
Journal

J. Am. Ceram. Soc., 88 [6] 1669–1672 (2005)

DOI: 10.1111/j.1551-2916.2005.00319.x

A Phase Diagram for Epitaxial PbZr1�xTixO3 Thin Films at the Bulk
Morphotropic Boundary Composition

Samrat Choudhuryw, Yulan Li, and Long-Qing Chen

Department of Materials Science and Engineering, The Pennsylvania State University, University Park,
Pennsylvania 16802

A phase diagram of temperature versus strain was constructed
for a (001)-oriented PbZr1�xTixO3 epitaxial single crystal
thin film near the bulk morphotropic boundary composition
(x5 0.47) on an (001)-oriented cubic substrate. The phase-field
approach is employed. It is shown that a mixture of distorted
rhombohedral, orthorhombic, and tetragonal phases exists un-
der small values of strain, i.e., close to the in-plane clamped
boundary condition. This result contradicts thermodynamic cal-
culations assuming a single-domain state that predicted a single
distorted rhombohedral phase under similar strains. Further-
more, it is demonstrated that under a large tensile strain current
phase-field simulations showed a tetragonal phase with a1/a2
twin structures as the stable state whereas thermodynamic cal-
culations predicted an orthorhombic phase.

I. Introduction

EPITAXIAL PbZr1�xTixO3 (PZT) thin films find wide applica-
tions in microwave acoustic devices, dynamic random ac-

cess memories, and ferroelectric random access memories.1,2

Recently considerable attention has been paid to the prepara-
tion of epitaxial PZT thin films on a wide variety of substrates
such as LaAlO3, MgO, Nb-doped STO,2 La05Sr0.5CoO3 layer on
LaAlO3,

3 and STO using a SrRuO3 buffer layer.
4 In particular,

epitaxially oriented PZT thin films2,5–7 have been grown for
compositions near the morphotropic phase boundary (MPB) as
high dielectric and electromechanical properties are obtained for
bulk polycrystalline ceramics near the MPB. There is growing
evidence, both experimentally4,8 and theoretically9–11 that phase
stability in PZT thin films can be significantly different from the
corresponding bulk because of the presence of strains imposed
by a substrate. For example, we recently obtained a tempera-
ture-composition phase diagram for PZT film under a few
representative strains using the phase-field approach,11 which
showed a dramatic difference from the corresponding stress-free
bulk phase diagram.

The objective of this work is to construct a temperature–
strain phase diagram, i.e., the types of stable phases and domain
structures as a function of strain and temperature, for epitaxial
PZT thin films with a particular composition near the bulk
morphotropic boundary (x5 0.47). The emphasis will be on
both the qualitative and quantitative differences between the
temperature–strain diagram obtained in this work using the
phase-field approach and that predicted by thermodynamic cal-
culations10 which assume a single-domain state for all the ferro-
electric phases. Particularly, the present phase-field simulations
demonstrate that mixtures of ferroelectric phases can exist under

certain strains and temperatures and that the formation of do-
main structures can change the relative stability of different
ferroelectric phases, e.g., the relative stability of an orthorhom-
bic phase and the tetragonal a domain phase under a large ten-
sile strain.

II. Phase-Field Model

In the phase-field approach the spontaneous polarization
P5 (P1,P2,P3) is chosen as the order parameter. Its evolution
with time can be described by the Ginzburg–Landau equations

qPi x; tð Þ
qt

¼ �L dF
dPi x; tð Þ ; i ¼ 1; 2; 3 (1)

where L is a kinetic coefficient which is related to the domain
mobility, and F is the total free energy of the system.
x5 (x1,x2,x3) denotes the spatial position and t is time. The
total free energy is given by

F ¼ Fbulk þ Felas þ Fgrad ¼
Z
V

fbulk þ felas þ fgrad
� �

dV (2)

where fbulk, felas, and fgrad are the bulk, elastic, and gradient en-
ergy densities, respectively, while V is the volume of the film.
Inclusion of the gradient energy automatically takes into ac-
count the domain wall energy contribution. The dipole–dipole
interaction is ignored and fully charge compensated surfaces and
domain walls are assumed.

