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Structural, elastic, electronic, and thermodynamic properties of
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The structural, elastic, electronic, and thermodynamic properties of thermoelectric material MgAgSb in γ , β , α phases
are studied with first-principles calculations based on density functional theory. The optimized lattice constants accord well
with the experimental data. According to the calculated total energy of the three phases, the phase transition order is
determined from α to γ phase with cooling, which is in agreement with the experimental result. The physical properties
such as elastic constants, bulk modulus, shear modulus, Young’s modulus, Poisson’s ratio, and anisotropy factor are also
discussed and analyzed, which indicates that the three structures are mechanically stable and each has a ductile feature. The
Debye temperature is deduced from the elastic properties. The total density of states (TDOS) and partial density of states
(PDOS) of the three phases are investigated. The TDOS results show that the γ phase is most stable with a pseudogap near
the Fermi level, and the PDOS analysis indicates that the conduction band of the three phases is composed mostly of Mg-3s,
Ag-4d, and Sb-5p. In addition, the changes of the free energy, entropy, specific heat, thermal expansion of γ-MgAgSb with
temperature are obtained successfully. The obtained results above are important parameters for further experimental and
theoretical tuning of doped MgAgSb as a thermoelectric material at high temperature.
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1. Introduction
The half-Heulser alloys have attracted a lot of atten-

tion because of their abundant magnetic,[1,2] thermoelectric
properties,[3–6] and behaviors as tunable multifunctional topo-
logical insulators.[7] The thermoelectric properties of half-
Heusler compounds can be modulated by substituting the three
atomic positions. MgAgSb with 18 valence electrons has been
found to have a half-Heusler structure. Moreover, the fig-
ure of merit reaches a maximum value of 0.56 at tempera-
tures around 150 ◦C to 170 ◦C.[8] Ying et al.[9] demonstrated
that α-MgAgSb is a promising candidate for power genera-
tion (300 K–550 K). Therefore, it is expected to be used as
a thermoelectric material in a high temperature environment.
Recently, the p-type MgAgSb-based material which shows
great potential due to its high figure of merit (≈ 1.4 at 475 K)
has been reported.[10] The p-type MgAgSb-based compound
has been shown to have a high thermoelectric conversion effi-
ciency of 8.5% between 20 ◦C and 245 ◦C.[11] Other strate-
gies have been reported to improve the thermoelectric per-
formances of MgAgSb-based materials for low-temperature
power generation.[12] The crystal structure and some physical
properties of MgAgSb were studied by Kirkham et al.,[8] Frost
and Raynor.[13] For example, the MgAgSb exhibits three dif-

ferent structures in the temperature range of 30 ◦C–420 ◦C.[8]

Elastic properties determine the material brittleness and
elastic response to external strain, which is very common in
material processing. The knowledge of elastic properties not
only strengthens the fundamental understanding of the mate-
rial performance under the strain, but also can relate the elec-
tronic structures in different strained conditions. The sound
velocity and Debye temperature are not only the important fac-
tors describing the fundamental physics properties of materi-
als, but also can be used to estimate the thermal properties of
different phases by using the Debye model.

For MgAgSb, despite its potential application as a ther-
moelectric material, many physical properties, such as elastic,
electronic, and thermodynamic properties are not well estab-
lished. Here, we conduct first-principles calculations to in-
vestigate the fundamental physical properties of this material.
The structures are optimized by full relaxation, and the lattice
parameters are obtained. The elastic properties (bulk mod-
ulus, shear modulus, Young’s modulus, Poisson’s ratio, and
anisotropy factor) are calculated and discussed, and the Debye
temperatures of three phases are estimated from the calculated
elastic constants. The density of states is calculated to study
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the structural stability mechanism. At the end, we discuss the
changes of free energy, entropy, specific heat, and thermal ex-
pansion with temperature.

The rest of the present paper is organized as follows. In
Section 2, the methods of the computations are described in
detail. The results and discussion are given in Section 3. Fi-
nally, we draw our conclusions briefly in the last section.

