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Abstract. We investigate, within local density functional theory, the structural phase
stability of the piezoelectric material Pb(Zr1/2Ti1/2)O3 (PZT) under finite applied
uniaxial stress. Previous theoretical analyses of piezoelectric properties have examined
the behavior of the system near the ground-state structure. However, because some
piezoelectrics can accept large (> 1%) strains reversibly [J. Appl. Phys. 82, 1804
(1997)], these crystals are clearly operating beyond their lowest-order behavior, and
insight can be gained from studying piezoelectricity at finite strain. We have studied
the structural properties of the (111)-PZT crystal over a range of positive and nega-
tive uniaxial strains. For each strain state, we identity two metastable structures: a
tetragonal phase and a low-symmetry rhombohedral-like phase. For each phase, we
determine the evolution of the magnitude and direction of polarization in the crystal
as a function of applied stress. We also analyze the energetic and structural profile of
the stress-induced tetragonal-to-rhombohedral phase transition. In particular, we com-
pute the transition stress, and we identify the accompanying atomic motions in terms
of larger structural motifs such as cation motion within oxygen cages and oxygen-cage
tilting.

INTRODUCTION

PbZrxTi1−xO3 (PZT) is an important material for use in actuator applications.
The structural phase diagram of PZT and its dependence on composition and
temperature have been studied experimentally [1–6] for the past forty years and
more recently, theoretically [7,8] in much detail. Most PZT ceramics employed in
modern solid-state devices are synthesized with a lead zirconate to lead titanate
ratio that is close to the tetragonal-rhombohedral morphotropic phase boundary
(approximately 50/50 batch composition). Near this boundary, PZT ceramics have
high electro-mechanical coupling and low coercive fields.

Structural phase transitions in ferroelectric materials induced by hydrostatic
pressure have been extensively studied experimentally [9]. For example, 95/5 PZT



has been found to depolarize completely under hydrostatic pressure around 290
MPa [10]. In addition it has been found that 56/44 PZT will undergo partial de-
polarization for hydrostatic pressures of 480 MPa [10]. Most theoretical studies of
PZT have been limited to phenomenological models parametrized to experimen-
tally determined composition-temperature-pressure data points [7]. These models
are based on a simplified Landau-Devonshire theory [11,12] for the free energy of fer-
roelectric materials. Recently, a first-principles study of the hydrostatic-pressure-
induced phase transition in zero-temperature PbTiO3 was conducted using full-
potential muffin-tin orbitals within the local density approximation [13]. It was
found that at a critical pressure of 16.4 GPa, PbTiO3 would undergo a tetragonal-
to-cubic phase transition. The computed compressibilities and their dependence
on pressure were in good agreement with available experimental data.

Because many modern piezoelectric device applications involve longitudinal or
uniaxial stresses, experiments have investigated the response of piezoelectric mate-
rials under uniaxial stress [14,15]. Recently, experimental techniques have been de-
veloped and implemented to determine accurately the piezoelectric coefficients and
dielectric constants of commercially-available compositions of PZT [16]. For PZT
compositions near the morphotropic phase boundary, the tetragonal-rhombohedral
phase transition induced by uniaxial compressive stress has recently been suggested
as a possible cause of polarization reorientation in pulsed high-voltage electric fields
[17].

With the advent of piezoelectric materials that can accept large strains, a micro-
scopic understanding of these materials at finite strain has become more important.
In this work, we study the effect of applying a uniaxial stress to a 50/50 PZT crys-
tal. (We will refer to this composition as PZT for the remainder of this paper.)
By examining structural phases of PZT on both sides of the morphotropic phase
boundary, we elucidate the evolution of structural features (and therefore the po-
larization) as a function of applied stress.

METHODOLOGY

The first-principles calculations presented in this paper are performed within
density functional theory [18] in the local density approximation (LDA). The single
electron wave functions are expanded in a plane-wave basis using a cutoff energy
of 50 Ry.

To describe the electron-nuclear interaction, optimized pseudopotentials [19] in
fully separable nonlocal form [20] are used. An additional feature of our nonlocal
pseudopotentials [21] is their improved transferability over a wide range of elec-
tronic configurations, obtained by judiciously exploiting the flexibility contained in
the separation of the local and nonlocal parts of the pseudopotential. By design-
ing the form of the local potential so that the pseudo-eigenvalues and all-electron
eigenvalues agree at an additional charge state, it is possible to improve the transfer-
ability of the potential across the charge states lying between the original reference



TABLE 1. Computed equilibrium lattice constants for tetragonal

and rhombohedral (111)–Pb(Zr1/2Ti1/2)O3 (PZT). Experimental

lattice constants are given for randomly ordered PZT ceramics

close to the 50-50 batch composition.

