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A B S T R A C T   

In this paper, we conducted a combined experimental and theoretical investigation of bulk and (001) surface 
properties of a Ba0.5Sr0.5TiO3 (BST) material synthesized by the polymeric precursor method. Characterization 
techniques, such as X-ray diffraction (XRD), Raman spectroscopy, ultraviolet-visible diffuse reflectance spec-
troscopy, field-emission scanning electron microscopy (FE-SEM) and photoluminescence (PL), were employed to 
disclose the structural, electronic, and optical properties of BST. Structural analysis confirmed the BST tetragonal 
symmetry, showing the relevant fingerprints of structural distortions, while the crystallographic morphologies 
were observed in the FE-SEM images. The theoretical results evidenced the structural disorder along the 
tetragonal BST phase, corroborating the central role of the bonding environment in the electronic and PL 
properties of the material. Moreover, the (001) surface results indicated that Esurf values depend on the chemical 
environment of exposed surfaces following the bonding character along with A-O and Ti-O paths, which also 
affects the electronic structure of surface-oriented BST.   

1. Introduction 

A great variety of metallic ions can occupy the A and B sites in the 
technologically crucial ABO3 perovskite structure. Such versatility of 
this class of materials makes them a perfect choice for a large number of 
catalytic applications, including electronic devices, such as energy 
storage capacitors, infrared detectors and chemical sensors, as well as 
microwave tunable applications, such as phase shifters, tunable filters 
and tunable resonators [1–6]. For many of those ABO3 perovskite ap-
plications, surface quality and structure play essential roles. For 
example, recent studies have shown that the catalytic properties of ABO3 
perovskite oxides are related mainly to oxygen vacancies, which alter 
their electronic and crystalline structures and surface chemistry [7–12]. 
Forefront (001) surfaces and interface phenomena, which occur in the 

ABO3 perovskite oxides and their nanostructures, are hot topics in 
modern solid-state physics due to their desirable atomic and electronic 
processes. 

Following the development of new and emerging technologies, the 
atomic and electronic properties, as well as the structure of ABO3 
perovskite (001) surfaces, have been intensively and experimentally 
explored during the last years through the combination of different 
techniques [13–19]. Moreover, in the past few years, the scientific in-
terest regarding quantum-mechanical simulations for perovskite sur-
faces has increased due to the precise atomic-level representation of the 
major mechanism involved in the surface stabilization and the control of 
reactivity based on surface-dependent physical and chemical properties 
that govern many kinds of technological applications [11,12,20–26]. 

The general formula of perovskite compounds is ABX3, where A is 
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mono or divalent cation, B is a tetra or pentavalent cation, and X is the 
halide anion. The ideal structure of oxides presents cubic geometry with 
a 221 (Pm-3m) space group. More specifically, the A cation is located in 
the unit cell corners coordinated with twelve O anions forming [AO12] 
clusters, while the smaller B cation coordinates with six O anions to 
generate [BO6] units in the center position of the unit cell [27–29]. The 
A- and B-site substitution is a widespread strategy to induce a structural 
distortion resulting from the partial replacement of A and/or B cations 
by dopants of different sizes and valences, causing alterations in the 
perovskite traditional formula ABO3 to A1-xA’xB1-yB’yO3 or AB’1-xB’’xO3. 
In particular, such changes, along with the different atomic sites, often 
cause significant alterations in the structural, chemical, and physical 
properties of the materials [30–32]. For example, in Barium Strontium 
Titanate (Ba1-xSrxTiO3, BST), the lower strontium concentration induces 
the stabilization of the ferroelectric properties of a tetragonal geometry, 
whereas the composition corresponding to the higher strontium content 
is cubic and paraelectric [33]. 

Conventionally, BST solid solution can be prepared by the solid-state 
reaction from BaTiO3 and SrTiO3 materials [34]. At room temperature, 
SrTiO3 has a cubic perovskite structure with a Curie point at low tem-
perature (218.15 K) [35]. The Curie point of BaTiO3 was described as 
393.15 K. Depending on the temperature range, BaTiO3 undergoes a 
successive phase transition involving cubic, tetragonal, orthorhombic, 
and rhombohedral phases. Above the Curie point, the original cubic 
symmetry is stable [36]. The first-principle study of the temperature 
effects proposed by Oliveira et al. confirms the phase transition in 
BaTiO3, based on the combination of structural distortion in [TiO6] 
clusters, vibrational characteristics, and electronic structure [37]. 
Following such observation, BST experimental results have indicated a 
phase transition similar to BaTiO3 depending on the Sr content [38]. 
Despite the scientific efforts to investigate the BST structure and prop-
erties, a detailed analysis of the mechanisms associated with its 
intriguing physical and chemical properties remains debatable, moti-
vating the search for a systematic explanation of the global effects that 
control the bulk and surface properties of perovskite materials. 

For this purpose, in this work, we demonstrate the synthesis of BST 
perovskite materials by the polymeric precursor method (PPM). The 
samples were annealed at different temperatures (400-700 ◦C) for 2 h to 
investigate the order-disorder associated with the heat treatments. 
Various analyses, such as Raman spectroscopy, X-ray diffraction (XRD), 
UV-Vis spectrometry, field-emission scanning electron microscopy (FE- 
SEM), and photoluminescence (PL) were carried out to monitor the 
structural disorder effects. Moreover, first-principles quantum-me-
chanical calculations were performed to determine the BST bulk and 
surface models and their structural and electronic properties. The 
theoretical study investigates the electronic structure of BST models and 
gives an interpretation in terms of band structure, the density of states 
(DOS) with atomic orbitals, hybridization, and charge density distribu-
tion analysis. 

Additionally, first-principle calculations of the four possible (001) 
surface terminations of Ba0.5Sr0.5TiO3 (BST) perovskites are presented. 
This complementary approach renders a plausible quantitative 
description of BST electronic behavior and an interesting correlation 
between the theoretical and experimental results. This research involves 
five critical steps: (1) synthesis of powders, (2) theoretical modeling, (3) 
structural characterization, (4) electronic and optical properties, and (5) 
the main conclusion of our work. 

