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ABSTRACT: The results of experimental and theoretical ab initio study of
structural and piezoelectric properties of (Ba,Sr)TiO3 perovskite solid
solutions are discussed and compared. Experimentally, plate-like (Ba,Sr)TiO3
particles were synthesized by the topochemical conversion in the molten salt
from Bi4Ti3O12 template plates. All dimensions (side length ≈1 μm,
thickness ≈200−400 nm) were well above the critical size necessary for
observation of piezo- and ferroelectricity. The ﬁrst-principles computations
of the structural and electromechanical properties of solid solutions were
performed with the CRYSTAL14 computer code within the linear
combination of atomic orbitals approximation, using three advanced hybrid
functionals of density functional theory. Diﬀerent chemical compositions are
considered for the ferroelectric and paraelectric phases. The calculated
structural properties of solid solutions in tetragonal and cubic phases are in
very good agreement with experimental data. Experimentally obtained and calculated band gaps are compared for cubic SrTiO3
and tetragonal BaTiO3. BaTiO3/SrTiO3 heterostructures were considered theoretically for diﬀerent chemical compositions. The
calculated piezoelectric properties of solid solutions and heterostructures in the ferroelectric phase are compared. It is predicted
that both solid solutions and heterostructures improve the piezoelectric properties of bulk BaTiO3, but solid solutions are more
preferable for equal Sr concentrations.

■

INTRODUCTION
Nowadays, the development of devices for energy storage
applications and for harvesting and mutual transformations of
mechanical and electrical energies is of great interest. In this
respect, the utilization of piezoelectricity is an eﬃcient way,1
and, therefore, ferroelectric perovskites are important materials
for many technological applications. For a long time, leadzirconate-titanate (PZT) has been the most widely used
piezoelectric material for electromechanical applications.2,3
However, due to Pb toxicity, it is a challenging problem to
develop lead-free ceramics with good piezoelectric properties.
Recently, several lead-free piezoelectrics have been investigated.4,5 BaTiO3-based (BTO) piezoelectric materials are
considered as potential substitution agents for PZT.6,7 Most
studies on biocompatible piezoelectrics have also focused on
BTO-based materials.8 Although pure BTO exhibits fairly low
piezoelectric properties (and temperature stability of these
properties) in comparison with PZT, further design could
allow material improvement. This design may include domains,
defects, phase boundary engineering, and texturing (see ref 6
and references therein). Functional properties of BTO-based
materials are sensitive to chemical modiﬁcations. In particular,
signiﬁcant improvement of piezoelectric and dielectric proper© 2019 American Chemical Society

ties was found in binary and ternary Sr-, Ca-, and Zr-modiﬁed
BTO-based solid solutions.6,9,10 To optimize the functional
properties of BTO perovskite, BaTiO3/SrTiO3 (BTO/STO)
ferroelectric plates (heterostructures) could also be used.6,11
At high temperatures, BTO has a cubic structure with Ti
ions octahedrally coordinated with six nearest oxygen ions. It is
a structure with centrosymmetric Pm3̅m space group (SG
221), and therefore, it is both paraelectric and nonpiezoelectric. As the temperature decreases, Ti ions are displaced
from the cube center, which leads (at ambient pressure and at
393 K) to a paraelectric−ferroelectric and structural phase
transition with spontaneous polarization directed parallel to
the tetragonal edge of the pseudocubic unit cell. During this
transition, crystal symmetry reduces from cubic (SG 221) to
tetragonal (P4mm, SG 99). Upon further cooling, BTO
undergoes two consecutive interferroelectric structural transitions: to orthorhombic phase (Amm2, SG 38) at 278 K and
to rhombohedral phase (R3m, SG 160) below 183 K.
Direction of spontaneous polarization at these transitions
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background coeﬃcients, proﬁle parameters, and unit cell
parameters were reﬁned. The atomic coordinates were ﬁxed,
as well as the population parameters, which were calculated
from the chemical composition, found by EDS. Proﬁle Rwp
showed good agreement in all cases (between 10 and 15%)
and in the cases where the samples were actually cubic, this
was clearly seen from the value of the c/a ratio, which was very
close to 1 in such cases.
The optical band gaps for direct and indirect transitions in
tetragonal BTO and cubic STO plate-like particles were
determined from the diﬀuse reﬂectance spectra using the
Kubelka−Munk method. Spectroscopic measurements were
performed using a UV−vis−NIR spectrophotometer (Shimadzu UV-3600) equipped with an integrating sphere (ISR-3100,
60 mm, Shimadzu); BaSO4 standard was used as the reference.

