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Abstract
We report on the theoretical study of the structural and electronic properties of OsAl2 compound belonging to chimney ladder
(CLs) phases. We used the full potential linearized augmented plane wave (FP-LAPW) method based on the density functional
theory (DFT). The Boltzmann semi-classical transport equations were employed to investigate the thermoelectric properties. The
type-MoSi2 structure was found to be the most favorable phase to crystallize OsAl2. In addition, the gap between the valence and
conduction bands was calculated to be about 0.358 eV, indicating thereby an indirect band gap semiconducting nature. The
thermoelectric properties, such as Seebeck coefficient, electrical conductivity, power factor, thermal conductivity, and figure of
merit, were also calculated as a function of chemical potential, for a large range of temperatures, starting from room temperature
and ending at 900°K. Our results demonstrate high thermoelectric performance with an important merit factor value of about
0.90, which is close to unity, hence revealing that the investigated OsAl2 material has a true potential for thermoelectric
applications.
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1 Introduction

Intermetallic is the short designation for intermetallic phases
and compounds that result from the combination of different
metals which form a diverse class of materials [1]. Some in-
termetallic compounds are interesting functional materials;
others have gained attention as structural materials for high
temperature applications. In comparison with metallic

materials, intermetallic compounds exhibit interesting me-
chanical and thermal properties such as high mechanical re-
sistance to high temperature, low density, high melting point
temperature, good corrosion resistance and thermal stability
[2–4] which are often superior to ordinary metals. Most of the
intermetallic material market targets the automotive and aero-
nautic sectors, as well as gas turbines where these compounds
are considered to be structural materials used in the form of
coatings in order to improve the properties of rigidity, light-
ness, and ductility. Another new field of application of inter-
metallic compounds is the storage of hydrogen.

Since the discovery of thermoelectric effects by Seebeck,
Peltier, and Thomson in the nineteenth century [5–7], the ther-
moelectricity has never ceased to feed an increasing interest
both from a fundamental and industrial point of view.
Thermoelectricity allows to generate an electric current from
a temperature gradient (Seebeck effect) and conversely to gen-
erate a temperature difference from an electric current (Peltier
effect) [6]. During the last two decades, two main topics have
been deeply explored, namely, (i) the optimization of existing
thermoelectric materials and (ii) the search for new com-
pounds guided by specific criteria on the band structure and/
or on the complexity of the crystal lattice [7]. This effort has
led to the discovery of new families of very promising
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thermoelectric materials for electricity generation [8]. The
thermoelectric effect and optical characteristics of intermetal-
lic compounds offer a paramount platform as multifunctional
materials for advanced electronic devices. The chimney ladder
phases are one of the most known intermetallic compounds
and are characterized by the composition of TnXm (Tis a tran-
sition metal element belonging to the 4–9 columns of the
periodic table of elements and X represents the elements of
13 to 15 ones). The unit cells of these structures all contain n
pseudo-cells of a β-Sn like arrangement of T metal atoms
stacked along the [001] direction, and m pseudo-cells of the
X component stretched out to fill up the cell, hence the name
chimney ladder phases. In general, NCLs compounds become
intrinsic semiconductors when obey to the 14-electronrule
(the Fermi level located in the middle of a narrow band gap
and the valence electron count (VEC) per number of T atoms
equal to fourteen (14) [9–12]. The gap formation in
TX2compounds is mainly due to the hybridization of T-3d
with X-s, p states. Therefore RuAl2, RuGa2, and OsAl2 have
completely filled bands and are expected to show semicon-
ducting properties.

