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Abstract. W e  have performed LMTO ASA calculations of the electronic structures of LaM, 
(M Sn, In). It is shown that the interactions between Lad  and Sn or In p states are the 
main bonding states in LaM,, therefore indicating that LaM, behaves like a transition- 
metal compound. The differences between the electronic structures of LaM, and CeM, are 
discussed. The lattice constants and bulk modulus of LaM3 are also calculated and compared 
with experimental values. 

1. Introduction 

The Lax,  inter-metallic compounds (where X Sn, In, T1 or Pb) and their alloys have 
been the subject of many experimental and theoretical investigations. They are all 
superconducting materials and some exhibit coexistence of a relatively high super- 
conducting transition temperature T, and a large temperature-dependent paramagnetic 
susceptibility x [I]. These systems also show that the superconductive critical tem- 
perature T, follows a W-shaped curve if plotted as a function of the valence electron 
concentration n [2]. In addition, a study of the electronic structure of Lax,  could be 
helpful to the understanding of the anomalous behaviour of some isostructural Ce 
compounds (e.g. CeSn,) and their alloys. 

Recently, in [ 3 ]  an electronic structure calculation for CeM, (where M = Sn on 
In) was carried out with the linearised muffin-tin orbital (LMTO) method. Reasonable 
descriptions of the itinerancy off electrons in CeM, were given. It was shown that the f 
electrons in CeM, play an important role in determining the energy band structure, the 
density of states etc. The f-electron itinerancy is responsible in part for many intriguing 
physical phenomena, e.g. the mixed valence. To understand in detail the differences 
between the electronic structures of LaM, and CeM3 using the same theoretical method, 
in this paper, we present a self-consistent LMTO calculation of LaM,. 

The electronic structures of LaM, have been studied by a number of researchers. In 
[4] the band structure of LaSn, was calculated with the orthogonal plane-wave method. 
At the same time, in [ 5 ]  the band structures of LaSn, and LaIn, were obtained with the 
augmented plane-wave (APW) method. In [6] the Fermi surface calculation of LaSn, was 
carried out with the linearised APW (LAPW) method. In [7] the cohesive properties and 
electronic structure of LaIn, were calculated with the augmented spherical-wave (ASW) 
method; in this calculation, relativistic effects and the f orbital of La were not included. 
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Figure 1. The energy band structure of LaSn3. The 
Fermi energy is chosen as the energy zero. 

Figure 2. The energy band structure of LaIn,. 

2. Details of the calculation 

We use the semi-relativistic version [8] of the LMTO method as was used [3] to describe 
the electronic structure of CeM3. The core states are recalculated fully relativistically 
during each iteration, while the valence states are treated in a semi-relativistic way, i.e. 
the spin-orbit coupling is omitted in solving the Dirac equation. The interpolation 
formula in [9] is used for the exchange-correlation potential. The maximal angular 
momentum I,,, was chosen to be I,,, = 3 for La and I,,, = 2 for Sn and In. 

LaM3 crystallises in the AuCu3 structure; the lattice constants of LaSn3 and LaIn, 
are 4.769 A and 4.735 A [lo], respectively. In our calculation, the 24 special k-points 
[ll] are used for the Brillouin zone integration and the final density of states (DOS) is 
obtained from 56 k-points. 

3. Results and discussion 

3.1. The energy band structure and Fermi surface 

Figure 1 shows the band structure of LaSn,. The lower three valence bands are mainly 
of Sn s character. The bands near EF consist of the Sn p and La d hybridisation states. 
There are three bands intersecting with the Fermi energy. The seventh band is almost 
an occupied band; it crosses Fermi energy near the r point. The eighth band has a band 
width of 2.5 eV; it oscillates and intersects more steeply with EF. This is a light-mass 
band and contributes more to conductivity. 

The band structure of LaSn, differs from that of CeSn3 [3] near E,. In CeSn3, the 
width of the eighth band is about 1.3 eV and the ninth band intersects EF several times. 
In LaSn,, the dispersion of the eighth band is larger. The ninth band intersects EF only 
along the A direction. 

The band structure of LaIn, is displayed in figure 2. On comparison with the band 
structure of LaSn,, it can be seen that the width of the whole valence band of LaIn, is 
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Figure 3. Intersection of Fermi surface of (a )  LaSn, and ( b )  LaIn, with the high-symmetry 
planes of the Brillouin zone. 

smaller than that of LaSn3. In LaIn,, there are two bands intersecting E,, i.e. the sixth 
and seventh bands. The seventh band has a larger dispersion and is a light-mass band. 
In CeIn3 [3], only the seventh band crosses EF; so the Fermi surface of CeIn, will be 
simpler than that of LaIn,. In figure 3, we show the intersection of the Fermi surface of 
LaSn3 and LaIn3 in the high-symmetry planes of Brillouin zone. The Fermi surface of 
LaSn, is similar to figure 2 in [6], but our results have two more ‘pockets’ near the TX 
axis caused by the ninth band and no hole near the X point due to the eighth band. These 
differences might be caused by spin-orbit effects which have been omitted in our 
calculation. In [6], these effects were included in the final iteration of the self-consistent 
calculation. After detailed analysis of figure 1, it can be seen that the seventh and eighth 
bands are degenerate at the X point and the eighth and ninth bands degenerate partially 
along the TX line. If spin-orbit coupling is considered, the degenerate bands would split 
into two bands; when the higher band crosses EF, the Fermi surface will become similar 
to that in [6]. 

The Fermi surface of LaIn3 is relatively simple. Except for the large pocket near the 
R point which is generated by the seventh band, the rest of the Fermi surface is due to 
the sixth band. 