reorients along a face diagonal (orthorhombic) and body
diagonal (rhombohedral) of unit cell. All three phase
transitions in BTO are of ﬁrst-order.
An important aspect in the improvement of functional
properties of materials is the possibility to perform
computations of structural, electronic, and electromechanical
properties of perovskites based on an ab initio (ﬁrst-principles)
approach. Several calculations of functional properties of BTO
crystals have been reported.12−14 Recently, we performed the
ﬁrst theoretical study of the electromechanical/piezoelectric
properties of tetragonal Ba(1−x)SrxTiO3 (BSTO) ferroelectric
solid solution by means of ﬁrst-principles calculations.15 Our
calculations for chemical compositions x = 0.125 and 0.25
show that Sr doping of BTO enhances its piezoelectric
properties.
As experimentally known,16,17 at x ≈ 0.3 (at room
temperature), BSTO reveals phase transition from the
tetragonal to cubic phase (i.e., ferroelectric−paraelectric
transition), which means that for higher Sr concentrations,
this solid solution has a cubic symmetry without piezoelectric
properties. At the same time, BTO/STO heterostructures still
remain ferroelectric even at high Sr concentration (see ref 18
and references therein). In this paper, the preparation and
structural properties of complex BSTO perovskites are
discussed. We analyze the structural parameters of tetragonal
(the most important for applications) and cubic BSTO room
temperature phases. Additionally, we theoretically considered
BTO/STO heterostructures with the same chemical compositions as solid solutions in the ferroelectric phase (x < 0.3).

■

COMPUTATIONAL DETAILS
Computational details of our calculations are described in
detail in our previous paper.15 Here, we will outline only basic
moments and speciﬁc details. The quantum chemical
computer code CRYSTAL14 suitable for ab initio materials
modeling21 was used within the linear combination of atomic
orbitals approximation of density functional theory. The small
core eﬀective pseudopotentials are used for Ba, Ti, and Sr
atoms,22 whereas an all-electron basis set is used for O
atoms.23 Calculations are performed with three commonly
used hybrid exchange−correlation functionals.24 One is
PBE0,25 where the Perdew−Burke−Ernzerhof (PBE) exchange
functional is combined with 25% of Hartree−Fock (HF)
exchange and the PBE correlation functional. The second is
the B1WC functional,26 which combines the Wu−Cohen
WCGGA exchange functional with 16% of HF exchange and
the Perdew−Wang PWGGA correlation functional. Finally, the
third, B3LYP functional, is a three-parameter functional,
combining the BECKE exchange functional with 20% of HF
exchange and the Lee−Yang−Parr (LYP) correlation functional (NONLOCAL parameters are 0.9 and 0.81).24
A 2 × 2 × 2 supercell of the tetragonal (SG 99) or cubic (SG
221), depending on Sr concentration, BTO unit cell, is used as
the computational model for the BSTO solid solution. This
supercell consists of 40 atoms (8 primitive unit cells). In the
supercell calculations, we modeled artiﬁcially ordered
Ba(1−x)SrxTiO3 solid solutions using a series of diﬀerent
compositions (i.e., Sr/Ba ratio), where Ba atoms are
progressively replaced by Sr atoms. With the tetragonal
supercell, we considered three diﬀerent Sr concentrations:
pure BTO (without substitution, x = 0.0); one Ba atom is
replaced with an Sr atom (x = 0.125); and two Ba atoms are
replaced with Sr atoms (x = 0.25). The computations for six
more Sr concentrations (x = 0.375, 0.5, ..., 1, where x = 1 is the
case of pure STO) were performed with a cubic supercell
according to the fact that for compositions with x ≥ 0.3, BSTO
solid solution has cubic symmetry. To preserve symmetry, for
the x = 0.125 composition, we replaced the Ba atom at the
coordinate origin (0, 0, 0), whereas, for x = 0.25, we replaced
the ﬁrst atom at the origin and the second with coordinates
(0.5, 0.5, 0.5). In general, we have seven diﬀerent possibilities
for the substitution of the second atom. But, as was pointed in
ref 15, the eﬀect of conﬁgurational disorder (diﬀerent
conﬁgurations of atoms) on BSTO is small (less than 4% for
the elastic properties, calculated by the PBE0 functional, and
signiﬁcantly less for structural properties), and therefore, we do
not take into account this eﬀect in the current work and