2. Methods of the computations
First-principles calculations in this work are performed

in the Vienna ab initio Simulation Package (VASP).[14] We
use the generalized gradient approximation with the Perdew–
Burke–Ernzerhof (PBE)[15] functional describing the ex-
change and correlation energy. The projector augmented-
waves (PAW) potential[16] is used, of which the valence con-
figuration for Mg is 2p63s2. For Ag and Sb, the valence elec-
tron configurations are 4d105s1 and 5s25p3, respectively. Con-
vergences of structure optimization and calculations of physi-
cal properties with respect to the plane wave cutoff energy and
k-points are tested. For structural optimization, a cutoff en-
ergy of 500 eV and k-point of 6×6×6 are used. Atomic and
cell variables are simultaneously relaxed until all the residual
forces are smaller than 1 meV/Å. For the calculations of elec-
tronic structure, elastic constants and vibration properties, a
cutoff energy of 500 eV and Monkhorst and Pack[17] k-points
of 18×18×18 are used. The density of states is calculated
with k-points 20×20×20. The whole set of force constants is
obtained from Hellmann–Feynman (HF) forces generated by
a nonequivalent atomic displacement in a supercell for a given
crystal structure. In the present study, the size of the supercell
is 2×2×2 of the primitive cells for three phases. The k-point
mesh of 12×12×12 is chosen for this model. A dynamical
matrix is constructed from HF forces acting on all atoms in the
supercells with a displaced atom. The maximum HF force is
within 0.02 eV/Å. Total energies are calculated using a set of
supercells with nonequivalent atomic displacements for each
polymorph. The number of supercells for the α , β , and γ

phases are 42, 21, and 3, respectively. Furthermore, phonon
related thermal properties such as the entropy, Gibbs energy
and lattice heat capacity are evaluated by employing the quasi-
harmonic approximation (QHA).[18]

3. Results and discussion
3.1. Structural properties

Structure optimization of the MgAgSb alloy is first per-
formed to determine the lattice constants and the atomic posi-
tions of high-temperature γ phase, intermediate-temperature β

phase and room temperature α phase, based on the experimen-
tal data.[8] The optimized structures are shown in Figs. 1(a)–
1(c). The γ phase is a cubic half-Heusler structure with

space group F 4̄3m, where Mg, Ag, and Sb atoms occupy
the 4b (0.5,0.5,0.5) site, 4c (0.25,0.25,0.25) site, and 4a
(0,0,0) site, respectively. The β MgAgSb structure is tetrago-
nal (P4/nmm), and Mg, Ag, Sb atoms are located at Wyck-
off positions 2c (0.25,0.25,0.2957), 2a (0.75,0.25,0), and
2c (0.25,0.25,0.7184), respectively. The α structure is also
tetragonal (space group I4̄c2), in which Mg and Sb atoms are
situated at 16i (0.964,0.296,0.096), 16i (0.239,0.475,0.120),
respectively. For Ag, three sites 4a (0.0,0.0,0.25), 4b
(0.0,0.0,0.0), 8e (0.224,0.224,0.25) are all occupied. In
these three structures, the Mg and Sb atoms form a rocksalt-
type structure, which is distorted at the intermediate and room
temperature. The optimized unit cell parameters and experi-
mental values are listed in Table 1 for comparison. The cal-
culated values of lattice constants are in excellent agreement
with the experimental[8] and other theoretical values[19] with
differences less than 2%, which demonstrates the effective-
ness of the proposed simulation model. The calculated total
energies of our considered systems (γ , β , α) are −9.129845,
−9.1918745, and −9.197573 eV/f.u. respectively, which in-
dicates that the phase transitions from γ to β , then to α

for MgAgSb alloy are in accordance with the experimental
results.[8]
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Fig. 1. (color online) Crystal structures of MgAgSb: (a) γ-phase, (b) β -
phase, (c) α-MgAgSb with the Mg shown in turquoise, the Sb in light
tan, and the Ag in silver inside the polyhedra.
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Table 1. Lattice constants and atomic positions of MgAgSb.