These compounds have been proposed as thermoelectric
energy materials due to their low lattice heat conductivity
and to their semiconducting nature [13–19].Researches
were focused so far to reduce the heat conduction without
reducing the electronic flow since low thermal conductiv-
ity is favorable for achieving high thermoelectric figure of
merit. The family of TE materials includes, among others,
high manganese silicides (HMS) (Mn4Si7 [20], Mn11Si19
[21], and Mn15Si26 [22]), which are known to exhibit a
high Seebeck coefficient and low thermal conductivity,
simultaneously [16, 23–25]. The thermoelectric perfor-
mance is evaluated with the dimensionless figure of merit
ZT = S2σ T/K, where S, σ, k, and T are the Seebeck coef-
ficient, electrical conductivity, thermal conductivity, and
absolute temperature, respectively [26, 27],while the pow-
er factor (PF) is the product of square Seebeck coefficient
and electrical conductivity (S2σ). Hence, a large PF means
that a device can output large voltage and large electrical
current. When ZT ≥ 1, the materials have a high potential
of electric thermal performance.

In recent years, chimney ladder compounds (INCLs) have
attracted increasing interest as promising thermoelectric (TE)
materials because the compounds simultaneously realize a
high power factor and a low thermal conductivity, as observed
in higher manganese silicides (HMSs) [28, 29]. Moreover, the
chemical bonding in T-E intermetallic provides a background
for unusual physical properties, especially in the electronic
transport, giving rise to narrow-gap semiconductors [30–35],
high- and low-temperature thermoelectric materials [36–40],
as well as superconductors [31–43]. This renders the T-E in-
termetallics promising functional materials for transport and
thermoelectric applications.

S.V. Meschel [44] and his co-worker have measured
the standard enthalpies of formation for some 5d transi-
tion metal silicides by high temperature direct synthesis
calorimetry of OsAl2. Moreover, Jiangling Pan et al. [45]
have studied the doping of the transition metal Cr in the
OsAl2 compounds to obtain magnetic alloys using first
principles calculations. In another work [46], they inves-
tigated the electronic and magnetic properties of the tran-
sition metal aluminides XAl2 in the MoSi2 type structure
by first-principle calculations. Recently, the structural and
electronic properties of RuAl2, RuGa2, and OsAl2 have
been computed using the full potential linearized aug-
mented plane wave (FP-LAPW) method by S. Laksari
[47] and co-workers. After our careful research in the
literature, there is no experimental work or theoretical
research available of the thermoelectric properties
concerning OsAl2 compound, which represents the focus
of this paper.

In the present work, the electronic and the thermoelectric
properties of OsAl2 were calculated using the full potential
linearized augmented plane wave (FP-LAPW) method [48]
based on density functional theory (DFT) [49–51]. Our results
demonstrate that the thermoelectric properties are linked to
their electronic structure. The different thermoelectric coeffi-
cients were then calculated for the first time, using computa-
tional code BoltzTrap [52].

2 Computational Details

The full potential linearized augmented plane wave plus local
orbitals (FP-LAPW + lo) method was used and implemented
in the Wien2K code [53] within the density functional theory
[54]. The generalized gradient approximation GGA (PBE)
[55] was employed for processing exchange correlation po-
tential. Kohn–Sham equations based on FP-LAPW method
have been solved. The energy cutoff − 6 Ryd is used for sep-
arating core states from valence ones. The cutoff energy for
plane wave expansion (i.e., of wave functions in the interstitial
region) is taken as RMTKMAX = 8, and number of k-points =
1000 has been considered. The wave functions inside atomic
spheres are expanded with spherical harmonic up to lmax =
10.The radii of muffin-tin spheres were equal to 2.5 a.u. and
2.3 a.u. for Os and Al, respectively. The self-consistent is
considered to be converged if the system energy is stable
within 10−4 Ry. Thermoelectric properties have been calculat-
ed through the output files of WIEN2K code and by compu-
tational code BoltzTrap [52]. For the calculation of the trans-
port properties, the thermoelectric self-consistent iterations
were converged using a dense mesh of 40,000 k-points inside
integral Brillouin cone (IBZ). Amerit factor (ZT) is defined as
S2σ T/K.
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3 Results and Discussion

