
This journal is © The Royal Society of Chemistry 2026 Mater. Horiz., 2026, 13, 4147–4154 |  4147

Cite this: Mater. Horiz., 2026,

13, 4147

Strong hybridization driving unusual enhanced
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Materials with strong negative thermal expansion (NTE) are crucial for

both fundamental research and thermal expansion control engineer-

ing. Our previous studies have shown that significantly enhanced NTE

can be achieved in PbTiO3–BiFeO3 and PbTiO3–BiCoO3 ferroelectrics

by improving the tetragonal distortion (c/a) of the parent PbTiO3.

However, the detailed microscopic mechanisms behind this intri-

guing phenomenon remain unclear. In this study, we explored the

temperature-dependent chemical bonding characteristics using

high-energy synchrotron X-ray powder diffraction combined with

Rietveld refinement, the maximum entropy method, and first-

principles calculations. The temperature evolution of the electron

density distribution in the ferroelectric phase of 0.5PbTiO3–0.5BiFeO3

and 0.6PbTiO3–0.4BiCoO3 provides direct evidence of strong cova-

lency, not only in the A-site Pb/Bi–O2 bonds but also in the B-site Ti/

Fe/Co–O1 bonds. This covalent character promotes spontaneous

polarization through displacements of the highly polarizable A- and

B-site cations. Our results reveal that the distinct covalent nature of

the Fe–O and Co–O bonds results in contrasting temperature-

dependent unit cell volume behaviors, with PbTiO3–BiFeO3 exhibiting

strong nonlinear NTE and PbTiO3–BiCoO3 displaying colossal volume

contraction. These findings elucidate the microscopic origin of the

NTE in PbTiO3-based ferroelectrics and pave the way for the design of

new materials with enhanced NTE properties.

1. Introduction

Negative thermal expansion (NTE), characterized by material
contraction rather than expansion upon heating within a

certain temperature range, has attracted considerable interests
over the past two decades.1–5 This intriguing phenomenon has
been observed across a diverse range of solids, including alloys,
oxides, cyanides, and fluorides, offering opportunities for
tailoring the coefficient of thermal expansion (CTE) in single-
phase materials or composites.4–10 A deeper understanding of
the mechanisms driving the NTE effect in various classes of
solids remains critical. The origin of NTE in widely studied
framework materials, such as ZrW2O8, Ag3[Co(CN6)], and ScF3,
has been attributed to low-frequency phonon vibrations.11–17

Additionally, several materials exhibit NTE coupled with other
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New concepts
The discovery of unusual negative thermal expansion (NTE) is of funda-
mental significance, as it enables the controllable regulation of thermal
expansion properties. As a key member of functional materials, PbTiO3-
based perovskite ferroelectrics exhibit NTE over a broad temperature
range below the Curie temperature (TC). Notably, favorable enhancement
of NTE can be achieved by tailoring the tetragonality of PbTiO3 through
chemical substitutions. However, the microscopic mechanisms under-
lying this intriguing phenomenon remain elusive. This work reported
two PbTiO3-based compounds, 0.5PbTiO3–0.5BiFeO3 and 0.6PbTiO3–
0.4BiCoO3, that possess comparable tetragonality yet contrasting NTE
behaviors. Our results reveal that the distinct covalent characteristics of
Fe–O and Co–O bonds give rise to divergent temperature-dependent unit
cell volume responses: 0.5PbTiO3–0.5BiFeO3 exhibits strong nonlinear
NTE, while 0.6PbTiO3–0.4BiCoO3 displays colossal volume contraction.
These findings clarify the microscopic origin of NTE in PbTiO3-based
ferroelectrics and lay the foundation for the design of advanced materials
with enhanced NTE performance.
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physical properties, such as the magnetic transition in Invar
alloys and manganese nitrides,18–20 intermetallic charge trans-
fer in LaCu3Fe4O12 and BiNiO3,21–23 and the ferroelectrovolume
effect in PbTiO3-based ferroelectrics.24–27 Notably, stronger
NTE effects could enhance the ability to counteract positive
thermal expansion in composites. NTE in these functional
materials is especially attractive because their CTE can be tuned
by modifying the physical properties associated with NTE.
Understanding the underlying mechanisms driving NTE pre-
sents a unique opportunity to achieve desirable NTE effects and
optimize thermal expansion for specific applications.

