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I . Introduction 

The most frequent calculations of energy bands are limited 

within the area of 10-20 eV around Fermi level in metals , or around 

the energy gap in semiconductors .Generally this is enough for the 

explanation of experiments such a.s :  the form of F�rmi surface ,  optical 

experiments , or photoemission.However , there is a class of experiment� 

the absorption of X-ray and low-energy electron diffraction /LEED/ , 

for instance , which needs the knowledge of excited electron states 

ill crystal "' 100 eV above the mentioned are.a . In this paper the res­

ults of calculations of high energy·· 1evels of polyvalent metal s :  

Al , Pb and semiconductors : Si ,Ge wfthin the area µp to ... lSO � V  a.bo1re 

the conduction band in metals that is , N 100 BV · from the bottom of 

valence band in semiconductors , are obtained by
.
applying mVS pseudo­

potential
l/.

2 .The difficulties emerged in energy bands calculations 

The band structure can be obtained by solving the secular 
equation: 

J.it l {<i-i>�- £ li ) } J
ff

' + S Cj"-j') <4+8 l t.>- l l#-i'> l • O /1/ 

where ECI) is in Ryd. In /1/, f and i' are vectors of the reciprocal 

lattice /"recips"/ , while S( f-j') is  the geometrical structure factor 

of the lattice and <i+9l w-1 l+i'� is the potential formfactor. 

l/ Modified Veljkovic and Slavic pseudopotential [1] mVS
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Solving of the equation /1/ is a complex problem which includes 

calculation of crystal potential , its matrix elements , diagonalization 

of the hamiltonian matrix and identification of eigenvalues of 

energy and eigenfunctions , according to the characteristics of 

crystal symmetry • .  

The problem of crystal potential is  usu�lly solved by means of 

using some of local crystal pseudopotentials .  

The matrix elements calculations and matrix diagonalization is  

the technical problem, which needs a lot of  ·computer time .For instance, 

in order to calculate excited levels in metals /Al/ up to 150 eV it 

i� necessary to solve the equation /1/,of the order of 65x65 in every 

point in Bz21.rr we want to know density of levels , using the method

of. the paper ( 4] , we must perform 2000 such calculations in points 

of IBZ .For this calculation 50 machine hours on CDC3600 are needed. 

Br:ust , while calcu�ating £1(c-r) -imaginary" part of di�lectric function 

for S� and Ge [ 5] ,has reduced the time · of diagonaii;ation by applying­

L:jwdin' s perturbation technique ,that . is , by supstituting the equation 

of the order of 90x90 by equation "20x20.Besides ,6  to 12 hours are 

spent�, depending an the oscillator strength for interband transitions

in expressions for €t <�) [6] was treated.

The last of  the previously mentioned problems is the identifica­

tion of the energy eigenvalues and respective eigenfunctions accor­

ding to the irreducible representations ·of .the crystal point group. 

This problem , for high bands , is practically unsolvable without using 

the well symmetrised basis functions . 

3 . Symmetrisation 

Further, we shall describe the · procedure of " symmetrised plane 

wave /SRJ ' s/'i construction.First of all it is necessary to select 

the proper set of recips to generate the SPW ' s  for expanding the 

crystal wavefunctions at some symmetry point . 
2/ BZ is the first Brillouin zone and IBZ is the irreducible

wedge of the BZ 
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From the set _of recips we selected the "progenitors" having the 

following properties:  acting by the group operators on progenitors 

one can get entire set of rec�ps . 

SPW functions of the progenitors and thei: equivalent vectors , 

are equivalent , so that the linearly independent basis can be formed 

by means of plane waves with progenitors . 

Symmetrisation of these waves can be performed with the projec­

tion operator defined in ( ? J as 

! 4 2 � L, r. ; •( R) fi /2/ 

·
• 'r t It .,-. A 

where r:,. (R) is conjugated metrix element j ' s  irreducible represen-

tation, of dimension .f.j of a point group , of order ./. .The sum is taken 

over all group operators •... ... 
If .f. + 9ft is- progenitor ,SFW function can be obtained �n the basis 

of following formula: i(i+ �)j . 
{ "'""' ., ., .. 

s�wf. ci  .. 'f,.) • 1'"4':,.
4-' c,;v ((4- i,.) e,

� .. 
/3/

Vector -l "" !! is equivalent vector to the progenitor -A 1-t,.

All necessary coefficients c;;;jci.+f,.)and Nu;» can be found in

Luehrmann' s  paper .[? ] .There .he has constructe� a set of tables 

giving the coefficients of SPW ' s  and matrix elements bet�een them 

for all symmorphic space groups . 

The formula for matrix element between two SP1:1 ' s  generated by 

the proge�tors f+ i and i+ j. , respectively , is
41 ? ... ) 4 1 .. ) ( S�'1a·•' (�+t"" l._,.1  SPW,w(·�+9,. ) :  

r t , r::;;: � C�,n. 7 .. .i ) T ... .. :t -." /4/ 
= ojj• d-,v• V l"I ft," � #1'1'-, h�. +- j,. <. ll +. 9"" I� ht + 911 ) 

The coefficients c;,�,.. and M7,�. , with appropriate explanations ,

can also be found in the tables of the mentioned paper. 

The formula /4/ shows all the advantages which fully applied 

crystal symmetry offers : Matrix elements of two SPW ' s  are different 

from· zero only if both SPlll'B belong to the same column 
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and to the same irreducible representation.In that way the secular 

equation is reduced to block-diagonal form and calculated energy 

eigenvalues and eigenfunctions are immediately classified accorain� 

to irreducible representations . 

4.Results
A great number of authors have exa�ined the band structure of 

metels and semiconductors .Their investi�ations are Mainly directed 

to1:1ards the examination of 1'ermi surface forms in metals and optical 

transitions in semiconductors.That is ,-,hy tr.ere is only a small num­
�er of papers in which high levels are 7-iven. The best knotm papers 

for hi�h Al are : Connoly' s [s]and Hoff�tein-noudreaux' s [9] , for Si and Ge 

Tirust-Kanel10] . \ie have no information about excited levels of Pb . 

The l:>and structure for f . c . c .  lattice Al , Pb , Si and Ge is ca.lcula­

ted along the direction (001) in BZ by applying mVS pseudopotential . 

�he programme for symmetrisation of wave functions and diagonalization 

of -:natrix is made according to the. instructions of Hoff stein-Moller[1.1] 

The input data are : recips and label of represerttation,while the pro­

rrramme automatically constructs appropriate SPJ waves and matrix ele­

nents between t�em according to the equation /4/.The energy levels 

are calculated �Y means of 50 SP:1' a . The results are sho\om in the Fig. l  

only for � l irreducible representation.Our results agree well with

the results in [a , 9 , 10)1especially \"rith the results of Hoffstein­

Boudreaux [9) for Al . 

note that these results will be used to calculate LEED spectra 

Al for surfaces :  (001) {11 1) , (110} , and will be reported in one_ of the 

following papers . 
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Fig . l .Center-symmetrical bands _ A 1 along (001) direction
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