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Influence of temperature on the elastic properties of Mg, X (X =Si, Ge, Sn, and Pb) compounds, has been
studied using first-principles calculations, within the generalized gradient approximation, and compared
with the available experimental data in the literature. Elastic stiffness coefficients calculated with respect
to volume (c;(V)) have been correlated to the equilibrium volume as a function of temperature W(T)
from phonon calculations to obtain temperature dependence of elastic stiffness coefficients c;(T). A good
agreement between the thus predicted elastic constants and experimental data has been achieved. The

{\(/legglosrgf;d alloys general trend in the bulk modulus (B), shear modulus (G) and Young’s modulus (E) seen for the compounds
Elasticity is Mg, Ge > Mg, Si > Mg, Sn > Mg, Pb. Elastic anisotropy, fracture toughness and stiffness of the compounds

have been analyzed as a function of temperature based on their anisotropic ratio (2c44/(c11-c12)), product
of bulk modulus and volume (B x V), and Young’s modulus. The results obtained herein provide a
better understanding of the elastic behavior of antifluorite compounds as a function of temperature.
The methodology used in this work acts as a benchmark for future first-principles work that involves
calculating elastic constants as a function of temperature.

Computer simulations

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The antifluorite structured Mg, X compounds, where X =Si, Ge,
Sn, and Pb, have always been of keen interest in several areas
of research. Some recent investigations include [1-6]. Except for
Mg, Pb, which is more prominent as a semi-metal [7,8], the other
compounds mentioned above are semi-conductors [1,9,10]. Owing
to their intriguing properties like exceptionally good thermo-
electric characteristics [2,5,6,11], low density, low coefficient of
thermal expansion, high hardness and high elastic modulus, the
range of applications where Mg,X compounds can be employed
is constantly increasing [12-14]. Recently, Mg, X compounds have
also been shown to be better replacers for Mg-RE (rare earth) com-
pounds because of their above mentioned properties and the fact
that they are relatively cheaper [12].

Although a reasonable amount of information about the room
temperature behaviors of these compounds does exist [8,12,15],
there is a dearth of data in terms of the temperature dependency
of their properties. To be able to use these compounds for applica-
tions at elevated temperatures, knowledge of their basic properties
at the corresponding temperatures is imperative. Elastic constants
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are one such material property that builds a foundation for a better
understanding of various other properties, be it mechanical, phys-
ical or even electronic [16-19]. Lately, elastic constants have been
correlated to properties like hardness [19,20], fracture toughness
[21], stiffness, ductility and bond characteristics [22-24]. Elastic
constants are also vital in considering defects in solids [25] such as
vacancies [26], interstitials, substitutional impurities, dislocations,
twin boundaries [27] and grain boundary energies [28].

While experimental determination of elastic constants of com-
pounds at temperatures above room temperature has always been
challenging, no theoretical calculations have either been reported
in the literature for these compounds. We have recently started
research activities in this area [29-31]. In the current work, we
present elastic stiffness coefficients, ¢;;, bulk modulus, B, shear mod-
ulus, G, Young’s modulus, E, Poisson’s ratio, v, and anisotropic ratio,
A of the II-1V group compounds (Mg, Si, Mg, Ge, Mg, Sn and Mg, Pb),
from first-principles calculations. It aims to provide not only useful
data for these compounds but also a benchmark methodology for
obtaining elastic stiffness coefficients as a function of temperature
in general.

2. Methodology

In the present work, first-principles calculations based on density func-
tional theory [32] is performed. The generalized gradient approximation (GGA) of
Perdew-Burke-Ernzerhof (PBE) [33] as implemented in the Vienna Ab-initio Sim-
ulation Package (VASP) [34,35] has been employed. The ion-electron interaction
is described using the projector augmented wave method (PAW) [36]. A primitive


http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:sxg319@psu.edu
dx.doi.org/10.1016/j.jallcom.2010.03.153

192 S. Ganeshan et al. / Journal of Alloys and Compounds 498 (2010) 191-198

unit cell containing 1 formula unit has been used for calculation of total energy
as well as elastic stiffness coefficients. Since all the four compounds in the current
study possess an FCC-antifluorite structure, a Monkhorst-Pack [37] k-point set of
15 x 15 x 15 with an energy cut-off of 350eV is used after having tested for con-
vergence. The atomic arrangements are relaxed using the Methfessel-Paxton [38]
technique for the reciprocal-space integration, following which accurate stresses
of the relaxed structures are obtained using the tetrahedron method with Blochl
corrections [39].

