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Abstract. Results of first-principles, density-functional, LMTO-ASA calculations on the
closely related C11, C40, and C54 structures of the three title compounds are reported. Only for
OsAl2 in the C11 structure were the structural degrees of freedom optimized; this gave results in
good agreement with experimental values. On the other hand, the calculations were not capable
of reproducing the correct relative stability of the different structures; this was ascribed to the
atomic-sphere approximation. All of the compounds were found to be small-gap semiconductors
with, however, a slightly larger gap for OsAl2. The occurrence of a gap at the Fermi level is
mainly due to hybridization between d functions of Os or Ru and p functions of Al or Ga, but,
in particular for OsAl2, charge-transfer effects can also be considered to be responsible for the
occurrence of a gap. Several flat bands just above the Fermi level lead to a corresponding high
density of states there, but also to low carrier velocities. As a by-product we propose a scheme
for studying current densities using parameter-free methods, and by applying this approach to
the title compounds we predict that they will prove to have transport properties similar to those
of Si, and that in particular the n-doped systems should be interesting from a technological point
of view.

1. Introduction

The possibility of selecting materials with specific properties for special purposes is currently
as important as ever. For semiconductors, the field is dominated by silicon, which for most
purposes satisfies the requirements of the applications. However, when one is attempting to
modify optical or transport properties, the possibilities of silicon are limited, and one has to
look for alternative materials. Here, intermetallic compounds offer an interesting alternative.
First of all, one may hope that these materials will form ideal interfaces with conventional
metals, and hence that it will be found that systems based on these materials can easily
be integrated into various devices. Moreover, one may speculate that their properties will
prove to lie in between those of metals and more traditional semiconductors, and most
notably that they will be found to have small band gaps and excellent transport properties.
Finally, it is, from the point of view of basic science, interesting to understand how the
semiconducting properties are derived from those of the metallic constituents.

The title compounds of this work are such materials. RuAl2 crystallizes in the TiSi2

structure [1, 2], also called the C54 structure. The chemical formula gives mole fractions
of 67% Al atoms and 33% transition-metal atoms, which are very close to those observed
for the Al-based quasicrystals. There have consequently been several studies devoted to
comparing this material with the quasicrystals (see, e.g., [3–9]) whereas studies devoted
to its semiconducting properties are scarce. OsAl2, on the other hand, crystallizes in the
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MoSi2 structure [10], also called the C11 structure. Despite the similarity with RuAl2 (see
below), it has not been the subject of any studies of electronic properties. Finally, RuGa2

crystallizes in the C54 structure [11–13]. Only one study has been devoted to the electronic
structure of this compound [3], and as for RuAl2 only the C54 structure was considered.

Figure 1. A schematic representation of the different crystal structures using the common
monoclinic structure. Each subfigure shows the positions of the atoms projected onto the(x, y)-
plane. (a) shows the C11 structure with the squares representing the Ru or Os atoms, and the
circles representing the Al or Ga atoms. The atoms represented with filled symbols are all lying
in one layer, and those represented with open symbols lie in the next one on top of the first one.
(b) shows one such layer and (c) shows a simple representation of (b). Here, only the Ru or
Os atoms are shown, whereas the bonds to the Al or Ga atoms of the same layer are shown as
double lines. The complete C11 structure is then shown in (d) with the Ru or Os atoms of the
same layer represented by the same symbol. (e) shows the equivalent representation for the C40
structure and (f ) that of the C54 structure. Here, the order of the layer stacking is filled square,
followed by open circle, followed by filled triangle, and, for the C40 structure, followed by star.
The basis vectorsa′ andb′ of table 4 (see later) are along thex-axis andy-axis, respectively,
whereas thec′-axis is approximately perpendicular to the planes. In the electron-density contour
maps we have placed the origin at the midpoint of the lower side.

The TiSi2 (C54), the MoSi2 (C11), and the CrSi2 (C40) structures are closely related, as
shown in figure 1. All three structures may be described within an orthorhombic supercell,
and as consisting of stacked planes containing linear MX2 units. For the C54 and the C11
structures these planes are all parallel, whereas for the C40 structure they are rotated with
respect to each other. For the C11, C40, and C54 structures the stacking repeats itself
after two, three, and four planes, respectively, along the stacking direction. For all of the
structures the M atoms are each surrounded by ten X atoms, whereas the X atoms have five
X atoms and five M atoms as nearest neighbours. It is obvious from the discussion above
that the C54 structure is the most relevant one for the present compounds. This structure
has been known of since the end of the 1930s [14, 15]. But the other two structures are
closely related to this one, and it is therefore interesting to compare all three.

