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The structural stability, mechanical, electronic and thermodynamic properties of the cubic
sodium based fluoro-perovskite NaXF3 (X¼Mg, Zn) have been studied using density
functional theory (DFT). The generalized gradient approximation of Perdew–Burke and
Ernzerhof (GGA-PBE) is used for modeling exchange-correlation effects. In addition, the
alternative form of the GGA proposed by Engel and Vosko (GGA-EV) is also used to
improve the electronic band structure calculations. The results show that both compounds
are stable in the cubic Pm3m structure. From Poisson's ratio, it is inferred that cubic anti-
perovskite NaXF3 are ductile in nature and that bonding is predominantly of ionic in
nature. The electronic band structure calculations and bonding properties show that anti-
perovskites have an indirect energy band gap (M–Г) with a dominated ionic character. The
thermal effects on thermal expansion coefficient, Debye temperature and Grüneisen
parameter were predicted using the quasi-harmonic Debye model, in which the lattice
vibrations are taken into account. The calculations are found to be in good agreement with
other results.

& 2015 Elsevier Ltd. All rights reserved.
.
arshney).
1. Introduction

The fluoroperovskites crystals are constantly a subject of
thorough and intensive investigations. The leitmotiv of this
deep interest is due to their relatively simple crystal struc-
ture that displays many diverse electric, magnetic, piezo-
electric, optical, catalytic and magnetoresistive properties. In
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the recent past, crystals with ABF3 formula have been a
subject of immense interest due to high temperature proton
conductors with the possibility of applications in fuel cells or
hydrogen sensors [1–4] and also due to enhanced technolo-
gical demands on optical lithography in semiconductors.
These are possibly used as lens materials because they do
not have birefringence, which makes design of lenses diffi-
cult [5–8]. Also, the possible problems in using optical
materials for the UV and VUV regions are their limited
transmission and the difficulty of material processing and
polishing due to cleavage or the hydroscopic nature of the
materials. The centrosymmetric NaMgF3 and NaZnF3, which
crystallize in cubic perovskite and orthorhombic postperovs-
kite [9], do not have these problems, and so, will be
appropriate optical materials for the UV and VUV regions
[10,11].

The determination of the geometry and stability of an
arbitrary material represents a necessary starting point for
the complete characterization of the material properties.
Understanding the high pressure behavior of solids requires
rationalizing how and whymatter compresses under external
stresses. Though, it is clear that the macroscopic compressi-
bility of a crystal is ultimately determined by its chemical
bonds and its valence electrons, so it is proved that a
systematic and quantitative correlation in quantum chemical
terms exist between electronic, thermal and optical calcula-
tions [12]. State of the art investigations and appropriate
benchmark of density functional theory (DFT) computation
are published elsewhere [13].

Both NaMgF3 and NaZnF3 can undergo phase transi-
tions at high pressure, as the family of the perovskites,
some of them might prefer to undergo a CaIrO3 type
postperovskite Pbnm or Pnma type transition to another
ABX3 polymorph before dissociating. A Cmcm phase might
also be observed metastable at low temperatures if the
energy barrier for dissociation is large, or its products (AX
and BX2) have a limited stability range [14]. Recently, two
potential candidate structures for the NaMgF3 compound
at very high pressure 450 GaP, are noticed with symme-
tries Pmcn and P63/mmc [14]. However, the phenomen-
ological theoretically and experimentally study of Zhao et
al. [15] does not exclude the possibility of existence of the
Pm3m cubic phase. Using X-ray diffraction and Bragg's
relationship, the authors provide a critical analysis related
to the centrosymmetrically distortion of these perovskites,
they have demonstrated two decoupled mechanisms for
thermal expansion and compression, i.e., thermal expan-
sion is mostly accommodated by octahedral tilting and
compression is dominated by changes in the octahedral
bond lengths. Another measure based on the idea cited
above, Chen et al. [16] have explained that an orthorhom-
bic (Pbnm) to cubic (Pm3m) transition is observed when
the temperature is increased from 900 to 1000 1C.

