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Abstract

Tetragonal PbTiO3 under uniaxial stress along the c-axis is investigated from first-principles.
The structural parameters, polarization, and squares of the lowest optical phonon frequencies
for E(1TO) and A;(1TO) modes at I show abrupt changes near a stress o, of 1.04 GPa, which
is related to the dramatic change of elastic constant ¢33 resulting from the uniaxial stress applied
along the c-axis. We also find that the uniaxial compressive stress could enhance the
piezoelectric stress coefficients, whereas the uniaxial tensile stress could enhance the
piezoelectric strain coefficients. It is also found that when the magnitude of uniaxial
compressive stress o33 is greater than 12 GPa, PbTiOj; is transformed to the paraelectric

tetragonal phase.

The ferroelectric PbTiO3; (PTO) is well known as an
end member of lead zirconate titanate, which has been
used in many piezoelectronic devices, including acoustic
and ultrasonic transducers, detectors, and actuators [1-4].
It is also one of the constituents for relaxor-PTO ma-
terials, such as PbZn;;Nby;303-PbTiO3 (PZN-PT) and
Pb(Mg;,3Nb,/303)-PbTiO3 (PMN-PT) with very high elec-
tromechanical coupling properties and low dielectric loss [5].
The relaxor ferroelectrics are currently under intensive
study [6-10], because their giant piezoelectric effects could
revolutionize the field of piezoelectric devices. The complex
mesoscopic ordering [11] in PZN-PT and PMN-PT greatly
complicates their study from first-principles [12], but as the
common compound for this class of materials, PbTiOj3 is sup-
posed to play an important role in the observed behavior, and
to study PbTiO3; under uniaxial stress could be helpful for un-
derstanding the giant piezoelectric response of PZN-PT and
PMN-PT.

PbTiO;, as a prototype ferroelectric material, has a
tetragonal, space group P4mm, ground state below its Curie
temperature, with significant ferroelectric ionic displacements
and a high c-axis strain of 6.5% [13]. The structure and
properties of PbTiO; have been widely studied [14-23].
Under negative hydrostatic pressure, an enormous tetragonal
strain is found, and the volume and atomic displacements
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change abruptly near a crossover pressure [24]. Samara et al
[25] have demonstrated that hydrostatic pressure can reduce,
and even annihilate for high enough value, ferroelectricity
in perovskites, which is supported by Wu and Cohen’s
results [26]. It is known that ferroelectricity arises from
the competition of short-range repulsions which favor the
cubic phase and Coulomb forces which favor the ferroelectric
phase [27]. As pressure increases, the short-range repulsions
increase faster than the Coulomb forces. So far, there has
been no previous work on the effects of uniaxial stress
on the structural parameters, ferroelectricity, elasticity, and
piezoelectric properties.

In this work, we have performed total energy as well as
linear response calculations to study the effects of uniaxial
stress on the structural parameters, polarization, Born effective
charges, squares of the lowest optical phonon frequencies at I,
elastic constants, and piezoelectric coefficients. The uniaxial
stress is applied along the c-axis of the tetragonal PbTiO3. The
structural parameters, including volume, strains and atomic
displacements, polarization, and squares of the lowest optical
phonon frequencies show abrupt changes near a uniaxial stress
0., which is related to the dramatic change of elastic constant
c33 resulting from the uniaxial stress along the c-axis. We
also find that the uniaxial compressive stress could enhance the
piezoelectric stress coefficients, whereas the uniaxial tensile

© 2008 IOP Publishing Ltd  Printed in the UK
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stress could enhance the piezoelectric strain coefficients.
Moreover, it is found that PbTiO3 shows paraelectric tetragonal
symmetry when the magnitude of compressive stress o33 is
beyond 12 GPa.