It is noteworthy that OsAl2 crystallizes in the C11 structure whereas RuAl2 and RuGa2
crystallize in the C54 structure, although Os and Ru are very similar, as are Al and Ga. In
addition, OsGa2 is only stable at high pressure (and crystallizes then in the C54 structure),
whereas at standard pressure it possesses a miscibility gap, and separates into OsGa and
OsGa3. Thus, it can be expected that the quasibinary RuxOs1−xAl 2 and quasiternary
RuxOs1−xAl yGa2−y systems will also prove to possess miscibility gaps, and that different
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phases will be found to have different crystal structures.
Such behaviour has been observed by Nowotnyet al [16–18] for TixMo1−xSi2,

MnAl 2−xSix , and MoAl2−xSix systems, for which phases with C11, C40, and C54 structures
were identified. In these cases, however, the relative stability of the different structures was
ascribed to different valence-electron concentrations (VEC). For the systems of the present
work, Ru and Os (as well as Ga and Al) have the same valency, so it is not likely that
variations in the VEC are responsible for the occurrence of the different phases. But the
results of Nowotnyet al [16–18], as well as the similarity of the three crystal structures
of figure 1, suggest that a complete study of the pure RuAl2, RuGa2, and OsAl2 systems
should include all three crystal structures.

In order to obtain detailed information on the electronic properties of the pure phases
of RuAl2, RuGa2, and OsAl2, and how they are influenced by the structure, we have
therefore studied all three crystallographic structures for all three compounds by means of
first-principles density-functional calculations. We have applied the LMTO-ASA method
[19], which will be briefly described in section 2. In this section we shall also propose a
system for studying current densities using parameter-free methods. Except for one case, we
have not made any attempt to optimize the structural parameters, but have considered either
experimental ones, when available, or realistic ones (see section 2). Section 3 contains the
results, and we give our conclusions in section 4.

2. The computational method

We apply the LMTO-ASA method of Andersen [19]. This method is based on the density-
functional formalism of Hohenberg and Kohn [20] in the formulation of Kohn and Sham
[21]. The solutions to the Kohn–Sham equations are expanded in terms of a set of linearized
muffin-tin orbitals (LMTOs). In our calculations we used a set consisting of one set
of s, p, and d functions at each site. Furthermore, the errors due to the ASA (atomic-
sphere approximation) are removed perturbatively through the so-called combined-correction
terms [19].

In the present calculations we described the Ne core of the Al atoms, the Cu core of
the Ga atoms, the Kr core of the Ru atoms, and the Yb core of the Os atoms within a
frozen-core approximation. Moreover, for each compound and structure all sphere radii
were treated as being identical.

The systems of interest here are crystalline, and the eigenfunctionsψi become Bloch
waves characterized by a Bloch vectork. The correspondingk-space samplings, like,
e.g., that in equation (3), are performed using the tetrahedron method [22, 23]. For reasons
to be made clear below, we shall now briefly describe this method.

Thek-space is discretized into a set of equidistant points:

k = nxka + nykb + nzkc. (1)

|ka|, |kb|, and |kc| may, but need not, be identical. The Kohn–Sham equations are only
solved for this discrete set ofk-points, and, accordingly, only at these points are the
eigenvaluesεi known. In order to arrive at information for thesek-points that is not
included above, one introduces microcells (rectangular boxes ink-space) constructed from
the eightk-points defined byni andni +1 (i = x, y, z). Subsequently, each of these boxes
is split into six tetrahedra, of which the corners are defined by four of the eightk-points, and
which furthermore fulfil the requirement that none cuts the boundaries of the first Brillouin
zone. From the energy eigenvalues at the corners of such a tetrahedron, one finally performs
a linear interpolation for the energy values at anyk-point inside the tetrahedron.
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We will be particularly interested in the optical and transport properties of these
materials. For the former, the band structures as well as the densities of states provide
the relevant information and there is no need for rearrangement. For the latter, we study
the electrical and thermal current densities. These can be obtained from the current-density
matrices (see, e.g., [24]):

