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Ab initio study of structural, electronic and thermodynamic properties
of tungstate double perovskites Ba,MWOg (M = Mg, Ni, Zn)
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The structural and electronic properties of the double perovskite Ba,MWOg with M = Mg, Ni, Zn have
been studied using the full-potential linearized augmented plane wave (FP-LAPW) method by employing
both the local density approximation (LDA) and the generalized gradient approximation (GGA), which are
based on exchange-correlation energy optimization to calculate the total energy. Also we have used the
Engel-Vosko GGA formalism, which optimizes the corresponding potential for band structure calcula-
tions. However, we have evaluated the ground state quantities such as lattice parameter, bulk modulus
and its pressure derivative. Also, we have presented the results of the band structures and densities of
states. These results were in favorable agreement with previous theoretical works and the existing exper-
imental data. To complete the fundamental characteristics of these compounds we have analyzed the
thermodynamic properties such as thermal expansion coefficient, heat capacities and other structural
parameters in the whole pressure range from 0 to 20 GPa and temperature range from 0 to 1000 K.

1. Introduction

Because of their variable structure and composition, perovskite
materials have attracted intense research interest in many applied
and fundamental areas of solid-state science and advanced materi-
als research at least for half a century. The perovskite structure
(with general formula ABOs) can be described as a framework of
oxygen octahedral sharing corners [1,2]. The B-cations are located
in the centers of octahedra and the interstitial sites are occupied by
the A-cations. In complex perovskites two (or more) cations of dif-
ferent valences are located in the equivalent crystallographic posi-
tions [3]. Among the A,B'B”Og complex perovskite oxides, where B’
and B” are the cations of different valences, the mixed alkaline
earth tungstate double perovskites with the general formula
A,BWOg (A =Ba, Sr, Ca; B=Mg, Co, Zn, Ni) are of interest for their
complete 1:1 ordered state due to their larger differences in charge
and ionic radii on B-site [4]. The barium containing tungstate dou-
ble perovskites were determined to be cubic and in the space group
Fm3m [5]. Ba,MWOg (where M = Ni, Mg) have shown great poten-
tial as ceramic components for temperature sensors for example in
petroleum wells [6]. These ceramics were produced by solid-state
reaction process and sintered at different sintering conditions [7].
Understanding properties of these compounds and related materi-
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als at the atomistic level may help to improve the performance of
their applications. Despite the recent progress in understanding
the physics of the double perovskites there is still an open debate
on the adequate theoretical modeling. In particular, the details of
the interplay between structural, electronic, and magnetic degrees
of freedom in the double perovskites are not yet clearly under-
stood. To our knowledge, there is less or none theoretical studies
in the literature devoted to electronic and thermal properties of
mixed alkaline earth tungstate double perovskites.

The aim of this work is to provide information of some ordered
tungstate double perovskites, and describes results for three of
these, namely Ba,MgWOg, Ba;NiWOg and Ba,ZnWOg. These partic-
ular compounds are reported to be cubic at room temperature [8],
in contrast to many others which are somewhat distorted. The pa-
per is organized as follows: in Section 2 we briefly describe the
technical details of the employed methods for calculations. Sec-
tion 3 presents and discusses the results of the electronic and ther-
modynamic properties. A summary concludes the paper in
Section 4.

2. Computational details

The calculations presented in this work were performed using
the FP-LAPW method, as implemented in the Wien2k code [9]. This
method allows the inclusion of local orbital in the basis, improving
upon linearization and making possible a consistent treatment of
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Fig. 1. The crystal structure of double perovskite Ba,MWOg.

semicore and valance states in an energy window, hence ensuring
proper orthogonality. It is well known in the self-consistent band
structure calculation within DFT [10], both LDA [11] and general-
ized gradient approximation (GGA) [12] usually underestimates
the energy gap [13]. This is mainly due to the fact that they have
simple forms that are not sufficiently flexible to accurately repro-
duce both the exchange-correlation energy and its charge deriva-
tive. Engel and Vosko considered this shortcoming and constructed
a new functional form of GGA [14] which is able to better repro-
duce the exchange potential at the expense of less agreement in
the exchange energy. This approach called EV-GGA yields better
band splitting and some other properties which mainly depend
on the accuracy of exchange-correlation potential.