Phase a b c Atomic position

γ-MgAgSb 6.576 6.576 6.576 Mg (0.5 0.5 0.5), (0.5 0.5 0.5)a, (0.5 0.5 0.5)b

6.564a 6.564a 6.564a Ag (0.25 0.25 0.25), (0.25 0.25 0.25)a, (0.25 0.25 0.25)b

6.700b 6.700b 6.700b Sb (0.0 0.0 0.0), (0.0 0.0 0.0)a, (0.0 0.0 0.0)b

β -MgAgSb 4.461 4.461 6.857 Mg (0.25 0.25 0.296), (0.25 0.25 0.295)a, (0.25 0.25
4.454a 4.454a 6.844a 0.333)b Ag (0.75 0.25 0.0), (0.75 0.25 0.0)a , (0.75 0.25 0.0)b

4.420b 4.420b 6.890b Sb (0.25 0.25 0.718), (0.25 0.25 0.719)a, (0.25 0.25 0.729)b

α-MgAgSb 9.277 9.277 12.799 Mg (0.964 0.296 0.096), (0.974 0.276 0.096)a, (0.964 0.296 0.096)b

9.268a 9.268a 12.762a Ag (4a)(0.0 0.0 0.25), (0.0 0.0 0.25)a, (0.0 0.0 0.25)b

9.176b 9.176b 12.696b Ag (4b)(0.0 0.0 0.0), (0.0 0.0 0.0)a, (0.0 0.0 0.0)b

Ag (8e)(0.224 0.224 0.25), (0.222 0.222 0.25)a, (0.224 0.224 0.25)b

Sb (0.239 0.4750 0.120), (0.231 0.476 0.116)a (0.239 0.4750 0.120)b

aTheoretical values;[19] bExperimental values[8]

3.2. Elastic properties and the Debye temperature

The elastic properties describe the mechanic properties
of materials under the strain, while the strain is a very famil-
iar structural distortion in material fabrication. Thus, they are
useful for understanding their responses to pressure, mechan-
ical strength, and phase transition. Elastic constants can be
calculated by applying small strains to the equilibrium state
and determining the corresponding energy variations. In a
cubic lattice, the number of independent elastic constants is
three, while the tetragonal lattice has six independent elas-
tic constants. The calculated elastic constants of three struc-
tures are listed in Table 2. For cubic γ-MgAgSb, we obtain
C11 = 70.6 GPa, C12 = 52.1 GPa, C44 = 29.8 GPa, which ful-
fil the mechanical stability conditions of cubic system [(C11 +

2C12) > 0, C44 > 0, C11 > 0, (C11 −C12) > 0].[20,21] The ob-
tained elastic constants of tetragonal phases also satisfy the
stability conditions:[22] (C11 −C12)> 0, (C11 +C33 −2C13)>

0, (2C11 +C33 +2C12 +4C13)> 0, C11 > 0, C33 > 0, C44 > 0,
C66 > 0. To the best of our knowledge, neither experimental
nor theoretical values of elastic moduli for the MgAgSb alloys
are available in the literature. Elastic constants can be used to
determine the mechanical properties such as bulk modulus (B),
shear modulus (G), Young’s modulus (E), Poisson’s ratio (ν),
and elastic anisotropic factor (A) by using the Voigt–Reuss–
Hill averaging scheme (VHR).[23–25] For the cubic system, the
Voigt bounds of B and G are

GV = (C11 −C12 +3C44)/5, BV = (C11 +2C12)/3, (1)

and the Reuss bounds of B and G are

BV = BR, GR = 5C44(C11 −C12)/(4C44 +3(C11 −C12)). (2)

The bulk modulus and shear modulus are estimated by Hill’s
average as follows: B = (BV +BR)/2, and G = (GV +GR)/2.
For the tetragonal lattice, the B and G are given by VHR
approximation.[24,25] Apart from this, the E, ν , and A are cal-
culated with the method explained in our previous work.[26,27]

These properties are also presented in Table 2. A ratio of
B/G is usually used to differentiate between the ductile and

brittle character of material.[28] The critical value is 1.75. If
B/G < 1.75, the material behaves in a brittle manner, other-
wise, it is regarded as a ductile material. According to Table 2,
it can be seen that the three values are all larger than 1.75,
which indicates that the three structures have a ductile fea-
ture each. Considering the ductile character of metal, it is not
unexpected that MgAgSb is ductile material and is easily pro-
cessed. With the increase of temperature, the value of E also
increases, indicating that the temperature enhances the stiff-
ness of this material. Poisson’s ratios of the three phases are
larger than 0.25 and less than 0.5, suggesting that interatomic
forces in three structures are central.[29] The calculated elastic
anisotropy factor reduces quickly from α to γ , showing that
the MgAgSb alloy is more isotropic with temperature increas-
ing, which is in accordance with the experimental result.[8]