Lα = − e2

4π3

∫
∂f

∂ε
τ [ε(k)]v(k)v(k)[ε(k)− εF ]α dk. (2)

Here,f (ε, T , εF ) is the Fermi–Dirac distribution,εF is the Fermi energy, andτ(ε) is the
carrier mean lifetime. Finally, the semi-classical carrier velocity is given by

v(k) = 1

h̄
∇kε(k). (3)

Due to the inclusion of the factor∂f/∂ε, the major contributions to the integrals in
equation (2) come from a narrow interval of width roughlykT around the Fermi energy
εF . By assuming thatτ [ε(k)] is independent ofk and introducing the partial conductivity
matrix

σ(ε) = e2

4π3
τ(ε)

∫
v(k)v(k)δ[ε − ε(k)] dk (4)

we have

Lα = −
∫
∂f

∂ε
(ε − εF )ασ(ε) dε. (5)

The electrical and thermal current densities can be extracted from the current-density
matrices forα = 0, 1, and 2. Therefore, by analysing

σ̃(ε) = σ(ε)/τ(ε) (6)

the main features of the transport properties can be studied without having to specify a
temperatureT and while assuming thatτ is (roughly) energy independent. In our work
we shall therefore study the transport properties by considering the various components of
σ̃(ε).

The calculation of the(i, j) component ofσ̃(ε) is very similar to the calculation of
the density of states except for the extra factorvi(k)vj (k). Thus, we proceed exactly as
described above for the density of states by using the tetrahedron method, but will in addition
have to include these factors. For each pointk = k0 given by equation (1), the calculations
provide the band energiesε. Using these as well as those of the eight neighbouringk-points
(obtained by changing at least one of thenx, ny, nz by±1) we assume a lineark-dependence
(equivalent to the strategy behind the tetrahedron method), i.e.

ε(k) = ε(k0)+A · (k − k0). (7)

The coefficients ofA are obtained from a least-squares fit:

∂

∂An

8∑
i=0

[
ε(ki )−A · (ki − k0)

]2 = 0 n = 1, 2, 3. (8)

The problem of solving equation (8) can be rewritten as that of solving a 3×3 set of linear
equations:

BA = C (9)

whereB (as well as its inverse) only depends on(ka,kb,kc) in equation (1) and hence need
only be calculated once, whereasC depends on thek-point k0 through thek-dependence
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of the band energies.A is essentially the carrier velocity sought, except for prefactors
depending on(ka,kb,kc).

Depending on the point-group symmetry of the first Brillouin zone, various off-diagonal
elements of thẽσ(ε) matrix may vanish independently ofε. We have not, however, made
any use of this. Deviations from zero are therefore estimates of the accuracy of these
calculations. These deviations have a number of different origins. First of all, as described
above, thek-space is divided into microcells given by equation (1). These cells will be
equivalent for the symmetry operations that may lead to vanishing elements ofσ̃. For
example, any two microcells related through a mirror operation or an inversion will both
exist. However, the tetrahedra that are obtained by subdividing the microcells may not be
equivalent. One may force them to be, but we have not done so here. Furthermore, in the
energy andk-space regions where many bands occur, band crossings or avoided crossings
may cause additional deviations. This problem has not been explicitly studied here either.
Instead we will show our ‘rough’ results obtained by also using a fairly dense set ofk-
points for the components that should vanish, whereby estimates of the inaccuracies can be
obtained.

Table 1. The basis vectors of the three structures considered in this work. For each structure,
the vectors are given in units of a lattice constanta that may differ for the different structures
as well as for different compounds.

Structure Basis vectors

C11 (1, 0, 0) (0, 1, 0) (−1/2,−1/2, c/a)
C40 (1/2,−√3/2, 0) (1/2,

√
3/2, 0) (0, 0, c/a)

C54 (b/a, 0, 0) (−b/2a, 1/2, 0) (b/2a, 0, c/2a)

Table 2. Positions of the atoms inside the unit cell for the three different structures in units of
the basis vectors of table 1. The ideal value for the internal parameteru is 1/3 for the C11 and
the C54 structures, and 1/6 for the C40 structure. M denotes Ru or Os, whereas X denotes Al
or Ga.

