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ABSTRACT: Relaxor ferroelectric-based energy storage systems are promis-
ing candidates for advanced applications as a result of their fast speed and high
energy storage density. In the research field of ferroelectrics and relaxor
ferroelectrics, the concept of solid solution is widely adopted to modify the
overall properties and acquire superior performance. However, the
combination between antiferroelectric and paraelectric materials was less
studied and discussed. In this study, paraelectric barium hafnate (BaHfO3) and
antiferroelectric lead hafnate (PbHfO3) are selected to demonstrate such a
combination. A paraelectric to relaxor ferroelectric, to ferroelectric, and to
antiferroelectric transition is observed by varying the composition x in the
(Ba1−xPbx)HfO3 solid solution from 0 to 100%. It is noteworthy that
ferroelectric phases can be realized without primal ferroelectric material. This
study creates an original solid solution system with a rich spectrum of
competing phases and demonstrates an approach to design relaxor ferro-
electrics for energy storage applications and beyond.
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■ INTRODUCTION

Relaxor ferroelectric,1−3 ferroelectric,4 and antiferroelectric5

behaviors are important properties of oxide ceramics and have
attracted great attention because of their capabilities for
various kinds of applications, including energy storages and
harvests, actuators, sensors, and memories.6−9 In this research
field, the concept of solid solution is widely used to enhance
the performance of original materials.10,11 For example,
PbMg1/3Nb2/3O3 (PMN) was the first studied relaxor ferro-
electric material and attracted great interest as a result of its
non-trivial dielectric behavior.12 With the combination of
relaxor ferroelectric PMN and PbTiO3 (PTO),13,14 scientists
created the nowadays famous relaxor ferroelectric PMN−PT
solid solution with a giant piezoelectric response.15−17 Another
great example is the solid solution of ferroelectric PTO and
antiferroelectric PbZrO3,

18,19 which delivers the famed ferro-
electric Pb(ZrxTi1−x)O3 (PZT) with a large polarization, fast
switching rate, high Curie temperature (Tc), and high
piezoelectric response.20 Moreover, many well-known lead-
free relaxor ferroelectric systems based on ferroelectric BaTiO3
(BTO)21,22 were achieved with the same concept, such as
BTO−BaSnO3 (paraelectric)23 and BTO−BaZrO3 (para-
electric).24−26 However, without a ferroelectric phase, the
combination between antiferroelectric and paraelectric materi-
als was less discussed and explored. Recently, Acharya et al.
demonstrated a system of Pb1−xSrxHfO3,

27 combining

antiferroelectric PbHfO3 and potential ferroelectric SrHfO3,
28

exhibiting excellent performance for energy storage. This
literature suggests the great potential of developing relaxor
ferroelectrics from an antiferroelectric material-based solid
solution system and, meanwhile, raises the questions: Would it
possible to create relaxor ferroelectrics from a solid solution of
antiferroelectric material and canonical paraelectric materials?
If so, what are the possible fundamental mechanisms for
inducing ferroelectricity?
A combination of antiferroelectric PbHfO3 (PHO)

29,30 and
paraelectric BaHfO3 (BHO)31,32 perovskites is selected as a
model system as a result of their similarity of crystal structure
and closely matched lattice constants (4.14 Å for PHO and
4.17 Å for BHO), which is availed to form a solid solution with
an arbitrary ratio. Here, we present the realization of epitaxial
(PbxBa1−x)HfO3 (PBHO) films deposited on SrTiO3 (STO)
single-crystal substrates for further investigation. The epitaxial
feature of the heterostructure can be used to simplify the
model and avoid additional extrinsic influences, such as the
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grain size, grain boundary, and orientation, which can come to
play a role in determining the physical properties. To build a
basic and complete understanding of PBHO solid solution, it is
necessary to explore this combination by varying the
composition. Moreover, it is crucial to determine the critical
PHO/BHO ratio for a detailed investigation. In this study, a
compositional spread of the epitaxial film from 100% BHO to
100% PHO is attempted. Through this achievement, the
properties of the PBHO heterostructure with various
compositions are characterized in sequence. Furthermore,
relaxor ferroelectric Pb0.5Ba0.5HfO3 is realized, even though the
primal materials do not exhibit relaxor ferroelectrics. This work
paves a new path for the research of relaxor ferroelectrics and
introduces a new material system for prospective studies and
developments.

