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Abstract. In this paper, structural, electronic, thermal and thermoelectric properties of Al0.5 B0.5 As alloy at 0, 4
and 8 GPa pressure have been investigated. In electronic properties, the obtained band gaps in the present work with
GGA(PBE) potential are close to the other works with the TB-mBJ method at 0 GPa pressure. Band gaps reduce
by increasing pressure. Thermal properties consisting of phonon contribution of heat capacity at constant volume
and Debye temperature at 0, 4 and 8 GPa pressure in the temperature range of 0–1000 K have been calculated.
The diagrams of Seebeck coefficient (S), electrical conductivity (σ ) divided by relaxation time (τ ), power factor
(S 2 σ /τ ), electronic thermal conductivity (κe ) divided by relaxation time (τ ) and electronic contribution of heat
capacity at a constant volume in the temperature range of 100–1000 K at 0, 4 and 8 GPa pressure have been plotted.
Keywords. Density functional theory; electronic properties under pressure; thermoelectric properties under
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1. Introduction
Thermoelectric materials are suitable for converting
wasted heat to electrical energy in power generators.
They can also be used in thermoelectric refrigerators
[1]. Power factors are used to investigate the electronic
part of thermoelectric properties (by ignoring phonon
contribution). Power factor is calculated by the formula
S 2 σ . High value of power factor indicates that the material is a suitable thermoelectric material. In this formula,
S is the Seebeck coefficient and σ is the electrical conductivity. Power factors are usually high in half-metals
and semiconductors with small band gaps. Investigation
on the thermoelectric properties of useful semiconductors under pressure can be attractive too.
Boron compounds and their semiconductors in electronic and optoelectronic applications are extremely
attractive for scientists due to their wide band gap,
large resistivity, high thermal conductivity [2–5] and low
iconicity [6–8].
The first computational study on Al1−x Bx As was
carried out by Boubendira et al [9]. They calculated
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band gaps with different values of x using the TB-mBJ
method which have higher values in comparison with
the other GGA methods. They also calculated thermal
properties of Al1−x Bx As up to 8 GPa and used GIBBS
code [10] for their calculations.
Another computational study on Al1−x Bx As was carried out by Moussa et al [11]. They confirmed that the
zinc-blende structure is the most stable and suitable
structure for Al1−x Bx As for x = 0, 0.25, 0.5, 0.75,
1. They used different methods to calculate electronic
properties and band gaps for Al1−x Bx As with TB-mBJ
being the best method. They investigated the thermal
properties of Al0.75 B0.25 As under different pressures
and calculated the optical properties of Al1−x Bx As.
In this paper, we investigated the structural, electronic,
thermal and thermoelectric properties of Al0.5 B0.5 As
alloy at 0, 4 and 8 GPa pressure. In our study,
the obtained value of band gap, at 0 GPa and with
GGA(PBE) exchange-correlation potential is close to
the other theoretical research with the TB-mBJ method.
This is due to an equal selection of muffin tin radius
spheres for all three kinds of atoms which are bigger
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than the usual size for Al and B. The values of band
gap in this compound under pressure have not yet been
investigated.
In the next part of this paper, we shall discuss the first
computational details. We shall also explore the first
structural properties. In §3.2.1 and 3.2.2, we focussed
on the electronic properties consisting of band structure
and total DOS. Section 3.3 illustrates the diagrams of
phonon contribution of heat capacity at constant volume and Debye temperature vs. temperature under 0,
4 and 8 GPa pressure and the plot will be discussed.
In the last subsection, we shall analyse the thermoelectric properties including Seebeck coefficient (S),
electrical conductivity (σ ) divided by relaxation time
(τ ), power factor (S 2 σ /τ ), electronic thermal conductivity (κe ) divided by relaxation time (τ ) and electronic
contribution of heat capacity at a constant volume in
the temperature range of 100–1000 K at 0, 4 and 8 GPa
pressure. Section 4 concludes the result of our study.

