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Enhanced piezoelectricity in ABO3 ferroelectrics via intrinsic stress-driven flattening of the
free-energy profile
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An approach to greatly enhance the piezoelectric properties (∼400 pC/N) of the tetragonal BaTiO3 polycrystal
using a small number of A-site acceptor-donor substitutions [D. Xu et al., Acta Mater. 79, 84 (2014)] has been
proposed. In this study, Pb(ZrTi)O3 (PZT) based polycrystals with various crystal symmetries (tetragonal,
rhombohedral, and so on) were chosen to investigate the piezoelectricity enhancement mechanism. X-ray
diffraction results show that doping generates an intrinsic uniaxial compressive stress along the [001]pc direction
in the ABO3 lattices. Piezoelectric maps in the parameter space of temperature and Ti concentration in the PZT
and doped system show a more significant enhancement effect of Li+-Al3+ codoping in tetragonal PZT than in
the rhombohedral phase. Phenomenological thermodynamic analysis indicates that the compressive stress results
in more serious flattening of the free-energy profile in tetragonal PZT, compared with that in the rhombohedral
phase. The chemical stress obtained by this acceptor-donor codoping can be utilized to optimize the piezoelectric
performance on the tetragonal-phase site of the morphotropic phase boundary in the PZT system. The present
study provides a promising route to the large piezoelectric effect induced by chemical-stress-driven flattening of
the free-energy profile.
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I. INTRODUCTION

Acceptor doping, donor doping, and acceptor-donor codop-
ing in metal oxides and ABO3 systems have been investigated
intensively [1–9]. Acceptor doping and donor doping will
cause the ferroelectric characteristics of piezoelectrics to
be “hard” and “soft,” respectively [10,11]. The acceptor or
donor substitutions in the ABO3 systems will result in the
formation of defect dipoles between the substitutions and
vacancies (oxygen or cation vacancies). In order to reduce the
probability of vacancies, acceptor-donor codoping in the same
sites is proposed as a universal strategy that can be applied
to ABO3-type ferroelectric materials. In fact, the A-site or
B-site acceptor-donor codoping has been researched, such
as BaTiO3-(NaBi), BaTiO3-(MnNb), and so on [4–6,8,12].
However, early works even led some researchers to suggest
that such doping might have little effect on the piezoelectric
performance.

Recently, Yao et al. found that BaTiO3 ceramics doped
by Na+/Er3+ cosubstituting at the A site possessed excellent
piezoelectric properties (piezoelectric coefficient, electrome-
chanical coupling factor, and mechanical quality factor) [13].
With increasing Na+ and Er3+ concentration, the lattice param-
eter and unit cell volume will be reduced because of the smaller
radii of Na+ and Er3+. Our recent research has indicated that
the replacement of Ba2+ by the smaller Li+ and Al3+ ions
at A sites can also improve the piezoelectric properties of
BaTiO3-based ceramics [14,15]. Higher piezoelectric proper-
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ties (d33 = 378 pC/N) were found in the BaTiO3 ceramics
doped by LiAlSiO4. It is suggested that Li+, Al3+, and Si4+
substitute at the A, A, and B sites, respectively [14]. With
increasing LiAlSiO4 concentration, the lattice parameter (c)
and tetragonality significantly decreased, which was consistent
with the results given in the Ba(NaEr)TiO3 system [13]. In
order to research the effect of A-site substitution (Li+ and
Al3+) rather than B-site substitution (Si4+) on the piezoelec-
tric properties of BaTiO3, stoichiometric Ba1−2xLixAlxTiO3

(BLAT for short) ceramics were fabricated via a conventional
solid state reaction, and the piezoelectric properties were
investigated. Both high d33 (>300 pC/N) and huge Qm

(>2000) were obtained in the tetragonal Ba0.98Li0.01Al0.01TiO3

ceramic. This demonstrates that this system is a potential
candidate for lead-free piezoelectric materials in high-power
applications [15]. Besides, the ferroelectric and piezoelectric
properties of PZT(52/48) ceramics doped by Li+ and Al3+
were investigated. Doping can also enhance the piezoelectric
properties of PZT(52/48) ceramics [16]. The effect of A-site
substitutions (Li+ and Al3+) on the enhanced piezoelectric
performance of BaTiO3 and PZT(52/48) is confirmed to be
significant.

It is well known that the intrinsic and extrinsic components
can contribute to the enhanced piezoelectric response in
piezoelectric ceramics [17–20]. Large piezoelectric effect in
ABO3 piezoelectrics is generally related to the morphotropic
phase boundary (MPB) or polymorphic phase transition (PPT)
[21–25]. However, the excellent piezoelectric properties of
BaTiO3/LiAlSiO4 or BLAT ceramics do not result from
intrinsic components–the MPB or PPT–because there is no
coexistence of two or more phases in the doped ceramics.
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Meanwhile, the extrinsic components related to the nan-
odomain structures and/or submicron grain can also be ruled
out [15,26]. Although a mechanism for local low symmetry
induced by Li+-Al3+ pairs has been proposed in our previous
works, there is a noticeable lack of comprehensive mechanisms
for this piezoelectric enhancement in BaTiO3 and PZT systems
[14–16].