PbTiO3 (PT) is a prototypical perovskite-type (ABO3) ferro-
electric characterized by high tetragonality (c/a = 1.064) and
substantial spontaneous polarization (PS = 59 mC cm�2) along
the polar c-axis.28 Beyond its renowned ferroelectric properties,
PT exhibits unique NTE over the temperature range from room
temperature (RT) to its Curie temperature (TC), with an average
volumetric CTE of �1.99 � 10�5

1C�1 (RT-490 1C).29 Due to its
structural flexibility, the CTE of PT can be adjusted within a
broad range (�0.11 to �5.24 � 10�5

1C�1) through chemical
modifications, encompassing the CTE range of other NTE
materials.4 NTE in PT-based ferroelectrics is strongly related
to ferroelectricity and is attributed to the spontaneous volume
ferroelectrostriction (SVFS) effect.4,24 As the volume contraction
occurs along the polar c-axis, the c/a ratio serves as a useful
indicator of NTE.4,30 A nearly linear correlation between the CTE
and the c/a ratio has been observed in PT-based compounds
(Fig. 1). Especially, certain PT-based compounds exhibit signifi-
cantly enhanced NTE through increased tetragonality.31 For
example, Pb0.97Cd0.03TiO3 (�2.16 � 10�5

1C�1, c/a = 1.067),
0.8PbTiO3–0.2BiCoO3 (�3.78 � 10�5

1C�1, c/a = 1.089), and
0.5PbTiO3–0.5BiFeO3 (�4.15 � 10�5

1C�1, c/a = 1.141) exhibit
enhanced NTE.32,33 In addition, the strong NTE of tetragonal

0.5PbTiO3–0.5BiFeO3 can be fine-tuned from negative to near-
zero thermal expansion (�0.71 � 10�5

1C�1, 0.5PbTiO3–
0.5Bi0.8La0.2FeO3, c/a = 1.057) by reducing tetragonality through
the substitution of Bi3+ with La3+.24 However, the relationship
between the CTE and the c/a ratio is less consistent in materials
with enhanced NTE compared to those with weakened NTE
(Fig. 1). Furthermore, distinct NTE behaviors have been
observed in compounds with similar tetragonalities, such as
the nonlinear strong NTE from RT to TC and significant volume
contraction during the ferroelectric-to-paraelectric phase transi-
tion in 0.5PbTiO3–0.5BiFeO3 and 0.6PbTiO3–0.4BiCoO3, respec-
tively.24,33 A critical unresolved issue is understanding the
correlation between NTE and ferroelectricity in PT-based ferro-
electrics. Ferroelectricity in perovskite-type ferroelectrics is
known to arise from hybridization between the A/B-site cations and
oxygen.34,35 The distinct NTE behaviors in 0.5PbTiO3–0.5BiFeO3

(0.5PT–0.5BF) and 0.6PbTiO3–0.4BiCoO3 (0.6PT–0.4BC) are
likely related to differences in their ferroelectric activities.
While it has been suggested that the temperature-dependent
evolution of the electronic structure could elucidate the origin
of NTE in PT-based ferroelectrics, few studies have explored the
relationship between A/B–O hybridization and thermal expan-
sion behavior.

In this study, high-energy synchrotron X-ray powder diffrac-
tion (SXRD) was performed on two representative compounds:
0.5PT–0.5BF and 0.6PT–0.4BC, which show similar tetra-
gonalities while demonstrating two different types of nonlinear
strong NTE and significant volume contraction, respectively.
The electron density distribution was analyzed using experi-
mental Rietveld refinement and the maximum entropy method
(MEM), combined with first-principles electronic structure
calculations. Our analysis provides direct experimental evidence
of strong Pb/Bi–O2 and Ti/Fe/Co–O1 hybridizations, revealed by
covalent bonding electron distribution. These results suggest
that the strong covalency in cation-oxygen bonds is closely
correlated with unusual physical properties, including large
lattice distortions, high TC, and enhanced NTE or significant
volume contraction.