2.1. Elastic coefficients

Herein, elastic stiffness coefficients for each of the (Mg, X) compounds are cal-
culated at 8 different volumes that have been generated around the equilibrium
volume, such that the maximum total strain is related to the lattice constant near the
melting point of each of the structures. The effective stress—strain method [22,40,41]
has been used to calculate the elastic stiffness coefficients at each volume. As per
this method, a set of strains, € = (&1, &2, €3, €4, €5, €6), Where &1, €3, €3 refer to normal
strains and &4, €5, €6 to shear strains, is imposed on the fully relaxed crystal struc-
ture of the compound. Let (Q) and (Q) represent the crystal lattice vectors before
and after the application of strains such that,

B 1+e& /2 &5/2
Q=Q | /2 1+e& &4/2 1)
e5/2  €4/2 1+e¢;

Thereafter for each of the strains applied corresponding stresses, o = (o1, 02, 03, 04,
05, 06), are obtained from first-principles total energy calculations. From the n set of
strains (¢) and the resulting stresses (o), elastic stiffness coefficients (c;'s) are then
calculated based on Hooke’s law, as shown below:

€11 Ci2 €13 Cia Ci5 Cip €11 ... &1n N 011 ... O1n
C21 €22 €23 C2q4 C25 C26 &1 ... &2n 021 ... O2n
C31 €33 (33 (34 (35 C36 | &1 ... E3n 031 ... O3
Cqn Cq2 C43 Caq (g5 Cy6 - €41 ... &an 041 ... O4n
Cs1 Cs2 Cs3 Csq Cs5 Csg 51 ... &5q 051 ... Osn
Ce1 Ce2 C63 Cea Co5 Co6 €61 ... E6n 061 --- O6n
(2)
In the present study six linearly independent set of strains are applied such that
€11 ... €16 x 00 0O0OO
21 ... &256 0 x 00O0O
€31 ... 36 _ 00 x 00O
€41 ... &a6 - 00O0Xx 00O
51 ... &s56 00O0O0NXSD O
€61 -.- &66 00 O0O0O0 x

with x=+0.01A.

For the FCC-antifluorite structure studied in the present work, the number of
independent components of elastic stiffness tensor decreases to 3, i.e., ¢11, ¢12, and
Ca4.

Eq. (2) can thereby be written in a simplified form as follows:

1 ¢z ¢z 0 0 O &11 ... €16 B o11 ... O16
2 cn ¢2 0 0 O £21 ... €26 021 ... O26
2 ¢z ¢n 0 0 O | & ... &36 031 ... 036
0 0 0 Ca4 0 0 - €41 ... E456 041 ... 046
0 0 0 0 ¢y O &1 ... &6 051 ... O56
0 0 0 0 0 Ca4 €61 -.- E66 06,1 ... 066

(3)

The bulk (B), shear (G), and Young’s (E) moduli and Poisson’s ratio (v) for the cubic
compounds in the current work are computed using Hill's [42] approximation as
shown below:

BH:Bv:BR:CHEﬂ v
G — GV;GR’ where Gy = €11 = Cra + 3Cag and Gg = % (5)

where subscripts V and R refer to Voigt [43] and Reuss [44] approximations.
2.2. Phonon dispersion curves and phonon density of states

Phonon calculations are carried out using the supercell method as implemented
in the ATAT code [45]. The supercell method involves calculating the forces that
result from perturbing atoms from their equilibrium positions. Phonon calculations
via the supercell method begin with generating supercells from the fully relaxed

primitive cells for each of the systems under study. The present study consists
of quasiharmonic calculations with 8 different volumes. For each of the volumes,
different supercells are generated with perturbations corresponding to the atomic
positions and their energies and inter-atomic forces are calculated with no relax-
ation of their degrees of freedom [46-48]. Displacements of 0.15 A are applied to the
ions. Supercells consisting of 81 atoms for Mg, Si and Mg, Ge and 96 atoms for Mg, Sn
and Mg, Pb are created. The size of the supercell has been chosen such that the force
constant decreases to a negligibly small value from the equilibrium position of the
perturbed atom to the boundary of the supercell. A Monkhorst-Pack [37] k-point
mesh of 4 x 4 x 4 is applied along with a cut-off energy of 350 eV. Force constants
are obtained using the fitfc code within the ATAT package [45]. Herein a cut-off range
of 6 A is used. Finally phonon frequencies are calculated within the assigned range
of force constants.