2. Methodology 

2.1. Experimental procedure and characterization 

Ba0.5Sr0.5TiO3 (BST) powders were prepared by the polymeric pre-
cursor method (PPM), which is based on the chelation of metal cations 
and citric acid (C6H8O7, 99.5%, Synth) in a solution of water and 
ethylene glycol (C2H6O2, 99.5%, Synth). Barium carbonate (BaCO3, 

99.9%, Aldrich), strontium carbonate (SrCO3, 99.9%, Aldrich), and ti-
tanium isopropoxide (C12H28O4Ti, 97%, Aldrich) were used as raw 
materials. 

The dissolution of titanium isopropoxide formed titanium citrate in 
an aqueous solution of citric acid (C6H8O7) between 70 ◦C and 90 ◦C. 
Then, a stoichiometric amount of BaCO3 and SrCO3 was added. To 
prevent CO3 precipitation, cationic precursors were slowly added to the 
titanium citrate under constant stirring at 80 ◦C. The complete disso-
lution of the cationic precursors resulted in a transparent solution. 

Ethylene glycol was added after homogenization of the solution 
containing Ba2+, Sr2+, and Ti4+ cations to promote polymerization of 
the mixed citrates by polyesterification. Upon continuous heating at 80 
◦C, the solution became more viscous, forming a polymeric resin with no 
visible phase separation. The molar ratio between Ba, Sr, and Ti was 1:1, 
and the citric acid/ethylene glycol ratio was set to 60/40 mass. 

The resin was placed in a conventional furnace for heat treatment at 
350 ◦C for 4 h for organic matter decomposition. These polymeric pre-
cursors were deagglomerated, and the heat treatment was carried out at 
various temperatures (from 400 to 700 ◦C) for 2 h under ambient 
atmosphere. 

The BST powders were characterized by X-ray diffraction using a 
Rigaku Dmax 2500PC diffractometer with Cu Kα radiation (λ =1.5406 
Å). The obtained results were compared with the International Centre 
for Diffraction Data (ICDD). Raman data were recorded using a Bruker 
RFS/100/S spectrometer with an Nd:YAG laser producing a 1064.0 nm 
excitation light. The UV-Vis absorption spectra of the optical absorbance 
for disordered BST powders were taken using Cary 5G equipment. 
Photoluminescence measurements were performed at room temperature 
using a 355 nm laser (Cobolt/Zouk) as an excitation source focused on a 
200 µm spot at a constant power of 5 mW. The luminescent signal was 
dispersed by a 19.3 cm spectrometer (Andor/Kymera) and detected by a 
silicon charge-coupled device (Andor/IdusBU2). 

The temperature-dependent crystallite size of BST powders was 
estimated according to the XRD data using the Scherrer equation, a 
widely used tool to obtain crystallite size represented by the following 
formula: 

D =
Kλ

β cosθ
(1)  

where D is the crystallite size, K is a shape constant (0.9), θ is the Bragg 
angle, λ is the radiation wavelength and (0.154 nm), β is the full width at 
half-maximum (FWHM) of the diffraction peak [39]. In the Scherrer 
equation, the β parameters need to be corrected to eliminate the 
so-called instrumental effects [40]. The best method to make this 
correction uses a standard sample with a small microstrain and great 
particle size so that the widths of diffraction peaks observed are only due 
to instrumental effects [41]. The Gaussian correction was applied by 
comparing the FWHM of X-ray reflection between the sample and the 
single-crystalline Si standard to obtain the true crystal broadening: The 
most refined expression for this instrumental effect correction is: 

β =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

β2
exp − β2

standart

√

(2)  

where β is the true half-maximum width, β2
exp and β2

standart are the half- 
maximum widths of the sample and the single-crystalline Si standard, 
respectively. 

Another classical method to obtain quantitative information on 
particle size and microstrain considering the enlargement of diffraction 
peaks is through the Williamson-Hall plot (WH plot) [42]. 

The WH plot allows us to extract the microstrain through the angular 
coefficient and mean particle size using the linear coefficient (slope of 
the curve and the intersection of the curve with the ordinate axis, 
respectively), and the following equation represents their homogeneity 
from the angular width of peak diffraction: 
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βcosθ
λ

=
K
D
+

4ε
λ

senθ (3)  

where β is the half-width of diffraction peak (FWHM), λ is the wave-
length of x-ray, and K is a constant (value 1), which determines the point 
in the network reciprocal, D is the average size of crystalline, ε is the 
microstrain [42]. 

The morphologies and sizes of the samples were observed using a 
field-emission scanning electron microscope (FE-SEM) operated at 5 kV 
(Supra 35-VP, Carl Zeiss). 

2.2. Computational details and model systems 

The calculations were performed using CRYSTAL14 [43] package 
within the framework of the density functional theory (DFT) [44]. A 
gradient-corrected correlation function developed by Lee, Yang, and 
Parr, combined with the Becke3 exchange-correlation functional 
(B3LYP) [45], was used to calculate the structural parameters and 
perform the analysis of the electronic structure, following a series of 
theoretical studies for a wide variety of perovskite compounds [46–48]. 
According to the CRYSTAL basis set library, all-electron basis sets 
described the atomic centers: 9763-311_d631_G for Ba, 86-411_d31_G 
for Ti, 6-31G* for O, and 976-41(d51)G for Sr [49]. Vesta program 
was used to model the BST structure [50]. 

