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alloys under high pressure 
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Abstract. 'The present work extends our previous studies of Li-X (X=Na, Mg, AI) alloys to 
some local electronic properties of the alloys using the optimized struclure data obtained. The 
electronic band smcture of the alloys is determined using the self-consistent-field m method 
in order to analyse the local phenomena induced by solute atoms, such as the changes in the 
average charge density of atomic WrgnerSeiQ spheres and in the electronic density of slates 
(DOS). The results obtained for the Li alloys show that charge transfer occurs from the solute 
atom to the solvent Li atoms as the volume of the alloy decreases. The charge transfer is found 
to follow a universal curve as a function of volume. The details of the DOS curves indicate that 
the charge vansfer is directed mainly to the bonom of the Li p band. This phenomenon can be 
related to (he orthogonality property of the valence and core slates and the missing p slates in 
the Li core. 

1. Introduction 

Li-Mg and Li-A1 alloys are interesting, both in physical and technological respects, because 
of their strength and low density. In recent years, a number of experimental [l-91 and 
theoretical [1&18] investigations have been performed on these alloys. In alloy design it 
is important to understand the mechanical and electronic properties of materials and how 
these properties depend, for example, on alloying and external pressure. In our previous 
investigations of Li alloys [ 19, 201 the lattice distortion induced by solute atoms was studied 
using the first-principles structural optimization technique [21-24]. This technique enables 
one to optimize the crystal structure thus making it possible to investigate the effects of 
lattice distortion on the physical properties of alloys. The present paper extends our previous 
studies to certain local electronic properties of the alloys closely related to the local partial 
density of states, which could not, however, be determined with the molecular dynamics 
program at our disposal. 

Although the first-principles structural optimization method is an accurate and 
convenient way to calculate the geometric and electronic structure of alloys, it is a 
computationally heavy method and this significantly restricts its appliczbiiity especially in 
the case of non-metals and transition metals. The LMTC-ASA method was used in the present 
investigation to analyse the local electronic effects, since it gives a useful background for 
investigating alloying processes in transition metals using large supercells. In the present 
paper, the average charge density of atomic Wigner-Seitz spheres and the electronic density 
of states (DOS) are considered. Of course in the case of alloys the Wigner-Seitz cells are 
not uniquely defined but anyhow they are useful concepts in studying, for instance, relative 
charge transfers between these cells at different pressures. 
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2. Methods of calculations 

The calculational method used is described in 125-271. The WignerSeitz radii of Li and 
X atoms were taken to be equal. We made a test calculation for LijsMg in which the ratio 
of the atomic WignerSeitz radii ( R )  was taken to be RHg/RU = 1.04. The results of this 
test for normalized valence charge p/po (= valence charge of the atomic sphere divided 
by its value at equilibrium volume) of the Mg sphere were found to differ by less than 
2% from the results shown in this paper. The calculations for Li16 and LilsX were made 
with a 16-atom supercell containing of eight conventional BCC cells with the solute-atom- 
induced lattice distortion taken from the first-principles structural optimization calculations 
[ZO]. There are five different shells of neighbouring atoms surrounding the solute atom in 
the unit cell. All the neighbouring atoms excluding the first neighbours were treated as 
equivalent atoms, since this choice led to the best agreement with the total DOS obtained 
from our previous pseudopotential calculations [19, 201. Furthermore, any different choice 
to equivalent and inequivalent atoms led to only a minor change in the charge distribution. 
The k-space integrations were done using 35 k-points in the irreducible wedge of the simple 
cubic Brillouin zone. 

3. Results and discussion 

Our previous investigation of the solute atom induced lattice distortion and its pressure 
dependence in BCC Li [20] revealed that this distortion depends crucially on the type of 
the solute atom. In the present paper, the effects of these atomic distortions on the local 
electronic properties of the corresponding alloys are reported. 

Although the solute atoms investigated are different in several respects, the volume 
dependence of the charge transfer between the solute and solvent atoms was found to 
follow approximately a universal curve (figure 1). All the solute atoms investigated lose 
part of their valence charge to surrounding Li atoms as pressure increases, showing also 
a distinct correlation between the induced charge transfer and the change in volume. As 
figure 1 shows, the relaxation of the Li atoms around the solute atom has the effect that the 
data points fall with better statistics on the same universal curve. 

Analysing the pressure-induced charge transfer in more detail shows that the solute atom 
loses s- and p-type charge. The solvent Li atoms lose s-type charge and gain p-type charge 
(figure 2) .  Since the total amount of d-type charge is small in the alloys investigated only 
s- and ptype charges are considered in the present work. This kind of charge transfer may 
be explained by the mutual orthogonality property of the valence and core states. These 
orthogonality relations put an extra restriction on the deformations of the wave functions as 
volume decreases. Since there are no p states in the core of a Li atom, this restriction does 
not exist for p valence states in Li and they can relax more freely as volume decreases. Due 
to this, the increasing pressure increases the energy of the Li p states less than the energy of 
the other s and p states in these alloys which means that the net charge flow to Li p states 
lowers the total energy of the system. 