3.1 Structural and Electronic Properties

The existence of OsAl, OsAl2, and Os2Al3 phases has been
proven experimentally by X-ray analysis under the effect of a
temperature higher than 1300 °C. Earlier, Esslinger and
Schubert showed that OsAl adopted the CsCl-type structure,
whereas the crystal structures of two other compounds OsAl2
and Os2Al3 have been determined from single crystal X-ray
characterization which confirmed that they have tetragonal
structure type-MoSi2, close to the CsCl-type structure. On
the other hand, the structures type-MoSi2 (C11), type-CrSi2
(C40), and type-TiSi2 (C54) are closely linked and can be
described by an orthorhombic super-cell, which is composed
of stacked planes in such a way to contain linear units MX2. In
the C11 and C54 structures, all the planes are parallel, while
for the C40, each plane is in rotation relatively to the others.
The stacking of atoms is repeated after two, three, and four
respective planes, along the stacking direction, so that eachM-
type atom is surrounded by ten (10) X-type atoms, while the
X-type atoms have a close neighbor arrangement consisting of
five (5) X-type atoms and five (5) M-type atoms. Figure 1
shows tetragonal structure type-MoSi2 with the space group
I4/mmm [56] whose conventional mesh containing six (6)
atoms is the most suitable configuration for the OsAl2
compound.

The determination of equilibrium structures is the first
and most fundamental step in all our calculations. High
care is given to this as it will highly impact the quality of

subsequent analyses. This compound has been studied in
three different structural phases C11, C40 and C54 and as
shown in Fig. 2. We noted that the phase type-TiSi2 is the
most suitable. The analysis of the equilibrium structures
are studied in our Ref. [47] where we found that the
structure type-TiSi2 more suitable for three compounds
OsAl2, RuAl2, and RuGa2 as shown in Fig. 2. But, in this
topic, we are interested to analyze the different theoretical
parameters just for OsAl2 compound in the MoSi2 type
structure, because it is the most stable phase experimen-
tally as cited in the Ref. [57]. The calculation has been
achieved with GGA approximation. The equilibrium lat-
tice parameters a and c, the bulk modulus B and its first
derivative B′, as well as other theoretical and experimental
values are illustrated and compared in Table 1. Using the
GGA approximation, the values of the lattice constants a
and c are overestimated surrounding 0.50% and 0.82% for
a and c, respectively, as compared to those found exper-
imentally [57] and in good agreement with other theoret-
ical work [56]. For the bulk modulus B, we did not suc-
ceed to found any experimental nor theoretical results for
comparison purpose.

The investigation of electronic properties of the material
will permit us to analyze and understand the nature of the

Fig. 1 Tetragonal structure type-MoSi2 for OsAl2 compound
Fig. 2 The variation of energy as function of volume obtained with GGA
in type-MoSi2 (C11), type-CrSi2 (C40) and type-TiSi2 (C54) phases
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bonds that form between the different elements. These prop-
erties include the band structure and the density of state. We
have calculated the energy band of our OsAl2 compound
along the high symmetrical direction in the Brillouin zone,
and the results are presented in Fig. 3.

Figure 4 shows the calculated band gap of OsAl2 with
MoSi2-type structure. The maximum of the valence band is
found to be located in the ΓX direction, while the minimum of
the conduction band is located in the UZ direction. Also, the
indirect energy gap is calculated equal to 0.358 eV. These
results demonstrate that the OsAl2 compound has a semicon-
ductor behavior, where the band gap is generated from the
hybridization of Al p states with Os d states.

There are twenty-three (23) valence bands below the Fermi
level and ten (10) conduction bands above it. The total and
partial densities of states which are relative to the band struc-
ture are shown in Fig. 5. The low energy range [− 14 eV, −
5 eV] is mainly composed of 3s and 3p state electrons of Al,
while the curve of the state density around Fermi level (from
− 4 eV to Fermi surface) was mainly composed of 3d state
electron of Os and 3p state electron of Al. The 3d and 3p states
of Os and Al are located above the Fermi level, with a very
weak contribution of 3s in the total density. Therefore, the
electrical transport property and the charge carrier type of
OsAl2 compound are governedmainly by 3d and 3p electrons.