It is shown that on the thermodynamic phenomenological
level, the common origin of the piezoelectric enhancement
and its anisotropy in perovskites is the flattening of a
free-energy profile. First-principles calculation studies have
shown a correlation between the flattening of a free-energy
profile and enhanced piezoelectric response in ferroelectrics
as the fundamental mechanism [27]. The origins of the strong
piezoelectric response observed in (KNa)NbO3 (KNN), PZT,
and (BaCa)TiO3-Ba(ZrTi)O3 (BCT-BZT) are reported to be
the PPT, MPB, and tricritical triple point (TCP), respectively
[28–31]. The above mechanisms are related to phase insta-
bility, which results in the flattening of a free-energy profile
and reduced energy barrier. Finally, exceptional piezoelectric
properties are obtained near phase boundaries. The PPT, MPB,
and TCP can be achieved via regulation of composition. Thus,
they are regarded as the method termed “compositionally
driven flattening of a free-energy profile” [32–40]. Besides,
electrical, mechanical, and temperature fields can also affect
the anisotropy of the energy surface because free energy is a
function of these fields [41–47].

Lead zirconate-titanate is by far the most common piezo-
electric material for actuator, transducer, and sensor applica-
tions. The crystal structure of PbZrxTi1−xO3 changes from the
tetragonal (T ) to rhombohedral (R) phase via an intermediary
monoclinic (M) phase as x increases from 0 to 1 [31]. In
this study, PZT ceramics with different crystal symmetries
(T , M , and R) were chosen to investigate the piezoelectricity
enhancement mechanism of A-site acceptor-donor codoping.
X-ray diffraction (XRD) results reveal the effect of the dopant
on the crystal structure and lattice distortion in the PZT
system. The lattice distortion can be regarded as a result
induced by chemical stress because of the radius difference
between Pb2+ and the substitutions [48]. In the framework of
the Landau-Ginzburg-Devonshire (LGD) theory, the enhanced
properties of tetragonal BLAT and PLAZT ceramics are related
to the stress-driven flattening of a free-energy profile. The
piezoelectric properties show that the stress-driven piezoelec-
tric enhancement can be superimposed on the compositionally
driven one (MPB). The special chemical stresses can cause
flattening of a free-energy profile in the piezoelectric system,
which then results in a large piezoelectric response.

II. EXPERIMENTAL

A. Materials and the preparation of PZT and PLAZT ceramics

Stoichiometric PbZrxTi1−xO3 and
Pb0.98Li0.01Al0.01ZrxTi1−xO3 (PLAZT for short) with
Zr/Ti ratio of 60/40, 55/45, 53/47, 52/48, and 45/55
were fabricated via conventional solid state reaction using
Pb2O3, ZrO2, TiO2, Li2O, and Al2O3 (� 99.9%, Aladdin
Chemistry Co. Ltd, Shanghai, China), respectively. An excess
of 3 mol % Pb2O3 was included to compensate for Pb loss

during sintering. The starting reagents were ball milled in
ethanol for 15 h. After ball milling, the resulting slurries were
dried at 80 ◦C for 12 h, then calcined in an alumina crucible
at 800 ◦C for 2 h. The calcined powders were then ball milled
in ethanol for 15 h using ZrO2 ball-milling media, followed
by drying the slurries at 80 ◦C for 12 h. The dried powders
were pressed into pellets of 10 mm in diameter and 1 mm
in thickness using a few drops of 5 wt % polyvinyl alcohol
(PVA) as a binder. After burning off the PVA, the PZT and
PLAZT pellets embedded in the remaining powder were
heated to 1200 °C at a rate of 5 °C/min, and then sintered at
1200 ◦C for 2 h.

B. Characterization

Powder and ceramic XRD were carried out using a Philips
X’Pert diffractometer with Cu K α radiation with a step size
of 0.05 ◦ and 0.5 s per step. The fine-scan XRD patterns were
collected with a step size of 0.02 ◦ and 5 s per step. Ag
electrodes were prepared on both sides of the ceramics by
annealing at 550 ◦C for 30 min for electrical measurements.
The piezoelectric coefficient (d33) was measured using a
quasistatic piezoelectric coefficient testing meter (ZJ-4AN,
Institute of Acoustics, Chinese Academy of Science). The
dielectric property measurements of every sample were carried
out via an Agilent 4294A impedance analyzer. The elec-
tromechanical coupling coefficient (kp) was determined by
the resonance-antiresonance method on the basis of IEEE
standards using an Agilent 4294A impedance analyzer [49].
The thermal stabilities of d33 and kp were measured via
separate ex situ thermal depolarization measurements. The
measurements were completed in which the samples were
annealed at a set temperature for 30 min in a furnace, after
which they were removed and the d33 and kp were measured
[50].

III. RESULTS AND DISCUSSION

A. Phase characterization

Figure 1 shows the XRD patterns of PZT and PLAZT
powders with Zr/Ti = 60/40, 55/45, 53/47, 52/48, and 45/55
in the 2θ range of 20 ◦−80 ◦ measured at room temperature. All
diffraction peaks match well the ABO3-type perovskite phase
without additional phases. In order to investigate the effect of
doping on the PLAZT lattice, fine-scan XRD was performed
at room temperature for the PZT and PLAZT powders, and
the patterns are shown in Figs. 2(a)–2(e). Every fine-scan
XRD pattern includes {110}, {111}, and {200} reflections
(indexed in pseudocubic coordinates). The location of every
PZT sample with different Zr/Ti ratios at room temperature
has been marked in the phase diagram of the PZT system as
shown in Fig. 2(f) [22].