Structure Atom Positions

C11 M (0, 0, 0)
X (u, u,2u) (ū, ū, 2ū)

C40 M (1/2, 0, 0) (0, 1/2, 2/3) (1/2, 1/2, 1/3)
X (u/2+ 1/4, ū/2+ 1/4, 0) (ū/2+ 1/4, u/2+ 1/4, 2/3) (u, ū, 1/3)

(ū/2− 1/4, u/2− 1/4, 0) (u/2− 1/4, ū/2− 1/4, 2/3) (ū, u,1/3)
C54 M (0, 0, 0) (1/2, 1/4, 1/2)

X (2u, u,0) (2ū+ 1/2, ū+ 1/4, 1/2) (2ū, ū, 0)
(2u+ 1/2, u+ 1/4, 1/2)

The basis vectors of the three structures are given in table 1, and in table 2 we give the
internal coordinates for the atoms in units of the basis vectors of table 1. Here we notice that
the transition-metal atoms (Ru or Os; denoted as M in the table) are located at high-symmetry
positions, but that the positions of the Ga or Al atoms are characterized by a parameteru.
The ideal value of this is13 for the C11 and C54 structures but1

6 for the C40 structure. In
table 3 we list the values that we have used for the structures, as well as those that we have
optimized for the OsAl2 compound in the C11 structure. The structural coordinates of RuGa2

and RuAl2 in the C54 structure and of OsAl2 in the C11 structure were chosen very close
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Table 3. The parameters defining the different structures of the three compounds according to
tables 1 and 2.a is given in atomic units, whereas the other parameters are dimensionless. For
OsAl2 in the C11 structure the values in the parentheses are the optimized ones.

Compound Structure a (au) c/a u b/a

RuAl2 C11 5.991 1.306 0.335
RuAl2 C40 8.806 1.423 0.167
RuAl2 C54 15.141 1.096 0.333 0.589
RuGa2 C11 6.028 1.3025 0.34
RuGa2 C40 8.882 1.415 0.167
RuGa2 C54 15.457 1.064 0.333 0.581
OsAl2 C11 5.975 (6.07) 1.313 (1.273) 0.333 (0.341)
OsAl2 C40 8.806 1.429 0.167
OsAl2 C54 15.250 1.094 0.333 0.584

Table 4. The smallest interatomic distances (in au) for the different compounds and structures.
M denotes Ru or Os, and X is Al or Ga. The ‘in-plane’ distances are the shortest ones in the
planes of figure 1. For the C11 structure the shortest M–X and X–X distances in directions out
of these planes are identical to those within the planes.

Compound Structure M–M M–X M–X (in plane) X–X X–X (in plane)

RuAl2 C11 5.99 4.97 4.97 4.98 4.98
RuAl2 C40 6.07 4.89 5.08 4.89 5.08
RuAl2 C54 6.04 4.88 5.05 4.88 5.05
RuGa2 C11 6.03 5.00 5.00 5.00 5.00
RuGa2 C40 6.11 4.91 5.13 4.91 5.13
RuGa2 C54 6.08 4.86 5.16 4.86 5.16
OsAl2 C11 5.97 4.97 4.97 4.97 4.97
OsAl2 C40 6.08 4.91 5.08 4.91 5.08
OsAl2 C54 6.08 4.90 5.08 4.90 5.08

to those observed experimentally for these three compounds [1, 10, 11, 15]. For the other
hypothetical structures we have constructed coordinates that lead to very similar nearest-
neighbour distances, as demonstrated in table 4, and resembling those available for the
other compounds and/or structures. We have thereby used the experimental information of
Nowotny et al [16–18] on the TixMo1−xSi2, MnAl2−xSix , and MoAl2−xSix mixed systems.
They found that the ratios of the distances between the layers of figure 1 for the C11,
C40, and C54 structures were 1.08:1.05:1.00. We have used these ratios, and furthermore
assumed that for a given compound the three crystal structures have the same density.

The fact that the three compounds have very similar structural parameters can be
understood on the basis of the fact that the covalent radii of octahedrally coordinated Ru
and Os atoms are essentially identical (2.51 au) as are those of tetrahedrally coordinated Al
and Ga atoms (2.38 au) [25]. These radii do in addition lead to bond lengths close to those
reported in table 4. We have hereby ignored the fact that the coordinations in the present
systems are somewhat different from octahedral and tetrahedral.