2. Results and discussion

The 0.5PT–0.5BF sample was prepared using a traditional solid-
state method, whereas the 0.6PT–0.4BC compound was syn-
thesized using high-pressure and high-temperature methods.
High-temperature SXRD data were collected at the BL02B2
beamline at SPring-8. To ensure precise electron density map-
ping, accurate Bragg-integrated intensity data were collected.
High-energy SXRD data were obtained to analyze both the
tetragonal and cubic phases of 0.5PT–0.5BF and 0.6PT–0.4BC.
High-energy SXRD proved particularly effective in minimizing
absorption effects caused by the heavy elements Pb and Bi.
Details regarding structural parameters and additional related
information are provided in the SI.

Rietveld refinements of the SXRD data for 0.5PT–0.5BF
(Fig. 2a) and 0.6PT–0.4BC (Fig. 2b) at 300 K were successfully

Fig. 1 Average volumetric CTE as a function of the c/a ratio in PbTiO3-
based ferroelectrics.4,25,33 Among those materials, PLT100x is the abbre-
viation of Pb1�xLaxTiO3, PST100x represents Pb1�xSrxTiO3, PTF100x stands
for Pb(Ti1�xFex)O3, PBT100x represents (Pb1�xBix)TiO3, (1 � x)PT–xBNT
represents (1 � x)PbTiO3–xBi(Ni1/2Ti1/2)O3, PCT100x stands for Pb1�xCdx-
TiO3, (1 � x)PT–xPV represents (1 � x)PbTiO3–xPbVO3, (1 � x)PT–xBF
represents (1 � x)PbTiO3–xBiFeO3, and (1 � x)PT–xBC represents (1 �
x)PbTiO3–xBiCoO3.
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performed based on a tetragonal perovskite structure with the
space group P4mm. Both compounds exhibited similar tetra-
gonalities, with c/a = 1.141 and c/a = 1.143, respectively, which
are significantly higher than that of undoped PT.31 The SAED
patterns of the 0.5PT–0.5BF and 0.6PT–0.4BC compounds along
the [010] zone axis at room temperature have further confirmed
their tetragonal structure (Fig. 2c and d). Based on SAED
analysis, we can obtain the lattice parameters of a(b) = 3.8582 Å,
c = 4.4011 Å and a(b) = 3.8411 Å, c = 4.3946 Å, yielding c/a ratios
of 1.141 and 1.144 for the 0.5PT–0.5BF and 0.6PT–0.4BC
compounds, respectively. The results are in good agreement
with the Rietveld refinements of the SXRD data. In PT-based
compounds, an increase in the c/a ratio is usually associated
with enhanced NTE.4 However, the temperature dependence of
the unit cell volume reveals two different types of NTE behavior
in 0.5PT–0.5BF and 0.6PT–0.4BC. As illustrated in Fig. 3, 0.5PT–
0.5BF exhibits nonlinear, enhanced NTE over a broad tempera-
ture range from RT to 640 1C, with a coefficient of �4.13 �
10�5

1C�1 (Fig. 3c). Conversely, 0.6PT–0.4BC undergoes a
sudden volume shrinkage as large as �3.2% during the
ferroelectric-to-paraelectric phase transition(Fig. 3d), while
the unit cell volume demonstrates minimal temperature depen-
dence below TC. Interestingly, strong nonlinear NTE was also
observed in 0.7PT–0.3BC, which has a smaller tetragonality
(c/a = 1.112), and a larger volume contraction of 4.8% was

found in 0.5PT–0.5BC, which has a higher tetragonality (c/a =
1.169) (Fig. S1). These contrasting NTE behaviors are believed
to correlate with differences in ferroelectric properties.
Recently, a new concept, SVFS (oS), was proposed to quantita-
tively describe the effect of ferroelectricity on NTE.24 The SVFS
is defined as follows:

oS ¼
Vexp � Vnm

Vnm
� 100%;

where Vexp and Vnm are unit cell volumes of the experimental
and nominal structures, respectively. Vnm is estimated by
extrapolating between the paraelectric and ferroelectric phases.
The oS values for 0.5PT–0.5BF and 0.6PT–0.4BC were deter-
mined to be 5.3% and 8.0%, respectively (Fig. 3c and d),
substantially higher than that of parent PT (3.1%). A higher
oS value indicates stronger NTE, suggesting that the SVFS effect
provides a qualitative explanation for the enhanced NTE in PT-
based ferroelectrics. However, despite similar tetragonalities,
the underlying reasons for the different NTE behaviors
observed in these materials remain unclear, highlighting the
need for further investigation.

