. The energy bands at high symmetry points are  set relative to the SYMBOL 71 \f "Symbol"25 (highest occupied state) as is the usual procedure used by most of the other works.

Table (4.1) The successive electronic energy (in eV) calculated in each iteration for silicon lattice in the present work parameter set of Table  (4.8).

	Iteration no.
	Total energy (eV)

	        0
	   -857.5255479

	        1
	   -858.6123549   

	        2 
	   -858.8306718

	        3
	   -858.8731226

	        4
	   -858.8812418


Table (4.2) The experimental total energy of the free atoms sp shell electrons for the  four free atoms C, Si, Ge and Sn [59].

	       Atom
	sp shell energy (eV)

	         C
	         148.022

	         Si
	         103.129

	         Ge
	         103.763

	         Sn
	           93.212


4.2   Band structure of covalent semiconductors   

_______________________________________


Using the procedure of  Section (4.1), the band structure and electronic properties of diamond are listed in Table (4.3) in comparison with other LUC results[28] and ab initio method of Reference [53]. The semiempirical parameters of diamond used in the two LUC results are given in Table (4.4).


It is interesting to see the effect of INDO and correlation corrections on CNDO calculations. This is shown in Table (4.5) using our parameter set.  It can be seen that the effect of INDO corrections or INDO+correlation corrections is not trivial. In addition to this the INDO and correlation corrections are in the same direction in some of the listed properties and in opposite directions in the others. The most interesting feature of INDO and correlation corrections is the hybridized state which is moving toward increasing the s state occupancy.


The eigenvalues of the high symmetry points are shown in Table (4.6). The notation that is used for high symmetry SYMBOL 71 \f "Symbol" and X points was explained in Section (3.1).


In our tables we did not include previous LUC-INDO calculations of Craig and Smith [61] since they presented only very few results. Their results are essentially the same of Harker and Larkins [28] which are presented in the tables.  

Table (4.3) The band structure and electronic properties of diamond in this work compared with other LUC results [28], ab initio method [53] and experimental data. Note that cohesive energy of Ref. [1] is corrected for zero-point motion energy [60].
	
	 Ref.[53]
	Ref.[28]
	Present work
	  Expt.

	     Lattice constant A0
	  3.56
	3.56
	    3.56
	3.56  [1]

	 Cohesive energy(eV/atom) 
	   ----
	7.68
	    7.55
	7.55  [1]

	 Valence band width (eV)
	   19.6
	22.4
	    20.17
	21.0 [62]

	   Direct band gap (eV)
	    6.0
	9.4
	    8.71
	7.3   [11]

	    Hybridization  state
	   -----
	s0.6p3.4
	s0.926p3.074
	    ----

	    Neighbors included
	   -----  
	2
	      4
	    ----

	              G1(eV)
	    ----  
	0
	 11.99      
	    ----

	               F2(eV)
	    ----  
	0
	  8.75
	    ----


Table (4.4) Parameter sets of diamond for the various LUC results.

	     parameter
	      Ref.[28]
	  Present work

	          SYMBOL 122 \f "Symbol"(a.u.-1)
	      1.765
	         1.83

	         SYMBOL 98 \f "Symbol"0(eV)
	     -10.2
	       -10.00

	- ½ (Is+As) (eV)
	       7.0
	          5.57

	- ½ (Ip+Ap)(eV)
	       5.5
	          4.39


Table (4.5) The band structure and electronic properties of diamond using the parameters of this work (Table (4.4)) for CNDO calculations and the same parameters for INDO and INDO+correlation corrections (this work).
	
	   CNDO
	  INDO
	INDO+

correlation

	Cohesive energy(eV/atom) 
	    18.99
	   7.02
	    7.55

	Valence band width (eV)
	     16.01
	   20.47
	    20.17

	Direct band gap (eV)
	      7.85
	    7.85
	      8.71

	  Hybridization  state
	 s0.72p3.28
	s0.920p3.080
	s0.926p3.074


Table (4.6)  Energy bands of diamond in (eV) at SYMBOL 71 \f "Symbol" and X high symmetry points with respect to SYMBOL 71 \f "Symbol"25 point compared with reference [28] for CNDO calculations, reference [53] for ab initio calculations and available experimental data.
	
	  Ref. [53]
	  Ref.[28]
	Present work
	   Expt.

	         SYMBOL 71 \f "Symbol"1  
	    -19.6
	   -22.4  
	-20.17
	-21.0 [62] 

	         X1V
	    - 11.6
	   -13.2
	-9.03
	-13.0 [63]    

	         X4V 
	    -5.3
	    -7.6
	-4.92
	-5.00 [63]    

	         SYMBOL 71 \f "Symbol"25
	      0.0
	     0.0
	0.0
	      0.0

	         SYMBOL 71 \f "Symbol"15
	      6.0
	     9.4
	8.71
	  7.3  [11]

	         X1C
	      5.9
	    13.9
	9.97
	  6.0  [63]

	         SYMBOL 71 \f "Symbol"2
	      10.8
	     9.69
	9.98
	  15.3 [11]

	         X4C
	      14.2
	    14.1
	11.23
	



The band structure and electronic properties of silicon are listed in Table (4.7) in comparison with other LUC results [28] and ab initio Hartree-Fock method [35]. The semiempirical parameters for diamond used in the LUC results are given in Table (4.8).


The effects of INDO and correlation corrections on CNDO calculations are shown in Table (4.9) using the present work parameter set of Table (4.8). It can be seen that the effects of INDO corrections or INDO+correlation corrections are not trivial. In addition as in the case of diamond,  the INDO and correlation corrections are in the same direction in some of the listed properties and in opposite directions in the others. Energy bands of silicon in the present work at SYMBOL 71 \f "Symbol" and X high symmetry points compared with other LUC  [28] calculations, ab initio calculations [35] and experimental data are shown in Table (4.10).
Table (4.7) The band structure and electronic properties of silicon in this work compared with other LUC results [28], ab initio calculations [35] and experimental data. Note that cohesive energy of Ref. [1] is corrected for zero-point motion energy [60] and the direct band gap is corrected for spin-orbit splitting [14].
	
	 Ref.[28]
	 Ref.[35]
	  Present  

   work
	   Expt.

	   Lattice constant  (A0)
	     5.45
	   5.43
	    5.43
	 5.43 [1]

	 Cohesive energy(eV/atom) 
	     4.7
	   -----
	    4.68
	 4.70 [1]

	  Valence band width (eV)
	     13.2
	   18.3
	    11.87
	12.4 [64]

	   Direct band gap (eV)
	     7.0
	    7.5
	    3.50
	3.44 [65]

	    Hybridization  state
	 s0.93p3.07
	   -----
	s1.256p2.744
	   ----

	   Neighbors included
	      2
	   -----
	     4      
	   ----

	              G1   (eV)
	      0
	      0
	   8.05      
	   ----

	               F2   (eV)
	      0
	      0
	   6.06
	   ----


Table (4.8) Parameter sets for the various LUC results of silicon.

	
	      Ref.[28]
	   Present work

	          SYMBOL 122 \f "Symbol"(a.u.-1)
	        1.54
	         1.635

	         SYMBOL 98 \f "Symbol"0(eV)
	        -6.4
	         -5.45

	 -½ (Is+As)(eV)
	         6.3
	          7.25

	 -½ (Ip+Ap)(eV)
	         4.5
	          4.95


Table (4.9) The band structure and electronic properties of silicon using the parameters of this work for CNDO calculations and the same parameters for INDO and INDO+correlation corrections.
	
	   CNDO
	  INDO
	INDO+

correlation

	Cohesive energy(eV/atom) 
	    11.69 
	    4.25
	    4.68

	Valence band width (eV)
	    10.08
	   12.11
	    11.87

	Direct band gap (eV)
	     4.82
	    2.80
	    3.50

	  Hybridization  state
	s1.089p2.911
	s1.251p2.749
	s1.256p2.744


Table (4.10)  Energy bands of silicon in the present work in (eV) at SYMBOL 71 \f "Symbol" and X high symmetry points with respect to SYMBOL 71 \f "Symbol"25 point compared with other LUC   calculations [28], ab initio calculations [35] and experimental data.
	
	  Ref.[28]
	 Ref.[35]
	Present work
	   Expt.

	         SYMBOL 71 \f "Symbol"1  
	   -13.2  
	   -18.3
	    -11.87     
	-12.4 [64]

	         X1V
	    -7.5
	   -12.0
	    -6.22
	  -2.9 [63]     

	         X4V 
	    -4.8
	    -4.9
	    -2.63
	    ----

	         SYMBOL 71 \f "Symbol"25
	     0.0
	     0.0
	      0.0
	      0.0

	         SYMBOL 71 \f "Symbol"15
	     7.0
	     7.5
	     5.91
	 3.44 [65]

	         SYMBOL 71 \f "Symbol"2
	     7.1
	     10.1
	     3.50
	 4.2   [66]

	         X1C
	     8.6
	      6.0
	     5.25
	 1.13 [63]   

	         X4C
	     9.8
	      14.0
	     7.36
	     -----



The band structure and electronic properties of germanium are listed in Table (4.11) in comparison with other Hartree-Fock results [11]. No previous LUC calculations exist for Ge or SYMBOL 97 \f "Symbol"-Sn so that our calculations are the first LUC calculations for these two elements. The semiempirical parameters for germanium used in our calculations are given in Table (4.12).


The effects of INDO and correlation corrections on CNDO calculations are shown in Table (4.13). Energy bands of germanium in (eV) at SYMBOL 71 \f "Symbol" and X high symmetry points compared with Ref. [11] for Hartree-Fock calculations and experimental data are shown in Table (4.14) 
Table (4.11) The band structure and electronic properties of germanium in this work compared with other Hartree-Fock results [11]. Note that experimental cohesive energy of Ref. [1] is corrected for zero point energy [60] and the direct band gap is corrected for spin-orbit splitting [14].
	
