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A B S T R A C T   

Ab-initio calculations based on density functional theory have been performed to establish the ground state 
properties for the double perovskite type material Ba2CaMoO6. The calculations were carried out through the 
Projector Augmented Wave Method and the exchange and correlation was described using the Perdew-Burke- 
Ernzerhof parameterization of the Generalized Gradient Approximation. The study included structural analysis 
of the material, as well as thermodynamic, cell dynamics and optical properties at its transition between the 
tetragonal I4/m and cubic Fm 3 m phases. The results on the structural stability reveal that the phase with space 
group of I4/m is more stable. Likewise, the structural phase transition was obtained for a pressure of 0.067 GPa. 
On the other hand, the analysis of the electronic properties shows that the material presents a semiconducting 
behaviour, with a direct band gap of 2.40 eV and 2.26 eV for the tetragonal and cubic structures, respectively. In 
addition to agreeing with the experimental values reported in the literature, the results suggest possibilities for 
the application of this material in photodetectors, light emitters and devices for power electronics. © 2023 
Elsevier Science. All rights reserved.   

1. Introduction 

For many years, perovskite-type materials have been extensively 
studied because of the diversity of physical properties they exhibit that 
can be tuned from variations in their chemical composition. Their 
generic formula is ABX3, where A can be an earthy alkali or rare earth, 
and sometimes a semi-metal, B is usually a transition metal or rare earth 
and X a halogen but is usually oxygen when the material is a perovskite- 
type oxide such as that which will be considered in the present paper, so 
the formula is modified to ABO3 [1]. The stability of the unit cell de-
pends on several factors, among them the ionic radius of the cations A 
and B, being likely the synthesis of those compounds where these radii 
comply with rA > rB, where r represents the ionic radius of the cation. As 
long as the crystallographic stability of the unit cell, given by the global 
instability index [2], is maintained, it is possible to introduce stoichio-
metric modifications such as the one that gives rise to the so-called 
double perovskite. In this, the B cation is substituted by 50% by 
another B′, so that the generic formula takes the form AB0.5B’0.5O3, with 

the particularity that the B and B′ cations usually adopt an intercalated 
arrangement along the crystallographic axes, forming what is called a 
salt rock superstructure. Thus, its formula is usually written as A2BB’O6 
[3]. The presence of the B′ cation includes a new degree of freedom in 
the search for new physical properties, which has allowed obtaining 
double perovskites that show superconductivity [4], high conductivity 
[5], halfmetallicity [6,7], coexistence of ferromagnetism and semi-
conductivity [8–10], multiferroicity [11], among other properties with 
applicability in spintronics technology [12]. 

Among the recently investigated double perovskite-type materials, 
Ba2CaMoO6 is particularly interesting because the A and B sites of the 
unit cell are occupied by earthy alkali. Meanwhile, the ionic radius of Sr 
in its cuboctahedral coordination is 1.44 Å while the ionic radius of Ca in 
its octahedral coordination is 1.00 Å. This large difference between the 
sizes of the cations is a first factor towards the structural stability of the 
material. On the other hand, the so-called tolerance factor, defined as 
[10]. 
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τ =
̅̅̅
2

√
(rBa + rO)

(rCa + rMo + 2rO)
(1)  

where rBa, rCa and rMo are the ionic radii of the Ba, Ca and Mo cations and 
rO represents the ionic radius of the anion O, yields a value τ = 0.9740, 
whose proximity to the ideal value τ = 1 gives it a high probability of 
synthesis in the laboratory. Finally, the so-called global instability index, 
is given by the root-mean-square deviation of the experimental bond 
valence sums from the atomic valence [13] 
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√
√
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√

(2)  

where N is the number of ions and d is the bond discrepancy factor 
defined as the deviation of the bond valence sum from the formal 
valence [14]. For Ba2CaMoO6 a value GII = 0.03366 is obtained. Pre-
dictions for perovskite-type materials suggest that GII values > 0.2 have 
a low probability of synthesis [2], which allows us to assume that the GII 
value found is related to good structural stability. 

