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Magnesium based alloys belong to a class of materials, which have recently attracted great interest.

In the present work, we report structural, elastic, and thermodynamic properties for the novel intermetal-
lic compound MgNi3 calculated using plane-wave pseudo potential (PW-PP) method within density functional
theory (DFT), with local density approximation (LDA) and generalized gradient approximation (GGA). The com-
parison of the calculated equilibrium lattice constants and experimental data showed very good agreement for both
approximations. The elastic constants were determined from a linear fit of the calculated stress-strain function ac-
cording to Hooke’s law. Once the elastic constants were obtained, the bulk modulus B, shear modulus G, Young’s
modulus E, Poisson’s ratio σ anisotropy factor A, and the ratio B/G for MgNi3 compound were deduced using
Voigt-Reuss-Hill (VRH) approximation. Our calculated elastic constants indicate that the ground state structure
of MgNi3 is mechanically stable. The calculation results also show that this intermetallic crystal is stiff, elastically
anisotropic, and ductile material. The Debye temperature is also predicted from elastic constants. The temperature
dependence of the enthalpy H, free energy F , entropy S, and heat capacity at constant volume Cv of MgNi3 crystal
in a quasi-harmonic approximation are obtained from phonon density of states and discussed for the first report.
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1. Introduction

The technological application of magnesium alloys has
been a hot research topic in recent years. In Mg-Ni bi-
nary alloy system a new phase MgNi3 was formed by
mechanical alloying in Mg-50 at % Ni mixture pow-
ders milled for 40 h [1]. The intermetallic compound
MgNi3 belongs of the family of magnesium alloys, where
the research on magnesium (Mg) based alloys is of sub-
stantial interest due to its low density (∼ 1.74 g/cm3)
and high specific strength and stiffness than many other
engineering materials, including aluminium, steel, and
polymer-based composites [2]. Magnesium alloys are
among the lightweight engineering materials known and
they are used in a variety of applications, particularly
in automobile industry, aerospace manufacturing, and
biomedical application [3, 4].

The motivation behind this work is the lack or at least
the scarcity of bibliographic data on fundamental prop-
erties of the MgNi3 compound and the above-mentioned
features and important applications of magnesium based
alloys. The main aim of this study is to investi-
gate the physical properties such as structural, elastic,
and thermodynamic properties of this new compound
in magnesium-transition metal (Mg-Ni) system. Thus,
in this work, we carried out a systematic theoretical
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investigation using first principle calculations which is
one of the efficient ways to explore the structural, elas-
tic, and thermodynamic properties of MgNi3 alloy. This
study was done, to provide data for further experimen-
tal and theoretical studies. The calculated results of this
work were compared with available experimental and the-
oretical values, which could provide a theoretical guid-
ance to design a new kind of magnesium alloy. The rest
of this paper is organized as follows: the computational
method is described in Sect. 2. The numerical results and
discussions are given in Sect. 3, and finally, a conclusion
is presented in Sect. 4.

2. Computational method

The structural, elastic and thermodynamic proper-
ties of the MgNi3 intermetallic compound have been
computed using the plane-wave pseudopotential method
based on density functional theory (DFT) [5, 6], as im-
plemented in the Cambridge Serial Total Energy Pack-
age (CASTEP) simulation program [7]. This is, in prin-
ciple, an exact theory of the ground state. The ex-
change and correlation (XC) potential was generated
within the local density approximation (LDA) devel-
oped by Ceperley and Adler and parameterized by
Perdew and Zunger [8, 9], as well as within the general-
ized gradient approximation (GGA), with the functional
of Perdew, Burke, and Ernzerhof, known as PBE [10].
The Coulomb potential energy caused by electron-ion
interaction is described using the Vanderbilt-type ultra-
soft scheme [11] in which, the orbitals of Mg (2p63s2),
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Ni (3d84s2) are treated as valence electrons. The cut-off
energy for the plane-wave expansion was chosen at 340 eV
and the Brillouin zone sampling was carried out using
the 8× 8× 8 set of Monkhorst-Pack mesh [12] from con-
vergence tests.

The structural parameter (a) of MgNi3 was determined
using the Broyden–Fletcher–Goldfarb–Shenno (BFGS)
minimization technique [13]. This method usually pro-
vides a fast way of finding the lowest energy structure.