Present Experimenta Present Experimentb

Tetragonal (111)–PZT Rhombohedral (111)–PZT

c( Å ) 8.199 8.279 c( Å ) 8.052 8.163
c/a 1.042 1.027 6 ( ◦ ) 89.64 89.79

a Ceramic 3 reference [24].
b Ceramic 5 reference [24].

state and this second state.
In order to obtain the high accuracy needed in examining ferroelectric phenom-

ena, semi-core shells are in the generation of the pseudopotentials. We include as
valence states the 3s and 3p for Ti and the 4s and 4p for Zr. The 5d shell is included
for Pb. Furthermore, scalar relativistic effects are included in the generation of the
Pb pseudopotential [22]. Brillouin zone integrations were approximated accurately
as sums on a 4 × 4 × 4 Monkhorst-Pack k-point mesh [23].

We have applied uniaxial stress along the (100) direction to two structurally dis-
tinct phases of a (111)-PZT superlattice. In the tetragonal phase, the polarization
direction is (100), parallel to the applied stress. In the rhombohedral-like phase, the
polarization in the unrelaxed crystal is oriented along (111), which is the stacking
direction for planes of like cations. Upon structural relaxation, the polarization in
the rhombohedral-like phase gains a (100) component in response to the applied
stress.

Complete relaxation of both atomic positions and in-plane lattice constant were
performed for a variety of fixed unit cell heights. We have neglected the shear
response to uniaxial stress. We estimate that the contribution of shear to the ener-
getics of the rhombohedral-like phase is less that 0.01 eV/unit cell. The relaxation
of the in-plane lattice constants introduces a component of isotropic pressure into
the analysis. However, by permitting this structural relaxation, we can more closely
simulate the experimental conditions.

RESULTS

The experimental and theoretical lattice parameters are contained in Table 1.
Our results agree well with experiment for both phases. The theoretical lattice
constants are smaller than experiment by 1–1.5%, as is usual for calculations done
with the LDA [25,26]. Figure 1 shows the equations of state (total energy as func-
tion of unit cell height) for the two phases of the (111)-PZT superlattice. We find
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FIGURE 1. Equations of state for the tetragonal (dotted-line) and rhombohedral-like

(solid-line) phases of (111)–Pb(Zr1/2Ti1/2)O3. The solid line represents the rhombohedral-like

phase and the dotted line shows the tetragonal phase. The heights and energies are for a 40-atom

unit cell.

that the tetragonal phase is the ground-state structure. However, under compres-
sive stress, the rhombohedral-like phase becomes more favorable. Additionally, we
find that the tetragonal phase shows significant anharmonicity versus strain, while
anharmonicity is small for the rhombohedral-like phase. Specifically, we find a 13%
change in the transition stress if the cubic fit shown is replaced by a quadratic fit
to the data that are near the equilibrium.

In order to examine the interatomic structural motifs that characterize the two
phases as a function of stress, we have plotted illustrative distances from fixed
features within the unit cell. For brevity, we include only the TiO6 octahedron
response. We have omitted the ZrO6 octahedron response because of its similarity
to the TiO6 octahedron and PbO12 dodecahedron response due to its complexity.
In the rhombohedral-like phase, there are four crystallographically unique oxygen
atoms in the TiO6: two equatorial and two axial. In the tetragonal phase, there
are three crystallographically unique oxygens: one equatorial and two axial.

In Figure 2 we have plotted the distance of the Ti atom and axial oxygens from
the equatorial plane of oxygen within the TiO6 octahedron. In the case of the
rhombohedral-like phase, the equatorial plane is not constrained by symmetry to
lie perpendicular to the (100). Therefore we have computed an average distance
from the plane.

The width of the TiO6 can be analyzed by computing the diagonal distance of
the equatorial plane of oxygens. We have plotted this distance as a function of unit
cell height for both phases in Figure 3.
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FIGURE 2. Positions relative to the equatorial oxygen plane in the TiO6 octahedron of Ti

(left) and axial O atoms (center, right) as a function of unit cell height for the tetragonal and

rhombohedral-like phases of (111)–Pb(Zr1/2Ti1/2)O3. The solid lines and diamonds represent the

rhombohedral-like phase, and the dotted lines and squares show the tetragonal phase.

GIBBS CONSTRUCTION

For materials under applied uniaxial force, F , we can construct a generalized
enthalpy:

H (L) = E (L) + FL (1)

Any structure adjusts its unit cell height, L, to minimize its enthalpy:

dE

dL
= −F (2)

At zero temperature, a phase transition occurs when two competing phases have
equal enthalpy.

E1 + FL1 = E2 + FL2 (3)

Rearranging (3) yields

−F =
(E2 − E1)

(L2 − L1)
=

dE2

dL

∣
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∣
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(4)

where the last two equalities in equation (4) come from equation (2).
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FIGURE 3. Equatorial oxygen plane diagonal distance as a function of unit cell height for

the tetragonal and rhombohedral-like phases of (111)–Pb(Zr1/2Ti1/2)O3. The solid lines and dia-

monds represent the rhombohedral-like phase and the dotted lines and squares show the tetragonal

phase.

Thus, a first-order phase transition occurs between points on the equations of
state of the two phases that are connected by a common tangent line. Then, the
transition stress, σ, is found via F = σA, where A is the unit cell area, and −F is
the slope of the common tangent.