	 Ref. [11]
	Present work
	Experiment

	   Lattice constant  (A0)
	    5.65
	   5.65
	5.65 [1]

	Cohesive energy(eV/atom) 
	     1.2
	    3.85
	 3.89  [1]

	Valence band width (eV)
	    18.9
	    12.47
	12.9  [67]

12.6  [68]

	Direct band gap (eV)
	     4.3
	    1.67
	 0.99 [69]

	 Hybridization  state
	   -----
	s1.487p2.513
	   ----

	   Neighbors included
	   -----
	      4
	   -----

	          G1 (eV)
	    -----
	   7.87
	   -----

	           F2 (eV)
	   -----
	   6.06
	    -----


Table (4.12) Parameter set for our LUC results of germanium.

	
	   Present work

	          SYMBOL 122 \f "Symbol"(a.u.-1)
	         1.98

	         SYMBOL 98 \f "Symbol"0(eV)
	        -5.35

	 -½ (Is+As)(eV)
	         9.35

	 -½ (Ip+Ap)(eV)
	          5.4


Table (4.13) The band structure and electronic properties of germanium using the parameters of this work (Table(4.12)) for CNDO calculations and the same parameters for INDO and INDO+correlation corrections.
	
	   CNDO
	  INDO
	INDO+

correlation

	Cohesive energy(eV/atom) 
	     10.59
	   3.43
	    3.85

	Valence band width (eV)
	     11.99
	   12.80
	    12.47

	Direct band gap (eV)
	     1.45
	    0.64
	    1.67

	  Hybridization  state
	s1.396p2.608
	s1.438p2.562
	s1.487p2.513


Table (4.14)  Energy bands of germanium in (eV) at SYMBOL 71 \f "Symbol" and X high symmetry points with respect to SYMBOL 71 \f "Symbol"25 point compared with Ref. [11] for Hartree-Fock calculations and experimental data.
	
	Ref. [11]
	Present work
	   Expt.

	         SYMBOL 71 \f "Symbol"1  
	    -18.9
	   -12.47 
	-12.9[67] -12.6 [68]

	         X1V
	    -13.0
	    -7.30
	 -9.3 [67]

	         X4V 
	    -4.2
	    -2.37
	 -3.15[67]

	         SYMBOL 71 \f "Symbol"25
	      0.0
	     0.0
	      0.0

	         SYMBOL 71 \f "Symbol"2
	      4.3
	     1.67
	  0.99 [69]

	         X1C
	     5.4
	     4.90 
	   1.3 [68]

	         SYMBOL 71 \f "Symbol"15
	     7.9
	     6.07
	   3.0[69]

	         X4C
	     19.2
	     7.60
	    ------



The band structure and electronic properties of SYMBOL 97 \f "Symbol"-Sn are listed in Table (4.15) in comparison with other Hartree-Fock results [11]. The semiempirical parameters for SYMBOL 97 \f "Symbol"-Sn used in our calculations  are given in Table (4.16).


The effects of INDO and correlation corrections on CNDO calculations are shown in Table (4.17). Energy bands of SYMBOL 97 \f "Symbol"-Sn in (eV) at SYMBOL 71 \f "Symbol" and X high symmetry points compared with Ref. [11] for Hartree-Fock calculations and experimental data are listed in Table (4.18).
Table (4.15) The band structure and electronic properties of SYMBOL 97 \f "Symbol"-Sn in this work compared with other Hartree-Fock results [11] and experimental data. Note that experimental cohesive energy of Ref. [1] is corrected for zero-point motion  energy [60] and the direct band gap is corrected for spin-orbit splitting [14].
	
	 Ref.[11]
	Present work
	Experiment

	   Lattice constant  (A0)
	     6.46
	    6.46
	 6.46  [1]

	  Cohesive energy(eV/atom) 
	      0.1
	    3.00
	  3.17 [1]

	   Valence band width (eV)
	     16.0
	    12.21
	     -----

	   Direct band gap (eV)
	     2.6
	    1.27
	 0.26 [1]

-0.15 [70]

-0.37 [71] 

	   Hybridization  state
	     ----
	s1.544p2.456
	     -----

	     Neighbors included
	     ----
	     4
	     -----

	           G1(eV)
	     -----
	   6.86
	     -----

	           F2(eV)
	     ----
	   5.38
	    ------


Table (4.16) Parameter set for our LUC results of SYMBOL 97 \f "Symbol"-Sn.

	
	   Present work

	          SYMBOL 122 \f "Symbol"(a.u.-1)
	         2.05

	         SYMBOL 98 \f "Symbol"0(eV)
	        -5.35

	 -½ (Is+As)(eV)
	         9.46

	 -½ (Ip+Ap)(eV)
	         4.96


Table (4.17) The band structure and electronic properties of SYMBOL 97 \f "Symbol"-tin using the parameters of our work (Table(4.16)) for CNDO calculations and the same parameters to INDO and correlation corrections.
	
	   CNDO
	  INDO
	INDO+

Correlation

	Cohesive energy(eV/atom) 
	     8.89
	   2.68
	    3.00

	Valence band width (eV)
	     11.85
	   12.44
	   12.21

	direct band gap (eV)
	     0.979
	    0.386
	   1.270

	  hybridization  state
	s1.421p2.579
	s1.452p2.548
	s1.544p2.456


Table (4.18)  Energy bands of SYMBOL 97 \f "Symbol"-Sn in (eV) at SYMBOL 71 \f "Symbol" and X high symmetry points with respect to SYMBOL 71 \f "Symbol"25 point compared with Ref. [11] and experimental data.
	
	Ref.[11]
	Present work  
	   Expt.

	         SYMBOL 71 \f "Symbol"1  
	    -16.0
	   -12.38  
	    -----

	         X1V
	    -11.2
	    -7.37
	    ----- 

	         X4V 
	    -3.9
	    -2.75
	    -----

	         SYMBOL 71 \f "Symbol"25
	      0.0
	     0.0
	    0.0 

	         SYMBOL 71 \f "Symbol"2
	      2.6
	     1.27
	  0.26 [1]

-0.15 [70]

-0.37 [71] 

	         X1C
	     4.39
	      4.6
	    

	         SYMBOL 71 \f "Symbol"15
	      6.6
	      6.12
	   2.6 [72]

	         X4C
	     15.1
	      7.34
	


4.3   Other physical properties of covalent semiconductors   

_______________________________________________


Most of the physical properties of a solid can be obtained using the wave functions obtained in the preceding section. In this section we shall be interested mainly in mechanical and electronical properties of covalent semiconductors. An example of the mechanical  properties is the bulk modulus. The bulk modulus is defined by [1]

           
,                                     (4.2)

where V0 is the equilibrium lattice volume.


The bulk modulus of a lattice can be obtained numerically by calculating the lattice energy E at three different volumes, V0, V0+SYMBOL 68 \f "Symbol"V and V0-SYMBOL 68 \f "Symbol"V, and applying the second derivative formula


     (4.3)

The calculated values of the bulk modulus for the four elements discussed above in their diamond structure are shown in Table(4.19). 

 Table(4.19):  The calculated values of bulk modulus (this work) compared with the results of Ref. [28] and the experimental values. Values are in 1011 Newton/m2.

	
	  Bulk modulus ( 1011 Newton/m2 )

	   Element
	  Ref.[28]
	Present work
	     Expt.

	         C
	     9.73
	      8.08
	 5.45   [1]

 4.42   [73]

	         Si 
	      2.1
	      1.495 
	 0.988  [1]

 0.97    [74]

	        Ge
	      ---
	      1.378
	 0.772  [1]

 0.758  [75]

	        SYMBOL 97 \f "Symbol"-Sn
	      ---
	       0.966 
	 1.11    [1]

 0.53    [76]



Another quantity that can be calculated from the bulk modulus is the speed of sound. The speed of sound waves in solids can be given approximately by the following equation [77]

            v0= ( B/SYMBOL 114 \f "Symbol" )½  ,                                        (4.4)

where SYMBOL 114 \f "Symbol" is the mass density. Since the LUC calculations give us both of these quantities, the speed of sound can be determined. The values of  v0  are tabulated in Table (4.20) in comparison with the experimental values. A good agreement with the experiment can be seen from this table. 

 Table(4.20):  The calculated values of v0 (speed of sound) compared with  the experimental values. Values are in m/s.

	
	          Speed of sound ( m/s )

	     Element
	  Present work
	   Experiment

	         C
	        15159
	        19161[78] 

	         Si 
	         8010
	        9150  [77]

	        Ge
	         5070
	        5400  [77]

	        SYMBOL 97 \f "Symbol"-Sn
	         4095 
	        --------



The electronic charge density in a lattice can be determined experimentally from scattering intensity in x-ray diffraction procedures [79]. In our case we can do the reverse operation. Having the valence electronic charge density we can determine the x-ray scattering intensity after adding the standard atomic core charge distribution [80]. Redistribution of atomic core charge density when the solid is formed is neglected in these calculations. The x-ray scattering intensity can be calculated from the structure factor defined as [1]   

        S = SYMBOL 229 \f "Symbol"j  fj  exp(-i G.rj)                                  (4.5)

where G is the reciprocal lattice vector, rj is the position vector of atom j where the summation j is over all the atoms in the cell. fj is called the atomic form factor or scattering factor and is defined by

fj = SYMBOL 242 \f "Symbol"  SYMBOL 114 \f "Symbol"e ( r )  exp(-i G.r) dV ,                          (4.6)

where the integration is over all space and SYMBOL 114 \f "Symbol"e ( r ) is the atomic charge density. fj is essentially an atomic quantity. In Tables (4.21), (4.22), (4.23) and (4.24) we list the calculated x-ray scattering factors for diamond, silicon, germanium and SYMBOL 97 \f "Symbol"-tin respectively in comparison with experiment. These calculations are also compared with Hartree-Fock calculations for free atomic charge densities packed in the crystal lattice.