Figure 2(a) presents the {110}, {111}, and {200} reflec-
tions of PZT(60/40) and PLAZT(60/40). The diffraction data
confirm that both PZT(60/40) and PLAZT(60/40) exhibit
rhombohedral crystal symmetry, as evidenced by the relative
intensity ratios of the {110} and {111} reflections and the
existence of a single {200} peak. For every {110} and {111}
peak, the location and shape are almost unchanged after
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FIG. 1. XRD patterns of PZT and PLAZT powders with different
Zr/Ti ratios (60/40, 55/45, 53/47, 52/48, and 45/55) in the 2θ range
of 20 ◦−80 ◦ measured at room temperature.

doping. The effect of doping on the crystal symmetry of
rhombohedral PZT(60/40) is little.

Figure 2(b) presents the {110}, {111}, and {200} reflec-
tions of PZT(55/45) and PLAZT(55/45). It is clear that the
{111} reflections of PZT(55/45) and PLAZT(55/45) should
be fitted via three peaks. In addition, the {200} reflections are
not single-peaked. The above results indicate that the crystal
symmetries of PZT(55/45) and PLAZT(55/45) are not single
rhombohedral phases. Considering the location of PZT(55/45)
in the phase diagram of the PZT system as shown in Fig. 2(f),
local rhombohedral and monoclinic crystal lattices possibly
coexist in PZT(55/45) at room temperature [22,51,52]. Com-
pared with the {111} reflection of PZT(55/45), doping makes
the characteristics of the three peaks in the {111} reflection
of PLAZT(55/45) more obvious [30]. The above differences
confirm that there are more monoclinic crystal lattices in
PLAZT(55/45).

Figure 2(c) presents the {110}, {111}, and {200} re-
flections of PZT(53/47) and PLAZT(53/47). It is clear that
both the {111} and {200} reflections of PZT(53/47) and
PLAZT(53/47) should be fitted via three peaks. Based on
the location of PZT(53/47) in the phase diagram of the PZT

system as shown in Fig. 2(f), the diffraction data confirm
that both PZT(53/47) and PLAZT(53/47) exhibit monoclinic
crystal symmetry [31]. After doping, the (101) and (200) peaks
shift towards the (110) and (002) peaks, respectively. The
distances between the two obvious peaks in the {110} and
{200} reflections are reduced after doping, which indicates
that doping reduces the axis ratio c/a.

The {110}, {111}, and {200} reflections of PZT(52/48)
and PLAZT(52/48) are shown in Figs. 2(d1), 2(d2), and 2(d3),
respectively. According to the location of PZT(52/48) in the
phase diagram and the XRD results, local tetragonal and mon-
oclinic crystal lattices possibly coexist in PZT(52/48). After
doping, two peaks in the {200} reflections of PLAZT(52/48)
move towards each other, which suggests that the axis ratio
is reduced [similarly to that observed in Fig. 2(c3)]. The
variations should be attributed to the decrease in lattice
parameter c because the locations of the (110) and (200)
peaks are almost unchanged compared with the (101) and (002)
peaks. In addition, the large {111} reflection in PLAZT(52/48)
confirms that there may be a small number of tetragonal crystal
lattices transferring to monoclinic crystal lattices after doping.

The {110}, {111}, and {200} reflections of PZT(45/55)
and PLAZT(45/55) are shown in Figs. 2(e1), 2(e2), and
2(e3), respectively. The diffraction data confirm that both
PZT(45/55) and PLAZT(45/55) exhibit tetragonal symmetry,
as evidenced by the relative intensity ratios of the (002)/(200)
and the existence of a single (111) peak at 2θ = 38.36 ◦. The
right shift of the (111) peak for PLAZT(45/55) is observed in
Fig. 2(e2), as the small ionic radii of Li+ and Al3+ at the A

sites compared with Pb2+ cause a slight reduction in the lattice
parameters, which once again confirms that Li+ and Al3+ are
entering the PZT matrix. It is worth noting that doping affects
the characteristics of the (002) peak rather than the (200) peak,
which is also observed in Fig. 2(d3). For the (200) peak, the
location and shape are almost unchanged in PLAZT(45/55).
For the (002) peak, there are obvious variations in the location
and shape after doping. The lattice parameter c decreases after
doping, which is similar to that observed in PLAZT (52/48).
The tetragonality reduction here is different from that induced
by changing the Zr/Ti ratio because an increase in a will follow
the decreased c in the course of increasing the Zr/Ti ratio.
In order to determine whether the shift of the paraelectric-
ferroelectric phase transition boundary occurs after doping, the
Curie temperatures of PZT and PLAZT ceramics have been
measured and shown in Fig. 2(f). The Curie temperatures of
PLAZT with various Zr/Ti ratios are almost the same as those
of the corresponding PZT. Thus, the variation of the lattice
parameter c observed in PLAZT(52/48) and PLAZT(45/55)
is possibly due to the local lattice distortion rather than the
shift of the phase diagram. In addition, an obvious variation in
the relative intensity ratio of the (002)/(200) peaks (I002/I200)
is observed in Fig. 2(e3) for PLAZT(45/55) after doping. The
standard value of I002/I200 for PZT(45/55) is about 0.5, while
that for PLAZT(45/55) is just 0.42. Besides, the tetragonality
comparison between PZT (53/47, 52/48, 45/55) and PLAZT
(53/47, 52/48, 45/55) is shown in Fig. 2(g). The tetragonality
in both tetragonal and nontetragonal systems is calculated us-
ing the axis ratio c/a. The tetragonality for PLAZT is lower than
that for the corresponding PZT, which indicates that doping
mainly results in the reduction of the lattice parameter c.
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FIG. 2. Fine-scan XRD patterns of (a) PZT(60/40) and PLAZT(60/40), (b) PZT(55/45) and PLAZT(55/45), (c) PZT(53/47) and
PLAZT(53/47), (d) PZT(52/48) and PLAZT(52/48), (e) PZT(45/55) and PLAZT(45/55). Every fine-scan XRD pattern includes {110},
{111}, and {200} reflections of PZT and PLAZT. (f) The location of measured samples in the phase diagram of the PZT system at room
temperature. The T-M phase transition line is from Ref. [31]. The Curie line is based on our measured dielectric spectra of PZT ceramics.
The a, b, c, d, and e represent the location of PZT(60/40), (55/45), (53/47), (52/48), and (45/55) in the phase diagram of the PZT system,
respectively. (g) Tetragonality comparison between PZT (53/47, 52/48, 45/55) and PLAZT (53/47, 52/48, 45/55).