A first report on the Ba2CaMoO6 material corresponds to a theoret-
ical and experimental work in which its semiconductor character with a 
bandgap Eg = 2.7 eV was established [15]. Subsequently, absorption 
coefficient calculations were carried out, assuming a cubic space group, 
Fm 3 m, determining the bandgap as Eg = 2.6 eV [16]. Recently the 
material was synthesized, showing crystallization in a cubic structure, 
space group Fm 3 m and evidencing a structural transition at T = 200 K 
to a tetragonal crystallographic phase, space group I4/m [17]. In the 
same report, this transition was corroborated through specific heat and 
differential scanning calorimetry (DSC) and synchrotron X-ray diffrac-
tion (XRD) measurements. Theoretical calculations, considering a cubic 
structure, show that the partial inclusion of Nb in the crystallographic 
sites of Mo promotes the stability of ferromagnetic interactions in a 
half-metallic state [18]. Meanwhile, from the experimental and theo-
retical reports concerning this material, the structural dependence under 
the application of temperature and pressure gradients is still a contro-
versial issue. The aim of the present work is to carry out a complete 
theoretical study of the electronic and optical properties of the Ba2Ca-
MoO6 material, in order to establish the stability of the structural phase 
in the fundamental state and its behaviour under the application of finite 
temperatures and pressures. The results reveal that at low temperatures 
the most stable phase is of the tetragonal type. However, both the 
tetragonal and cubic phases exhibit optical properties applicable in 
optoelectronic devices. 

2. Calculation method 

In order to establish the structural ground state and their respective 
thermodynamic and optical properties for the double perovskite 
Ba2CaMoO6, several ab-initio calculations have been performed in the 
framework of Density Functional Theory (DFT). The starting point was 
the self-consistent Kohn-Sham equations, which were solved through the 
Pseudopotential and Plane Wave Method that is implemented in the 
Vienna Ab-initio Simulation Package (VASP) [19]. All calculations were 
performed using a 520 eV cut-off energy, describing the irreducible 
Brilloiun zone of the reciprocal space by a dense mesh-grid of 13x13x13 
and 13x13x9 k-points in the Monkhorst-Pack scheme for the cubic and 
tetragonal structures, respectively [20]. The Perdew-Burke-Ernzerhof 
parameterization of the Generalized Gradient Approximation 
(GGA-PBE) was carried out to include the exchange-correlation poten-
tial by means of an accurate description of the electronic structure and 
optical properties of the material [21]. For this purpose, a Hubbard 
potential correction (GGA + U), with a value U = 4.38 eV for the d-Mo 
orbital, was considered. The atomic positions and lattice parameters 
were optimized until the interatomic forces and the Pulay stress were 

less than 0.001 eV/A and 0.1 kB, respectively. The dynamical calcula-
tions of the lattice were computed using the frozen phonon method, as 
implemented in the Phonopy code [22]. For this purpose, a 2 × 2 × 2 
supercell was considered. Additionally, the quasi-harmonic approach 
was used for the calculation of thermophysical properties, such as Gibb’s 
energy and specific heat at constant volume [23]. 

3. Results and discussion 

3.1. Structural properties 

From the experimental reports mentioned and cited in the intro-
duction for the Ba2CaMoO6 double perovskite, total energy minimiza-
tion processes as a function of unit cell volume were performed and 
fitted to the Murnaghan equation of state [24], considering the tetrag-
onal I4/m and cubic Fm 3 m structures. Using the parameters obtained in 
the process, which are shown in Table 1, the structures exemplified in 
Fig. 1 were built. Meanwhile, it is important to note that the lowest 
energy corresponded to the tetragonal structure, with E = 0.065 eV with 
respect to the cubic structure. 

Both the energy minimization and the GII calculation are important 
because they represent additional criteria to the tolerance factor for 
establishing the most probable crystallization structure of the material, 
since the value of τ is the same for the two structures studied. In Table 1, 
Wyckoff’s letters a, b, c, e and h determine all points for which the site- 
symmetry groups are conjugate subgroups of the respective Fm 3 m and 
I4/m space groups, on a case-by-case basis. The position of oxygen for 
the cubic case corresponds with the position of O1 in square base of the 
tetragonal structure, suggesting that, as the cell is stretched along the 
crystallographic axis c to adopt the latter structure, the major distortions 
are accounted for by the bonds between Ba cations and oxygen anions. 
This can be corroborated in Table 1, noting that the Ca–O and Mo–O 
interatomic distances related to the CaO6 and MoO6 octahedra are the 
same for both the cubic and tetragonal cells. 