Since the unit cell volume in PT-based ferroelectrics is
mainly controlled by the evolution of the c-axis,4,30 the c/a ratio
serves as an effective parameter for tracing NTE. As illustrated
in Fig. 3a and b, the temperature dependence of the lattice

Fig. 2 Rietveld refinement for the (a) 0.5PT–0.5BF and (b) 0.6PT–0.4BC compounds at room temperature. The SAED patterns of the (c) 0.5PT–0.5BF
and (d) 0.6PT–0.4BC compounds along the [010] zone axis. The red circles show the spots that can be indexed with a prototype tetragonal structure with
the space group P4mm.
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parameters for 0.5PT–0.5BF and 0.6PT–0.4BC reveals that the a
and b-axes show similar steady increases in both systems.
However, the c-axis demonstrates strong temperature depen-
dence, demonstrating a marked contrast between the two
compounds. In 0.5PT–0.5BF, the c-axis decreases continuously
and almost linearly with increasing temperature, consistent with
the observed enhanced NTE. Conversely, in 0.6PT–0.4BC, the
c-axis decreases more slowly at temperatures below TC and
exhibits steady temperature dependence in the ferroelectric
phase until a dramatic shrinkage occurs as the temperature
approaches TC. This behavior corresponds to the distinct evolu-
tion of the c/a ratio as a function of temperature for 0.5PT–0.5BF
and 0.6PT–0.4BC (Fig. S2a), in which 0.6PT–0.4BC shows a
more stable c/a ratio than 0.5PT–0.5BF in the ferroelectric
phase. Correspondingly, a pronounced volume contraction
was observed in 0.6PT–0.4BC during the ferroelectric-to-
paraelectric phase transition. These results confirm that the
NTE behavior in PT-based compounds is predominantly gov-
erned by the c-axis. The large lattice distortions responsible for
these behaviors are attributed to strong spontaneous polariza-
tion (PS). In perovskite-type ferroelectrics, PS originates from
the displacement of the centroids of the oxygen polyhedra
surrounding the A- and B-site atoms. The SXRD refinement
results were used to derive the PS displacements of the A-site
(dzA) and B-site (dzB) cations, as illustrated in Fig. S2b. For

0.6PT–0.4BC, both dzA and dzB are larger than those of 0.5PT–
0.5BF, indicating stronger ferroelectricity in 0.6PT–0.4BC.
Furthermore, different temperature-dependent behaviors are
observed for these displacements. In 0.5PT–0.5BF, dzA and dzB

decrease continuously with increasing temperature, exhibiting
nonlinear behavior. In contrast, dzA and dzB in 0.6PT–0.4BC
remain stable with a linear trend in the ferroelectric phase.
However, as TC is approached, a sharp decrease in dzB is
observed in 0.6PT–0.4BC.

Neglecting electronic polarization and considering a
simple ionic crystal, PS can be estimated using the following
expression:36

PS ¼ Z
X

i

dziqi
V

;

where dzi represents the cation shift along the ferroelectric axis
for the ith ion with electric charge qi, V is the unit cell volume,
and Z = 1. The calculated PS values for 0.5PT–0.5BF and 0.6PT–
0.4BC as functions of temperature are shown in Fig. S2c.
Similar to the trends observed for c/a and dz, PS decreases
continuously with temperature in 0.5PT–0.5BF but decreases
more gradually in 0.6PT–0.4BC. These results further confirm
that ferroelectricity plays a crucial role in the NTE of PT-based
ferroelectrics.