The line of common tangent for the PZT tetragonal and rhombohedral-like phases
has been plotted in Figure 1. The slope of this line is -0.27 eV/Å. This represents
the uniaxial force per conventional surface unit cell necessary to cause the phase
transition. The sign of the transition force shows that compressive stress will cause
a phase transition from the tetragonal phase to the rhombohedral-like. The unit cell
height at the transition is 7.987Å for the rhombohedral-like phase and 8.157Å for
the tetragonal phase. By examining the in-plane lattice constant relaxations, we can
determine the area of the unit cell perpendicular to the direction of uniaxial stress
at these transition cell heights. From this we compute the compressive transition
stress to be 669 ± 6 MPa.

DISCUSSION

Anharmonicity in Tetragonal Phase

As stated above, our finite stress approach has revealed some anharmonicity in
the tetragonal phase equation of state. In addition, our analysis of structural fea-



tures shows a slight nonlinearity in the B-metal/oxygen bond lengths as a function
of applied stress. Also, the change in the TiO6 equatorial size with applied stress
shows a nonlinearity for the tetragonal phase (see Figure 3). These results further
highlight the importance of going beyond lowest order in understanding the behav-
ior of these materials. The origin of this anharmonicity is difficult to ascertain from
the present study, and its examination is ongoing. Anharmonicity should also be
found in the rhombohedral-like phase for stresses larger than those applied in the
present study.

Trends in Structural Motifs

Rhombohedral-like Phase

For the uniaxial compression of the rhombohedral-like phase, we find decreasing
axial distances from the equatorial plane for the Ti atom and the oxygen atom near
it (see Figure 2). We find that as a compressive uniaxial stress is applied, the Ti
atom moves toward the equatorial plane. The O in the same half of the octahedron
as the Ti atom moves with it while the O on the other side remains nearly stationary.
These motions indicate a decrease in magnitude of the (100) component of the local
polarization in the TiO6 octahedron as this phase is compressed. We have also
completed an analysis of the (011) motions of the axial atoms relative to the center
of the equatorial plane. These motions are negligible on the scale of the axial
motions parallel to the applied stress. In response to uniaxial stress, the (100)
component of polarization decreases while the other components remain intact.

Tetragonal Phase

The response of the tetragonal phase of (111)-PZT to uniaxial compression is
quite different from that of the rhombohedral-like phase. Upon compression we
find that all the axial atoms relax towards the equatorial oxygen plane (see Figure
2). In fact, the Ti and both axial oxygens atoms move at nearly the same rate.
This response of all three axial atoms is in sharp contrast with the rhombohedral-
like phase which showed larger response in the Ti and the O in the same half of
the octahedron, but negligible response of the other axial O atom. The magnitude
of response (both axial and equatorial) is smaller in the tetragonal phase. This is
because to the (100) compression is parallel to the direction of polarization for the
tetragonal phase.

CONCLUSIONS

In this density functional study, we have made the first prediction of a uniax-
ial stress-induced phase transition from first-principles methods. We have exam-



ined the tetragonal and rhombohedral-like phases of the (111)-Pb(Zr1/2Ti1/2)O3

crystal under (100) uniaxial stress. Characterization of the two metastable struc-
tural phases emphasizes the importance of strain coupling to polarization, since
the simplest Landau theory of polarization, in which strain is neglected, does not
permit more than one metastable structure [27]. We have found that a compres-
sive stress of 669 MPa will cause a tetragonal-to-rhombohedral phase transition in
(111)-Pb(Zr1/2Ti1/2)O3. Our calculations use LDA predictions of lattice parame-
ters throughout, and this may affect the predicted transition stress. Quantitative
comparison of the computed transition stress with experiment is difficult due to
the absence of experimental studies on this phase transition. Most modern studies
[28,29] of uniaxial stress on PZT materials focus on donor-doped (soft) materials
that undergo polarization switching at lower stresses than undoped PZT. The work
by Schäufele presents the closest comparison to the current study. In their work,
neodymium-doped soft PZT (Pb0.97Nd0.02(Zr1/2Ti1/2)O3) is subjected to uniaxial
compression. For this material, 50-200 MPa was needed to completely reorient the
polarization of the material under various applied electric fields. Since our cal-
culation does not incorporate donor doping or structural disorder, our transition
stress must therefore be considered an upper limit to transition stresses of real PZT
materials.

It is thought that for many perovskite materials, the magnitude of polarization
remains nearly constant as stress is applied, and that the major contribution to the
piezoelectricity is from rotation of the polarization vector. In order to assess the
effect of uniaxial stress on (111)-PZT, we have analyzed relevant atomic distances
in the TiO6 octahedron in order to isolate distortions that would contribute to
certain components of the polarization. For the rhombohedral-like phase, we find
a reduction of the (100) component of polarization upon uniaxial compression, but
almost no change in the polarization in other directions. This polarization response
is inconsistent with a pure rotation model. In the tetragonal phase, we find atomic
motions parallel to the direction of uniaxial compression. These motions give rise
to a decrease in the magnitude of polarization.

Finite stress analyses done in conjunction with spontaneous polarization studies
will aid the understanding of lead zirconate-titanate ceramics and other piezoelec-
tric materials.
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