Table (4.21)  Calculated x-ray scattering factors of diamond in comparison with experiment [81] and  previous Hartree-Fock (HF) calculations [81] for free atoms packed in the crystal structure . 
	   reflection
	diamond x-ray scattering factor

	        hkl
	  HF[81]
	  Present  

   work
	Expt. [81]

	        111  
	    3.29
	     3.50
	    3.32

	        220 
	    1.93
	     2.16
	    1.98

	        311 
	    1.69
	     1.87
	    1.66

	        400
	    1.57
	     1.62
	    1.48

	        331
	    1.55
	     1.53
	    1.58

	        422
	    1.42
	     1.43
	    1.42

	        511
	
	     1.38
	    1.42

	        333
	
	     1.38
	    1.42


Table (4.22)  Calculated x-ray scattering factors of silicon in comparison with experiment [82] and previous Hartree-Fock (HF)calculations [82] for free atoms packed in the crystal structure.
	   reflection
	       Si x-ray scattering factor

	        hkl
	  HF [82]
	 Present       

   work
	Expt.[82]

	        111  
	    10.53
	    10.98
	   11.12  

	        220 
	     8.71
	     8.94
	    8.78

	        311 
	     8.16
	     8.33
	    8.05

	        400
	     7.51
	     7.66
	    7.40

	        331
	     7.18
	     7.33
	    7.32

	        422
	     6.70
	     6.85
	    6.72

	        511
	     6.44
	     6.59
	    6.40

	        333        
	     6.44
	     6.59
	    6.43


Table (4.23) Calculated x-ray scattering factors of germanium in comparison with experiment [83] and previous Hartree-Fock (HF) calculations [84] for free atoms packed in the crystal structure.

	   reflection
	       Ge x-ray scattering factor

	        hkl
	  HF [84]
	Present work
	Expt. [83]

	        111  
	    27.5
	    27.92
	   27.87   

	        220 
	    23.76
	    24.43
	   23.72 

	        311 
	
	    23.09
	   22.18 

	        400
	    20.95
	    21.40
	   20.25 

	        331
	
	    20.40
	   19.6

	        422
	
	    19.02
	   18.05

	        511
	
	    18.33
	   

	        333
	    17.5
	    18.25
	   17.32  


Table (4.24)  Calculated x-ray scattering factors of SYMBOL 97 \f "Symbol"-tin in comparison with experiment [85] and previous Hartree-Fock (HF) calculations [86] for free atoms packed in the crystal structure.
	  reflection
	     SYMBOL 97 \f "Symbol"-Sn x-ray scattering factors 

	        hkl
	 HF [86]
	  Present 

   work
	Expt. [85]

	        111  
	   44.47
	    44.65
	   43.59  

	        220 
	   39.56
	    39.84
	   38.79

	        311 
	   37.43
	    37.78
	   37.40

	        400
	   34.54
	    35.65
	   35.12 

	        331
	   33.08
	    33.60
	   33.17

	        422
	   31.01
	    31.40
	   30.19 

	        511
	   29.93
	    30.96
	   28.63

	        333
	   29.93
	    30.96
	   28.63



Other quantities that can be determined from the present theory are the pressure dependence of the various band structure quantities and physical properties discussed above. However the availability of the experimental data near the 00K at the required pressures limits the ability of comparing these calculations with experiment. 


The pressure that is associated with a given volume of a unit cell (V) can be determined from the following equation [1]

P = -SYMBOL 242 \f "Symbol"
 
 dV    ,                                     (4.7)

where V0   is the equilibrium volume at zero pressure.


As an example we calculated the pressure dependence of the direct energy gap Ed  and the pressure dependence of s state occupation Pss (Pss is a density matrix) as shown in Table (4.25). The absence of experimental results forbid us from evaluating  further quantities. 

 Table(4.25):  The calculated values of pressure dependence of the direct energy gap Ed in (eV/Mbar) and the pressure dependence of s state occupation Pss in (electron/Mbar) for the diamond structure elements. 

	      Element
	       
  
	        
        

	         C
	         0.0225
	       -0.061 

	         Si 
	         2.835
	       -0.403  

	        Ge
	         3.028
	       -0.356

	        SYMBOL 97 \f "Symbol"-Sn
	         3.75 
	       -0.472 


4.4   Discussion of the results   

________________________

4.4.1  The empirical parameters ½(Is+As) and ½(Ip+Ap)


The values of the parameters ½(Is+As) and ½(Ip+Ap) of the solid in the present work are compared to the same quantities for atoms in Fig.(4.2). The use of atomic values of these parameters to describe the solid ends with  very bad results [52], such as a band gap twice the experimental value and a valence band width three times greater than the experimental value. The difference between these two parameters for the solid is always less than that for the atom. These two parameters seem to be approaching their atomic values as the atomic number increases. The value of  ½(Is+As) of the solid is always less than the same value of the atom, this shows that the s orbitals of the solid are less connected to their atoms than in the free atom case.  The reverse is true for ½(Ip+Ap), the value of this parameter in the solid is always greater than the same value of the atom with the exception of diamond. The difference between the solid and atomic values of these parameters is a result of the solid requirement for the electrons to change their positions to more convenient positions for the solid as a whole. These positions that are at half the distance between two neighboring atoms restrict the difference between ½(Is+As) and ½(Ip+Ap) to be always less than the difference between these two parameters in the atomic case.    

4.4.2  The empirical parameter SYMBOL 98 \f "Symbol"0 


The values of the bonding parameter SYMBOL 98 \f "Symbol"0 of the solid in the present work are compared to the same quantity for molecules proposed by Boca [12] in Fig.(4.3). The value of this parameter for solids is very much less than that for molecules. This is also the case for the original molecular parameters proposed by Pople [5]. This can be understood by noting the number of bonds in the solid case and molecular case. Since the number of bonds in the solid is usually higher, the interaction energy is distributed over all these bonds, while in the molecular case this interaction energy is limited in its number and directional distribution.  

4.4.3 The parameter SYMBOL 122 \f "Symbol"

The value of the orbital exponent SYMBOL 122 \f "Symbol" determines the charge distribution of electrons around the nucleus or in the solid. This parameter is varied till the total energy reaches its minimum. As a consequence, this parameter is chosen in the same way it is chosen in ab initio methods and it is not an empirical parameter. The values of SYMBOL 122 \f "Symbol" in this work are compared with that given by Clementi for atoms [80] and Clementi for molecules [6] in Fig.(4.4). The values of SYMBOL 122 \f "Symbol" for molecules are an average over many molecular compounds that contain group IVA elements. We can see from Fig.(4.4) that the values of SYMBOL 122 \f "Symbol" for the solid in this work are between molecular and atomic values with the exception of diamond. In addition we can notice that the values of SYMBOL 122 \f "Symbol" in our work and in molecules are larger than that for atoms. This indicates the contracted charge distribution for solids and molecules and the diffuse charge distribution for atoms [86] as can be seen in Fig.(4.5) for the 2s orbital in diamond.


The average value of the displacement of the electron from  its  atom SYMBOL 60 \f "Symbol"rnlmSYMBOL 62 \f "Symbol" is given by the following formula for the STOs

           
                                         (4.8)

Comparing the values of SYMBOL 60 \f "Symbol"rnlmSYMBOL 62 \f "Symbol" for the four elements that we are interested in with half the distance between two neighboring atoms in the diamond structured elements will show approximately identical values as in Fig.(4.6). Note that unlike hydrogenic wave functions, SYMBOL 60 \f "Symbol"rnlmSYMBOL 62 \f "Symbol" in STOs is independent of the value of the angular momentum quantum number l [3]. The results of  Fig.(4.6)  show  that  the  calculated   values  of SYMBOL 60 \f "Symbol"rnlmSYMBOL 62 \f "Symbol" in our work have slightly smaller values than the values of half the distance between two neighboring atoms except for SYMBOL 97 \f "Symbol"-Sn. In addition the differences between the two cases decrease till there is actually no difference between these two values especially for Ge and SYMBOL 97 \f "Symbol"-Sn. This shows that the mid point between two neighboring atoms is more convenient for high z elements.

4.4.4 The interaction distance

The calculations are carried with the interactions between electrons and nuclei, electron-electron and nucleus-nucleus are included up to the fourth neighbors. A large amount of work was spent on the band structure of covalent semiconductors with the interaction distance reaching the first neighbors only [14,55,57]. Our estimation of the error in the cohesive energy arising from neglecting the interaction of the fifth neighbors and above is less than the error arising from neglecting core states or other approximations in the present theory. The error in the calculated quantities is also much smaller than the difference between experimental and calculated values in band structure so that the inclusion of more than the fourth neighbors will not change the situation for the present theory and will be a waste of computational time and efforts. However the ability of including several neighbors is an advantage of the present theory over many other works that is designed to include first or second neighbors only. Most of the previous LUC calculations did not include more than fourth neighbors [52,28,31] in agreement with our procedure.   

4.4.5 The cohesive energy

The three parameters that are used in our work (SYMBOL 98 \f "Symbol", ½(Is+As) and ½(Ip+Ap)) are varied till the value of the maximum cohesive energy at the experimental lattice constant is nearly equal or slightly less than the experimental cohesive energy value as can be seen in Fig.(4.7) for diamond. The present theory neglects core states so that core-core interactions due to the van der Waals interactions are also neglected. Unlike our method Harker and Larkins [28] gave a set of parameters without including exchange or correlation corrections with their cohesive energy exactly equal or greater than the experimental value as can be seen from Tables (4.3,4.7) for diamond and silicon respectively. On the other hand Szymanski [29] gave a set of parameters in which he totally neglected the cohesive energy value. It is obvious that our procedure gives results that are more reliable than the results of Szymanski or Harker and Larkins.


The van der Waals interaction between the cores of the considered elements should be of the order of the cohesive energy of the inert gas crystals that represent the cores of the elements C, Si, Ge and Sn apart from the different interaction distance and structure in the two cases. He, Ne, Ar and Kr represent the cores of  C, Si, Ge and Sn respectively (or the major part of the core for Ge and Sn). The electronic configuration of the above elements can be written in the form  

C    [He]  2s2 2p2;
Si    [Ne] 3s2 3p2; 

Ge   [Ar] 3d10 4s2 4p2;

Sn   [Kr] 4d10 5s2 5p2.

The cohesive energies of inert gas crystals are 0.00, 0.02, 0.08 and 0.116  for He, Ne, Ar and Kr respectively (He is a liquid at zero pressure).


Other minor corrections that are not included in the standard CNDO or INDO theory are


A- Core correlation corrections,


B-  Redistribution of core charge due to the formation of the solid.

These corrections are less than the van der Waals interaction corrections discussed above [6, 1] for the elements that we consider.