In the present work, we have chosen the cubic phase of
the two fluoroperovskites NaMgF3 and NaZnF3 as the main
subject with an aim of getting consistent and unified com-
parative density functional theory (DFT)-based description of
their properties under pressure. Our motivation is to present
here research to enlarge extension driven by the fact that
despite a rather simple structure of these materials, surpris-
ingly not much has been reported so far on their electronic,
elastic properties. Furthermore, the theoretical predictions of
the compounds are not treated with recent developed poten-
tials like modified Becke–Johnson potential. Therefore, this
work is very important concerning the basic treatment of the
fundamental properties. This work will also cover the lack of
data on these important compounds and provide reference
data for further experimental or theoretical calculations.

2. Computational details

All calculations presented here were performed using the
full-potential linearized augmented plane wave (FP-LAPW)
method [18] based on density functional theory DFT [19,20]
and implemented inwien2K package code [21]. The electronic
exchange-correlation potential was calculated by using the
general gradient approximation (GGA) within the Perdew–

Burke–Ernzerhof (PBE) scheme [22]. We have also used the
Engel–Vosko GGA [23] scheme and the modified Becke–
Johnson scheme [24] to determine the band structure. In
the interstitial region, a plane wave expansion with RMT�
Kmax¼8 and 8.5 where RMT is the minimum radius of the
muffin-tin spheres and Kmax gives the magnitude of the
largest K vector in the plane wave basis. The potential and
the charge density were Fourier expanded up to Gmax¼12 (a.
u.)�1. The valence wave functions inside the atomic muffin-
tin-spheres were expanded to l¼10 in the irreducible wedge
of the first Brillouin zone (IBZ) that has been explored within
the tetrahedron method and the size of the mesh has been set
to 17� 17� 17 points [25]. The self-consistency was achie-
ved since the total energy difference between successive
iterations was less than 10�5 Ryd per formula unit.

3. Results and discussion

3.1. Ground states and elastic properties

The stability of the crystal should be addressed with
respect to solid-state reactions produces compounds of
different AMX3 stoichiometry with different crystalline struc-
ture. The present studies of polymorph has made for
pressures lower than 50 GPa. Table 1 gives the optimized
lattice constants for all the polymorph of the considered
crystals, as appeared after performing geometry optimization
with the above-given computational settings. Inspection of
data from this table shows that all the calculated parameters
are slightly overestimated in comparison with the available
data. Such a trend is in line with the calculated lattice
constants for NaMgF3 and NaZnF3 as given earlier [26]. The
non cubic phases have a simple orthorhombic unit cell with
20 atoms (please see Table 1). Our calculations confirm that
the Pm3m cubic phase is the most stable (please see Fig. 1),
in good agreement with the experimental prediction [9,27].

Using, PBE-GGA calculations, the lattice constant of cubic
NaMgF3 and NaZnF3 are sketched in Fig. 2 and predicted as
3.964 Å and 4.065 Å respectively, which are in good agree-
ment with the experimental values (3.84 Å for NaMgF3 and
3.88 Å for NaZnF3) [18]. The elastic constants and their
pressure dependence for these compounds are also com-
puted using tetrahedral and rhombohedral distortions for
the cubic structure. The system is fully relaxed after each
distortion in order to reach the equilibrium state with



Table 1
Lattice constants and Wyckoff coordination of NaMgF3 and NaZnF3 in the Cmcm, Pnma and Pm3m phases.