■

EXPERIMENTAL SECTION
Plate-like BSTO particles were synthesized using a two-stage
reaction process in the molten salt. In the ﬁrst step, Bi4Ti3O12
plates were synthesized from Bi2O3 and TiO2 nanopowders in
the molten salt (NaCl/KCl = 1:1) at 800 °C for 2 h. In the
second stage, these Bi4Ti3O12 plate-like particles were used as
the template for the preparation of BSTO plates via
topochemical transformation in the molten salt with the
following ratio of reagents: KCl/NaCl/Bi4Ti3O12/(BaCO3 +
SrCO3) = 39:39:1:10. The reactions were performed at the
following heat treatment conditions: heating 10 °C/min to 600
°C and 0.5 °C/min to 900 °C, isothermal annealing for 2 h at
this temperature and cooling 1 °C/min to room temperature.
Pure BSTO plates were obtained after the removal of salt by
washing with water and elimination of side products by
sedimentation and washing with HNO3 (2 M). The ﬁnal
BSTO composition was tailored, based on the experimentally
determined relationship between the Ba/Sr ratio in the initial
reaction mixture and the Ba/Sr ratio in the formed perovskite
plates. The synthesis procedure is described in detail in refs 19
and 20.
The morphology and actual composition of BSTO plate-like
particles were investigated using a ﬁeld-emission scanning
electron microscope (JSM-7600 F, JEOL), equipped with an
Oxford Instruments Inca energy-dispersive X-ray spectrometer
(EDS). The unit cell parameters were determined from X-ray
powder diﬀraction patterns, collected on a PANalytical X’pert
PRO MPD X-ray powder diﬀractometer. Pure Cu Kα1
radiation with λ = 1.5406 Å and high resolution were ensured
by a Johansson type primary monochromator. Rietveld
reﬁnement was used to calculate the unit cell parameters. A
tetragonal structure (SG 99, collection code 237105 from the
ICSD database) was loaded into the program and only the
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consider for x = 0.25 only one, mentioned above, conﬁguration
of atoms (see ref 15 for details). For the same reason, in cubic
structures (x > 0.3), we only retain cubic symmetry in
replacing Ba atoms with Sr atoms and restrict ourselves to a
single conﬁguration for each chemical composition.
The computational model for the BTO/STO heterostructure is the 1 × 1 × n supercell of the tetragonal (SG 99) BTO
unit cell. Thus, we consider the superlattice (BTO)k/(STO)l,
where k and l refer to the thickness (in unit cells) of BTO and
STO layers, respectively, and k + l = n (i.e., we replace in the
supercell l of consecutive Ba atoms with Sr atoms). This
superlattice is repeated along the z axis m times, i.e., it has a
[(BTO)k/(STO)l]m structure; in our computations, m = ∞.
To calculate heterostructures with the same chemical
compositions, as in solid solutions (x = 0.0, 0.125, and
0.25), we used 8-layer (n = 8) structures(BTO)8, (BTO)7/
(STO)1, and (BTO)6/(STO)2, respectively.
Computation of direct and converse piezoelectricity (using
the Berry phase approach) is implemented in CRYSTAL14 as
a fully automated procedure.24

