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a b s t r a c t

Tetragonal BaTiO3 under equibiaxial in-plane tensile stresses is investigated from first principles calcula-
tions. Our results show that this material transfers to the paraelectric phase at the critical stress of about
13 GPa. We also find the great enhancement of piezoelectricity close to the phase-transition region, due
to large atomic displacements induced by stress. We also show that under the loading of applied stress,
this material becomes markedly hard along the polar axis, especially at the phase-transition stress, but
eywords:
hase transition
iezoelectricity
olarization
pitaxial stress

becomes soft along the nonpolar axes.
© 2010 Elsevier B.V. All rights reserved.
lasticity
irst principles

. Introduction

Ferroelectrics which can convert mechanical to electrical energy
and vice versa) have wide applications in medical imaging,
elecommunication and ultrasonic devices, the physical prop-
rties of which are sensitive to external conditions, such as
train, film thickness, temperature, electric and magnetic fields
1]. A new generation of single-crystal materials with high elec-
romechanical coupling and dielectric loss properties, such as
b(Zn1/3Nb2/3)–PbTiO3 (PZN-PT) and Pb(Mg1/3Nb2/3)O3–PbTiO3
PMN-PT), may further revolutionize these applications [2–4]. As
ne of the most common ferroelectric compounds, BaTiO3, the
tructure of which is similar to that of single-crystal PZN-PT and
MN-PT, is a simpler system and can be taken as a model material.

The focus of this work is on the effects of equibiaxial in-plane
ensile stresses on tetragonal BaTiO3. The doping effects on the
hase structures, magnetic and dielectric properties of BaTiO3 have
een systematically studied [5–7]. It is well-known that the struc-
ure and piezoelectric properties of ferroelectrics can be altered by
pplying external stresses (such as hydrostatic pressure) or induc-

ng internal strains (through lattice mismatch strains in thin films)
8–10]. In fact, “strain engineering” in ferroelectrics has been widely
mployed to obtain desired physical and piezoelectric properties.
or example, PbTiO3 undergoes a complicated pressure-induced

∗ Corresponding author.
E-mail addresses: yifeng@semi.ac.cn (Y. Duan), gangtang@cumt.edu.cn (G. Tang).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.08.005
phase transitions, providing the required path for polarization rota-
tion and eventually resulting in the giant piezoelectric responses
[11]. In addition, we have revealed that the appropriate uniaxial
tensile and equibiaxial compressive stresses can greatly enhance
the piezoelectric strain coefficients [12,13]. Interatomic distances
and the relative positions of atoms have a strong influence on
the electric polarization in ferroelectric compounds. This makes
it possible to control and tune polarization and piezoelectricity
through in-plane misfit strains, and the corresponding biaxial stress
is adjusted by the lattice mismatch between an epitaxial ferroelec-
tric film and the underlying substrate. So far, no theoretical work
has been done to study the effects of equibiaxial in-plane tensile
stresses on the ferroelectric and piezoelectric responses of tetrag-
onal BaTiO3. Although BaTiO3 has a rhombohedral ground state at
low temperature, tetragonal phase can be stabilized by controlling
temperature or pressure and has been successively synthesized. It is
expected that a theoretical study on BaTiO3 under biaxial stresses is
helpful for further understanding the electromechanical responses
of relaxor ferroelectric single crystals and ferroelectric superlat-
tices.

In this paper, we study the effects of equibiaxial tensile stresses
on ferroelectricity and piezoelectricity of tetragonal BaTiO3 using
total energy as well as linear response calculations. We first find an

anomalous phase transition to the paraelectric structure induced by
stress. We also show the great enhancement of piezoelectricity near
the phase-transition region. To reveal the underlying mechanism
of ferroelectricity and piezoelectricity, we calculate the atomic dis-
placements and the Born effective charges as a function of stress.

dx.doi.org/10.1016/j.jallcom.2010.08.005
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:yifeng@semi.ac.cn
mailto:gangtang@cumt.edu.cn
dx.doi.org/10.1016/j.jallcom.2010.08.005
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polarization versus stress curves near the phase-transition regions
(see Fig. 1(b)). As a result, the predicted enhancement of electrome-

F
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ig. 1. In-plane tensile stress dependence of (a) strains �1 and �3, and (b) polariza-
ion P (C/m2). The inset of panel (a) shows the c/a axial ratio with stress.

. Computational methods

Our calculations are performed within the local density approximation (LDA)
o the density functional theory (DFT) as implemented in the plane-wave pseu-
opotential ABINIT package [14–16]. To ensure good numerical convergence, the
lane-wave energy cutoff is set to be 100 Ryd and a 6 × 6 × 6 k-meshpoints are
sed. The norm-conserving pseudopotentials generated by the OPIUM program have
een tested against the all-electron full-potential linearized augmented plane-wave
ethod [17,18]. The orbitals of Ba 5s25p66s2, Ti 3s23p63d24s2 and O 2s22p4 are

xplicitly included as valence electrons. The dynamical matrices, atomic displace-
ents in response to stess, and the Born effective charges are computed by the linear

esponse theory of strain-type perturbations [19], and the electric polarization is
alculated by the Berry-phase approach [20]. The piezoelectric strain coefficients

i� =
∑6

�=1
ei�s�� , where e is the piezoelectric stress tensor and the elastic compli-

nce tensor s is the reciprocal of the elastic stiffness tensor c (Roman indexes from
to 3, and Greek ones from 1 to 6).