Due to the smaller ionic radii of Li+ and Al3+ as compared
to Ba2+, the presence of Li+ and Al3+ will induce a local lattice
distortion into the PZT lattice, thus reducing the diffracted
intensity of x rays in the distorted direction. Considering the
results in Figs. 2(e3) and 2(g), lattice distortion induced by
doping has little impact on the diffracted intensity of the (200)
plane, but weakens the diffracted intensity of the (002) plane.
Under these circumstances, the lattice distortion, induced by
acceptor-donor substitutions, mainly occurs along the [001]pc

direction. Therefore, I002 decreases more quickly than I200,
and I002/I200 is reduced [14,15].

B. Piezoelectric coefficient and electromechanical
coupling coefficient

The d33 and kp measurements of all PZT and PLAZT
samples at room temperature are carried out, and shown in
Figs. 3(a) and 3(b), respectively. With an increase in Ti content,
the crystal symmetry of PZT passes through the R phase, into
the M phase, and finally to the T phase [22]. During this
process, both the d33 and kp of PZT first increase (R-M) and
then decrease (M-T). For PZT, the largest d33 (265 pC/N)
and kp (0.56) are observed in PZT(52/48) and PZT(53/47),
respectively. The most excellent properties are found near the
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FIG. 3. d33 (a) and kp (b) as a function of PbTiO3 content in PZT and PLAZT. Growth rate of d33 (c) and kp (d) as a function of PbTiO3

content in PLAZT. The composition range of the M region is obtained from Ref. [31].

MPB and in the M region, respectively. The trends of d33 and
kp in PLAZT with Ti content are similar to those in PZT. The
largest values of d33 (365 pC/N) and kp (0.61) are both obtained
in PLAZT(52/48). Obviously, doping brings different effects
on the piezoelectric properties of PZT ceramics with various
symmetries. By contrasting and analyzing the above results,
the growth rates of d33 and kp in PLAZT are shown in Figs. 3(c)
and 3(d), respectively. Doping enhances the piezoelectric
performance of PZT(45/55) and PZT(52/48) rather than
PZT(53/47), PZT(55/45), or PZT(60/40). In other words,
acceptor-donor substitutions at the A site will bring positive
effects on the piezoelectric properties of PZT ceramics with
the T and T+M phases.

The d33 values of PZT and PLAZT are plotted as a
function of temperature in Fig. 4(a). The temperature stability
of d33 in PLAZT with various compositions is similar to
that in PZT. There is no obvious depolarization in PZT or
PLAZT with increasing temperature. The enhanced effect
of doping on the d33 of PLAZT(52/48) and PLAZT(45/55)
continues to their Curie temperatures. The contour plots of
d33 in PZT and PLAZT as a function of temperature and
composition are shown in Figs. 4(b) and 4(c), respectively. The
excellent d33 values for PZT are observed along the M to T

phase boundary in the range of 52/48 � Zr/Ti � 54/46. The
two-dimensional flattening of the energy profile (polarization
rotation and polarization extension/contraction) is responsible
for the exceptionally large piezoelectric coefficient in the
temperature range of 475–650 K [53–55]. The largest d33

values for PLAZT as shown in Fig. 4(c) emerge from the M

to T phase boundary in the range of 49/51 � Zr/Ti � 54/46,
continuing up to the convergence region with a higher degree
of tilting than predicted by the phase boundary. The contour

plot of d33 in PLAZT predicts that excellent piezoelectric
coefficients will be obtained in a relatively wide composition
range (49/51 � Zr/Ti � 54/46).

