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Abstract
In this research, the various physical properties of Nb-doped  SrFeO3 were investigated using the density functional theory 
(DFT), which was not experimentally investigated and reported in the previous literature. This is the first detailed theoretical 
study about these properties of this doped system. The calculated lattice parameters exhibited excellent conformity with the 
experimental data. In addition, the structural and mechanical stability of the studied compound was confirmed by the nega-
tive value of formation enthalpy and elastic constants (fulfilled the Born stability criteria), respectively. The metallic nature 
of  SrFe0.5Nb0.5O3 was revealed by their band structure and the density of states. A strong hybridization was observed among 
Fe-3d, Nb-4p, and O-2p states at the Fermi level, reflecting the covalent bonding of Fe/Nb–O. Furthermore, the mechani-
cal properties including the elastic moduli, Poisson ratio, Pugh’s ratio, hardness, and machinability index of  SrFe1-xNbxO3 
(x = 0.4, 0.5, and 0.6), were also studied in depth, and showed considerable effects of doping. Finally, a high level of anisot-
ropy was noticed for  SrFe0.5Nb0.5O3. Therefore, our simulation output clearly illustrated the influence of Nb doping in the 
theoretical results of the physical properties of the presently studied strontium ferrite.
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1 Introduction

The general formula of perovskite materials is  ABO3, and 
they are usually crystallized with cubic symmetry in the 
space group of Pm-3m [1, 2]. These compounds have the 
simplest crystal structure and many interesting properties, 

such as ferroelectricity, magnetoresistance, superconduc-
tivity, piezoelectricity, and ionic conductivity, all of which 
make them attractive research subjects [3–5]. This type of 
materials is mostly suited for the construction of optoelec-
tronic modulators, infrared sensors and detectors, memory 
storage devices, and microwave device capacitors [6–9]. 
Currently, perovskite materials are also used in solid oxide 
fuel cells to produce electrodes [10, 11]. Strontium fer-
rite  (SrFeO3) is one of the most influential perovskites, 
which has a mixed oxygen-ion and electron conductivity 
at a temperature range of 600–900 °C, as well as stability 
in reducing conditions [12, 13]. Therefore,  SrFeO3 should 
be suitable for solid oxide fuel cells, oxygen sensors, and 
oxygen permeation membranes [14–16]. Complex iron-
based perovskite-type materials with the chemical formula 
A(Fe0.5B0.5)O3 have recently been gained great attention, 
where A = Ca, Ba, Sr; and B = Nb, Ta, Sb [17–22]. This 
attraction occurs because these materials exhibit high-die-
lectric permittivity across a broad range of temperature. 
Moreover, these materials are essential in microelectronics 
and have diverse technological uses, including memory 
modules and actuators, sensors, multilayer capacitors, 
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detectors, and microwave frequency resonators [17–22]. 
For the complex perovskites, A(B′Bʺ)O3, their charac-
teristics are dependent on the B sublattice cation scheme 
and are regulated mainly by the charge difference between 
the B site cations and partly by the ionic size difference 
between Bʹ and Bʺ [17]. Saha and Sinha [20] investigated 
the crystal structural of  SrFe0.5Nb0.5O3 in the monoclinic 
phase. In addition,  SrFe0.5Nb0.5O3 was also successfully 
refined with the cubic and orthorhombic phases [23, 24]. 
Moreover, both  SrFeO3 and  SrFe0.5Nb0.5O3 ceramics were 
further synthesized via a high-temperature solid-state 
reaction technique [17], and the pure  SrFeO3 was refined 
with a cubic structure of Pm-3 m space group consist-
ent with previously published findings [25–27]. How-
ever, the structure shifted to tetragonal symmetry with 
a P4mm space group when 50 percent  Nb5+ was doped 
at  Fe4+ sites [17]. The permittivity and loss function of 
 SrFe0.5Nb0.5O3 were examined using a frequency range 
of 50 Hz–2 MHz and a temperature range of 143–473 K 
[20]. Since, doping has a profound effect on a material’s 
property, further investigation is necessary on Nb-doped 
 SrFeO3 perovskite. Although the aforementioned experi-
mental studies have provided interesting findings, there 
is much left to explore. To understand a material system 
properly, it is important to explore its physical aspects, 
such as electronic, mechanical, anisotropic properties, and 
so on, as these properties can reflect a clear prediction 
about the material’s feasible applications. But the previous 
experimental investigations on Nb-doped  SrFeO3 did not 
unfold these necessary attributes. Although a few theo-
retical investigations on undoped  SrFeO3 were performed 
[25–27], no such study on  SrFe1-xNbxO3 is available in 
the existing literature. So, the discovery of physical prop-
erties of  SrFe1-xNbxO3 has become an enthusiastic topic 
for the researchers that motivated us for further investi-
gation on it to more precisely understand this perovskite 
system. Recently, the first-principle calculation based on 
the density functional theory (DFT) method has become 
the most reliable theoretical approach for the investiga-
tion of physical properties of solid materials. In addition, 
this method is relatively simple and easier to investigate 
the material’s properties as compared to the different 
experimental methodology. In recent years, a consider-
able number of research works on the perovskite materials 
have been performed by DFT method and published in 
the highly reputed scientific journals by many researchers 
[28–31]. Therefore, we employed the DFT-based Cam-
bridge Serial Total Energy Package (CASTEP) to calcu-
late and explore the structural, electronic, mechanical, and 
anisotropic properties of  SrFe1–xNbxO3 (x = 0.4, 0.5, and 
0.6) to grasp the detailed knowledge about this system 
so that the scientific community can exploit this material 

