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With first-principles virtual-crystal approximation calculations, we systematically investigate the geometric and elec-
tronic structures as well as the phase transition of lead zirconate titanate (PbZr1−xTixO3 or PZT) as a function of Ti content
for the whole range of 0 ≤ xTi ≤ 1. It can be found that, with the increase of the Ti content, the PbZr1−xTixO3 solid solu-
tions undergo a rhombohedral-to-tetragonal phase transition, which is consistent with the experimental results. In addition,
we also show the evolution in geometric and electronic structures of rhombohedral and tetragonal PbZr1−xTixO3 with the
increasing content of Ti.
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1. Introduction
Although lead-free piezoelectric ceramics are develop-

ing rapidly at present due to their environmentally friendly
nature,[1,2] few of them can match the lead zirconate titanate
based ceramics with excellent properties. The lead zirconate
titanate (PbZr1−xTixO3 or PZT) based ceramics are widely
used in electronic devices and in other technological appli-
cations due to their piezoelectric, ferroelectric, and dielectric
properties.[3–5] The PbZr1−xTixO3 is a well-known continuous
solid solution of both PbZrO3 and PbTiO3, whereas neither
ferroelectric PbTiO3 nor antiferroelectric PbZrO3 are particu-
larly good piezoelectrics. However, the solid solution prepared
using these materials gives rise to an excellent piezoelectric
response, which attracts much attention from the experimental
researchers.[6–11]

The macroscopic phase of PbZr1−xTixO3 depends on the
Zr/Ti content ratio and temperature. The PbZr1−xTixO3 phase
diagram given by Jaffe et al.,[12] which only covers temper-
atures above 300 K, has been accepted as the basic charac-
terization of the PZT solid solution. This solid solution is
cubic at high temperatures, but it becomes slightly distorted
at lower temperatures, where it is ferroelectric. Except for a
narrow region close to PbZrO3, the ferroelectric region of the
PZT phase diagram consists mainly of a Zr-rich rhombohedral
(R3m at high temperature and R3c at low temperature) region
and Ti-rich tetragonal (space group P4mm) region. Piezoelec-
tric solid solutions PbZr1−xTixO3 undergo a rhombohedral-
to-tetragonal phase transition with the increasing content of

Ti.[12,13] A nearly vertical phase boundary between the rhom-
bohedral and tetragonal regions of the phase diagram close to
x = 0.5 is defined as the morphotropic phase boundary (MPB),
where the material displays the highest values of the dielectric
and electromechanical constants.[12,13]

To the best of our knowledge, the detailed evolution of the
structures, the electronic properties and the phase transition of
the PbZr1−xTixO3 as a function of Ti content for the whole
range of 0 ≤ xTi ≤ 1 is still unclear on the atomic level, due
to the lack of single crystals with high quality for a significant
part of the PZT phase diagram.[14] As is well known, the first-
principles calculation based on the density functional theory
is a popular theoretical tool for studying solid materials.[15–20]

Here, we present a study on the atomic and electronic struc-
tures as well as phase transition of PbZr1−xTixO3 as a function
of Ti content by first-principles virtual-crystal approximation
(VCA) calculations.

2. Calculation model and method
The first-principles calculations were based on density

functional theory (DFT), VCA, pseudopotential method, and
plane-wave basis sets.[21–23] The results reported in this pa-
per were obtained by using the Cambridge serial total en-
ergy package (CASTEP).[24] The electronic configurations
of the Pb, Ti, Zr, and O atoms in the ground state used
in the ultrasoft pseudopotentials were [Xe]4f145d106s26p2,
[Ne]3s23p63d24s2, [Ar][3d10]4s24p64d25s2, and [1s2]2s22p4,
respectively. The exchange-correlation effects were treated
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with the generalized gradient approximation (GGA) imple-
mented in the Perdew–Burke–Ernzerhof (PBE) scheme.[25]