The kp values of PZT and PLAZT as a function of
temperature are presented in Fig. 5(a). The temperature
stability of kp in PLAZT with various compositions is similar
to that in PZT. Differing from d33, kp gradually decreases
as the temperature approaches the Curie temperature. The
contour plots of kp in PZT and PLAZT as a function of
temperature and composition are shown in Figs. 5(b) and 5(c),
respectively. The highest kp (∼0.6) for PZT are observed in the
M region and along the M to T phase boundary in the range of
52/48 � Zr/Ti � 54/46, which is in agreement with the d33

results as shown in Fig. 4(b). The largest kp values for PLAZT,
as shown in Fig. 5(c), emerge along the M to T phase boundary
in the range of 49/51 � Zr/Ti � 54/46, elongating into part
of the T region. The composition range (49/51 � Zr/Ti �
54/46) of the excellent kp values for PLAZT occurring in
Fig. 5(c) is the same as that of the d33 values as shown in
Fig. 4(c). The contour plot of kp in PLAZT predicts that
the enhanced kp can also be obtained in a relatively wide
composition range (49/51 � Zr/Ti � 54/46) compared with
that (52/48 � Zr/Ti � 54/46) in PZT.

As expected, it is clearly observed in Figs. 3, 4(b),
and 5(b) that the piezoelectric properties of PZT are maximized
in the M region or near the MPB, which is consistent with
previous studies [56]. When a small number of acceptor-donor
ions substitute at the A site, the piezoelectric properties of
PLAZT with the T or T+M phase are largely enhanced
as shown in Figs. 3, 4(c), and 5(c). Combined with the
XRD patterns as shown in Fig. 2, this doping can largely
affect the tetragonal crystal symmetry and the corresponding
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FIG. 4. d33 of PZT and PLAZT for Zr/Ti ratio from 60/40 to 45/55 as a function of temperature (a). Contour plot of d33 as a function of
temperature and composition in PZT (b) and PLAZT (c). The white dashed line indicates the Curie line obtained from our measured dielectric
spectra. The black dashed and dotted lines indicate the M-T and M-R lines obtained from Ref. [31]. The variation of properties between the
measured points was estimated by linear interpolation between them.

piezoelectric properties. For the rhombohedral lattices, doping
has little effect on their properties. Further experiments and
calculations are carried out to determine the physical origins
of these observations.

C. Distribution of acceptor-donor ions and lattice distortion

The above XRD results show that lattice distortion mainly
occurs along the [001]pc direction, showing the reduction of
the lattice parameter c and I002/I200. This would mean that
doping generates an intrinsic compressive stress along the
[001]pc direction as shown in Fig. 6(a). The lattice distortion
can be regarded as a result induced by chemical stress because
of the radius difference between Pb2+ and the substitutions
[48]. The stress is considered to be uniaxial because the
lattice parameter a for PLAZT(45/55) is almost unchanged.
However, there is still the question of creating a uniaxial stress
in the polycrystal via doping. Assuming that Li+ and Al3+ ions
distribute randomly in all the crystal planes and occupy the A

sites, the trend of the diffracted intensity of the (002) peaks
will be identical to that of the (200) peaks, as a consequence
of the same lattice distortion [same structure factor (F )] for
the (002) and (200) diffractions [14]. The distortion will
affect both the (002) and (200) reflections. The I002/I200

will be almost unchanged. Thus, there is another reasonable
explanation which is consistent with our experimental results.
On the basis of the defect symmetry principle proposed by
Ren et al. and previous papers, the uniaxial stress comes

possibly from the preferential distribution of Li+ and Al3+ ions
[57–61]. Li+ and Al3+ ions tend to maximally constitute the
defect dipole (Li+-Al3+) in the same cell in order to minimize
the electrostatic energy and maintain local charge balance.
Thus, the distortion has been heavily concentrated along the
direction of the defect dipole (Li+-Al3+) as shown in Fig. 6(b).
The Li+ and Al3+ ions gradually form a defect dipole in the
long-term process of sintering in which diffusion of ions is
serious [14].

The (NaBi)TiO3 system should be remembered and con-
sidered at the mention of A-site acceptor-donor codoping.
Compared with preferential distribution of Li+ and Al3+,
Na+ and Bi3+ tend to substitute at A sites and distribute
disorderly in the ABO3 lattice. Taking BaTiO3 as example,
a detailed comparison between the BaTiO3 ceramics doped by
a small amount of (Li, Al) and (Na, Bi) has been obtained
and discussed as follows. The XRD results in previous
papers confirm that Ba1−x(Na0.5Bi0.5)xTiO3 (0 � x � 0.1)
exhibits tetragonal symmetry [62–65]. The [111] peaks in the
Ba1−x(Na0.5Bi0.5)xTiO3 (0 � x � 0.1) ceramics are shifted
towards the high angle. The above two changes are also
observed in the BaTiO3 ceramics doped by (Li, Al). In other
words, the variation of crystal structure in the BaTiO3 ceramics
with a small amount of (Na, Bi) is consistent with that in the
BaTiO3 ceramics with a small amount of (Li, Al) because the
radii of Li+, Al3+, Na+, and Bi3+ are smaller than that of
Ba2+. Therefore, we cannot think that the effect of (Na, Bi) on
the crystal structure of the BaTiO3 ceramic is different from
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FIG. 5. kp of PZT and PLAZT for Zr/Ti ratio from 60/40 to 45/55 as a function of temperature (a). The kp values are obtained from
resonance-antiresonance data. Contour plot of kp as a function of temperature and composition in PZT (b) and PLAZT (c). The white dashed
line indicates the Curie line obtained from our measured dielectric spectra. The black dashed and dotted lines indicate the M-T and M-R lines
obtained from Ref. [31]. The variation of properties between the measured points was estimated by linear interpolation between them.

