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ABSTRACT: The discovery of unusual negative thermal expansion
(NTE) provides the opportunity to control the common but much
desired property of thermal expansion, which is valuable not only in
scientific interests but also in practical applications. However, most of the
available NTE materials are limited to a narrow temperature range, and
the NTE effect is generally weakened by various modifications. Here, we
report an enhanced NTE effect that occurs over a wide temperature
range (α̅V = −5.24 × 10−5 °C−1, 25−575 °C), and this NTE effect is
accompanied by an abnormal enhanced tetragonality, a large
spontaneous polarization, and a G-type antiferromagnetic ordering in
the present perovskite-type ferroelectric of (1−x)PbTiO3−xBiCoO3.
Specifically, for the composition of 0.5PbTiO3−0.5BiCoO3, an extensive
volumetric contraction of ∼4.8 % has been observed near the Curie
temperature of 700 °C, which represents the highest level in PbTiO3-
based ferroelectrics. According to our experimental and theoretical results, the large NTE originates from a synergistic effect of
the ferroelectrostriction and spin crossover of cobalt on the crystal lattice. The actual NTE mechanism is contrasted with
previous functional NTE materials, in which the NTE is simply coupled with one ordering such as electronic, magnetic, or
ferroelectric ordering. The present study sheds light on the understanding of NTE mechanisms, and it attests that NTE could
be simultaneously coupled with different orderings, which will pave a new way toward the design of large NTE materials.

■ INTRODUCTION

Negative thermal expansion (NTE) is an interesting physical
property related to the interplay among lattices, phonons, and
electrons. Materials with NTE can be used to counteract the
much more common positive thermal expansion (PTE) of
ordinary materials, which usually suffer from mechanical
degradation and structural instability under thermal shock.1−6

NTE materials are rare and only a very limited number of them
have been discovered in the recent decades.7−13 Under-
standing of NTE mechanisms is still the main challenge to

explore new NTE materials. Generally, thermal expansion
accounts for the effects of the anharmonic lattice potential on
equilibrium lattice separations. The phonon-related NTE
mechanism has been well studied in NTE framework
structures such as ZrW2O8, ScF3, and Ag3[Co(CN)6].

7,8,14

However, a certain number of NTE materials exist in which the
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NTE is coupled with physical properties such as magneto-
volume effect in antiperovskites,9 metal−insulator transition in
Ca2RuO4,

12 valence state transformation in LaCu3Fe4O12 and
BiNiO3,

15,16 and ferroelectrostriction in ferroelectrics.5 Re-
cently, studies within the NTE field have focused on exploring
materials with extreme NTE characteristics. Indeed, the
stronger the NTE is, the easier it is to compensate for the
PTE within composite materials.3,5

PbTiO3 (PT) is a typical perovskite-type (ABO3) ferro-
electric, and it is considered to be a potential mother
compound to achieve a large NTE. In the last decades, PT-
based ceramics such as Pb(Zr,Ti)O3 and PT-BiScO3 were well
known for their high piezoelectric performances at the
morphotropic phase boundary.17,18 In addition, PT also
exhibits a unique NTE in the perovskite family compared
with other perovskites such as BaTiO3, SrTiO3, and BiFeO3.

5

The unit cell volume of PT contracts over a wide temperature
range, which extends from room temperature up to its Curie
temperature (TC = 490 °C) in the ferroelectric phase, and its
average intrinsic bulk coefficient of thermal expansion (CTE)
is −1.99 × 10−5 °C−1.13 NTE in PT-based compounds can be
controlled in the range of −0.11 × 10−5 to 3.92 × 10−5 °C−1,
which covers the range found in almost all other known NTE
oxides.19 The ferroelectricity plays a crucial role in the
abnormal thermal expansion behavior of PT-based ferro-
electrics, which has been well interpreted by the effect of
spontaneous volume ferroelectrostriction (SVFS).5 It is worth
noting that the NTE in PT-based ferroelectrics is mainly
attributed to the shrinkage of the polar c axis. In the
ferroelectric phase, the increased volume can be well
maintained by the large c/a, which results from the strong
spontaneous polarization (PS). Accordingly, it is proposed that
a large NTE could be obtained by improving the tetragonality
(c/a) of PT. The flexible structure of PT allows it to achieve a
large NTE by modulating its tetragonality with accommodat-
ing ferroelectric-active cations in A and/or B sites.
BiCoO3 and PbTiO3 are isostructural in form, but the polar

