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for use in the temperature range of 300—600 K

© V.G. Orlov, G.S. Sergeev, A.A. lvanov

National Research Center ,Kurchatov Institute”,
123182 Moscow, Russia

E-mail: valeryorlov3@gmail.com

Received September 24, 2025
Revised October 10, 2025
Accepted November 5, 2025

Using the WIEN2k program, based on the density functional method, the electronic structure of the tetragonal

a- and B-phases and two variants of the cubic y-phases of the MgAgSb compound was calculated. From the
calculation results it follows that the structural phase transitions in MgAgSb are accompanied by semiconductor-
metal electronic transitions. Analysis of the features in the spatial distribution of the charge density of the a-
and B- and p-phases showed the absence of covalent bonding in MgAgSb, which can explain the presence of
several structural phase transitions over a small temperature range. Using the phonopy and phono3py programs,
the phonon spectra of the y-phase of MgAgSb, as well as its lattice thermal conductivity in the temperature range
from 300 to 1000 K, were calculated. The IRelast program made it possible to find for all MgAgSb phases both the
values of the elastic constants C;; and the values of the main strength characteristics — shear moduli, compression
moduli, Young’s modulus, Poisson’s ratio, Vickers hardness, and universal indices of elastic property anisotropy.
Basing on the analysis of the obtained data, it was concluded that the @-phase of MgAgSb has the best mechanical

properties.
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1. Introduction

The compound a-MgAgSb is considered as a promising
thermoelectric material (TEM), which demonstrates the
possibility of creating thermoelectric generators with an
efficiency of up to 12% in the temperature range from 300
to 600K [1-3]. High conversion efficiency is provided by
large values [1-5] of dimensionless thermoelectric Q-factor
ZT:

S’c

T = ——
Klat 1 Kel

(1)
where T is the temperature, S is the thermo-emf (Seebeck
coefficient), o is the electrical conductivity, i is the
thermal conductivity of the lattice and k¢ is the thermal
conductivity of charge carriers (electrons and holes). It
should be noted that the maximum value of ZT ~ 1.6 at
T = 523K was obtained in Ref. [1] for a-MgAgSb samples,
the composition of which was close to stoichiometric.

The presence of two more phases such as tetragonal 3
and cubic y was revealed in MgAgSb compound in Ref. [6]
using X-ray diffraction, in addition to the low-temperature
tetragonal a-phase. The temperature range in which the new
phases exist has turned out to be quite narrow: -phase was
found at a temperature of 300 °C and y-phase was found at
a temperature of 360 °C. The presence of three crystalline
phases in MgAgSb was confirmed in Ref. [7]. But the variant
of the arrangement of atoms in the lattice cell proposed for
the y-phase differs from the arrangement of atoms proposed
in Ref. [6]. Further, we will denote the y-phases of MgAgSb
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with the arrangement of atoms from Refs. [6 and 7] as p1
and y2, respectively.

Taking into account the reported [4,7-11] spread of
the results of calculations of the electronic structure of
various phases of the MgAgSb compound, as well as the
importance of the question of the type of chemical bonding
realized in this compound, it seemed interesting to use
for calculations of the electronic structure and analysis
of features in the charge distribution of a-, B-, y1- and
y2-phases of MgAgSb, the approach that was previously
used to model the properties of phase change materi-
als [12,13], antimony and bismuth chalcogenides [14,15],
high-temperature superconductors and the parent com-
pounds for obtaining them [16-18]. This approach for
calculation of the electronic band structure consists of using
a software package WIEN2k [19,20], exchange potential
mBJ [21] and electronic correlations in a local charge
density approximation [22]. The singularities in the charge
density distribution and their analysis were found using
the CRITIC2 [23] program, developed for the topological
analysis of scalar fields in periodic lattices based on the
method ,,Quantum Theory of Atoms in Molecules and
Crystals” [24-26].

