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Abstract. The structural and optical properties of lead-free Barium strontium titanate Ba0.5Sr0.5TiO3 
with oxygen vacancies (BST-O) were investigated by first-principles calculations of density 
functional theory. The results show that the O vacancy has significant influence on the electronic 
structure and optical performance of the materials. The structures generate a phase transition from 
cubic to tetragonal phase, when an O atom has removed from the pure Ba0.5Sr0.5TiO3 (BST). The 
electron density conformation is distributed, which induce conspicuous distortion of the oxygen 
octahedron. The calculated optical properties, complex dielectric function, refractive index, 
absorption coefficient, show that the absorption spectra of the BST-O have multimodality and 
smaller amplitude by comparing with ideal BST. And the oxygen vacancy lead the increase of 
refractive index and the decrease of absorption coefficient in visible light frequency region 
(1.59~3.11 eV), the optical anisotropism is also found in the BST-O. 

Introduction 

Barium strontium titanate is one of the well known perovskite materials with its excellent 
ferroelectric and dielectric performance, which is considered as a candidate to replace lead based 
materials due to the environment issue. Its desirable high dielectric constant, low dielectric losses, 
strong remnant polarization and low current leakage has been attractive for its fundamental research,  
and the material could be used for various applications such as dynamic random, access memory, 
ceramic capacitors, pyroelectric sensors, infrared detectors, chemical sensor, biosensor, microwave 
devices and optoelectronic applications in recent years [1-3].  

With the intensive study on BST material, a large quantity of tentative exploration on ceramic, 
film, composite and doping vario-property of BST have been completed [4-6]. However, most of the 
experiments of BST focused on the properties in electrical and microwave frequency [7]. The optical 
response of BST is not very clear. The first principle method is an effective and efficient method for 
material research, which is applied to the study of perovskite type materials in the last decades [8]. 
Many typical perovskite materials were studied by this method, such as tantalum niobate (KTN), 
strontium titanate (SrTiO3) and lead zirconate titanate (PZT) [9-11], which has succeed in predicting 
electronic properties, band structure and optical properties of perovskite materials. The related 
properties of ideal BST are also investigated though first principle method, but defect state of BST 
is scarcely researched [12, 13]. As is well known, the oxygen defects are unavoidable during 
experimental process, F. M. Pontes et al verified that the postannealing temperature and oxygen 
atmosphere have important influence on the dielectric properties of BST [14]. 

In this paper, the possible defects in the process of the experiment were considered. The two 
models of the ideal bulk of BST and BST with O vacancy were designed and the effect of oxygen 
vacancy on structures and optical properties of the lead-free Ba0.5Sr0.5TiO3 were investigated by 
first-principles in detail.  
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Calculation details 

The structures and optical properties of the lead-free oxygen vacancy Ba0.5Sr0.5TiO3 were 
calculated by a widely used plane-wave pseudopotential total energy program CASTEP [15] in the 
framework DFT. The local density approximation (LDA-CAPZ) is used to describe the 
electronic-correlation function, which have be seen as a typical and accurate mode for the 
perovskite materials [16, 17]. The Broyden–Fletcher–Goldfarb–Shannon (BFGS) algorithm and 
Vanderbilt-type ultrasoft pseudopotential (USP) were utilized for geometry optimization. In 
geometry optimization and optical properties computing, the energy cutoff was set as 380 eV and a 
3×3×3 k-point Monkhorst-Park mesh in the Brillouin zone was used. All atoms were not fixed and 
were relaxed until the total energy variation of each atom was below 5.0×10-6 eV/atom and the 
displacement of each atom was below 5.0×10-4 Å. Ba (5s2, 5p6, 6s2), Sr (4s2, 4p6, 5s2), Ti (3s2, 
3p6, 3d2, 4s2) and O (2s2, 2p4) were considered as valence electrons configurations. The number 
of k-point and the cut-off energy were tested by the plane wave energy convergence. 

The cubic phase Ba0.5Sr0.5TiO3 is a structure with the space group of PM-3M. The experimental 
lattice parameter of BST is a=b=c=3.930 Å [18], so empirical value 4.0 Å is chosen as a initial lattice 
length. A 2×2×2 supercell of pure BST and a 2×2×2 supercell of BST with oxygen vacancy were 
designed as computational models, respectively, which were showed in Fig. 1. The calculations of 
electronic structure and optical properties were based on the previously optimized models. 