With the structural characterization of table 1 we end up with the first Brillouin zones
shown in figure 2.

As mentioned in the introduction, it is possible to describe all three structures, C11,
C40, and C54, as belonging to the class of centred monoclinic structures. In that case each
unit cell contains six formula units. Denoting the basis vectors of the monoclinic structure
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Figure 2. The first Brillouin zone of the (a) C11, (b) C40, and (c) C54 structures together with
some of the high-symmetry points.

Table 5. The relations between the parameters(a′, b′, c′, β) describing the centred monoclinic
unit cell and those of the smaller unit cells of table 1.

Structure a′ b′ c′ β

C11 c
√

2a 3
√

2a 90◦

C40
√

3a a 2c 90◦

C54 a b (1/2)
√

9c2 + a2 90◦ + tan−1(a/3c)

by a′, b′, andc, while those of the smaller unit cells are left unprimed, the definition of the
monoclinic unit cell is as given in table 5. We stress that the basis vectors of table 1 may
not be parallel to those of table 5.
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Figure 3. The total density of states per unit cell of (a)–(c) RuAl2, (d)–(f ) RuGa2, and (g)–
(i) OsAl2 in ((a), (d), (g)) the C11, ((b), (e), (h)) the C40, and ((c), (f ), (i)) the C54 crystal
structures. The vertical dashed lines indicate the Fermi level. Each unit cell contains one, three,
and two formula units for the C11, C40, and C54 structures, respectively.

3. Results

As indicated in table 3, we optimized only one structure, i.e. that of OsAl2 in the C11
crystal structure. On comparing the results with the experimental structure (cf. table 3) we
see that there is a very good agreement. This is a far from trivial result, first of all due
to the atomic-sphere approximation (the ASA; cf. section 2). Within this approximation
one may intuitively expect that symmetry-lowering distortions or structural changes whose
total-energy changes are largely dictated by non-spherical parts of the potential will be only
poorly described. But obviously this is not the case for the present compounds, which thus
shows that the approximations applied are justified. On the other hand, the total-energy
lowering for OsAl2 in the C11 structure due to the structure optimization is very small
(only about 15 meV per formula unit), which suggests that the system is soft.

For all three compounds we found that the C54 structure had the lowest total energy,
with that of the C40 structure only slightly higher (less than 0.1 eV per formula unit). On
the other hand, the C11 structure clearly had the highest total energy (between 0.3 and
0.6 eV per formula unit higher). These results were found using the common monoclinic
unit cell described in table 5, and since for OsAl2 they are in conflict with the experimental
observation, we conclude that the relative stability of the different structures is not described
sufficiently accurately within the ASA.

The band structures and the densities of states, in particular around the Fermi level,
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Figure 4. The density of states of RuGa2 in the C54 structure (figure 3(f )) decomposed into
contributions from (a) s, (b) p, and (c) d functions on Ru, and (d) s, (e) p, and (f ) d functions
on Ga.

account for the qualitative aspects of the optical properties. Therefore, we shall now discuss
these.

In figure 3 we show the total density of states per unit cell for the three compounds and
three crystal structures. It is immediately seen that all of the curves are very similar. The
systems are found to be either purely semiconducting with, however, a relatively small gap
around the Fermi level, or at least to have a very small density of states atεF . Moreover, the
density of states rises more steeply on the unoccupied side ofεF than on the occupied side,
which, as we shall see below, is due to some very flat bands just aboveεF . The similarity
of nearest and next-nearest neighbours, and the chemical similarities of the constituents
explain the similarities of the panels in figure 3.

Also, the total valence-band widths are very similar for all of the systems: they are
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Figure 5. The band structures along some high-symmetry lines (cf. figure 2) for the same
compounds and structures as in figure 3. ‘G’ is the0 point, ‘S’ is the 6 point, and the
horizontal dashed lines mark the Fermi level.

around 12 eV for RuGa2 and OsAl2, but only about 11 eV for RuAl2. The largest diff-
erences are as regards the size of the gap, where there are some variations for the different
compounds and/or structures. In all cases, however, the difference is less than 1 eV,
and although the density-functional calculations with a local-density approximation tend
to underestimate its size, it is clear that these materials are to be considered small-gap
semiconductors (see also the band structures to be discussed below). However, OsAl2

appears to have a slightly larger gap, and since a larger electron transfer between M and X
is found here (see below) this suggests that the size of the gap can be influenced by electron
transfer.

