APPENDICES

 Appendix A: One-centre integrals 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).

All these elements have the electronic distribution that is shown in Fig.(A.1) for their ground state and first and second excited states.     
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Figure (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 anti parallel spins in the same p state. The second excited state is termed the 1S state which corresponds to two electrons having anti parallel spins in two different p states. Further splitting of these states occurs because of relativistic corrections. INDO method which are discussed in Sec.(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 equal energies. This is one of the advantages of INDO theory over CNDO theory. Relativistic corrections can be ignored for the atoms C and Si, and became 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 which 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]
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 If screening effects are included  the effective value of SYMBOL 122 \f "Symbol" in STO is given by [5]
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where s is the screening constant and n* is the effective principal quantum number. The value of s 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-centre 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 discussed above is given by
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The overlap integrals defined in Eq.(1.8) vanishes between different states in the same shell of one atom
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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 centre, 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                                                                      
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   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.8)                                                

 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.

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 Roothan-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" which are very near to that of molecules, this is discussed in Sec. (4.4).

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


In order to evaluate two-centre 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-centre integrals by the following relations [5]
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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 vanishes and only a finite number will have a non zero value. The integrals are then transformed to the real solid of molecular geometry using the transformation
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The matrix M for the sp shell is given by
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The two-centre integrals needed in CNDO and INDO calculations can be written in terms of the reduced overlap integral s [5]
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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
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From the reduced overlap integral Eq.(B.4) we can define the Yij(na,la,m,nb,lb) matrix

       SYMBOL 229 \f "Symbol"i,jYij(na,la,m,nb,lb) SYMBOL 109 \f "Symbol"iSYMBOL 110 \f "Symbol"j = [image: image11.wmf]å
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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-centre overlap integral S of Eq. (1.8) can now be written in terms of the reduced overlap integral s as [5]
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In the same way the two-centre two electron integral between STO for  l = 0 can be written in terms of the reduced overlap integral as [5]
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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.(A2.3), 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 [94] for the evaluation of two-electron integrals. These programs takes long time in comparison with the usual analytical formulas. These programs will not be discussed since they were used to check a selected parts 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