scanning calorimetry (DSC) and piezoresponse force microscope (PFM) investigations, the composition with x = 0.175
showed a weak ferroelectric and piezoelectric response
observed only by PFM but not by DSC. Although the
composition with x = 0.23 exhibits some small tetragonality (c/
a = 1.0037), no ferroelectric and piezoelectric eﬀects were
detected by PFM for this composition at room temperature.20
Before theoretical investigation of BSTO solid solutions, we
calculated the lattice constants and band gaps for pure bulk
BTO and STO crystals. The obtained results for the cubic (SG
221) phases of BTO and STO are given in Table 2, where they
are compared also with experimental data, obtained in this
study and taken from the literature.
Table 2. Parameters of Cubic Phases of BTO and STO
Lattice Constant a and Band Gap EgCalculated Using
Three Hybrid Functionalsa
PBE0

■

RESULTS AND DISCUSSION
The composition of experimentally grown BSTO plate-like
particles was found to be diﬀerent from that expected from the
BaCO3/SrCO3 ratio in the initial reaction mixture. Nevertheless, this topochemical conversion reaction is reasonable
because all side products were possibly eliminated, enabling
the preparation of pure perovskites with deﬁned shape particles
with negligible Bi remains (<0.9 atom %). Additionally, an
arbitrary solid solution with 0 ≤ x ≤ 0.82 (0 ≤ x′ ≤ 0.3 in the
initial reaction mixture) could be prepared based on the
experimentally determined relationship x ≈ 2.7x′ (see ref 20).
A detailed analysis of the compositional dependence of the
unit cell parameters, obtained by the Rietveld reﬁnement of the
room temperature X-ray diﬀraction patterns, revealed that unit
cell volume nearly linearly decreases with an increase of Sr
content. Similarly, the c/a ratio (characterizing tetragonal
distortion) linearly decreases from 1.0092 (x = 0) to 1.0037 (x
= 0.23) and then stabilized at c/a = 1 (cubic structure) for 0.23
< x ≤ 1 (Table 1).
In contrast to Ba(1−x)SrxTiO3 with 0 ≤ x ≤ 0.11, which
exhibits clear tetragonal splitting and signiﬁcant ferroelectric
and piezoelectric characteristics as determined by diﬀerential

a, Å

c, Å

c/a

V, Å3

0
0.054
0.11
0.175
0.23
0.38
0.53
0.82
0.95
1

3.9983(1)
3.9937(1)
3.9872(1)
3.9817(1)
3.9756(1)
3.9656(1)
3.9511(1)
3.9218(1)
3.9092(1)
3.9065(1)

4.0352(1)
4.0271(1)
4.0144(1)
4.0027(1)
3.9904(1)
3.9630(1)
3.9504(1)
3.9215(1)
3.9096(1)
3.9053(1)

1.0092
1.0084
1.0068
1.0053
1.0037
0.9993
0.9998
0.9999
1.0001
0.9997

64.507(3)
64.230(3)
63.821(3)
63.459(3)
63.071(3)
62.324(3)
61.671(3)
60.315(3)
59.744(3)
59.597(3)

3.993
3.97 (4.00)

a, Å
Egb, eV

3.901
4.16 (4.47)

B3LYP

BTO, SG 221
3.975
4.037
3.20 (3.24)
3.48 (3.55)
STO, SG 221
3.884
3.937
3.36 (3.68)
3.67 (3.98)

expt
3.99627
3.228
3.906;c 3.90529
3.19 (3.33);c
3.25 (3.75)30

a
Exptexperimental data. The experimental band gap28 at a
temperature ≈130 °C. bIndirect (direct) band gap. cThis study.