To calculate the cohesive energy from Eq.(4.2), the free energy of the atom should be supplied. As we mentioned in Section (4.1) we used the experimental sp shell energy for this purpose. This procedure is different from the previous LUC calculations [52,28,29,31]. The previous LUC calculations used the same empirical parameters (SYMBOL 98 \f "Symbol", ½(Is+As) and ½(Ip+Ap)) to represent the atom and the solid which is a sever approximation as we have seen in the discussion of the empirical parameters of the model above. 


The effect of the inclusion of one-center exchange integrals on the cohesive energy is very large and can be seen to be in the range of 4 to 12 eV for the diamond structur elements (Tables (4.5), (4.9), (4.13) and (4.17)). However the correlation corrections are less pronounced than  the one-center exchange integrals and it is in the range of 0.3-0.6 eV. In both of the two cases these two corrections are inversely proportional to atomic number so that the higher corrections are for diamond and the lower corrections are for SYMBOL 97 \f "Symbol"-Sn.


The correlation corrections for the cohesive energy are given in Fig.(4.8). The calculated correlation corrections are less than the estimated values by other workers [81,40] for C and Si. This low value might be as a consequence of the limited size of the LUC, neglect of two-center and higher exchange integrals, or an overestimation of this correction by the sited references. The linear combination of atomic orbitals is made between atomic orbitals of one cell so that only inter-cell correlation is made. However our calculations seem to be the first correlation corrections applied on Hartree-Fock calculations for elements like Ge and Sn. The correlation energy is directly proportional to the square of the transformed exchange integrals and inversely proportional to the difference in energy between excited and valence levels of each element as required by Eq.(1.25) of Moller-Plesset theory. Although the differences between excited and valence levels for each element decrease as the atomic number increases, the square of the transformed exchange integrals decreases more rapidly making a net decreasing correlation correction. The values of the transformed exchange integrals are related to the values of G1 and F2 as indicated by Eqs.(2.16),(2.17) and (1.17). The decreasing values of the untransformed exchange integrals (s x SYMBOL 189 \f "Symbol" s x ) and ( x y SYMBOL 189 \f "Symbol" x y ) with the increasing principal quantum number n are shown in Fig.(4.9). x and y are the x and y components of the p orbital respectively.


We note from Fig.(4.8) that correlation correction of the cohesive energy of Si lattice is approximately equal that of Ge lattice. Since lattice constants of Si and Ge lattices are approximately equal a direct conclusion is that correlation corrections are size dependent. This is in agreement with size-consistency of the Moller-Plesset method mentioned in Section (1.4).  


The cohesive energy is also corrected for the zero-point motion of the nuclei [60]. This correction had not been taken into account in the previous LUC calculations [28,29,30]. Although the value of this correction is at the same order of van der Waals interaction, this correction has the reverse values of van der Waals interaction so that it is more important for diamond than for SYMBOL 97 \f "Symbol"-Sn.

4.4.6 The direct band gap

The calculated values of the direct band gaps are always greater than the experimental values. This was the result of other Hartree-Fock calculations also [11,35]. These large values of the band gap can be attributed to the approximations involved in  Hartree-Fock method or the approximations that are used in the present LUC-INDO formalism. Some of the most important approximations that affect the band gap can be summarized as following


A- The use of equal SYMBOL 122 \f "Symbol" and SYMBOL 98 \f "Symbol"0 for s and p wave functions will restrict the band gap to a certain value. The value of the difference in energy  between bonding and antibonding state is directly proportional to SYMBOL 98 \f "Symbol"0 S (Eq.(2.4)), where the overlap integral S is a function of SYMBOL 122 \f "Symbol". The values of the percentage difference in SYMBOL 122 \f "Symbol" between s and p orbitals are 2.5%, 12% , 15.7% and 14.4 %  for the four atoms C, Si, Ge and Sn respectively [80]. As can be seen from the above values that the percentage difference in SYMBOL 122 \f "Symbol" increases generally with the atomic number and so as the percentage error in the calculated direct energy gap.   


B- The neglect of core states will also result in a neglect of its effects on the distribution of the outer valence electrons. The effect of core states increases as the atomic number increases so that the percentage error in the energy gap also increases.


The best results that are obtained without using empirical parameters are due to Painter et al. [53] for diamond that are shown in comparison with other LUC results in Table (4.3). Painter in his work did not include core states (1s for diamond) only but also the exited states (3s and 3p). However if the inclusion of core states and first exited state is possible for diamond it is not possible (or very difficult) for the other high Z elements as explained in Sec. (3.1) so that Painter's work can not be repeated for the high Z elements.      


The effect of INDO and correlation corrections on CNDO approximation for the direct band gap is different for the four elements and depends on the kind of states that bound this gap. Experimentally the direct band gap is bound by the states SYMBOL 71 \f "Symbol"15-SYMBOL 71 \f "Symbol"25, SYMBOL 71 \f "Symbol"15-SYMBOL 71 \f "Symbol"25,SYMBOL 71 \f "Symbol"2-SYMBOL 71 \f "Symbol"25  and SYMBOL 71 \f "Symbol"2-SYMBOL 71 \f "Symbol"25 for the four elements C, Si, Ge and Sn respectively. This order is followed in our calculations except for Si where the SYMBOL 71 \f "Symbol"2  state goes under the SYMBOL 71 \f "Symbol"15 state. As a consequence INDO corrections have no effect on the value of the direct band gap of diamond while it greatly reduces the value of the direct band gap for the rest of the elements. INDO corrections have no effect on the direct band gap if there bounding states are of the same origin such as SYMBOL 71 \f "Symbol"15,  SYMBOL 71 \f "Symbol"25 (p states). This is due to the fact that splitting of states to bonding and anti bonding is controlled by the Hamiltonian HSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol" only [3] which is directly related to the parameter SYMBOL 98 \f "Symbol"0 in our work as in Eq.(2.4). On the other hand correlation corrections increase the value of the band gap irrespective of its bounding states.    


We not in our calculations that the worst percentage error for the band gap with respect to experiment is for SYMBOL 97 \f "Symbol"-Sn. The absolute value of this error is near the absolute value of the same error in the band gap for diamond (1.4 eV for diamond). The source of this error is due to the  perturbative treatment of correlation corrections [83] since this correction diverges as the difference between the energy of states (Ek-Em) decreases as in Eq.(1.25). This can be seen from the value of the direct band gap in INDO calculations before applying correlation correction which is only 0.49 eV for SYMBOL 97 \f "Symbol"-Sn. Unfortunately the available non-perturbative correlation correction method takes ten times the computational time needed in Moller-Plesset method [6]. Moller-Plesset method takes 1 to 2 hours for every point in the cohesive energy curve in our calculations. 


We note that in our calculations SYMBOL 97 \f "Symbol"-Sn is very similar in its configuration to Ge and has approximately the same hybridized orbitals and parameters that results in approximately the same direct band gap. 


Finally we refer to the only one available LUC-INDO calculation by Craig and Smith [61]. The value of the direct band gap for diamond in their calculations is 11.84 eV. This high value is due to the use of atomic parameters to describe the solid. This approximation is abandoned in our calculations as we mentioned in the Subsection (4.4.1).  

4.4.7 Valence band width

The calculated valence band widths are in good agreement with experimental values (if they are available) as can be seen from Tables (4.3), (4.7) and (4.11) for the elements C, Si and Ge. 


INDO corrections increase the valence band width while correlation corrections decrease it as can be seen from the Tables(4.5), (4.9), (4.13) and (4.17). The states that bound the valence band are always  SYMBOL 71 \f "Symbol"1 and  SYMBOL 71 \f "Symbol"15 so that they are always affected by INDO corrections. 


In order to describe the conduction band correctly we have to add at least the first excited state to our work [55] so that no further investigation will be made to the conduction band in our work.

4.4.8 The order of  SYMBOL 71 \f "Symbol" and X high symmetry points

The order of the SYMBOL 71 \f "Symbol" levels in the band structure of the four elements is the same as in the available experimental data with the exception of silicon where the SYMBOL 71 \f "Symbol"15 point rises above the SYMBOL 71 \f "Symbol"2 point. The same is true for the order of the X points with no exception as can be seen in  Tables (4.6), (4.10), (4.14) and (4.18). The order of the levels between SYMBOL 71 \f "Symbol" and X points are also followed completely for the valence band, however it is not followed for the X1c and the lower SYMBOL 71 \f "Symbol" points in the conduction band. This was also pointed out by Vogl [55] who showed that the X1c point will not take its right order unless the first exited state (like 3s state for diamond ) is included which is not the case in the standard CNDO or INDO basis functions. This ability of the model to reproduce the experimental order of the levels confirms that the errors due to the approximations embodied in its framework are relatively small.

4.4.9 k- dependent band structure

The full band structure of the considered solids can be evaluated using the tight binding approximation for the energy of the band [1]

                     Ek= SYMBOL 189 \f "Symbol"- SYMBOL 97 \f "Symbol" - 4 SYMBOL 103 \f "Symbol"1 [ cos(kx a/4) cos(ky a/4) cos(kz a/4) 

                              -i sin(kxa/4) sin(kya/4) sin(kza/4) ]

                              + 4 SYMBOL 103 \f "Symbol"2 [ cos(½ ky a) cos(½ kz a) + cos(½ kz a)

                                        cos(½ kx a) + cos(½ ky a) cos(½ kx a) ] 

+....... SYMBOL 189 \f "Symbol",                                                                 (4.9)

where SYMBOL 97 \f "Symbol" is the matrix element of the core Hamiltonian (Eq.(1.10)) between the orthogonal final states on the same atom, SYMBOL 103 \f "Symbol"1 is the matrix element of the core Hamiltonian between the orthogonal final states on first neighboring atoms ...,etc. As a result of using 8 atoms LUC, only SYMBOL 71 \f "Symbol" and X high symmetry points are obtained. The only coefficients that can be determined are SYMBOL 97 \f "Symbol"  and SYMBOL 103 \f "Symbol"1 for each band. As a consequence only one minimum in one period of the argument of the cosine function can appear. As an example the k-dependent diamond band structure is evaluated in Fig.(4.10). From this figure we can see that an important feature is missed which is the indirect energy gap. This is a consequence of the inclusion of only  SYMBOL 97 \f "Symbol"  and SYMBOL 103 \f "Symbol"1  constants discussed above. As we discussed in the preceding Subsection (order of SYMBOL 71 \f "Symbol" and X points), other workers [55,56] insist on that the indirect band gap can not be accounted for unless the first excited state of the atoms is included such as the 3s state for diamond. It is left as a future work to check the appearance of the  indirect band gap when higher excited states are included and a larger LUC is investigated. We note here that the investigation of the k-dependent band structure was not performed in the previous LUC works [52,28,29,31].  LUCs such as the 64 atom LUC was investigated in the CNDO approximation [28] without including excited states. The 64 atom LUC gives five points in every band (Table(3.4)). This number of points must be enough for the evaluation of the band structure with sufficient precession.    