By using the resultant phonon density of states (DOS), the vibrational free energy
(Fyip) of the system in units of eV/atom is obtained using the following equation [49]:

o

Fvib(T)=kgT/d1/ In [Zsin h (ﬂﬂ N0 (8)
Zkg

0

where v is the phonon frequency and g(v) corresponds to the phonon DOS. From
this vibrational free energy, bulk modulus as a function of temperature (B(T)) and
thereby temperature dependent heat capacity, C,(T), are obtained as shown in Eqs.
(9)and (10):

3?Fuip
B(T)=Vr ( T2 )T 9)
Co(T) = Cu(T) + B*Br TVr (10)

where C, and Cp are heat capacity at constant volume and constant pressure, respec-
tively, estimated by Cy = T(ds/dT)y. Br, T, and Vr are the bulk modulus, temperature
and volume. f is the volume thermal expansion coefficient which is 3 times the
linear coefficient of expansion given by ar = (1/3voT)(dvoT/0T)p, Where Vor is the
equilibrium volume at the temperature of interest.

2.3. Transitive correlation method for temperature dependent c;;’s

The methodology incorporated in this study to calculate elastic stiffness coef-
ficients as a function of temperature is as follows [29,30]. First, elastic stiffness
coefficients at different volumes, c;(V), are calculated at 0K from first-principles
based on the effective stress-strain method [40,41] along with phonon calcula-
tions at different volumes. From these quasiharmonic phonon calculations we obtain
vibrational free energy, specific heat, bulk modulus, and volume under the pressure
ofinterest (external pressure of 0 kB has been used in the present work). At this point,
it is assumed that the volumes for which elastic stiffness coefficients have been cal-
culated at 0K correspond to the volumes as a function of temperature obtained
from the first-principles quasiharmonic calculations. Hence, under the framework
of quasiharmonic approach, we obtain temperature dependent, c;(T), based on the
predicted c;(V) and V(T) mentioned above. The polynomial fitting parameters used
in obtaining ¢;(T) is shown in Table 1.

Since calculated elastic stiffness coefficients obtained herein are under isother-
mal conditions and the experimental measurements are isentropic, a correction
term (see Eq. (11)) has been added to our results as per [29,30,50] for ¢;1 and cq3.
Incorporating the correction terms resulted in an increase in the elastic stiffness
coefficients by a maximum of ~5.7 GPa for Mg, Si and ~5.85 GPa for Mg;Ge, ~3.8 GPa
for Mg,Sn and ~3 GPa for Mg,Pb at their respective melting temperatures. It is
understood from the results in the present work that the correction term becomes
more significant at higher temperatures (see Fig. 1). The isentropic correction term

Table 1
Polynomial fitting parameters that have been used in this work to calculate c; as a
function of temperature (T); (a+bT+cT?).

Compound cjj (GPa) a (GPa) b (GPa/K) ¢ (GPa/K?)
c11 54.494 —-0.0072 —5x10°°
Mg, Pb c12 22.570 —-0.0025 —2x10°6
Cas 23.961 —0.0033 —2x10°6
c1 70.583 —0.0063 —3x10°°
Mg,Sn C12 25.355 —0.0024 —2x10°6
Cas 30.317 —-0.0030 -1x10°°
1 117.48 -0.0076 —3x10°°
Mg,Ge C12 24.223 —0.0028 —1x10°6
Cas 46.018 —-0.0044 —2x10°°
c1 115.13 —0.0072 —3x10°6
Mg, Si C12 22.112 —0.0024 -1x10°°
Cas 44.707 —-0.0043 -2x10°°




S. Ganeshan et al. / Journal of Alloys and Compounds 498 (2010) 191-198

6
Mg,Si ——
5L MgGe e
Mg,Pb - <
MgySn  mimimm:
4 -
©
o,
2 st
<]
2 -
1 -
0 . . . . . .
0 200 400 600 800 1000 1200 1400

Temperature (K)

Fig. 1. Isentropic correction term (A) as a function of temperature calculated in
present work.

for c11 and ¢y is given by [30]:

B T * Vr x (Br *Br)

A C

(1)

where Tis temperature, Vr, or, Br and C, correspond to volume, coefficient of thermal
expansion, bulk modulus, and heat capacity obtained from phonon calculations.
Figs. 2, 4 and 5 show volume, coefficient of thermal expansion, heat capacity and
bulk modulus for each of the compounds, obtained from phonon calculations, as a
function of temperature.

