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We study the effect of pressure on electronic and thermoelectric properties of Mg, Si using the density functional
theory and Boltzmann transport equations. The variation of lattice constant, band gap, bulk modulus with pressure is also
analyzed. Further, the thermoelectric properties (Seebeck coefficient, electrical conductivity, electronic thermal conductiv-
ity) have been studied as a function of temperature and pressure up to 1200 K. The results show that Mg, Si is an n-type
semiconductor with a band gap of 0.21 eV. The negative value of the Seebeck coefficient at all pressures indicates that the
conduction is due to electrons. With the increase in pressure, the Seebeck coefficient decreases and electrical conductivity
increases. It is also seen that, there is practically no effect of pressure on the electronic contribution of thermal conductivity.
The paper describes the calculation of the lattice thermal conductivity and figure of merit of Mg, Si at zero pressure. The
maximum value of figure of merit is attained 1.83 x 10~ at 1000 K. The obtained results are in good agreement with the

available experimental and theoretical results.
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1. Introduction

Thermoelectric based generators and refrigerators are
solid-state devices in which heat energy is converted into elec-
tricity and vice versa. Thermoelectric generators have been
used in power generation and remote power sources.!!! Ther-
moelectric generators are noiseless, reliable, and have no mov-
ing parts. Now, these generators are used in aerospace and mil-
itary applications. Several thermoelectric materials based on
tellurium, lead, antimony, and selenium has been investigated.
These materials are more efficient because of high figure of
merit, but are not safe to handle because of their toxic nature.
These materials are less abundant and more expensive. Thus, it
is a great challenge to search for new thermoelectric materials
that are low cost, non toxic, and environment friendly. Semi-
conducting alkaline earth metal silicides have been of great
interest due to their applications in thermoelectric devices.!>!
Magnesium silicide and related alloys are promising material
for thermoelectric devices because of their non toxic nature,
thermal stability, low density, relative abundance, and low cost
of production. Mg,Si material has been considered as a high
performance thermoelectric material in the temperature range
of 500 K-800 K.[*31 Due to high specific strength and elastic
modulus, Mg;Si can be used in the automobile and aerospace
industry.[%7] This material can also be used for optical fibers
because it has good ohmic contact with Si.[®! Magnesium sili-
cide is an n-type semiconductor having a band gap of 0.37 eV-
0.78 eV.[10]

The parameter which evaluates the performance of ther-
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moelectric materials is a dimensionless figure of merit ZT,!'!]
which is defined as
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where S, o, k, and T are Seebeck coefficient, electrical con-
ductivity, thermal conductivity, and temperature, respectively.
Further, the product of the Seebeck coefficient and electrical
conductivity is known as thermopower (S>6). The efficiency
n 21 of any thermoelectric generator or refrigerator depends
upon ZT as a given below
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where Ty and Tc refer to the temperature of the hot and cold
sides of the sample, respectively.

Efficient thermoelectric materials have high thermo-
power and low thermal conductivity. High performance ther-
moelectric materials have ZT equal to or greater than one.

13,141 reported electronic, elastic, and phonon

Baranek et al.!
properties of this compound at zero pressure. Their studies
have shown that the band gap is greater than the experimen-
tal value and all the electron calculations point out a mixed
ionic—covalent nature of Mg-Si bonding. Tani and Kido!'”!
have reported the structural, elastic, and thermodynamic prop-
erties of this material at zero pressure. Several recent studies
have reported the ZT value of Mg;Si and its solid solutions.

Zaitsev et al.l' achieved a maximum ZT of 1.1 within the
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temperature range of 300-870 K. Isoda et al.l'”! achieved a
maximum ZT, 1.2 at 620 K. Jung and Kim obtained ZT= 0.7
at 830 K with Bi-doped Mg,Si.['8! Kyung-Ho et al.!"! ob-
tained maximum ZT= 0.24 at 773 K. Mao et al.'*°! have ex-
perimentally reported that at 7.5 GPa, the cubic antiflourite
structure changes into an anti-cotunnite structure. Yu et al.[*!!
reported the electronic, elastic, and thermal properties (en-
tropy and specific heat) of Mg,Si at different pressures and
temperatures. With the first-principles calculation, Yu ez al.[??]
reported the metallization of Mg, Si takes place at § GPa. They
also found that the phase transformation from antiflourite to
anti-cotunnite structure takes place at 8.38 GPa. Hao et al.!>’!
and Hao!**! experimentally revealed that a phase transition
takes place at 7.5 GPa. Murtaza et al.'>) reported the effect
of pressure on the electronic properties of this material. To
the best of our knowledge, the thermoelectric properties such
as the Seebeck coefficient, electrical and thermal conductivity,
etc., of Mg, Si at different pressures and at high temperature
has not yet been reported.