The electronic integration was performed using a 4 × 4 × 4 
Monkhorst-Pack [51] k-mesh containing 75 k-points for all models. The 
accuracy of the Coulomb and exchange integral calculations were 
controlled by five thresholds set to 8, 8, 8, 8, and 16. The converge 
criterion for mono- and bi-electronic integrals were set to 10− 8 Ha, while 
the root-mean-square (RMS) gradient, RMS displacement, maximum 
gradient, and maximum displacement were set to 8 × 10− 5, 1.9 × 10− 4, 
1.3 × 10− 4 and 3.8 × 10− 4 a.u., respectively. Lattice parameters and 

atomic positions were fully relaxed for the 1 × 1 × 2 supercell model. 
The BST material simulation was developed from unit cell expansion 

in the z-axis (001), obtaining a 1 × 1 × 2 supercell based on a tetragonal 
structure (P4mm - 99) composed of one Ba atom, one Sr atom, two Ti 
atoms, and six O atoms (Fig. 1). The Ti atoms are coordinated to six O 
atoms, producing an octahedral [TiO6]-[TiO6] cluster, while the Ba and 
Sr atoms are coordinated to twelve O atoms, resulting in [BaO12] and 
[SrO12] clusters. Initial lattice parameters were obtained from experi-
mental XRD using REDE93 software [52], and atomic positions were 
taken from the literature [53]. The theoretical optimization lattice pa-
rameters were obtained from CRYSTAL14 [43], yielding values of a =
3.930 Å and c = 3.983 Å, and angles α = β = γ = 90◦. This model was 
used to study the structural, electronic, and optical properties of BST. 
The theoretical results are discussed through the density of states (DOS) 
orbital projections, band structure analysis, and charge density distri-
bution following the Mulliken approach. The DOS and band structures 
were particularly evaluated from the last eleven energy bands in the 
valence band (VB) and the first eleven energy bands in the conduction 
band (CB), featuring the band-gap region. 

Besides, vibrational analysis for ground state in the equilibrium 
configurations of the BST models was performed to ensure none imag-
inary frequencies corresponding to the saddle points on the potential 
energy surface. It is well known that the DFT calculation based on the 
B3LYP method tends to overestimate the values of the vibrational fre-
quencies; therefore, a scaling factor of 0.94 is used [54]. 

The surface energy values, Esurf, for the (001) cleavage plane were 
calculated to correlate the electronic and energetic properties of BST. In 
this context, the BST (001) surfaces were modeled considering crystals 
as a set of crystalline planes perpendicular to the given surface and 
cutting out the 2D slab of a finite thickness, causing it to be periodic in 
the x–y plane. The slabs are symmetric and non-stoichiometric with 
respect to the unit cell. These two AO (A=Ba and Sr) and TiO2 

Fig. 1. 1 × 1 × 2 supercell representation of the tetragonal BST structure.  
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terminations are the only possible flat and dense (001) surface termi-
nations of the perovskite structure. 

In the present study, Esurf was assumed to correspond to the surface 
cleavage (Ecleav). Therefore, we firstly introduce the concept of unre-
laxed Ecleav as the required energy to cut the bulk along the (001) plane. 
Our performed B3LYP ab-initio calculations started with the cleavage 
energy for unrelaxed AO- (A=Ba and Sr) and TiO2-terminated (001) 
surfaces. Since surfaces with both terminations simultaneously arise 
under the (001) cleavage of the crystal, we adopted the convention that 
the cleavage energy is equally distributed between the created surfaces. 
In our calculations, the 18-layer AO-terminated (001) slab with 22 
atoms and the 14-layer model for the TiO2-terminated slab with 18 
atoms represent together 8 bulk unit cells (80 atoms – Ba0.5Sr0.5TiO3), so 
that: 

Eunrlx
cleav =

EBaO
slab + ETiO2− Ba

slab + ESrO
slab + ETiO2− Sr

slab − 8Ebulk

8A
(4)  

where Ei
slab correspond to the unrelaxed energies of the AO- or TiO2- 

terminated (001) slabs, respectively, Ebulk is the energy per bulk unit 
cell, and A represents the surface area. 

Next, we calculated the relaxation energies for each AO or TiO2 
termination, according to Eq. (5)): 

ET
relax =

ET
slab(rlx) − ET

slab(unrlx)
2A

(5) 

Here, Et 
relax is the slab energy after relaxation (T = AO or TiO2). The 

surface energy is then defined as the sum of the cleavage and relaxation 
energies. 

ET
surf = Eunrlx

cleav + ET
relax

T = BaO, Sro,TiO2 − Ba, TiO29 − Sr
(6) 

This methodology has been successful for the study of the Esurf of 
various materials, including perovskites and several other oxides [11,24, 
55]. 

In order to analyze the relationship between Esurf and the geometric 
characteristics of the exposed surfaces, the dangling bond density (Db) 
was calculated from the number of broken bonds created per unit cell 
(Nb) on a particular surface of area A [56], according to the expression: 

Db
Nb

A
(7)  

3. Results and discussion 

3.1. X-ray diffraction 

Fig. 2a–c show the simulated and experimental XRD patterns of the 
BST powders calcined at 400, 500, 600, and 700 ◦C for 2h. Herein, the 
simulated XRD patterns were obtained using VESTA software. The XRD 
simulation is in good agreement with the ICDD crystallographic card 
number 01-089-0274 [57] and the experimental data obtained at 700 
◦C. The powders obtained at 400 ◦C displayed a typical amorphous 
pattern due to the formation of a disordered material, presenting a broad 
band centered at 2θ = 28.65◦. Samples heated at 500, 600, and 700 ◦C 
for 2h exhibited diffraction peaks related to two different phases: BST 
and BaCO3. The formation of BaCO3 (orthorhombic structure) – ICDD 
01-070-6454 [58] – as an intermediate phase results from the reductive 
atmosphere arising from organic precursors during heat treatment. 

The XRD patterns of the BST models showed polycrystalline phases 

Fig. 2. XRD patterns of the BST powders: (a) theoretical, (b) experimental calcined at 400, 500, 600 and 700◦C and (c) peak magnification in the region from 31◦

to 33◦. 
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of tetragonal perovskite material, as confirmed by the reflection angle 
planes as illustrated in Fig. 2a and b. The lattice parameters of the 
tetragonal unit cells were determined from the 0 0 1; 1 0 1; 1 1 1; 0 0 2; 1 
0 2; 1 1 2; 2 0 2; 0 0 3 and 1 0 3 planes, utilizing REDE93 software 
program, developed at the Chemistry Institute of Unesp in Araraquara, 
SP, Brazil by Paiva-Santos et al. [52] This program, which is based on 
the square method, refines the position of diffraction peaks. Based on 
XRD patterns, the values of lattice parameters are depicted in Table 1. 
Several studies reported using REDE93 software to determine lattice 
parameters for different materials [59–66]. 