As one can see from Table 2, for both the crystals, the PBE0
functional gives the best agreement with the experimental
value for lattice constant a, whereas the B3LYP functional
shows the worst agreement. For both BTO and STO in their
cubic phases, calculations yield indirect band gaps. The band
gaps, calculated by means of the B1WC functional, are very
close to experimental data for both crystals.
The results of our calculations of structural properties and
band gap for the BTO crystal in the tetragonal phase as well as
direct (e33) and converse (d33) piezoelectric constants along
with experimental data are given in Table 3.
Table 3 reveals that the B3LYP functional gives better
agreement with experimental data for a = b lattice constant but
the worst for c constant and the tetragonal ratio c/a. At the
same time, the B1WC functional gives the best agreement for c
constant and for the c/a ratio (discrepancy with the
experimental value is ∼1%). Concerning the band gap, the
B1WC functional gives again the result, which is closer to
experimental data, and thus, we conclude that the B1WC
functional reproduces correctly the experimental band gap
(although it gives slightly overestimated values for band gaps in
comparison with experimental data).
The origin of the piezoelectricity in BTO is related mainly to
the atomic relaxations with a small electronic “clamped-ion”
contribution.15 For each piezoelectric tensor, direct and
converse, we show in Table 3 only one constant, the most
often deﬁned in experiments. Table 3 demonstrates a
considerable discrepancy between theory and experiments on
piezoelectric constants. Note, however, that we performed
calculations for a single domain crystal, whereas in real
materials, the domain sizes and movement of domain walls can
be by major factors, determining the piezoelectric properties of
samples.6 Therefore, the analysis should be concentrated on
the general trend in the behavior of the piezoelectric constants.

Table 1. Experimental Dependence of Unit Cell Structural
Parameters (Lattice Constants a, c and Volume V) of
Ba(1−x)SrxTiO3 Plates, Obtained by the Topochemical
Conversion, on Composition xa
x

a, Å
Egb, eV

B1WC

a

Numbers in parentheses are standard deviations at the last given
digit.
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Table 3. BTO Structural Properties, Band Gap, and Piezoelectric Constants (Tetragonal Phase, SG 99)
PBE0
a = b, Å
c, Å
c/a

3.971
4.131
1.040

Egb, eV

4.08 (4.52)

e33, C/m2
d33, pm/V

3.3
37.0

B1WC

B3LYP

Lattice Constants
3.962
4.050
1.022
Band Gap
3.26 (3.60)
Piezoelectric Constants
4.2
32.7

expt

3.991
4.292
1.075

3.998;a 3.99227
4.035;a 4.03627
1.009;a 1.01127

3.62 (4.18)

2.98 (3.23);a 3.38 (3.27)28

2.6
57.3

6.731
85.6;32 9033

a

This study. bIndirect (direct) band gap for calculated and experimental values, obtained in this study; experimental data28 at room temperature for
light polarized parallel (perpendicular) to the ferroelectric c axis.

On the basis of our theoretical calculations by three
functionals for three Sr concentrations (x = 0.0, 0.125, and
0.25) and experimental data (Table 1), for the tetragonal phase
of BSTO, dependences c/a vs x and V (unit cell volume) vs x
are plotted in Figures 1 and 2, respectively.

Figure 2. Theoretical and experimental dependences of unit cell
volume V vs chemical compositions x for the tetragonal phase of
BSTO. The lines demonstrate linear ﬁtting.

Figure 1. Theoretical and experimental dependences of tetragonal
ratio c/a vs chemical compositions x (Sr doping) for the tetragonal
phase of BSTO. The lines demonstrate linear ﬁtting.