2. Computational details
The structural and electronic calculations have been
done using the Wien2k code [12]. The Kohn–Sham
equations have been solved by the full potential linear
augmented plane waves (FP-LAPW) method.
GGA(PBE) [13] as an exchange-correlation potential
has been used. E Cut = −6 Rydberg, RMT × K Max = 7
and k-point for supercell 1 × 1 × 1 of Al0.5 B0. 5 As with
zinc blende structure 100 have been considered. The
radius of the muffin-tin spheres for all the atoms is equal
to 1.8 a.u. which is bigger than the usual size for Al
and B.
For thermal properties, the Debye–Gruneisen method
from code GIBBS2 [14,15] has been implemented
by using energy–volume data from the output files
of the Wien2k code. Thermoelectric properties have
been calculated by using the accessorial code BoltzTrap [16]. Since the BoltzTrap code relaxation time
approximation-Boltzmann transport equations (RTABTE) [17] has been implemented, the power factors are
given as S 2 σ /τ .

3. Result and discussions
3.1 Structural properties
Figure 1 illustrates the energy vs. volume data of
Al0.5 B0. 5 As alloy which has been fitted by Murnaghan
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Figure 1. The plot of energy vs. volume for Al0.5 B0. 5 As
alloy.

EOS. The parabolic shape of the diagram indicates that
the supercell 1 × 1 × 1 of Al0.5 B0. 5 As with zinc blende
structure which we used in our calculations is stable.
This structure has eight basic atoms for AlAs supercell
of which two B atoms have been replaced with 2 Al
atoms.
In table 1 structural properties of Al0.5 B0. 5 As in the
present work has been compared with other theoretical
works for this compound and experimental works for
AlAs and BAs.
As can be seen, the lattice constant result has a good
consistency with the other theoretical works, especially
with the other GGA(PBE) work.
The lattice constant of Al0.5 B0.5 As is smaller than
AlAs and bigger than BAs which is due to the smaller
covalent radius of B than Al and the presence of two
B atoms in Al0.5 B0.5 As structure. Our obtained bulk
modulus value is between BAs and AlAs vlaues. This is
bigger than AlAs and lower than BAs. This is because
covalent radius of B is smaller than that of Al leading
to stronger binding in BAs than in AlAs and increasing
bulk modulus. As a result, the resistance against pressure
increases. Values of bulk modulus has a great agreement
with the other GGA(PBE) works.
In addition, we have calculated lattice constants of
Al0.5 B0.5 As alloy at 4 and 8 GPa pressure. Due to the
lack of similar studies, we were not able to make a comparison of our results. The lattice constants decrease
with increasing pressure. This confirms the correction
of our calculations. The other noticeable point is that the
value of the reduction in volume, in the pressure range of
0–4 GPa is bigger than that in the pressure range of 4–8
GPa. This is due to an increment in Coulomb repulsion
among atoms that increases with increasing pressure,
leading to volume reduction being lower with increasing pressure from 4 to 8 GPa than from 0 to 4 GPa. This
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Table 1. The obtained values for structural properties of Al0.5 B0.5 As in this study and their comparison with the other
theoretical works for this compound and experimental works for AlAs and BAs.
Our study at
0 GPa (GGAPBE)
a (Å)
B (GPa)
B

5.367
81.760
4.746

Our study at
4 GPa

Our study at
8 GPa

5.287
–
–

5.222
–
–

is because when atoms are closer to each other, Coulomb
repulsion increases.
3.2 Electronic properties
3.2.1 Band structure. In figures 2a–2c, the band structure for Al0.5 B0.5 As alloy at 0, 4 and 8 GPa pressure
are demonstrated, respectively. The band structure is a
diagram of εn (k)−k plotted for different directions of
Brillouin zones. This compound is a semiconductor with
a wide band gap. The band gaps of this alloy at 0, 4 and
8 GPa pressure are direct band gaps at the  point. The
values of band gap at those pressures are listed in table 2.
It can be seen that the band gap reduces with increasing pressure. This is due to the effect of hydrostatic
pressure on the periodic potential that act as a perturbation, leading to a decrease in the band gap. Also, the
reduction of band gap in the pressure range of 0–4 GPa
is more than that in the range of 4–8 GPa. This is due
to a decrease in volume and an increase in Coulomb
repulsion.
The obtained value of band gap at 0 GPa, despite using
GGA(PBE) potential, has a good consistency with the
other theoretical works with the TB-mBJ method, especially Boubendira et al study [9]. The obtained value of
band gap at 0 GPa has good growth in comparison with
the other GGA(PBE) work [11]. This is due to the equal
selection of muffin tin radius spheres which are bigger
than the usual size for Al and B, leading to an increase
in Coulomb repulsion and bigger band gaps.
At 4 GPa pressure, we have the flattest bands as a result
of higher effective mass and therefore the sharpest Van
Hove singularities in total DOS diagrams can be seen
which will be discussed in the next subsection.
3.2.2 Density of states. Figure 3 demonstrates the total
density of states (DOS). It can be seen that by increasing
pressure in most of the energies in the valence band,
peaks move to more negative energies. In contrast, in the
conduction band, peaks move to more positive energies.
This is the result of the abandonment of the equilibrium
state, decrease in stability and increase in energy of the