■ RESULTS AND DISCUSSION

In this study, PBHO epitaxial thin films were grown on STO
(001) substrates, with a SrRuO3 (SRO) bottom electrode by
pulsed laser deposition.33 To investigate the composition-
dependent properties of a PBHO system, a compositional
spread of the PBHO film was fabricated with one side as 100%
BHO and the other side as 100% PHO, as shown in Figure 1a.
The ferroelectric performances of PBHO with different
compositions were investigated by ferroelectric hysteresis
measurements at each position marked in Figure 1a. The
polarization−electric field (P−E) hysteresis loops were
measured at 10 kHz, as shown in Figure 1b. A typical
paraelectric P−E loop is observed with 100% BHO (red), and
a characteristic antiferroelectric behavior with the double
hysteresis loop is detected with 100% PHO (blue). Figure 1c
shows the change of the maximum polarization (Pmax),
remnant polarization (Pr), and coercive field (Ec) from the
BHO side to the PHO side. Pmax increases from the BHO side

to the PHO side, showing the ferroelectric feature of the
PBHO compositional spread. Moreover, the value of Pr
increases with the content of PHO, which is similar to the
change of Pmax. However, a notable drop of Pr is observed at
the region close to PHO, indicating the transition from the
ferroelectric phase to the antiferroelectric phase. On the basis
of the ferroelectric behaviors, the composition range can be
divided into four regions with the transition from paraelectric,
relaxor ferroelectric, ferroelectric, and antiferroelectric phases.
The composition of the compositional spread sample was
determined by X-ray photoelectron spectroscopy (XPS). We
measured the XPS signal of Pb and Ba, as shown in Figure S1
of the Supporting Information, point by point. With the
calibration of the instrument, a ratio of Ba and Pb can be
obtained, as shown in Figure 1d. With the linear fit of the data
points, we can estimate the corresponding composition at the
P−E loop positions. On the basis of the P−E loops, the phase
boundary between paraelectric and relaxor ferroelectric is ∼0.4,
the phase boundary between relaxor ferroelectric and ferro-
electric is ∼0.6, and the phase boundary between ferroelectric
and antiferroelectric is ∼0.9. The smallest Ec is obtained with a
value of 73 kV cm−1 around 45% BHO/55% PHO, and this
composition is assigned as a relaxor ferroelectric phase.
Meanwhile, a typical ferroelectric performance with a relative
small Ec is obtained around 30% BHO/70% PHO located in
the region of the ferroelectric phase, with Pmax of 29 μC cm−2,
Pr of 7.9 μC cm−2, and Ec of 141 kV cm−1, which is confirmed
as Pb0.7Ba0.3HfO3 (P7B3HO) by XPS in Figure 1d. Here, we
select these two compositions from two different phase regions
as model systems for following detailed characterizations.
The structural analysis and phase identification of the

PBHO/SRO/STO heterostructure were carried out by X-ray
diffraction (XRD) and reciprocal space mapping (RSM)
measurements. The out-of-plane θ−2θ scans of P5B5HO

