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1  Introduction

Alkaline earth stannates ASnO3 (A = Ca, Sr, and Ba) with 
the perovskite structure are important materials for a vast 
range of industrial applications, such as the electronics 
industry, not only due to the ease of modification of their 
chemical and physical properties [1], but also because of 
their high-temperature stability [2]. These stannates have 
been used to develop chemical sensors [3], stable capaci-
tors [4], and water photoelectrolysis systems [5, 6].

There are many methods to synthesize perovskite, 
such as the solid-state reaction [7–10], hydrothermal 
[11–13], and modified sol–gel [14] methods, and the 
most popular in recent times, the microwave-assisted 
hydrothermal and solvothermal method [15, 16]. The 
last one has demonstrated efficiency in the processing 
of many compounds. Each method has its intrinsic com-
plexity and can establish many important aspects and 
properties of materials.

Among these, BaSnO3 is an n-type semiconducting 
material which is normally reported to have a band gap 
energy of 3.1 eV [17, 18] and is stable at temperatures up 
to 1000 °C [2, 19].

From an experimental point of view, according to Prod-
josantoso et al. [20] who studied the system Ba1−xSrSnO3 
obtained from the solid-state method of synthesis, the lat-
tice parameter, a, of BaSnO3 is 4.1168 Å. This is the same 
value presented by Liu et al., a = 4.1163 Å [18], and close 
to that presented by Smith et al., a = 4.117 ± 0.002 Å [21]. 
On the other hand, theoretical data obtained for the same 
cubic perovskite (BaSnO3) using the generalized gradient 
approximation (GGA) and the local-density approximation 
(LDA) underestimated or overestimated the lattice param-
eter a, according to Moreira (4.142  Å (GGA); 4.045  Å 
(LDA)) [22] and Bouhemadou (4.1916 Å (GGA); 4.059 Å 
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(LDA)) [23], as well as Wang (4.1236 Å) [24] who per-
formed a semiempirical study.

Moreira et  al. [22] also simulated the electronic band 
structure, density of states (DOS), dielectric function, 
optical absorption, and infrared spectrum. The calculated 
indirect band gaps (R → Γ), 1.51 eV (LDA) and 0.74 eV 
(GGA), are much smaller than the experimental value.

Soleimanpour and Kanjouri [25] calculated the elec-
tronic, structural, and optical properties of cubic perovskite 
BaSnO3 using full-potential linearized augmented plane 
wave (FP-LAPW)-based density functional theory (DFT). 
Exchange and correlation effects are taken into account by 
using a GGA and an orbital independent modified Becke–
Johnson potential coupled with GGA. The calculated indi-
rect band gap (R → Γ) is 2.65 eV. This modification was 
the best approach to modeling the band gap. Furthermore, 
they have analyzed the inter-band contribution to the opti-
cal properties using the calculated band structure and den-
sity of states.

Bouhemadou and Haddadi [23] used first-principle 
calculations in order to investigate the structural, elastic, 
electronic, and thermal properties. Interactions of valence 
electrons with ion cores were represented by the Vander-
bilt-type ultrasoft pseudopotential, and the exchange–cor-
relation potential was used with the LDA, as well as the 
GGA. They found the indirect band gaps (R → Γ) to be 
0.9722 eV (LDA) and 0.070 eV (GGA).

According to the two papers of Singh et al. [26, 27], the 
calculated band gap of BaSnO3 obtained by the FP-LAPW 
is 3.0 and 3.18 eV, respectively. Wang et al. [15] found the 
band gap value of 0.75 eV for DFT method. Using HSE06 
functional, implemented in the VASP code, Kim et al. [28] 
presented a theoretical band gap of 2.48 eV.

Observing the previously cited works, once more it 
is evident that an important step in the accuracy of DFT 
calculations is the choice of the functional. Also it is well 
known that some functionals are able to reasonably predict 
structures, but sometimes underestimate the band gap, such 
as GGA and LDA, and other functionals that describe the 
band gap well can often overestimate the lattice parameter. 
There are several comparative studies devoted to compar-
ing the accuracy of the functional to predicting the struc-
tural and electronic properties of molecules and solids 
[29–32]. The main conclusion is that none of the available 
functionals are able to describe all the electronic, structural, 
mechanical, and vibrational properties of studied systems 
at the same time, and their results are strongly dependent 
on the basis set or the potential to be used.