3. Results and discussion

This section is divided into three parts. In Section 3.1, we provide
comparative results between calculated data for phonon dispersion
curves and heat capacities from the current work and available
experimental data in the literature to verify the quality of our
phonon calculations. In Section 3.2, a proof that the transitive corre-
lation methodology mentioned in Section 2.3 works well is shown
by comparing bulk modulus with data from direct phonon calcula-
tions. Finally in Section 3.3, we present results for elastic stiffness
coefficients with respect to temperature as calculated in the current
work along with a detailed analysis of the results and a comparison
with available experimental data in the literature.

3.1. Validity of phonon calculations

Experimental measurements for phonon dispersion curves are
available for Mg,Pb [51] and Mg, Sn [52]. Measurements for both
compounds were carried out using neutron inelastic scattering. The

phonon dispersion curves for the four compounds are shown in
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Fig. 3. As seen in Fig. 3 the present calculations agree well with
the available measurements, especially for the acoustic branches.
Theseresults indicate that our phonon calculations are of high qual-
ity.

Fig. 4 shows calculated heat capacity, Cp, data along with avail-
able experimental data [13,53-55] for the compounds studied
herein. Calculated data is plotted from O K to the approximate melt-
ing point of the compounds [56]. Experimental measurements for
heat capacity data were available from 15 to 300K for Mg,Si [54]
and from 5 to 300 K for the other three compounds [13,53,55]. Mea-
surements for these compounds were made by the same group. The
authors indicate a considerable amount of scatter at low temper-
atures especially below 15K. As apparent from Fig. 4, there is an
excellent agreement between our calculated results and measured
data.

3.2. Applying the transitive correlation to bulk modulus

In order to ensure that the correlation made in this study, i.e.,

c,-j(V)Vg)C,»j(T) isreasonable, we present firstly results for bulk mod-
ulus of these compounds. The reason for choosing bulk modulus
is because temperature dependent bulk modulus can be obtained
directly from both quasiharmonic phonon calculations and c;(T).
Fig. 5 shows isothermal B vs. T curves from both approaches. Since
the bulk modulus obtained from quasiharmonic phonon calcula-
tions is not isentropic, we have not applied correction terms for
the bulk modulus obtained from c;(T) in this present comparison.
In general, from Fig. 5 it is clear that a good agreement lies between
the results obtained from quasiharmonic approach as well as from
the transitive correlation approach. Specifically for MgyPb and
Mg,Si the comparisons appear very promising. While for Mg,Ge
and Mg;Sn, an overestimation of ~2 GPa arises above room tem-
perature, the difference between the curves, with respect to the
quasiharmonic approach lies within 4% for all the compounds. Thus,
it can be concluded that the data obtained for bulk modulus from
the transitive correlation is worthy for further consideration. With
this in mind, we present in Section 3.3, results obtained for elastic
stiffness coefficients as a function of temperature.

3.3. Elastic stiffness coefficients c;’s

The elastic stiffness coefficients and the corresponding bulk
modulus, shear modulus, Young’s modulus, Poisson’s ratio, and
anisotropy ratio of Mg, Si, Mg, Ge, Mg, Sn, and Mg, Pb have been cal-
culated herein as per the procedure mentioned in Section 2.3. Fig. 6
shows calculated elastic stiffness coefficients as a function of tem-
perature for all the four compounds considered herein along with
the available experimental data. Experimental elastic constants
were available for Mg,Si measured by longitudinal and transverse
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quasiharmonic approach through phonon calculations and from isothermal ¢;(T)
(i.e., without the addition of correction terms).

sound velocities from 80 to 300K [57]. For Mg, Ge [58] and Mg,Sn
[59] elastic constants were extrapolated by least square method
from sound velocities measured by resonance technique from 80 to
300K.In the case of Mg, Pb [51] measurements for elastic constants
were available only at room temperature. There is a very good
agreement between calculated and experimental data for Mg,Si
and Mg, Ge as seen in Fig. 6. However, due to the high level of uncer-
tainty in the experimental data in the case of Mg,Sn and the lack
of measurements for Mg, Pb, a reasonable comparison could not be
made for these two compounds.