Figure 1. (a) Schematic of the compositional spread of the PBHO heterostructure. (b) P−E hysteresis loops measured at different positions
marked in panel a. (c) Variation of Pmax, Pr, and Ec corresponding to the compositions. The compositional spread is divided into four regions,
including paraelectric (ParaE), relaxor ferroelectric (relaxor FE), ferroelectric (FE), and antiferroelectric (AFE) phases. (d) Pb/Ba ratio at the
marked position in panel a. RSM of (e) P5B5HO and (f) P7B3HO heterostructures.
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and P7B3HO heterostructures are shown in Figure S2a of the
Supporting Information. The observation of PBHO (00l),
SRO (00l), and STO (00l) without other peaks indicates the
epitaxial feature of both heterostructures. More importantly,
the existence of a single PBHO (00l) group suggests the
formation of PHO−BHO solid solution. The rocking curves of
PBHO (00l) were measured and exhibit the full width at half
maximum of 0.07° and 0.11° for P5B5HO and P7B3HO,
respectively, indicating the excellent crystallinity of both
heteroepitaxies, as shown in Figure S2b of the Supporting
Information. In Figure S2c of the Supporting Information, the
Φ scans of PBHO {202}, SRO {202}, and STO {202} in both
systems are well-aligned, delivering the epitaxial relationship
along the in-plane directions. Furthermore, RSM measurement
was used to reveal the detailed structural information on the
heteroepitaxies. As shown in Figure 1e, in the P5B5HO/SRO/
STO heterostructure, the RSM around STO (013) shows that
the P5B5HO film in the heteroepitaxy is almost strain-released.
The lattice constants of (P5B5HO)pseudocubic determined from
RSM are 4.16 and 4.12 Å along [001] and [010], respectively,
indicating the slightly tensile and compressive strains along
out-of-plane and in-plane directions. A similar result is
obtained with the P7B3HO heterostructure, as shown in
F igure 1 f . The measured l a t t i ce cons tan t s o f
(P7B3HO)pseudocubic are 4.15 Å (001) and 4.13 Å (010),
representing the small tensile and compressive strains along c
and b axes. A slight structure difference was found, suggesting
that the modification of the crystal structure with introducing
BHO is not significant. Such a slight difference is attributed to
the closely matched lattice constants of PHO and BHO. On
the basis of these results, the epitaxial characteristics are
confirmed with both P5B5HO and P7B3HO heterostructures,
and the epitaxial relationship is determined to be (001)PBHO//
(001)SRO//(001)STO and (010)PBHO//(010)SRO//(010)STO.
With the confirmation of the epitaxial nature of PBHO/

SRO/STO heterostructures, now we focus on the ferroelectric
performance of P5B5HO and P7B3HO. Here, the macro-
scopic ferroelectric behaviors of these two heterostructures
were studied. Figure 2a shows the P−E hysteresis loops of
P5B5HO and P7B3HO heterostructures under various applied
electric fields at the same frequency of 10 kHz. In addition,
Figure 2a shows the change in Pmax, Pr, and Ec values as a

function of the applied electric field. The P5B5HO
heterostructure exhibits classic relaxor ferroelectric P−E
hysteresis loops and is stable against a large electric field
(4000 kV cm−1). Meanwhile, the P7B3HO heterostructure
shows ferroelectricity with Pmax of 26.9 μC cm−2, Pr of 8.5 μC
cm−2, and Ec of 267.4 kV cm−1, under an electric field of 1343
kV cm−1. To further build the basic knowledge of the abilities
of relaxor ferroelectric P5B5HO and ferroelectric P7B3HO,
the thermal-dependent properties and electrical cyclability of
these heteroepitaxies were evaluated. Figure 2b and Figure S2b
of the Supporting Information display the evolution of P−E
hysteresis loops and the corresponding variation of Pmax, Pr,
and Ec of P5B5HO and P7B3HO measured from room
temperature to 473 K. With the increase of the temperature, it
is obvious that Pmax of P5B5HO continuously decreases and
the shape of the hysteresis loop becomes more linear,
indicating that the relaxor ferroelectric P5B5HO hetero-
structure transforms into a paraelectric state at ∼473 K. In
contrast, the P7B3HO heterostructure maintains its ferroelec-
tricity, with a ∼20% decrease of both Pmax and Pr from room
temperature to 473 K. These results suggest that P7B3HO has
a higher Tc compared to P5B5HO. Besides, because the
behaviors of relaxor ferroelectrics are generally frequency-
sensitive, the frequency dependence of PBHO heterostructures
was also inspected. As shown in Figure 2c and Figure S3c of
the Supporting Information, Pmax values of both P5B5HO and
P7B3HO heterostructures are both slightly decreased with the
increase of frequency. Moreover, the ferroelectric fatigue of
both heterostructures was checked for multiple operation, as
shown in Figure S3d of the Supporting Information. Figure 2d
reveal that the P5B5HO heterostructure exhibits almost no
polarization fatigue after 109 switching cycles; however, the
P7B3HO heterostructure only maintains about 106 cycles.
Here, these two PBHO heteroepitaxies show evidently
different ferroelectric properties, indicating the strong
influence made by the change of composition. Therefore, in
the following sections, the relaxor ferroelectric P5B5HO and
ferroelectric P7B3HO will be discussed separately.
With the initial realization of the relaxor ferroelectric