The position of oxygen for the cubic case corresponds with the po-
sition of O1 in square base of the tetragonal structure, suggesting that, as 
the cell is stretched along the crystallographic axis c to adopt the latter 
structure. Although between the two structures there is no change in the 
dimensions of the octahedra, a major difference has to do with the 
octahedral distortion that takes place along the crystallographic axis c, 
which is observed in the occurrence of tilt angles of 9.395o and 11.723o 

for the CaO6 and MoO6 octahedra, respectively. Finally, the distorting 

Table 1 
Structural parameters calculated for the probable cubic and tetragonal struc-
tures of the Ba2CaMoO6 material.  

Cubic Structure; Fm 3 m space group; Glazer Notation ååå; a = 5.4966 Å; τ = 0.9740; 
GII = 0.218135 

Wyckoff Position x y z Interatomic distances (Å) 

Ba-8c 0.2500 0.2500 0.2500 Ba(8c)-O(24e) 3.0357 
Ca-4a 0.0000 0.0000 0.0000 Ca(4a)-O(24e) 2.3735 
Mo-4b 0.5000 0.0000 0.0000 Mo(4b)-O(24e) 1.9070 
O-24e 0.2772 0.0000 0.0000 Bond angles Ca–O–Mo: 180.0o 

Tetragonal Structure; I4/m space group; Glazer Notation åå c; a = 5.9890 Å, c =
8.5430 Å; τ = 0.9740; GII = 0.033655 

Wyckoff 
Position 

x y z Interatomic distances (Å) 

Ba-4d 0.0000 0.5000 0.2500 Ba(4d)-O1(4e) 2.9853 
Ca-2a 0.0000 0.0000 0.0000 Ba(4d)-O2(8h) 2.7541 
Mo-2b 0.5000 0.5000 0.0000 Ba(4d)-O2(8h) 3.2934 
O1-4e 0.0000 0.0000 0.2772 Ca(2a)-O1-2(4e- 

8h) 
2.3735 

O2-8h 0.2322 0.3242 0.0000 Mo(2b)-O1-2(4e- 
8h) 

1.9070 

Bond angles Ca–O2–Mo: 158.9o; Tilt angle CaO6: 9.395o; Tilt angle MoO6: 
11.723.o 
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effect on the octahedra of the tetragonal cell is evident in the Ca–O–Mo 
bond angles which have values of 158.9o instead of the 180.0o expected 
for the cubic cell. 

3.2. Phononic frequencies 

Since the difference between the minimum energies of the two 
structural phases was extremely small (65 meV), the term −

(∂U
∂V
)

SV, 
where 

(∂U
∂V
)

S is the pressure P, U is the total internal energy, V is the 
volume and S represents the entropy, was added to calculate the 
enthalpy of each of the systems, resulting in the result presented in 
Fig. 2, where a greater stability for the tetragonal phase can be appre-
ciated, as well as a probable phase transition between the two structures 
when a pressure of 0.06 GPa is applied. In general, crystalline materials 
can exhibit phase transitions when changing temperature and pressure. 
The phase with a specified crystalline structure can exist in a stable state 
within a certain range of temperature and pressure, changing phase in 
critical value. Such stability in thermodynamic conditions is called 
phase stability. Both phase stability and intrinsic chemical instability 
under certain thermodynamic conditions can be predicted by deter-
mining the entropy through phonon calculations [25]. 

The Gibbs free energy of a compound as a function of temperature T 
and pressure P is given as 

G(T,P)=F(T,V) + PV, (3)  

where F(T,V) is the Helmholtz free energy as a function of temperature 
and volume V. 