3.2. The density of states 

Figure 4 shows the total and [-projected density of states (DOS) of LaSn,. The projected 
DOSS of La s and p states are not shown because of their small value in the given energy 
range. For the Sn d states, the maximum value of its projected DOS is 1.0 states eV-’/ 
cell) at 2.4 eV; in the other energy range, its value is less than 0.3 states eV-’/cell). From 
figure 4, it can be seen that the general shape of the DOS curve is quite similar to that 
given by LAPW method [6]. The Sn p and La d hybridisation states contribute the total 
DOS between -4 eV and the Fermi energy, which indicates the major bonding states in 
LaSn3. In CeSn, [3], however, the Ce 4f states have a large contribution to bonding [3]. 
The La 4f states at 2.6 eV are localised states, while the Ce 4f states are very close to EF, 
showing the itinerant property. 

Figure 5 shows the total DOS of LaIn,. According to the projected DOS, the Lad  and 
In p hybridisation states contribute to the total DOS between -3 eV and EF;  this reflects 
the major bonding between La and In. Our results can be compared with the ASW 
calculation [7]. The agreement is good for those states below EF; however, because the 
f orbitals are not considered in the ASW calculation, the DOS curve is quite different for 
states above EF. 

In table 1, we list values of the projected and total DOSS at the Fermi energy and the 
experimental values of the total DOS from specific heat measurements. The unenhanced 
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Figure 4. The total and /-projected DOSS of LaSn3: 
(a) total LaSn3; (b )  La d; ( c )  La f ;  (d )  Sn s, x3; 
( e )Snp ,  ~ 3 .  

Figure 5.  The total DOS of LaIn3. 

linear specific heat coefficient y o  is calculated from 

The difference between the total DOS from experimental work and that from theoretical 
work is more than 4 states Ryd-l/cell. In [7]  it was considered that the discrepancy is 
due in part to neglecting the relativistic effects and the f state of La in the calculation. In 
the present work, we obtain a value of 25.7 states Ryd-’/cell for the total DOS of LaIn3, 
which is slightly improved compared with the ASW result of 23.4. So the discrepancy 
between theory and experiment is still to be resolved. 

y o  = 7 ~ ’ k & N ~ ~ ’ ~ / 3 .  (1) 
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Table 1. Calculated total and I-projected DOSS at EF.  

DOS (Ryd-'/cell) 

LaSn, LaIn, 
-___ 
La Sn La In 

0.42 1.72 0.52 2.15 
0.54 16.07 0.45 12.31 
3.99 3.51 5.96 2.48 
3.07 - 1.83 - 

"0' 29.32 25.70 
NexP [ 121 34.9 29.8 
y o  (mJ mol-' K-') 6.03 5.09 

Table 2. The equilibrium lattice constants a and bulk moduli B of LaSn, and LaIn3 

LaSn, LaIn, 

a(A)  B(Mbar) a ( A )  B (Mbar) 

Present work 4.73 0.78 4.70 0.59 
ASW calculation - - 4.925 [7] 0.73 [7] 
Experiment 4.769 [lo] 0.515 [18] 4.735 [lo] - 

Although it is somewhat arbitrary to define charges inside Wigner-Seitz spheres, we 
can compare the charge transfers for a series of La compounds. In the present choice of 
Wigner-Seitz radius (the ratio R,,/R,, or Ri,/RL, of the sphere radii is 0.95), as in CeM3 
[3], the charge will transfer from the rare-earth metal La to Sn or In. This agrees with 
the estimation of Pauling electron negativity (for La, Sn and In, the Pauling electron 
negativities are 1.1, 1.8 and 1.7, respectively). 

The specific heat measurements for LaSn3 [13-1.51 at low temperatures indicate that 
the specific heat varies linearly with temperature. The specific heat coefficient yelp is 
found to be relatively large (yexp = 11 mJ mol-' K-*) which suggests that there is a 
significant electron-mass enhancement due to the electron-phonon interaction. Since 
yexp = yo(l + A ) ,  we can assess the electron-mass enhancement factor A to be 0.82. 

3.3. The static structural properties 

The total energies are calculated as a function of cell volume. The Ewald correction [ 161 
is added to the total energy. Because of the different sizes of the Wigner-Seitz spheres 
that we have chosen, the general form of the Ewald correction is used [17]. The total 
energy converges to better than 1 mRyd. For LaIn,, we have neglected the La f orbital 
in the total energy calculation, since the La f states give only a minor contribution to the 
bonding of LaIn3 (see table 1 and figure 2). 

The calculated total energies for five values of the cellvolume are fitted to a quadratic 
form to obtain the zero-temperature equilibrium lattice constant a and bulk modulus 
B.  The results are summarised in table 2 where they are compared with the experimental 
data [lo,  181 and with the ASW calculation of LaIn3 [7]. Our calculated lattice constants 

:q 
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are slightly smaller than the experimental values. This can partially be attributed to 
thermal expansion, since our results should correspond to the case of 0 K. The calculated 
bulk moduli indicate that bulk LaIn, is soft compared with bulk LaSn,. 

In summary , we have calculated the electronic band structures and the static struc- 
tural properties of the rare-earth inter-metallic compounds LaSn, and LaIn3. We have 
found that there are some differences between the electronic structure of LaM, and 
CeM,. In LaM,, the interactions between La d and M p electrons are predominant, 
which is the common character of transition-metal compounds, while in CeM,, except 
for the interaction of Ce d and M p, the Ce 4f electrons have quite a large contribution 
to bonding. The La 4f states are localised states in LaM,, but the Ce 4f states show an 
itinerant property which may be responsible in part for the mixed valence properties of 
CeM,. 
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