P5B5HO heterostructure, it is crucial to investigate the
properties of this system. To explore the thermal-induced
phase transition of the P5B5HO heterostructure, Figure 3a

Figure 2. (a) Variation of Pmax, Pr, and Ec of P5B5HO and P7B3HO under different electric fields. (b) Pmax, Pr, and Ec variation corresponding to
various temperatures. (c) Pmax, Pr, and Ec variation as a function of frequency. (d) Variation of Pmax, Pr, and Ec of P5B5HO and P7B3HO during
fatigue tests.
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shows the dielectric constant of P5B5HO as a function of the
temperature from 50 to 480 K measured from 100 Hz to 1
MHz. The correlation between the temperature at the highest
dielectric permittivity (Tm) and frequency and the broad
dielectric constant peaks are corresponding to the unique
diffuse phase transition in relaxor ferroelectrics. Moreover, the
modified Curie−Weiss law is adopted to describe the degree of
relaxor behavior. As shown in Figure 3b, P5B5HO exhibits a

diffusion coefficient (γ) of 1.87 (1 for normal ferroelectric and
2 for ideal relaxor ferroelectric) at 100 kHz, which is close to
the ideal value. Besides, the results from Figure 3a also exhibit
a good agreement with the Vogel−Fulcher law, which is used
to characterize the relationship between frequency and Tm in
relaxor ferroelectrics, as shown in Figure 3c. Here, the
P5B5HO heterostructure shows an activation energy of
0.023 eV, a pre-exponential factor of 2.68 × 1010 Hz, and a

Figure 3. (a) Temperature-dependent dielectric constants of P5B5HO under various frequencies. (b) ln(1/ε − 1/εm) as a function of ln(T − Tm)
at 10 kHz for P5B5HO. (c) Frequencies as a function of the temperature of the dielectric maximum for P5B5HO. (d) Response amplitude-drive
amplitude of P5B5HO in the PFM measurement. (e) Dielectric constants of P5B5HO as a function of the electric field measured at 1 and 10 kHz.
(f) Electrical tunability as a function of the electric field measured at 1 and 10 kHz. (g) Uc, Udis, and η of P5B5HO measured at different electric
fields. (h) Uc, Udis, and η of P5B5HO measured at various temperatures.

Figure 4. (a) Temperature-dependent dielectric constants of P7B3HO under various frequencies. (b) ln(1/ε − 1/εm) as a function of ln(T − Tm)
at 10 kHz for P7B3HO. (c) Amplitude-drive amplitude of P7B3HO in the PFM measurement. Uc, Udis, and η of P7B3HO measured at (d)
different electric fields and (e) various temperatures.
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freezing temperature of 227 K. In addition, the piezoelectric
constant (d33) of relaxor ferroelectric P5B5HO is measured by
piezoresponse force microscopy (PFM), and the determined
d33 value of the heterostructure is about 7.3 pm V−1, as shown
in Figure 3d. Figure 3e shows the dielectric constant under
different applied electric fields. When measured at 1 kHz, the
dielectric constant is evaluated from 417 to 1267 under the
applied electric field between −200 and 200 kV cm−1.
Furthermore, the electrical tunability of the P5B5HO
heterostructure is ∼67%, as shown in Figure 3f. Because
relaxor ferroelectrics are treated as good candidates for energy
storage, here, we convert the charge energy density (Uc), the
discharge energy density (Udis), and the efficiency of storage
(η) from the P−E measurements. Figure 3g exhibits that Udis is
increased with the applied electric field and η is kept over 80%.
The P5B5HO heterostructure reaches the highest Udis of 20.2 J
cm−3 with η of 81% at an electric field of 4000 kV cm−1.
Moreover, the energy storage ability of P5B5HO in a wide
range of temperatures is shown in Figure 3h. With the rise of
the temperature, Udis has decreased. Fortunately, as a result of
the larger drop of Uc, the best η of 93.5% is achieved at 513 K.
On the basis of these results, the P5B5HO heterostructure
exhibits typical relaxor ferroelectric behavior, excellent
dielectric tunability, and superior energy storage properties.
In addition to the P5B5HO system, the ferroelectric