The density of states and the optical properties can be determined from the band structure as in reference [53]. However since only two points are used to extrapolate and interpolate the whole band structure, the density of states and optical transitions will be of a low quality. The evaluation of optical transitions is left as a future work when applying this method to a larger unit cell. No previous LUC calculations are made for the optical properties of a solid.

4.4.10 Hybrid crystal orbitals

The hybrid crystal states show an increasing s state occupation with the increasing atomic number of the elements as in Fig.(4.11). This reflects the tendency of these states to retain their atomic configuration s2p2 and the weakening of the directional character of these bonds represented by the sp3 hybridized orbitals with increasing atomic number. We can also notice that diamond is the nearest to the sp3 configuration. This is in contradiction with Harker and Larkins results in which Si is nearer to the ideal solid configuration as can be seen from Fig.(4.11). Silicon in our work has a transitional value between diamond and Ge. Ge and SYMBOL 97 \f "Symbol"-Sn have approximately equal values. The reason for this is the similarity in their last core shells that coincides with the results of Slater rules [5]. Slater rules confirm that the charge distribution of the valence shell is a result of the effects of the charge distribution of the last filled core shell. The last core shell for C is the 1s2 state while for Si is the 2s22p6 shell. This difference between the last core shells for C and Si reflects the finite difference between the occupancy of s orbitals for the two elements. However this is not the case for Ge and Sn. The last core shell for Ge is the 3s23p63d10 shell while for Sn is the 4s24p64d10 shell that are identical in the kind of orbitals and number of electrons that results in a very small difference in the values of the occupancy of s orbitals for the two elements. As a result the value of s state occupancy for a hypothetical diamond structure Pb is expected to has a similar jump as that for Ge and Sn because of its last filled shell structure 5s25p65d105f14. However another jump in the s occupancy will make Pb valence band configuration very near to atomic configuration  6s26p2. Thus we expect that the reason that forbids Pb from crystallizing in diamond structure is the very weak directional bonds that are formed in its case.   

Both INDO and correlation corrections increase the s state occupancy. This increment is larger for INDO corrections for the elements C, Si and Ge while it is larger for correlation corrections for SYMBOL 97 \f "Symbol"-Sn. 

4.4.11 Bulk modulus and speed of sound

Higher values of the bulk modulus than those given by the experiment are obtained with the exception of SYMBOL 97 \f "Symbol"-Sn where the experimental data are contradicting as we can see in Table(4.19). The two parameters SYMBOL 122 \f "Symbol" and SYMBOL 98 \f "Symbol"0 are of a great effect on the value of the bulk modulus, their effects for Si are shown in Figs. (4.12) and (4.13). On the other hand the speed of sound as calculated in Eq.(4.4) is in good agreement with experiment as in Table (4.20). 


The value of the bulk modulus of diamond as calculated by Craig and Smith [61] in their LUC-INDO calculations is 9.76 1011 Newton/m2. This high value is attributed to the use of atomic parameters in the description of the solid.

4.4.12 Valence charge distribution

The valence charge density can also be determined from the calculated density matrix by the equation

     SYMBOL 114 \f "Symbol"e ( r ) = 

PSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"  SYMBOL 121 \f "Symbol"SYMBOL 109 \f "Symbol"( r )  SYMBOL 121 \f "Symbol"SYMBOL 110 \f "Symbol"( r )                      (4.10)

The electronic charge density along the line joining two C, Si, Ge and Sn atoms in their diamond lattice structure are shown in Figs.(4.14), (4.15), (4.16) and (4.17) respectively. These figures show a two-peak structure  between the two atoms. This had been confirmed by other calculations [87]. This structure can be explained from the shape of the hybridized crystal wave functions of the solid. The maximum of a STO can be obtained by differentiating the wave function with respect to the radial distance r and equating to zero. The value of the radial distance at which the maximum of the wave function appears is given by

                 
.                                         (4.11)

The value of the distance between two neighboring atoms in diamond structure is given by

              
                                           (4.12)

so that the value of the distance between the two peaks is given by

            
                                      (4.13)

Table (4.26) shows rnn , d, and the percentage ratio (d/rnn %) for the four considered elements. This table shows a decreasing order of the ratio d/rnn  as the atomic number increases till the ratio reaches 26% where the two peaks become indistinguishable in the case of SYMBOL 97 \f "Symbol"-Sn. The value of d is approximate since we considered the orbitals of one atom for the evaluation of this quantity. We can also notice from Figs.(4.14), (4.15), (4.16) and (4.17) that the overall electron cloud in the region between two atoms decreases and compensated by an increase in the spherical charge distribution around the atom as the atomic number of the considered elements increases. This can be expected from the hybridized crystal states that show an increment in the s state occupancy which is of a spherical shape.


It is also interesting to see the valence charge distribution in one of the  planes of the crystal in our method. This was done for the (110) plane of diamond in Fig.(4.18). Fig.(4.18) coincides with the results of Van Camp et al. [87].


We also note that charge distribution is not too much affected by INDO and correlation corrections. These corrections do not alter solid hybridized states appreciably which are intimately related to charge distribution. However the effect of these corrections is to transform some of the electronic charge from the region of the bonds to the spherical region around the atoms as can be seen from the effect of these corrections on the hybridized orbitals of the crystal. These same effects are pointed by Zunger [81] in his work on diamond. 

Table(4.26):  The values of nearest neighbors' distance (rnn), peak to peak distance (d) and their percentage ratio (d/rnn%).

	
	         rnn(a.u.)
	        d (a.u.)            
	       d/rnn %

	         C
	         2.917
	       1.824 
	         62.5

	         Si 
	         4.441
	       1.994 
	         44.9

	        Ge
	         4.623
	       1.590
	         34.4

	        SYMBOL 97 \f "Symbol"-Sn
	         5.287 
	       1.384 
	         26.1


4.4.13 Electrostatic potential

The determination of the electrostatic potential is more difficult than the determination of the electronic charge density since it needs an integration over all the charge density of the lattice and the surrounding lattices for the potential of every point to be determined. The electrostatic potential of an electron in the field of the lattice  is given by 

Vp( r ) =  

PSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol" SYMBOL 60 \f "Symbol" SYMBOL 121 \f "Symbol"SYMBOL 109 \f "Symbol"( r )SYMBOL 250 \f "Symbol" 
 SYMBOL 250 \f "Symbol" SYMBOL 121 \f "Symbol"SYMBOL 110 \f "Symbol"( r ) SYMBOL 62 \f "Symbol" - 

          (4.14)

The electrostatic potential of the carbon lattice along the [111] direction between two neighboring atoms is shown in Fig.(4.19). A similar calculated potential can be found in the work of Kellen [88] for silicon. 

4.4.14 x-ray form factors

The x-ray factors presented in Tables (4.21-4.24) show good agreement both in order and magnitudes with the experimental values except for slightly high values for these factors especially for reflections of high (h,k,l) value. The above results are shown in Fig.(4.20) as a function  of sinSYMBOL 113 \f "Symbol"i/SYMBOL 108 \f "Symbol" where SYMBOL 113 \f "Symbol"i is x-ray incident angle and SYMBOL 108 \f "Symbol" is the wavelength of the x-ray radiation. All Hartree-Fock previous calculations that we compared our results with included core states. This shows why these calculations give better precision than our present calculations. Valence band charge density contribution decreases as the atomic number increases so that core states are responsible for most of the reflected line intensities in high Z elements. 


The effect of core charge redistribution was not included in our calculations. An increment of 10% of the average distance of core electrons from the center of the atom yields the form factors that are given in Table (4.27) for SYMBOL 97 \f "Symbol"-Sn. These form factors show a very good agreement with experiment. This agreement is comparable or even better than Hartree-Fock calculations for free atom packing. This can be considered as an evidence of the movement of core electrons towards the mid-point between two neighboring atoms as in the case of valence electrons. The increment of charge density at the mid-point between two neighboring atoms is proved  experimentally [1] and theoretically [81]. The movement of core electrons is obvious for the elements Si, Ge and SYMBOL 97 \f "Symbol"-Sn because of their large cores while it is not clear for diamond because of its small core. The proof that this movement does really exist can not be made unless core states are added explicitly to our calculations. This movement should provide further minimization to the total energy of the lattice.  

Table (4.27)  Calculated x-ray scattering factors of SYMBOL 97 \f "Symbol"-tin with an increment of 10% of the average distance of core electrons from the center of the atom.
	   reflection

        hkl
	This work + core modification

	        111  
	        44.51

	        220 
	        39.56

	        311 
	        37.39

	        400
	        35.28

	        331
	        32.93

	        422
	        30.53

	        511
	        29.32

	        333
	        29.32


4.4.15 Pressure dependence

Two quantities that are the pressure dependence of the direct energy gap and the pressure dependence of the occupation of s state in the crystal hybridized orbitals is investigated in our work in Table (4.25). Although we can calculate the pressure dependence of all the physical quantities mentioned in this thesis, the main obstacle in our work is the unavailability of experimental data. 


The experimental pressure dependence of the indirect band gap is available for the elements C, Si and Ge [89,90,91].  These are 0.07, -1.41 and 3.0 eV/Mbar respectively. Although the absolute values of these quantities are of the same order of that of the direct band gaps of Table (4.26), silicon differs in its sign. If our calculations are correct this will indicate that under pressure parts of the bands that bound the energy gap move in different directions and speeds from each other. This can be investigated by using larger LUC that contains other points in each band.  


The pressure dependence of the s state occupancy shows that electrons under pressure leave low l orbitals (s orbital) and occupy high l orbitals (p orbitals). This phenomenon is known and leads to phase transitions due to the changed electronic distribution such as the s-d transitions in the alkali metals [92].    