All the calculations were converged with respect to Brillouin
zone (BZ) sampling and the size of the basis set. Brillouin zone
(BZ) integrations within the self-consistency cycles were per-
formed via a tetrahedron method, using 8 x 8 x 8 special k-points
mesh [15]. The convergence parameter R;;,:Kinqx, Which controls the
size of the basis sets, was set to 8. The G,,x parameter was taken to
be 12 Bohr~'. The muffin-tin radii were taken as (2.5, 1.8, 1.6, 2.0,
2.0, 1.98) a.u. for (Ba, W, O, Mg, Ni, Zn), respectively. Careful con-
vergence tests show that with these parameters relative energy
converged to better than 10~> Ry per formula unit.

3. Results and discussion
3.1. Structural properties

We employed the experimentally observed cubic crystalline
structures [16] for the three compounds in the calculation, which
can be described by the space group Fm3m, with Ba ions in 8(c)
positions at 1/4, 1/4, 1/4; M (M =Mg, Ni or Zn) in 4(a) at 0,0,0;
W in 4(b) at 1/2, 1/2, 1/2; and O in 24(e) at x,0,0. In the ordered
cubic double perovskites Ba;MWOg (M =Mg, Ni or Zn), the M
and W cations are octahedrally coordinated by oxygen anions
(see Fig. 1). In this aristotype cubic structure, the highly electropos-
itive Ba cation is coordinated to 12 oxygens, while each M cation
has 6 W cations as nearest neighbors and vice versa. With this
arrangement the intermediate oxygen anions can satisfy the differ-
ent bond length requirements of the two cations by moving toward
the smaller ion. This structure is often viewed in terms of an or-
dered alternation of M and W cation layers perpendicular to the
[111] direction. The lattice parameters, the bulk moduli and the
oxygen parameter x which can deviate from the ideal value of
0.25 realized in the simple perovskite structure, are summarized

in Table 1, together with the available experimental [17-21] and
other theoretical calculation data [22-26]. It can be seen that cal-
culated lattice constants are overestimated with the experimental
data not more than 1%, which indicates that the present calcula-
tions are highly reliable. In the current work, the bulk modulus is
in reasonable agreement with other theoretical calculations in
the case of Ba,MgWOs.

3.2. Electronic properties

All electronic properties have been calculated for the equilib-
rium geometry. We collected data on the optical gaps in Table 2.
In Fig. 2 we presented the band structures for each crystal calcu-
lated using the Engel-Vosko GGA formalism. It can be seen from
Fig. 2 that the conduction band (CB) structure is nearly unaffected
by the different B-cations in the lattice while the top of valence
band (VB) increases inducing an obvious band gap narrowing.
The bottom of the conduction band lies at the X-point in all three
double-perovskite crystals. The electron energy in the lowest con-
duction band at the X-point is just 0.7-1.3 eV higher than at the
bottom of conduction bands. So, there is a little dispersion in the
lowest conduction band between the W, L and X points in the Brill-
ouin zone. The top of the valence band is displaced from the L point
of the Brillouin zone in Ba;NiWOg and Ba,ZnWOg to the I'-point in
Ba,MgWOg. The highest valence electron states at the I"-point ap-
pear only about 0.05 eV below the highest states in X-point for
both Ba,MgWOg and Ba,ZnWOg compounds. The dispersion of
the top valence band is almost flat between I'" and X points for
these two compounds. The additional d-orbitals on Zn ions in Ba,_
ZnWOg cause the appearance of an additional valence band below
the other bands. They cause also the highest states at the I"-point
to rise above all other valence states and to make a new top of the
valence band. The effect of the electronic structure perturbation
caused by different B-cations located in the centers of octahedra
is illustrated by a comparison of the total and projected densities
of states (DOSs) for the three compounds Ba,MgWOg, Ba;NiWOg
and Ba,ZnWOg. From Fig. 3, we can find that the DOS can be mainly
divided into four parts. The first part extending from —11 to
—9.5 eV is characterized by a peak mainly due to the contribution
of Ba ions. On the other hand, near the Fermi level (Er) until

Table 1

Summary of calculated lattice constants (A), the oxygen parameter x, and bulk
modulus (GPa) of Ba,MgWOs, Ba;NiWOg and Ba,ZnWOg at zero pressure, compared
with experimental and other theoretical data.

