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Compositional ordering driven morphotropic phase boundary in ferroelectric solid solutions
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Ferroelectric solid solutions usually exhibit giant dielectric response and high piezoelectricity in the vicinity of
the morphotropic phase boundary (MPB), where the structural phase transitions between the rhombohedral and
the tetragonal phases as a result of the composition or strain variation. Here, we propose a compositional ordering
driven MPB in the specified compositional solid solutions. By preforming machine-learning potential-based
molecular dynamics simulations on lead zirconate titanate, we find a phase transition from the rhombohedral to
tetragonal phase with the decrease of compositional ordering, leading to the MPB on temperature-ordering phase
diagram. The compositional ordering driven MPB can enhance the piezoelectricity with a magnitude comparable
to that at the composition driven MPB. Finally, we demonstrate that the mechanism of high piezoelectricity is
polarization rotation driven by external field. This work provides an additional degree of freedom, compositional
ordering, to design the high-performance piezoelectric materials.

DOI: 10.1103/PhysRevB.110.054102

I. INTRODUCTION

Morphotropic phase boundary (MPB) usually presents in
the phase diagram of ferroelectric and ferromagnetic solutions
[1–8]. It has drawn constant interest due to the remarkable
dielectric and magnetic properties exhibited. The essence of
MPB is related to phase transition, generally displayed at the
intersection area of tetragonal and rhombohedral phases in the
phase diagram. There are two methods to generate the MPB
of ferroelectric materials: changing composition ratio in solid
solutions, and mechanical pressure in pure compound. Lead
zirconate titanate (PbZr1−xTixO3, PZT) is a classical material
for studying MPB [1]. In the composition phase diagram of
PZT, the Ti-enriched and Zr-enriched areas are ferroelectric
tetragonal and rhombohedral phases, respectively. The MPB
is located at the transition region between the two phases,
exhibiting high piezoelectricity. On the other hand, for a pure
compound, such as lead titanate and bismuth ferrite, pressure
could induce the phase transition from tetragonal to rhombo-
hedral phase, forming MPB [6,9].

PZT is of typical ABO3 perovskite structure, oxygen atoms
forming the octahedra, of which Pb atoms occupy the in-
terstices, and Zr/Ti atoms reside at the B site, the center of
the octahedra. The arrangement of B-site atoms can change,
display a certain ordering. Variation of compositional ordering
in solid solutions, or even in high-entropy alloys, can change
the electronic and atomic structures of the system, thereby
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causing effects on their mechanical, thermal, magnetic, and
dielectric properties [10–12]. In the recent experiments, some
advanced characterization techniques are available to deter-
mine the compositional ordering in solid solutions, such as
atomic electron tomography and neutron(x-ray) total scat-
tering combined with reverse Monte Carlo method [13,14].
These results enable the possibility of studying compositional
ordering in systems at the atomic scale. Based on these stud-
ies, compositional ordering variation in solid solutions could
be considered to serve as a degree of freedom for inducing
MPB. The arrangement of Zr/Ti atoms in PZT could poten-
tially influence the piezoelectricity.

Using computational methods to study the compositional
ordering can provide more insights for the subject. However, it
is not feasible to study the order-disorder by density-function
theory (DFT), as large-scale systems are needed to simu-
late the disorder. The emergence of machine-learning based
potential functions makes it possible to overcome this limita-
tion. The deep potential (DP) model, utilizing a deep neural
network to capture the potential-energy surface of material
system from DFT calculations, could perform large-scale
atomic dynamics simulations with DFT accuracy [15]. In
recent work, we have developed a DP model for PZT, which
can accurately reproduce the temperature-composition phase
diagram and the piezoelectricity of PZT [16].

In this paper, we use the machine-learning based DP model
of PZT to explore the thermodynamic stability of PZT vary-
ing with the compositional ordering, and we demonstrate
the decrease of ordering degree can cause a phase transition
from tetragonal phase to rhombohedral phase. Furthermore,
it is essential to highlight that the variation of compositional
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ordering can form the MPB in the temperature-ordering phase
diagram, leading to high piezoelectricity. Finally, we reveal
that the mechanism of high piezoelectricity at the compo-
sitional ordering driven MPB is polarization rotation. It is
reasonable to assume that the phenomenon and mechanism
can be widely applied to other ferroelectric solid solutions,
such as hafnium zirconium oxide [17].