structural distortion is more pronounced in BiCoO3, whose
tetragonal distortion (c/a) of 1.27 is larger than that of PT (c/
a = 1.065).20 However, BiCoO3 exhibits less thermal stability
than PbTiO3, and the metastable nature of BiCoO3 makes it
decompose easily near a temperature of 460 °C.21 It is
therefore considered that the solid solutions between PT and
BiCoO3 can not only enhance the tetragonality of PT but also
improve the thermal stability of BiCoO3. Herein, we
successfully achieved enhanced tetragonality and large NTE
over a wide temperature range in the present binary system of
(1−x)PT−xBiCoO3. A combination of intriguing physical
properties such as an enhanced tetragonality, a large
spontaneous polarization (PS), a G-type antiferromagnetism,
and a large NTE have been observed by the introduction of
polar BiCoO3. In particular, a colossal volumetric contraction
of ∼4.8% was also observed for x = 0.5 during the ferroelectric-
to-paraelectric (FE → PE) phase transition, which represents
the highest level ever reported in PT-based ferroelectrics. Note
that the large NTE discussed in this work is induced by an
unusual synergistic effect of ferroelectrostriction and spin
crossover of cobalt on the crystal lattice, which has been well
interpreted by experimental and theoretical studies.

■ EXPERIMENTAL SECTION
Samples of (1−x)PT−xBiCoO3 (abbreviated as (1−x)PT-xBC) were
prepared with a cubic anvil-type high-pressure apparatus. The

stoichiometric powder mixture of PbO, TiO2, Bi2O3, and Co3O4
was sealed in a gold capsule and reacted at 6 GPa and 1100 °C for 30
min. Then, 10 mg of the oxidizing agent KClO4 (approximately 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.

X-ray diffraction patterns of samples were collected with a Bruker
D8 ADVANCE diffractometer for phase identification. Detailed
room-temperature crystal structures of all investigated samples were
extracted from the synchrotron X-ray diffraction (SXRD) data
collected at beamlines of BL02B2 (λ = 0.419552 Å) and BL44B2
(λ = 0.500000 Å) in SPring-8. The temperature dependence of the
crystal structure of (1−x)PT−xBC was determined by the SXRD
data, which were collected at beamline 11-ID-C of the Advanced
Photon Source. The wavelength of synchrotron light was λ = 0.11165
Å. The detailed crystal structure was refined based on the full-profile
Rietveld method by using FullProf software. The initial structural
model corresponds to PT (space group P4mm, no. 99). For the
characterization of the local structure distortion of (1−x)PT−xBC as
a function of temperature, Co K-edge X-ray absorption near edge fine
structure (XANES) spectra were collected in a transmission mode on
the 1W1B beamline at the Beijing Synchrotron Radiation Facility
(BSRF). The pre-edge peak intensity was determined after the pre-
edge subtraction and normalization of the XAFS spectra. The low
temperature magnetic susceptibility of 0.5PT−0.5BC was measured
with a SQUID magnetometer (Quantum Design, MPMS XL) in an
external magnetic field of 1000 Oe. The high-temperature magnetic
curves (M−T) were measured using a physical property measurement
system (PPMS) of quantum design with the vibrating sample
magnetometer (VSM). Temperature dependent neutron powder
diffraction (NPD) data were collected at the NIST Center for
Neutron Research on the BT-1 high-resolution neutron powder
diffractometer with a wavelength of 1.53980 Å. The detailed crystal
and magnetic structures were refined based on the Rietveld method
by using the GSAS software package.

The first-principle density functional theory (DFT) calculations
were performed using the VASP code on the basis of projected
augmented plane-wave pseudopotentials.22 The Perdew−Burke−
Ernzerhof generalized gradient approximation has been considered
for the treatment of exchange correlation.23 We chose a very large
basis set of 800 eV for the plane-wave cutoff to correctly reproduce
the structural parameters.24 A fine k mesh grid of 8 × 8 × 8 was used,
and the structural optimization was continued until the forces on the
atoms converged to less than 1 meV Å−1. We have used ordered
supercells to mimic the experimental conditions. A 2 × 2 × 4 supercell
was used for 0.5PT−0.5BC to model different magnetic config-
urations considered in the calculations. The current approach
determines the ground state structural parameters, ground state
magnetic configurations as well as magnetic moments, and FE
polarizations within a very small amount of deviation from the
experimental values. To further understand the strong magneto-
structural coupling presented in the system, we performed fixed spin
moment calculations, in which the total energy was calculated as a
function of the magnetic moment.25