system to the practical uses according to the suitability of 
different properties.

2  Computational details

The compound  SrFe0.5Nb0.5O3 was crystallized in a tetrago-
nal structure with the space group of P4mm (No. 99) [17]. 
At first, the equilibrium crystal structure was drawn by 
considering the experimentally reported lattice constants, 
a = 3.9656, and c = 3.9795, and the Wyckoff positions 1a (0, 
0, 0) for Sr; 1b (0.5, 0.5, 0.5041) for randomly distributed Nb 
and Fe; 1b (0.5, 0.5, 0.0340) for O1; and 2c (0.5, 0, 0.4569) 
for O2 [17]. Though the compounds  SrFe0.6Nb0.4O3 and 
 SrFe0.4Nb0.6O3 are not experimentally synthesized, we can 
simulate it using the crystallographic data of  SrFe0.5Nb0.5O3. 
The first-principle calculations were implemented to explore 
the structural, electronic, and mechanical properties of the 
titled perovskite using CASTEP code [32] in the context of 
DFT [33], based on the pseudo-potential plane-wave (PP-
PW) total energy calculation. The Vanderbilt-type ultrasoft 
pseudopotential [34] was chosen for the interaction between 
electrons and ion nuclei. Next, the exchange correlation 
energy was formalized through the Generalized Gradient 
Approximation (GGA) composed of the Perdew-Burke-
Ernzerhof (PBE) [35]. A cut-off energy of 900 eV was 
selected to ensure the convergence. The Monkhorst–Pack 
scheme [36] was used with the k-points of 12 × 12 × 12 sam-
pling integration, which were fixed to ultrafine quality over 
the first Brillouin zone to optimize the crystal structure. 
Using the Broyden–Fletcher–Goldfarb–Shanno (BFGS) 
algorithm [37], the lattice constants and internal atomic 
coordinates were assessed. All of the lattice parameters and 
atomic positions were relaxed during the process of struc-
tural optimization [38, 39]. In addition, the unit cell and 
atomic relaxation were conducted considering the maxi-
mum ionic displacement of 5.0 × 10–4 Å, the total energy 
of 5.0 × 10−6 eV/atom, the maximum stress of 0.02 GPa, 
and the maximum ionic force of 0.01 eV/Å. Moreover, the 
virtual crystal approximation (VCA) method was used to add 
Nb at Fe-site, therefore, Fe and Nb are randomly distributed 
at 1b (0.5, 0.5, 0.5041) Wyckoff position. In the VCA, the 
crystal preserves the primitive periodicity with mixture of 
atoms. Using this method, the relative concentrations can be 
set for any number of atoms involved, where the total con-
centration of the substituted and substituent atoms is always 
100%. VCA is an alternative to the construction of super cell 
approach, which is suitable for calculating the properties of 
doped systems. Recently, a considerable number of research 
articles have been published in the reputed journals based on 
the calculations of VCA method [40–43]. The electronic and 
mechanical properties were calculated by considering the 
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aforementioned parameters. Moreover, the “stress–strain” 
method [44] was used to calculate the elastic constants and 
the elastic moduli.