II. COMPUTATIONAL METHODS

The machine-learning potential model is generated by
DP-GEN [18]. It is currently the mainstream software for de-
veloping machine-learning potential models. In recent years,
researchers studied various material systems, especially per-
ovskite ferroelectrics, based on the DP models and achieved
good influence, proving the reliability of this strategy [16,19–
24]. DP-GEN is a concurrent learning-procedure control pack-
age using the deep neural network. DFT calculations need
to be used as the initial datasets. Then it enters the iterative
process, training, labeling, and exploring the datasets. Finally,
all datasets are collected and combined into the final dataset
for a long-step training. The final generated DP model can
effectively represent the PZT potential-energy surface. For
more details on the DFT parameters of the training set and
accuracy test of DP model, please refer to the Methods section
of our recent work, Ref. [16].

The set of structures varying continuously from order to
disorder is generated based on a strategy of random exchange.
The basic ordered structure is a 20 × 20 × 20 supercell
consisting of 40 000 atoms. We randomly exchange the po-
sitions of two B-site atoms each step, and output a structure
in 200 steps. After 20 000 steps, we continuously obtain 100
structures. We also use the method of random substitution
to generate disordered structures for comparison. Using the
LAMMPS code, 100 structures of PbZr0.5Ti0.5O3 are gener-
ated by different random seeds [25,26]. Here, the ordering
degree σ of the structure and the configurational entropy Sconf

contributed by Zr/Ti atoms are defined based on the Bragg-
Williams approximation, which is also applicable for different
composition ratios [27–29]. We define the sites of Zr atoms in
the ordered arrangement as α sublattice and the sites of Ti
atoms as β sublattice. And, the σ and Sconf are specifically
calculated by the following equations:

σ =
∣∣∣
∣
(
Nα

Zr − Nβ

Zr

)/N

2

∣∣∣
∣,

Sconf = −kBN

2
[(1 + σ )ln(1 + σ )

+ (1 − σ )ln(1 − σ ) − 2 ln 2],

where Nα
Zr is the number of Zr ATOMS occupying the α sublat-

tice, Nβ

Zr the number of Zr atoms occupying the β sublattice,
and N is the total number of Zr/Ti atoms. Because the key
point we focus on is the order-disorder variation of PZT, the
configurational entropy plays an un-neglectable role in ana-
lyzing the thermodynamic stability of structures. In this work,
only total energy and configurational entropy are considered
in free energy and neglect the contribution of volume change
in condensed matter:

F = U − T Sconf .

U can be obtained by the kinetic and potential energies output
by LAMMPS.

Based on the DP model and prepared initial structures,
we conduct molecular dynamics simulations. Calculations are
performed by LAMMPS code with periodic boundary condi-
tions [25,26]. We set the temperature range from 1 to 300 K
and the pressure equals 1 × 105 Pa. The simulation environ-
ment is set as a triclinic box, allowing for full variation of lat-
tice constants and lattice angles. The time step is set to 0.001
ps. At a specified temperature, the equilibrium run is 40 ps.
Applying an electric field to the system is achieved by apply-
ing an external force to the atoms as an equivalent method.
The forces acting on different atoms are determined by multi-
plying the electric field by the reference Born effective charge
[30]: Z∗

Pb = 3.90, Z∗
Zr = 5.85, and Z∗

Ti = 7.06. To keep the
electric neutrality and take into account the solid-solution
characteristics of PZT, a dynamic average adjustment scheme
is applied to the Born effective charge of oxygen atoms:
Z∗

O = −[Z∗
Pb + xZ∗

Ti + (1−x)Z∗
Zr]/3, where x represents the

concentration of Ti. The piezoelectric coefficient d33 and d31

are obtained based on d33 = (∂x3/∂E3)X , d31 = (∂x1/∂E3)X
where E is the external electric field, x is the strain induced, 1
is the direction along the x axis, 3 is the direction along the z
axis, and X represents the external stress.