For describing a ferroelectric phase transition, the bulk free
energy density is expanded using a polynomial of polarization
components. In our simulation the six-order polynomial is
employed,
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where a1, a11, a12, a111, a112, and a123 are the dielectric stiffness
and higher order stiffness constants under stress-free condition,
and take the values of a15 1.58 (T�384.3)� 105 C�2 �m2 �N,
a115 6.68� 107 C�4 �m6 �N, a125 1.94� 108 C�4 �m6 �N,
a111 5 1.66� 108 C�6 �m10 �N, a1125 7.58� 108 C�6 �m10 �N,
a123 5�3.57� 109 C�6 �m10 �N.12–17

Isotropic domain-wall energy is assumed and the following
gradient energy expression is employed:

fgrad ¼1
2
G11ðP2

1;1 þ P2
1;2 þ P2

1;3 þ P2
2;1 þ P2

2;2 þ P2
2;3

þ P2
3;1 þ P2

3;2 þ P2
3;3Þ

(4)

where Pi,j 5 qPi/qxj and G11 is the gradient energy coefficient.
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The elastic energy density at a given strain state is given by

felas ¼1
2
cijkleijekl

¼1
2
cijkl eij �QijmnPmPn

� �
ekl �QklmnPmPnð Þ

¼1
2
cijklQijmnQklstPmPnPsPt � cijkleijQklmnPmPn

þ 1
2
cijkleijekl

(5)

where eij and eij denote the elastic strains and total strains meas-
ured with respect to the paraelectric cubic phase, and cijkl and
Qijkl are the corresponding elastic stiffnesses and electrostrictive
coefficients. It is evident from Eq. (5) that presence of strains
modifies the second-order and the fourth-order terms of the
bulk free energy polynomial compared with the stress-free state
in Eq. (3), and hence the presence of strain affects the ferroelec-
tric transition temperature and the stability of the individual
phases. The details of the calculation of the total strain eij in a
(001)-oriented film under a biaxial strain, �e11 ¼ �e22 ¼ e0 and
�e12 ¼ 0 are described in our previous publication,18,19 where the
overbar means the volume average. The biaxial strain can be
because of a thermal mismatch between a film and substrate if
the film–substrate interface is incoherent or because of a lattice
mismatch if the interface is coherent. Assuming an (001)-orient-
ed film is coherent with an (001)-oriented cubic substrate, the
biaxial strain is e05 (as–af)/as, where af and as are the lattice
parameters of the thin film in the cubic paraelectric state and the
substrate.

In computer simulations, Eq. (1) is numerically solved by the
semi-implicit Fourier-spectral method.20 A simulation cell of
128Dx� 128Dx� 36Dx with a uniform grid space Dx/l05 1.0 is
employed, where l0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G110=a0

p
and a0 ¼ a1j jT¼25�C. G110 is a

constant for normalizing G11 during simulation and relates to
the grid spacing in real space (l0). Periodic boundary conditions
are applied along both the x1 and x2 directions. We choose the
gradient energy coefficient such that G11/G1105 0.4. The corre-
sponding width of domain wall is about 1.3Dx, and the domain-
wall energy density at T5 251C is evaluated to be about 0.60
a0l0P2

0 for 901 domain walls. P0 5 1 C/m2 is the polarization
value used for the normalization during simulation. We choose
l05 1 nm such that the domain-wall width is about 13 Å, and
then the corresponding domain-wall energy density is 0.045 J/
m2, which is close to experimental measurements.21

The film thickness is taken as hf 5 20Dx and the heterogene-
ous elastic deformation in the substrate is limited to a distance of
hs 5 12Dx from the film/substrate interface. The elastic constants
of the film and substrate are assumed to be the same and have
cubic anisotropy: c115 1.746� 1011, c125 7.937� 1010, c445
1.111� 1011 (N/m2) or s115 8.0� 10�12, s125�2.5� 10�12,
s445 9.0� 10�12 (N�1 �m2). The non-zero electrostrictive coef-
ficients take the values of Q115 0.0908, Q125�0.0416, Q445
0.0387 (C�2 �m4).12 cij, sij, and Qij are the corresponding
elastic stiffness, compliance, and electrostrictive coefficients in
Voigt’s notation.