Fig. 3 Lattice parameters of a(b) and c for the (a) 0.5PT–0.5BF and (b) 0.6PT–0.4BC compounds, and the corresponding unit cell volume as a function
of temperature for the (c) 0.5PT–0.5BF and (d) 0.6PT–0.4BC compounds. An illustration of oS is also provided.
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It is well established that hybridization between A/B-site
cations and oxygen is essential for ferroelectricity in PT-based
compounds.34,35 However, limited information exists regarding
chemical bonding in NTE ferroelectrics.35,37 The different NTE
behaviors observed in 0.5PT–0.5BF and 0.6PT–0.4BC can be
attributed to differences in the covalency of the A/B-site cation-
oxygen bonds. To explore this further, we investigated the
temperature dependence of the electron density distribution
within the NTE temperature range for both compounds.
Rietveld refinements of the SXRD patterns for the tetragonal
ferroelectric phase (27 1C and 400 1C) and cubic paraelectric
phase (800 1C) of 0.5PT–0.5BF and 0.6PT–0.4BC were success-
fully performed based on the tetragonal P4mm and cubic Pm%3m
space groups, respectively (Fig. S3 and Tables S1, S2). The two-
dimensional (2D) electron density distributions obtained via
MEM/Rietveld analysis are illustrated in Fig. 4. In the cubic
phase at 800 1C, the MEM electron density distributions for the
six (Fe, Ti)/(Co, Ti)–O bonds are isotropic and predominantly
ionic. Conversely, in the tetragonal phase, the electron density
around the (Fe, Ti)/(Co, Ti) atoms becomes highly anisotropic,
attributed to the presence of shorter and longer B–O bonds.
The shorter (Fe, Ti)–O1 and (Co, Ti)–O1 bonds in the tetragonal
0.5PT–0.5BF (Fig. 4a and c) and 0.6PT–0.4BC (Fig. 5b and d) at
27 1C and 400 1C are covalent, while (Fe, Ti)–O and (Co, Ti)–O
bonds in the cubic 0.5PT–0.5BF and 0.6PT–0.4BC at 800 1C are
more ionic (Fig. 4e and f). This covalent nature is supported by
the hybridization of (Fe, Ti)/(Co, Ti) 3d and O 2p orbitals, as
illustrated in the density of states (Fig. S4 and S5). Notably, the
(Co, Ti)–O1 bond in 0.6PT–0.4BC exhibits stronger covalency
(minimum electron density (MED) = 1.13 Å�3 at 27 1C and MED =
1.90 Å�3 at 400 1C) compared to the (Fe, Ti)–O1 bond in 0.5PT–
0.5BF (MED = 0.84 Å�3 at 27 1C and MED = 1.41 Å�3 at 400 1C).
This is further evidenced by the shorter bond lengths of (Co,
Ti)–O1(1.72 Å at 27 1C and 1.71 Å at 400 1C) compared to (Fe,
Ti)–O1 (1.83 Å at 27 1C and 1.83 Å at 400 1C). The stronger

covalency in 0.6PT–0.4BC suggests a more significant hybridi-
zation effect of (Co, Ti)–O1, which is crucial for the SVFS
effect.4,24 As a result, ferroelectricity in 0.6PT–0.4BC is better
maintained in the ferroelectric phase compared to 0.5PT–
0.5BF. In the cubic paraelectric phase, the covalent bonds in
both compounds transform into ionic bonds, resulting in the
disappearance of ferroelectricity. This transformation explains
the different NTE behaviors observed in 0.5PT–0.5BF and
0.6PT–0.4BC.

The covalent character of the A–O bonds in 0.5PT–0.5BF and
0.6PT–0.4BC was also investigated. The 2D electron density
distributions for these compounds at 27, 400, and 800 1C are
displayed in Fig. S6. The shorter (Pb, Bi)–O2 bonds in the
tetragonal phases of both 0.5PT–0.5BF and 0.6PT–0.4BC exhibit
strong covalency in the ferroelectric phase, transitioning to the
predominantly ionic character in the high-temperature cubic
phase. Notably, the covalent (Pb, Bi)–O2 bond in 0.6PT–0.4BC
(MED = 0.57 Å�3 at 27 1C and MED = 0.55 Å�3 at 400 1C) is
slightly stronger than that in 0.5PT–0.5BF (MED = 0.48 Å�3 at
27 1C and MED = 0.46 Å�3 at 400 1C). This stronger hybridiza-
tion between Pb/Bi and O in 0.6PT–0.4BC contributes to its
more pronounced SVFS effect compared to 0.5PT–0.5BF.

To gain further insight into the hybridization of 0.6PbTiO3–
0.4BiCoO3 and 0.5PbTiO3–0.5BiFeO3 from a microscopic per-
spective, we carry out electronic structure calculations (Fig. 5).
The detailed information is provided in SI. As covalency in B–O
bonds is related to the degree of orbital mixing between the
transition-metal 3d and O 2p states, fundamental features
can be understood qualitatively by considering differences in
electronegativity, orbital occupancy, and the energy mismatch

Fig. 4 Electron density distribution on the (020) planes of tetragonal
ferroelectric 0.5PT–0.5BF at (a) 27 1C and (c) 400 1C, and 0.6PT–0.4BC
at (b) 27 1C and (d) 400 1C, as well as cubic paraelectric 0.5PT–0.5BF at (e)
800 1C and 0.6PT–0.4BC at (f) 800 1C from synchrotron diffraction data.
Contours are shown from 0.3 to 1 Å�3 by 0.1 Å�3 step in (a)–(f). The dashed
line indicates the role of spontaneous polarization (dB) in NTE.