3.2 Thermoelectric Properties

The different thermoelectrical coefficients were calculated as
function of chemical potential (u) in the range from − 4 to 4 eV

Fig. 3 High symmetrical direction in the first Brillouin zone

Fig. 4 Electronic band structure of OsAl2 compound in tetragonal
structure type-MoSi2

Table 1 Lattice parameters a and c, bulk modulus B, and its derivate B′
for OsAl2 compound

a (a.u) c (a.u) B0 (GPa) B′

Our cal 6.00 15.81 194.8128 4.62082

Exp 5.97a 15.68a – –

Other calculations 6.07b, 6.37c 15.45b – –

a Ref. [57]
b Ref. [58]
c Ref. [45]
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for the three considered temperatures, namely, 300, 600, and
900°K. The Seebeck coefficient S is an important factor to
specify the type of semiconductor (n- or p-type), and it de-
pends on the charge carrier concentrations (electrons versus
holes).

Figure 6 shows the variation of S as a function of μ at
temperatures of 300, 600, and 900 K for our OsAl2 com-
pound. We noted that the value of 539.5988 μV/K (−
592.4304 μV/K) for p- and n-type presented the maximum
of S obtained at 300°K. The peak values decrease as the tem-
perature increased due to the increase of electron and holes as
a consequence of the thermal energy. These values are
292.6213 μV/K (− 366.2867 μV/K) and 285.084 μV/K (−
228.839 μV/K) for 600 k and 900 K in p- and n-region, re-
spectively. The S values with n-type are higher than those
calculated for p-type. Negative Seebeck values indicate that
electron-type carriers dominate the thermoelectric transport.
Finally, we suggest that the n-type compound title is more
favorable for thermoelectric application than p-type.

Electrical conductivity σ allows electrical charges to pass
freely through a solid or liquid body, in opposition to the
electrical resistivity which slows the current. A high
thermoelectrical performance requires a high value of electri-
cal conductivity σ. The variations of electrical conductivity as
a function of chemical potential μ for the range of temperature
under study are presented in Fig. 7. We noticed that the shapes
of the curves are somehow similar. The electrical conductivity
has been found to be almost not affected by the temperature
where the same behavior was observed (i.e., at 300, 600, and
900 K), while it was impacted by increasing the chemical
potential. In the [0.05 eV, − 0.3 eV] range of μ, the σ value
is equal zero for T = 300°K. In the considered chemical poten-
tial range, there is an important effect of electrical conductivity
in the n-region for positive chemical potential than in the p-
region for negative one. The maximum values of σ are 13.3 ×

1020 and 5.714 × 1020Ω−1 m−1 at 4 eV and − 2.13 eV in n-type
and p-type regions, respectively.

The power factorPF depends on 2 key parameters, namely,
the Seebeck coefficient and the electrical conductivity. These
two quantities vary in opposite ways. This thermoelectric co-
efficient is defined by the following relation: P = S2σ.The
power factor relative to relaxation time as a function of chem-
ical potential μ is presented in Fig. 8. The largest value oc-
curred at 900°K and decreased with decreasing temperature.
We notice two apparent peaks around the Fermi level, located
at − 0.37 and 0.50 eV. The maximum thermoelectric PF is
calculated at 12.38 × 1011 W K−2 m−1 s−1 and is located at
the 0.5 eV, while PF values of 7.772 × 1011 and 2.940 ×
1011 W K−2 m−1 s−1 are calculated at 600 and 300°K, respec-
tively. The OsAl2 compound has higher PF value in the n-type
than in the p-type.