In the structural optimization process, the energy
change, maximum force, maximum stress, and maximum
displacement are set at 1 × 10−5 eV/atom, 0.03 ev/Å,
0.05 GPa, and 0.001 Å, respectively.

The elastic constants were determined from first-
principles calculations by applying a given homoge-
neous strain (deformation) with a finite value and cal-
culations of the resulting stress according to Hook’s
law [14]. The total energy converged to 1×10−6 eV/atom
in the self-consistent calculation.

3. Results and discussion

3.1. Structural properties

In Mg–Ni binary alloy system, a new phase MgNi3 with
the same crystal lattice as AuCu3 phase was formed by
mechanical alloying. MgNi3 phase had the cubic crys-
tal lattice and the equilibrium lattice parameter was de-
termined to be a = 3717, with the space group Pm3m
(No 221) [1]. Nickel (Ni) atoms were located at the face-
centred positions and Magnesium (Mg) atoms at the cor-
ners of the cubic unit cell. The unit cell structural model
of the MgNi3 compound is built according to the exper-
imental data [1], as shown in Fig. 1. The crystal struc-
ture was optimized at first. The obtained results of cal-
culated lattice parameter a of MgNi3 intermetallic com-
pound using the (PW-PP) method within both the LDA

Fig. 1. The cubic crystal structure of MgNi3 inter-
metallic compound.

and the GGAPBE approximations are presented in
Table I, together with experimental data for compari-
son. From the results presented in Table I, one can see
that the calculated lattice constants are underestimated
by LDA and GGA-PBE approximations. It is 4.11%
smaller than the experimental value using LDA and
it is only 140% smaller than the experimental value us-
ing GGAPBE. We can say that our calculated equilib-
rium lattice parameters agree well with the experimental
data in both approximations.

TABLE I

Calculated and experimental values of the equilibrium
lattice constant a, the volume, the enthalpy of formation
∆ H, the bulk modulus B and its pressure derivative B′
of MgNi3 compound.

LDA GGA Experiment [1]
a [Å] 3.564 3.665 3.717
V [Å3] 45.270 49.229 51.35

∆ H [eV] −06.92 −05.98 –
B [GPa] 169.90 135.42 –
B′ 4.65 4.48 –

The total energies are calculated in both LDA and
GGA-PBE for approximations the MgNi3 intermetallic
compound for different volumes around the equilibrium
cell volume V . The plots of calculated total energies
versus reduced volume for this compound in both ap-
proximations are illustrated in Fig. 2a and b. Then,
the curves of the total energies as a function of the vol-
ume are fitted to the Murnaghan’s equation of state [15]
to obtain the ground state properties such as the bulk
modulus B and its pressure derivative B′. The results
obtained for these parameters (B, B′) in the two ap-
proximations LDA and GGA-PBE are given in Table I.
We think no previous calculations match as well with
the experimental data for comparison.

The formation enthalpy ∆ H at zero temperature
is calculated, in order to estimate the thermal stability
of the MgNi3 intermetallic, as follows

∆H =
Etot −NMgEMg −NNiENi

NMg +NNi
. (1)

Here Etot represents the total energy of unit cell.
EMg and ENi are electronic total energy per atom
for pure Mg and Ni in ground state, respectively.
NMg and NNi are the number of composition elements
in unit cell, respectively [16]. The result obtained from
the calculation is listed in Table I. The negative enthalpy
of formation indicates that the ground state of this com-
pound is thermodynamically stable.

3.2. Elastic and mechanical properties

The elastic properties are the most basic proper-
ties to reflect the essential interactions between atoms
of materials. Such properties provide very impor-
tant information about the binding characteristic in-
between the adjacent planes of atoms, the anisotropic
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Fig. 2. Total energy versus cell volume using (a) lo-
cal density approximation (LDA), and (b) generalized
gradient approximation (GGA).

character of binding, and the stability of the struc-
ture. The elasticity of a cubic crystal is specified
by the three independent elastic constants C11, C12,
and C44. In this work, the calculated elastic constants of
MgNi3 compound at zero pressure and temperature are
presented in Table II. For a cubic crystal, the obtained
elastic constants meet the requirements of mechanical
stability criteria: C11 > 0, C44 > 0, C11 − C12 > 0,
C11 + 2C12 > 0, and C11 > B > C12. From Table II,
one can see that the elastic constants of MgNi3 compound
satisfy all of these conditions, suggesting that the struc-
ture of MgNi3 is mechanically stable at ambient con-
dition. The elastic constants values calculated with
the LDA approximation are slightly higher than those ob-
tained using the GGA–PBE approximation. So far, there
are no experimental and other theoretical data avail-
able in literature for the elastic constants (Cij) of
MgNi3 for comparison, so we consider our present re-
sults as predictions which still await an experimental
confirmation.