Cmcm NaMgF3 NaZnF3

(a, b, c) 3.07 10.39 7.48 3.13 10.46 7.62
2.773 [14] 8.682 [14] 6.876 [14]
x y z x y z

Na (4c) 0.0 0.2610 3/4 0.0 0.2580 ¾
Mg/Zn (4a) 0.0 0.0 0.0 0.0 0.0 0.0
F1 (4c) 0.0 0.9283 3/4 0.0 0.9200 ¾
F2 (8f) 0.0 0.3762 0.0560 0.0 0.3737 0.0586

Pnma NaMgF3 NaZnF3

(a, b, c) 5.59 7.79 5.44 5.57 8.00 5.55

x y z x y z
Na (4c) 0.5459 ¼ 0.4876 0.5536 1/4 0.4862
Mg/Zn (4a) 0.0 0.0 1/2 0.0 0.0 ½
F1 (4c) 0.0312 ¾ 0.4053 0.0427 3/4 0.3924
F2 (8f) 0.7926 0.4509 0.2056 0.6997 0.9442 0.6978

Pm3m 3.964, 3.84 [17] 4.065, 3.88 [17]

Fig. 1. The calculated total energies in CmCm, Pnma and Pm3m structures
of NaMgF3 (a) and NaZnF3 (b).

Fig. 2. Lattice constant versus pressure and temperature of NaMgF3 (a)
and NaZnF3 (b).
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approximately zero forces on the atoms. The elastic proper-
ties are described by 36 elastic stiffness constants for
anisotropic crystalline solid.
For the cubic crystal, due to its higher symmetry, the
number of elastic stiffness constant reduces into 3 such as
C11 (relates the longitudinal or compression stress and
strain along 〈100〉 directions), C44 (relates the transverse or
shear stress and strain in the same directions) and C12
(relates the longitudinal stress in one direction to the
strain in another direction). Our results regarding C11,
C12, C44 and bulk modulus B at equilibrium cubic phase



Table 2
Calculated elastic constants Cij (in GPa), Bulk modulus B (in GPa), Shear modulus G (in GPa), Young's modulus and Poisson's ratios σ, for cubic NaMgF3 and
NaZnF3 compounds.

C11 (GPa) C12 (GPa) C44 (GPa) B (GPa) G (GPa) B/G E (GPa) σ

NaMgF3 136.9082 31.8473 51.0104 66.8676 51.613 1.296 123.1532 0.193
NaZnF3 135.0395 39.6591 41.9587 71.4526 44.164 1.62 109.8589 0.243

Fig. 3. Elastic moduli versus pressure of NaMgF3 and NaZnF3.
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are listed in Table 2. We comment that the unidirectional
elastic constant C11, which is related to the unidirectional
compression along the principal crystallographic direc-
tions, is about 77% higher than C44 for NaMgF3 and 71%
for NaMgF3, indicating that these compounds present a
weaker resistance to the pure shear deformation com-
pared to the resistance of the unidirectional compression.
According to our knowledge, the experimental and theo-
retical calculations are not available in the literature.

The variation of the elastic constants as a function of
pressure is displayed in Fig. 3. We observe that all elastic
constants show a linear increasing as the pressure increases.
We have found, after some initial surprise, that the behavior of
the lattice constant is rather quadratic under the effect of
pressure. This behavior reflects that the dependence of pres-
sure is more complicated trends and can be subjected to more
studies to be well applied [13,26]. For cubic crystals, the
mechanical stability requires the elastic constants satisfying
the well-known Born stability criteria:

C114 C12j j
C11þ2C12ð Þ40
C4440

ð1Þ

From the calculated Cij as listed in Table 2, the above
criteria are satisfied indicating that the perovskites NaMgF3
and NaZnF3 are mechanically stable. A problem arises when
single crystal samples cannot be obtained, for that it is not
possible to measure the individual elastic constants Cij.
Instead, the isotropic bulk modulus B and shear modulus G
are determined. These quantities cannot be calculated
directly from the Cij, but we can use the computed values
to place bounds on the isotropic moduli. Reuss [28] deter-
mines lower bounds for all lattices, while Voigt [29] suggests
upper bounds [30]. For the specific case of cubic lattices,
Hashin and Shtrikman [31] have found stricter bounds. The
isotropic bulk modulus for the cubic system is given by