III. RESULTS AND DISCUSSION

In our recent work, the disordered arrangements of B-
site atoms in the PZT are considered [16]. However, the
compositional ordering could have a significant impact on
the thermodynamic stability of structure, which further in-
fluences piezoelectricity. First, for the composition with
PbZr0.5Ti0.5O3, we construct three typical ordered structures
as shown in Fig. 1, as well as the different disordered struc-
tures. The energy fluctuation caused by different disordered
arrangements is within 0.03 meV per atom, demonstrating
the negligible impact of different disordered structures on
their energy. We summarize results of various arrangements
in Table I. It is shown that the ordered types are more energy
favorable than the disordered types, and the C type has the
lowest energy. PZT in different ordered types exhibit different
ground-state structures. We further statistically analyze the
lattice information (see Table II). Calculated results show
that the ground state of PbZr0.5Ti0.5O3 in disordered type is
the rhombohedral phase, which our recent work also pointed
out, while A type exhibits the monoclinic phase, C type the
tetragonal phase, and G type the rhombohedral phase. For
these ground-state structures, we also calculate the phonon
spectrum (see Fig. 2). It is shown that there are no lattice
vibration modes with frequencies less than 0, demonstrating
the stabilities of these ground-state structures.

Considering the ordered C-type structure is the tetragonal
phase, while the disordered structure is the rhombohedral
phase, it remains to be clarified whether the compositional
ordering could serve a degree of freedom, like composition
ratio and pressure, leading a rhombohedral to tetragonal phase
transition and inducing the MPB. To explore this issue, we
design a set of structures continuously varying from ordered
C type to disordered type by exchanging the sites of Zr and
Ti atoms randomly. We quantify the ordering degree (σ ) of
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FIG. 1. (a) DP-predicted temperature-composition phase diagram of PZT; the red line is MPB [16]. The yellow dashed line represents the
composition of PZT discussed in this paper, which is 0.5, to the left of the MPB. (b) Three types of ordered arrangement of B-site atoms. The
highlighted C type serves as the basis for the subsequent discussions. The blue spheres represent Zr atoms, while the gray spheres represent Ti
atoms. The schematic diagram excludes Pb and O atoms.

the structures, where σ = 1 represents perfect ordered C-type
one, and σ = 0 the disordered-type one. As shown in Fig. 3(a),
with an increase in the exchange count, σ decreases. The σ

converges to 0 after approximately 9000 exchanges. In order
to verify the reliability of random exchange strategy, we also
generate 100 disordered structures by the LAMMPS code with
different random seeds. For these disordered structures, σ

consistently fluctuates around 0 with negligible variations.
The results demonstrate that our random-exchange strategy
effectively provides a continuous structural variation from the
C type to disordered structure.

We also compute the total energy (U) of these structures
at 100 K. Herein, we use the energy differences between
different structures and the C-type structure to denote the ther-
modynamic stability. Figure 3(b) shows that as σ decreases,
the total energy gradually increases. As the ordering degree of
the structure is approximately less than 0.33, the total energy
converges to the same value with the randomly generated dis-
ordered structures. It is necessary to consider configurational
entropy at finite temperatures. We calculated the free energy
(F) by adding the contribution of configurational entropy to
the total energy (see Computational Methods, Sec. II). In
Fig. 3(b), the results show that the free energy also displays
similar behavior to the total energy. However, the introduc-
tion of configurational entropy leads to a greater impact for
more disordered structures. It reduces the energy difference
between disordered and ordered structures. Therefore, as σ

decreases, the free energy converges more quickly to the
same value as the disordered structures, compared to the total

TABLE I. The �E between PbZr0.5Ti0.5O3 in different arrange-
ment types and C type after atomic relaxation, calculated by DP and
DFT, respectively.

Arrangement type �EDP (meV per atom) �EDFT (meV per atom)

A 5.67 5.11
C 0 0
G 4.41 4.80
Disordered 6.61 ± 0.03

energy. The above results indicate that configurational entropy
does not make a qualitative impact on the results.

In addition to affecting the energy, compositional order-
ing also causes changes in the structure. We plotted the
lattice variation of a 40 000-atom supercell with decreasing
the σ (see Fig. 4). When σ > 0.5, PZT is the tetrag-
onal phase, where the a- and b axes are equal and less
than the c axis, and the three axes are orthogonal. When
the σ reduces to below 0.5, the lattice transitions from the
tetragonal phase to the rhombohedral phase. When the σ