Table 2. Calculated values of elastic constants (Ci j in unit GPa), bulk
modulus (B in unit GPa), shear modulus (G in unit GPa), and Young’s
modulus (E in unit GPa), Poisson’s ratio (ν), elastic anisotropic factor
(A), transverse elastic velocity (ν t in unit m/s), longitudinal elastic ve-
locity (ν l in unit m/s), average elastic velocity (νm in unit m/s), elastic
Debye temperature (TD in unit K) and for the three MgAgSb phases at
the theoretical equilibrium volume.

Properties γ β α

Elastic constant C11 70.6 85.5 89.0
C12 52.1 25.2 32.9
C13 52.1 49.7 49.8
C33 52.1 82.7 69.9
C44 29.8 3.4 1.1
C66 29.8 13.9 29.1

Bulk modulus B 58.3 55.2 56.98
Shear modulus G 18.7 8.86 8.08

B/G 3.12 6.23 7.05
Young’s modulus E 50.6 25.22 23.16

Poisson’s ratio ν 0.36 0.42 0.43
Elastic anisotropic factor A 1.84 7.86 26.5

Transverse elastic velocity ν t 4181.5 1196.0 1147.6, 1120c

Longitudinal elastic velocity ν l 8823.5 3289.7 3322.7,3708c

Average elastic velocity νm 4704.6 1358.3 1304.8,1276c

Elastic Debye temperature TD 280 145 139,160c

cRef. [32].
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In a word, calculation results reveal that the MgAgSb has
a low value of modulus and a high value of Poisson’s ratio
(> 0.25). Further, it is a soft (ductile) material due to strong
metallic bonding.

As Debye temperature (TD) is closely related to many
physical properties such as specific heat, elastic constants,
thermal coefficient and melting temperature, we also calculate
the Debye temperature from the following equation:[30]

TD =
h
k

[
3n
4π

(
NAρ

M

)]1/3

νm, (3)

where h is the Planck constant, k is the Boltzmann constant,
NA is the Avogadro number, n is the number of atoms per for-
mula unit, M is the molecular mass per formula unit, and ρ is
the density. The average sound velocity νm is given by[30,31]

νm =

[
1
3

(
2

ν3
t
+

1
ν3

l

)]−1/3

, (4)

where ν t and ν l are the longitudinal and transverse elastic
wave velocities of the polycrystal1ine materials, respectively
and are obtained by Navier’s equations:[30]

νt =

[
G
ρ

]1/2

, νl =

B+
4G
3

ρ


1/2

. (5)

The shear sound velocity vt, longitudinal sound velocity
vl, average wave velocity vm, and Debye temperatures TD at
0 K are calculated and listed in Table 2. The TD values of
γ-, β -, α-MgAgSb obtained are 280 K, 145 K, 139 K respec-
tively. Li et al.’s results showed that the Debye temperature of
a-MgAgSb is 160 K, the longitudinal and transversal phonon
velocities 3708 m/s and 1120 m/s, respectively,[32] which are
close to our calculated TD, vl, and vmα-MgAgSb. The dimin-
ishing TD is connected with the distorted lattice structure and
bond strength. Future experiments will testify our calculated
results.

3.3. Electronic properties

In order to have further insights into the bonding char-
acteristics of MgAgSb and reveal the underlying mechanism
for the mechanical properties and structural stability, we cal-
culate the total density of states (TDOS) and partial density of
states (PDOS) of the three phases as shown in Figs. 2(a)–2(c).
From Fig. 2(a) to Fig. 2(c), it is found that the TDOS at the
Fermi level is 0.4480 states/eV per unit cell for γ-MgAgSb,
0.3891 states/eV per unit cell for the β phase, 0.107 states/eV
per unit cell for the α phase, respectively, which is very close
to the TDOS values by Miao and Ghosez [19] and Ying et al.[9]

Especially for the α phase at low temperature, we also calcu-
late its TDOS with hybrid HSE06 functional and find that the