From the calculated results for the elastic stiffness coefficients,
the influence of temperature on each of the ¢;'s can be observed.
Of all the ¢;j’s (i.e., 11, €12 and c44), ¢12 shows the maximum change
up to the melting point for Mg, Si, Mg, Ge and Mg, Sn. For instance,
c11 and cy4 of Mg,Si decreases by ~15% and ~23%, whereas c;;
decreases by ~ 33% from OK to the melting point. Similarly, for
Mg,Ge, c11 and cy44 decrease only by ~16% and ~24%, but cq5
decreases by almost 34%. Even in the case of Mg,Sn the maxi-
mum influence of temperature is seen for cq,. In the case of Mg, Pb,
however, all the three elastic stiffness coefficients decrease uni-
formly by ~18%. The percentage decreases mentioned here have
been rounded off to the nearest whole number. From Fig. 6, it can
also be noted that the maximum elastic stiffness coefficients near
the melting point pertains to c;; of Mg,Ge (~101 GPa), and the
minimum pertains to ¢;5 of Mg;Si (~16.4 GPa). It should be empha-
sized here that values for elastic stiffness coefficients for Mg, Si and
Mg, Ge are very close to each other due to a high similarity in their
structures.

On comparing the elastic stiffness coefficients for the four com-
pounds, it is seen as in Fig. 7 that c;; and c44 show a similar trend,
while ¢y, shows a different trend. In the case of cy; and cy4, the
trend followed is Mg, Ge > Mg, Si > Mg, Sn > Mg, Pb, with Mg, Si and
Mg, Ge being very close to each other in their elastic stiffness coef-
ficients, whereas for c;; the trend seen is different. In the case of
c12 Mg,Sn has the highest value followed by Mg,Ge, Mg,Pb and
Mg,Si at their corresponding melting temperatures. However the
trend seen in B, E, and G of these compounds is similar to those of
c11 and cyq. The reason behind this difference in the trend of c;;
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Fig. 8. Elastic anisotropy as a function of temperature for the compounds studied
herein.

could be attributed to its lack of phonon physicality as mentioned
by Ledbetter [60].

Based on the results obtained for the elastic stiffness coefficients
the anisotropic ratio as a function of temperature for all the four
compounds can be calculated using the following equation [16]:

A 244

= 12
C11 — C12 (12)

It is known that elastic anisotropy correlates to dielectric break-
down and resistance to micro-crack of a given material [61,62]. A
large anisotropy tends to enhance cross-slip [63]. In Eq. (12),ifA=1
the material is considered to be completely isotropic, while the fur-
ther the value of A from 1, the more anisotropic it is [16]. It has also
been proposed that large values of A can give rise to the driving
force (tangential force) acting on screw dislocations to promote
cross-slip pinning process [64]. From Fig. 8 it is seen that none of
the compounds considered in this study are completely elastically
isotropic. All of them possess an anisotropy ratio either greater or
less than 1. However, Mg, Si and Mg, Ge begin with values of A being
very close to 1 at 0 Kwhen compared to those of Mg, Pb and Mg, Sn.
While the rate of change in the anisotropic ratio is moderate for all
the compounds, Mg,Pb shows the least amount of change in its
anisotropic ratio. The value of A for Mg, Pb begins with 1.50 at 0K
and ends at 1.51 near its melting point. Mg,Si and Mg,Ge com-
pared to the other two compounds show greater changes in their
anisotropic ratios. The value of A for Mg, Si begins at 0.96 and ends
at 0.86 showing an approximate decrease of 10% in its value. In the
case of Mg,Ge, the change in the anisotropic ratio is about 11%.
Both Mg,Ge and Mg,Si become more elastically anisotropic with
increasing temperature whereas Mg, Sn becomes less anisotropic.
Based on [61,62], it can be concluded that with the increase in tem-
perature Mg,Si and Mg,Ge become less resistant to micro-cracks
and the possibility of dielectric break down increases, while Mg,Sn
gains more resistance to the same. On an average, however, the
anisotropic ratio for Mg,Si and Mg,Ge is still closer to 1 than the
anisotropic ratio of Mg, Sn. In the case of Mg,Pb, the influence of
temperature appears negligible on its anisotropy thereby causing
its resistance to micro-cracks and dielectric breakdown to remain
almost uniform.

Another important elastic property is the shear modulus that
correlates to a material’s resistance to shear and plastic deforma-
tion [27]. The shear moduli for the {100} plane along the [010]
direction and for the {110} plane along the [110] direction are
44 and (c11-¢12)/2, represented by G190y and Gy10y [65]. Fig. 9
shows the difference in the corresponding single crystal shear mod-
uli(i.e., Gy110y-Gy100y) for the compounds considered in this study.
It is seen that for Mg;Sn and Mg, Pb, Gyq g0y is always greater than

__________________________ Gy > Gion
% W o
&
s 2} Mg,Si ——
g ) MggGe ---------
@ Mg,Pb
-4 Mg,Sn =imime
B} [
Iy G0y =G0
8f
0 200 400 600 800 1000 1200 1400

Temperature (K)

Fig. 9. Relative shear modulus as a function of temperature for the compounds
considered in this work.
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Fig. 10. Fracture strength of the compounds depicted by product of bulk modulus
and volume as a function of temperature.