Similar to the electrical conductivity, the thermal conduc-
tivity indicates the capability of a material to let heat (analog to
electron) flowing through it. Thermal conductivity κ is a con-
stant. It is an intrinsic characteristic and is specific to each
material. This coefficient can vary depending on the temper-
ature and the humidity. Generally, the electrically insulating
materials have κ between 0.025 and 0.050 W/m K. The TE
materials are characterized by their low thermal conductivity
κ.

The variation of κ as a function of chemical potential is
plotted for temperatures of 300, 600, and 900°K, and the re-
sults are illustrated in Fig. 9. With increasing temperatures, κ
increased, which is due to an increase of the free electrons
energy and consequently the vibrational energy. The TE ma-
terials must have a large Seebeck coefficient S, high electrical
conductivity σ, and low thermal conductivity κ [59]. At −
2.15 eV, and for p-type, the peak value located at 300°K is
4.134 × 1015 W/m K s, whereas the highest value located at
4 eV for n-type is 9.79 × 1015 W/m K s. At 900°K, the κ
values in p-type and n-type are 11.233 × 1015 W/m K s (−
2.32 eV) and 294.32 × 1015 W/m K s (4 eV), respectively.
With this comparison, we find out that the value correspond-
ing to room temperature is more suitable for thermoelectric
applications owing to the low thermal conductivity. Electrical
and thermal conductivity are both sensitive to temperature.
The thermal conductivity for OsAl2 compound has a higher
value in the n-type than in the p-type. The electrical conduc-
tivity has the same behavior because the maximum of both
types coincide at the same chemical potential value which
confirms that the Wiedemann-Franz law is verified [60].

In solid state, the electronic specific heat Ce (j/mol K) de-
scribes the contribution of electrons to the heat capacity. Heat
is transported both by phonons and free electrons. According
to the results displayed in Fig. 10 and showing the electronic
specific heat as a function of chemical potential at different
temperatures, the Ce increased with increasing temperature
and reach its maximum value of 5.91 and 2.62 j/mol K at
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900°K, in negative and positive chemical potential, respec-
tively. At room temperature, the maximum Ce is equal to
2.72 j/mol K and decreased to zero at 0.3 eV and then in-
creases rapidly to 1.26 j/mol K.

The prediction of OsAl2 compound for thermoelectric
performance can be predicted by means of the figure of
merit ZT. The ZT factor depends on Seebeck coeffi-
cient, electrical conductivity, and thermal conductivity.
Figure 11 presents the variation of ZT as a function of
the chemical potential calculated at 300, 600, and
900 K. We noted the same shape and similar behavior
of ZT at all temperatures. However, the maximum value
of ZT is about 0.90 and occurred at 0.27 eV for room

temperature. These values decreased then slightly with
increasing temperatures. This calculated high ZT value
suggests strongly that our OsAl2 compound has descent
thermoelectric performance.

4 Summary

In summary, the structural and electronic properties of
OsAl2 semiconducting compound were investigated by
density functional method. Our calculations were carried
out using the PBE-GGA approximation. The obtained
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results for lattice parameters a and c are in good agreement
with previous relevant theoretical and experimental works. No
experimental results were available in the literature data to
allow us verifying our calculated indirect gap value (i.e.,
Eg = 0.358 eV) which corresponded to the structural phase
C11 (tetragonal type-MoSi2). To our best knowledge, the
transport properties were calculated for the first time using
Boltzmann transport theory. The different thermoelectric co-
efficients were studied at temperatures of 300, 600, and
900°K, where the high value of Seebeck coefficient was

calculated at 300°K and suggested that the n-type compound
like-type was more favorable than p-type. The electrical con-
ductivity and thermal conductivity were found to increase
with the increasing chemical potential. The OsAl2 compound
has high power factor PF in the n-region, and its ZT factor
corresponded to 12.38 × 1011 W K−2 m−1 s−1 and 0.9, respec-
tively. Our findings demonstrate that the OsAl2 compound
could be considered a very promising candidate for thermo-
electric applications given its high thermoelectric
performance.
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