High values of ZT (1) for «a-MgAgSb are asso-
ciated both with a low value of total thermal con-
ductivity Kiot = Kiat + Kel, and mainly with low lattice
thermal conductivity . The experimental values of
Kot ~ 1W-m~1.K~! for a-MgAgSb at room temperature
are given in Refs. [4-7,27]. The lattice thermal conductivity
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Table 1. Parameters of MgAgSb crystal phases

Phase, Space Parameters of Position type,
reference group z lattices Atom coordinates of atoms
a [6] Tetragonal 16 a=b=09.176A Mg 16i; —0.036, 0.296, 0.096
14c2 DY c=12.696 A Agl 4a; 0, 0, 1/4
N120 Ag2 4b; 0,0, 0
Ag3 8e; 0.224, 0.224, 1/4
Sb 16i; 0.236, 0.475, 0.12
B [6] Tetragonal 2 a=>b=44199A Mg 2c; 1/4, 1/4, 0.333
P4/nmm D}, c = 6.8896 Ag 2a; 3/4, 1/4, 0
N129 Sb 2c; 1/4, 1/4, 0.729
y1 6] Cubic 4 a=b=c=6.700A Mg 4b; 1/2, 1/2, 1/2
Fd3m T} Ag 4c; 1/4, 1/4, 1/4
N216 Sb 4a; 0,0, 0
y2 [7] Cubic 4 a=b=c=6704A Mg 4a; 0,0, 0
F43m T} Ag 4b; 1/2, 1/2, 1/2
N216 Sb 4c; 1/4, 1/4, 1/4

Kt 1s usually estimated by subtracting from ki the
contribution to the thermal conductivity of charge carriers
Kel calculated according to the Wiedemann-Franz law:

K =LoT, (2)

where L is the Lorentz number, ¢ is the measured electrical
conductivity, T is the temperature. In this case, there is a
significant uncertainty associated with both the applicability
of formula (2) and the Lorentz number (L), which, even
at room temperature, may differ markedly from its value
for free electrons in a metal, and may depend on the
details of the band structure, electron and phonon scattering
mechanisms, and temperature [28]. The value ki in
Refs. [4-7,27] for a-MgAgSb at room temperature, found
by subtracting the contribution of xg (2) from ki, was
estimated as ki ~ 0.6—0.8 W-m~—!-K~!. The reasons for
the low values of ki, in experimental and theoretical studies
in Refs. [4-7,9,27,29-31]: lattice defects, the presence of
impurities, the specificity of chemical bonding and the
anharmonicity of atomic vibrations. Given the considerable
uncertainty of estimation of ki, using the procedure de-
scribed above, it seemed interesting to calculate the spectra
of atomic vibrations and the lattice thermal conductivity
of the MgAgSb compound using the phonopy [32] and
phono3py [33] programs. The complexity of the crystal
structure of the a-phase of MgAgSb, whose tetragonal
lattice cell contains 16 formula units of the compound
(48 atoms), requires long computer calculations, therefore,
calculations in this paper were performed for p1-phase of
MgAgSb.

In addition to the high values of ZT (1), thermoelectric
materials must also have good strength properties, since
they have to work for a long time under cyclic thermal loads.
The mechanical properties of tetragonal a-, 8- and cubic
y1-, p2-phases of the MgAgSb compound were modeled in

this study using the IRelast program [34], implemented in
the WIEN2k software package [19].

2. Electronic band structure and charge
density distribution features
in MgAgSb

Calculations of the electronic band structure of tetragonal
a-, - and cubic p1-, p2-phases of the MgAgSb com-
pound were carried out using the WIEN2k software pack-
age [19,20] based on the density functional theory (DFT)
method An Augmented Plane Wave 4 Local Orbitals. The
Becke and Johnson exchange potential (mBJ), modified by
Tran and Blaha [21], was chosen as the exchange potential,
which includes the charge density and its gradient, as well
as the kinetic energy density of electrons. The electronic
correlations were taken into account in the local density
approximation (LDA) [22].

The experimental values of the structural parameters
of the MgAgSb crystal phase lattice from Refs. [6,7] and
listed in Table 1 were used for calculations. In particular,
Table 1 presents: the names of the crystalline phases of
the MgAgSb compound, references to structural works,
the name and number of the space group describing the
crystalline symmetry of the phase, the number of formula
units in the lattice cell, lattice parameters, types of positions
occupied by atoms, coordinates of one of the positions of
this type, expressed as fractions of the lattice parameters.
The symbols and numbers of the space groups in Table 1
are given in the designations of the International Tables on
Crystallography [35].