 
Fig. 1 Supercells of pure BST and BST with oxygen vacancy 

Geometry and electrons structures of the BST-O 

The structure properties of materials are very important and fundamental for practical 
applications. In our calculations, the stable ground states of pure BST and BST-O were found after 
geometry optimization. Computational structure parameters are presented in Table 1. The lattice 
parameters of pure BST are a=b=c=7.8036 Å, α=β=γ=90° and the cell volume is 475.217 Å3, 
which is consistent with the experimental data and testifies the structure is classified as cubic phase, 
PM-3M group [18]. In contrast, when an O atom point defect is introduced into the system, the lattice 
parameters are a=7.8202 Å, b=7.8107 Å, c=7.8101 Å and the volume of BST-O is 477.053 Å3. The 
whole calculated lattice parameters almost approach to experimental values (error less than 1%). 
From these data, the phase structure of BST-O belong to tetragonal phase which is different from 
that of BST. The BST-O’ s cell volume is slight larger than that of pure BST, which suggests that O 
defect lead to the structure distortion of BST and this result is also in accordance with the previous 
experiment [19]. Surprisingly, the comparison of bulk modulus for pure BST and BST-O calculated 
by LDA indicates the pure BST’ s bulk modulus is much larger than the BST-O’ s, from the Table 1, 
the difference between two models’ bulk modulus is 155.49798 GPa, therefore it can be inferred 
that O vacancy play an important role on mechanical character of BST.  
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Table 1 Structural parameters, bulk modulus, total energies of pure BST and BST with oxygen 
vacancy 

 BST BST-O 
(a，b，c) (7.8036 Å，7.8036 Å，7.8036 Å) (7.8202 Å，7.8107 Å，7.8101 Å)
(α，β，γ) (90.000°，90.000°，90.000°) (89.872°，90.000°，90.000°) 

V(Å3) 475.217 477.053 
B(GPa) 361.47364 205.97566 

Etotal(eV) -29539.26959 -29099.45364 
In terms of the energy of BST, there is a ascending trend when an O atom is removed Calculated 

by Eq. (1) in which 0 or 1 is selected as the numerical value of x, the value of the formation 
enthalpy of BST and BST-O are -43.34 eV and -41.95 eV, these results certify that the pure BST and 
the BST with oxygen vacancy is thermodynamically stable.  
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The electron density structure of the BST and BST-O on (001) plane are showed in Fig. 2. As is 
known to all, BST has the perovskite structure and the oxygen octahedron, in which the electrons 
and all the atoms are achieved Coulomb balance in the pure BST. The Coulomb balance is wrecked 
when O vacancy appears in BST, all atoms and electrons achieved a new balance point by changing 
position. In order to keep Coulomb balance when an O atom is removed away, the nearest Ti atoms 
will move away from the vacancy and be closer to the other O atoms by the action of Coulomb 
force. Meanwhile, the nearest O atoms will happen relative displacements. These changes will also 
affect electron cloud configuration of the other atoms. The results can prove that the basic oxygen 
octahedrons have a notable distortion when an O atom is removed and the distortion will influence 
the physical properties of the BST importantly. 

 
Fig. 2 Electron density map of pure BST and BST with oxygen vacancy in (001) plane 

Optical properties of the BST-O 

As we know, the optical properties of the dielectric can be well described by complex dielectric 
function which is expressed as Eq. (2).  

     1 2j                                         (2) 

Assuming that the light polarization is parallel to the optical axis, the expressions for reflectivity 
R(ω), refractive index n(ω), extinction coefficient k(ω), optical conductivity σ(ω)=σ1(ω)+σ2(ω), 
absorption coefficient I(ω) and energy loss function L(ω) can be obtained with the dielectric 
function,  
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The optical properties of ordering along a axis were calculated. The comparisons of the 
calculated optical properties for the pure BST and the BST with O vacancy are shown in Fig. 3. 
Since the optical performances are the behavior of the response of the dielectric properties in the 
optical frequency range, the dielectric function of BST and BST-O are plotted in Fig. 3 a), in which 
the real part of dielectric function ε1(ω) and the imaginary part of dielectric function ε2(ω) were 
marked by blue line and red line, respectively. In Fig. 3, there is a considerable difference between 
our calculation data and experiment value (104) about dielectric constant. There are two possible 
reasons for the deviation. Firstly, the local density approximation will underestimate the band gap of 
insulator or semiconductor. Secondly, the origin of the high dielectric constant of the BST is directly 
related to its micro and mesoscopic structure, such as grain size, the length of domain wall or the 
number of dipole under different experiment condition [14, 20]. When an O defect was introduced in 
the BST, the results show that the real and imaginary part of dielectric function of BST were far less 
than that of the BST-O under low frequency, which is consistent with the previous experimental 
regularity [21]. In the zero frequency limit, ε1(0) is the static dielectric constant, for BST and BST-O 
the calculated ε1(0) are 2.76 eV and 10.48 eV respectively. ε2(ω) spectrum of BST has one 
prominent peak which is located at 4.73 eV, whereas ε2(ω) of BST-O has two prominent peaks 
which are located at 0.25 and 3.90 eV.  

 
a) Dielectric Function                b) Refraction spectrum 

 
c) Absorption spectrum               d) Reflectance spectrum 
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e) Optical conductivity               f) Energy loss function 