In this sense, the aim of this research was to accurately 
study the influence of seven hybrid functional and several 
groups of available basis set (all electron and pseudopoten-
tial) upon theoretical calculations. To improve our knowl-
edge, a systematic study addressing the performance of 

different basis sets and the possible necessity of a new opti-
mization of these basis sets for accurately describing the 
properties of BaSnO3 is still necessary.

The simulations were done in order to improve the 
knowledge of the structural, electronic, mechanical, and 
vibrational properties related to the choice of functional 
and/or basis set, and they will be discussed in terms of the 
ability to reproduce the experimental data, with emphasis 
in the lattice parameter and band gap energy. An accurate 
calculation of the band gap is a fundamental step in simula-
tions applied to solid-state chemistry.

A theoretical analysis was done to determine density of 
states (DOS), band structures, elastic constants, and infra-
red (IR) active modes. These results were compared with 
reported quantum mechanical calculations as well as avail-
able experimental data.

2 � Computational method and model system

The simulations of BaSnO3 were done within the frame-
work of periodic DFT using seven different hybrid func-
tionals: B3LYP [33, 34], B1WC [35], B3PW [33, 36–
38], PBE0 [39], PBESOL0 [39], SOGGAXC [40], and 
WC1LYP [41] implemented in the CRYSTAL14 [42] soft-
ware. This code uses a Gaussian-type basis set to represent 
crystalline orbitals as a linear combination of Bloch func-
tions defined in terms of local functions (atomic orbitals). 
An overview of the algorithms used in the introduction 
of DFT in the CRYSTAL computer code is presented by 
Towler et al. [43]. An important step in the process of cal-
culation is the choice of density functional approximations 
that has been successful for describing properties in solid 
state when they depend on accurate approximations of the 
band gap and band structure.

Barium, tin, and oxygen atoms were described by the 
SC_HAYWSC-31(1d)G_baranek [44], ECP28MDF-
411(51d)G_baranek [45], and 8-411(1d)G baranek basis 
set [45], respectively. These basis sets were used for com-
putational simulations of BaZrO3, SnTiO3, and CsTaO3 
systems, respectively, and also are available in the CRYS-
TAL basis set library (http://www.crystal.unito.it/basis-sets.
php).

These basis sets were chosen because they have been 
used for other families of perovskite; however, another 
available combination of basis sets for Ba, Sn, and O atoms 
was tested and evaluated previously.

In a general sense, the development of a basis set is not 
necessary from the “zero point,” because many starting 
basis sets are already available on the CRYSTAL library. 
However, many of these basis sets are pre-optimized for 
other systems, so when we use different basis sets that have 
already been used for other systems, it may be necessary 

http://www.crystal.unito.it/basis-sets.php
http://www.crystal.unito.it/basis-sets.php
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to perform a new optimization in order to adapt a basis set 
to a new system. From this initial guess, all exponents and/
or contraction coefficients and the outer valence functions 
should be re-optimized.

On the other hand, a new optimization of the basis set is 
not always effective; it may happen that the optimization 
does not bring an improvement in the results.

In this sense, it will be demonstrated that this is an 
important step to before doing solid-state computational 
simulations.

What follows is a description of the optimization of the 
exponents for the outer valence shell functions αsp and αd, 
in order to minimize the total energy of the structure at 
experimental parameters. Powell’s algorithm method was 
used to perform the basis set optimization procedure to a 
convergence energy of 10−6 hartree.

The level of accuracy for the Coulomb and exchange 
series was controlled by a set of five thresholds (10−7, 
10−7, 10−7, 10−7, and 10−14), and the shrinking factor 
(Pack–Monkhorst and Gilat net) was set to 6 corresponding 
to 100-k points in the irreducible Brillouin zone.