According to the recommendations [19,20] the states
of Mg, Ag, and Sb electrons with energies lower than
—6 rydberg, were considered as core states. Mg 3s-elect-
rons, Ag 4d- and Ss-electrons, Sb 5s- and 5p-electrons were
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Figure 1. Total densities of energy states for electrons of atoms included in the composition: a — a-MgAgSb, b — B-MgAgSb.

considered as valence. The calculations were carried out
taking into account the spin-orbit interaction of electrons
in the atoms that make up the compound. To ensure the
necessary accuracy, the following parameters were used in
the calculations: decomposition by [-orbital moment was
performed inside atomic spheres up to Imax = 10, the radii
of atomic spheres R, for Mg, Ag and Sb were taken to be
2.0, 2.2 and 2.3 a.u., respectively. The value of the maximum
wave vector Kmax used in the plane wave decomposition
was determined from the condition R, - Kmax = 6.5, and
the total number of points in the Brillouin zone was 1000.
The convergence criterion for total energy was taken to
be 1073 rydberg.

Since the tetragonal lattice cell of a-MgAgSb contains
16 formula units (48 atoms), the picture of the electronic
band structure seems to be uninformative. As a result, we
present in Figure 1,a the total densities of energy states
(DOS) of valence electrons and conduction band electrons
for the atoms that make up the a-phase of the MgAgSb
compound.

The peak in the density of states near —10eV is mainly
attributable to Sb s-electrons. d-electrons of three types
of Ag atoms gave a high density of states in the energy
range from —6 to —4eV. The valence band from —4 to
0eV is represented by Sb p-electrons, as well as s-electrons
of Ag and Mg. Calculations revealed the presence of a small
energy gap of ~ 0.4eV in a-MgAgSb. For comparison,
Figure 1, b shows the total densities of energy states (DOS)
of valence electrons and conduction band electrons for the
atoms that make up the B-phase of the MgAgSb compound.
Unlike the a-phase, the S-phase of MgAgSb turned out to
be a metal, but with a very low density of states on the
Fermi surface.
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For the two variants of the arrangement of atoms in the
lattice cell of the p-phase, the electronic band structure was
noticeably different, as can be seen in Figure 2, q, b.

The main contribution to the valence band states from —4
to 0 eV is made by Ag d- and s-electrons, Sb p-electrons and
Mg s-electrons. As follows from Figure 2,a, b, the MgAgSb
y1l-phase is a metal, while the p2-phase has a noticeable
semiconductor gap of ~ 0.8 eV.

The charge density distributions in lattice cells of a-,
B- and p-phases of the MgAgSb compound obtained as
a result of calculations using the WIEN2k program were
analyzed using the CRITIC2 program [23]. The purpose
of the analysis is to find bond critical points (BCPs) in
the charge density distribution (the charge density gradient
vanishes in them, two eigenvalues of the Hessian matrix of
the second derivatives of the charge density over coordinates
are negative, and the third eigenvalue is positive) and their
parameters to identify the types of chemical bonding in
the a-, B- and y-phases of the MgAgSb compound. The
results are presented in Table 2. In particular, Table 2
shows which atoms are bonded, the distance d between the
bonded atoms, the number of BCPs of this type for the first
atom of a pair of bonded atoms, and the BCPs parameters:
the ratio of the moduli of two negative eigenvalues of the
Hessian matrix to the third positive eigenvalue |1;2|/43, the
value of which characterizes the degree of bond covalence,
the sign and magnitude of the charge density Laplacian
in BCP Ap,, the value of the charge density p, in BCP,
Ny is the total number of BCPs for nonequivalent atoms
in the lattice cell of the compound, as well as the values
of an important dimensionless parameter of the flatness
f comprising the ratio of the minimum charge density at a
critical point of the cage type p™" to the maximum charge
density in BCPs p;'®*, which characterizes the uniformity
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Figure 2. The electronic band structure of p-phases of the MgAgSb compound, calculated for the arrangement of atoms in the lattice

cell of the compound: @ — 1, b — 2.

Table 2. Parameters of bond type critical points for MgAgSb a-, 8-, y1- and p2-phases