BV ;R ¼ 1=3 C11þ2C12ð Þ ð2Þ
The Reuss and Voigt limits for the shear modulus are

GR ¼
5C44 C11�C12ð Þ

4C44þ3 C11�C12ð Þ½ � ð3Þ

GV ¼ C11�C12þ3C44

5
ð4Þ

The shear modulus G is given by

G¼ GV þGR

2
ð5Þ

Another quantity associated with the volume during uni-
axial deformation and the stability of the material against
shear is Poisson's ratio as given by

σ ¼ 3B�Eð Þ=6B ð6Þ
where E is the Young modulus. It takes the value in between
�1 and 0.5. The lowest value of Poisson's ratio indicates a
large volume deformation, when σ¼0.5 there is no volume
changes. Poisson's ratio also provides more information for
dealing with the characteristic of the bonding forces. For
covalent materials it is small (σE0.1), whereas for ionic
materials a typical value of σ¼0.25 [32]. In the present case,
σ varies from 0.193 (NaMgF3) to 0.243 (NaZnF3), i.e. according
to this index, a higher ionic contribution in intra-atomic
bonding for perovskites NaMgF3 and NaZnF3 should be
assumed.

Mechanical properties such as brittleness, ductility and
hardness of the materials can be understood using elastic
constants. Cauchy's pressure is given by C12–C44 will serve as
an indication of ductility. Cauchy pressure describes the
angular characteristics of atomic bonds in metals and



Fig. 4. The mBJ-GGA band structures of NaMgF3 (a) and NaZnF3 (b).

Fig. 5. Density of states of NaMgF3 (a) and NaZnF3 (b).
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compounds. The positive Cauchy pressure reveals the metal-
lic nature and the negative pressure suggests an angular or
directional bonding. If the pressure is positive (negative), the
material is expected to be ductile (brittle). Herein, the value
of Cauchy's pressure is found to be equal to �19.17 GPa for
NaMgF3 and �2.3 GPa for NaZnF3, which clearly highlights
the brittle nature of these compounds.

The ductility/brittleness materials are also interpreted
by (B/G) ratio. According to Pugh's [33], the high (low) B/G
ratio is associated with the ductile (brittle) nature of the
materials. The critical number that separates the ductile
and brittle, was found to be 1.75. As listed in Table 2, for
both compounds the B/G ratio is smaller than the critical
value, which also classified as brittle materials. We may
also refer to Frantsevich et al. [34] who distinguished the
ductility and brittleness of materials in terms of Poisson's
ratio (σ). According to the Frantsevich rule, the critical
value of material is 0.26. For brittle materials, Poisson's
ratio is less than 0.26, otherwise the material behaves in a
ductile manner, as recently demonstrated in a study of
brittle versus ductile transition in some perovskite com-
pounds from first-principles calculations [35,36]. Here the
calculated Poisson's values are both smaller than 0.26,
meaning that both NaMgF3 and NaZnF3 compounds are
brittle in nature.
3.2. Electronic and bonding properties

The prediction of band gap energies of solids regards a
major concern in simulation of solid state. Recently, Mori-
Sánchez et al. [37] have associated the error in the band gap
prediction of different functionals with their behavior upon
fractional charges, that is, localization. Within the frontier
orbital approach the hardness of solids is half its band gap
[38]. The calculated energy band structures along the high
symmetry directions in the Brillouin zone at zero pressure
within the mBJ approximation are shown in Fig. 4. The
valence band maximum (VBM) occurs at the M point of the
Brillouin zone, whereas, the conduction band minimum
(CBM) at the Γ point indicates an indirect band gap M–Γ.
The calculated indirect gap is 5.99 eV (NaMgF3), 3.35 eV
(NaZnF3) using GGA and 6.74 eV (NaMgF3), 4.11 eV (NaZnF3)
using EV-GGA. Further mBJ potential is also applied to
improve the bandgaps. The calculated indirect bandgap is
10.6 eV of NaMgF3, 6.60 eV of NaZnF3. It is well known that
GGA and EV-GGA usually underestimate the gap of semi-
conductors and mBJ yields better value of energy gap. This
value indicates insulator behavior. Density of States (DOS) of
the compounds are also calculated and plotted in Fig. 5. For
NaMgF3, valence band is mainly composed of the O-2p
states while the conduction band has mixed states of Na
and O. While, For NaMgF3, the valence band is composed of