The ideal cubic BaSnO3 structure belongs to the space 
group Pm3m, where the Ba atoms share the vertices of the 
unit cell and the Sn atoms are located at the body center, 
surrounded by six O atoms occupying the face centers in 
an octahedral configuration (Fig. 1a). Moreover, the cubic 
perovskite structure consists of a Ba atom coordinated with 
12 oxygen atoms in a dodecahedral site and coordinated by 
eight octahedral SnO6 (Fig. 1b) [46].

3 � Results and discussion

3.1 � Structural parameter and basis set optimization

Figure 2a shows the calculated percentage error for the lat-
tice constant values when minimizing the total energy of 
BaSnO3 with the original Baranek basis set for all tested 
hybrid functionals, and Table S1 (supplementary informa-
tion) depicts the respective calculated values.

The results overestimate the experimental lattice param-
eter by 0.32–1.9 % for all functionals, except to PBESOL0, 
which is 0.07 % lower than the experimental lattice param-
eter. However, it was observed that all functionals underes-
timate the band gap energy by −11.29 to −85.16 %, and 
in particular, PBE0 and PBESOL0 underestimate the band 
gap by −11.29 and −21.61 %.

Based on which functional provided best approximation 
of the experimental band gap energy and lattice parameter, 
PBE0 and PBESOL0 (Fig.  1a) were used to optimize the 
outer valence shell functions, αsp and αd, of the selected 
basis set.

Despite the PBESOL0 giving good results for the lattice 
parameters, but poor results for the band gap, we also per-
formed the basis set optimization with this functional.

The results of these optimizations are shown in Table 1, 
and the complete description of these basis sets is available 
as supplementary information.

In addition, the basis set optimization was also per-
formed with SOGGAXC functional. This functional 
showed very good result for the lattice parameter and thus 
can be compared to PBE0 and PBESOL0 functionals (see 
Fig.  2a). After the optimization, it was observed that the 
calculated lattice parameter was very close to the calcu-
lated value before optimization, and the band gap energy 
did not show any improvement.

Once more it is shown here that the basis set optimi-
zation may not be efficient if the accuracy of the desired 
calculated parameters or properties is already close to the 
experimental data.

The basis set optimization with PBESOL0 showed good 
agreement, keeping the lattice parameter, a = 4.11 Å, prac-
tically unchanged and given a considerable improvement in 
the band gap energy calculation with an underestimation of 
~4 % (2.97 eV). On the other hand, the basis set optimiza-
tion with PBE0 gave a = 4.145 Å and a band gap energy 
of 3.13 eV. It is observed that after the basis set optimiza-
tion with PBE0, the error in the calculated band gap is con-
siderably improved, but the calculated structural parameter 
remains worse than for the optimization with PBESOL0.

Fig. 1   Primitive unit cell of BaSnO3
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Therefore, based on the results showing the best approx-
imation of the band gap energy and lattice parameter, the 
DOS, band structure, elastic constants, and IR spectrum 
analyses were calculated using the PBE0 functional.

3.2 � Electronic properties

Figure 3 represents the band structure and the total and pro-
jected DOS of bulk BaSnO3. The top of the valence band 
(VB), coincident with the origin, is located at the R point, 
and the bottom of conduction band (CB) is located at the Г 
point; therefore, the calculated indirect band gap is 3.14 eV. 
This value is only 0.03  eV greater than the experimental 
value. It is observed that the higher CB between the M and 
R points is flat and the indirect gap between the M and Г 
points is 2.75 eV, slightly higher the band gap between the 
R and Г points.

An analysis of the principal AO components of selected 
bands indicates that the upper VB is predominantly formed 
from oxygen 2pxpy and 2pz atomic orbitals, 5pxpy and 5pz 

atomic orbitals of Ba in the intermediate position, and 
4dx2−y2 and 4dxy atomic orbitals of Sn. These orbitals are 
separated from the CB by an indirect gap, which is com-
posed of two different energy states. The first is due to the 
O 2pxpy and 2pz atomic orbitals, and the second is due to 
the Ba 4dx2−y2 and 4dxy atomic orbitals.

