

Short information on the program intent
An electron wave function have been expanded into a linear combination of plane waves with the wave vectors being equal to reciprocal lattice vectors 
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Here n is a band number, 
[image: image5.wmf]k

r

 is a wave vector.
The equations set of the pseudopotential method has a standard form
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From (2) we have received a secular equation to calculate the energy eigenvalues

   
[image: image8.wmf](

)

[

]

|

|

0

2

=

V

+

δ

G

+

k

E

'

G

G

'

G

G

r

r

r

r

r

r

-

,   
[image: image9.wmf](

)

(

)

r

d

r

,

e

r

V

Ω

=

V

'

G

G

i

PS

'

G

G

r

r

r

r

r

r

r

-

ò

0

1

.    (3) 

As a result of the solution of equations (2) – (3) we have obtained  eigenvalues En(
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) and pseudowave functions defined by the equation (1). These quantities were evaluated at 28 points in the irreducible part of the hexagonal Brillouin zone. Such a relatively large number of sampling points was chosen (instead of one or several “special” points 
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 as it often happens) to precisely determine the Fermi level and the total valence charge. The Fermi level was calculated in the following way: after the secular equation (3) had been solved for each of 28 points we obtained n eigenvalues of energy En(
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). Further we reduced these 28 eigenvalues sets to only one set, which was ordered by the energy values and filled with electrons in consideration of Pauli’s principle. The Fermi-level is the highest level in the ordered array of energies. Usually it is a top of the valence band. 

A self-consisting loop started from the empirical pseudopotential 
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was the structure factor describing the atomic positions in the unit cell, 
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  - were the values of the form-factors obtained from the experiment or derived from approximation curves which had been 
got for some crystals (see, for example, [1]).  The charge density of valence electrons was calculated in every iteration by the formula                                                                      
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  The k, n sum, where n is a number of an energy band, holds herewith 
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 is in the Brillouin zone. 

Then the substituting (1) to (6) gave 
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The Fermi level, which usually corresponds to the maximum energy of valence electrons, was also computed at each iteration. Its covergence was one of the covergence criteria of the self-consistency process. More details concerning the convergence and iterations see below.
Later, Hartree–Fock screening potentials VH  and VX  were calculated on the basis of (r). VH was the repulsive couloumb potential, which described an influence of all the valence electrons on the given electron. It was defined by Possion’s equation
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and was represented by the Fourier series, in which

                         
[image: image22.emf]   
[image: image23.emf]

 EMBED Microsoft Equation 3.0 [image: image24.emf]

 EMBED Microsoft Equation 3.0 [image: image25.wmf]|

|

2

2

4

π

G

)

G

ρ(

e

=

)

G

(

V

H

r

r

r

.                                     (9)                              

The divergence 
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 0 was physically irrelevant, since it was exactly cancelled by the ionic potential. For most crystals of А2В6, А3В5 type with sphalerite structure T. Soma and H.- Matsuo Kagaya [2] ionic potentials were used:
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where Zi , 0  were the valence and the atomic volume of i-atom correspondingly, and RiM - was a parameter which defined the radius of a ion corn.

For the Hartree-Fock exchange potential in a local form 
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 Slater static exchange model was used.
A function 
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 was defined for each separate point of the three-dimensional net with N = 21600 points 
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 in the elementary unit cell in a real space.
A sum of two Hartee-Fock potentials VH and VХ was equal to an electronic screening potential:
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On the second iteration the input potential was equal to the sum of the ion and the screening potentials. Thus, the input potentials for the first and  second iterations of self-consistency procedure were as follows:
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It should be noticed that the potentials 
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 represented the linear superpositions of atomic potentials. All the other potentials 
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 (n  1) had  more general forms and were no longer the simple products of a structure factor and a form-factor. This was due to the nonlinear nature of the dielectric screening. The self-consistency lasted as long as the difference between input and output potentials was less than 0.01-0.05 eV.

The above mentioned statements were related to the volume problem.
Calculations of the electronic properties of a surface were carried out using a self-consistent pseudopotential method in the layered superlattice model [2]. In this model the surface was defined as a thin films system, each film being repeated periodically in the direction that was perpendicular to the surface and being separated by the vacuum gaps. The program has been presented by the example of the surface (111) of sphalerite-type crystals. A big elongated unit cell was selected in such a way that in two dimensions it was defined with the shortest direct lattice vectors, that was, for a hexagonal lattice - with vectors 
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 where а was a lattice constant. In the third dimension a long c-axis was selected so, that it was directed to [111]- along a large diagonal of a cube (so, a cubic sphalerite structure was considered as hexagonal) and covered M atomic layers and N empty layers. The numbers M and N were chosen in such a way that the film thickness as well as the number of empty layers were sufficient to neglect the surface interaction on both sides of the film and the influence of other periodically arranged films on the surface potential. Test calculations gave the following values – М = 12, N = 4, then for c we had 
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. Selecting 12 atomic layers ensured that the film contained an integer number of nonreducible crystalline layers, which, in turn,  included six atomic layers each in the case of ideal surface (111). 

Due to the fact that the empirical potential 
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  had been used for the bulk crystals calculation, neither the first iteration, nor all other steps led to the convergence of the results. 

