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Ab initio calculation was performed to investigate the nature of Si-Al bonding in Al based alloys. Total electronic energy 

Etot for different configurations of the model cluster Si2Al6 was calculated. When the model cluster consists of two perfect 
tetrahedrons there is a strong influence of the Si-Si distance on the Si-Al adiabatic potential. The equilibrium distance between Si 
and Al atoms increases with the length of Si-Si bond increasing. It was concluded that description of Si clusters in Al matrix 
demands an account of the angle depending part of Si-Al interaction. 
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1. Introduction 
 

The nature of silicon-aluminum interaction is of great interest because Si-Al interatomic 
potentials are used for description of equilibrium configurations of Si precipitates in Al-based alloys. The 
important  problem of nuclear industry is linked to peculiarities of these materials. Si precipitates are 
accumulated in Al-based alloys in conditions of reactor irradiation. Radiation-induced processes lead to 
degradation of reactor materials and to decreasing their exploitation recourse. Computer simulation of 
these processes allows to predict the changes of mechanical characteristics of Al-based alloys under 
reactor irradiation. The task is reduced to understanding  mechanisms of Si precipitates formation and 
appearance of mechanical stresses in reactor constructions [1-5]. The Molecular Dynamics (MD) method 
gives a useful insight into these problems. But it is necessary to have adequate interatomic potentials for 
Si-Al interaction which depend on sizes and structure of Si clusters in Al lattice. In this paper we 
investigated Si-Al bonding in Al matrix. The model cluster (MC) consists of two Si atoms and six Al 
atoms (Figure 1).  
We performed calculations of total-energy of MC using density-functional theory and pseudopotential 
approach [4-7]. Only the chemically active valence electrons are dealt with explicitly. The chemically 

inert core electrons are eliminated within the frozen core 
approximation [8], being considered together with the nuclei as 
rigid non-polarizeable ion cores. In turn, all electrostatic and 
quantum-mechanical interactions of the valence electrons with the 
ion cores (the nuclear Coulomb attraction screened by core 
electrons, Pauli repulsion and exchange-correlation between core 
and valence electrons) are accounted for by angular momentum 
dependent pseudopotentials. The valence electrons are described by 
smooth pseudo-orbitals, which play the same role as the true 
orbitals, but avoid the nodal structure near the nuclei that keeps core 
and valence states orthogonal in all -electron framework. The 
respective Pauli repulsion largely cancels the attractive parts of the 
true potential in the core region, and is built into therefore rather 
weak pseudopotential [9].  
 
Figure 1. The tetrahedral configuration of model cluster:    -   Si  atoms,    -   
Al  atoms 
 

 
The scheme for the electronic energy minimization based on iteration of wave functions is the 

steepest descent approach [6]. A more efficient scheme is based on a second order equation of motion [7]. 
In our study the computer code FHI98MD [10] is used. 
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2. Description of the model 
 
The covalent radius of Si is a little less than of Al [11]. A substitutional Si atom in Al lattice 

does not create visible microstresses but results a small decreasing of lattice parameter [12]. The situation 
changes in the case of formation of Si cluster in Al matrix. Even if two Si atoms are united to Si2  
molecule a tendency to form hybrid atomic bonds with neighbor atom is revealed. We have studied Si2Al6 
cluster (Figure 1) in Al lattice which is a fragment of a diamond-like lattice consisting of two 
tetrahedrons. Si-Al adiabatic potential was calculated as a dependence of the total electronic energy Etot  
of the cluster on the distance of Si-Al atoms. Characteristics of Si-Al bonds were changed when  the 
distance between Si atoms increased. The disturbed tetrahedrons were chosen using correlation:  
 

)pdpcpbsa(Nh ziyixiii +++=  .                                                              (1) 
 
Here s and zyx p,p,p are corresponding −s and p - orbitals. N is a normalizing coefficient. If to introduce 

the ratio between contributions of 2 p - and 2 s - orbitals to i-th hybrid orbital 2
iλ : 
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one can get a correlation [13]: 
cos ijα  =  - 1/ jiλλ                                                                                          (3) 

(3) leads to cos ijα ≤  0 and ≥α ij  90o. It means that an angle between two ksp - hybrid orbitals is not less 
than 90o. So we have taken angles between chemical bonds from minimal value 90o to tetrahedral ones 
109o58’.  Calculation of Si-Al interatomic potentials was performed by displacement of Al atoms along 
directions of Si-Al bonds as it is shown in Figure1 by pointers. For each position of Al atom Etot  was 
calculated 
 