To model the quaternary PbZr1−xTixO3 (0 ≤ xTi ≤ 1)
solid solutions of the generic composition, we have adopted
the VCA, which implies preserving the same crystalline unit
cells as the ternary compounds such as PbTiO3 and replacing
the transition metal Ti with a virtual Zr atom.[26] The crys-
tal structures of tetragonal and rhombohedral R3m and R3c
PbZr1−xTixO3 phases are shown in Fig. 1. A plane-wave cut-
off energy of 400 eV was employed in the calculations, which
assured a total energy convergence of 10−6 eV per atom. For
the bulk calculations in which primitive unit cells were em-
ployed, the Brillouin zone sampling was set with the 8×8×8
Monkhorst–Pack k-points meshes.[27] All the primitive unit
cells were allowed to fully relax until the force on each atom
was smaller than 0.01 eV/Å. Our GGA calculations yielded
lattice constants of a= 3.895 Å and c= 4.134 Å for tetragonal
PbTiO3 bulk and a = 5.877 Å for rhombohedral PbZrO3 bulk
with R3c structure, respectively, which agree well with the ex-
perimental data and previous DFT–GGA calculations.[28–30]

(a) (b)

(c)
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Fig. 1. Crystal structures of PbZr1−xTixO3 : (a) tetragonal, (b)
R3m, and (c) R3c.

3. Results and discussion
3.1. Energetics and phase transition

Figure 2 shows the total energy differences of the
PbZr1−xTixO3 with rhombohedral (ER3m, ER3c) and tetrag-
onal (Etetra) structures as a function of Ti content for the
whole range of 0 ≤ xTi ≤ 1. The total energy of the rhom-
bohedral PbZr1−xTixO3 is found to be lower than that of
the tetragonal PbZr1−xTixO3 for a low content of Ti, which
indicates that the rhombohedral PbZr1−xTixO3 is more sta-
ble under the Ti-poor (Zr-rich) condition. When the content
of Ti increases, however, the total energy of the tetragonal
PbZr1−xTixO3 gradually becomes lower than that of the rhom-
bohedral PbZr1−xTixO3. Thus, under the Ti-rich condition, the
tetragonal PbZr1−xTixO3 is more stable than the rhombohedral

PbZr1−xTixO3. All of the above predictions are consistent with
the experimental results.[12,13]

Furthermore, we can see from Fig. 2 that, the rhom-
bohedral PbZr1−xTixO3 is more stable than the tetragonal
PbZr1−xTixO3 in the range of 0 < xTi < 0.6, while tetrago-
nal PbZr1−xTixO3 is favorable in the range of 0.6 < xTi < 1.
For the content of xTi = 0.6, the rhombohedral and tetrag-
onal PbZr1−xTixO3 is almost equally stable. Thus, we sug-
gest that the rhombohedral -to -tetragonal phase transition oc-
curs at the composition of xTi = 0.6, which is consistent with
the experimental rhombohedral-to-tetragonal phase transition
results.[12,13] At T = 0 K, the value of phase transition point
with xTi = 0.6 obtained by our calculation is slightly higher
than the experimental value of phase transition point with
xTi ≈ 0.5 at room temperature due to the difference in temper-
ature, but the whole tendency of phase transition agrees with
the experimental results.[12,13]

0.0 0.2 0.4 0.6 0.8 1.0
-0.12

-0.08

-0.04

0.00

0.04

0.08
Etetra-ERm

Etetra-1/2ERc
E
n
e
rg

y
 d

if
fe

re
n
c
e
/
e
V

xTi

Fig. 2. Total energy differences of the PbZr1−xTixO3 with rhombo-
hedral and tetragonal structures as a function of Ti content for the
whole range of 0 ≤ xTi ≤ 1.

3.2. Geometric structure

Figure 3 shows the lattice parameters and volumes of
rhombohedral and tetragonal PbZr1−xTixO3 as a function of
Ti content for the whole range of 0 ≤ xTi ≤ 1. In Fig. 3(a),
the lattice parameters of the rhombohedral R3m and R3c
PbZr1−xTixO3 decrease with the increasing content of Ti. The
lattice parameter a of the tetragonal PbZr1−xTixO3 decreases
with the increasing content of Ti. However, the lattice parame-
ter c of tetragonal PbZr1−xTixO3 decreases with the increasing
content of Ti at first, then increases with the increasing content
of Ti under Ti-rich conditions. In addition, the lattice constant
a of R3m and R3c structures is just between the lattice con-
stants a and c of tetragonal structure.