Therefore, the aim of this study is mainly devoted to pre-
dict the evolution of electronic and thermoelectric properties
of Mg,Si under pressure to fill the lack of experimental data.
The rest of the paper is divided into three sections. In Section
2, the computational methodology used in the present calcu-
lations is briefly explained. In Section 3, the results of elec-
tronic and thermoelectric properties of the material are dis-
cussed. Section 4 briefly summarizes the whole paper.

2. Theoretical and computational methodology

Mg, Si is the face-centered cubic (FCC) structure. Its cor-
responding space group is Fm-3m.?% It belongs to the anti-
fluorite structure family. There are three in-equivalent sites
that can be specified in the irreducible unit cell, namely Si:
a(0,0,0), Mg: a(1/4,1/4,1/4), and Mg: a(1/4,1/4,3/4). In
these calculations, 2 x 1 x 1 super cell of Mg;Si which con-
tains 24 atoms (16 Mg atoms and 8 Si atoms) has been con-
structed.

In this study, we adopted the same methodology which
we have used to find the electronic and thermoelectric proper-
ties of MgyC.[>”) The electronic structure calculations were
performed using density functional theory (DFT) based on
the plane wave pseudo potential method as implemented in
the Quantum Espresso package.!*8! The generalized gradient
approximation (GGA)!*°! of Perdue-Burke—Ernzerhof (PBE)
was used for the exchange—correlation functional. The cutoff
for the kinetic energy was set to 40 Ry (1 Ry =13.6056923 eV)
for the plane-wave expansion of the electronic wave functions.
The charge-density cutoff was kept at 400 Ry and the Marzari-
Vanderbilt cold smearing size was fixed at 0.003 Ry. The Bril-
louin zone integration was performed using the Monkhorst—
Pack scheme??! with 4 x 8 x 8 meshes. The lattice constant

of Mg,Si was optimized until the total energy converged to at
least 10~° Ry, and the forces between atoms became smaller
than 10~* Ry/bohr. For the density of state (DOS) calcula-
tion, we used the tetrahedron method with 16 x 16 x 16 denser
k-point mesh.

We have interfaced the Quantum Espresso package with
the BoltzTraP code!! to calculate the thermoelectric prop-
erties. The BoltzTraP code is based on the Boltzmann the-
ory and calculates various band structure dependent quanti-
ties such as electrical conductivity (o) and electronic ther-
mal conductivity (k.) within constant time approximation and
rigid band approximation (RBA).[32331 The BoltzTraP code
can analytically represent these band energies with a smoothed
Fourier interpolation and thereafter we can obtain the neces-
sary derivatives such as electron velocities for transport prop-
erties. The electrical conductivity (o) and seebeck coefficient
(S) as a function of group velocity (v ) is expressed as
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where N, 7, €, &, and f3, v (i,k) are the number of k points
sampled, relaxation time, band energy, tensor indices, and a
component of the group velocities respectively. Further, the
group velocity can be written as
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The transport coefficients are a function of temperature and

chemical potential and can be calculated by integrating the

transport distribution 3%}
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where ¢, k0, Q, U, and f;; are the electronic charge, the elec-
tronic part of thermal conductivity, volume of unit cell, chem-
ical potential, and Fermi—Dirac distribution function respec-
tively.

The electrical conductivity (o) is expressed in terms of
the ratio of o/t. To calculate the electrical conductivity of
the system, we must determine the relaxation time. Hence,
we adopted the strategy previously used by Ong et al.®¥ and

1.35] We assumed that the relaxation time is direc-

Zou et a
tion independent, and treated the relaxation time as constant
for certain specific temperature and carrier concentration. The

reported experimental electrical resistivity (p) for Mg,Si is
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7.14 x 1072 Q-cm3%1 at 300 K, which combined with the cal-
culated /7 yields T = 0.176 x 10~!4 s for this sample. By
inserting these values into the standard electron phonon relax-
ation time equation (7 = CT~'n~'/3), the value of constant
Cn~'/3 is determined as 5.28 x 10713 s.K. Further, using this
value, we calculate electrical conductivity ©.

In this study, we used the ShengBTE code”! to calculate
the lattice thermal conductivity, which is based on the phonon
Boltzmann transport equation (pBTE). This code is based on
the second-order (harmonic) and third-order (an harmonic) in-
teratomic force constants (IFCs) combined with a full solu-
tion of the pBTE and can successfully predict the ;.33 We
calculated the second-order (harmonic) interatomic force con-
stants (IFCs) from the Quantum Espresso package?®! and the
third-order (an harmonic) interatomic force constants (IFCs)
was obtained from ShengBTE. "]

The lattice parameter and bulk modulus have been calcu-
lated by computing the total energy for different volumes and
fitted to Murnaghan’s equation of state!*‘]

O R

B) [[Vo

where P is the pressure, Vj is the reference volume, V is the
deformed volume, By is the bulk modulus, and 36 is the deriva-
tive of the bulk modulus with respect to pressure.