P7B3HO heterostructure was also investigated. Figure 4a
shows the dielectric constant−temperature curves of the
P7B3HO heterostructure measured from 50 to 480 K with
frequencies ranging from 100 Hz to 1 MHz. Even the P−E
measurements display the ferroelectricity of P7B3HO, and the
behavior of frequency-dependent Tm still indicates the relaxor

ferroelectric feature of the heterostructure. To further
determine the degree of relaxor behavior, the result from the
dielectric constant−temperature curve at 100 kHz was also
applied to the modified Curie−Weiss law. According to Figure
4b, the P7B3HO heterostructure shows γ of 1.69, which
suggests that the P7B3HO system exhibits less degree of
relaxor behavior than the P5B5HO heterostructure. Besides,
the piezoelectricity of P7B3HO was investigated by PFM
measurement. The characteristic butterfly loops are shown in
Figure S4 of the Supporting Information. To determine the d33
value, the deflection of the cantilever under different voltages
was measured. We used BiFeO3 as a standard sample to
calibrate the system right before the characterization of the
PBHO system. The measured slope is used to compare to the
slope of BiFeO3, and then a d33 value can be estimated. The
measurements have been repeated many times to minimize the
possible artifacts of PFM, which typically gives a large variation
of results. The d33 value of P7B3HO is determined as 27.5 pm
V−1, as shown in Figure 4c. In addition, the energy storage
ability of P7B3HO was also checked. The external electric
field-dependent Uc, Udis, and η of the P7B3HO heterostructure
are displayed in Figure 4d. η of this ferroelectric system is
dropped from 83 to 44%, with the increase of applied bias.
Figure 4e reveals the energy storage ability under a high
temperature, suggesting the good thermal stability of the
P7B3HO heterostructure. However, the P5B5HO hetero-
structure still exhibited better performance of energy storage.
Here, we explored the characteristics of the P7B3HO
heterostructure. In comparison to P5B5HO, P7B3HO exhibits
more similarity to a normal ferroelectric material. Moreover,
these results emphasize that the control of the proportion of

Figure 5. Low-magnification HADDF images with insets of the corresponding SADPs, atomic-resolved HAADF images, and projected
displacement maps of (a) P5B5HO and (b) P7B3HO heterostructures.
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PHO to BHO can cause significant effects on the overall
behavior of the PBHO heteroepitaxy.
After the study of macroscopic properties of the PBHO

heterostructures, to further characterize the detailed micro-
structure and the corresponding local polarization,34,35 high-
resolution transmission electron microscopy (HRTEM) and
scanning transmission electron microscopy (STEM) were
carried out. To ensure the accuracy, the transmission electron
microscopy (TEM) samples were prepared along two
orthogonal in-plane axes, as shown in Figure S5a of the
Supporting Information. Figure S5b of the Supporting
Information shows the cross-sectional HRTEM images of
P5B5HO taken along A and B directions, displaying the SRO/
STO and P5B5HO/SRO interfaces. Moreover, the epitaxial
relationship of the heterostructure obtained from TEM is
consistent with the previous XRD results. Furthermore, the
correlated element distribution images of major elements of
P5B5HO and P7B3HO heterostructures were obtained by
energy-dispersive X-ray spectroscopy (EDS) and are shown in
Figure S6 of the Supporting Information. In addition, because
the local polarization is correlated to the displacement of
atoms inside the crystal lattices, the projected positions of each
element were carefully measured by cross-sectional STEM.
Figure 5a displays the low-magnification high-angle annular
dark-field (HAADF) image with the inset of selected area
electron diffraction patterns (SADPs), atomic-resolved
HAADF image, and projected displacement map of
P5B5HO. The random arrangement of local polarization is
observed along both directions in the P5B5HO hetero-
structure, which consists of the feature of relaxor ferroelectrics.
Besides, the crystal lattices and projected displacement maps