3  Results and discussions

3.1  Structure and phase stability

Formation enthalpy (ΔHf) is one of the most crucial fac-
tors in predicting the crystal stability of a solid [45, 46]. 
In this study, we did not use any temperature or pressure 
to calculate energy. Therefore, the formation enthalpy was 
equal to the formation energy i.e., ΔEf = ΔHf, which can be 
expressed as follows:

here, Es(Sr), Es(Fe), Es(Nb), and Es(O) are the energies of 
the Sr, Fe, Nb, and O atoms, respectively; as well as Etot-
(SrFe1–xNbxO3) describes the total energy of  SrFe1–xNbxO3 
(x = 0.4, 0.5, and 0.6) and N is the total number of atoms. 
The negative values of formation enthalpy (Table 1) ensured 
the chemical and thermodynamical stability of Nb-doped 
 SrFeO3. The conventional optimized crystal structure of 
 SrFe1-xNbxO3 is presented in Fig. 1. The calculated lattice 
constants and unit cell volume are listed in Table 1, and 
these were very close to the existing experimental data [17], 
ensuring the accuracy of our calculations. Moreover, our 
simulated data are also compared with the previous exper-
imental and theoretical results of pure cubic  SrFeO3 and 
 SrNbO3 [17, 27, 47–50] in Table 1. To our knowledge, no 
theoretical study is yet available on Nb-doped  SrFeO3, and 

(1)

ΔHf = ΔEf(SrFe1−xNbxO3) =
[

Etot

(

SrFe1−xNbxO3

)

−Es(Sr)−(1 − x)Es(Fe)−xEs(Nb)−3Es(O)
]

∕N,

therefore, we cannot compare our results with the calcula-
tions of other research groups.

3.2  Electronic properties

Band structure (BS), density of states (DOS), and charge 
density mapping are the fundamental parameters for under-
standing the electronic behavior of a material [51–54]. To 
clarify the electronic properties in this study, we also inves-
tigated the BS and DOS of  SrFe0.5Nb0.5O3, as respectively 
represented in Figs. 2 and 3. The Fermi level (EF) was set 
to 0 eV and coincided with the top of the valence band. 
As shown in Fig. 2, several bands have crossed the EF, and 
no band gap was observed; hence, the compound displayed 

Table 1  The lattice constant, a (Å), volume, V (Å3), and formation 
enthalpy, ΔHf (eV/atom) of tetragonal  SrFe1–xNbxO3 (x = 0.4, 0.5, and 
0.6) compared with the experimental and simulation results of cubic 
 SrFeO3 and  SrNbO3

Compound a c V ΔHf Remarks

SrFe0.6Nb0.4O3 3.6153 4.1131 53.7613  − 17.58 This work
SrFe0.5Nb0.5O3 3.6163 4.0057 52.3888  − 22.13 This work

3.9656 3.9795 – – [17]Expt

SrFe0.4Nb0.6O3 3.5625 4.0803 51.7852  − 25.97 This work
SrFeO3 3.922 – 60.343 – [27]Theo

3.834 – 56.379  − 6.54 [47]Theo

3.870 – – – [17]Expt

SrNbO3 4.052 – – – [48]Theo

4.073 – – – [49]Theo

4.024 – – – [50]Expt

Fig. 1  The conventional optimized crystal structure of  SrFe1-xNbxO3 
(x = 0.4, 0.5, and 0.6)

Fig. 2  Band structure of  SrFe0.5Nb0.5O3. The red horizontal dashed 
line located at 0 eV is the Fermi level, EF
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metallic behavior. The metallic nature was also observed for 
pure  SrFeO3 and  SrNbO3 in the previous literature [27, 47, 
48]. Notably, a conduction band near the EF is flat along the 
G to Z direction which may have enhanced the pairing of 
electrons responsible for the compound’s superconducting 
nature [45].