It can be observed in Table 1, the crystal structure and the lattice 
parameters of theoretical results exhibit a small mean percentage error 
in comparison with the experimental and literature results, evidencing 
that our calculations are in good agreement with experimental data. 
Therefore, the BST samples should be ferroelectric at room temperature 
and with a slightly distorted tetragonal structure [71]. 

In addition, Fig. 2c shows the peak magnification in the region from 
31◦ to 33◦ related to the effect of replacement of Ba2+ by Sr2+ in the BT 
for powders calcined at different temperatures. In all powders, the 
strongest peak at around 2θ = 31.8-32◦ corresponds to the 101 crys-
talline plane, where a slight displacement can be observed as the 

temperature increases. The effect of structural order-disorder with 
increasing temperature was verified by narrowing the peak corre-
sponding to the 101 plane. Moreover, the change in the lattice is due to 
the distinct electronic density concerning Ba2+ ions and the introduction 
of structural defects with the formation of [SrO12] clusters. According to 
the XRD patterns for BST, when a few Ba2+ ions are replaced by Sr2+

ions, the lattice structure slightly changes because of the ionic radius of 
Sr2+ (1.44 Å), which is slightly smaller than that of Ba2+ (1.61 Å) [33,70, 
72]. 

The results of Williamson-Hall analysis for BST samples are shown in 
Fig. 3. A moderate strain anisotropy is obtained. The plots indicate that 
the 500 ◦C, 600 ◦C, and 700 ◦C BST samples exhibit a positive slope 
indicating the possibility of tensile strain in the samples. The calculated 
strains in these BST samples are estimated to be 9.74 × 10− 4, 1.11 ×
10− 3, and 4.39 × 10− 3, respectively. The calculated crystallite size 
values for 500 ◦C, 600 ◦C, and 700 ◦C are 25.91, 26.01, and 34.06 nm, 
respectively. These values are described in Table S1. 

There is a slight variation in the effective crystallite size for samples 
obtained by Scherrer obtained by the WH method (Table S1). The dif-
ference may be due to internal strain not considered in the Scherrer 
model [73]. 

In 700 ◦C BST samples, the crystallite size value calculated by the 
WH method is comparatively larger than those calculated by the 
Scherrer formula. This enlargement of values may be attributed to the 
tensile strain taken into consideration in the Williamson-Hall analysis. 

Additionally, all BST samples in Fig. 3 show expansive unit cells due 
to positive values with temperature increment. Table S1 summarizes the 
crystallite sizes and strain values of the BST powders obtained using the 
Scherrer equation and WH method. The values showing nanometric 
sizes range from 28.34 nm to 30.22 nm and 25.91 nm to 34.06 nm for 
Scherrer and Williamson-Hall methods, respectively. As a result, the 
Scherrer equation provides values that are in good agreement with the 
WH graph. The stepwise heat treatment of these samples significantly 
increases the intensity of Bragg reflections and decreases their widths, 
evidencing an increase in the average size of ceramic crystallites since 

Table 1 
Theoretical, experimental (REDE93) and literature lattice parameters.  

BST samples 

Lattice Parameters 500 ◦C 600 ◦C 700 ◦C Theoretical 
a = b (Å) 3.951 3.958 3.980 3.930 
c (Å) 3.950 3.952 3.986 3.983 
Percentual error (%) 
a = b (Å) 0.53 0.712 1.272 – 
c (Å) 0.82 0.77 0.075 – 
Literature 
a = b (Å) 3.969 4.017 3.979 3.995 
c (Å) 3.958 3.9804 3.996 3.988 
Reference [67] [68] [69] [70]  

Fig. 3. Williamson-Hall plots of BST calcined at 500, 600 and 700 ◦C.  
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the high energy supplied from the high synthesis temperatures improves 
nucleation and crystallite growth. Similar results were obtained by 
Dutra et al. [74]. 

3.2. Raman analysis 

Raman spectroscopy is an excellent complementary characterization 
tool to identify phase evolution through the Sr substitution function in 
the BaTiO3 lattice. BaTiO3 has five atoms and fifteen degrees of freedom 
per unit cell. In the cubic phase, the O1

h symmetry has an irreducible 
representation of 12 optical modes (3F1u + 1F2u). The F1u modes are 
infrared-active, while the F2u mode is silent since neither is infrared- nor 
Raman-active. At room temperature, BaTiO3 is tetragonal with C4v 
symmetry. Based on the crystallography, the Raman-active modes for 
tetragonal BaTiO3 (P4mm) are 4E(TO+LO) + 3A1(TO+LO) +

B1(TO+LO). All of the A1 and E modes are Raman- and infrared-active, 
whereas the B1 mode is only Raman-active. The transverse and longi-
tudinal optical components (TO and LO) occur with the presence of long- 
range electrostatic forces that further split each of the A1 and E modes 
[75,76]. 

Fig. 4a shows the experimental Raman spectra of tetragonal BST 
powders in a frequency range of 25-1100 cm− 1 at 400, 500, 600, and 
700◦C. We can observe six active modes: E(TO1) at ~91 cm− 1, A1(TO1) 
at ~130 cm− 1, A1(LO1) at ~219 cm− 1, A1(TO2) at ~289 cm− 1, E(TO)/ 
A1(TO3) at ~520 cm− 1 and A1(LO3)/E(LO) at ~730 cm− 1. At a calci-
nation temperature of 400 and 500 ◦C, it is possible to note structural 
disorder for the obtained powders. On the other hand, the powders 
annealed at 600 and 700 ◦C result in the tetragonal perovskite phase. 
Thus, the Raman-active vibrational modes confirm the short-range order 
for the BST tetragonal perovskite phase. These results are in agreement 
with the XRD patterns for the BST samples. 