III. Results and Discussions

We constructed a phase stability map of a PbZr0.53Ti0.47O3 film
as a function of both temperature and strain. The types of stable
phases are analyzed from the polarization distribution at the end
of a simulation that was started from an initial paraelectric state
with small random perturbations. The results are summarized in
Fig. 1. The open squares represent tetragonal c domains with
polarization of P15P25 0, P3a0. The squares with crosses in-
side represent the tetragonal a domains with polarization P1a0,
P25P3 5 0 (a1 domain) and P2a0, P15P3 5 0 (a2 domain). It
was found that the a1 domain and a2 domain always coexist,
which releases the biaxial tensile strain.22 In addition, a mixture
of distorted rhombohedral phase, orthorhombic phase, and te-
tragonal phase is stabilized near the zero strain while a mixture
of the orthorhombic phase (|P1|5 |P2|40, P35 0) and the te-
tragonal a domains phase exists under a large tensile strain at

high temperature. In Fig. 1 the filled circles represent the tran-
sition temperature from paraelectric to the mixture of ferroelec-
tric orthorhombic and tetragonal phases. The mixture regions
are non-shaded in the figure while the shaded regions represent
uniform phases. The two solid lines in the figure represent the
transition temperatures from the paraelectric phase into a single
tetragonal c domain or into a single orthorhombic domain pre-
dicted from a thermodynamic analysis.19,23 They are given by

T ¼T0 þ 2Ce0
2Q12

s11 þ s12
e0 ¼ 0 if e0 � 0 and

T ¼T0 þ 2Ce0
Q11 þQ12

s11 þ s12
e0 ¼ 0 if e0 � 0

(6)

where C, e0, and T0 are Curie–Weiss constant, dielectric suscep-
tibility of the vacuum, and Curie–Weiss temperature, respectively,
where T05384.31C and C53.57� 1051C. Both the orthorhom-
bic and the tetragonal a domains have the same transition
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Fig. 1. Phase stability map of temperature versus strain for
PbZr0.53Ti0.47O3 epitaxial film obtained from the phase-field simulation.
Squares used to demarcate the stability region of tetragonal (both
a and c phases) while the filled circles represent the ferroelectric transi-
tion temperature to a mixture of tetragonal a1/a2 and orthorhombic
phase with in-plane polarization. The solid and dashed lines delineate
the transition temperatures obtained with two sets of elastic compliance
constants.
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Fig. 2. Phase stability map of temperature versus strain for PbZr0.53
Ti0.47O3 epitaxial film obtained from thermodynamic calculation.
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temperatures. It is obvious that the transition temperature in-
creases with increasing strain irrespective of its nature, i.e., ten-
sile or compressive as it has been shown previously.19,23

Our phase-field simulations show that tetragonal phase is
stabilized under large strains regardless of whether they are ten-
sile or compressive. This is consistent with experimental studies.
It was found that under a compressive strain, the tetragonal c
domain was stabilized in (001)-oriented PbZr0.52Ti0.48O3 epitax-
ial thin films grown on (100) STO substrate5 while under a ten-
sile strain predominantly tetragonal a domains were obtained in
a PZT thin film with compositions near the MPB grown on
LSCO/CeO2/YSZ/(001)Si

24 and MgO.25

As a comparison, a phase stability diagram of temperature
versus strain is also calculated using thermodynamics assuming
a single-domain state for all possible ferroelectric phases. The
corresponding results are plotted in Fig. 2, which is essentially
the same as that obtained with x5 0.5 previously by Pertsev
et al.10 Four phases are found to be stable, namely cubic
(P15P25P35 0), tetragonal c domain (P15P25 0, P3a0),
orthorhombic (|P1|5 |P2|40, P3 5 0), and distorted rho-
mbohedral phase (|P1|5 |P2|40, |P3|40). A comparison of
the phase diagrams obtained by the thermodynamic calculation
and the phase-field simulation reveals fundamental differences.
For example, under low strains, the thermodynamic calculation
predicted a distorted rhombohedral phase whereas the phase-
field simulation produced a mixture of distorted rhombohedral,
orthorhombic, and tetragonal phases. It should be noted that a
zero-strain implies an in-plane clamped boundary condition for
the film. Furthermore, under a high tensile strain the thermo-
dynamic calculation showed an orthorhombic phase as the sta-
ble phase while the phase-field simulation demonstrated that the
tetragonal a domain is the most stable phase with a1/a2 twin
structures, in agreement with experiments.24,25 Figure 3 shows
examples of domain structures in the PZT thin film at two dif-
ferent strains. Figure 3(a) is a mixture of tetragonal, orthorhom-
bic, and distorted rhombohedral phases obtained under a
compressive strain of e05�0.5% at 251C, where different var-
iants of individual phases along with the polarization directions
are shown. The domain walls among the different variants of the
rhombohedral phase are found to be along the {100} or {110}
planes, which are consistent with prior crystallographic analyses
by Streiffer et al.26 Figure 3(b) displays the domain structure of
the tetragonal ferroelectric phase under a high tensile strain
e05 0.8% at room temperature. The figure shows the coexist-
ence of the four domain variants of the tetragonal phase and the
domain walls lie along the {110} planes.