Fig. 6. Contour plot of the Laplacian of the electron density in a plane
([111]) containing the three non-equivalent atoms of NaMgF3 (a) and
NaZnF3 (b). This plane contains all the CPs (n, b, r and c) of the structure:
the three nuclei, the Na–F and Mg/Zn–F bond Cp's, a single ring Cp's, and
two deferent cage Cp's. Red lines correspond to the atomic basins
subdivision in 2D. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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mixed O-2p and Zn-3d states. The conduction band con-
tains mixed states of Na, Zn and O.

As a numerical analysis the method based on the theory of
atoms in molecules (AIM) of Bader [40] has proved its
effectiveness. From the advent of visual AIM analysis given
in Fig. 6, it was recognized that the ionic compounds are
identified by electrostatic interaction between ions, where it is
shown a lack of bonding basins and the sphericity of the ions.
The enormous concentration of critical points hampered the
complete topological characterization of these solids. Using
(AIM) formalism as an alternative procedure for more explicit
information on the bonding properties when considering the
whole unit cell in crystals [40]. The electron density (ρ) is the
central property of AIM. Via the topology of the electron
density the concept of atoms and bonds can be introduced.
The critical points (CP) of ρ, i.e., mark special positions in
space. The critical points (CP), solutions to the equation
∇
!

ρ: n!¼ 0, are classified according to the Hessian or
curvature matrix into: maxima or nuclear CP's (NCP or n),
first order saddle or bond CP's (BCP or b), second order saddle
or ring CP's (RCP or r) and minima or cage CP's (CCP or c). The
number of CP's is regulated by topological invariants. In case
of solids Morse's relationships ensures that n�bþr�c¼0, n,
cZ1, b, rZ3.

Using the critical points distribution shown in the plot of
the {111} plane of the charge density (Fig. 6), and according
to the structure satisfying Euler's relationship (faces�
edgesþvertices¼2), we can construct a polyhedra which
contains all atomic attraction basins (see the red lines in
Fig. 6). By means of the CRITIC [39] code, the atomic
properties (P) are calculated by integrating their associated
property densities (p(r)) inside the basins (Ω): PΩ ¼R
ΩpðrÞdr, the scalar fields for atomic volumes (p¼1, P¼V)
and charges (p¼ρ, P¼N) are readily available. The ions in
NaXF3 (X¼Mg, Zn) crystals having according to the three
dimensional plot in Fig. 6, an R9 topological scheme [42],
can provide required information on the character of the
bonding that using semi-empirical relations proposed by
Mori-Sánchez et al. [41]; ionicity index is defined as an
average for all the basins of the ratio between the local
topological charge and the nominal oxidation state, c¼
ð1=NÞΣN

Ω ¼ 1ðQ ðΩÞ=OSðΩÞÞ and charge-transfer index of the
atom in crystal CT (Ω)¼1�(OS(Ω)�Q(Ω))/OS(Ω).

These entire indexes are gathered in Table 3 according to
Luaña et al. [42]. Here, Q(Ω) and OS (Ω), are the topological
charge [43] and the nominal oxidation states, respectively.
These perovskites behave clearly as ionic compounds, as
indicated by the topological charges (see Table 3). The charge
of the sodium ions is very close to the nominal þ1 value, the
Fluorine have an average charge Q(X)¼�0.8 to �0.9, and
the alkaline earth ions are Q(Mg)¼1.76 and Q(Zn)¼1.44
(electron). These investigated compounds according to Fig. 7
correspond to the dominant R9 family [44], where the
magnesium basin is topologically equivalent to a cube. The
result to calculate the index c is giving the degree of ionicity,
predicted that our materials are dominated by nearby 450%
by ionic global character. The charge transferred CT between
atoms is considerable. However, it is clear there is a
dominance of the ionic over the covalent character.