4.4.16 Experimental values

The experimental values that we are comparing our results with have a great variation especially for C and Sn. A lower variation is found for Ge and Si. Great efforts were spent in the evaluation of the experimental quantities of Ge and Si because of their wide applications. Diamond and SYMBOL 97 \f "Symbol"-Sn have the reverse situation. Another reason that restricts the experimental data for SYMBOL 97 \f "Symbol"-Sn is its being unstable at room temperature and transforms to SYMBOL 98 \f "Symbol"-Sn phase for temperatures greater than 13.2 0C [79].


In order to compare the experimental results with our calculations the values should be corrected or extrapolated from its finite temperature and pressure to the absolute zero temperature and zero pressure. However these corrections are very small if the readings are made at temperatures near 00 Kelvin and atmospheric pressure [8]. Most of the experimental values that we have compared our results with were referred to as corrected to 0 0 Kelvin and atmospheric pressure [1]. Atmospheric pressure has no effect on our results. As an example, the atmospheric pressure produces in our calculations a change in the direct energy gap of Ge given by the value 2.74 10-6 eV which is far beyond the tolerance of our calculations (0.013 eV for the total energy of the lattice as in Sec.(4.1)).


Another feature of our calculations is that it is made for perfect crystals that do not have any impurities or imperfections and free from surface  effects. Experimentally surface states are lying within the forbidden gap [77] which might affect the value of this gap if it is not taken into account. However the bulk of nearly pure single crystal with no major imperfections has an approaching status to our calculations. 
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                       The principal quantum number n of the valence band

Fig.(4.2)   The values of the parameters ½(Is+As) and ½(Ip+Ap) of the solid  in our work compared to the same quantities for atoms[5]. s refers to ½(Is+As) and p to ½(Ip+Ap) . The principal quantum number n of the valence band is equal to 2 for diamond, 3 for Silicon ..., etc. 
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Fig.(4.3)   The value of the parameter SYMBOL 98 \f "Symbol"0 of the solid in the present work  compared with the same quantity for molecules suggested by Boca [12].
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                                    The principal quantum number n

Fig. (4.4) The values of SYMBOL 122 \f "Symbol" in this work for the diamond structure elements (SOLID) compared with that given by Clementi for atoms [80] (ATOM), and that given by Clementi for molecules [6] (MOLECULE).
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                                                        r (a.u.)

Fig. (4.5) The values of the normalized 2s wave function as a function of  r (radial distance in a. u.) for carbon atom [80], carbon atom in molecular environment [6] and diamond in present work.
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                          The principal quantum number n of valence shell

Fig. (4.6) The values of SYMBOL 60 \f "Symbol"rnlmSYMBOL 62 \f "Symbol" (AVERAGE r) in this work compared with half the distance between two neighboring atoms rnn/2 (MID POINT) for the four considered elements in atomic units (a.u.). 
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Fig. (4.7) Cohesive energy of diamond as a function of lattice constant in present work.
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Fig. (4.8) The values of the correlation corrections to the cohesive energy for diamond structure elements as determined by the present theory.
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Fig.(4.9) The values of the one-center untransformed exchange integrals. s is the s orbital, x and y are the x and y components of the p orbital respectively.
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Fig. (4.10) The k-dependent band structure of diamond. The high symmetry points are shown along the x-axis. The positions of these high symmetry points in the Brillouin zone are given in Table (3.2). The distances between high symmetry points are shown on the x-axis in units of 2SYMBOL 112 \f "Symbol"/a.  
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                               The principal quantum number n

Fig. (4.11) The s state occupancy of the crystal hybrid orbitals in this work compared with the results of Harker and Larkins, sp3 ideal solid configuration and s2p2 atomic configuration.
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Fig.(4.12) The bulk modulus of Si as a function of the parameter SYMBOL 122 \f "Symbol". ½(Is+As) and ½(Ip+Ap) are kept constants and equal to 4.9 eV and 4.1 eV respectively.
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Fig.(4.13) The bulk modulus of Si as a function of the parameter SYMBOL 98 \f "Symbol"0. ½(Is+As) and ½(Ip+Ap) are equal to 4.9 and 4.1 eV respectively.
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                                   Distance between two atoms (a.u.)

Fig.(4.14) The electronic charge density along the line joining two carbon atoms. 
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                                   Distance between two atoms (a.u.)

Fig.(4.15) The electronic charge density along the line joining two silicon atoms in silicon lattice. 
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Fig.(4.16) The electronic charge density along the line joining two germanium atoms in germanium lattice. 
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Fig.(4.17) The electronic charge density along the line joining two neighboring tin atoms in SYMBOL 97 \f "Symbol"-tin lattice. 
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Fig. (4.18)  The valence charge distribution in the (110)

plane for diamond in arbitrary units.
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Fig. (4.19)   The electrostatic potential Vp along the line joining two     

neighboring atoms for diamond in eV.
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Fig. (4.20) The atomic form (scattering) factor for the diamond structure elements in our work compared with the experimental data (+)[81,82,83,85]. SYMBOL 113 \f "Symbol"i is the incidence angle and SYMBOL 108 \f "Symbol" is the wavelength of the incident radiation in A0.
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5.1   Conclusions   

______________

1.
The semiempirical parameters ½(Is+As) and ½(Ip+Ap) of the solid have different values than that of the atoms (which is not the case in the previous works) as is shown in Fig.(4.2). The use of different semiempirical parameters ½(Is+As) and ½(Ip+Ap) for the atom and the solid is a consequence of using the sp shell energy to describe the energy of the free atom. The value of the INDO expression for the energy of the atom should reach the experimental value of the sp shell energy after adding correlation corrections so that the use of the experimental sp shell energy is preferable. The difference between the above mentioned two parameters of the solid is always less than that of the atoms. The values of these two parameters approach the atomic values for high atomic numbers indicating a tendency of high atomic number atoms to retain their atomic configuration when they form a solid.

2.
The absolute value of the bonding parameter SYMBOL 98 \f "Symbol"0 for the solid is less than that for molecules (as in Fig.(4.3)) because of the high number of bonds and the angular distribution of these bonds in the solid.

3.
The values of the parameter SYMBOL 122 \f "Symbol" that determines the charge distribution in the solid are very close for the same values of molecules (as in Fig.(4.4)). This parameter also indicates a contracted distribution of electron cloud around the nuclear centers of the solid with respect to the more diffuse distribution in the atom. The value of this parameter also indicates that the average value of the distance of electrons from the nucleus is equal approximately to half the distance between two neighboring atoms. 

4.
Using the empirical parameters mentioned above, the values of the calculated cohesive energies are approximately equal to the experimentally determined cohesive energies for the four elements considered in this work.
A non-trivial correction for the cohesive energy is found when adding INDO and correlation corrections to the previous CNDO calculations as can be seen from Tables (4.5), (4.9), (4.13) and (4.17).
Zero-point motion correction that is added to the value of the cohesive energy is inversely proportional to the atomic numbers of the constituting atoms.
Core interactions are neglected in our calculations with its value expected to be of a little effect on the value of the cohesive energy.  

5.
The calculated values of the direct band gap energy show  decreasing values with increasing atomic number. The calculated values are always greater than the experimental values. Core effects and the restriction on the value of the parameter SYMBOL 122 \f "Symbol" in addition to the other approximations embodied in the present theory are expected to be the cause of this discrepancy. Spin-orbit corrections are added to the value of the gap. INDO corrections are found to be dependent on the kind of states that bound this gap while correlation corrections always increase it. 


Our calculations give a very high value of the direct band gap of SYMBOL 97 \f "Symbol"-Sn. This over-estimation is due to the divergence of correlation correction as the direct gap decreases. Our method treats Ge and Sn in a very similar manner. This includes the parameters and electronic configurations and is reflected in nearly equal band gaps. On the other hand diamond have a unique configuration and parameters that reflects its high direct band gap ,different band structure and different physical properties. 

6.
The valence band width is well represented by our method. The addition of the excited states is needed for the description of the conduction band. The order of the levels is also well represented with the exception of the lowest conduction band levels.

7.
The band structure as a function of the wave vector k is of a lower quality since only two points per band are calculated in the eight atom LUC. As a consequence, optical properties and effective masses that are functions of the wave vector k are also expected to be of a low quality. Another reason that prohibits us from calculating optical properties is the uncompleted conduction band due to absence of excited states that are not included in standard INDO or CNDO theory.

8.
The hybrid crystal orbitals show an increasing s state occupation with the increasing atomic number of the elements. This reflects the tendency of these elements to retain their atomic configuration s2p2 and the weakening of the directional character of the solid bonds represented by the sp3 hybridized orbitals. Extrapolating the s state occupancy for Pb shows that Pb configuration is very near to the atomic configuration  6s26p2. Thus we expect that the reason that forbids Pb from crystallizing in diamond structure is the very weak directional bonds that are formed in its case. Both INDO and correlation corrections increase the s state occupancy. This shows that the effect of INDO and correlation corrections is to transform some of the electron cloud from the bonding region between two atoms to the spherical region around the nucleus.

9.
The values of the calculated bulk modulus presented in Table (4.19) show the correct experimental trend of decreasing bulk modulus with increasing atomic number. The calculated values are always greater than that of the experiments. The speed of sound in the investigated crystals also shows the right trend and good agreement with the experiment as in Table (4.20).

10.
The electronic charge distribution along the line that joins two atoms shows a two-peak structure between the two atoms as in Figs. (4.14), (4.15), (4.16) and (4.17). This structure can be explained from the shape of the hybridized crystal STOs. The x-ray factors that depend on the overall charge distribution of the crystal show good agreement in their order and magnitude with the experimental values as in Fig. (4.20). An evidence of the movement of core electrons towards the mid point between two neighboring atoms can be concluded from the values of these factors.  

11.
The direct band gap increases while the occupation of s state decreases with increasing pressure in our calculations. The main obstacle in our work is the unavailability of experimental data for these calculated quantities.
5.2   Suggestions for future work

___________________________

1.
The present work calculations can be applied to a larger LUC such as the 16, 64 or 128 atom LUCs to investigate the band structure, optical properties and effective masses. This will result in a better simulation of the solid. The use of a larger unit cell will produce a larger number of symmetry points (see Table(3.4)) and hence make the extrapolation and interpolation of the full band structure, optical properties and effective masses more accurate. This enlargement is, however, faced with computational time and memory requirements that need to be overcome.