3. Results and discussion
3.1. Electronic properties

The calculated lattice constant, bulk modulus, and band
gap at different pressures are summarized in Table 1. The cal-
culated lattice constant of Mg, Si at zero pressure is 6.364 A.
This value is close to the previous theoretical result reported by

Pandit et al.'*'! and experimental observation by Fan et al.[**!
The calculated values of the lattice constant at all pressures
are in excellent agreement with the theoretical data. The cal-
culated band structure and density of states (DOS) of Mg, Si
at different pressures are shown in Figs. 1 and 2, respectively.
It is clear from the figure that Mg, Si is an indirect band gap
semiconductor at all applied pressures. The highest occupied
valance band (HOVB) lies on the I" point, and the lowest
unoccupied conduction band (LUCB) is at X high symme-
try point. Overall, the feature of our band structure at zero
pressure shows a good agreement with the data reported by
Boulet et al.,[*3] but is underestimated as compared to the ex-
perimental value. The standard local density approximation
(LDA) and generalized gradient approximation (GGA) func-
tional have their own limitations. Note that the LDA or GGA
provides a smaller band gap than the experimental value due to
the well-known underestimation of the conduction band state
energies in the DFT calculation.** The band structures are
quite similar at all pressures. Only the band gap reduces with
pressure. The valence band is divided into two sub bands.
Starting from the lower energy band, these energy bands con-
sist of Si 3s states. The second bands of the valence band are
mainly due to Si p states and the small contribution of Mg
s and p states. In the conduction band, both the Si and Mg
contributions were nearly the same. The conduction bands
are a mix of Mg s, p states and Si s, p states. The valance
bands have a stronger Si p character. This is clearly shown
in the PDOS depicted in Fig. 3. Moving upward in energy, at
all pressures there is a distinct energy gap. With the increase
in pressure, the valence band energy level decreases and the
valence band width increases. From the calculated band struc-
tures and DOS, we can derive that the system is changing from
semiconductor to metallic with the increase in pressure.

Table 1. Calculated lattice constant, band gap, and bulk modulus at different pressures and comparison with available experimental

and theoretical data.

At P =0 GPa Properties Calculated (this work) Previous theoretical work Experimental work
lattice constant/A 6.364 6.3690,1411 6,344 6.35,[461 6,37142]
band gap/eV 0.21 0.42,[411 0,21 431 0.37,111 9.78112)
bulk modulus/GPa 55.4 54,1411 56.49147) 52.5,1431 57,0323
AtP=2GPa Properties Calculated (this work) Previous theoretical work Experimental work
lattice constant/A 6.328 6.3130211 -
band gap/eV 0.176 - -
bulk modulus/GPa 59.2 60.61211 -
At P=4GPa Properties Calculated (this work) Previous theoretical work Experimental work
lattice constant/A 6.263 6.248121] -
band gap/eV 0.139 - -
bulk modulus/GPa 67.1 68.01211 -
At P =6 GPa Properties Calculated (this work) Previous theoretical work Experimental work
lattice constant/A 6.210 6.1901211 -
band gap/eV 0.104 - -
bulk modulus/GPa 738 75401 -
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Fig. 1. (color online) Electronic band structures of Mg, Si at different pressures. (a) P = 0 GPa, (b) P =2 GPa, (¢c) P = 4 GPa, and (d) P = 6 GPa.
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Fig. 2. (color online) Density of states of Mg, Si at different pressures. (a) P = 0 GPa, (b) P =2 GPa, (c) P =4 GPa, and (d) P = 6 GPa.
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Fig. 3. (color online) Projected density of state of Mg, Si at zero pres-
sure.

3.2. Thermoelectric properties

The variation of Seebeck coefficient (S), the electrical
conductivity (o/7), the electronic thermal conductivity (ke /7),
and power factor (S?c/7) with respect to temperature are
shown in Fig. 4. The Seebeck coefficient increases with tem-
perature and at high temperature it decreases with the increase
in temperature due to the presence of thermally excited mi-
nority carriers which increase the electronic concentration (7).
We know that the seebeck coefficient and carrier concentration
are related to each other as follows:

8k, [ T }2/3

S — -
3e2 " L3

; (10)
where ky, is the Boltzmann constant, m* is effective mass, and
n denotes the carrier concentrations. According to Eq. (10),
the Seebeck coefficient is inversely proportional to the car-
rier concentration. At zero pressure, the increasing in Seebeck
coefficient with temperature is due to a low concentration of
charge carriers and at high temperature it decreases due to the
increase of thermally excited electrons. The negative sign of
the Seebeck coefficient indicates that Mg, Si is an n-type semi-
conductor, i.e., conduction is due to electrons. It is also seen
that with the increase in pressure, the Seebeck coefficient de-
creases. As shown in Table 1, with the increase in pressure,
the band gap decreases and the system goes towards a metal-
lic nature, which results in an increased effective mass. The
increase in effective mass affects the thermoelectric proper-
ties. Kalarasse and Bennecer!*®! reported that Mg»Si became
metallic at 6.1 GPa.