The experimental and calculated Raman-active modes are shown in 
Fig. 4b, where a strong interaction between the ions arising from the 
stretching and bending vibrations of the shorter metal-oxygen bonds 
within the anionic groups can be observed. The calculated Raman 
spectra of the BST at the B3LYP level of theory in the frequency range of 
100-900 cm− 1 are illustrated in Fig. S1. In the Raman spectrum of the 
tetragonal BST crystal structure, we can observe seven active vibration 
modes at 121, 178, 280, 298, 546, 579, and 801 cm− 1. 

Table 2 represents the frequencies of the BST Raman-active modes, 
which are in agreement with the literature. 

Furthermore, the Raman spectra of the BST samples are very similar 
to the bulk BT [77], except for the non-identification of B1 and E 
(TO+LO) and A1(LO2) and E(LO) active components, typical of the 
BaTiO3 structure. Additionally, the two asymmetric broad A1(TO) 
modes at 289 and 520 cm− 1 are associated with structural defects. On 
the other hand, the high intensity of the A1(TO1) mode and low intensity 
of the A1(LO3) and E(LO) components in BST evidences that the BT 
doping with Sr causes an increase in crystal symmetry. The E(TO1) and 
A1(TO2) components at 91 and 289 cm− 1, respectively, are associated 
with the tetragonal-cubic phase transition, while the low intensity of 
A1(LO3) and E(LO) is closely related to the tetragonality factor. At last, 
the lattice parameter distortion is associated with A1(LO1). 

In the Raman spectra in Fig. 4a, it is possible to note three additional 
disorder-active bands centered at ~393, ~575, and ~632 cm− 1, marked 
as A, B, and C, respectively, and another one at 1063 cm− 1, marked as D, 

Fig. 4. Raman spectrum of the BST material: (a) experimental heat-treated at 
400, 500, 600 and 700 ◦C for 2 h and (b) comparative theoretical-experimental 
Raman-active modes. 

Table 2 
Raman-active modes (cm− 1) for BST powders heat-treated at 400, 500, 600 and 700◦C for 2 h.  

Raman active modes Experimental (BST 700 ◦C) 
(cm− 1) 

BTO 
(cm− 1) 

BST 
(cm− 1) 

BST 
(cm− 1) 

BST 
(cm− 1) 

BST 
(cm− 1) 

This work [77] [78] [79] [80] [81] 

E(TO1) 91 - 112 - 97 - 
A1(TO1) 130 155 150 176 155 181 
A1(LO1) 219 189 - - 174 - 
A1(TO2) 289 260 201 221 191 227 
B1 and E(TO+LO) - 305 287 294 294 304 
A1(LO2) and E(LO) - 470 - - 476 - 
E(TO) and A1(TO3) 520 518 517 516 535 528 
A1(LO3) and E(LO) 730 718 731 732 747 730  
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which is related to the carbonate ions [82]. These results are confirmed 
by the slight displacements in the [TiO8] clusters due to the Ba/Sr 
substitution with partial loss of translational symmetry of the BST 
powders. In particular, the same behavior was observed by Katiyar et al. 
[83]. 

3.3. Optical band-gap analysis 

The optical properties of the BST samples were investigated using 
UV-Vis at 400, 500, 600, and 700◦C for 2h. With the partial replacement 
of Ba2+ by Sr2+ ions, a considerable change in the crystalline environ-
ment can occur involving the electronic and structural properties of 
materials, as shown in Fig. S2. 

The energy values presented in Fig. S2 were determined by the Wood 
and Tauc method [84], following the equation: 

hνα ∝
(

hν − Eopt
gap

)
(8)  

where α is the absorbance, h is the Planck constant, ν is the frequency 
and Eopt

gap is the optical band-gap. 
The results of the experiments show that the Egap increases as a 

function of temperature from 2.14 eV to 3.06 eV, 3.11 eV, and 3.12 eV at 
400, 500, 600, and 700◦C, respectively. Structural order-disorder pa-
rameters can explain the band-gap energy increase of BST. For BST 
samples heat-treated at 400, 500, 600, and 700◦C, we observed typical 
absorption spectra for quasi-crystalline and crystalline materials, or an 
ordered structure (Fig. 2), indicating that the increase of structural or-
ganization in the lattice leads to the reduction of these intermediary 
energy levels, and consequently to an increase in the Egap value. In 
addition, the different Egap values with increasing temperature can be 
related to other factors, such as the preparation method, powder shape, 
particle morphology, heat treatment temperature, and processing time. 
These factors result in different structural defects and can promote in-
termediate levels within the band-gap. In contrast to the ideal semi-
conductor absorption that should present a vertical line for this 
electronic transition, it can be observed that all samples have high defect 
density due to a remarkable inclination of the Urbach tail [85]. These 
defects are directly related to the distortions at the bond angles of the 
building block clusters. 

3.4. Electronic structure by DFT computational simulations 

3.4.1. Band structure analysis 
The primitive cell Brillouin zone and band structure obtained for the 

BST models are displayed in Fig. 5a and b. In the primitive cell Brillouin 
zone (Fig. 5a) we have chosen the Γ, X, M, X, A, Z, R and Γ points, 
beginning at (Γ = 0,0,0), (X = ½,0,0), (M = ½, ½,0), (X = 0, ½,0), (A =
½,½,½), (Z = 0,0, ½) and (R = ½,0, ½) as the reciprocal coordinates. 

According to the band structure representation in Fig. 5b, the VB can 
be observed between -4 and 0 eV, while the CB values range from 3.76 to 
12 eV. The calculated indirect band-gap energies were obtained by the 
top of the VB and the bottom of the CB, represented in blue color in 
Fig. 5b. The VB is in the M points, whereas the CB is in the Γ points. The 
band-gap value of the BST model was calculated as 3.76 eV, which is 
consistent with the experimental values found in the literature (Table 3). 