■ RESULTS AND DISCUSSION

XRD patterns of the (1−x)PT−xBC compounds are presented
in Figure 1a. The samples are of high quality with negligible
impurities. All investigated samples can be well indexed into
tetragonal symmetry. With the introduction of BiCoO3, the
(001) peak exhibits an apparent shift to the lower-angle region,
which indicates the expansion of the c axis. The (100) peak
shows the opposite trend: It slightly shifts to a higher-angle
region, which indicates the contraction of the a axis. The
detailed lattice parameters were refined and plotted in Figure
1b. We observed that the c axis of (1−x)PT−xBC experiences
an almost linearly increase, whereas the a(b) axis shows the
opposite trend, leading to an unusually enhanced tetragonality.
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The large tetragonality produces a pyramidal coordination
rather than an octahedral coordination in the (1−x)PT−xBC
solid solutions (Figure S1a,b). The large lattice distortion can
be attributed to the large PS displacements, which were

induced by the strong Pb/Bi−O hybridization and coupling
interactions between the Ti/Co and Pb/Bi cations. In ABO3
perovskite-type ferroelectrics, the PS is due to the displace-
ments from the centroid of oxygen polyhedrons of the A- and
B-site atoms. Here, the PS displacements of the A-site Pb/Bi
(δzA) and B-site Ti/Co (δzB) were derived from the SXRD
results (Figures S2 and S3). As can be seen, both δzA and δzB
show a nearly linear increase as a function of the BiCoO3
content (Figure S1c). Correspondingly, the PS is gradually
enhanced by the chemical substitution of BiCoO3; the PS is
∼59 μC cm−2 for undoped PT,26 ∼98 μC cm−2 for 0.5PT−
0.5BC, and finally as large as ∼131 μC cm−2 for BiCoO3.
These PS values are much higher than typical piezoelectrics
such as PbZr0.52Ti0.48O3 (54 μC cm−2) and PT-BiScO3 (40 μC
cm−2).17,27 The large PS provides an opportunity to explore
high-performance ferroelectric materials via strain engineering
by growing thin films such as that of BiFeO3.

28

The large PS discussed above may be connected to a large
ferroelectric volume effect, that is, a large NTE.5 Accordingly,
the thermal expansion properties for (1−x)PT−xBC have
been investigated at selected compositions (Figure S4).
Detailed data for the CTE and TC of all the investigated
compositions are listed in Table S1. It is very interesting to
observe that both NTE and TC are substantially enhanced by
the introduction of BiCoO3, reaching a nonlinear and strong
NTE (Figure S4b). For example, let us consider the
composition 0.7PT−0.3BC, in the temperature range ∼25−
375 °C, the unit cell volume of 0.7PT−0.3BC shows little
dependence on the temperature with a small average bulk CTE
α̅V = −6.60 × 10−6 °C−1. However, a very strong NTE occurs
in 0.7PT−0.3BC at higher temperatures, where α̅V = −1.33 ×

Figure 1. (a) XRD patterns and (b) lattice parameters of (1−x)PT−
xBC (x = 0.10−1.00) at room temperature. The error bars are smaller
than the symbols.

Figure 2. Structural data, thermal expansion, and the coupling role of (1−x)PT−xBC. Temperature dependence of the unit cell volume for (a)
0.7PT-0.3BC and (b) 0.5PT-0.5BC. The FE → PE transition temperature of TC is indicated by the arrows. The unit cell volumes were obtained
from Rietveld refinements of the SXRD data. Note that the error bars are smaller than the symbols. Schematic illustration of the SVFS (ωS) is
shown for the 0.7PT−0.3BC and 0.5PT−0.5BC. (c) PS displacement of δzA of 0.7PT−0.3BC and 0.5PT−0.5BC as a function of temperature. (d)
Coupling between PS displacement (δzA) and the lattice parameter c axis. The arrows are presented along with the elevated temperatures.
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10−4 °C−1 in the range ∼375−575 °C. In the whole
temperature range ∼25−575 °C, the average CTE is
approximately α̅V = −5.24 × 10−5 °C−1 (Figure 2a). It needs
to be mentioned that the NTE in the present 0.7PT−0.3BC is
much stronger than the most representative NTE compounds,
such as Invar alloys,29 ZrW2O8 (α̅V = −2.73 × 10−5 °C−1),7

ScF3 (α̅V = −9.3 × 10−6 °C−1),30 CdPt(CN)6·2{H2O} (α̅V =
−2.19 × 10−5 °C−1),31 and Fe[Co(CN)6] (α̅V = −4.41 × 10−6

°C−1).32 The NTE of 0.7PT−0.3BC is also stronger than that
of 0.4PT−0.6BiFeO3 (α̅V = −3.92 × 10−5 °C−1), which was
reported to exhibit the strongest NTE in PT-based ferro-
electrics.33 This suggests that the present (1−x)PT−xBC
compounds could be effective additives to adjust the CTE of
materials.
As shown in Figure S4b, with the increasing content of