In the case of the DOS profile (Fig. 3), a strong hybridi-
zation was observed at the EF among Fe-3d, Nb-4p, and 

O-2p states. The individual contribution of Fe-3d was higher 
than the other contributions. However, the valance bands 
below the EF originated mainly due to the contributions of 
Nb-4p and O-2p, with a minor contribution of the Fe-3d 
state. There were two peaks in the valance band region, pre-
dominantly manifested by the 4p and 2p orbitals of the Nb 
and O atoms. On the other hand, the conduction bands above 
the EF resulted from the major contributions of the Nb-4p 
and the minor contributions of the Fe-3d and O-2p orbitals. 
Interestingly, the values of DOS in the vicinity of EF made 
the compound conductive.

We investigated the charge density difference mapping 
with the help of a charge density scale interns of light inten-
sity. In the scale, higher electron density is indicated in red, 
and lower electron density is represented by blue. It is clear 
from the Fig. 4 that electron density was relatively higher 
for Fe/Nb than for Sr and O. At the same time, there was 
no overlapping between the Sr and O atoms. On the other 
hand, a clear overlapping existed between the Fe/Nb and 
O. Therefore, a covalent bonding existed in Fe/Nb–O along 
with the transfer of charge between the Fe/Nb and O atoms.

3.3  Elastic constants and mechanical properties

Elastic constant is one of the fundamental tools used to iden-
tify the mechanical stability, hardness, stiffness, ductile–brit-
tle behavior, and machinability index of a solid [55, 56]. The 
tetragonal crystal system  SrFe1–xNbxO3 (x = 0.4, 0.5, and 0.6) 
has six distinct elastic constants (C11, C12, C13, C33, C44, and 
C66), which are listed in Table 2. To become stable system, 
the elastic constants of a tetragonal material must fulfill the 
following Born stability conditions [57].

The elastic constants of  SrFe1-xNbxO3 completely justi-
fied the aforementioned conditions, ensuring the mechani-
cal stability of this system. Since the values of C11 were 
greater than that of C33 for all the doped systems, the 
bonding energy was considerably higher in the [010] and 
[100] directions than in the [001] direction. Therefore, the 

(2)

C11 > 0,C33 > 0,C44 > 0,C66 > 0

C11−C12 > 0,C11 + C33−2C13 > 0

2
(

C11 + C12

)

+ C33 + 4C13 > 0.

Fig. 3  Density of states of  SrFe0.5Nb0.5O3. The red vertical dashed 
line located at 0 eV is the Fermi level, EF

Fig. 4  The 2D charge density difference mapping of  SrFe0.5Nb0.5O3

Table 2  The calculated 
elastic constants, Cij (GPa) 
of tetragonal  SrFe1–xNbxO3 
(x = 0.4, 0.5, and 0.6) compared 
with cubic  SrFeO3 and  SrNbO3

Compound C11 C12 C13 C33 C44 C66 Remarks

SrFe0.6Nb0.4O3 259.14 157.40 102.53 113.12 58.01 110.69 This work
SrFe0.5Nb0.5O3 241.25 170.56 95.5 112.39 66.54 113.21 This work
SrFe0.4Nb0.6O3 231.87 199.05 105.75 93.53 69.47 128.25 This work
SrFeO3 144.87 150.18 – – 108.39 – [27]Theo

158 155 – – 108 – [47]Theo

SrNbO3 364.05 102.65 – – 57.98 – [48]Theo
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compressibility along [001] was weaker than in the [100] 
direction [58]. Moreover, C44 is smaller than C66; thus, shear 
deformation occurred more readily along the [001] direction 
than along the [010] direction. However, C11 + C12 > C33, 
hence, the bonding in the (001) plane and the elastic tensile 
modulus on that plane were elastically more rigid and higher 
along the c-axis. It can be seen that all the elastic constants 
varied with increasing doping content of  Nb5+ (Table 2), 
therefore, it is not difficult to understand the effects of doing 
in this system.