The Sn–O bond length in the tetrahedral structure is 
2.07 Å, whereas the bond overlap population is 154 m|e|. 
The Ba–O bond length and bond overlap are 2.93 Å and 
25  m|e|, respectively. The Mulliken charges were 1.84, 
2.07, and −1.31 |e|, respectively, for Ba, Sn, and O atoms, 
respectively. These values show that the Ba–O bond has 
greater ionic character, whereas the Sn–O bond has greater 
covalent character [6, 47].

3.3 � Elastic constants

Beyond the electronic and structural properties of a mate-
rial, its mechanical properties can provide important infor-
mation. Understanding the elastic properties of a material 

Fig. 2   a Calculated percentage 
error for the lattice parameters 
and band gap energy with the 
original Baranek basis set for 
all tested hybrid functionals. b 
Calculated percentage error for 
the lattice parameters and band 
gap with the optimized basis 
set with the PBESOL0 func-
tional. The origin is set to the 
experimental lattice parameter, 
a = 4.1168 Å [20], and band 
gap energy, 3.1 eV [17]

Table 1   Optimized outer 
valence shell functions, αsp and 
αd, of selected basis sets

a  This work with 1PBE0 and 2PBESOL0

Baa Sna Oa Ba [44] Sn [45] O [45]

1αsp 0.2122485 0.9782922 0.4528085 0.217351 0.9800857 0.4526392
1αsp – 0.2199999 0.1485983 – 0.2036470 0.1505710
1αd 0.3355518 0.3157988 0.6000000 0.323392 0.3201681 0.6316931
2αsp 0.2114822 0.9800795 0.4529083 – – –
2αsp – 0.2199998 0.1482566 – – –
2αd 0.3333274 0.3180610 0.6000768 – – –
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is crucial because they control the reversible response to 
external forces, determining a material’s performance and 
its potential for possible applications. From the elastic con-
stants, the bulk, shear, and Young’s moduli can be deter-
mined. These properties are hard to quantify experimen-
tally, especially for nanoscale materials.

Several theoretical studies have been devoted to elas-
tic constants [30, 48, 49], and to the best of our knowl-
edge, experimental measurements of elastic constants for 
BaSnO3 cubic phase are not available.

From the optimized cell parameters of BaSnO3, the elastic 
constants were calculated using a Taylor expansion in terms 
of the strain components and truncated to the second order.

There are only three constants to be determined for a 
cubic system, C11, C12, and C44. The first constant expresses 
the distortion in the x Cartesian direction. The second one 
represents the simultaneous deformation along the x- and 
y-axes, while keeping constant in the z Cartesian direc-
tion. The last one represents a simultaneous deformation in 
planes xOz and yOz and can be interpreted as a constant 
shear. The bulk modulus, B0, for a cubic system can be cal-
culated using B0 = (C11 + 2C12)/3.

There is not one unique method to determine the bulk 
modulus, and another way to estimate it is via several used 
formulations of the equation of state [50–54]. Therefore, 
our applied formula to estimate the bulk modulus is an 
alternative and simpler way to calculate B0 and can be com-
pared with other computational simulation strategies.

Table 2 shows the calculated PBE0 and PBESOL0 values 
and other reported theoretical results. An evaluation of the 

seven hybrid functional results shows that C11, C12, and C44 
range from 261.76 to 319.53, 80.39 to 95.09, and 101.13 to 
114.86 GPa, respectively. The results for other functionals 
are shown in Table S2 (supplementary information).

PBE0 shows better agreement with the reported GGA 
results [22, 23, 25] than with the reported LDA results 
[23] and underestimates the PBESOL0 data. Nevertheless, 
PBESOL0 shows a reasonable agreement with the LDA 
results [23]. On the other hand, the overall GGA values 
also show a reasonable agreement with each other and are 
underestimated relative to the LDA and PBESOL0 results. 
The same behavior is observed for the B0 values. The dif-
ferences between the calculated values are due to the 
choice of functional and quantum description of atoms.