a (A) B (GPa) B’ X
Ba,MgWO0g
LDA 8.016 187.78 4.44 0.259
GGA 8.095 175.87 4.65 0.261
Exp. [17] 8.1345 137.00 3.90 0.241
Exp. [18] 8.112
Exp. [19] 8.1046
Cal. [22] 8.099
Cal. [23] 8.0166 149.67 4.51 0.239
Ba,;NiWO0g
LDA 7.943 201.86 4.69 0.258
GGA 8.032 187.22 4.70 0.259
Exp. [20] 8.060 0.260
Exp. [21] 8.066
Cal. [24] 8.064
Ba,ZnWO0g
LDA 8.023 193.78 4.70 0.261
GGA 8.110 180.15 4.50 0.262
Exp. [19] 8.1362
Exp. [21] 8.1216
Cal. [24] 8.137
Cal. [25] 0.236
Cal. [26] 0.237
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Table 2
Summary of calculated band gaps (eV) compared with experimental and other
theoretical data.

—5.7 eV for Bay(Mg,Zn)WOg and —7 eV for Ba,NiWOg, consists pre-
dominantly of oxygen (O) ion, but contains a small admixture of
Mg, Ni, and Zn and W ions. The oxygen p-orbitals give the primary

Band gap EV-GGA LDA GGA Exp. Cal. contribution to the valence band of all three studied perovskites.
Ba;MgWO0y These O 2p-orbitals are perpendicular to the W-0-M (M = Mg,
r-r 3.316 2515 2.450 Ni, Zn) bridge and lie in the BaO-planes. The additional valence
X-X 3.056 2412 2303 bands contain contributions mostly from W 6s-orbitals. These
\L/Y;W 2‘8;; g‘%j ;ggg orbitals contribute to the valence bands through the entire set of
L-X 3.400 2706 2749 the bands. In the conduction band both the oxygen (0) and tung-
r-X 3.000 2.349 2.303 3.4 (28] 2.89 [28,23] sten (W) ions contribute to roughly the same amount, which is
3.5 [29] extending from 3.10 to 4.30 eV for Bay(Mg,Zn)WOs and 2.30 to
Ba;NiWO0s 3.20 eV for Ba;NiWOg. Last part, at higher energies of the conduc-
r-r 3.609 2.833 3.019 tion band, consists of Ba, Mg, W, and O ions, but a small from Ni,
X-X 2.970 2350 2528 Zn. From Fig. 3, it can be found that the PDOS of Ba and W atoms
W-W 3.048 2.041 2.283 o
L 2.450 1520 1758 have almost the same contribution to DOS for the three com-
L-X 2.204 2.870 1.562 pounds Ba,MgWO0sg, Ba;NiWOg and Ba,ZnWOg. Many of the W 5d
r-x 3.265 2.586 2.823 states are empty and located above Ef, while also a few states oc-
Ba,ZnWoy cupy the region below Er due to the strong hybridization with oxy-
r-r 3.633 2.589 3.658 gen. The optical band gaps of the three double-perovskites
i/(v_xw ‘31?3‘3‘ ;?22 i?gg obtained using different functionals are summarized in Table 2.
L 1530 5476 3457 This table clearly demonstrates that both LDA and GGA calcula-
L-X 3064 2144 3000  35[28] tions dramatically underestimate the optical gap by several times
3.8 [29] for all three perovskites. This tendency is well known in solid state
r-x 3314 2423 3.274 physics [27]. The most realistic band gaps have been obtained
using the Engel-Vosko GGA functional, in agreement with avail-
Ba;MgWOg BayNiWOg BaxZnWOg
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Fig. 2. Calculated band structures of (a) Ba;MgWOg, (b) Ba,NiWOg and (c) Ba,ZnWOs.
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Fig. 3. Calculated partial density of states and total density of states of (a) Ba;MgWOs, (b) Ba;NiWOg and (c¢) Ba,ZnWOsg.
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able studies. The Ba,MgWOg experimental band gap is 3.4 eV (indi-
rect gap), as determined by Eng et al. using the UV-visible diffuse
reflectance spectroscopy [28], 3.5 eV band gap has also been mea-
sured for Ba,ZnWOg [29]. In our calculations using the Engel-Vos-
ko GGA functional, we have obtained the Ba,MgWOg indirect band
gap (I'-X) of 3.06 eV. The value of 2.20 eV has been obtained for
the indirect band gap (L-X) of Ba,NiWOg and the value of
3.068 eV for the Ba,ZnWOg indirect band gap (L-X). Our band gaps
are in a good agreement with the experiment, the discrepancy is
less than 10%. This is acceptable if we take into account difficulties
in determining experimentally the band gap, including the optical
absorption edge tails which extend up to several tenths of eV.