Figure 4(b) shows the variation of electrical conductivity
(o/7) with temperature. The figure shows that the electrical
conductivity increases with the increase in temperature which
shows the semiconductor behavior!*°! of this compound. The
electrical conductivity increases due to the increase in the
number of charge carriers at high temperature. The relation
between the electrical conductivity and carrier concentration

(n) is given as
o =ney, (1)

where e is the electronic charge and p is the mobility. The
positive temperature dependence of electrical conductivity at
high temperature is due to an increase in carrier concentration.
Our calculation at zero pressure shows reasonable agreement
with data reported by Fu ef al. 5%

Figure 4(c) shows the variation of electronic thermal con-
ductivity with temperature. The electronic contribution of
thermal conductivity directly depends upon carrier concentra-
tion, according to the following equation:

B nnsz%

ke = 12)

3m*ve
With the increase in pressure, there is no change in carrier con-
centration, so the electronic thermal conductivity remains con-
stant at all pressures.

Figure 4(d) shows the variation of power factor (PF) with
temperature. As the temperature increases, the power fac-
tors at all pressures increase and reach the maximum value
at 800 K. However, with the increase in pressure, the PF de-
creases.

From the above discussion, we conclude that with an
increase in pressure, the power factor of Mg,Si decreases.
Power factor is an accumulated effect of Seebeck coefficient
and electrical conductivity. With the increase in pressure, the
band gap decreases which decreases the effective mass of elec-
tron. The Seebeck coefficient directly depends upon the ef-
fective mass, thus reduces the effective mass, decreases the
Seebeck coefficient, and increases the electrical conductivity.
Here, the Seebeck coefficient plays the main role in decreasing
the power factor.

Figure 5 shows the variation of electronic thermal con-
ductivity and lattice thermal conductivity with varied temper-
ature at zero pressure. This figure shows that the electronic
part of thermal conductivity also increases with the increase in
temperature. The lattice contribution of thermal conductivity
decreases with the increase in temperature. Figure 6 shows
the variation of total thermal conductivity (k) with temper-
ature at zero pressure. The observed value of total thermal
conductivity decreases with the increase in temperature. Our
calculated results show a good agreement with data reported
by Tani et al.>') and Akasaka et al.!”! In this calculation, we
find that 99% thermal conductivity is due to the lattice contri-
bution. The lattice contribution of thermal conductivity has a
more profound role than the electronic contribution of thermal
conductivity. The total thermal conductivity results from the
lattice contribution at all temperatures. This is due to the low
carrier concentration.
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Fig. 4. (color online) (a) Seebeck coefficient (S), (b) electrical conductivity (6/7), (c) electronic thermal conductivity (ke /), and (d)
power factor (S2c/7) versus temperature at different pressures.

"“ 25 T T T T T T
K

T 20} - k.
g ——k

- 1
g

> 15f 1
Rt

2

S 10f i
=l

el

g

S sf -
E

ool e
': 1 1 1 1 1 1
) 400 800 1200

Temperature/K

Fig. 5. (color online) Electronic (k. ) and lattice (k) thermal conductiv-

ity versus temperature at zero

pressure.

—
I\....

'_“ 25 T
<

T

g 20t
2

~

2

: br
k3]

2

E 10}
o

=
sk
g

=

‘;’ 0

0 200 400 600 800 1000 1200

Temperature/K

Fig. 6. (color online) Variation of total thermal conductivity with tem-

perature at zero pressure.

Figure 7 shows the variation figure of merit (ZT) with
temperature at normal pressure. The figure of merit for Mg, Si
was low due to the low electrical conductivity, i.e., low car-
rier concentration. Mg,Si attained the maximum value of
ZT=0.0018 at 1000 K.
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Fig. 7. (color online) Figure of merit (ZT) versus temperature at zero
pressure.

4. Conclusion

We have used the density functional theory with GGA to
investigate the effect of pressure on the electronic and thermo-
electric properties of Mg,Si. The results show that the band
gap decreases with pressure. Instead of electronic properties,
overall thermoelectric properties decrease with pressure. The
Seebeck coefficient and power factor decrease with pressure
but electrical conductivity increases with pressure. The total
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thermal conductivity at normal pressure decreases with tem-
perature and the maximum value of figure of merit is 0.0018
at 1000 K.
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