2.
The inclusion of electron core states will make another minimization to the empirical parameters. The two parameters  -½(Is+As) and -½(Ip+Ap) will now enter the calculations as one-center integrals with no need to consider them as semiempirical parameters. This is faced with the need to include analytical expressions for relativistic corrections and time and memory requirements for the computational facilities. This addition will make this method diverse from the standard INDO or CNDO methods. Other diversions are the use of different orbital exponents SYMBOL 122 \f "Symbol" and different bonding parameters SYMBOL 98 \f "Symbol"0 for s and p orbitals that will make the results more precise.

3.
The inclusion of the first excited state was found of vital importance to account for the appearance of the indirect band gap [55]. The inclusion of the first excited state will also account for the right ordering of low laying conduction band levels and the value of conduction band width. This first excited states are 3s, 4s, 5s and 6s for the elements C, Si, Ge and Sn respectively. The use of  larger set of orbitals is always found to improve Hartree-Fock results [6].

4.
Further improvement of the model can be made by adding the two-center exchange integrals as in the neglect of the diatomic differential overlap method (NDDO) [5]. This will improve the values of correlation corrections since correlation corrections are intimately related to exchange integrals. 

5.
The LUC method in its CNDO version had been successfully applied to ionic crystals [93] and to superconductive copper oxide crystalline compounds [94]. It will be also a good opportunity to check our present method for the two cases mentioned above to see the effect of our corrections on the values of the previous results.

6.
The present calculations can be applied to zinc blend structure semiconductors since their structure is the nearest to that of diamond discussed in this thesis. No previous LUC calculations are made for these materials.

7.
Equilibrium phases and phase transitions can be examined in our present theory. This can be done be calculating the cohesive energy of the different crystal structures with and without pressure and noting the highest cohesive energy for the most stable phase at a given pressure [83,95]. 

8.
Large unit cells of 64 or 128 atoms per cell are needed to simulate lattice vacancies, interstitials or impurities [29]. These LUCs will confirm that vacancies, interstitial or impurities will not interact with each other and distort lattice structure.  
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 Appendix A: One-center integrals and the atomic structure of period 

                      IVA elements.   

_______________________________________________________


In order to see the changes in the charge distribution, orbital energies, cohesive energy, etc., when the solid is formed from its constituting atoms, a model for each of these atoms is needed. The atoms that form the solids we are going to discuss are period IVA elements namely the elements C, Si, Ge, Sn and Pb. The configurations of valence electrons in the free atoms of these elements are given by 
C(2s2,2p2); Si(3s2,3p2); Ge(4s2,4p2); Sn(5s2,5p2); Pb(6s2,6p2).    (A.1)

All these elements have the electronic distribution that is shown in Fig.(A.1) for their ground state and first and second excited states (apart from relativistic spin-orbit splitting).     
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Fig.(A.1)
The lowest atomic states of group IVA elements.

In the ground state the p electrons have parallel spin as required by Hund's rule. This state is termed the 3P state in the L-S coupling scheme [3]. The first excited state is termed the 1D state. This state corresponds to two electrons having antiparallel spins in the same p state. The second excited state is termed the 1S state that corresponds to two electrons having anti parallel spins in two different p states. Further splitting of these states occurs because of relativistic effects. INDO method that is discussed in Section (2.2) discriminates the three states mentioned above giving them different energies. On the other hand CNDO method does not discriminate these states of the atom giving them as one degenerate level [5]. This is one of the advantages of INDO theory over CNDO theory. Relativistic corrections can be ignored for the atoms C and Si, and become of the same order of  correlation corrections for the Ge atom. The relativistic corrections can not be ignored for Sn and Pb atoms. All these elements crystallize in diamond type crystals except Pb. 


In CNDO and INDO approximations the valence electrons are assumed to be in the field of central charge that has the summed value of  nuclear charge (Z) + core electrons. Thus the above elements are subject to the central field of the Be like atom (Z=4) with the valence electrons in the excited L(n=2), M(n=3), N(n=4), O(n=5) and P(n=6) shells respectively for the elements C, Si, Ge, Sn and Pb respectively with n as the principal quantum number. For one-electron atoms (no screening effects) using hydrogenic wave functions, the orbital exponents SYMBOL 122 \f "Symbol" are given by [3]

             
                                                 (A.2)

If screening effects are included ( in many-electron atoms ), the effective value of SYMBOL 122 \f "Symbol" in STO (discussed in Section (2.3)) is given by [5]

         
   ,                                           (A.3)
where sc is the screening constant and n* is the effective principal quantum number. The value of sc and n* and hence the effective SYMBOL 122 \f "Symbol" can be obtained from the solution of Hartree-Fock equations of chapter one by minimizing the total energy of the atom. All the integrals that are needed for the  solution of Hartree-Fock equations of the atom are one-center integrals since all the wave functions and core-Hamiltonian potential are centered at the origin of the nucleus. The core-Hamiltonian of the sp shell mentioned above is given by

 
  ,                            (A.4)


The overlap integrals defined in Eq.(1.8) vanishes between different states in the same shell of one atom

                               SSYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol"  =  1                 for SYMBOL 109 \f "Symbol"=SYMBOL 110 \f "Symbol"
=  0                 for SYMBOL 109 \f "Symbol"

SYMBOL 185 \f "Symbol"

SYMBOL 110 \f "Symbol"                                   (A.6)


Unlike molecular or solid state physics, the two-electron integrals that are given in Eq.(1.11) can be simplified greatly in atoms. Since all the spherical and radial parts of the integrals have the same center, these integrals can be reduced to a small number of integrals depending on the kind of orbitals entering the integrals. For the s and p orbitals discussed above, the only non vanishing integrals are related to F0 , G1 and F2 mentioned in Eqs.(2.15-2.19). These integrals have the following forms  

   F0=  SYMBOL 242 \f "Symbol"0SYMBOL 165 \f "Symbol" SYMBOL 242 \f "Symbol"0SYMBOL 165 \f "Symbol" Rs*(r1) Rs*(r2) Rs(r1) Rs(r2) (2/rSYMBOL 62 \f "Symbol")  r12  r22 dr1 dr2 ,        

                                                           (A.7)

  G1=  SYMBOL 242 \f "Symbol"0SYMBOL 165 \f "Symbol" SYMBOL 242 \f "Symbol"0SYMBOL 165 \f "Symbol" Rs*(r1) Rpx*(r2) Rpx(r1) Rs(r2) (2rSYMBOL 60 \f "Symbol"/rSYMBOL 62 \f "Symbol"2) r12  r22 dr1 dr2 ,  

                                                           (A.8)

   F2= SYMBOL 242 \f "Symbol"0SYMBOL 165 \f "Symbol" SYMBOL 242 \f "Symbol"0SYMBOL 165 \f "Symbol" Rpx*(r1) Rpy*(r2) Rpx(r1) Rpy(r2) (2rSYMBOL 60 \f "Symbol"2/rSYMBOL 62 \f "Symbol"3) r12  r22  dr1  dr2  ,                  

                                                 (A.9)

 where Rs, Rpx are the radial parts of the s and px orbitals respectively. rSYMBOL 60 \f "Symbol" and   rSYMBOL 62 \f "Symbol"   are the smallest and largest of  r1 and  r2 respectively (r1 and  r2 are defined in Eq.(1.11)).

With the specification of the core-Hamiltonian, overlap and two-electron integrals the determination of the effective SYMBOL 122 \f "Symbol"  can be made by the solution of Roothaan-Hall Eqs.(1.6). The single zeta functions determined  by Clementi and Roetti [80] are an example of the determination of the values of SYMBOL 122 \f "Symbol" in the atomic case. Atomic wave functions have the property of being diffuse(smaller values of SYMBOL 122 \f "Symbol") compared with the contracted (higher values of SYMBOL 122 \f "Symbol") molecular wave functions [6]. Solid wave functions have orbital exponents SYMBOL 122 \f "Symbol" that are close to that of molecules, this is discussed in Section (4.4).

Appendix B: Two-center integrals in CNDO and INDO calculations    

_______________________________________________________


In order to evaluate two-center integrals, these integrals should be transformed to prolate spheroidal coordinates (SYMBOL 109 \f "Symbol",SYMBOL 110 \f "Symbol",SYMBOL 106 \f "Symbol"). These coordinates are related to the two spherical coordinates occurring in the two-center integrals (Eq.(1.11))when the two atoms are along the z-axis by the following relations [5]

                                             
 ,

                                             
  ,

   SYMBOL 106 \f "Symbol"= SYMBOL 106 \f "Symbol"A= SYMBOL 106 \f "Symbol"B  ,                                                     (B.1)

where ra  and rb  are the distances to the centers of the two atoms A and B. R is the distance between these two atoms and SYMBOL 106 \f "Symbol" is the rotation angle around the axis connecting the two atoms along the z axis. Most of the integrals in the above coordinates vanish and only a finite number will have a non zero value. The integrals are then transformed to the real solid or molecular geometry using the transformation

SSYMBOL 108 \f "Symbol"

SYMBOL 115 \f "Symbol" = SYMBOL 229 \f "Symbol"abMSYMBOL 108 \f "Symbol"aSabMbSYMBOL 115 \f "Symbol"                                   (B.2)

where the matrix M for the sp shell is given by

M =  ( 
 )        (B.3)

The indices SYMBOL 108 \f "Symbol" and SYMBOL 115 \f "Symbol" in Eq.(B.2) refer to the states in real geometry and the indices a and b in Eq.(B.2) refer to the states in the geometry in which the two atoms are along the z axis.