As shown in Table 3, the band-gap energy of the theoretical results 
exhibits a small mean percentage error compared to the experimental 
results, evidencing that our calculations agree with the experimental 
data. Indeed, the largest deviation was found for the experimentally 
obtained BST sample at 700 ◦C, where a slight overestimation of 20.5% 
of the band-gap value was observed at the M-Γ point. 

3.4.2. Density of state and Mulliken analysis 
Fig. 6(a and b) show the projected DOS of BST and the presence of 

primary atomic orbitals of Ba, Sr, O, and Ti along with the VB and CB. 
Some of the atoms in this structure contribute equally due to the 
structural symmetry. The DOS results reveal that the upper part of the 
VB mainly consists of O 2p (px, py, pz) orbitals with a minor extent of Ba, 
Sr, and Ti atomic orbitals. In contrast, the lower part of the CB is mainly 

Fig. 5. (a) Primitive cell Brillouin zone, and (b) band structure profiles for the 1x1x2 supercell of the BST model.  

Table 3 
Calculated and experimental values of the band-gap energy of BST.  

Compounds 
BST 

Reference Band-gap (eV) Percentual error (%) 

Theoretical 
Experimental at 700◦C 
Literature 

This work 3.76 – 
This work 3.12 20.5 
[86] 3.30 13.9 
[87] 3.47 8.35 
[88] 3.69 1.89  
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derived from Ti 3d (dxz, dxy, dyz, dz
2, dx

2
-y
2 ) orbitals. In Fig. 6a, the analysis 

of the principal components of atomic orbitals demonstrates that the Ba1 
and Sr2 mainly consist of 5py and 5pz, and 4py and 4pz atomic orbitals, 
respectively. No contribution of the px atomic orbitals can be observed. 
There are no equivalent contributions between the Ti9 and Ti10 atoms, 
being the most important contribution coming from 3dxy and 3dyz or-
bitals. Both Ti atoms in the conduction band minimum (CBM) contribute 
to Ti (3dxy) states. 

Fig. 6b shows the atomic orbitals for all oxygen groups, specifically 

2px, 2py, and 2pz atomic orbitals in the VB. For O3 and O4 atoms, the 
most significant contribution comes from 2py and 2pz atomic orbitals. 
No contribution of the 2px orbitals can be observed. The projected DOS 
indicates an equivalent contribution between O5 and O7, and a different 
equivalence between O6 and O8. For the two equivalent oxygen groups, 
the most significant contribution comes from 2px and 2py atomic or-
bitals. The valence band maximum (VBM) is mainly composed of O 2py 
and 2px atomic orbitals. 

The orbitals present in the VBM for all oxygen atoms summed with 
the Ti orbital in the CBM are responsible for the hybrid state in the BST 
structure. 

The superposition of the projected DOS in Fig. 6c demonstrates that 
the hybridization occurs between titanium and oxygen atoms from 
approximately -4 to 0 eV and 3.76 to 10 eV for the VB and the CB, 
respectively, characterizing bonding orbitals in these regions. This fact 
suggests the covalent character of the Ti-O chemical bond. In the VB, the 
anti-bonding orbitals indicate that the electronic repulsion is more 
accentuated for the O atoms than for Ti atoms in the lattice. In contrast, 
these atoms exhibit inverse behavior in the CB. 

The theoretical results obtained from the Mulliken population 
analysis [89] applied to the atomic charge (Table S2) were used to 
analyze the electronic density distribution in the BST structure. The 
choice of the Mulliken partition is arbitrary since there is no single 
method for partitioning the charge density. Mulliken charges show 
positive charges on the Ba, Sr, and Ti cations and negative charges on O 
anions. The values of Ti and O charges are not close to those expected for 
the ionic charge in the tetragonal structure (Ti4+ and O2− ). The O3 atom 
presents the lowest total charge value compared to the O4-O8 atoms. 
This behavior occurs because O3 is slightly displaced from the structure 
symmetry center, favoring a reduced interaction among Ba1, Ti10, O5, 

Fig. 6. Projected DOS of atoms and orbitals for BST. (a) Ba, Sr and Ti, (b) 
oxygen atoms, and (c) superposition of the titanium and oxygen 
atomic orbitals. 

Table 4 
Theoretical results for overlap population (in m|e|) of A-O and M–O bonds in the 
BST structures.  

Overlap Populations (|e|) 
A-O B-Oz B-Oxy 

Ba1 Sr1 Ti9 Ti10 Ti9 Ti10 
-0.008 -0.007 0.0615 0.062 0.068 0.068  

Fig. 7. Charge density maps for the BST structure.  
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and O7 atoms. As shown in Table S2, there is a different charge value 
between the two O groups (O5, O7 to O6, O8) located in basal plane. The 
difference of values can be attributed to the non-equivalent contribution 
of the Ti atoms in the projected DOS (Fig. 6a), generating a heteroge-
neous interaction field. The cation charges for Ba1 and Sr2 were found to 
be close to the expected values (Ba2+ and Sr2+, respectively). 

The overlap population results were obtained for A-O, B-Oz, and B- 
Oxy planes (Table 4). In general, the total overlap population for any 
pair of atoms is composed of positive (bonding) and negative (anti- 
bonding) contributions [70]. A simple way to understand the bond 

characteristics in ABO3 structures is from the analysis of cation-oxygen 
interaction. 

In this study, the negative values between Ba-O and Sr-O indicate a 
predominant ionic character for such chemical bonds due to an inef-
fective overlap between the atomic orbitals. In contrast, the positive 
values obtained for B-Oz and B-Oxy reveal the dominant covalent 
character due to the effective overlap of the atomic orbitals, character-
izing an accumulation of electronic density in the internuclear region. 

The difference in the B-Oz overlap for Ti9 and Ti10 is attributed to 
the off-centering displacement of the O3 atom caused by the structural 
disorder. 