For the PV term, the total energies are calculated by varying the unit 
cell volume, fitting the empirical equation of state of a solid [26] to 
obtain the function E(V), and then the pressure is estimated by per-
forming the differentiation P = −(∂E/∂V)T [27]. Within the adiabatic 
approximation, F(T,V) can be separated into ionic and electronic 
vibrational contributions [28,29], 

F(T,V)=Fvib(T,V)+Felec(T,V)≃Fvib(T,V) + E(T = 0 K,V) (4) 

In the Helmholtz electronic free energy term, Felec(T,V) = E(T = 0 K,
V)− TSelec, the TSelec term is ignored because the effect of electronic 
temperature is negligible for nonmetallic systems in the vicinity of room 
temperature [30]. Thus, within the quasi-harmonic approximation 
(QHA), the ionic term Fvib can be calculated as follows [27,29]. 

Fvib(T,V)= 3MkBT
∫ωL

0

Ln
{

2 sinh
[

hω(V)
2kBT

]}

g(ω)dω (5)  

where ω(V) is the phonon frequency as a function of volume, M is the 
atomic mass, g(ω) is the normalized density of phonon states and ωL is 
the maximum of the phonon frequencies. The stability can be estimated 
by the Gibbs free energy difference between the two phases. 

It is crucial to obtain an accurate picture of phonon scattering in 
perovskites to understand material processes such as ionic transport and 
charge carrier recombination and scattering, as well as material stabil-
ities. Phonon scattering is computationally accessible through cell dy-
namics calculations, where the dynamic matrix is constructed through 
the Hessian matrix as the second derivatives of the total energy with 
respect to the atomic displacements that can be obtained directly from 
DFT calculations. The Hessian matrix (or interatomic force constant) can 
be calculated in real space by performing force calculations on a series of 
symmetry-inequivalent displaced structures with the use of a supercell 
[31,32] or in the reciprocal space using perturbation theory (DFPT) 
[28]. Diagonalizing the dynamic matrix yields a set of eigenvectors 
(phonon modes) and eigenvalues (phonon frequencies) [25]. 

Fig. 3 shows the calculated phonon dispersions for the cubic and 
tetragonal phases of the double perovskite Ba2CaMoO6. 

The phonon frequencies of the vibrational spectrum for the cubic 
phase at Γ evidence a negative frequency, confirming its unstable 
character. For the tetragonal phase, no negative components are 
evident, reaffirming its stability. 

The stability of the tetragonal phase is corroborated in Fig. 4, where 
the specific heat at constant volume as a function of temperature is 
presented, also showing the occurrence of a phase transition to a cubic 

Fig. 1. Crystal structure of the double perovskite Ba2CaMoO6 in the cubic (a) 
and tetragonal (b) crystallographic phases. 

Fig. 2. Enthalpy as a function of pressure calculated for the Ba2CaMoO6 double 
perovskite in the tetragonal and cubic structural phases. 
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structure at T = 120 K. 
Experimental reports through low-temperature X-ray synchrotron, 

neutron diffraction and differential scanning calorimetry reveal that a 
phase transition between a tetragonal structure at low temperatures and 
a cubic structure at high temperatures takes place at T = 200 K [33]. 
These theoretical results are supported by experimental vibrational 
spectroscopy measurements reported for frequencies in the infrared 
region related to Mo–O stretching (octahedral deformations of MoO6) 
[34], and Raman frequencies corresponding to the deviation from the 
Oh symmetry presented in the cubic structure, as well as the vibration of 
oxygen in the octahedral coordination [34,35]. 

3.3. Optical properties 

In order to discuss the differences between the spectra corresponding 
to the two structures under analysis, the linear optical properties were 
calculated from the frequency-dependent complex dielectric function 
ε(ω). The behaviour of the material when subjected to electromagnetic 
radiation is represented by 

ε(ω)= ε1(ω) + iε2(ω) (6)  

where ω is the photon frequency and ε1(ω) and ε2(ω) are the real and 
imaginary parts of the dielectric function respectively. The real part 
provides information about the range of the energy stored in the 
Ba2CaMoO6 double perovskite and the imaginary part of the dielectric 
function provides the loss of the material energy due to photon 
absorption. 