FIG. 6. Schematic illustration of compressive stress applied along
the [001]pc direction (a). The arrows show the direction of compres-
sive stress induced by A-site substitutions. Schematic illustration of
the preferential distribution of Li+-Al3+ defect dipole parallel to the
[001]pc direction (b). The effect of compressive stress induced by
Li+-Al3+ defect dipole on the diffracted intensity and interplanar
spacing of (200) and (002) planes.

that of (Li, Al). However, it should be noted that there are two
major differences between (Li, Al) and (Na, Bi).

First, according to the classification proposed by Setter and
Cross, the ordering of composite substitutions possibly exists
in complex perovskite compounds with composite substitution
[66,67]. It has been revealed theoretically and experimentally
that the larger the ion charges and size difference between the
two substitutions, the easier the two substitutions’ ordering
can be formed [68,69]. For ion charges, the form of (Li, Al) is
the same as that of (Na, Bi) (monovalent cation and trivalent
cation). However, the radius of Na+ (R[Na+] = 1.16 Å) is
almost identical to that of Bi3+ (R[Bi3+] = 1.17 Å). The
radius of Al3+ (R[Al3+] = 0.67 Å) is far less than that of
Li+ (R[Li+] = 0.90 Å) [70]. Therefore, the probability of
ordering for the (Li-Al) ions is larger than that for the (Na-Bi)
ions. Second, the radius of (Li0.5Al0.5)2+ is far smaller than
that of (Na0.5Bi0.5)2+. The local lattice distortion induced
by (Li0.5Al0.5)2+ should be larger than that induced by
(Na0.5Bi0.5)2+. That is the reason why the BaTiO3-(NaBi)TiO3

can easily form a solid solution while only a minor content (1.5
mol %) of (Li, Al) can be doped in the BaTiO3 crystals without
impurity phases [71]. Preferential distribution of (Li, Al) and
greater radius difference between (Li0.5Al0.5)2+ and A-site ions
will result in the uniaxial, greater stress in the BaTiO3 doped
by (Li, Al). In contrast, disorder of (Na, Bi) and smaller radius
difference between (Na0.5Bi0.5)2+ and the A-site ion possibly
cause the nonuniaxial and less stress.
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D. Landau-Ginzburg-Devonshire theory analysis

Ab initio and phenomenological calculations have shown
that the intrinsic mechanism of the piezoelectric property
enhancement in phase transition regions is the flattening of
the free-energy profile [54,72]. The flattening of a free-energy
profile provides easy paths for polarization to change from one
state to another, which is associated with the corresponding
property enhancement. According to the XRD analysis,

this doping brings the compressive stress along the [001]pc

direction of the ABO3 lattice. In this section, we investigate
the effect of compressive stress (σ ) applied along the [001]pc

direction on the elastic Gibbs free energy (G) of tetragonal
PZT(45/55), BaTiO3, and rhombohedral PZT(60/40).

Using Landau-Ginsburg-Devonshire theory the elastic
Gibbs free energy can be expanded as a power series of the
polarization assuming isothermal conditions [40,73–76]:

G = α1
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, (1)

where Pi and σi are the polarization and stress; αi , αij , and
αijk are the dielectric stiffness and higher-order stiffness coeffi-
cients at constant stress; sij is the elastic compliance coefficient
at constant polarization; and Qij is the cubic electrostrictive
constant in polarization notation. For BaTiO3, the coefficients
are taken from Refs. [73] and [74]. Coefficients for the PZT
system are taken from Ref. [77] (that is, Refs. [73,74,77]).
The stress dependence of the elastic Gibbs free energy
(G) profile with respect to spontaneous polarization for
PZT(60/40), PZT(45/55), and BaTiO3 at room temperature
is shown in Fig. S1 of the Supplemental Material [78], and
corresponding discussions are also presented there. The reason
why the compressive stress along the [001]pc direction is
chosen in rhombohedral PZT(60/40) is also discussed in the
Supplemental Material [78].

In order to determine the effect of compressive stress on
the energy barrier between a polarization state and another,
the energy barrier is calculated. The energy barrier (EB) (only
considering polarization contraction) between the ferroelectric
and paraelectric phases is EB = G(P ′) − G(P ), where G(P ′)
and G(P ) are the polar values in the G-P curves. P ′ and P can
be solved using the following equation:

∂G

∂P
= 0. (2)

Figure 7(a) presents the curves of normalized EB vs
compressive stress for rhombohedral PZT(60/40), tetragonal
PZT(45/55), and tetragonal BaTiO3. It can be clearly seen that
the EB of rhombohedral PZT(60/40), tetragonal PZT(45/55),
and tetragonal BaTiO3 decrease with compressive stress.
The normalized EB of tetragonal PZT(45/55) will be larger
than that of BaTiO3 but smaller than that of rhombohedral
PZT(60/40) if the lattice is under the same compressive stress
along the [001]pc direction. Based on the above prediction, the
magnitude of the enhanced piezoelectric properties in BaTiO3

should be the largest among the three samples under the same
stress. The growth rate of experimental d33 in rhombohedral
PLAZT(60/40), tetragonal PLAZT(45/55), and tetragonal
BLAT is shown in Fig. 7(b) as a comparison. The d33 of