The bulk modulus (B) and shear modulus (G) were deter-
mined using the well-known Voigt–Reuss–Hill approxima-
tions [59–61].

w h e r e  C
2 =

(

C11 + C12)C33 − 2C2

13

)

 a n d 
M =

(

C11 + C12 + 2C33 − 4C13

)

To determine Young’s modulus Y and Poisson’s ratio v, 
we employed the above Eqs. (8). Table 3 provides our esti-
mated B, G, Y, and ν for  SrFe1–xNbxO3 (x = 0.4, 0.5, and 0.6).

(3)BV =
2

9

(

C11 + C12 + 2C13 +
C12

2

)

,

(4)BR =
C
2

M
,

(5)GV =

(

M + 3C11 − 3C12 + 12C44 + 6C66

)

30
,

(6)
GR =

15
(

18B
V

C2
+

6

(C11−C12)

+
6

C44

+
3

3C44

) ,

(7)B =
1

2

(

B
V
+ B

R

)

; G =
1

2

(

G
V
+ G

R

)

,

(8)Y =
9BG

3B + G
; � =

3B − 2G

2(3B + G)
.

The bulk modulus can evaluate the bonding strength 
among the constituent atoms within a solid [62]. Strong 
bonding was observed in  (Zr1–xTix)2AlC, which had a bulk 
modulus of 128 GPa [63]. Therefore, the bulk modulus 
of 131.43, 128.30, and 122.57 GPa may reflect the strong 
bonding of atoms in  SrFe1–xNbxO3 for x = 0.4, 0.5, and 
0.6, respectively, and with increasing doping, the bonding 
strength may slightly decrease. Notably, the bulk and shear 
modulus reflect the resistance of a solid against volume and 
shape change, respectively [64, 65]. The higher B with lower 
G demonstrated the damage tolerance, machinability, and 
stiffness of  SrFe1–xNbxO3. All the elastic moduli B, G, and 
Y were relatively large; therefore, this study predicted the 
greater hardness of  SrFe1–xNbxO3.

Beyond this, Pugh’s ratio (B/G), Poisson’s ratio (ν), and 
Cauchy pressure (C12–C44) are three important parameters 
for the identification of a material’s ductile or brittle nature. 
If C12–C44 is negative, a material is brittle; otherwise, it is 
ductile. If a material has B/G > 1.75, it will show ductile 
behavior; on the other hand, if B/G < 1.75, the material will 
be brittle. Moreover, Frantsevich emphasized the critical 
value of ν as 0.26, above which a material is ductile [66]. 
Judging from the values of the aforementioned three indica-
tors (Table 3), we concluded that the studied compounds are 
ductile in nature. In addition, Vicker’s hardness (Hv) was 
calculated using the following expression [67] and the cal-
culated values are mentioned in Table 3.

It is well established that diamond is the hardest material 
on earth. It has a Vicker’s hardness value in the range of 
70–150 GPa. The calculated values of HV are 8.13, 7.72, and 
5.83 GPa, respectively, for  SrFe0.6Nb0.4O3,  SrFe0.5Nb0.5O3, 
and  SrFe0.4Nb0.6O3, which means that  SrFe1-xNbxO3 is an 
extremely soft material compared with diamond. In addition, 
the hardness of this compound was reduced with increasing 
doping of Nb, as the bonding strength slightly decreased 
with increasing doping predicted by their bulk modulus. 

(9)HV =
(1 − 2�)Y

6(1 + �)
.