Fig. 5 shows the ε₁ and ε₂ curves for the cubic and tetragonal struc-
tures. In both cases the real part ε₁ show their first two maxima at 2.8 eV 
and 3.4 eV, but for the case of the cubic phase between 7 eV and 12 eV it 
is observed that ε₁<0, indicating that the light does not propagate 
through the material in that range of energies, while for the tetragonal 
case such effect is observed between 8 and 11 eV. 

On the other hand, the values of the static dielectric constant ε₁(0) 
are 4.4 and 5.5 for the cubic and tetragonal phase, respectively. These 
values are comparable with those reported for other double perovskite- 
like compounds such as Sr2NiTeO6 [36], Cs2AgBiBr6 [37], Cs2ScTlI6 
[38] and Cs2BiCuI6 [39]. The imaginary part ε₂, which includes inter/-
intra band contributions, shows the first peak at 3.7 and 3.6 eV for the 
cubic and tetragonal cases, respectively, which may be related to elec-
tronic transitions from 4d-Mo to 2p-O states at the conduction band and 
valence band. Furthermore, at energy values greater than 30 eV, ε₂ tends 
to zero, indicating that the surface of the material does not interact with 
the incident electromagnetic radiation. 

Frequency-dependent linear optical spectra, as the refractive index n 
(ω), are key optical parameters for the design of optical connections and 
optical devices, which can be calculated from the real and imaginary 
parts of the dielectric function ε1(ω) and ε2(ω) [40], 

n(ω)=

[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ε2

1 + ε2
2

√
+ ε1

2

]1
2

, (7) 

Fig. 6 shows the values of refractive index n(ω) for Ba2CaMoO6 
double perovskite in the tetragonal and cubic phases, which are key 
optical parameters for the design of optical junctions and devices. 

The refractive index for this material under incident energy starts 
from 3.33 for the tetragonal and 3.5 for the cubic phase, reaching a 
maximum value close to 3.75 eV. This value is very close to the index 

Fig. 3. Calculated phonon frequencies for the (a) cubic and (b) tetragonal 
crystallographic phases of the complex perovskite Ba2CaMoO6. 

Fig. 4. Dependence of the specific heat at constant volume on temperature for 
the tetragonal and cubic phases of the double perovskite Ba2CaMoO6. The inset 
corresponds to the complete specific heat curve calculated for the Fm 3 m and 
I4/m space groups. 

Fig. 5. Real and imaginary contributions to the dielectric function for the cubic 
and tetragonal structures. 
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measured in semiconductor materials such as GaAs [41] and 
perovskite-type materials classifiable as very good semiconductors [42]. 

The absorption coefficient α(ω), which represents the absorption 
capacity of any material subjected to electromagnetic radiation, is 
calculated as 

α(ω)=

̅̅̅̅̅̅
2ω

√

c

[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ε2
1 + ε2

2

√

− ε1

]1
2

(8) 

Fig. 7 shows the variation of the absorption coefficient α(ω) due to 
the change in photon energy for double perovskite Ba2CaMoO6 in the 
tetragonal and cubic phases. In general terms, it can be observed that the 
absorption results for the two phases present similar behaviours with 
some exceptions at the energy levels of about 3.0 and 4.0 eV. The ab-
sorption coefficient for the cubic phase increases from 0.03 eV and for 
the tetragonal phase from 0.04 eV, reaching a maximum energy value of 
3.75 eV for the two phases under study. 

On the other hand, the energy loss function L(ω) of electrons is an 
important characteristic of materials that correlates with the scattering 
of high energy electrons from the material under analysis. This property 
is calculated by means of the following relation 

L(ω)= ε2

ε2
1 + ε2

2
(9) 

The energy loss function L(ω) of electrons of double perovskite 
Ba2CaMoO6 in the tetragonal and cubic phases is shown in Fig. 8, this 
function plays a very important role related to the high energy electron 

scattering of the materials. That is, the peaks that exist in the electron 
energy loss function represent the plasma frequency also known as the 
resonance frequency. In any given material, above the resonance fre-
quency, the material behaves as a dielectric and below this limiting 
value; the material behaves as a metal. For the energy range in Fig. 8, the 
highest peak appears in the energy range between 1.5 and 2.0 eV for the 
cubic and tetragonal phases. 