Bonded
Phase N atoms ?\, No 41.21/25 ?/?&b; 67.;(3 J‘;’) Na
by Agl—Sb 2.843 2 0.270 0.996 0.294 Nmg =3
by Sb—Agl 2.830 1 0.266 1.038 0.291 Nagt =5
b3 Ag3—-Sb 2.871 4 0.246 1.109 0.277 Nagz =8
ba Sb—Ag2 2.936 1 0.215 1.18 0.243 Nagz =06
a-phase bs Ag2—Agl 2912 2 0.143 1.75 0.189 59 Ngpy =7
b Sb—Mg 2.809 1 0.161 1.75 0.177
by Mg—Sb 2.818 1 0.164 1.71 0.177
bg Mg—Sb 3.006 1 0.152 1.123 0.125
by Ag3—Ag2 3.174 2 0.121 1.386 0.123
by Sb—Ag 2.892 4 0.179 1.740 0.255 Nmg =5
B-phase by Sb—Mg 2.730 1 0.170 2.075 0.195 10 Nag =4
b3 Sb—Mg 3.155 4 0.203 0.504 0.100 Ngp =9
by Sb—Ag 2901 4 0.252 1.021 0.268 Ny = 4
y1-phase b Ag—Mg 2901 4 0.109 0.721 0.101 4 Nag =8
Nsp = 4
by Ag—Sb 2901 4 0.224 1.205 0.249 Ny = 4
y2-phase b Mg—Sb 2901 4 0.168 1.455 0.153 3 Nag =4
Ngp, = 8

of the charge density distribution in the crystal. For alkali
metals, the values of f are close to 100 % [24-26].

It follows from Table 2 that all MgAgSb phases lack a
covalent bonding type, characterized by negative values of
the charge density Laplacian Ap, in BCPs, which indicate
charge leakage in the region near BCPs, values of the ratio
|21.2]/43 exceeding unity, as well as large values of charge
density pj, in BCPs [24-26]. The type of chemical bonding
in all MgAgSb phases turned out to be similar to the type

of bonding previously identified in phase change materials
based on (GeTe),,—(SbyTes), alloys [12,13], which are
supposed to be used for the manufacture of non-volatile
electronic memory (they are also effective thermoelectrics),
as well as in high-temperature superconductors and parent
compounds for their obtaining [16-18]. This type of chem-
ical bonding is characterized by positive values of charge
density Laplacian Ap, in BCPs, indicating the ejection of
charge density from regions near BCPs, noticeable values
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Figure 3. Spectra of atomic vibrations in the lattice of MgAgSb y 1-phase (a), temperature dependence of lattice thermal conductivity of

MgAgSb y1-phase (b).

of charge density p, in BCPs, large total numbers of Ny
BCPs, significantly exceeding the valence of atoms, as
well as small values of the parameter f. This type of
chemical bonding can cause fluctuations of charge density in
a sample, similar to those recently detected by the resonant
inelastic X-ray scattering (RIXS) method in almost all high-
temperature superconductors containing copper [36,37]. It
may be the reason for the existence of several structural
phase transitions in the MgAgSb compound over a small
temperature range, as well as low values of lattice thermal
conductivity.

3. Calculations of vibrational spectra
and lattice thermal conductivity
of MgAgSb y-phase

Due to the complexity of the crystal structure of the
a-phase, calculations of its vibrational spectra and lattice
thermal conductivity require long computer operating times,
so it was decided to limit the calculation to modeling the
lattice properties of the MgAgSb y-phase using computer
programs phonopy [32] and phono3py [33]. In addition, the
y1 variant of the arrangement of atoms in the lattice cell
was chosen, since the p2 variant gives negative frequency
values for a number of branches of atomic vibrations [7].
The method of supercells with a finite displacement of
atoms (finite-displacement supercell approach) was used
for calculations. A set of supercells with dimension
2x2x2 with finite atomic displacements was generated
based on data on the parameters of the crystal structure
of the MgAgSb y 1-phase (see Table 1) using the phono3py
program and the WIEN2k interface developed by us for the
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phono3py program. Next, the WIEN2k program was used
to calculate the electronic structure of a set of supercells in
order to find the forces acting on the atoms resulting from
the displacement of individual atoms in the supercells. The
PBE functional was used in the calculations as an exchange-
correlation functional [38], which makes it possible to
optimize the lattice parameters and coordinates of atoms
in the lattice cell and is a variant of the generalized gradient
approximation (GGA). The calculations were performed
without taking into account the spin-orbit interaction. The
parameters set to achieve the required accuracy in the
calculations were the same as those used in the calculations
of the electronic band structure of a-, -, y1- and p2-
phases of the MgAgSb compound. After processing the
results of calculations of the electronic structure of a set
of supercells, the phono3py program generated files with
force constants of the 2nd and 3rd orders, on the basis
of which phonopy program was used to calculate phonon
spectra. At the final stage, the linearized kinetic Boltzmann
equation for phonons was solved iteratively using the
phono3py program and the lattice thermal conductivity was
calculated. The obtained vibrational spectra and the lattice
thermal conductivity of the MgAgSb y1-phase are shown
in Figure 3,4, b.