further decreases to 0.2, PZT is the rhombohedral phase.
We elevate the temperature and get similar behaviors. In
Fig. 4(c), we plot the temperature-ordering phase diagram
of PbZr0.5Ti0.5O3 using lattice angles as variables. On the
side of tiny σ , indicating the disordered arrangement of B-
site atoms, it corresponds to the rhombohedral phase. This is
consistent with our recent findings. It is noteworthy that the
phase transition from tetragonal to rhombohedral phase in-
duced by compositional ordering is continuous, different from
the abruptly changed one induced by composition variation.
Therefore, as the temperature increases, the boundary be-
tween the rhombohedral and tetragonal phases slightly shifts
to the right, forming a diffuse MPB. This indicates that the
compositional ordering can serve as a degree of freedom
to induce the MPB. Additionally, different from alloys, in
the thermodynamic equilibrium process there is no atomic
diffusion in the lattice of PZT with the increase of tempera-
ture. This ensures the uniqueness of ordering degree in each
structure.

To explore the nature of the compositional ordering driven
MPB, we calculate piezoelectric coefficients d33 and d31,
based on the derivative of strain with respect to electric field
with range of 0 ∼ 1 × 102 kV/cm (for details, see Compu-
tation Methods, Sec. II). As shown in Fig. 4(d), d33 exhibits
a sharp peak at different temperatures, which represents the
significant stretching of PZT along the z axis under the electric
field. The peak values are all around thousands of pC/N,
comparable to those at the composition-driven MPB [16]. As
the temperature increases, the peak of d33 gradually shifts to
the right. This corresponds to the decrease of σ at the MPB
in the phase diagram as the temperature rises. d31 exhibits the
similar behavior as d33. The only difference is d31 is negative,
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TABLE II. Structure information of the pseudocubic unit cell of PbZr0.5Ti0.5O3 in different arrangement types after atomic relaxation,
calculated by DP and DFT, respectively.

Arrangement type Lattice constants (DP) (Å) Lattice angles (deg) (DP) (Å) Lattice constants (DFT) (Å) Lattice angles (deg) (DFT) (Å)

A a = 4.091 α = 89.66 a = 4.087 α = 89.76
b = 4.091 β = 89.66 b = 4.087 β = 89.76
c = 4.002 γ = 89.23 c = 3.999 γ = 89.26

C a = 3.989 α = 90.00 a = 3.983 α = 90.00
b = 3.989 β = 90.00 b = 3.983 β = 90.00
c = 4.254 γ = 90.00 c = 4.261 γ = 90.00

G a = 4.046 α = 89.57 a = 4.041 α = 89.75
b = 4.046 β = 89.57 b = 4.041 β = 89.75
c = 4.046 γ = 89.57 c = 4.041 γ = 89.75

Disordered a = 4.059 ± 0.003 α = 89.49 ± 0.01
b = 4.058 ± 0.002 β = 89.49 ± 0.01
c = 4.058 ± 0.003 γ = 89.49 ± 0.01

which indicates the compression of PZT along the x axis under
the electric field.

To unravel the mechanism of the high piezoelectricity
caused by the compositional ordering driven MPB, we ana-
lyze the frequency distribution on the displacement of B-site
atoms relative to the oxygen octahedral center. We presented
the results for three structures, corresponding to the ordered
structure (σ = 1), the partially ordered structure at the MPB
(σ = 0.5), and the disordered structure (σ = 0). As shown
in Fig. 5, when no electric field is applied, the displacement
components of B-site atoms in the ordered structure are 0

along the x/y axis, while the z-axis component exhibits two
peaks, representing Zr and Ti, respectively. The splitting of
the displacement is due to the larger Born effective charge
and smaller relative atomic mass of Ti, in contrast with Zr.
The polarization of the ordered structure is clearly oriented
along the [001] direction under zero electric field, aligning
with the tetragonal symmetry. While for σ = 0 the displace-
ments along the three axes are equal, the two peaks of Zr
and Ti merge, clearly indicating the polarization orientation
as [111], aligning with the rhombohedral symmetry. For σ =
0.5, it exhibits a transitional state between the tetragonal and

FIG. 2. Primitive cell of PbZr0.5Ti0.5O3 of ground state in (a) A type, (b) C type, and (c) G type, exhibiting monoclinic, tetragonal, and
rhombohedral phase, respectively. Corresponding phonon spectrum of (c) A type, (d) C type, and (e) G type.
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FIG. 3. (a) The ordering degree σ of different structures. The blue line represents the set of structures varying from the ordered C type to
the disordered type by random exchange, while the red line represents the disordered structures generated by different random seeds. (b) Total
energy (U) and free-energy (F) differences between different structures and the ordered C type, at 100 K. Solid lines represent the free energies
and the dashed lines represent the total energies. The set of structures varying from the ordered C type to disordered are denoted by σ .