At last, the reflectivity R(ω) that measures the ratio of the amplitude 
of reflected energy to the amplitude of incident energy is given by 

R(ω)=
(n − 1)2

+ k2

(n + 1)2
+ k2

(10) 

Fig. 9 shows the variation of the reflectivity calculated for the double 
perovskite Ba2CaMoO6 in the tetragonal and cubic phases, with photon 
energy up to 5 eV. 

The reflectivity spectrum starts at 0.56 and 0.57 for the tetragonal 
and cubic phases respectively, with photon energy 0 eV. It then de-
creases to values close to 0.2 for a photon energy of 0.5 eV. Subse-
quently, it remains constant in an energy range from 0.5 to 2.6 eV, 
increasing to 0.39 for an energy range between 3.5 and 4.0 eV in an 
identical behaviour for both phases studied. 

3.4. Electronic structure 

The calculated band structure along the chosen high symmetry 
points is exemplified in Fig. 10 for the material Ba2CaMoO6 in the 

Fig. 6. Characteristic refractive index calculated for the tetragonal and cubic 
phases of the Ba2CaMoO6 material. 

Fig. 7. Absorption spectra in the Ba2CaMoO6 double perovskite calculated for 
the cubic and tetragonal phases. 

Fig. 8. Energy loss function in Ba2CaMoO6 double perovskite for the cubic and 
tetragonal phases. 

Fig. 9. Reflectivity behaviour for Ba2CaMoO6 material in the cubic and 
tetragonal phases. 
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tetragonal and cubic phases. A first observation allows to establish the 
occurrence of direct gap for the two phases, with semiconducting 
behavior, since, right at the fermi level, a band gap Eg

T = 2.397 eV is 
evidenced for the tetragonal structure and Eg

C = 2.258 eV for the cubic 
structure. 

Additionally, in both the valence and conduction bands, close to the 
Fermi level denoted by EF = 0 eV, a great similarity in the distribution of 
the electronic bands is evident. Meanwhile, a sharper observation shows 
that in the cubic phase the bands are more overlapped in both the 
valence and conduction bands than for the tetragonal phase. In order to 
observe the electronic distribution for the two structural phases under 
analysis, the density of electronic states shown in Fig. 11 was calculated, 
where the contributions of the Ba-d and d-Mo-d electrons, as well as the 
O-p electrons in the energetic vicinity of the Fermi level are displayed. 

Fig. 11 shows that in the valence band, far from the Fermi level 
(−5.0 eV < E < −3.0 eV) the largest contributions correspond to O-p 
electrons, with a smaller participation of the d orbitals of Mo, while near 
the Fermi level (−3 eV < E < 0 eV) the O-p electrons are in the majority. 
On the other hand, in the conduction band, above a bandgap Eg

T = 2.40 
eV for the tetragonal phase and Eg

C = 2.26 eV for the cubic, the electrons 
that contribute most are the d and p electrons of the Mo and O elements. 
Far and above EF, in the 5.0 eV < E < 7.0 eV regime, there are available 
d and p states of the Ba, Mo and O atoms, in that order of contribution. 

4. Conclusions 

The properties of the structural ground state, the dynamic cell and 
the optical properties of the double perovskite Ba2CaMoO6 have been 
investigated theoretically. The stability between the tetragonal and 
cubic phases has been evaluated. The results obtained show that the 
most stable phase is the tetragonal one, which is in agreement with the 
experimental results. The electronic properties of the examined com-
pound show that Ba2CaMoO6 is semiconducting in nature with a wide 
direct bandgap with an energy of 2.40 eV for the tetragonal structure 
and 2.26 eV for the cubic structure. In addition, the optical properties of 
the double perovskite Ba2CaMoO6 have also been considered. The 
calculated optical properties of this compound take place between the 
ultraviolet and visible region of optical radiations and, therefore, we can 
suggest that the double perovskite Ba2CaMoO6 can be an alternative 
material for use in photodetectors, light emitters and power electronics 
applications. 
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[9] J.A. Jaramillo Palacio, K.A. Muñoz Pulido, J. Arbey Rodríguez, D.A. Landínez 

Téllez, J. Roa-Rojas, J. Adv. Dielect. 11 (2021), 2140003. 
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