The local partial density of states provides a tool for investigating the predicted charge 
transfer in the energy space. The DOS figures are shown only for L h M g  alloy since it 
serves as a g o d  example of the DOS of the alloys investigated. In figure 3, the occupied 
parts of the partial density of states are shown for the Mg atom and its nearest neighbours, 
Li atoms, in Li l~Mg with two different lattice parameters. As we have already stated, in  
compressing the lattice, part of the valence charge of L h M g  is transferred from Mg s and p 
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F l y r e  1. Normalized valence c h q e  plpa ( p  = Q/a) for the impurity atom X in LilSX 
alloy. Black and white symbols correspond to distorted and ideal m c m ,  respectively. 
corresponds lo lhe equilibrium volume of each alloy. 

states and from Li s states to Li p states. This charge transfer is also discernible in the DOS 
curves, like those shown in figure 3. In the following, the general features of the changes 
in the partial DOS of LilsMg with decreasing lattice parameter are considered. Whereas the 
elongation of the DOS over the whole occupied energy region is common to all the partial 
DOS of LilsMg, the intensity of the DOS curve behaves in a characteristic way in various 

= cases. The Mg and Li s DOS decrease over the whole occupied energy region but for Li 
s DOS this decrease is smaller in the lower-energy region than in the higher-energy one. 
The Mg p DOS increases at the bottom of the band and decreases elsewhere. The Li p DOS 
increases also at the bottom of the band but has approximately constant intensity elsewhere, 
contrary to what is found in the Mg case. While figure 2 shows that part of the valence 
charge flows mainly to the Li p states as the volume of the alloys decreases, figure 3 reveals 
that this charge goes mainly to the bottom of the Li p band. Although the detailed structure 
of the partial DOS of LilsNa and LilsAl is different from that of LilsMg, the general changes 
in the partial DOS, as well as the charge transfer effects of alloying as a function of lattice 
parameter, are similar to those in LilsMg discussed above. 

The partial DOS is an essential quantity if one wants to know how charge distribution 
changes in energy space. Another important quantity is the total DOS at the Fermi level 
since a large number of physical properties depend on that quantity. Thus, it is important 
to find out how much the total DOS at the Fermi level for ideal and optimized structures 
differ from each other. Our results for LilsX alloys are shown in table 1, which shows that 
in LilsNa, LilSMg and LilsAl the total DOS of optimized structures differ by 4% (a = 11.5 
au), 7% (a = 10.5 au) and 14% (a = 11.5 au), respectively, from those of ideal structures. 
Hence, it seems that the results may differ from each other quite a lot depending on whether 
the ideal or optimized structure is used in the calculations. 



10250 R Laihia et nl 

L 1 , 6 N ~  
0.6, , I 0.550 I I 

0 . 6  
1.0 1.2 1.4 1.6 1.8 2.0 

L1,& 

5 0.55 
3 . 
0 
3 0.50 

0.45 
1.0 1.2 1.4 1.8' 1.8 2.0 

L1,& 

5 0.55 
3 . 
0 
3 0.50 

0.45 
1.0 1.2 1.4 1.8' 1.8 2.0 

E! 1.4 

a 2 050 
1.0 

1 .o 1.2 1.4 1.6 1.8 1.0 1.2 1.4 1.6 1.8 
Oo/O n,/n 

Figure 2. Partial charge Q (io units of elecuonslatom) for Na Mg, Al and Li atoms in LilJX 
alloy. Circles and uimgles compond 10 s and p p&al charges. respectively. In addition solid 
a d  broken curves correspond to distorted and ideal structures. respectively. 

4. Conclusions 

In the Li alloys investigated charge transfer occurs from the solute atoms to the solvent 
Li atoms as the volume of the alloy decreases. This charge transfer was found to follow 
a universal curve as a function of volume. If the soluteatom-induced lattice distortion is 
taken into account the data points fall with better statistics on the same universal curve. A 
detailed investigation showed that this charge transfer is directed mainly to the bottom of the 
Li p band. This kind of behaviour of the Li p states can be attributed to the orthogonality 
property of the valence and core states and the missing p states in the Li core. This 
peculiarity of Li appears also in a relatively deep p pseudopotential and localized p states as 
compared to those of Na, Mg and Al. The effect of this orlhogonalily property can be seen 
also in the DOS of Li [28-301 and in compressibility and spin susceptibility as a function 
of pressure [31]. In the cases investigated the solvent element Li dominates the volume 
induced charge transfer. Thus, it would be important and interesting to further investigate 
the charge transfer and related properties of Li-Be alloys since the charge transfer from AI 
to Li and Be in AI-Li and AI-Be alloys, respectively, is almost the same [12]. 
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Table 1. Total DOS at the Fermi level and pressure in LirsX alloys (X=Na, Mg, AI). 

Alloy a (a") 

13.07 
LilSNa 11.50 

10.50 
12.88 

Li15Mg 11.50 
10.50 
12.65 

LilsAI 11.50 
10.50 

Total DOS 
(states Ryd-llatam) 

Ideal Optimized 

4.20 4.32 
5.15 4.93 
4.99 4.93 
6.13 6.31 
4.71 4.75 
4.09 3.84 
6.27 6.12 
4.51 5.23 
4.28 4.67 

Pressure 
&bar) 

Ideal Optimized 

21 24 
160 170 
390 410 
53 53 
230 240 
550 550 
43 43 

190 U0 
540 570 
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