The topological analysis is particularly well suited to
provide information on the nature of the chemical bond in
crystals because the graphical representation of appropriate
scalar fields on the surfaces of the basins gives illuminating
images of the bonding situation. Thus, depicting directly the
electron density, we can observe the zones of accumulation
and depletion of charge reveal the presence of bond CPs. In
Fig. 7, we show from the 2D electron density plot, the
accumulation of density along the F–Zn bond is larger than
those along the F–Na and F–Mg bonds.

According to Bader's formulation [45], every bond critical
point (BCP) can be described by its position, electron density
at this point, Hessian matrix eigenvalues λ1, λ2, λ3 and
Laplacian ∇2ρ(r). Negative values of the Laplacian (∇2ρ(r)
o0) are characteristic of covalent bonding (charge is concen-
trated between bonded atoms), while charge depletion in
bond region associated with positive value of Laplacian (V2ρ(r)
40) is characteristic of ionic bonding. Almost Laplacian values
in the entitled compounds are positive, indicating charge
depletion in the bonding region and very small electron



Table 3
AIM atomic properties of NaXF3 (X¼Mg, Zn) correspond to the multiplicity in the conventional unit cell, the integrated charge Q, the degree of ionicity c
and the charge transfer CT beside the electron density Laplacian ∇2ρ rð Þ and the density of the BCP ρmax

b point.

Atom Wyck. Q (electron) CT c

NaMgF3 59.47%
Na 1a þ9.1978502391E-01 0.9599
Mg 1b þ1.7565966449Eþ00 0.8783
F 3c �8.9171939090E-01 0.9459

Atom1 Atom2 r1 (bohr) r2 (bohr) r1/r2 r1�B�r2 (deg)
F Na 2.9088 2.3880 1.2181 180.0000
F Mg 2.0687 1.6768 1.2337 180.0000

Na–F ρmax
b ¼ 0:544829731E�02 ∇2ρ rð Þ ¼ 0:841E�13

Mg–F ρmax
b ¼ 0:414938856E�01 ∇2ρ rð Þ ¼ 0:421E�14

NaZnF3 52.50%
Na 1a þ9.2711928354E-01 0.9636
Zn 1b þ1.4355558499Eþ00 0.7178
F 3c �7.8707395641E-01 0.893

Atom1 Atom2 r1 (bohr) r2 (bohr) r1/r2 r1�B�r2 (deg)
F Na 2.9875 2.4443 1.2222 180.0000
F Zn 1.9041 1.9368 0.9831 180.0000

Na–F ρmax
b ¼ 0:447950275E�02 ∇2ρ rð Þ ¼ 0:203E�13

Zn–F ρmax
b ¼ 0:629958050E�01 ∇2ρ rð Þ ¼ 0:602E�12
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densityρmax
b ; which means that these bonds are very weak

with closed shell like characteristic (partially ionic-partially
covalent bonds with dominating ionic character).

3.3. Thermal properties

In order to access the properties of solids at relatively
low temperatures, the approach commonly employed con-
sists of assuming a harmonic potential for the atoms at any
crystal structure: the quasi-harmonic approximation (QHA).
At present, the used method is to follow procedure given by
Blanco et al. [46]. As a first step, a set of total energy
calculation versus primitive cell volume (E–V), in the static
approximation, was carried out and fitted with the numer-
ical EOS in order to determine its structural parameters at
zero temperature and pressure, and then derive the macro-
scopic properties as a function of pressure and temperature
from the standard thermodynamic relations. The thermal
properties are determined in the temperature range from
0.0 to 1000 K where the quasi-harmonic model remains
fully valid. The pressure effect is studied in the range from
0.0 to 20 GPa.