rhombohedral phases. Specifically, there is a nonzero dis-
placement along the x/y axis, but it is not equal to the one
along the z axis. As a relatively small electric field of 1 × 102

kV/cm is applied along the z axis, the displacements at σ = 0
and 1 stay almost unchanged, as shown in the inset of Fig. 5,
indicating such small electric field is not sufficient to change

FIG. 4. (a) Lattice constants and (b) lattice angles of PbZr0.5Ti0.5O3 as functions of σ at 100 K. The gradient from white to gray represents
the transition from the tetragonal (T) phase to the rhombohedral (R) phase. (c) Temperature-ordering phase diagram of PbZr0.5Ti0.5O3 at
intervals of 50 K, ranging from 1 to 300 K. σ = 1 represents the structure in ordered C type. The white transition region represents the
boundary between the tetragonal phase and rhombohedral phase, known as the MPB. (d) The variation of d33 and d31 with respect to σ at
different temperatures. d33 reaches its maximum at 0.5, 0.33, and 0.16, respectively.
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FIG. 5. Frequency distributions of B-site atoms relative to the oxygen octahedral center displacements at 100 K. We analyze the three
structures under E = 0 and 1 × 102 kV/cm (along the z axis), in σ = 1, 0.5, and 0, respectively.

the polarization orientation. However, the structure with
σ = 0.5 shows significant changes with the same electric field,
with the displacement along the x/y axis reducing to zero and
the z axis continuing to increase, resulting in the polarization
rotation to the [001] direction.

Clarifying the phase structure at the MPB is helpful to
explore the polarization mechanisms of the MPB. For the
partially ordered structure, which is located at the MPB in the
phase diagram, some local ordered environment exists that al-
lows the B-site atoms to displace along the z axis consistently,
resulting in some short-range order of [001] polarization. And,
the B-site atoms in the local disordered environment prefer
to exhibit the [111] displacement. Therefore, the structure at
the MPB exhibits a complex state with coexistence of rhom-
bohedral phase, tetragonal phase, and transitional phase. The
structure at the MPB is more sensitive to the z-axis electric
field and more readily undergoes polarization rotation to [001]
compared to the disordered structure. This is the reason why
the piezoelectric performance at the MPB is better than the
other region. The high piezoelectricity induced by electric
field driven polarization rotation at the compositional ordering
driven MPB is the same as those at the composition- and
pressure driven MPB [6,16].

The compositional ordering driven MPB could be realized
in experiment. For PZT in ordered C type, it can be obtained
by using molecular-beam epitaxy or pulsed laser deposition
to grow the (PbZrO3)1/(PbTiO3)1 superlattice on the (110)
substrate, while PZT in disordered type can be obtained by the
simultaneous growth of PZO and PTO on the single substrate.
Therefore, alternating growth of PZT in ordered C type and
disordered type by the above methods can be a potential ap-
proach to obtaining partially ordered type of PZT. This makes
it possible to precisely control the ordering degree to induce
the MPB.

IV. CONCLUSION

In summary, we consider compositional disordered and
three ordered types of PbZr0.5Ti0.5O3. It is found that PZT
in ordered C type is the most energy favorable. Based on this
result, we design a set of structures transitioning continuously
from the ordered C type to the disordered. Then, we investi-
gate the thermodynamic and piezoelectric properties of PZT
experiencing the order-disorder variation. In the temperature-
ordering phase diagram, as ordering degree (σ ) decreases, the
structure transitions from the tetragonal phase to the rhombo-
hedral phase, forming the MPB. The curve of the piezoelectric
coefficient d33 with respect to σ exhibits a sharp peak at
the MPB, shifting to the right with increasing temperature.
Finally, we analyze the displacement distribution of B-site
atoms to demonstrate that the high piezoelectric coefficient is
induced by polarization rotation, consistent with composition-
and pressure driven MPB. We believe that the compositional
ordering driven MPB is a universal phenomenon in ferro-
electric solid solutions. This work can be helpful to design
and synthesize high-performance piezoelectric and dielectric
energy storage materials by controlling the compositional or-
dering of the complex solid solutions in experiments.
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