G(110y at any temperature. This means that these compounds have
a greater resistance to shear along the {100} plane than along the
{110} plane [65]. For Mg;Si and Mg;Ge, as seen in Fig. 9, Gy 1} is
always higher than Gyq9g) indicating that it is easier to shear the
materials along the {100} plane than the {110} plane [65].

On the relations between elastic moduli and plastic proper-
ties Pugh [18] suggested that the fracture stress () of a material
can be approximately correlated to B x a, where B is the bulk
modulus and a the lattice constant. Extending this relation to
BV13, with V being the volume of the unit cell as for a cubic
system a3=V, we have attempted to study the fracture tough-
ness behavior of these materials as a function of temperature.
Though this is not an accurate comparison, a basic understand-
ing of the strength of these materials can be obtained. Fig. 10
shows the value of Bx V!/3 as a function of temperature for the
compounds in this study. All the four compounds show a gen-
eral decrease in their B x V1/3 value. It can be then concluded that
the degree to which the bulk modulus of the compounds decrease
with temperature is greater than the degree to which there is a
volume increase as a function of temperature. Among the four
compounds, Mg,Ge has the highest value of ~185.6 GPa/A, and
Mg,Pb has the lowest value of ~124.9GPa/A3 at their respec-
tive melting temperatures. From the curves shown in Fig. 10,
based on Pugh’s [18] relation that ToB x V13, we can approxi-
mate that the least fracture strength as a function of temperature
is shown by Mg,Pb. Mg,Sn has a higher fracture strength com-
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Fig. 11. Young's modulus (E) as a function of temperature.

pared to Mg,Pb but has its B x V13 value lower than Mg,Si and
Mg, Ge.

The stiffnesses of these compounds can be estimated based on
their Young’s modulus (E). The larger the value of E, the stiffer the
material [65]. Change in E as a function of temperature for each
of the compounds considered in this work is shown in Fig. 11. In
agreement with the general trend, the Young’s modulus decreases
with temperature, indicating that the compounds become less stiff
as the temperature increases. The maximum E at the melting tem-
perature pertains to that of Mg, Ge (~99.0 GPa), followed by Mg, Si
(~97.4 GPa), Mg,Sn (~62.3 GPa) and finally Mg, Pb (~46.7 GPa).

Apart from the above mentioned correlations, there are several
other properties like machinability, ductility [66], bond characteris-
tics, load deflection, etc. that can be understood for these materials
based on their elastic stiffness coefficients. Some of these properties
for the Mg, X compounds have been studied at 0K in our previous
work [22].

4. Summary

First-principles calculations of elastic constants as a function
of temperature have been performed for Mg,X (X=Si, Ge, Sn,
Pb) compounds. A good agreement between calculated and avail-
able experimental data in the literature is shown. The accuracy
of the current first-principles calculations has been validated by
comparing with experimental phonon dispersions and heat capac-
ities as a function of temperature for all the compounds. The
transitive correlation methodology employed here in calculat-
ing elastic stiffness coefficients as a function of temperature has
been corroborated by presenting similar values for bulk modulus
as obtained from the quasiphonon calculations. The elastic stiff-
ness coefficients of the compounds decrease in the sequence of
Mg, Ge > Mg,Si > Mg, Sn > Mg, Pb for c11 and c44, butin the sequence
of Mg,Sn>Mg,Ge >Mg,Pb>Mg,Si, at their corresponding melt-
ing points, for cq,. All the compounds exhibit elastic anisotropy
as a function of temperature. The value of the anisotropic ratio
moves further away from 1 for Mg,Si and Mg,Ge; approaches
1 in the case of Mg;Sn and remains almost constant for Mg,Pb.
Mg,Sn and Mg,Pb show greater resistance to shear along the
{100} plane while Mg,Si and Mg,Ge show greater resistance
to shear along the {110} plane. The fracture strength and stiff-
ness of the compounds decrease with increase in temperature.
The data obtained in this work not only provides the funda-
mental understanding of the elastic behavior of the antifluorite
materials considered herein, but also acts as a benchmark to use

first-principles in obtaining elastic coefficients as a function of tem-
perature.
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