Our calculations are performed within the local density
approximation (LDA) to the density functional theory (DFT)
as implemented in the plane-wave pseudopotential ABINIT
package [28]. To obtain good convergence, the plane-wave
energy cutoff is set to be 120 Ryd and the Brillouin zone
integration is performed with 6 x 6 x 10 k-meshpoints.
The norm-conserving pseudopotentials are generated using
the OPIUM program [29], and are rigorously tested against
the all-electron full-potential linearized augmented plane-
wave method [30]. The orbitals of Pb 5d'%6s?6p?, Ti
3s23p®3d?4s?, and O 2s22p* are explicitly included as valence
electrons. The dynamical matrices and Born effective charges
are computed using the linear response theory of strain-type
perturbations [31-33]. The polarization is calculated by the
Berry-phase approach [34]. The LDA is used instead of the
generalized gradient approximation (GGA) because the GGA
catastrophically overestimates both equilibrium volume and
strain for tetragonal PbTiO3 [26, 35]. In the calculations, the
piezoelectric strain coefficients d;, = Zﬁzlemsw, where e
is the piezoelectric stress tensor and the elastic compliance
tensor s is the reciprocal of the elastic stiffness tensor ¢ (Roman
indexes from 1 to 3, and Greek ones from 1 to 6).

To calculate the uniaxial stress along the c-axis, we apply
a small strain in the [001] direction and conduct the structural
optimization for the lattice vectors perpendicular to the c-axis
and all the internal atomic positions. The minimization is done
until the other two components of the stress tensor (i.e. o7; and
07,) are all smaller than 0.1 GPa. The strain is then increased
step by step. Since o1y (022) = €;(cy| + ¢12) + €3¢13, when
o33 # 0, the elastic constants satisfy €3/€; & —(c11 +c12)/c13
[see below], where the strains ¢; are calculated using €, =
€ = (a — ap)/ap and €3 = (¢ — cp)/co, and ap and c¢( are
lattice constants of the unstrained tetragonal structure. The
LDA underestimates the volume, when o33 = 0, our calculated

Figure 1. Uniaxial stress dependence of (a) normalized volume
V/ Vo, (b) strains €, and €3, (c) atomic displacements u along the
c-axis (in ¢ units), and (d) total polarization. The reference volume

Vo is 59.857 A3 for the case without strains. The O, (O,) atom is on
the xz (yz) face of the unit cell and the O3 atom is located between
two Ti atoms along the c-axis.

equilibrium lattice constants are @ = 3.843 A, ¢ = 4.053 A
with a c-axis tetragonal strain of 4.62% (the lattice constant
of ideal cubic structure is 3.874 A), which are less than the
experimental lattice constants of 3.904 A and 4.135 A [36],
respectively, and the experimental volume corresponds to a
negative pressure Py = —1.097 GPa. We have calculated
the elastic constants and piezoelectric coefficients at optimized
and experimental lattice constants, respectively, which are
compared with other theoretical [26] and experimental [37]
data, as listed in table 1. For the optimized structure, the elastic
constants are larger than those calculated at experimental
structures, especially for cyj, c¢i2, ¢13 and ¢33, due to the
LDA underestimation of volume, but c44 and cgg are much
closer to the experimental data. The calculated piezoelectric
coefficients are in good agreement with the experimental data,
except for ejs.

Figure 1 shows the optimized structural parameters and
total polarization as a function of uniaxial stress o33. The
structural parameters and polarization all show abrupt changes
near the tensile stress o, = 1.04 GPa. The rapid increase
of normalized volume V' /Vj results from the abrupt increase
of strain €3. The strains €; and €3 have opposite signs and
satisfy abs(e;/e3) < 0.5. When o33 = 4.1 GPa, ¢35 =
0.21, corresponding to an enormous tetragonal strain. Note
that the Pb atom is fixed at (0, 0, 0) during calculations.
The displacements of Ti, O;, and O3 atoms all increase with
increasing 033. When o33 < o, the displacement of the O3
atom is smaller than that of the O; atom, whereas when o33 >
o,, the opposite is right, and at o,, the displacements of both
types of oxygens are the same, suggesting that the oxygen cage
could form a tetragonally strained octahedron [24]. The short
Ti—O bond length along the c-axis remains almost constant,
while the distance between decoupled Ti and O atoms also
shows an abrupt increase at o,.. As the magnitude of uniaxial
compressive stress increases, the displacements of Ti, Oy, and
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Figure 2. Born effective charges 7%, of Pb, Ti, O;, and Oz as a
function of uniaxial stress o33.