From Fig. 3(b) one can see that the volumes (V ) of
the rhombohedral and tetragonal PbZr1−xTixO3 decrease with
the increasing content of Ti. The volume of the rhombohe-
dral R3c PbZr1−xTixO3 is found to be smaller than that of
the rhombohedral R3m and tetragonal PbZr1−xTixO3 for the
whole content of Ti. The volume of the rhombohedral R3m
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PbZr1−xTixO3 is found to be larger than that of the tetrago-
nal PbZr1−xTixO3 for a low content of Ti. When the con-
tent of Ti increases, however, the volume of the tetragonal
PbZr1−xTixO3 becomes larger than that of the rhombohedral
R3m PbZr1−xTixO3 under Ti-rich conditions.
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Fig. 3. Lattice parameters (a) and volume (b) of PbZr1−xTixO3 with
rhombohedral and tetragonal structures as a function of Ti content
for the whole range of 0 ≤ xTi ≤ 1.

3.3. Electronic structure

In order to elucidate the electronic properties of
PbZr1−xTixO3, we calculated their electronic total density of
states (TDOS) and band gap (Eg). Figure 4 shows the to-
tal DOS curves of tetragonal and rhombohedral R3m and R3c
PbZr1−xTixO3 structures with xTi = 0, 0.2, 0.4, 0.6, 0.8, and
1. These curves demonstrate that the tetragonal and rhombo-
hedral R3m and R3c PbZr1−xTixO3 solid solutions are insula-
tors. It can be seen clearly from Fig. 4 that the TDOS curves
of tetragonal and rhombohedral R3m and R3c PbZr1−xTixO3

at both −15.7 eV and 5.5 eV are separated into two peaks
with the increasing content of Ti. Furthermore, we compare
the TDOS of the tetragonal and rhombohedral R3m and R3c
PbZr1−xTixO3 for the same content of Ti. Under a very low
content of Ti, the small peak of TDOS of the rhombohedral
PbZr1−xTixO3 on the deep energy level of −16.3 eV is higher
than that of the tetragonal one, and the TDOS of the rhom-
bohedral PbZr1−xTixO3 at −1.0 eV shifts downwards (left)
relative to the tetragonal one, which indicates the rhombohe-
dral PbZr1−xTixO3 is more stable under the Ti-poor condition.
With the increasing content of Ti, the above two characteris-

tics disappear gradually. While under very high content of Ti,
it can be seen that the small peak of TDOS of the tetragonal
PbZr1−xTixO3 on the low energy level of −3.5 eV is higher
than that of the rhombohedral one, which implies the tetrago-
nal PbZr1−xTixO3 is more stable under the Ti-rich condition.
These are also consistent with the above results of energetic
stability and phase transition.
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Fig. 4. Total DOS of PbZr1−xTixO3 with tetragonal and rhombo-
hedral structures as a function of Ti content for (a)–(f) xTi = 0, 0.2,
0.4, 0.6, 0.8, and 1.
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Fig. 5. Band gap of PbZr1−xTixO3 with rhombohedral and tetrag-
onal structures as a function of Ti content for the whole range of
0 ≤ xTi ≤ 1.

Figure 5 shows the band gap of PbZr1−xTixO3 with rhom-
bohedral and tetragonal structures as a function of Ti content
for a range of 0 ≤ xTi ≤ 1. In the whole view, the band gap of
rhombohedral PbZr1−xTixO3 with R3m structure is the largest,
while the band gap of the tetragonal one is the smallest. The
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band gap of rhombohedral PbZr1−xTixO3 with R3c structure
is just between them. Furthermore, we can see that the band
gaps of the rhombohedral R3m and R3c PbZr1−xTixO3 de-
crease with the increasing content of Ti. However, the band
gap of tetragonal PbZr1−xTixO3 increases with the increasing
content of Ti up to xTi = 0.6, then it decreases with the in-
creasing content of Ti. Moreover, it can also be found that
the transition point of the band gap at xTi = 0.6 is near the
calculated point of phase transition, and the band gap of the
tetragonal and rhombohedral R3m structure is almost equal at
this point.

4. Conclusion
In summary, we have systematically investigated the

structure and phase transition of lead zirconate titanate
PbZr1−xTixO3 (PZT) as a function of Ti content for the whole
range of 0 ≤ xTi ≤ 1 by first-principles virtual-crystal approx-
imation (VCA) calculations. Our results show that a compo-
sitional phase transition of PbZr1−xTixO3 occurs from the Zr-
rich rhombohedral phase to the Ti-rich tetragonal phase with
the increasing Ti content, which is consistent with the exper-
imental results. In this process of rhombohedral-to-tetragonal
phase transition, we find that the volume and band gap de-
crease gradually with the increasing content of Ti.
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