The most important parameters for estimating me-
chanical properties of materials such as bulk modu-
lus (B), shear modulus (G), Young’s modulus (E),
and Poisson’s ratio (σ) are obtained from results of
the calculated single-crystal elastic constants Cij using

TABLE II

The Calculated values of the elastic constants Cij , bulk
modulus B, shear modulus G, Young’s modulus E, Pois-
son’s ratio σ, anisotropy factor A, and B/G in cubic
structure of MgNi3 compound.

LDA GGA
C11 [GPa] 218.08 181.51
C12 [GPa] 143.39 118.69
C44 [GPa] 107.82 90.04
B [GPa] 168.29 139.63
G [GPa] 70.54 59.06
E [GPa] 185.68 155.29

σ 0.32 0.31
A 2.89 2.87

B/G 2.39 2.36
H [GPa] 8.44 7.51

the Voigt-Reuss-Hill (VRH) averaging scheme [17].
The Voigt–Reuss–Hill approximation gives the effective
values of the bulk and shear moduli. For the cubic sys-
tem, the Voigt bounds [18] of the bulk modulus BV and
shear modulus GV are given by the relations

BV =
(C11 + 2C12)

3
, (2)

and

GV =
(C11 − C12 + 3C44)

5
. (3)

The Reuss bounds [19] of the bulk and shear moduli
are given by the relation BR = BV and

GR =
5C44 (C11 − C12)

4C44 + 3 (C11 − C12)
. (4)

Finally, the bulk modulus B and shear modulus G,
based on Hill approximation are arithmetic average
of Voigt and Reuss elastic moduli, and they are ex-
pressed as

B =
1

2
(BV +BR) , (5)

and

G =
1

2
(GV +GR) . (6)

Young’s modulus (E) and Poisson’s ratio (σ) can be cal-
culated by using Hill’s elastic moduli (B) and (G), which
are given as

E =
9BG

3B +G
, (7)

σ =
3B − 2G

2 (3B +G)
. (8)

The calculated results for these moduli and Poisson’s
ratio for the MgNi3 compound are listed in Table II.
The bulk modulus is usually assumed to be a mea-
sure of resistance to volume change by applied pressure.
From Table II, it can be seen that the value of the bulk
modulus of MgNi3 compound is larger, indicating that
it has a strong resistance to volume change by applied
pressure. The calculated values of the bulk modulus B
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from the elastic constants, using LDA and GGA have
nearly the same values as the ones obtained from the fit
to a Birch–Murnaghan EOS (B). This might be an esti-
mate of the reliability and accuracy of our calculation.
The two constants E and G are all that are needed
to fully characterize the stiffness of an isotropic mate-
rial. The present calculations for these moduli demon-
strate that the MgNi3 compound is stiff. The Poisson’s
ratio (σ), defined as the ratio of transverse strain to
the longitudinal strain, is used to reflect the stabil-
ity of the material against shear and provides informa-
tion about the nature of the bonding forces. It takes
the value −1 < σ < 1/2. No real material is known to
have a negative value of σ. So this inequality can be re-
placed with 0 < σ < 1/2. The low value of Poisson’s ratio
indicates a large compression of volume and when σ = 0.5
no volume change occurs. The bigger the Poisson’s ratio
is, the better the plasticity is. The present calculation
for the Poisson’s ratio shows that the MgNi3 intermetal-
lic compound possesses good plasticity.

The Zener anisotropy factor (A) is a measure of the de-
gree of anisotropy in solid [20]. It takes the value of 1
for an isotropic material. It provides a measure of the de-
gree of elastic anisotropy, when the A values are smaller
or greater than unity. The Zener anisotropy factor (A)
of MgNi3 compound is calculated by the following equa-
tion

A =
2C44

C11 − C12
. (9)

As shown in Table I, the calculated Zener anisotropy
factor A is larger than 1 for both approximations LDA
and GGA, which indicates that the MgNi3 compound
is anisotropic material.