Table 2. Calculated Born effective charges for tetragonal
P4mm PbTiO; of the ground state at optimized structure.

Atom  ZF, Vol 7,

Pb 3.85(3.74%,3.90")  3.85 3.63(3.52%)

Ti 6.37(6.20%, 7.06°)  6.37 5.41(5.18%)

0, —2.66(—2.61%, —5.32(—5.18, —2.22(—2.16%)
—2.56%) —5.83%)

0; —2.24(=2.15% —2.24 —4.60(—4.38%)

* Reference [39].
® Reference [41], LDA pseudopotential results at experimental
structural parameters.

O3 atoms become smaller, and when the magnitude is beyond
12 GPa, all atoms are at their centrosymmetric positions of the
unit cell and the lattice constants satisfy ¢ < a, indicating
that PbTiO3 shows paraelectric tetragonal symmetry without
polarization and piezoelectricity.

In ferroelectrics, the absolute polarizations of ferroelectric
structures are generally determined from the change in
polarization, relative to the related centrosymmetric reference
structure, e.g. an ideal centrosymmetric perovskite structure
with polarization equal to zero [38]. For the ground state
PbTiOs at optimized structure, the spontaneous polarization
is 0.82 Cm™2, which is in good agreement with another
theoretical value of 0.88 Cm~2 [39] and the experimental
value of 0.75 Cm™2 (295 K) [40]. The polarization
is enhanced as uniaxial stress increases from negative to
positive (see figure 1(d)), suggesting that the uniaxial tensile
stress could enhance the ferroelectricity, whereas the uniaxial
compressive stress would suppress it.

To get some insight into the polarization, we compute
the Born effective charges Z*. Since the polarization and
atomic displacements are along the c-axis, only ZZ, of Pb,
Ti, O; (O,), and O3 atoms contribute to the polarization,
as shown in figure 2. We have examined the accuracy of
our calculated results by comparison with other theoretical
data [39, 41]. As summarized in table 2, good agreement is
achieved. The Born effective charges Z7, of Ti and O3 atoms
are anomalously large compared with their normal charges,
suggesting the strong hybridization between O 2p and Ti 3d

Figure 3. The squares of the lowest optical phonon frequencies for
the E(1TO) and A (1TO) modes at I" as a function of uniaxial
stress o033.

states [42—44]. Since the Pb—O and Ti—O orbital hybridization
is sensitive to bond length [45, 46], the uniaxial compressive
stress enhances the effective charges Z7., whereas the uniaxial
tensile stress reduces them, and above o, Z;‘Z of Pb, Ti, Oy,
and O3 atoms remain almost constant, which is related to the
slow increase of polarization above o.. As uniaxial stress o33
increases, atomic displacements are so strongly enhanced that
the overall effect is the increase of polarization, even though
the magnitudes of Z?, decrease. The anomalous value of ZZ,
is directly related to the large Coulomb forces [46]. As the
magnitude of uniaxial compressive stress increases, the short-
range repulsions increase faster than the Coulomb forces, and
the short-range repulsions decrease faster than the Coulomb
forces with increasing uniaxial tensile stress. The change
of ferroelectricity is also emphasized by the uniaxial stress
behavior of squares of the lowest optical phonon frequencies
* at T for the E(1TO) and A;(1TO) modes.

In tetragonal P4mm PbTiOs, the E(1TO) and A;(1TO)
modes originate from the triply degenerate F,(1TO) mode
in the cubic phase, where the E(1TO) mode is doubly
degenerate [26]. The squares of such frequencies w? at I’
also show abrupt changes near o., as shown in figure 3. As
the magnitude of uniaxial compressive stress o33 increases, the
squares always decrease, indicating the reduction, and finally
disappearance, of the ferroelectric instability. It can also be
concluded that tetragonal PbTiO; becomes more and more
ferroelectric with increasing uniaxial tensile stress o33.