Table 3  Cauchy pressure, C12–C44, bulk modulus, B (GPa), shear 
modulus, G (GPa), Young’s modulus, Y (GPa), Pugh’s ratio (B/G), 
machinability index, μM, Poisson’s ratio, ν, and Vickers hardness, Hv 

(GPa) of tetragonal  SrFe1–xNbxO3 (x = 0.4, 0.5, and 0.6) compared 
with cubic  SrFeO3 and  SrNbO3

Compound C12–C44 B G Y B/G μM ν Hv Remarks

SrFe0.6Nb0.4O3 99.39 131.43 57.19 149.84 2.29 2.26 0.29 8.13 This work
SrFe0.5Nb0.5O3 104.02 128.30 57.78 150.72 2.22 1.92 0.30 7.72 This work
SrFe0.4Nb0.6O3 129.58 122.57 48.41 128.35 2.53 1.76 0.32 5.83 This work
SrFeO3 – 148.41 28.54 80.47 5.20 1.36 0.40 1.91 [27]Theo

47 158 38 99 4.15 1.46 0.34 3.94 [47]Theo

SrNbO3 – 189.78 80.82 212.33 2.35 – 0.31 – [48]Theo
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Although this Nb-doped perovskite material is far softer 
than diamond, however, it is hard enough for conventional 
applications. On a related note, the machinability index (μM) 
is becoming more important in industrial applications. This 
value can determine the cutting force of a material, plastic 
strain, and optimum economic level of machine utilization. 
This index is associated with the machinability of a material 
according to the following expression [68]:

The computed values of μM are listed in Table 3, and the 
μM for  SrFe0.6Nb0.4O3 and  SrFe0.5Nb0.5O3 were higher than 
the values of certain other compounds [69, 70], implying a 
relatively high level of machinability, but became smaller 
for  SrFe0.4Nb0.6O3.

To demonstrate more clear picture, the elastic constants 
and mechanical data of cubic perovskites  SrFeO3 and 
 SrNbO3 were also presented in Table 2 and Table 3, show-
ing discrepancy in most of the cases from the tetragonal 
 SrFe1–xNbxO3 (x = 0.4, 0.5, and 0.6), because of different 
crystal system and varying compositions.

3.4  Elastic anisotropy

Elastic anisotropy is another absorbing physical parameter 
of solid materials relevant to elastic properties. A solid’s 
mechanical durability, microscopic behavior of solid materi-
als, applications under diverse external stress of a solid, and 
degree of elastic anisotropy are all crucial for both single 
and polycrystalline solids. They can be considerably devel-
oped by analyzing a substance’s degree of elastic anisotropy 
[45]. Therefore, a proper illustration of various elastic aniso-
tropic behaviors can play an essential role in the basic solid-
state science as well as in applied engineering sciences for 
improving devices, where mechanical properties and stress 
can influence performance and reliability [69–71]. In addi-
tion, the shear anisotropic factors of a crystal can be mani-
fested via the following expressions [72]:

For {100} or {010} shear plane,

For the {11 0} shear plane,

For the {001} shear planes,

(10)�M =
B

C44

.

(11)A1 =
C44

(

C11 + 2C13 + C33

)

(C11C33 − C
2

13
)

.

(12)A2 =
C44

(

C
L
+ 2C13 + C33

)

(C
L
C33 − C

2

13
)

.

where, C
L
=

C66+(C11+C12)
2

 . Table 4 incorporated the calcu-
lated anisotropic factors. The values of A1, A2, and A3 are 
equal to unity (= 1) for an isotropic crystal, whereas any 
value higher or lower than unity is a measure of the degree 
of shear anisotropy endowed by the crystal [71, 73]. Table 4 
clearly shows that A1, A2, and A3 indicate the highly aniso-
tropic nature of our studied material. The elastic anisotropy 
percentage in bulk (AB) and in the shear modulus (AG) were 
evaluated using the following common expressions [73]:

here, V and R, respectively, describe the Voigt and Reuss 
approximations. The zero value represents a perfect iso-
tropic nature, whereas the deviation from zero indicates an 
anisotropic nature, up to 100%, which indicates the high-
est anisotropy. The calculated AB and AG values in Table 4, 
indicate the high anisotropic nature in a similar manner of 
shear anisotropic factors.