PLAZT(60/40), PLAZT(45/55), and BLAT is 0.014, 1.372,
and 1.580 times higher than that of the corresponding PZT and
BaTiO3 ceramics. The largest d33 enhancement is observed in
the BLAT ceramic, while doping has little effect on the d33 of
PLAZT(60/40). The experimental results are consistent with
the calculated data shown in Fig. 7(a). Hence, the compressive
stress can induce flattening of the free-energy profile in the
Landau-Ginzburg-Devonshire (LGD) framework. The flatten-
ing occurs along both the polar axis and off polar axis. The
effect of compressive stress on the polarization rotation of
BaTiO3 and PZT(45/55) is investigated in the Supplemental
Material [78]. The uniaxial stress results in flattening of the
free-energy profile (along the polar and off polar axis) in
the tetragonal BaTiO3 and PZT ceramics. In this case, the
facilitated polarization contraction and polarization rotation
contribute to the enhanced d33 in BaTiO3 and PLAZT(45/55)
ceramics [42,54].

We believe that A-site acceptor-donor codoping in this study
leads to the compressive stress along the [001]pc direction.
Based on the phenomenological thermodynamic theory, the
compressive stress results in obvious flattening of a free-energy
profile and reduced EB for the tetragonal PZT. The reduced EB

between one polarization state and another induced by doping
should be responsible for the enhanced piezoelectric properties
in the tetragonal PLAZT. In order to verify that the EB of
tetragonal PLAZT is reduced, the following experiment is
designed and carried out. It is well known that external pressure
can change the direction of spontaneous polarization and cause
domain switching in the ferroelectrics. Based on the calculated
results, the EB for the T-C phase transition in PLAZT(45/55)
is smaller than that in PZT(45/55). If the same external pres-
sure is applied on PZT(45/55) and PLAZT(45/55), domain
switching is more likely to occur in PLAZT(45/55) rather than
PZT(45/55) because of the reduced EB of PLAZT(45/55).
The {200} reflections of PZT(45/55) without applied pressure
and under different pressure are collected, respectively. Under
the same experimental condition, the {200} reflections of
PLAZT(45/55) are also obtained. The influences of external
pressure on the I002/I200 for PZT(45/55) and PLAZT(45/55)
are then analyzed.

064405-8



ENHANCED PIEZOELECTRICITY IN ABO3 . . . PHYSICAL REVIEW MATERIALS 1, 064405 (2017)

FIG. 7. Normalized EB in PZT(60/40), PZT(45/55), and BaTiO3

as a function of compressive stress along the [001]pc direction at
room temperature (a). Growth rate of piezoelectric coefficient in
PLAZT(60/40), PLAZT(45/55), and BLAT (b).

I002/I200 as a function of external pressure applied on both
sides of PZT(45/55) is shown in Fig. 8. The schematic diagram
of pressure loading on PZT(45/55) is illustrated in the inset of
Fig. 8. With the pressure increasing from 0 Pa to 1.4 × 105 Pa,
I002/I200 remains largely unchanged. The results indicate that
the pressure of 1.4 × 105 Pa cannot change the spontaneous
polarization direction in PZT(45/55) from the [001] axis to
the [100] or [010] axis. The {200} reflections of PZT(45/55)
under 0 Pa and 1.4 × 105 Pa pressure along with the fitting
curves are also shown in the inset of Fig. 8.

Figure 9 presents I002/I200 vs the pressure applied on the
both sides of PLAZT(45/55). I002/I200 gradually increases
as the pressure increases from 0 Pa to 1.4 × 105 Pa, which
indicates that there is a great deal of 90° domain switching
induced by external pressure. The spontaneous polarization
direction in this part of the domains changes from the [001]
axis to the [100] or [010] axis. The {200} reflections of
PZT(45/55) under 0 Pa and 1.4 × 105 Pa pressure along
with the fitting curves are shown in the inset of Fig. 9.
Using comparative analysis of Figs. 8 and 9, we see that
the domains in PLAZT(45/55) switch more easily than those

FIG. 8. I002/I200 vs the pressure applied on both sides of
PZT(45/55). The inset shows the schematic diagram of pressure
loading on the PZT(45/55) and the {200} reflections along with the
fitting curves of PZT(45/55) under 0 Pa and 1.4 × 105 Pa pressure.
During the peak-fitting procedure, a Pearson-VII function was used
to define the profile shapes.

in PZT(45/55) under the same external pressure. It is worth
noting that the aim of the comparison of Figs. 8 and Fig. 9
is only to indirectly verify the calculated result “the EB in
PLAZT(45/55) is smaller than that in PZT(45/55).” We do
not mean to calculate or compare the energy barrier of 90°
domain switching in PZT and PLAZT.

E. Stress-driven flattening of a free-energy profile in
ABO3 piezoelectrics

A-site acceptor-donor substitutions are beneficial for the
piezoelectric properties of BaTiO3, as reported in previous
papers [14,15]. The systematic analyses indicate that the
Li+-Al3+ ions are inclined to occupy the neighboring A