Due to the similarity of all of the results in figure 3, we show in figure 4 the atom- and
l-decomposed density of states for just one system, i.e. RuGa2 in the C54 structure. From
this it is clear that the states around the Fermi level are mainly due to d functions on the
transition-metal atoms with some contributions from p functions on Ga (or Al), and that s
functions on Ga (or Al) contribute to the lower parts of the occupied parts of the densities
of states.

Our results agree well with those found previously for RuAl2 [3, 5] and RuGa2 [3] in
the C54 structure. The results of Nguyen Manhet al [3] also showed that the occurrence
of a (pseudo-) gap atεF was not due to a charge transfer between the two types of atom,
but rather to a hybridization between d functions on the transition-metal atoms and s and
p functions on Al or Ga. Due to the similarity between our results and theirs, we have no
reason to doubt this conclusion, although the results for OsAl2 suggest that further effects
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Figure 6. σ̃ij for the C11 structure of OsAl2. (i, j) equals(x, x), (x, y), (x, z), (y, y), (y, z),
and (z, z) for the six panels (a), (b), (c), (d), (e), and (f ), respectively.z is parallel to the
Al–Os–Al units of figure 1(c), and the other two directions are equivalent.

due to electron transfers can appear. Counting the number of electrons inside the various
spheres gives the result that at most±0.1 electrons per transition-metal atom are transferred
to the Al or Ga atoms for the Ru-based compounds. These numbers could have different
signs for different structures, and we consider them to be so small that they are essentially
vanishing. However, for OsAl2 there was a clearer tendency for the calculations to predict
0.2 electrons to be transferred to the Al atoms from each Os atom.

Equivalently to the results of figure 3, we show in figure 5 the band structures along
some of the high-symmetry lines in the first Brillouin zone (see figure 2). For all of the
systems the uppermost valence band has a larger curvature than the lowest conduction band.
This indicates a higher mobility for p-doped materials than for n-doped ones. The band
structures also clearly show that the gaps at the Fermi level are small if not even vanishing
(note, however, that due to the standard underestimation of band gaps with local-density
calculations, the true gaps are most probably non-zero).
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Figure 7. As figure 6, but for the C54 structure of RuGa2. In this case, however, thex-axis
is parallel to the Ga–Ru–Ga units of figure 1(f ), and thez-axis is perpendicular to the plane of
figure 1(f ).

For the sake of completeness we add that our band structures are very similar to those
obtained previously for RuGa2 [3] and for RuAl2 [5, 9]. As mentioned above, the earlier
studies did not consider any structure except the C54 one.

As described in the previous section, the transport properties are here analysed through
the quantityσ̃. In figure 6 we show this for the C11 structure for OsAl2, i.e. for the
system for which figure 3(g) shows the density of states and figure 5(g) the band structures.
Equivalently, figure 7 shows̃σ for the C54 structure of RuGa2. Since these systems are
semiconducting according to our calculations, we do not need to worry about whether a non-
vanishing density of states at the Fermi level is an artifact of the local-density approximation
or a real feature, and, thus, about the details concerning the region nearest to the Fermi
level.

As discussed in the preceding section,σ̃ij (ε) may vanish fori 6= j . For the C11
structure this should be the case, and, furthermore, we shall also have thatσ̃xx(ε) = σ̃yy(ε).
In figure 6 the latter is clearly seen to be fulfilled, and when the different ordinate scales are
taken into account the former is also reasonably well satisfied. By varying the number of
points in thek-space sampling we found thatσ̃ij (ε) was much more sensitive to this number
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Figure 8. (a) The density of states, (b) one of the diagonal components ofσ̃, and (c) one of
the off-diagonal components of̃σ for crystalline Si with two silicon atoms per unit cell.