TDOS value has very small difference at Fermi level, which
indicates that the α structure is semimetal, which is in accor-
dance with the result in Ref. [19]. The calculated TDOS at
the Fermi level indicates that the γ phase is most unstable, and
the α phase is most stable, which is consistent with the ex-
perimental results.[8] Besides, we find that a pseudogap exists
near the Fermi level for low temperature α phase, suggesting
that it is the most stable structure. For the PDOSs of γ , β , α in
Fig. 2, Ag-4d states and Sb-5p states mainly contribute to the
lower part of the valence band, which shows the obvious hy-
brid character of Ag-4d and Sb-5p states. A hybrid character
is simultaneously observed in the conduction band composed
mostly of Mg-3s, Ag-4d, and Sb-5p.
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Fig. 2. (color online) Calculated total and partial densities of states of
MgAgSb compound: (a) α-MgAgSb, (b) β -MgAgSb, (c) γ-MgAgSb.
The Fermi level is set to 0 eV.

3.4. Thermodynamics properties

Thermal properties play an important role in understand-
ing the thermal response of a solid. The temperature depen-
dence of the thermodynamic property of γ-MgAgSb was eval-
uated in a quasi-harmonic approximation.[33] The details of
these calculations have been provided previously.[34,35] The
calculated free energy, entropy, and specific heat (Cv) of high
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temperature γ-MgAgSb are shown in Fig. 3(a). It is known
that the free energy of a structure is closely related to its ge-
ometrical structure. From the free energy curve shown in
Fig. 3(a), it is identified that the free energy decreases as tem-
perature increases. Figure 3(a) shows that as the tempera-
ture increases the entropy curves increase smoothly as well.
This behavior is understandable because the phonon frequency
should increase with temperature. It is observed that in a tem-
perature range of 0 K–1000 K the calculated Cv increases
sharply with increasing temperature while at low tempera-
tures, then increases slowly with further increasing tempera-
ture. The obtained Cv curve in a range of 0 K–300 K is close
to the low temperature Cv measurement by Li et al.,[32] which
indicates that our calculations are reasonable. At high tem-
peratures, the Cv is close to the classical Dulong–Petit limit
(74.8 J/mol·K). This indicates that the optical and acoustic
modes are all excited at the temperature. Furthermore, the
variation of thermal expansion coefficient α with tempera-
ture is illustrated in Fig. 3(b). At zero pressure the α in-
creases exponentially at low temperature and gradually ap-
proaches a linear increase for T > 150 K. Also, the α value
varies from 70×10−6/K to 100×10−6/K at temperatures in the
range 300 K–700 K, which is slightly more than the experi-
mental value 64×10−6/K at temperatures in the range 300 K–
693 K.[8]
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Fig. 3. (color online) (a) The calculated thermodynamic properties in
the temperature range 0 K–1000 K: vibrational Helmholtz free energy
(red curves), vibrational entropy (blue curves), and specific heat at con-
stant volume Cv (gree curves). (b) The calculated thermal expansion
(α) of high temperature in a temperature range of 0 K–800 K.

4. Conclusions
In this work, an attempt is made to employ the first-

principles method to investigate the structural, elastic, elec-
tronic, and thermodynamic properties of the MgAgSb mate-
rial. The calculated lattice parameters of three MgAgSb struc-
tures are in good agreement with the available experimental
data. The Ci j, B, G, E, ν , and A are determined, showing
that the three MgAgSb structures with ductile feature are me-
chanically stable. The density of states is analyzed and shows
that the α-MgAgSb is most stable with a pseudogap near the
Fermi level. Finally, the thermodynamic properties are also
studied. The thermodynamic properties such as free energy,
entropy, Cv, and α are predicted theoretically, demonstrating
that the results from the first-principles calculations are useful.
At 0 GPa and 300 K, the heat capacity Cv is 74.8 J mol−1·K−1

and the thermal expansion coefficient α is 5.19×10−5 K−1.
As there are few experimental data at present, it is necessary to
compare these results quantitatively with reliable experimen-
tal data in the future, to discuss the calculation accuracy in
detail. In addition, the results calculated in this work provide
the theoretical reference for experimentally designing the ther-
moelectric materials at even higher temperature.
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