Finally, the bond character and charge distribution for the BST 
models were investigated by electronic density isolines (Fig. 7). An 
isoline is a set of equal value points in a data domain showing the 
electron density around the atomic nucleus. Colors can be used in the 
plane of the charge density maps to represent the charge density dis-
tribution. These results were obtained from the optimized wave function 
of the structures. The crystallographic plane was chosen as a vertical 
plane in the (110) direction containing Ba, Sr, Ti, and O atoms. The 
calculated charge density maps clearly display electronic paths (green 
color in Fig. 7) located among O3-Ti10-O4-Ti9-O3 bonds in the (110) 
direction. These electronic paths were then classified as bonding paths 
that enable an electron sharing mechanism among [BO6] octahedral 
clusters designed as [TiO6]-[TiO6]. An analysis of Fig. 7 clearly shows 
that the bond between A (Ba, Sr) and [TiO6] is strong ionic, while a 
covalent bonding nature is visible between Ti and O, resulting in the 
hybridization between the O (2p) and the Ti (3d) states. 

3.5. Photoluminescence 

PL measurements were performed to investigate the BST powders’ 
structural order at the medium range. Besides, this technique is a sen-
sitive tool for defects. Fig. 8 shows the PL spectra of the samples calci-
nated at different temperatures. For all samples, we can observe a broad- 
band emission in the visible region, typical of multiphonon processes 
[90,91]. Therefore, the recombination of electron/hole pair (e′

− h•)

occurs by several paths due to the density of intermediate energy levels 
within the band-gap generated by structural order-disorder effects [92]. 
Fig. 8a shows an abrupt reduction in the characteristic emission of the 
samples from 600◦C, which is attributed to the increase of the degree of 
order at long–and especially–short ranges, decreasing the number of 
defects in the forbidden region. These results are consistent with those 
observed by XRD and Raman and the estimated Egap values. 

Fig. 8b shows the normalized PL emissions of the samples. For 
samples calcined at 400 and 500◦C, a maximum characteristic emission 
is centered in the orange region (613 and 589 nm, respectively), while 
those calcined at 600 and 700◦C have a maximum emission in the green 
region (528 nm). This occurs because the increase in the system order as 
a function of temperature changes the type of defect present in the 
samples. In the samples at a lower temperature, there is a predominance 
of deep defects, far from the valence (VB) and conduction bands (CB). 
On the contrary, the samples at higher temperature shallow defects 
located close to the VB and the CB are predominant [93,94]. Thus, the 
defects present in the samples mostly change from deep (normally 
related to oxygen vacancies) to shallow (related to intrinsic structural 
defects) [95]. This effect is evidenced by Fig. 8c, which shows the per-
centage of each component of the characteristic emission for each 
sample (located at 528, 589, 613, and 756 nm). 

Moreover, through the combination of theoretical calculations for 
the electronic structure of BST (Figs. 5 and 6) and PL analysis (Fig. 8) it 
was possible to identify the electron transfer process associated with the 
PL properties. In the first step, the radiation excites one electron from 
the VBM located in the O (2p) orbitals to an empty state of the CBM 
dominated by Ti (3d), confirming that order-disorder effects can tailor 
such property through the structural arrangement of [TiO6] clusters. 
Therefore, for the disordered samples, the oxygen vacancies can be 

Fig. 8. (a) PL spectra at room temperature, (b) normalized intensity of PL 
spectra, and (c) deconvolution percentage of the 528, 589, 613 and 756 nm 
components of the PL spectra of BST samples. 
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attributed to the off-centering Ti displacement in [TiO6], resulting in 
[TiO5…VO]x centers, suggesting an impurity level in the band-gap re-
gion that contributes to the PL emission. By increasing the sintering 
temperature, the samples can show a large degree for both short- and 
long-range orders, reducing the cation displacement that governs the 
formation of oxygen vacancies, being the common defects associated 
with minor disorders along the Ti-O bond lengths, which can conse-
quently affect the position of the VBM and the CBM. Besides, the bulk/ 
surface ratio can directly affect the PL properties, thus generating 
disordered centers along the exposed surfaces occupied by excited 
electrons or holes, as discussed in further sections. 

3.6. FE-SEM analysis 

FE-SEM micrographs were obtained to observe the influence of 
temperature on the morphology of the BST samples (Fig. 9). When the 
sample is calcined at 400◦C (Fig. 8a and b), the formation of 

agglomerates constituted of nanorods is observed. As the calcination 
temperature increases, these nanorods are sintered for the formation of 
nanorices (Fig. 9c and d), followed by sample densification to form 
sintered solid plates (Fig. 9e–h). This phenomenon is confirmed by the 
loss of pores in the samples, according to Fig. 9g and h. This densifica-
tion and sintering observed for the BST samples are expected since the 
sol-gel method is very limited in relation to size and morphology control 
[96]. This happens because the metallic cations are trapped in the 
polymeric gel formed, reducing the capacity for controlled morpholog-
ical growth [97]. As a consequence, there is the appearance of plaques, 
which can sinter as the temperature rises. 

3.7. Surface analysis 

We fully optimized the low-index (001) surface to investigate the 
relationship between Esurf values and structural/electronic effects. For 
calculations of the BST (001) surfaces, slab models consisting of four 

Fig. 9. FE-SEM images of BST samples calcined at (a-b) 400, (c-d) 500, (e-f) 600 and (g-h) 700 ◦C.  
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alternating neutral AO and BO2 layers were considered. We used sym-
metrical slabs and exposed equally chemical environments, i.e., the 
upper and lower parts of the slabs were composed of equal clusters. The 
slabs containing 18 and 14 layers were considered thick enough since 
the convergence of calculated slab total energy per BST unit was ach-
ieved. In other words, these numbers of layers were found sufficient to 
reach convergence. Our first and second slabs were terminated by AO 
planes, for example, BaO and SrO (Fig. 10a and b), and included 22 
atoms. The third and fourth slabs were terminated by BO2 planes 
(Fig. 10c and d) with TiO2 planes and 18 atoms. In our calculations, both 
AO- and BO2-terminated slabs were non-stoichiometric, with the 
following unit cell equations: A3A’2Ti4O13 and A2A’1Ti4O11. 

The stability order was found to be (001- SrO) > (001- BaO) > (001- 
(Sr)TiO2) > (001- (Ba)(TiO2), as illustrated in Table 5. 