3. Results and discussion 
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Figure 2.  The typical adiabatic potentials 
 

In  the Figure 2 one can see typical adiabatic potentials calculated for different lengths of Si-Si 
bond in the case of tetrahedral atom configuration of cluster (Figure 1). Calculation results represented in 
the Figure 3 correspond to disordered tetrahedrons of the model cluster. It is seen that in the case of two 
ideal tetrahedrons minr  increases with increasing the length of  Si-Si bond Sir . This dependence is shown 
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in  the Table 1. Si-Al bonds weaken when the length of  Si-Si bond increases. In the case of disordered 
tetrahedrons minr  doesn’t depend on the value Sir  (Figure 3). 
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Figure 3.  Adiabatic potentials  for disordered Si- Al tetrahedrons of the model cluster 
 
TABLE 1. Influence of Si-Si bond length on the minimum of Si-Al potential 

Sir , a.u. 3.83 7.65 8.61 9.56 10.52 11.48 12.43 13.39 

minr , a.u. 6.25 6.50 7.00 7.75 8.50 9.00 9.75 10.00 

 
      The obtained results show that Al atoms which are   disposed   around Si cluster participate in 
formation of tetrahedral 3sp -hybrid bonds. It seems that in metal matrix Al atoms can add an additional  

p-electron and interact with Si atoms forming orbitals, which are close to 3sp - orbilals in Si. Thus Si-Al 
potentials, which are obtained for separate Si atoms in Al crystal, cannot be applied for Si clusters 
calculations in Al matrix. In the last case it is necessary to use three-particle potentials with orientation 
dependence. The ability to create hybrid bonds by Al atoms is mentioned in [14]. 
 
4. Conclusion 
      

Ab initio calculation of total electronic energy for Si2Al6 cluster in Al matrix was performed. The 
adiabatic potentials for Si-Al interaction were calculated for different lengths of Si-Si bond. It was found 
that Al atoms participate in formation of 3sp  hybrid bonds with Si. This result shows that in the case of Si 
cluster formation in Al crystal the potentials, which are used for description of Si-Al interaction, must be 
angle depending. 
                                                                                               
 References 
 
[1] Douin J., Dahmen U. and Westmaccot K.H. (1991) Phil. Mag. 63 , No. 4, 867  
[2] Dorfman S. and Fuks D. (1996) Composite Interfaces 3, No.5/6, 431  
[3] Kiv A.E., Maximova T.I., Solovyov V.N.  (2000) Comp.Modelling & New Technologies 4, No. 2, 

44  
[4] Pickett W.E. (1989) Comput. Phys. Rep.  9, 115 
[5] Payne M.C., Teter M.P., Allan D.C., Arias T.A., Joannopoulos J.D. (1992) Rev. Mod. Phys. 64, 

1045 
[6] Bockstedte M., Kley A, Neugebauer J., Scheffler M. (1997) Comput. Phys. Commun. 107, 187 



 

 

SOLID STATE PHYSICS 

50

[7] Cresse G., Furthmuller J.  (1996). Phys. Rev. B 54, 11169,  
[8] Von Barth U., Gelatt C.D. (1980) Phys. Rev. B 21, 2222  
[9] Cohen M.L. and V. Heine V., (1970) In: Solid State Physics, Ed. By H. Ehrenreich, F. Zeitz and 

D. Turnbull. Academic Press, N.Y. 
[10] Kratzer P., Morgan C.G., Penev E., Rosa A.L., Schindlmayr A., Wang L.G., Zywietz T. (1999) 

FHI98MD. Computer code for density-functional theory calculations for poly-atomic systems. 
(program version 1.03, August 1999) 

[11] Kittel Ch. (1975) Introduction to Solid State Physics. John Wiley and Sons Publ. Inc.  
[12] Murray J. L., McAlister A. J. (1984) Bull. Alloy Phase Diagrams 5, 74  
[13] von Lutz Z. (1973) Quantenchemie. Veb Deutscher Verlag. Berlin  
[14] Zou J. (1995) Phys. Rev. B 51, 2115  
 
 
Received on the 17th  of  May 2002 
 