To find the equilibrium lattice constants under zero pressure, we relaxed both
he atomic positions and the primitive cell lattices until the largest stress tensor
omponents (� ij) is less than 0.05 GPa. To reach the target equibiaxial tensile stress,
e first apply a small equibiaxial tensile strain increment in the plane perpendic-
lar to the c axis and conduct the full structural optimization for the lattice vector
long the c axis and all the internal atomic positions until the stress �33 is smaller
han 0.05 GPa and � ij = 0 for i /= j. The strain is then increased step by step. The
trains �i are calculated using �1 = �2 = (a − a0)/a0 and �3 = (c − c0)/c0, where a0 and
0 are the LDA results of lattice constants of 3.915 and 3.995 Å, respectively, which

re slightly less than the corresponding experimental values of 3.994 and 4.034 Å,
espectively [21]. The agreement is typical of LDA calculation for ferroelectric per-
vskites [22], and the experimental volume corresponds to a negative hydrostatic
ressure P0 = −9.027 GPa.

ig. 2. Valence charge density in the (2 0 0) plane of tetragonal structure at equilibrium (a
s on the xz (yz) face of the primitive cell, and the O3 atom is located between Ti atoms al
ompounds 507 (2010) 513–516

3. Results and discussion

Fig. 1 shows the strains �1 and �3, c/a axial ratio, and electric
polarization along the c axis as a function of equibiaxial in-plane
tensile stress �11. When the stress is below a critical value of
about 13 GPa, the magnitude of �3 is slightly larger than that of
�1, whereas the opposite is true as the stress further increases
above the critical value. Meanwhile, accompanied with the non-
linear increases of �1 and �3, the c/a axial ratio decreases linearly
with increasing �11. Fig. 1 also indicates the electric polarization
as a function of stress �11. Under zero stress, the calculated polar-
ization is 0.33 C/m2, slightly larger than the theoretical value of
0.28 C/m2 calculated at the experimental structure [8]. This is con-
sistent with that the calculated lattice constant ratio c/a of 1.0204
is larger than that of 1.0098 for the experimental structure. As the
stress increases, the polarization always decreases until reaching
zero at the critical stress of about 13 GPa, suggesting the suppres-
sion of the ferroelectric instability and the ultimate transition to
the paraelectric phase, similar to the case of hydrostatic pressure
[23].

To further confirm the phase transition to the paraelectric struc-
ture, Fig. 2 is plotted to show the valence charge density in the
(2 0 0) plane at equilibrium, maximum piezoelectricity and maxi-
mum stress studied, respectively. Following the evolution of charge
density, we find that the orbital hybridization between Ti 3d and
O1 2p states becomes much and much weaker with increasing �11,
consistent with the fact that the hybridization is sensitive to bond
length [24]. Fig. 2 also shows that the charge density along the
〈0 0 1〉 direction becomes more and more symmetrical with increas-
ing �11, suggesting the decrease in polarization and supporting the
conclusion of phase transition.

Fig. 3 summarizes the stress effect on piezoelectricity. Under
zero stress, the piezoelectric coefficients e33 and d33 are 4.79 C/m2

and 35.61 pC/N, respectively. The piezoelectric coefficients are
greatly enhanced by the appropriately applied epitaxial tensile
stress near phase transition. The most significant enhancement
is for e33 and d33 with the maximum values of 23.68 C/m2 and
112.64 pC/N, respectively. Then all of these piezoelectric coeffi-
cients drop abruptly with further increasing stress and remain quite
small for the paraelectric phase. In our present work, we only focus
on the tetragonal P4mm structure, the polarization always remains
along the [0 0 1] direction before �11 reaches the critical value, i.e.,
only the magnitude of polarization decreases with stress. Since the
piezoelectric stress (strain) coefficients are the derivatives of the
polarization with respect to the corresponding strain (stress), the
peaks of piezoelectric response occur at the maximum slopes of the
chanical response originates from the change in the magnitude of
polarization induced by stress. In Wu and Cohen’s work [11], the
predicted great enhancement of piezoelectric effect comes from

), maximum piezoelectricity (b) and maximum stress studied (c). The O1 (O2) atom
ong the c axis.
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33
phase-transition stress, jumping from 247 to 373 GPa, suggesting
that this material becomes markedly hard along the polar axis. We
also summarize the effect of epitaxial stress on the bulk modulus
B and Young’s modulus E along the a axis, calculated by the elastic
ig. 3. In-plane tensile stress dependence of (a) piezoelectric stress coefficients e31

nd e33 (C/m2), and (b) piezoelectric strain coefficients d31 and d33 (pC/N).

oncollinear polarization rotation occurring at the phase-transition
ressure.