In particular, by comparing the dangling bond density with the Esurf 
values for the investigated (001) surface terminations, we could observe 
that despite the higher Db values for AO (A = Ba, Sr) terminations, such 
surfaces are more stable than A-TiO2 surface cuts. Generally, a direct 
relationship between Esurf and Db values is expected, i.e., for under-
coordinated surfaces, it is expected an increased number of vacancies 
inducing greater Esurf values. However, for BST surfaces, the character of 
A-O and Ti-O chemical bonds induces a singular trend. As previously 
mentioned, the Ti-O chemical bonds exhibit a large covalent character in 
comparison to A-O (A = Ba, Sr) (Table 4). Therefore, the required energy 
to create a (001) surface plane exposing undercoordinated Ti centers is 
higher than for A metals. In this case, the covalent/ionic bond character 
directly affects the surface stability, being the AO (A = Ba, Sr) surface 
plane the most stable one, even in the presence of higher dangling bond 
density. 

Concerning the electronic structure for the investigated (001) surface 
terminations, it was observed that AO (A = Ba, Sr) terminations exhibit 
band-gap values close to the bulk (3.76 eV – Table 3), whereas the A- 

TiO2 terminations show a reduced band-gap value. This fact can be 
explained by the significant contributions of Ti-O bond interactions in 
the electronic structure for the BST bulk (Fig. 7). Indeed, as previously 
discussed, the VB and the CB of BST are directly associated with the 
hybridization of O(2p) and Ti(3d) atomic states that govern the covalent 
Ti-O bond path. In contrast, the more ionic A-O bond interactions exhibit 
a relatively small contribution for both VB and CB. In this case, the (001) 
surface exposure exhibiting undercoordinated Ti centers induces the 
creation of intermediary energy levels in the band-gap region, inducing 
a narrowing of the required energy for the electronic excitation, as 
confirmed by Fig. 11. 

Now we will briefly discuss the role of BST surfaces to understand the 
PL properties of the as-synthesized samples. In this study, it was 
confirmed that AO surface terminations maintain the general pattern for 
the electronic structure of the BST bulk, generating few disorders along 
with the positions of VBM and CBM levels according to the regular 
distribution along the [TiO6] centers located in the inner shells of the 
exposed slabs, which are responsible for the control of the BST electronic 
structure. On the other hand, for A-TiO2, the exposed surfaces contribute 
to the generation of oxygen vacancies through the exposure of under-
coordinated [TiO5] centers, inducing a band-gap reduction with the 
creation of intermediary energy levels in comparison to the electronic 
structure of the BST bulk (Figs. 5 and 6). In this case, the existence of 
larger structural disorder effects in the sintered samples at lower tem-
peratures can also be associated with the increased contribution of A- 
TiO2 (001) surfaces, while the more ordered phase observed in the 
samples at higher temperatures can be attributed to the presence of AO 
(001) surfaces in the BST material. 

Indeed, such a hypothesis can be supported by the morphological 
evolution observed during the FE-SEM analysis (Fig. 9), where a clear 
morphological modulation can be associated with the increase of the 
sintering temperature. In this case, the samples obtained at lower tem-
peratures can exhibit a well-defined arrangement related to the presence 
of A-TiO2 (001) surfaces, while the other samples can exhibit a large 
contribution of AO (001) surfaces or other surface planes such as (101). 
Therefore, when combining all employed analyses, the role of Ti-O 
chemical bonds in the control of the structural, electronic, and optical 
properties of the BST material is highlighted and explained in details, 
contributing to an in-depth understanding of the major keys that control 
the optical properties of mixed perovskite materials. 

Fig. 10. Schematic 3D representation of the structures for BST (001) surfaces: (a) BaO-terminated surface, (b) SrO-terminated surface, (c) TiO2-terminated surface 
with Ba, and (d) TiO2-terminated surface with Sr. 

Table 5 
Calculated surface energy values (Esurf), band-gap, dangling bonds, area and 
dangling bond density (Db) for (001) surface termination of BST.  

(001) Surface- 
Termination 

Esurf (J/ 
m2) 

Band-gap 
(eV) 

Dangling 
bonds 

Area 
(nm2) 

Db 
(nm− 2) 

BaO 1.65 3.85 4 0.1545 25.88 
SrO 1.21 3.42 4 0.1545 25.88 
(Sr)TiO2 1.87 2.50 1 0.1545 6.47 
(Ba)TiO2 1.90 2.45 1 0.1545 6.47  
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4. Conclusion 

In this study, DFT calculations and experimental techniques were 
combined to investigate the structural, electronic, and photo-
luminescent properties of as-synthesized BST samples obtained by the 
polymeric precursor method. The crystalline structure of the obtained 
samples as a function of sintering temperature was determined by XRD 
analysis, revealing a tetragonal symmetry with short- and long-range 
structural disorders classified with the aid of Raman spectroscopy, UV- 
Vis analysis, and PL properties. In particular, DFT calculations 
confirmed the existence of such structural disorder along with the BST 
crystalline structure, which induces two distinct bonding environments 
for both [AO12] (A = Ba, Sr) and [TiO6] clusters, respectively, being the 
first one dominated by ionic features, while the second one exhibits a 
large covalent component. UV–Vis spectroscopy and PL measurements 
were used to investigate the BST optical properties. These results, 
combined with experimental band-gap analysis, helped us identify the 
dominant role of bonding Ti-O paths in BST electronic structures. 
Moreover, DFT calculations were also applied to the (001) surfaces of 
BST, indicating that the A-O and Ti-O bond characters affect the surface 
stabilization and the electronic structure of the exposed surfaces, thus 
confirming that (001) surfaces with undercoordinated Ti centers exhibit 
a narrowed band-gap in comparison to the bulk, which makes this type 
of material a suitable choice for optical and electronic applications. 
Therefore, the combined experimental and theoretical approach suc-
cessfully explained the BST properties at the atomic-level viewpoint, 

enabling understanding of the major question involving such perovskite 
material. 
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