The abrupt variation of the structural parameters,
polarization, and squares of the phonon frequencies near o,
only appear when these properties are plotted as a function
of uniaxial stress o33; the plot versus strain €3 does not
show this anomalous behavior. To understand the relations
between stresses and strains, we calculate the elastic stiffness
and compliance constants (see figure 4). The elastic constant
¢33 is much larger than cj3 for a broad range of stress. ¢33
first dramatically decreases with increasing o33 below o, and
then slowly increases above o,., whereas the change of c;3 is
relatively small. The stress 033 = 2c¢13€] + c33€3 and the sign
of 033 is determined by c33 and €3. For two strains €3 with
the same magnitude and different signs, the value of uniaxial
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Figure 4. (a) Elastic stiffness and (b) elastic compliance constants as
a function of uniaxial stress o33.

tensile stress is much smaller than the magnitude of uniaxial
compressive stress, indicating that the structural parameters,
polarization, and squares of the phonon frequencies are more
sensitively affected by tensile stress than compressive stress.
Figure 5 shows the variation of piezoelectric stress and
strain coefficients as a function of uniaxial stress, which are
calculated by the linear response theory. The magnitudes of
piezoelectric coefficients all first increase and then decrease
with increasing o33. When o33 = —12 GPa, piezoelectric
coefficients are all equal to zero, which emphasizes the
transition to paraelectric tetragonal phase. Piezoelectric stress
(strain) coefficients reflect the relations between polarization
and strain (stress), such as di; = OP \which reflects the

9033
slope of the curve in figure 1(d). The maximum value of

dy; = 380.50 pCN~! corresponds to the abrupt increase
of polarization at o. (3 = 0.05). When ¢35 = —0.07
(o33 = —9.19 GPa), the peak value of e33 = 15.20 C m~2

refers to the maximum slope when polarization is plotted as a
function of strain €3, which has been verified by the relation
between €3 and o33 (see figure 1(b)). In the stress range near
o., d31 ~ e33513, and d33 X e33833, §13 and s33 all reach
their extrema and s33 is much larger than the absolute value
of 513 at o, (see figure 4(b)). Even though es3 decreases, the
enhancement of s13 and s33 is so strong that d3; and ds3 reach
their extrema and di3 is much larger than the magnitude of
ds; at o.. The polarization under uniaxial stress is always
along the [001] direction. It is the change of the magnitude of
polarization that leads to the enhancement of piezoelectricity.
In Wu and Cohen’s work [26], the giant piezoelectric effect
of PbTiO3 under hydrostatic pressure comes from noncollinear
polarization rotation from [001] to [111] directions and occurs
at the transition pressure from tetragonal to monoclinic phases,
at which the total polarization changes continuously, whereas
the polarization along the z-axis shows discontinuous change.

In summary, we have studied the structural parameters,
polarization, Born effective charges, squares of the lowest
optical phonon frequencies for the E(1TO) and A;(1TO)
modes at I', elastic constants, and piezoelectric coefficients
of tetragonal PbTiOs under uniaxial stress along the c-axis
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Figure 5. Uniaxial stress dependence of (a) piezoelectric stress
coefficients (e3; and e33) and (b) piezoelectric strain coefficients
(d31 and d33).

using first-principles methods. The structural parameters,
polarization, and squares of the phonon frequencies show
abrupt changes near the uniaxial stress of 1.04 GPa, which
could be explained by the change of elastic constants resulting
from the uniaxial stress applied along the c-axis. The
ferroelectricity is enhanced as the uniaxial stress increases
from negative to positive. The maximum magnitudes of
piezoelectric stress and strain coefficients appear at o33 =
—9.19 GPa and 1.04 GPa, respectively. It is also found that
when the magnitude of uniaxial compressive stress o33 is
greater than 12 GPa, PbTiOj; is in the paraelectric tetragonal
phase.
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