along the orthogonal axes reveal the pseudocubic crystal
structure of the relaxor ferroelectric P5B5HO film. In
comparison, the corresponding low-magnification HAADF
image, atomic-resolved HAADF image, and projected displace-
ment map of P7B3HO are shown in Figure 5b. Here, the
observation of localized oriented spontaneous polarization
indicates the ferroelectric features of the P7B3HO system.
According to these results, the microstructure and correspond-
ing local polarization of P5B5HO and P7B3HO are
investigated and provide clear evidence for the difference
between these two heterostructures.
Phase field simulations (see the Methods) were performed

to understand and model the emergence of ferroelectricity in
the thin-film solid solution of antiferroelectric PHO and
paraelectric BHO. As elaborated below, the simulations suggest
that a non-zero spontaneous polarization can be induced in the
otherwise paraelectric BHO phase through the transfer of
strain from the adjacent antiferroelectric PHO across the
vertical BHO−PHO interface. This is analogous to the recent
observation of vertical-strain-induced ferroelectricity in the
paraelectric STO phase of the STO−MgO vertical nano-
composites36 but occurs at a much smaller spatial scale (unit
cell level). In our model, the PBHO solid solution thin film is
described as a mixture of PHO and BHO regions, a strategy
that has been used in almost all existing phase field models for
solid solution ferroelectrics,37−41 including relaxors.39−41 To
illustrate the mechanism of interfacial-strain-induced ferroelec-
tricity, let us first consider a simplified quasi-one-dimensional
(1D) phase distribution with a 12 or 2 nm wide BHO pillar
embedded in the PHO matrix. As shown in the top and
bottom panels of Figure 6a, the antiferroelectric PHO regions

Figure 6. (a) Schematic of the PBHO heterostructure with the lateral size of BHO regions being (top) 12 nm and (bottom) 2 nm. Normalized
average ⟨Pz⟩, ⟨|q|⟩, and ⟨εzz⟩ in PBHO along the x axis with the lateral size of BHO being (b) 12 nm and (c) 2 nm. Pz, |q|, and εzz are averaged
along the z axis in the PBHO film. Simulated P−E hysteresis loops of (d) pure PHO, (e) P7B3HO, and (f) pure BHO.
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show a single orthorhombic domain at equilibrium under zero
applied electric field, consisting of pairs of antiparallel
spontaneous polarizations along [101]/[1̅01̅], which is an
easy axis of pure PHO. Here, a pair of antiparallel polarizations
are described by antiferroelectric order parameter vector q =
1/2(Pa − Pb), where Pa and Pb are polarizations in two
adjacent sublattices. Although a pair of antiparallel polar-
izations along [101]/[1̅01̅] has zero net polarization, the
associated spontaneous elongation of the PHO unit cell along
the [101] axis can deform the unit cells of the adjacent BHO
and induce a non-zero net polarization in the latter.
Specifically, the elongation of PHO cells along [101] leads
to both an in-plane expansion (along x or [100]) and an out-
of-plane expansion (along z or [001]). The in-plane expansion
of PHO compresses adjacent BHO, leading to the elongation
of the latter along z and, hence, the development of non-zero
net polarization Pz in BHO. The out-of-plane expansion of
PHO also contributes to the elongation of the BHO cells along
z and, therefore, the development of Pz. Note that strain-
induced Pz in BHO does not produce extra depolarizing field
energy because of polarization charge screening from the SRO
bottom electrode and the Pt top electrode.
Because the stress imposed by the adjacent PHO relaxes