The two-center integrals needed in CNDO and INDO calculations can be written in terms of the reduced overlap integral s [5]

   s(na,la,m,nb,lb,SYMBOL 97 \f "Symbol",SYMBOL 98 \f "Symbol")= D(la,lb,m)  
  Clamu      Clbmu
                  SYMBOL 242 \f "Symbol"1SYMBOL 165 \f "Symbol" SYMBOL 242 \f "Symbol"-11  (SYMBOL 109 \f "Symbol"+SYMBOL 110 \f "Symbol")na-m-u (SYMBOL 109 \f "Symbol"-SYMBOL 110 \f "Symbol")nb-m-v exp[-½(SYMBOL 97 \f "Symbol"+SYMBOL 98 \f "Symbol") SYMBOL 109 \f "Symbol"- ½ (SYMBOL 97 \f "Symbol"-SYMBOL 98 \f "Symbol")SYMBOL 110 \f "Symbol"]

(SYMBOL 109 \f "Symbol"2-1)m  (1-SYMBOL 110 \f "Symbol"2)m  (1+SYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol")u (1-SYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol")v  dSYMBOL 109 \f "Symbol" dSYMBOL 110 \f "Symbol" ,                (B.4)

where

                                             SYMBOL 97 \f "Symbol" =R SYMBOL 122 \f "Symbol"a,

    SYMBOL 98 \f "Symbol" = R SYMBOL 122 \f "Symbol"b.                                                       (B.5)


Clmu  is defined for the STO in Eq.(2.23). na, la are the principal and angular quantum numbers of the wave function centered at atom a, ...,etc. The function D(la,lb,m) is given  by

        


                                            

                                                (B.6)


From the reduced overlap integral Eq.(B.4), we can define the Yij(na,la,m,nb,lb) matrix through the following equation

       SYMBOL 229 \f "Symbol"i,jYij(na,la,m,nb,lb) SYMBOL 109 \f "Symbol"iSYMBOL 110 \f "Symbol"j = 
 Clamu      Clbmu    (SYMBOL 109 \f "Symbol"+SYMBOL 110 \f "Symbol")na-m-u    

                                        (SYMBOL 109 \f "Symbol"-SYMBOL 110 \f "Symbol")nb-m-v  (SYMBOL 109 \f "Symbol"2-1)m  (1-SYMBOL 110 \f "Symbol"2)m  (1+SYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol")u (1-SYMBOL 109 \f "Symbol"

SYMBOL 110 \f "Symbol")v  

                                                    (B.7)


A tabulation of the matrix Yij(na,la,m,nb,lb) can be found in the program list of reference [5] for the 1s, 2s, 2p, 3s and 3p orbitals. Since our calculations extended to 4s, 4p, 5s and 5p orbitals, a tabulation of these functions is made by the author for these orbitals and given in Tables (B.1) through (B.4). 


The two-center overlap integral S of Eq. (1.8) can now be written in terms of the reduced overlap integral s as [5]

     

    (R/2)na+nb+1    s(na,la,m,nb,lb,SYMBOL 97 \f "Symbol",SYMBOL 98 \f "Symbol")                    (B.8)


In the same way the two-center two-electron integrals between STOs for  l = 0 can be written in terms of the reduced overlap integral as [5]

    

                               - 
      

 
                                                      (B.9)


In order to examine  the accuracy of the programs used to evaluate the STO integrals discussed in Appendices A and B and the orthogonal transformations of Eq.(B.3), the author used numerical programs to check the performance of these programmed formulas. These programs use integration methods ranging from the simple trapezoidal rule for the simple overlap integrals to Gauss-Legender method [96] for the evaluation of two-electron integrals. These programs take long time in comparison with the usual analytical formulas. The above mentioned programs will not be discussed since they were used to check a selected part of the programmed analytical formulas and make us sure that the analytical programs are working in a proper and right manner.                 

Table (B.1) The values of the matrix Yij(na,la,m,nb,lb) 



for  na= 4, m=0, nb=4

	(la+1,lb+1,i+1,j+1)
	Yij(na,la,m,nb,lb)

	        (1,1,9,1)
	         64

	        (1,1,7,3)
	       -256

	        (1,1,5,5)
	        384

	        (1,1,3,7)
	       -256

	        (1,1,1,9)
	        64

	        (2,2,7,1)
	        64

	        (2,2,5,3)
	       -192

	        (2,2,3,5)
	        192

	        (2,2,1,7)
	        -64

	        (2,2,9,3)
	        -64

	        (2,2,7,5)
	        192

	        (2,2,5,7)
	       -192

	        (2,2,3,9)
	        64

	        (2,1,8,1)
	        64

	        (2,1,7,2)
	       -64

	        (2,1,6,3)
	      -192

	        (2,1,5,4)
	       192

	        (2,1,4,5)
	       192

	        (2,1,3,6)
	      -192

	        (2,1,2,7)
	       -64

	        (2,1,1,8)
	        64

	        (2,1,9,2)
	        64

	        (2,1,8,3)
	       -64

	        (2,1,7,4)
	       -192

	        (2,1,6,5)
	        192

	        (2,1,5,6)
	        192

	        (2,1,4,7)
	       -192

	        (2,1,3,8)
	        -64

	        (2,1,2,9)
	        64

	        (1,2,8,1)
	        64

	        (1,2,7,2)
	        64

	        (1,2,6,3)
	      -192

	        (1,2,5,4)
	      -192

	        (1,2,4,5)
	       192

	(la+1,lb+1,i+1,j+1)
	Yij(na,la,m,nb,lb)

	         (1,2,3,6)       
	        192

	         (1,2,2,7)
	       -64

	         (1,2,1,8)
	       -64

	         (1,2,9,2)
	       -64

	         (1,2,8,3)
	       -64

	         (1,2,7,4)
	       192

	         (1,2,6,5)
	       192

	         (1,2,5,6)
	      -192

	         (1,2,4,7)
	      -192

	         (1,2,3,8)
	       64

	         (1,2,2,9)
	       64


Table (B.2)
The values of the matrix Yij(na,la,m,nb,lb)



for  na= 4, m=1, nb=4

	(la+1,lb+1,i+1,j+1)
	Yij(na,la,m,nb,lb)

	         (2,2,9,1)           
	         16

	         (2,2,7,3)
	       -32

	         (2,2,3,7)
	        32

	         (2,2,9,3)
	       -16

	         (2,2,7,5)
	        48

	         (2,2,5,7)
	       -48

	         (2,2,3,9)
	        16

	         (2,2,7,1)
	       -16

	         (2,2,5,3)
	        48

	         (2,2,3,5)
	       -48

	         (2,2,1,7)
	        16

	         (2,2,1,9)
	       -16


Table (B.3) The values of the matrix Yij(na,la,m,nb,lb)



for  na= 5, m=0 and nb=5.

	  (la+1,lb+1,i+1,j+1)     
	Yij(na,la,m,nb,lb)

	         (1,1,11,1)           
	         64

	         (1,1,9,3)
	       -320

	         (1,1,7,5)
	        640

	  (la+1,lb+1,i+1,j+1)     
	Yij(na,la,m,nb,lb)

	          (1,1,5,7)
	       -640

	          (1,1,3,9)
	        320

	          (1,1,1,11)
	        -64

	          (2,1,10,1)
	         64

	          (2,1,9,2)
	        -64

	          (2,1,8,3)
	        -256

	          (2,1,7,4)
	        256

	          (2,1,6,5)
	        384

	          (2,1,5,6)
	      -384

	          (2,1,4,7)
	      -256

	          (2,1,3,8)
	       256

	          (2,1,2,9)
	        64

	          (2,1,1,10)
	       -64

	          (2,1,11,2)
	        64

	          (2,1,10,3)
	       -64

	          (2,1,9,4)
	      -256

	          (2,1,8,5)
	       256

	          (2,1,7,6)
	       384

	          (2,1,6,7)
	      -384

	          (2,1,5,8)
	      -256

	          (2,1,4,9)
	       256

	          (2,1,3,10)
	        64

	          (2,1,2,11)
	       -64

	          (1, 2,10, 1)
	        64

	          (1, 2, 9, 2)
	        64

	          (1, 2, 8, 3)
	      -256

	          (1, 2, 7, 4)
	      -256

	          (1, 2, 6, 5)
	       384

	          (1, 2, 5, 6)
	       384

	          (1, 2, 4, 7)
	      -256

	          (1, 2, 3, 8)
	      -256

	          (1, 2, 2, 9)
	        64

	          (1, 2, 1,10)
	        64

	          (1, 2,11, 2)
	       -64

	          (1, 2,10, 3)
	       -64

	          (1, 2, 9, 4)
	       256

	       ( 1, 2, 8, 5)
	
256

	       ( 1, 2, 7, 6)
	        -384

	       ( 1, 2, 6, 7)
	        -384

	       ( 1, 2, 5, 8)
	
256

	       ( 1, 2, 4, 9)
	
256

	       ( 1, 2, 3,10)
	
-64

	       ( 1, 2, 2,11)
	
-64

	       ( 2, 2, 9, 1)
	
64

	       ( 2, 2, 7, 3)
	       -256

	       ( 2, 2, 5, 5)
	        384

	       ( 2, 2, 3, 7)
	       -256

	       ( 2, 2, 1, 9)
	
64

	       ( 2, 2,11, 3)
	
-64

	       ( 2, 2, 9, 5)
	
256

	       ( 2, 2, 7, 7)
	        -384

	       ( 2, 2, 5, 9)
	
256

	       ( 2, 2, 3,11)
	
-64


Table (B.4) The values of the matrix Yij(na,la,m,nb,lb)



for  na= 5, m=1, nb=5   

	  (la+1,lb+1,i+1,j+1)     
	Yij(na,la,m,nb,lb)

	      ( 2, 2,11, 1)       
	
 16

	      ( 2, 2, 9, 3)
	
-48

	      ( 2, 2, 7, 5)
	
 32

	      ( 2, 2, 5, 7)
	
 32

	      ( 2, 2, 3, 9)
	
-48

	      ( 2, 2,11, 3)
	
-16

	      ( 2, 2, 9, 5)
	
 64

	      ( 2, 2, 7, 7)
	
-96

	      ( 2, 2, 5, 9)
	
 64

	      ( 2, 2, 3,11)
	
-16

	      ( 2, 2, 9, 1)
	
-16

	      ( 2, 2, 7, 3)
	
 64

	      ( 2, 2, 5, 5)
	
-96

	      ( 2, 2, 3, 7)
	
 64

	      ( 2, 2, 1, 9)
	
-16

	      ( 2, 2, 1,11)
	
 16