Other work
WC-GGA
BAs (Exp)
GGA-PBE [11] (other work) [9]
[18]
5.367
82.83
4.292

5.31
89.7
–

4.77
173
–

AlAs (Exp)
[18]
5.66
77.9
–

system. The reduction in band gap by increasing the
pressure is also visible in figure 3.
The sharpest Van Hove singularities belong to 4 GPa
as a result of a flatter band structure under this pressure.
Van Hove singularities occur when ∇k εn (k) = 0 and
group velocity is zero.
The sharpest peaks in total DOS can be observed
when the band structure is flatter. The sharpest peaks in
both the conduction and valence bands, at 4 GPa pressure, are nearly close to Fermi energy. Therefore, the
thermoelectric properties are affected by the sharpest
peaks.

3.3 Thermal properties
Figures 4a and 4b demonstrate the plots of thermal
properties for Al0.5 B0.5 As alloy in the temperature
range 0–1000 K. Figure 4a indicates the phonon contribution of heat capacity at constant volume, vs.
temperature at 0, 4 and 8 GPa pressure. As is anticipated, CV at low temperatures has T3 -Debye behaviour.
This is due to an increase in phonon oscillations by
increasing the temperature. At very high temperatures,
phonon oscillations reach ωD and the diagrams take the
straight-line shape, CV trends to Dulong–Petit limit. By
increasing pressure, due to restriction of phonon oscillations caused by decreasing volume and increasing
Coulomb repulsion, heat capacity at constant volume
decreases.
Figure 4b demonstrate the plots of Debye temperature for Al0.5 B0.5 As alloy in the temperature range of
0–1000 K and at 0, 4 and 8 GPa pressure. It is known
that Debye temperature has an inverse relation with volume and has a direct relation with sound velocity in
solid. By increasing pressure, volume decreases. Therefore, sound moves faster in smaller solid and phonon
oscillations are restricted. Hence, Debye temperature
increases. However, Debye temperature decreases by
increasing temperature because of sound scattering and
a decrease in sound velocity as a result of an increase in
phonon oscillations.

27

Page 4 of 8

Pramana – J. Phys.

(2022) 96:27

Figure 2. The plots of band structures for Al0.5 B0.5 As alloy at (a) 0 GPa, (b) 4 GPa and (c) 8 GPa pressure.
Table 2. Comparison of the obtained values of band gaps in the present work for Al0.5 B0.5 As alloy at 0, 4 and 8 GPa pressure
with the values obtained from other theoretical work under 0 GPa pressure.
Our study at 0 GPa
1.28

Our study at 4 GPa

Our study at 8 GPa

1.20

1.17

Other calculations at 0 GPa
1.463 (TB-mBJ) [11]
and 1.24 (TB-mBJ) [9]
0.861(GGA-PBE) [11]
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Figure 3. The plots of total DOS for Al0.5 B0.5 As alloy at 0, 4 and 8 GPa pressure.

Figure 4. The plots of thermal properties for Al0.5 B0.5 As alloy, in the temperature range of 0–1000 K at 0, 4 and 8 GPa
pressure. (a) Heat capacity at constant volume and (b) Debye temperature.

3.4 Thermoelectric properties
In figures 5a–5e, Seebeck coefficient (S), electrical conductivity (σ ) divided by relaxation time (τ ), power
factor (S 2 σ /τ ), electronic thermal conductivity (κe )
divided by relaxation time (τ ) and electronic contribution of heat capacity at a constant volume in the
temperature range of 100–1000 K have been plotted.
The plots of Seebeck coefficient (S) at 0, 4 and 8 GPa
pressure first have a descending behaviour, i.e. charge
carriers are electrons, then have an ascending behaviour,