from the PHO/BHO interface toward the center of BHO, the
spatial distribution and magnitude of the strain (and, therefore,
for the strain-induced polarization) in BHO depend upon its
lateral size. As shown in panels b and c of Figure 6
(corresponding to 12 and 2 nm wide BHO, respectively, in
Figure 6a), antiparallel polarization pairs of the same
magnitude (|q|) are stabilized in antiferroelectric PHO,
which is associated with a tensile out-of-plane strain
component εzz. εzz decreases near the PHO/BHO interface
in the PHO region because of the mechanical clamping by
BHO. In 12 nm wide BHO, εzz is larger near the PHO/BHO
interface as a result of stress relaxation. The magnitude of
strain-induced out-of-plane polarization Pz shows a similar
trend in the BHO region, as shown in the top panel of Figure
6b. In comparison, both εzz and Pz are more uniform in the
case of 2 nm wide BHO, as shown in Figure 6c. Moreover,
average εzz and Pz in 2 nm wide BHO are larger than those in
12 nm wide BHO. The asymmetric profiles of εzz and Pz in the
BHO region are caused by the shear strain εxz transferred from
PHO. Such a shear strain also stabilizes a small triangular
antiferroelectric domain at the left PHO/BHO interface, with
q aligning closer to [001]/[001̅].
After elucidation of the mechanism for the emergence of

ferroelectricity in PBHO solid solution thin films, we further
simulated the P−E loops of pure PHO, P7B3HO solid
solution, and pure BHO thin films, as shown in panels d, e, and
f of Figure 6, respectively. The electric field (E) is applied
along the z axis and linearly varied from positive to negative
maximum within the same range. In the P7B3HO hetero-
structure, the 30% BHO regions are placed randomly in the
system with three-dimensional (3D) inhomogeneity, as seen in
the inset of Figure 6e. The average size of the BHO regions is
chosen to be 2 × 2 × 2 nm based on the above discussion,
which is consistent with the nanoscale compositional/
structural heterogeneity in a solid solution. As shown in
Figure 6d, the P−E loop of the pure PHO thin film shows the
typical features of double hysteresis for antiferroelectrics. The
P−E loop of the pure BHO thin film shown in Figure 6f does
not show any hysteresis, as expected for paraelectric materials.
However, in the P−E loop of P7B3HO (Figure 6e), an

appreciable remnant polarization (larger than that in pure
PHO) appears and there is only a single hysteresis loop
without a plateau at low-E fields, indicating the emergence of
ferroelectricity. Similar to the quasi-1D cases in panels a−c of
Figure 6, non-zero net polarization in the present P7B3HO
film only emerges from the BHO phase at electrical remanence
(E = 0). Under an applied electric field, the average out-of-
plane polarization ⟨Pz⟩ is contributed by both the field-induced
growth of out-of-plane polarization in BHO and the develop-
ment of non-zero net polarization in PHO as a result of the
lifted symmetry between two sublattices. Furthermore, in
comparison of the three simulated P−E loops (panels d−f of
Figure 6), it can be seen that the maximum ⟨Pz⟩ is the largest
(smallest) in pure PHO (BHO), which is consistent with
experiments (c.f., Figure 1c).