sites and constitute defect dipoles (ionic pairs). The larger

FIG. 9. I002/I200 vs the pressure applied on both sides of
PLAZT(45/55). The inset shows the {200} reflections along with the
fitting curves of PLAZT(45/55) under 0 Pa to 1.4 × 105 Pa pressure.
During the peak-fitting procedure, a Pearson-VII function was used
to define the profile shapes.
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local lattice distortion will be introduced by the smaller
Li+-Al3+ substitution at the A sites. Local low symmetry
accompanying the larger local lattice distortion will appear
around the Li+-Al3+ ionic pairs in the doped ceramics. At
that time, a mechanism related to local low symmetry is
proposed to explain the piezoelectric enhancement induced
by this doping route in the doped BaTiO3 ceramics. After
that, this doping route was also proven to improve the
piezoelectric performance of PbZr0.52Ti0.48O3 ceramics [16].
Here piezoelectric maps in the parameter space of temperature
and PbTiO3 concentration in the PZT and doped systems show
a more significant enhancement effect of Li+-Al3+ codoping
in tetragonal PZT than in the rhombohedral phase. Based on
the phenomenological thermodynamic theory, the chemical
stress induced by Li+-Al3+ substitution can result in more
obvious flattening of the free-energy profile in tetragonal
PLAZT and BLAT, compared with that in rhombohedral PZT.
The local low symmetry around Li+-Al3+ defect dipoles and
the chemical stress-driven flattening of a free-energy profile
should contribute to the enhanced piezoelectric enhancement
in tetragonal PLAZT and BLAT systems together. The stress-
driven flattening of a free-energy profile should be attributed
to the special doping route and corresponding chemical stress.
The piezoelectric enhancement related to this doping route
does not conflict with that induced by the MPB (composition-
ally driven flattening of a free-energy profile). The stress- and
compositionally driven flattening of a free-energy profile can
be utilized to optimize the piezoelectric performance on the
tetragonal-phase site of the MPB in the PZT system.

In fact, there is a great deal of published research on external
pressure or electrical field tuning to the M form or MPB
[79–90]. Cohen et al. predicted a pressure-induced anomalous
phase transition and colossal enhancement of piezoelectricity
in PbTiO3 [79]. A tetragonal-to-monoclinic-to-rhombohedral-
to-cubic phase transition sequence induced by external pres-
sure and a MPB were found using first-principles theory.
In the experimental works on the pressure-induced MPB in
PbTiO3, the tetragonal-to-monoclinic-to-rhombohedral phase
transition was observed at very low temperature [48]. The
ambient pressure in pure PbTiO3 is regarded as the origin
of the MPB in solid solutions with PbTiO3. However, it
seems the pressure-induced MPB in PbTiO3 is absent at room
temperature [80]. Besides, a series of studies on external
pressure tuning to the M form or the MPB in the PZT system
are reported [81–90]. In the Ti-rich PZT, a T-M transition was
determined, but the possible M-R was not observed [81,84].
The M phase can be obtained at moderate pressure below
4 GPa for a wide range of nonmorphotropic Ti-rich PZT
compositions (20/80 < Zr/Ti < 50/50). The above results
indicate that physical pressure which acts in a similar way to
“chemical pressure” can tune the M form or MPB to include
nonmorphotropic compositions. In the reported work, Cohen
et al. proposed that chemical pressure could be achieved
by substituting a smaller atom for Pb in the A sites, for
example Pb0.5Sn0.5TiO3 [48]. In the present study, a kind of
intrinsic, uniaxial, and compressive chemical stress is obtained
in the BaTiO3 and PZT systems via doping a few small
ions. Under the intrinsic stress circumstance, tuning of the

MPB is achieved, and the composition range of the MPB is
expanded.

It should be noted that the core of this idea is to obtain
preferential distortion and compressive stress along a certain
direction. The achievement of compressive stress should be
obtained via doping smaller atom because a small radius
will result in the reduction of lattice volume [48]. Besides,
doping content should be limited because the additional sub-
stitutions possibly result in a second phase. If the researchers
can accurately obtain the stress along a certain axis, the
piezoelectric properties in ABO3 piezoelectric systems can
be further optimized using the current basis. The sensitive
stress directions for BaTiO3, KNbO3, and PZT(60/40) at room
temperature are analyzed and discussed in the Supplemental
Material [78]. A large number of pre-experiments should be
tried and tested because it is difficult to achieve uniaxial
compressive stress (rather than hydrostatic pressure) in a
polycrystal via doping. According to the discussion in the
present and previous results, the radius and valence of the
substitution ion are two chief considerations because they
determine the distribution of ions in the lattice [66–69]. In
our opinion, stress-driven flattening of a free-energy profile
will be a new research direction to obtain large piezoelectric
response. The present study provides a promising route to the
large piezoelectric effect induced by stress-driven flattening of
a free-energy profile.

IV. CONCLUSIONS

In conclusion, the acceptor-donor codoping route can
improve the piezoelectric performance of the tetragonal PZT
system and BaTiO3. XRD analyses revealed that acceptor-
donor substituting at A sites of ABO3 ferroelectrics induces
compressive stress along the [001]pc direction. Based on
Landau-Ginzburg-Devonshire theory, the compressive stress
results in the flattening of a free-energy profile in the PZT
systems and BaTiO3. The flattening degree of a free-energy
profile in the tetragonal PZT induced by doping is larger than
that in the rhombohedral one, which is regarded as the reason
why the enhanced effect of doping is significant in tetragonal
PLAZT, but not in rhombohedral PLAZT. Differing from
many reported experimental approaches (compositionally or
temperature driven) for flattening of a free-energy profile,
the method in this work is stress driven. The stress-driven
flattening of a free-energy profile can continue to optimize the
piezoelectric performance of ABO3 systems on the basis of a
compositionally driven one (the MPB).
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