The results of the calculations of the phonon spectra
shown in Figure 3, a turned out to be close to the theoretical
phonon spectra of the MgAgSb yl-phase obtained in
Ref. [7]. A solid line in Figure 3, b indicates the calculated
values of lattice thermal conductivity for the temperature
range of 600—800K, in which MgAgSb yl-phase either
co-exists with the B-phase (from 600 to 700K) according
to experimental data [6,7], or is present as the only stable
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phase (from 700 to 800K). The dotted line shows the
values of thermal conductivity in the temperature ranges
800—1000 and 300—600K. The coexistence of y1- and
y2-phases of MgAgSb was recorded in the first high-
temperature region [7] and the presence of y1-phase was
found in the second region when the sample was cooled [6].
We are aware of only one study in Ref [7], which
provides experimental data for the thermal conductivity ki
of MgAgSb in a wide temperature range from 300 to 710K,
partially covering the area of existence of MgAgSb y 1-phase.
The calculated numerical values of ks in Figure 3,5 in
the temperature range of 600—700K do not contradict the
experimental data (7).

4. Calculations of mechanical properties
of MgAgSb crystal phases

The mechanical properties of tetragonal a-, 8- and cubic
y1-, p2-phases of the MgAgSb compound were modeled
using the IRelast program [34], implemented in the WIEN2k
suite of programs [19]. The PBE [38] functional recom-
mended in Ref [34] was used as an exchange-correlation
functional. It is assumed that Hooke’s law holds for the
material [39):

Oij = Cijki€kis (3)

where o;; is the stress tensor, &; is the strain tensor,
cijw is the elastic modulus tensor (tensor of elastic stiffness
constants). Each of the indexes i, j, k, [ can take values of
Cartesian coordinates x,y, z. Due to the symmetry of the
tensor of elastic moduli in pairs of subscripts c;jx = ¢ i,
the relation (3) is usually written in Voigt notation [39]:

o, = C[jé‘j, (4)

where i, j =1,2,3,4,5, 6 and the digits 1, 2, ...6 corre-
spond to pairs of Cartesian coordinates: xx; yy; zz; ¥z, ZV;
xz,2zx; xy, yx. Due to the symmetry properties [39], the
number of independent elastic moduli for cubic crystals is
equal to three: c11, c12, cas4, and six for tetragonal crystals:
C11,C12, C13, €33, C44, C¢6. The criteria for the mechanical
stability of lattices impose the following conditions on elastic
moduli for cubic crystals (Born criteria [40]):

c11>c12, c44>0, c11+2c12>0. (5)

The following criteria were proposed for mechanical stability
for tetragonal crystals in a number of articles [41,42]:

ci1 >0, ¢33>0, c44>0, c6>0, c11—c12>0,

c11 +cC33 — 26‘13 >0, 2c11+2c12 “+ ¢33 +4Cl3 > 0. (6)

However, the criteria (6) for tetragonal crystals are called
erroneous in Ref [43]. The following conditions are
proposed in Ref. [43] instead of (6):

ci > [ca|, caa >0, ce6 >0,

(c11 +c12)e3s > 2t (7)

The crystal energy is decomposed into a series of small
deformations up to the 2nd order terms in the IRelast [34]
program, assuming that Hooke’s law is fulfilled:

6 1S
E(V,SU—E()-FV()(ZO’,‘S;“FE Zcij5i€j>a (8)

1

i=1 i,j

where Eop and V are the energy and volume of an unde-
formed crystal, and £ and V are the energy and volume of a
deformed crystal subjected to deformation ¢, . . ., &5 which
are specifically selected for different crystal symmetries. The
elastic constants are found using the second derivative of the
strain energy under the condition & = 0:

oL 9°E
IJ_V() asiasj

In addition to elastic moduli c;;, the IRelast [34]
program also finds macroscopic strength characteristics of
crystals such as shear modulus G, bulk modulus B, Young’s
modulus E, Poisson’s ratio v. Three approaches are used
to calculate them, named after their authors: Voigt [44],
Reuss [45] and Hill [46]. With the exception of the bulk
moduli of cubic crystals, for which the equality By = BR,
is valid, for all other moduli the Voigt’s approximation is
considered an upper-bound estimate, the Reuss approxima-
tion is a lower-bound estimate, and the Hill moduli are
calculated as the arithmetic mean of the Voigt and Reuss
moduli. The shear modulus G is the crystal’s response
to reversible deformation caused by shear stress. The
Voigt shear modulus Gy and Reuss shear modulus Ggr
for cubic crystals are expressed in terms of the following
combinations of elastic moduli [42]:

©)

Ek :O.