■ CONCLUSION

In conclusion, the solid solution of paraelectric BHO and
antiferroelectric PHO had been demonstrated on the STO
(001) substrate epitaxially with a compositional spread. The
composition-dependent ferroelectric behavior was investigated
to reveal the paraelectric−relaxor ferroelectric−ferroelectric−
antiferroelectric transition from the composition of 100% BHO
to 100% PHO. Moreover, relaxor ferroelectric Pb0.5Ba0.5HfO3
and ferroelectric Pb0.7Ba0.3HfO3 heterostructures were selected
as model systems for detailed research. The P5B5HO
heterostructure exhibited a typical relaxor ferroelectric
behavior with dielectric tunability and great energy storage
abilities. In comparison to P5B5HO, P7B3HO behaved more
similarly to normal ferroelectricity. Furthermore, the structural
origin of ferroelectric properties in P5B5HO and P7B3HO was
carefully explored. In addition, the phase field modeling was
performed to understand the origin of the ferroelectric feature
in PBHO solid solution based on the interaction of the BHO
paraelectric state and the PHO antiferroelectric state. A lot of
effort was made to look for the critical evidence via STEM.
Unfortunately, no microscopic evidence to support the
theoretical model has yet been found. We believe the difficulty
of identifying antiferroelectric states under STEM is due to the
need of a perfect match between the domain size and zone axis.
Overall, this study demonstrates the combination of para-
electric and antiferroelectric materials and builds a compre-
hensive knowledge of the PBHO system for future research
and applications in the form of thin films and bulk ceramics.

■ METHODS
The PBHO and SRO films were deposited on a commercial STO
(001) substrate via pulsed laser deposition. Commercial SrRuO3,
BaHfO3, PbHfO3, Pb0.5Ba0.5HfO3, and Pb0.7Ba0.3HfO3 targets were
adopted in this study. A KrF excimer laser was operated with the laser
fluence of 3 J cm−2 and laser repetition of 20 Hz. The chamber was
first evacuated to a base pressure of 10−6 Torr. The deposition of
bottom electrode SRO was performed at a substrate temperature of
680 °C in 100 mTorr oxygen pressure. BHO, PHO, and PBHO thin
films were deposited at a substrate temperature of 600 °C in 120
mTorr oxygen pressure. For the compositional spread sample, a
calibration of growth rate of BHO and PHO was carried out to know
how many pulses of laser are needed to accomplish one layer of BHO
and PHO. Then, a program-controlled dual-target process was
adopted to fabricate the compositional spread samples by controlling
the laser pulses of each target with the help of a shadow mask. With
the movement of the shadow mask, the composition at different
locations can be controlled. After the deposition process, the
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heterostructures were cooled with a 0.1 °C s−1 cooling rate in 300
Torr oxygen pressure.
The θ−2θ scan, Φ scan, and rocking curve measurements were

executed in a Bruker D8 high-resolution X-ray diffractometer with a
monochromatic Cu Kα1 radiation source. RSM was obtained by
another X-ray diffractometer (XRD, Smartlab, Rigaku) with Cu Kα1
radiation. Cross-sectional TEM and STEM were applied to study the
microstructure and distribution of elements in the heterostructures by
an aberration-corrected scanning transmission electron microscope
(JEM-ARM300F, JEOL, Japan) operated at 300 kV and equipped
with an X-ray energy-dispersive spectrometer (JED-2300T). A
focused ion beam (FIB) system (Helios G4UX, FEI, Hillsboro, OR,
U.S.A.) was used to prepare the TEM specimens. The identification of
elements and ions was carried out by XPS in ULVAC-PHI PHI 5000
Versaprobe II.
The ferroelectric properties and relative dielectric constant of the

PBHO heterostructures were analyzed by the semiconductor analyzer
(B1500A, Agilent Technologies). The piezoelectric properties were
investigated by PFM (Asylum Research MPF-3D).
In this work, we develop the first phase field model for simulating

an equilibrium polarization distribution and its electric-field-induced
evolution in a thin-film solid solution of antiferroelectric and
paraelectric phases. The model was developed on the basis of existing
phase field models for ferroelectric-to-antiferroelectric phase tran-
sitions in solid solution bulk material (e.g., Bi1−xSmxFeO3

37 and
PbZrO3-based ceramic38) and ferroelectric-based solid solution
relaxor thin fi lms (e.g., BiFeO3−BaTiO3−SrTiO3

39 and
Bi0.9Sm0.1FeO3−SrTiO3

40), respectively. The presence of top and
bottom electrodes, the mechanical boundary condition for thin films,
and the elastic properties of the SrTiO3 (001) substrate are all
considered. Details of our phase field model are shown in the
Supporting Information.
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