To test the sensitivity of the phase diagram with respect to
the model parameters, we conducted a number of systematic
studies. For example, we studied the effect of the gradient energy
coefficients on the phase stability diagram using a range of gra-
dient energy coefficients G11/G1105 0.2–0.6. For this range, the
calculated domain wall width and domain wall energy for 901
domains in PT lies within the theoretically and experimentally
observed domain wall width and domain wall energy21,27–29 of
5–21 Å and 0.035–0.050 J/m2, respectively. We found that the
gradient energy coefficient affects only the stability range of the
mixture of the orthorhombic and tetragonal a phase, i.e., with
the decrease in gradient energy coefficients the stability region of
the mixture of orthorhombic and tetragonal a domains shrinks.

We also investigated the effect of elastic stiffness on the phase
diagram. The elastic constants used in the simulation are those
for PbTiO3 at its cubic state as the elastic constant data for the
single crystal cubic PbZr0.53Ti0.47O3 is currently not available.
But the elastic compliance data for PbZr0.52Ti0.48O3 ceramic
sample30 shows that s11 is significantly different from the corre-
sponding PbTiO3. Pertsev et al.10 used the room temperature
PZT ceramics data to obtain the elastic compliance data for the
cubic state. In order to study the variation of elastic compliance
data on the phase stability we used the elastic compliance data
corresponding to x5 0.5 in Pertsev et al.10: s115 10.5� 10�12,
s12�3.7� 10�12, s445 28.7� 10�12 (N�1 �m2). It was found that
difference in elastic constant changes the stability region of the
individual phase significantly. Firstly, at large strains, the tran-
sition temperature was lowered byB1001C. The dashed lines in
Fig. 1 showed the corresponding transition temperatures by us-
ing the second set of elastic compliance data. These changes are
clearly shown by Eq. (6). Moreover, the stability region of the
phase mixture at low strains is reduced and is replaced by the
tetragonal phase.

IV. Conclusions

A phase diagram of temperature versus strain was constructed
for a (001)-oriented PZT epitaxial single crystal thin film near
the bulk morphotropic boundary composition (x5 0.47) on an
(001)-oriented cubic substrate. Under a large tensile strain a te-
tragonal a1/a2-domain structure is found to be stable except
close to the transition temperatures where a mixture of ortho-
rhombic and tetragonal phases coexist, whereas thermodynamic
calculations assuming a single domain state predicted a single
orthorhombic phase. Furthermore, unlike thermodynamic cal-

Fig. 3. Domain structures of the PbZr1�xTixO3 (x5 0.47) thin film (a) at T5 251C and e0 5�0.005 showing a mixture of different variants of te-
tragonal, distorted rhombohedral, and orthorhombic phases. R1, R2, R3, and R4 represent variants of the rhombohedral phase with polarization
directions along ½111�, ½111�, ½111�, ½111�, respectively, while O3a, O3b, and T3 represent variants of orthorhombic and tetragonal c phase with po-
larization directions along ½101�, ½011�, and ½001�, respectively; (b) at T5 251C and e0 5 0.008 showing a twin domains of tetragonal a1/a2. T11, T1�,
T21, T2� show the variants of the tetragonal phase with polarization direction along ½100�, ½100�, ½010�, ½010�, respectively.
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culations, which predicted a single distorted rhombohedral state
under low values of strains, our phase-field simulations showed
a mixture of ferroelectric phases as a stable state. The stability of
the individual ferroelectric state varies considerably with the
elastic constants used in simulation. The gradient energy coef-
ficients affect the size of stability regions of the mixture states
but do not qualitatively change the phase diagram.
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