To understand the underlying mechanisms responsible for the
pitaxial-tensile-stress-induced behavior of polarization, we plot
he atomic displacements �z, the Born effective charges Z*, and the
ontributions of each atom to the total electric polarization as a
unction of stress, as displayed in Fig. 4. Since the atomic displace-

ents and polarization in a tetragonal structure are all along the c
xis, only Z∗

zz contribute to the polarization. As the stress increases,
z of Ba and Ti atoms always decrease from positive, while those of
atoms increase, until reaching their common value of −0.0336 Å

or the paraelectric phase. That is to say that when the stress is
bove the critical value of about 13 GPa, if the Ba atom is set at
0, 0, 0), the Ti and O atoms are located at the body and face cen-
ers of the primitive cell, respectively, supporting the conclusion of
hase transition. In contrast, Z∗

zz for all atoms barely change over
he whole stress range studied. Z∗

zz of Ba and O1 atoms are very
lose their normal charges, while those of Ti and O3 are anoma-
ously large, indicating the strong orbital hybridization between Ti
nd O3 states, as shown in Fig. 2. Therefore, the epitaxial-stress-
nduced behavior of atomic displacements along the c axis leads
o the change of magnitude of polarization, causing the predicted
nhancement in piezoelectricity near phase transition.

Fig. 4(c) shows the contributions of each atom to the total
lectric polarization calculated by Pi = Z∗

zzi
�zi/˝, where ˝ is the

olume of the primitive cell studied, and Z∗
zzi

and �zi are the Born
ffective charge and displacement of ion i in this cell, respectively,
hich satisfies P = PBa + PTi + 2PO1 + PO3. PBa, PTi, PO1 and PO3 show

he same trends as the total polarization, i.e., when �11 increases,
hey decrease and finally remain constant for the paraelectric
hase, consistent with the common paraelectric value of displace-
ents for all atoms. The changes of PTi and PO3 are more obvious

han those of PBa and PO1, corresponding to the abnormally large
orn effective charges Z∗

zz for Ti and O3 atoms.
To further understand the relation between stress and strain

see Fig. 1(a)), Fig. 5 is plotted to show the elastic constants, bulk

odulus B, and Young’s modulus E along the a axis as a function

f stress. The constants c12, c13, c44 and c66 almost remain constant
nd are much less than c11 and c33. As �11 increases, c11 always
ecreases, indicating that this material becomes soft along the non-
Fig. 4. In-plane tensile stress dependence of (a) the atomic displacements � along
the c axis (in Å) of the optimized structure relative to the centrosymmetric reference
structure, (b) the Born effective charges Z∗

zz , and (c) the contributions of Ba, Ti, O1

and O3 atoms to the total polarization.

polar axes, whereas c dramatically increases, especially near the
Fig. 5. In-plane tensile stress dependence of (a) elastic constants cij (GPa), and (b)
bulk modulus B (GPa) and Young’s modulus E along the a axis (GPa).
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onstants [25].

0 = (c11 + c12)c33 − 2c2
13

c11 + c12 + 2c33 − 4c13
(1)

= c11 + c12 − 2c2
13

c33
(2)

hen the stress increases, B and E first decrease nonlinearly and
ump to higher values at phase transition, and then decrease almost
inearly, which emphasizes the conclusion of phase transition.

. Summary

In summary, we have studied epitaxial tensile stress effects
n ferroelectricity and piezoelectricity of tetragonal BaTiO3 from
rst principles computations. We find anomalous phase transition
nd the enhancement of piezoelectricity occurring near the phase-
ransition region. The predicted enhancement of electromechanical
esponse originates from the change in the magnitude of polariza-
ion, which is mainly attributed to the atomic displacements along
he c axis, while the Born effective charges do not change signifi-
antly with stress. The trends of elastic constants, bulk modulus and
oung’s modulus along the a axis support the conclusion of phase
ransition. Our work suggests a way of enhancing the piezoelectric
esponse, which would be helpful to enhance the performance of
he piezoelectric devices.
cknowledgments

The work is supported by the National Natural Science Foun-
ation of China under Grant No. 10947119 and the Youth Science

[
[

[

[

ompounds 507 (2010) 513–516

Funds of China University of Mining and Technology under Grant
Nos. 2009A040 and 2009A048.

References

[1] K. Uchino, Piezoelectric Actuators and Ultrasonic Motors, Kluwer-Academic,
Dordrecht, 1996.

[2] S.E. Park, T.R. Shrout, J. Appl. Phys. 82 (1997) 1804.
[3] R.F. Service, Science 275 (1997) 1878.
[4] Q. Wan, C. Chen, Y.P. Shen, J. Appl. Phys. 98 (2005) 024103.
[5] S.K. Jo, J.S. Park, Y.H. Han, J. Alloys Compd. 501 (2010) 259.
[6] G.-P. Du, Z.-J. Hu, Q.-F. Han, X.-M. Qin, W.-Z. Shi, J. Alloys Compd. 492 (2010)

L79.
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