The ratio B/G is a simple relationship related to
brittle or ductile behaviour of materials. It has been
proposed by Pugh [21]. A high B/G ratio is associ-
ated with ductility, whereas a low value corresponds
to the brittleness. The critical value separating duc-
tile and brittle material is 1.75. The calculated results
are listed in Table II. In this work, the obtained results
of both approximations LDA and GGA indicate that
MgNi3 compound can be classified as ductile material
at zero pressure. Another parameter indicating the brit-
tleness or ductility of the material is the Cauchy relation
defined as CP = C12 − C44. The material is expected
to be ductile, if the value of this expression is positive.
On the other hand, if its value is negative, the material
is brittle [22]. At zero pressure, we found 3557 GPa and
2865 GPa for Cauchy pressure within both LDA and
GGA approximations, respectively. From these values
and according to above criterion, the studied compound
is ductile. Thus, the ductile nature of MgNi3 compound
can be related to the metallic character in its bonds.

In addition, the hardness is also one fundamental
physical parameter when considering the mechani-
cal properties of polycrystalline MgNi3 intermetallic.
The theoretical hardness parameter (H) denoting
the resistance of the physical object against compression

of the contacting parts is applied [23]. So here we
calculate the hardness of MgNi3 by using the approach
as expressed below

H =
E

6

(1 − 2σ)

(1 + σ)
. (10)

The hardness associated to this polycrystalline in-
termetallic crystal in both approximations LDA
and GGA-WC are listed in Table II. It can be seen
that MgNi3 compound has a low hardness. It turns
out that the MgNi3 compound is a low stiff material.
The low hardness of this crystal can be attributed to
the low density of crystal structure.

3.3. Thermodynamic properties
The Debye temperature (ΘD) corresponds in the De-

bye theory to a maximum phonon frequency. It reflects
the structural stability, the strength of bonds, and it is
closely related to many physical properties such as spe-
cific heat and melting temperature. At low temperature
the Debye temperature calculated from elastic constants
is the same as that determined from specific heat mea-
surements. One of the standard methods to calculate
the Debye temperature (ΘD) is from elastic data, since
ΘD may be estimated from the average sound velocity vm
by the following expression [24]:

ΘD =
h

kB

(
3

4π

n

Va

) 1
3

vm, (11)

where h is Plank’s constant, kB is Boltzmann’s con-
stant, n is the number of atoms per formula unit, and
Va is the atomic volume. The average sound velocity
in the polycrystalline material is given by the following
equation [25]:

vm =

[
1

3

(
1

v3l
+

2

v3t

)]− 1
3

, (12)

where vl and vt are the longitudinal and transverse
sound velocities of an isotropic aggregate, obtained us-
ing the shear modulus G and the bulk modulus B from
Navier’s equation [26]:

vl =

(
3B + 4G

3ρ

)1/2

, (13)

and vt =

(
G

ρ

)1/2

. (14)

The calculated Debye temperature (ΘD) and sound ve-
locities (vm, vl, vt) as well as the density (ρ) for
MgNi3 compound in both approximations LDA and
GGA are listed in Table III. Unfortunately, there are
no experimental and other theoretical data for compari-
son. So we consider the present results of Debye temper-
ature (ΘD) as a prediction for the first time, which still
awaits an experimental confirmation.

Phonons are an important concept in solid state
physics, which provides access to a wide range of im-
portant properties such as phase stability, specific heat,
thermal expansion, heat conduction, and phase trans-
formations. In Fig. 3, we display the calculated total
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TABLE III

Density (ρ), longitudinal, transverse and average sound
velocities (vl, vt and vm ), and the Debye temperature
(ΘD) of the MgNi3 compound.

LDA GGA Experiment [1]
ρ [g cm−3] 7.35 6.76 6.48
νl [m s−1] 5974.36 5863.68 –
νt [m s−1] 3097.95 2955.79 –
νm [m s−1] 3467.49 3314.25 –
ΘD [K] 459.84 427.42 –

Fig. 3. Total phonon density of states (PDOS) and
partial phonon DOS of constituent atoms of MgNi3 com-
pound.