i.e. charge carriers convert to holes. At low temperatures,
the highest values of the Seebeck coefficient belong to
8 GPa. The smaller band gap of the band structure at 8
GPa leads to easier excited electrons.
When the plots have ascending behaviour at 4 GPa
pressure, the highest Seebeck coefficient can be seen.
This is due to sharper Van Hove singularities under this
pressure as a result of larger effective mass. Although
the difference among Seebeck coefficients in different pressures is low, finally S reaches the saturation
limit.
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Figure 5. The plots of thermoelectric properties for Al0.5 B0.5 As alloy in the temperature range of 100–1000 K at 0, 4 and
8 GPa pressure. (a) Seebeck coefficient (S), (b) electrical conductivity (σ ) divided by relaxation time (τ ), (c) power factor
(S 2 σ /τ ), (d) electronic thermal conductivity (κe ) divided by relaxation time (τ ) and (e) electronic contribution of heat capacity
at constant volume.

The plots of electrical conductivity (σ ) divided by
relaxation time (τ ) (figure 5b) are ascending in the most
of the temperature. This is acceptable, considering that

the number of excited electrons are affected by increasing the temperature and have an exponential behaviour
with power (1/T ). At low temperatures, the plots under
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0 and 4 GPa pressure are almost descending. This is
probably due to the relation σ/τ .
At high temperature, the highest value of electrical
conductivity (σ ) divided by relaxation time (τ ) belongs
to 8 GPa. Because of the band gap reduction and the volume reduction and considering that the electrons move
faster to reach the end of the solid, this trend is expected.
In figure 5c the plots of power factor (S 2 σ /τ ) in the
temperature range of 100–1000 K at 0, 4 and 8 GPa
pressure are demonstrated. The shapes of the plots are
very similar to Seebeck coefficient plots. Considering
power 2 of the Seebeck coefficient, this similarity is
expected.
The value of the power factor at 4 GPa pressure and
at 100 K is in the range of 1012 that can be considerable.
In figure 5d the plots of electronic thermal conductivity
(κe ) divided by relaxation time (τ ) in the temperature
range of 100–1000 K at 0, 4 and 8 GPa pressure are
demonstrated.
According to Wiedmann–Franz law, thermal conductivity has a direct relationship to temperature. Therefore, the electronic thermal conductivity increases with
increasing temperature after an increase in the velocity
of electrons. In addition, increasing pressure leads to a
decrease in volume (electrons move faster to reach the
end of the solid) and the electronic thermal conductivity
increases with increasing pressure.
In figure 5e the plots of the electronic contribution
of heat capacity at constant volume in the temperature
range of 100–1000 K at 0, 4 and 8 GPa pressure are
demonstrated.
Due to an increase in oscillations of the electrons,
heat capacity increases with an increase in temperature.
However, a decrease in the distance among electrons
and increase in Coulomb repulsion among them restrict
oscillations. Therefore, heat capacity at constant volume
decreases with increasing pressure.
In general, Seebeck coefficients are in the range of
10−4 in most temperatures which are not noticeable.
However, values of σ/τ are in the range of 1019 in most
temperatures. Noting that this compound is a semiconductor, this value can be considerable.

4. Conclusion
In this paper, structural, electronic, thermal and thermoelectric properties of Al0.5 B0.5 As alloy at 0, 4 and 8 GPa
pressure have been investigated. In electronic properties,
the band gap decreases with increasing pressure. This is
due to the perturbation effect of hydrostatic pressure on
the periodic potential of the alloy.
In total DOS plots, by increasing pressure in most
of the energies in the valence band, peaks move to
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more negative energies. In contrast, in the conduction
band, peaks move to more positive energies. This is
the result of the abandonment of the equilibrium state,
decrease in stability and increase in energy of the system. In thermal properties, heat capacity at constant
volume (phonon contribution) has T3 -Debye behaviour
at low temperatures, while at high temperatures it tends
to Dulong–Petit limit. This parameter decreases with
increasing pressure. Debye temperature decreases with
increasing temperature and increases with increasing
pressure. Seebeck coefficient is in the range of 10−4 in
most temperatures that is not noticeable. But σ/τ is in
the range of 1019 in most temperatures that can be considerable considering that this alloy is a semiconductor.
Power factor at a pressure of 4 GPa at 100 K is in the
range of 1012 that is considerable. The plots of electronic
thermal conductivity (κe ) divided by relaxation time (τ )
and electronic contribution of heat capacity at constant
volume vs. temperature in the range of 100–1000 K at
0, 4 and 8 GPa pressure have also been investigated.
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