than, e.g., the densities of states. In particular in energy regions with flat but crossing bands
the problems mentioned in section 3 may occur. Thus, the deviations from exact cancellation
of the off-diagonal elements of̃σij (ε) are due to the discretization ofk-space. However, as
equations (4)–(6) show, only those parts ofσ̃(ε) for energiesε that are within roughlykT
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Figure 9. Contour plots of the total valence-electron density for RuGa2 for (a)–(d) the C11
structure, (e)–(h) the C40 structure, and (i)–(l) the C54 structure. The lowest left-hand corner
of each panel corresponds to the origin of the coordinate systems (cf. figure 1). The planes are
those spanned by ((a), (e), (i))a′ andb′, ((b), (f ), ( j)) c′ anda′ + b′, ((c), (g), (k))c′ anda′,
and ((d), (h), (l))c′ and b′. 60 equally spaced contour values between 0 and 1 au have been
chosen. The larger ‘atoms’ correspond to Ru and the smaller ones to Ga.
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of εF will contribute to the transport properties, and therefore only the parts closest to the
gap are relevant for doped materials also. Comparing theσ̃xx-, σ̃yy-, and σ̃zz-components
we see that they are very similar close to the Fermi level with, however, a slightly steeper
rise aboveεF than below it. Although here the flatter bands (cf. figure 5(g)) make the
velocities smaller (equation (3)), the larger density of states (figure 3(g)) compensates this.
Thus, the large density of states and small band gap should make these systems interesting
semiconductors from a transport-property point of view. Since all of the systems studied
here have very similar band structures and densities of states, we believe this conclusion to
be generally valid for all of the systems considered in this work.

For the C54 structure also, the off-diagonal components ofσ̃ should vanish, but as seen
in figure 7 this is not exactly fulfilled, although the errors, especially around the Fermi
level, are small. Furthermore, the different diagonal components are now not forced to
be identical due to symmetry restrictions, although they share many features. Comparing
figures 6 and 7 and taking into account the fact that the C11 structure has only one formula
unit per unit cell, whereas the C54 structure has two formula units per unit cell, we see that
the two materials have very similar transport properties. However, the asymmetry about
the Fermi level is more pronounced in figure 7 than in figure 6.

In order to arrive at a more quantitative estimate of the transport properties of the present
compounds we compare the results with similar ones obtained for crystalline Si. Thus, in
figure 8 we show the density of states as well as one of the diagonal components and one of
the off-diagonal components of̃σ(ε). We see that the present systems compare well with
Si, even when taking into account the fact that the unit cell of Si only contains two atoms.
Thus, assuming a rigid-band model to be valid, the materials of the present work should,
when doped, have transport properties comparable to those of silicon. When in addition
one takes into account the fact that the present compounds have different (i.e. smaller) band
gaps, they should be interesting from a technological point of view.

Finally, figure 9 shows contour maps of the valence-electron density for the three
different structures for RuGa2. Those of the other compounds are very similar, and are
therefore not shown here. The densities in the planes of figure 1 (i.e. figures 9(a), 9(e),
and 9(i)) demonstrate the similarity of the different structures, whereas the other densities
reflect the different stackings of the planes of figure 1.

4. Conclusions

In the present work we have reported the results of first-principles calculations on three
intermetallic semiconductors, each in three different crystal structures. As demonstrated
in figure 1, these structures are closely interrelated, and it turned out that the electronic
properties varied only little for the different structures. This indicates in turn that their
properties are mainly dictated by nearest-neighbour interactions.

The band structures for all of the compounds and structures are very similar. Thus, the
conclusion reached by Nguyen Manhet al [3] for one of the systems that the occurrence
of a band gap is due to hybridization remains valid for all of the systems considered here.
However, the fact that the gap for the OsAl2 compounds is larger than those of the other
compounds and that there is a larger electron transfer for this material indicates that charge
transfers and electrostatics can also influence the size of the gap.

First-principles calculations of transport properties are much less common than those
of the optical properties. In the present work we have proposed a parameter-free method
for studying the current densities based on analysing the integrand of the current-density
matrices. We presented subsequently results for two of the systems. We showed that,
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except for minor exceptions, the symmetry constraints that these should obey were largely
satisfied, although they were not automatically fulfilled. By comparing with similar results
for crystalline silicon we were also able to demonstrate that the present compounds should
have transport properties similar to those of silicon, with the additional feature that the band
gap is smaller. Due to the density of states being larger aboveεF than below it, but despite
the smaller carrier velocities, n-doped materials are predicted to have higher thermal and
electrical conductivities than p-doped ones.
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