In fact, the shortest reciprocal lattice vector 2(111)а in the volume problem had a length of more than 1 a. u. But in the surface problem such a vector was equal to 2/ас ,  which was less than 1 a. u. There c was an axis of a large elementary unit cell, which consisted of 16 layers (12 of which were filled and 4 were empty). For the small reciprocal lattice vectors 
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 the system (12) behaved very unstable. In terms of mathematics, that was manifested in the fact that the dependences 
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 represented curves with a large and often negative slope, so that the slightest input potential changes (0.1 - 0.01 eV) caused an output potential change by a factor of ten and even a reversal of its sign.

The (n + 1)-iteration input potential being chosen in the form of a linear combination of the n-iteration input and output potentials did not cast to the convergence, which was in a full accordance with the other authors. Therefore, to obtain an input potential 
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 a. u. were investigated separately and the following iterative procedure have been proposed: 
let us draw in the х = 
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 coordinate system a straight line through two points (х1, у1) and (х2, у2) that corresponds to input and output potentials for two iterations preceding the iteration (x, y), which is being considered. Obviously, the convergence corresponds to the parity in the input and output potentials (х  у). Therefore, from the system of equations for a line passing through two given points (x1, y1) and (x2, y2)
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  we obtain the following condition for the input potential in the under study iteration  
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..
As a result, the input potential for iteration (x, y) equals
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where the coefficient of linear combination of input and output potentials from the previous iteration (х2, у2) equals to
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Here  and  are considered as the real and imaginary parts of potentials, and in each iteration they are approximately equal that testifies to the validity of this iterator. 

Then, a total as well as a layer density of states for surfaces that end with a cation or an anion are calculated 
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It is integrated by the volume of a separate layer or by the volume of a whole elementary unit cell. The expression (17) is interpreted as a location probability of an electron with energy Е in the volume (area) of . 

Thus, the computation algorithm could be briefly written as follows:

· The introduction of the input data.

· The coordinate system selection in the direct space, the formation of an elementary unit cell and points ri,, in which calculations will be performed. 

· The atomic coordinates setting, the construction of atomic layers, the determination of a number of empty and filled layers. 
· The construction of the reciprocal lattice and Brillouin zone.

· The empirical pseudopotential determination for the first iteration.

· The construction of the screening potential.

· The construction of the ionic potentials.
· The iteration loop: 
· The calculation of matrix elements and computing solutions for the secular equation (2).

· Finding the energy eigenvalues and pseudopotential wave functions .

· Finding the Fermi level.

· Finding the charge density of the valence electrons (6) - (7).

· The end of an iteration loop. 
Below is a block-scheme of the program.

The input data are shown in the example of computing the electronic properties in the volume and at the surface (111) in ZnS crystal with 
[image: image56.png]Choice
YOGy =7,, @,
Yoy @ =567, @ (),

5o L0

— 2

Calculation of DOS,  if
Vot ~ Vi = (01— 015)3B, then

-2, ()

ME= z I"!‘; @)
Bonal &

Talculation of valence
charge distribution

e

(8 + Vs )2 = F¥(),

WEW(;) :%a’gn@ R

Calculation

- 56p\y”~ pn
an=e 2 W OYID

Solution

7@ = £lor}?

Calculation

1

)=V O+ ()=

g @7y @k
G

[

Choice

¥ Pia7) =70, )+ ¥V scron )

Vo= £ 7,5,
wt





                            Block-scheme
 a sphalerite structure. 
The input data for the calculation in the volume and in the film are shown below. The numbers in brackets refer to the film.
 key=  1  ne= 80 ndet=  387(1013) 

 rmx=1500.005         

 nc=  6(16) ncp= 6(12) nk=  7 imax= 25 imaxz= 25                      

 nnx=  2(5) nny=  2(5) nnz=  2(3)                           

 iter= 50                     

  5.410  

 -0.700000-0.460000-0.140000+0.030000 0.030000 0.000000 0.000  form-fact  S   

 -0.700000+0.020000+0.140000+0.030000 0.110000 0.000000 0.000 form-fact  Zn
 The input data description:
 key = 1-2 - a pointer to the initial calculation of the pseudopotential

 if key = 1, the empirical pseudopotential is used
 if key = 2, the approximation formula is used to calculate the empirical pseudopotential

 ne = 80 – the number of points E which are sufficient to plot a state-density curve

 ndet - order of the determinant

 rmax = 1500.005 - the largest vector in the reciprocal space

 nc = 6 - the total number of considered atomic layers in the case of volume calculations

 ncr = 16 – the total number of layers in the film

 nc = 6 – the number of filled layers in the volume

 ncp = 12 - the number of filled layers in the film

 nk = 7 – a number(№) of the initial wave vector 
[image: image57.wmf]k
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imax = 25, imaxz = 25 – the numbers which are entered to limit the number of vectors in the reciprocal lattice

 nnx, nny, nnz — the numbers which are necessary for the calculation of the number of points in the unit cell in the direct space

 a total number of points in the unit cell np1 = n1 * n2 * n3

 n1 = 3 * nnx;    n2 = 3 * nny;    n3 = 4 * nc * nnz

 iter = 50 – the maximum number of iterations

  A = 5.410 - the lattice constant (Ang)

 -0.700000-0.460000-0.140000 +0.030000 0.030000 0.000000 0.000000

 pseudopotential form factors of the 1st atom (S)

 -0.700000 +0.020000 +0.140000 +0.030000 0.110000 0.000000 0.000000   pseudopotential form factors of the 2nd atom (Zn)

 parameters to calculate the ionic potential by the formula from [2]
 R1 = 1.071 Z1 = 6 R2 = 1.290 Z2 = 2 u = -0.359. These parameters are substituted into the subroutine POTION.
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