Fig. 4. Heat capacity at constant volume Cv as a func-
tion of temperature.

phonon density of states (PDOS) for MgNi3 compound
along with some high symmetry directions in the Bril-
louin zone (BZ), together with the separate contributions
of Mg and Ni vibrations. As shown in Fig. 3, the re-
sults indicate that the phonon structure is stable since
throughout the Brillouin zone all phonon frequencies are
positive. Moreover the phonon density of states can be
viewed as two bands. One is the band lower than 8 THz
where the main contribution comes from Ni atoms, while
the other is the band higher than 9 THz where the con-
tribution comes from Mg atoms.

Fig. 5. Temperature dependence of (a) the entropy,
(b) the enthalpy, and (c) the free energy.

The thermodynamic properties of the present ma-
terial such as the heat capacity Cv at constant vol-
ume, the entropy S enthalpy H, and free energy F in
a quasi-harmonic Debye approximation are evaluated us-
ing calculations for the phonon density of states (PDOS).
In this work, the phonon contribution to the specific
heat Cv, to the entropy S, to enthalpy H, and to free
energy F , as a function of temperature for MgNi3 inter-
metallic compound, are shown in Fig. 4 and Fig. 5(a–c),
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respectively. The calculated value of zero point en-
ergy at 0 GPa is 0.15 eV. At ambient temperature,
the heat capacity Cv is 21.75 Cal/(Cell K) and it tend
to the asymptotic limit (so called the Dulong–Petit limit)
of Cv = 23.64 Cal/(Cell K) = 3 nN kB at higher temper-
atures, as shown in Fig. 4. From Fig. 5a and b, we can
see that the entropy S and the enthalpy H increase con-
tinually as temperature increases, while the free energy
(Fig. 5c) decreases gradually with increasing tempera-
ture. As the temperature of the crystal increases the par-
ticle vibrates more vigorously, causing an increase in en-
tropy of the system. The experimental thermodynamic
data of MgNi3 cannot be found. Therefore it is difficult
to evaluate the magnitude of errors between theory and
experiment. Our calculated results can be seen as a pre-
diction for future investigations.

3.4. Electronic properties

The study of electronic properties allows us to deter-
mine the type of the compound (metal, insulator, or semi-
conductor) as well as chemical bonding. The electronic
structure properties of this compound are calculated

Fig. 6. Band structure with Fermi energy level EF of
MgNi3.

Fig. 7. Total density of states of MgNi3.

along high symmetry directions in the Brillouin zone us-
ing the local density approximation. The obtained elec-
tronic band structure is shown in Fig. 6. It is clear
from the band graph that the valence and conduction
bands overlap each other and there is no band gap
at the Fermi level EF, which confirms the metallic na-
ture of this intermetallic compound. The total density
of states (TDOS) and partial density of states (PDOS)
are shown in Figs. 7 and 8. In Fig. 7, d-states show
the main contribution in TDOS plot near Fermi level.

Fig. 8. Partial density of states of (a) Ni atoms and of
(b) Mg atom are obtained for MgNi3.

4. Conclusions

The present theoretical study investigated the struc-
tural, elastic, mechanical, and thermodynamic properties
of MgNi3 intermetallic compound by means of the DFT
within LDA and GGA approximations. Our results for
the optimized lattice parameter (a) are in good agree-
ment with the available experimental data. The elas-
tic constants Cij , and related polycrystalline mechani-
cal parameters such as bulk modulus B, shear modu-
lus G, Young’s modulus E, and Poisson coefficient σ
are calculated. The MgNi3 compound is mechanically
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stable according to the elastic stability criteria, while
no experimental results of elastic moduli are available
for comparison. The Zener factor A, the B/G ratio
and Cauchy pressure (C12 − C44) are also estimated.
The calculated Zener factor indicates that MgNi3 com-
pound is elastically anisotropic. The values of the ra-
tio B/G and Cauchy pressure show a ductile manner for
the MgNi3 compound. Finally, from the knowledge of
the elastic constants and the average sound velocities
and using the quasi-harmonic Debye model, the calcu-
lated PDOS the thermodynamic properties have been
predicted successfully. The heat capacity at constant
volume of MgNi3 increases sharply with temperature
at low temperature and it tends to Dulong-Petit limit
at high temperature. The structure band and density of
states show that the MgNi3 compound exhibit metallic
properties.
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