The universal anisotropy index AU is an important indi-
cator that permitted us to calculate the anisotropy and can 
be expressed as [73]:

The value of AU is zero for isotropic solid materials. 
The calculated value of AU determines the degree of elastic 
anisotropy, which was also verified by the use of various 
anisotropy indices in our previous discussion.

To visually interpret the anisotropy, it was described 
by 3D surface constructions (3D contour plots) and their 
planar projections (2D contour plots) of elastic moduli. 
The 2D and 3D anisotropy contour plots of Young’s modu-
lus, Y (GPa), shear modulus, G (GPa), and Poisson’s ratio, 
ν of  SrFe0.5Nb0.5O3 obtained using the ELATE program 
[74] are shown in Fig. 5. These plots were generated from 
the calculated values of Cij of  SrFe0.5Nb0.5O3. For an iso-
tropic crystal, the 3D surface construction graph should 

(13)A3 =
2C66

(C11 − C12)
,

(14)A
B
=

B
V
− B

R

B
V
+ B

R

,

(15)A
G
=

G
V
− G

R

G
V
+ G

R

,

(16)A
U = 5

G
V

G
R

+
B
V

B
R

− 6.

Table 4  Calculated Shear anisotropic factors Ai (i = 1–3), anisotropy 
in bulk modulus (AB), anisotropy in shear modulus (AG), and univer-
sal anisotropy index (AU) of tetragonal  SrFe0.5Nb0.5O3 compound

A1 A2 A3 AB (%) AG (%) AU

2.014 1.847 3.203 0.141 0.122 1.715
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Fig. 5  Anisotropy of Young’s modulus, Y (GPa), shear modulus, G (GPa) and Poisson’s ratio, ν in 2D (left panel) and 3D (right panel) contour 
plots of  SrFe0.5Nb0.5O3
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be spherical; otherwise, the crystal reflects an aniso-
tropic nature. The deviation of the spherical 3D surface 
measures the degree of elastic anisotropy level of solids. 
Clearly, our studied material displayed a highly anisotropic 
nature, which was consistent with the previous calcula-
tions of anisotropy indices. Table 5 shows the minimum 
and maximum values of these three parameters for the 
 SrFe0.5Nb0.5O3 compound at different directions to contrast 
the anisotropic nature of the elastic moduli.

In addition, the values of Shear Modulus, Poisson’s ratio, 
and Young’s Modulus, in three principal crystallographic 
directions are listed in Table 6. The anisotropy of elastic 
moduli occurred in a sequence of Y < G < v, according to 
3D surface constructions and their 2D planar projections 
presentations.

4  Conclusions

In brief, the structural, electronic, mechanical, and ani-
sotropic properties of Nb-doped  SrFeO3 perovskite were 
comprehensively investigated in this study. The structural 
and mechanical stability of  SrFe1–xNbxO3 (x = 0.4, 0.5, and 
0.6) was, respectively, proved by the calculated formation 
enthalpy and elastic constants. The band diagram exhibited 
the metallicity of  SrFe0.5Nb0.5O3, which was confirmed by 
the strong hybridization among Fe-3d, Nb-4p, and O-2p 
states at the Fermi level. In addition, charge density map-
ping demonstrated the covalent bonding of Fe/Nb–O in 
 SrFe0.5Nb0.5O3. The variation of elastic constant and elas-
tic moduli with the variation of Nb addition at Fe-site 
reflected the doping effects in this system. Furthermore, the 
mechanical properties of  SrFe1–xNbxO3 (x = 0.4, 0.5, and 
0.6) revealed the ductile nature and relatively high hardness 
of this perovskite, which in turn reduced the hardness and 
machinability with the increment of Nb doping. Finally, 

 SrFe0.5Nb0.5O3 displayed a high degree of anisotropy. Such 
a study would be helpful to the scientific community to 
choose their application area according to their desired 
properties.
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