3.3. Thermodynamic properties

The thermal properties are determined by using a quasi-
harmonic Debye, in which the non-equilibrium Gibbs function
G*(V; P, T) is written in the form:

G (V;P,T) =E(V) + PV + Fyp[O(V); T| (1)

where E(V) is the total energy per unit cell, PV corresponds to the
constant hydrostatic pressure condition, @(V) is the Debye temper-
ature and A, is the vibrational term which can be written using the
Debye model of the phonon density of states as:

Fu|@(V);T] = NkBTr;—?Jr?)ln (1 - e’(‘f)> 43(?)} 2)

where D(®|T) represents the Debye integral, N the number of atoms
in a chemical formula. Using a quasi-harmonic Debye model in the
Slater formulation, the Debye temperatures @p(V) are computed

by:

fv) = {3 {2 @ 11_%)3/2 + G %) 3/2} ) }1/3 (4)

The static bulk modulus is given by the curvature of the E(V)
function:

d*E(V)
BS = Bstatic = V( dVZ > (5)

The curvature of the E(V) function changes with the volume,
increasing sharply as the crystal volume decreases, and decreasing
in a lesser amount as the crystal expands. This asymmetry between
the curvature at the left and at the right of the equilibrium volume
is the origin of the volume dependence of @p and it is the main
reason behind the capability of the quasi-harmonic Debye model
to predict the low temperature behavior of the crystal, including
the V(T) dependency. Accordingly, the non-equilibrium Gibbs func-
tion G*(V; P, T) as a function of V, P and T can be minimized with
respect to volume V:

{ac* (‘8,‘;/13, T)} o )

By solving Eq. (6), one can obtain the thermal equation-of-state
(EOS) V(P, T). The heat capacity at constant volume Cy, the thermal
expansion coefficient o, and the heat capacity at constant pressure
Cp, are given respectively by [30]:

Cv = Cy(V(p,T),T) = @—?)V = 3Nk {413 <?> - %} (7)

yC
from the static bulk moduli Bs(V), and the Poisson ratio is assumed o= II; “; (8)
to be volume independent, and equal to 1/4, corresponding to a T
Cauchy solid. This method, implemented in the GIBBS code and de- Br is the isothermal bulk modulus given by:
scribed with detail in Ref. [30], requires only a collection of {V, E(V)} 9 PF
points around the equilibrium geometry. Assuming isotropic condi- Br = 7\/(713) - V( z;ib) )
tions, with Poisson ratio v, ©@p can be given by [30,31]: )y ave ),
173 _ .
Op — lﬁ [om2v'en]f) \/% 3 Cr=Cull+yal) (10)
‘5 where 7 is the Griineisen parameter which is approximated as [32]:
where M is the molecular mass per formula unit, and f{v) is given dIn(e(V))
= dmv (an
Ba,NiWo,
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Fig. 4. The relationship between (a) lattice constants and (b) bulk modulus with pressure at temperatures of 0 K, 400 K, 800 K, and 1000 K, respectively.
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Fig. 5. Pressure and temperature dependence of (a) Debye temperature and (b) thermal expansion coefficient of Ba,MgWOg, Ba;NiWOg and Ba,ZnWOg.

7 is calculated using a fit to entropy values at very low but not zero
temperatures, for any volume. The thermal properties are deter-
mined in the temperature range from 0 to 1000 K, where the qua-
si-harmonic model remains fully valid. The pressure effect is
studied in the 0-20 GPa range. The temperature effects on the lat-
tice parameters are shown in Fig. 4. The lattice parameter increases
with increasing temperature but the rate of increase is very moder-
ate. It is also noted from the regular spacing of the curves in Fig. 4
that the relationships between bulk modulus and pressure are all
nearly linear at various temperatures of 0, 200, 400, 600, 800 and
1000 K, respectively. The bulk modulus increases with pressure at
a given temperature. However, the effect of increasing pressure
on the material is the same as decreasing temperature of the
material.