Fig. 5 Charge density distribution of 0.6PbTiO3–0.4BiCoO3 (left) and
0.5PbTiO3–0.5BiFeO3 (right) as obtained from electronic structure calcu-
lations. The results are shown for the planes [110]71 (top) and [100]70
(bottom). Contours are plotted with an interval of 0.05 e Å�3. The results
are obtained for experimental crystal structures at 27 1C.
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between the 3d and O 2p states. In PbTiO3, Ti4+ has a 3d0

electronic configuration. In contrast, Co3+ in BiCoO3 and Fe3+

in BiFeO3 adopt high-spin 3d6 and 3d5 electronic configura-
tions, respectively. Co3+ is more electronegative than Fe3+,38 as
its higher ionic charge and smaller radius outweigh the shield-
ing from its extra d electron. Consequently, a stronger pull on
the cloud of bonding electrons is expected in the case of Co3+

relative to Fe3+, resulting in a more covalent character and
shorter Co–O bond lengths. The greater covalent character of
Co–O bonds gives rise to stronger ferroelectricity in 0.6PT–
0.4BC, thereby enhancing the SVFS effect and leading to the
large NTE observed in 0.6PT–0.4BC.

NTE materials are highly desirable for thermal expansion
control engineering. Particularly, materials with strong NTE
can serve as high-performance thermal expansion compensa-
tors. PbTiO3 is a typical perovskite ferroelectric which also
exhibits unique NTE behavior. The flexible structure of PbTiO3

allows for the achievement of large NTE by modulating its
tetragonality through the incorporation of suitable cations in A/
B sites,4 or even at the anion oxygen site.4,39 While the sponta-
neous volume ferroelectrostriction effect has been proposed to
account for the unusual thermal expansion behavior in PbTiO3-
based ferroelectric NTE materials, the microscopic mechan-
isms underlying this intriguing phenomenon still remain to be
fully explored. Herein, for the first time, we investigated the
temperature-dependent chemical bonding characteristics
using high-energy SXRD combined with Rietveld refinement
and the maximum entropy method, supported by first-
principles calculations, revealing the mechanism of NTE in
PbTiO3-based ferroelectrics from a microscopic perspective. It
is worth noting that beyond the above-mentioned bond cova-
lency, other possible contributions – such as differences in
ionic size, electronegativities, and bond stiffness – may poten-
tially affect the crystal and electronic structure, thereby modify-
ing the NTE behavior of PbTiO3-based ferroelectrics. While
these factors are expected to influence the NTE behavior, their
specific roles remain to be fully verified. Consequently, further
studies are necessary to clarify these intrinsic mechanisms in
the future.

3. Conclusion

In summary, we address an important issue of chemical bond-
ing in PbTiO3-based ferroelectrics with enhanced NTE. By
combining MEM analysis of synchrotron diffraction data with
first-principles calculations for 0.5PT–0.5BF and 0.6PT–0.4BC,
we accurately determined the temperature-dependent electron
density distributions. Our results provide direct evidence of
strong hybridization between the (Pb, Bi)(6s, 6p)/(Fe, Co/Ti)(3d)
and O(2p) orbitals, which play a crucial role in the large
tetragonalities and unusually enhanced NTE observed in both
systems. Despite their similar tetragonalities, the differing
covalencies in the (Co, Ti)–O and (Fe, Ti)–O bonds are mainly
responsible for the different NTE behaviors. These differences
result in significant volume contraction in 0.6PT–0.4BC and

nonlinearly enhanced thermal expansion in 0.5PT–0.5BF. These
findings contribute to a deeper understanding of the physical
and chemical properties of PbTiO3-based ferroelectrics and pave
the way for the design of novel materials with enhanced NTE
properties.