1
Gv =3 (c11 — €12+ 3caq);
= 5(cit — c12)cas
deag + 3(c11 —cn2)’
The bulk modulus B demonstrates the crystal’s response

to uniform hydrostatic pressure. The following expression is
used for cubic crystals [42]:

(10)

1
BV:BRzg(Cll—FZClz). (11)

The ratio B/G (Pugh’s ratio [47]) is used for evaluation of
the ductility or brittleness of a material. If B/G > 1.75,
then the material is considered plastic.

For crystals with tetragonal symmetry, the bulk and
shear moduli are expressed in terms of elastic moduli as
follows [48]:

By = = [2(c11 + c12) + ¢33 + 4c13);

1

9
1

Gy = 0 (Tenn — 5¢12 + 2¢33 — 4c1s + 12¢44). (12)

Semiconductors, 2025, Vol. 59, No. 7
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(c11 4+ ci)ess — 2¢dy

Br = ;
R e+ cia + 2¢33 — 4cis
18B
Gr =15 .
(c11 +c12)ezs — 2cfy
6 6 371"
N &)

(cii—cu2) cas ce6
The Young’s modulus E, which is a measure of the
stiffness of a crystal, and the Poisson’s ratio v, which
characterizes the shear stability of a crystal, are related to
the bulk modulus B and the shear modulus G by known
ratios [39]:

9BG

B . 3B-2G
T 3B +G’

VT 6B +2G° (14)

Moreover, the IRelast program [34] calculates Vickers
hardness using two empirical formulas — Chen’s [49] and
Tian’s formulas [50]:

Hychen = 2(k*G)*% — 3;

HyTian = 0.92k"137GO708, (15)

where k = G/B is the parameter inverse to the Pughs’s
ratio [47], as well as the Ranganathan’s anisotropy index
AY [51] and the Kube’s anisotropy index A" [52]:

_ By, 5Gy
B BR+ Gr

AL { [m(i—;)r + 5[111(2—:)}2}1/2. (16)

Table 3 shows the results of calculations of the mechanical
properties of a-, -, y1- and p2-phases of the MgAgSb
compound, performed using the IRelast program [34]. In
particular, Table 3 shows the values of elastic moduli
¢ij, shear moduli G, bulk moduli B, Young’s moduli E
and Poisson’s ratio v in Voigt’s, Reuss’ and Hill’s formu-
lations (10)—(14), Pugh’s ratios B/G, Vickers hardness
Hvychen and Hyrian (15), and Ranganathan’s anisotropy
index AV and Kube’s anisotropy index AL (16). The values
of all moduli and hardness values are given in GPa. All other
characteristics (v, B/G, AV and A") are dimensionless.

From the calculation results presented in Table 3, a
number of conclusions can be drawn about the mechanical
strength properties of MgAgSb.

1. The numerical values of the elastic constants c;; satisfy
the mechanical stability conditions (5)—(7) for all phases of
MgAgSb.

2. All MgAgSb phases should have plastic properties,
since the Pugh’s ratio [47] By/Gu for them exceeds 1.75.

3. The values of the Poisson’s ratio for all MgAgSb
phases are higher than typical values: 0.10 for covalent [53]
and 0.25 for ionic crystals [54,55]. This fact is in agreement
with the type of chemical bonding in all MgAgSb phases,
revealed by the analysis of BCPs parameters given in
Table 2.

AY —6;
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Table 3. Mechanical properties of a-, 8-, y1- and p2-phases of
the MgAgSb compound

Properties | a-phase | B-phase | yl-phase | yp2-phase
cn 111.77 100.39 7443 66.89
ci2 39.85 29.86 57.24 43.67
ci3 53.75 50.81 57.24 43.67
€33 103.48 91.68 7443 66.89
C44 39.88 28.09 48.99 4092
Ce6 27.35 5.11 48.99 4092
By 69.08 61.71 62.97 5141
Br 69.03 61.41 62.97 5141
Bu 69.05 61.56 62.97 5141
Gv 33.40 2299 32.83 29.20
Gr 31.98 14.29 17.01 20.36
Gu 32.69 18.64 2492 24.78