Fig. 3   a Band structure and b 
DOS of bulk BaSnO3

Table 2   Theoretical elastic constants Cij (GPa) and bulk modulus B0 
in GPa

a  Results obtained in the present work with basis set optimization
b  Calculated from B0 = (C11 + 2C12)/3

Elastic constants B0
b

C11 C12 C44

PBE0a 296.33 89.13 111.07 158.20

PBESOL0a 319.53 95.09 114.86 169.91

GGA [22] 251.0 82.3 98.1 139.0

LDA [23] 358.5 93.5 110.3 182.0

GGA [23] 285.2 68.5 84.3 140.7

GGA [25] – – – 146

Exp [4]. – – – 145.8
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3.4 � Vibrational frequencies

In a crystalline structure, the atoms can move relative to 
their equilibrium positions; therefore, the dynamics of 
these movements can provide knowledge about important 
chemical and physical properties.

The analysis of the vibrational modes and their cor-
responding frequencies is important to the prediction of 
structural stability, vibrational spectra, and thermodynamic 
properties. The vibrational frequencies were calculated at 
the Γ point using the numerical second derivatives of the 
total energies.

The cubic structure has normal modes with the irreduc-
ible representation, 3F1u + F2u [55]. Three degenerate F1u 
modes are active in the infrared (IR) and correspond to the 
acoustic phonon mode, and F2u is inactive in the IR and 
corresponds to an optically silent mode.

Table 3 shows the calculated IR modes and other theo-
retical and experimental data, and Figs. 4 and 5 depict an 
infrared spectrum and the assignment of the dynamics in 
the crystalline structure. The results for other functionals 
are shown in Table S3 (supplementary information).

The most intense IR absorption peak occurs at 
~255  cm−1, representing the angle bending of Sn–O–
Sn along the y-axes with angular variation of O–Sn–O 
along the z-axes (Fig. 4b). The band at ~146 cm−1 can 

be assigned to up and down translational movement of 
Ba atoms corresponding to the SnO3 (external mode), 
along with x-, y-, and z-axes (Fig.  4a). The vibrational 
mode at ~633  cm−1 corresponds to stretching/com-
pressing vibrations of the Sn–O bond along the x-, 
y-, and z-axes [9, 14, 55–59] (Fig.  4c). The calculated 
results are consistent with average experimental results 
[55–57].

4 � Conclusions

Periodic DFT calculations were carried out using seven 
different hybrid functionals with a Baranek basis set. Pow-
ell’s algorithm method was used to perform the optimiza-
tion of the outermost exponent of the basis set. This meth-
odology can render an improvement in the accuracy of the 
calculated results of electronic, structural, mechanical, and 
vibrational properties.

It is expected that this methodology can be applied for 
further theoretical studies, such as those on surfaces, inter-
faces, defects, and doping processes in BaSnO3.

The basis set optimization using the PBE0 functional 
kept the optimized lattice parameter practically unchanged, 
only needing changes for band gap energy, and produces 
a considerable improvement in the calculated indirect band 
gap.

Although there have been no experimental measure-
ments, the elastic constants and B0 are in reasonable agree-
ment with other theoretical results. The calculated IR 
modes show good agreement with experimental results.

Table 3   Active infrared (IR) frequencies for all hybrid functionals 
and for PBESOL0 with optimized basis set

a  Results obtained in the present work with basis set optimization
b  Results obtained in the present work
c  Inactive mode

IR F1u (cm−1) F2u (cm−1)c

PBE0a 145.81 255.11 632.80 242.81

PBESOL0a 150.38 245.99 657.96 259.33

B3LYPb 131.81 241.84 591.51 226.98

B1WCb 145.19 247.13 648.94 230.59

B3PWb 140.27 248.28 625.87 233.37

PBE0b 146.01 257.81 632.24 244.06

PBESOL0b 150.19 247.71 658.59 261.48

SOGGAXCb 137.93 215.30 625.76 197.80

WC1LYPb 134.30 240.30 613.57 221.83

HSE06 [28] 131.3 253.6 620.6 237.5

Exp. [9] – – 640 –

Exp. [14] ~150 ~420 ~735 –

Exp. [55] – – 629 –

Exp. [56] – – 640 –

Exp. [57] – – 630 –

Exp. [58] – – 626 –

Exp. [59] – – 627 –

Exp. (average) 150 420 632 –

Fig. 4   Active infrared modes. The arrow points in the direction of 
movement and is relative in scale (no shifts are made)
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