4. Experimental section
Sample preparation

The 0.5PbTiO3–0.5BiFeO3 (0.5PT–0.5BF) compound was synthe-
sized by the conventional solid-sate method. The raw materials
PbO, Bi2O3, TiO2, and Fe2O3 are mixed according to the stoichio-
metric ratio, and calcined in a covered crucible at 800 1C for 5 h.
Part of the calcined powders were pressed into pellets and then
sintered at 1150 1C for 2 h covered with the remaining powders
to compensate the volatilization of PbO and Bi2O3 during the
sintering process. The surface layers of sintered pellets were
removed, carefully crushed, and then annealed at 600 1C for 1 h
to remove the mechanical strain introduced during the sinter-
ing and grinding processes. The 0.6PbTiO3–0.4BiCoO3 (0.6PT–
0.4BC) compound was prepared with a cubic anvil-type high-
pressure apparatus. Stoichiometric mixture powder of PbO,
TiO2, Bi2O3, and Co3O4 was sealed in a gold capsule and reacted
at 6 GPa and 1373 K for 30 min. 10 mg amount of the oxidizing
agent KClO4 (about 10 wt% of the sample) was separately added
to the top and bottom of the capsule. The obtained sample
was crushed and washed with distilled water to remove the
remaining KCl.

Structure analysis

The room-temperature crystal structures of 0.5PT–0.5BF and
0.6PT–0.4BC were extracted from synchrotron X-ray diffraction
(SXRD) data collected at beam line BL02B2 of SPring-8 with
wavelength l = 0.42 Å. The temperature dependence of SXRD
data of 0.5PT–0.5BF and 0.6PT–0.4BC were also performed at
beam line BL02B2 of SPring-8 with the same wavelength of
l = 0.42 Å. The detailed crystal structure was refined based on
the full-profile Rietveld method performed on the software
FULLPROF. Selected area electron diffraction (SAED) was per-
formed at room temperature using a JEOL ARM200F transmis-
sion electron microscope equipped with double Cs correctors
(CEOS) for the condenser and objective lens along the [010]
zone axis.

Electronic structure calculation

Electronic structure calculations were performed within gener-
alized gradient approximation40 for the exchange correlation
functional using the projected augmented wave method,41 as
implemented in the Vienna Ab initio Simulation Package.42 The
plane-wave cut-off energy was set to 500 eV, and the total energy
convergence criterion was 10�8 eV for all calculations. Electro-
nic correlations in the d shell of the magnetic ions were
accounted for using the GGA+U method.43 The effect of spin–
orbit coupling was neglected in all calculations on account of
its relative smallness.
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J. Lappalainen and M. Kakihana, Phys. Rev. B: Condens.
Matter Mater. Phys., 2002, 66, 064108.

37 L. Fan, Q. Li, L. Zhang, N. Shi, H. Liu, Y. Ren, J. Chen and
X. Xing, Inorg. Chem. Front., 2020, 7, 1190.

38 K. Y. Li and D. F. Xue, J. Phys. Chem. A, 2006, 110, 11332.
39 Z. Pan, Y.-W. Fang, S. A. Nikolaev, L. Wu, J. Zhang, M. Q. Ye,

J. Liu, X. B. Ye, X. Wang, T. Nishikubo, Y. Sakai, R. Z. Yu,
S. Kawaguchi, N. P. Lu, Y. kuroiwa, J. Chen, M. Azuma,
X. R. Xing and Y. W. Long, Mater. Horiz., 2025, 12, 6804.

40 J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,
1996, 77, 3865.

41 P. E. Blochl, Phys. Rev. B: Condens. Matter Mater. Phys., 1994,
50, 17953.

42 G. Kresse and J. Hafner, Phys. Rev. B: Condens. Matter Mater.
Phys., 1993, 47, 558.

43 A. I. Liechtenstein, V. I. Anisimov and J. Zaane, Phys. Rev. B:
Condens. Matter Mater. Phys., 1995, 52, R5467.

Communication Materials Horizons

Pu
bl

is
he

d 
on

 1
3 

Fe
br

ua
ry

 2
02

6.
 D

ow
nl

oa
de

d 
by

 I
ns

tit
ut

e 
of

 P
hy

si
cs

, C
A

S 
on

 4
/3

0/
20

26
 7

:3
1:

05
 A

M
. 

View Article Online

https://doi.org/10.1039/d5mh02227d