The pressure and temperature dependence of the
relative volume V/V0 of the NaMgF3 and NaZnF3 is shown
in Fig. 8. It is seen that the relative volume V/V0 decreases
at the given temperature as the pressure increases. There-
fore, the effect of increasing temperature on the NaZnF3 is
more apparent. We have examined carefully the behavior
of the two most critical magnitudes, thermal expansion
coefficient α and Debye temperature Θ, with temperature T
are shown in Figs. 9 and 10, respectively. It can be seen
that the thermal expansion coefficient increases with T3 at
lower temperatures and gradually approaches to a linear
increase at higher temperatures. This latter varies faster
for the NaZnF3 compound and has rather a higher value of
α. The Debye temperature is also one key quantity in the
quasi-harmonic Debye model. In Fig. 9, we show the Debye
temperature Θ as a function of temperatures at different
pressures of P¼0.0, 5.0, 10.0, 15.0 and 20.0 GPa, it is shown
that at low pressure, the Debye temperature Θ decreases
significantly when the temperature changes from 0.0 to
1000 K.

It can be concluded that the effect of the temperature on
the Debye temperature Θ is not as important as that of the
pressure on Debye temperature. The higher pressure leads
to the low effect on the Debye temperature. Fig. 10 demon-
strates that when the temperature is constant, the Debye
temperature Θ increases non-linearly with applied pres-
sures, indicating the change of the vibration frequency of
particles. The temperature dependent Debye temperature
curve in both NaMgF3 and NaZnF3 documents a decreasing
trend with enhanced temperature. The outcome is the
thermal softening of lattice results from bond expansion
and bond weakening due to thermal stress.

The Grüneisen constant γ describes the anharmonicity in
the vibrating lattice, and it has been widely used to character-
ize and extrapolate the thermodynamic behavior of a material
at high pressures and temperatures, such as the thermal
expansion coefficient and the temperature dependence of
phonon frequencies and line-widths. It is also directly related
to the equation of state (EOS). The static variation of Grünei-
sen parameter with temperature T and pressure P is shown in
Fig. 11. It can be observed that at given pressure, the γ
increases dramatically with the temperature T4200 K, while
at fixed temperature, the γ decreases dramatically with
pressure, and that as the temperature goes higher, the γ
decreases more rapidly with the increase of pressure. These
results are attributed to the fact that the effect of temperature
on the ratio is not as significant as that of pressure, and there
will be a large thermal expansion at a low pressure.

4. Conclusions

In this work, we have performed ab initio calculations on
the structural, elastic, electronic, and thermodynamic prop-
erties for the cubic NaZnF3 and NaMgF3 using the FP-LAPW



Fig. 7. 3D crystallographic representation of CP's points (balls) and basins
for NaMgF3 (a) and NaZnF3 (b). Yellow balls represent the fluorine ions,
light blue balls are sodium ions and red balls Zn and Mg ions. Small red
balls are placed at Wyckoff's 3c are the (3,�1) bond Cp's and (3,þ3) cage
Cp's are represented by the small blue balls. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 8. Pressure and temperature dependence of the relative volume V/V0
of NaMgF3 and NaZnF3.

Fig. 9. The thermal expansion α versus temperature at different pres-
sures of NaMgF3 (a) and NaZnF3 (b).
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method within PBE-GGA, EV-GGA and mBJ. The most
relevant results are summarized as follows: we have deter-
mined both NaZnF3 and NaMgF3 are stable in the cubic
structure. We succeeded in predicting some elastic proper-
ties such as elastic moduli, shear modulus, Young's modulus
and Poisson's ratio. As a result, brittleness behavior of these
compounds is interpreted via the calculated elastic constants.
The calculations of the electronic band structure show an
insulating character of these materials with an indirect
energy band gap (M–Γ). We note that the mBJ approxima-
tion yields larger fundamental band gaps compared
to those of PBE-GGA. The analysis of the bonding properties
reveals that bonds between the constituting elements of
these compounds are mainly ionic. Through the quasi-
harmonic Debye model, the dependences of the volume,



Fig. 10. The variation of the Debye temperature θD versus temperature at
different pressures of NaMgF3 (a) and NaZnF3 (b).

Fig. 11. Static variation of the Grüneisen parameter with temperature T
and pressure P.
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bulk modulus, and Debye temperature on temperature and
pressure have been obtained successfully.
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