As one can see in Figure 1, close to the linear dependences
of c/a vs x (Sr concentration) are both theoretical and
experimental results (R-squared displacement for experimental
data is 0.9937, for PBE0, B1WC, and B3LYP functionals
0.9973, 1.0, and 0.9796, respectively); theoretical data are
overestimated for all functionals; the best agreement with
experiment (for c/a and slope) is demonstrated by the B1WC
functional.
Similar analysis for the volume of unit cell (Figure 2) reveals
again dependences that are close to linear (⟨R2⟩ for
experimental data is 0.9975, 1for PBE0 and B1WC
functionals and 0.9997for the B3LYP functional) and
demonstrates very good agreement between experimental
and theoretical data; the PBE0 functional shows the best
agreement with experiment.
Let us consider now the cubic phase of BSTO solid solution
(observed experimentally at high Sr concentrations, x > 0.3).
Using theoretical calculations with three functionals for the
cubic phase and the experimental data (Table 1), dependences
a (lattice constant) vs x are plotted in Figure 3.

Figure 3. Theoretical and experimental dependences of lattice
constant a vs chemical compositions x for the cubic phase of
BSTO. The lines demonstrate linear ﬁtting.

One can see the linear dependence a vs x for both
theoretical and experimental data; these dependences are
fulﬁlled with high accuracy: ⟨R2⟩ for experimental data is
0.9993 and that for theoretical data is within the range of
2034
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Table 4. Piezoelectric Constants for BTO/STO Heterostructures and BSTO Solid Solutions, Calculated by the PBE0
Functionala
BTO/STO heterostructures
(BTO)8
e33, C/m2
d33, pm/V

e33, C/m2
d33, pm/V

3.295
36.992

(BTO)7/(STO)1
3.564
37.838
BSTO solid solutions

%

(BTO)6/(STO)2

%

8.2
2.3

3.841
38.518

16.6
4.1

x=0

x = 0.125

%

x = 0.25

%

3.294
36.987

3.720
39.594

12.9
7.0

4.270
42.404

29.6
14.6

a

%gain of piezoelectric constants with regard to pure BTO systems ((BTO)8 or x = 0).

chemical compositions and the B1WC functional gives the best
results for the band gaps.
It is theoretically predicted that both solid solutions and
heterostructures improve the piezoelectric properties of bulk
BTO but solid solutions in their ferroelectric phase are more
eﬃcient than heterostructures for the same Sr concentrations.

0.9995−0.9997. Note the excellent agreement between
calculated and experimental data; in particular, the PBE0
functional shows remarkable coincidence with the experiment
(the diﬀerence between experimental and theoretical values a
is ∼0.1%). On the basis of theoretical computations of the
BSTO cubic structure, we found very accurate implementation
of Vegard’s law for the lattice constant a of the cubic phase of
BSTO, calculated by all three functionals.
Finally, let us discuss the piezoelectric constants of BSTO
solid solutions and BTO/STO heterostructures calculated for
diﬀerent compositions. We compare their piezoelectric properties for identical dopant concentrations 0 ≤ x ≤ 0.25 when
solid solutions show piezoelectric properties (more detailed
general study of the heterostructures will be published
separately). The results, calculated using the PBE0 functional,
for heterostructures and solid solutions with the same chemical
compositions (Sr/Ba ratio ≤0.25) are given in Table 4.
(BTO)8 for heterostructures and x = 0 for solid solutions are
diﬀerent ways of calculation of bulk BTO, and thus, the results
have to be identical; Table 4 reveals this with high accuracy.
One can see from Table 4 that piezoelectric constants
demonstrate growth upon substitution of Ba with Sr atoms
both for solid solutions and for heterostructures but solid
solutions are more preferable at considered Sr concentrations.
Indeed, for solid solutions at x = 0.25, we see enhancement (in
comparison with x = 0) of e33 and d33 piezoelectric constants
by 30 and 15%, respectively, and only by 17% (e33) and 4%
(d33) for heterostructures. The same trend remains in
calculations with the B1WC functional.
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