B/G 2.11 330 2.53 2.08
Ev 86.30 61.35 8391 73.65
ER 83.12 39.79 46.82 53.96
En 84.71 50.80 66.05 64.05
vy 0.292 0334 0.278 0.261
VR 0.299 0.392 0.376 0.325
VH 0.296 0.362 0.325 0.292

Hv,Chen 341 —0.26 1.44 2.57
HyTian 4.64 1.88 3.13 3.89
AY 0.22 3.05 465 2.17
A" 0.010 1.06 1.47 0.81

4. MgAgSb pB-phase has the worst Vickers hardness
values Hycpen and Hyrian (15) compared to other phases,
which can lead to deterioration of the mechanical properties
of the sample in case of occurrence of a -phase in it.

5. High values of the Ranganathan’s anisotropy index AY
and Kube’s anisotropy index A (16) for -, y1- and p2-
phases of MgAgSb can lead to formation of microcracks
under mechanical loads [56)].

6. MgAgSb a-phase has the best strength properties
relative to other MgAgSb phases.

Comparison of the results of calculations of the me-
chanical properties of MgAgSb presented in Table 3 with
experimental data is difficult due to their almost complete
absence in the literature for B- and y-phases. There are
only a few articles that provide experimental data on the
mechanical properties of stoichiometric samples of MgAgSb
a-phase [27,57]. The most detailed studies of nanostruc-
tured samples of a-MgAgSb were performed in Ref. [57].
Processing the results of microhardness measurements using
the technique proposed in Ref. [58] allowed the authors of
the article [57] to obtain the value of the Young’s modulus
E =55GPa, less than Ey for a-MgAgSb from Table 3.
While the nanohardness of 3.3GPa found in Ref [57] is
close to the data for Hycnen and slightly less than Hvian
from Table 3. Experimental values of the longitudinal v; and
transverse v, sound velocities for a-MgAgSb are given in
Ref. [27] and are equal, respectively, to 3360 and 1715 m/s.
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Using these data and the formula

p (v} — 4v7)

B =
3 s

(17)
where p is density, the value of the bulk modulus
B = 43.5HPa is found which is less than the value By
for a-MgAgSb from Table 3. It should be noted that the
values of v; =4225m/s and v, = 2276 m/s obtained for
a-MgAgSb in this study using the IRelast program also
turned out to be slightly higher than the corresponding
sound velocity values given in Ref. [27]. The elastic moduli
¢ij, bulk moduli B, shear moduli G, Young’s modulus E
and Poisson’s ratio v were calculated for MgAgSb a-, -
and pl-phases in two theoretical papers [42,59] using the
VASP computer software package [60] and the exchange-
correlation functional PBE [38]. It should be noted that
the values of the elastic modulus ca4 given in Table 3 are
noticeably higher than the values of c44 from Refs. [42,59].
The values of the moduli B, G and E from Table 3 turned
out to be slightly higher than the corresponding values of the
moduli given in Refs. [42,59]. The values of the Poisson’s
ratio v in Table 3 and in Refs. [42,59] differ insignificantly.

5. Conclusion

Let us note the most significant results of this study.

1. Structural phase transitions between -, - and p-
phases of MgAgSb are accompanied by changes in the
nature of the electronic band structure from semiconductor
to metallic. As a result, the nature of the temperature
dependences of the kinetic coefficients of conductivity o,
thermo-emf (Seebeck coefficient) S and thermal conductiv-
ity k should change significantly in case of phase transitions,
which is observed in experiments [7].

2. The numerical parameters of the bond-type saddle
critical points in the charge density distribution for all
MgAgSb phases revealed the absence of a covalent chemical
bonding in this compound, and also allowed us to establish
that the type of chemical bonding in MgAgSb is similar
to that found in phase change materials, as well as in
high-temperature superconductors and parent compounds
for obtaining them. This fact may explain the presence
of several structural phase transitions in MgAgSb over a
small temperature range, as well as low values of lattice
thermal conductivity. The absence of a covalent bonding
in MgAgSb is confirmed by the numerical values of the
strength parameters of this compound.

3. An analysis of the calculated values of the strength
mechanical properties of various phases of the MgAgSb
compound showed that the a-phase has the best char-
acteristics, which confirms the prospects of its use as
a thermoelectric material in the temperature range of
300—-600 K.
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