The calculated heat capacity at constant pressure Cp and heat
capacity at constant volume Cy with the temperature T at different
pressure P are shown in Fig. 5. The changing trends of the heat

capacity of the three double-perovskite structures are similar.
The difference between Cp and Cy is very small at low tempera-
tures. However, at high temperatures, the C, approaches a constant
value, Cp increases monotonously with increments of the tempera-
ture. The values follow the Debye model at low temperature
(CAT)  T), this is because only the long wavelength vibration
modes of the lattice are populated and these modes could be
approximated by treating the lattice as a continuum. However,
the classical behavior (CAT) o 3R for mono-atomic solids) is found
at sufficient high temperatures, which is in agreement with the law
of Petit and Dulong [33]. From Fig. 5, one can also see that the heat
capacity increases with the temperature at the same pressure and
decreases with the pressure at the same temperature, the influ-
ences of the temperature on the heat capacity are much more
significant than that of the pressure on it.

The Debye temperature is the key quantity in the quasi-
harmonic Debye model, which correlates with many physical

Ba,MgWo, Ba,NiwO, Ba,ZnWO,_
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Fig. 6. Temperature dependence of (a) constant pressure heat capacity (C,) and (b) constant volume heat capacity (C,) of Ba;MgWOg, Ba;NiWOg and Ba,ZnWOg.
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Fig. 7. Volume and temperature dependence of Debye temperature of Ba,MgWOg, Ba;NiWOg and Ba,ZnWOg.

properties of solids, such as specific heat, elastic constants and
melting temperature. We calculate dependence of the Debye tem-
perature on pressure and temperature as shown in Fig. 6. The cal-
culated value of Debye temperature at 0 K and 0 GPa is 512.58 K,
510.20K, 515.20K, for Ba,MgWOg, Ba;NiWOg and Ba,ZnWOg,
respectively. When the external pressure changes from 0 to
20 GPa, the calculated Debye temperature increases by (18.32%,
18.57%, 19.20%) and (26.13%, 26.60%, 27.48%) at temperatures of
0 and 1000 K, for all the three compounds, respectively. Addition-
ally, it is seen in Fig. 6 that the Debye temperature decreases with
temperature at a constant pressure and at a constant temperature
it follows an almost linear relationship with pressure.

The variation of the thermal expansion coefficient with the
pressures and temperatures can be seen in Fig. 6. It is clear that
the temperature dependence of the thermal expansion coefficients
of the three compounds follows a T> law for low temperature, and
gradually increases linearly with the increment of temperatures.
The effects of the pressure on the thermal expansion coefficients
are very small at low temperatures; the effects are increasingly
obvious as the temperature increases. As pressure increases, the
thermal expansion coefficient decreases rapidly and the effects of
temperature become less and less pronounced, resulting in linear
high temperature behavior. It is noted that the high temperature
dependence of the thermal expansion coefficient is not linearly at
low pressure, this is an indication of the inadequacy of the quasi-
harmonic approximation at high temperatures and low pressures.

Additionally, Fig. 7 illustrates certain systematic trends existing
for the studied group of compounds. There is a linear and mono-
tonic decrease of the Debye temperature with increasing the unit
cell volume, at various temperatures. Such a trend was also re-
ported earlier for the transition metal monocarbides [34]. These re-
sults can serve as the first predictions to be checked out by future
works.

4. Conclusion

In this work, the structural and electronic properties of the Ba,.
MgWOg, Ba;NiWOg and Ba,ZnWOg compounds were investigated
using first-principles calculations based on density functional the-
ory. The calculated structural parameters obtained are consistent
with the experimental data and other theoretical results. Density
of states and electronic band structure often provide sufficient
information for a through characterization of the electronic prop-
erties of a material. The energy band structure, total and partial
density of states (DOSs) of the three compounds were calculated
by FP-LAPW method. Our band gaps are in a good agreement with
previous theoretical works and the existing experimental data, the
discrepancy is found less than 10%. Temperature-dependent ther-
modynamic properties of Ba,MgWOg, Ba,NiWOg and Ba,ZnWOg,
including thermal expansion coefficient, bulk modulus, and heat

capacity, have also been studied in terms of first-principles calcu-
lations and quasi-harmonic approach, wherein the thermal elec-
tronic and vibrational contributions are considered.
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