Fig. 3 The optical properties of BST with oxygen vacancy and pure BST: a) dielectric function, b) 
refraction spectrum, c) absorption spectrum, d) reflectance spectrum, e) optical conductivity, f) 

energy loss function 

In order to further study the effect of oxygen vacancy defect on the optical properties of BST, the 
refractive index n(ω) and the extinction coefficient k(ω) are plotted in Fig. 3 b). For n(ω) of the 
pure BST, there are two peaks at 3.12 and 4.34 eV and rather steep decrease between 4.37 and 
8.09eV, and minimum value is located at 8.09eV, the value of n(ω) increase continuously toward 
the first peak from 0 to 3.12 eV, the trend was in accordance with experiment [22]. With removing an 
O atom, the main difference between the pure BST and BST-O happened range from 0 to 8.09 eV, 
the two anomalous dispersion zone appear in visible light frequency region (1.59~3.11 eV) and the 
value of n(ω) of the BST-O is higher than that of the BST under low frequency. In comparison with 
Fig. 3 a), we found the change trend of refractive index n(ω) and extinction coefficient k(ω) were in 
a similar trend with the real part and imaginary part of dielectric function. 

Fig. 3 c) shows the absorption spectra of the BST and BST-O. Without exception, the two models 
possess three major absorption areas: (1) 2.5~8.9 eV, (2) 16.5~21.5 eV, (3) 33.3~38.5 eV, 
respectively. The three major absorption areas of the BST-O have a slight red shift. From 0 to 2.3 eV, 
there are two small absorption zones for the BST-O, the reason for this phenomenon perhaps is 
appearance of anomalous dispersion zone in this range. In (1) zone, the absorption value of the 
BST-O is much lower than that of pure BST and there are two prominent absorption peaks(4.87 eV, 
7.00 eV) for BST-O, whereas absorption spectra of the BST have only one peak(5.71 eV). In (2) 
and (3) zone, the absorption spectra for BST-O are similar to that of pure BST, but the positions of 
the peaks of the absorption spectra happened a red shift relative to the pure BST.  

The phenomenon that the absorption spectra of the BST-O have multimodality and smaller 
amplitude also appear in the reflectance spectrum and optical conductivity of the BST-O. Fig. 3 d) 
and Fig. 3 e) give the reflectance spectrum and the optical conductivity of the BST and BST-O, 
respectively. In Fig. 3 f), the energy loss function L(ω) is calculated, which is an important optical 
parameter describing the energy loss of a fast electron traversing in a BST solid solution. The peak 
in the L(ω) spectra represents the plasma resonance and corresponds to the trailing edges in the 
R(ω) spectra. Due to the excitation of plasma, L(ω) shows intense maxima for the BST and 
BST-O at 8.26 eV and 7.79 eV, which correspond to the abrupt reduction in the R(ω) spectra.  

To give an overview of the optical properties of the BST-O, the calculated optical properties 
ordered along different directions (a axis, b axis, c axis) were displayed in Fig. 4. When direction of 
polarization was set along b and c axis, the general trend of optical properties for b axis was same as 
that of c axis, but there is a big difference between optical properties of a axis and two other 
directions, which mainly perform different optical properties from 0 to 8.09 eV. In above mentioned 
regions, the comparison of the dielectric function, refraction spectrum, absorption spectrum, 
reflectance spectrum, optical conductivity of a axis and two other directions indicates the former 
have extraordinary multimodality, from Fig. 4 f), the energy loss function L(ω) of a axis happened a 
blue shift relative to that of b and c axis and a small peak located at 6.24 eV. Due to O element of 
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perovskite O octahedron structure playing a important role on the optical properties, the BST-O’ s 
optical properties have some differences in different directions, which is called as optical 
anisotropism [23]. These results illustrate O vacancy lead to large change on the geometry structure, 
electronic cloud distribution of BST, which are caused by optical anisotropism.  

 
a) Dielectric Function                b) Refraction spectrum 

 
c) Absorption spectrum               d) Reflectance spectrum 

 
e) Optical conductivity               f) Energy loss function 

Fig. 4 The optical properties of BST with oxygen vacancy on the a, b and c axis: a) dielectric 
function, b) refraction spectrum, c) absorption spectrum, d) reflectance spectrum, e) optical 

conductivity, f) energy loss function 

Conclusions 

In this work, the effects of O vacancy on geometry structures, electron density distribution and 
optical properties of the lead-free Ba0.5Sr0.5TiO3 have been investigated using the first principles 
calculations. Two models of the pure BST and BST with O vacancy were presented. In the case of 
introducing an O vacancy, the geometry structure of BST has a distortion process relative to the 
pure BST, which has an important influence on the electron density distribution of the whole cell. 
By analyzing the optical properties of BST and BST-O, the oxygen vacancies have a key effect on 
the oxygen octahedron TiO6 and optical properties; in comparison with the pure BST, the oxygen 
vacancy lead the increase of refractive index and the decrease of absorption coefficient in visible 
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light frequency region (1.59~3.11 eV), the optical anisotropism is also found in the BST with O 
vacancy.  
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