BiCoO3 NTE occurs in a narrow temperature range during the
FE → PE phase transition. For example, an intriguingly large
volumetic contraction of ∼4.8% has been observed in 0.5PT−
0.5BC around the TC ∼700 °C temperature transition (Figure
2b) concomitantly with a noticeable lattice collapse, in which
the a(b) axis increases by 2.7% from about 3.886 to 3.991 Å,
and the c axis dramatically shrinks by 9.9% from about 4.429−
3.991 Å (Figure S4a). At the same time, the B-site cation
polyhedra change from five- to sixfold coordination due to the
collapse of the c axis. It is worth noting that a similar large
volumetric contraction (∼4.8%) under such high temperature
has never been obtained before. As a comparison, large
volumetric contractions were previously obtained in Mn3AN
(−1.3%),9 BiNiO3 (−2.5 to −3.4%),16 Pb(Ti1−xVx)O3 (−1.4
to −3.6%),34 and Ca2RuO3.73 (−6.7% by dilatometry).35 For
further increases in the content of BiCoO3 (x > 0.6), the

compounds decompose before the FE → PE phase transition
temperature, which is attributed to the increased lattice
distortion and weakened thermal stability of the perovskite
structure (Figure S5).36

The next task involves determining the exact mechanism at
the basis of the lattice contraction for (1−x)PT−xBC. Of
course, the cause that determines the temperature dependence
of the c axis should be the underlying reason for the NTE in
(1−x)PT-xBC. Figure 2c shows the temperature dependence
of PS displacements of the Pb/Bi atoms (δzA) for the 0.7PT−
0.3BC and 0.5PT−0.5BC compositions. A different behavior in
the temperature dependence of the δzA is observed. For
0.7PT−0.3BC, the δzA decreases continuously with increasing
temperature, and it exhibits a nonlinear behavior; conversely,
for 0.5PT−0.5BC, the δzA remains stable and exhibits a linear
behavior. However, more interestingly, if we compare the
overall relationship between the c axis and δzA, as reported in
Figures S6 and 2d, a strong coupling interaction between the
lattice (c axis) and ferroelectricity (δzA) can be found. This
means that ferroelectricity determines the NTE of (1−x)PT−
xBC. Specifically, when increasing temperature below the TC,
the polarization of 0.7PT−0.3BC decreases over a large range
(Figure S7), which results in a large shrinkage of the lattice and
a strong NTE. In contrast, the polarization for 0.5PT−0.5BC is
well maintained in the whole ferroelectric phase, with results of
a minor change of the lattice parameters. At the FE → PE
transition, above which ferroelectricity is lost, a large
volumetric contraction for 0.5PT−0.5BC occurs.
The NTE behavior can be well interpreted by the concept of

the SVFS (ωS), which can quantitatively describe how
ferroelectricity contributes to the abnormal change in the

Figure 3. XANES characterizations of the (1−x)PT−xBC samples. Co K pre-edge profiles of (a) 0.7PT−0.3BC and (b) 0.5PT−0.5BC from the
normalized XANES as a function of temperature; the data were corrected after background subtraction. The dashed line indicates energy shift. (c)
Pre-edge peak intensity vs temperature for the 0.7PT−0.3BC and 0.5PT−0.5BC; there is a similar temperature-dependent behavior in both pre-
edge peak intensity and lattice parameters. (d) Lattice parameter c vs Co K pre-edge peak intensity for (1−x)PT−xBC as a function of composition
(x = 0.2, 0.3, 0.5, 0.7, and 1.0) at RT or temperature. The good linear relationship between the pre-edge peak intensity and c axis in the FE phase
indicates strong coupling between the ferroelectricity and lattice.
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ferroelectric phase volume.33 A large value of ωS means a large
contribution to the volume by ferroelectricity. The SVFS is
defined as

ω =
−

×
V V

V
100%S

exp nm

nm

where Vexp and Vnm are the unit cell volumes of the
experimental and nominal one, respectively. The nominal
one of Vnm is basically estimated by the extrapolation from the
PE → FE phase. Here, the ωS values for 0.7PT−0.3BC and
0.5PT−0.5BC are as large as 5.4 and 7.2% (Figure 2a,b),
respectively, which is much higher than that of PT (3.1%).5 As
shown in Figure S8, a good relationship of ω ≈ αδzA

2 can also
be established, in which α is the coupling coefficient between
the SVFS and polarization. Larger polarization produces a
stronger effect of SVFS. From both correlations depicted in
Figure 2d and Figure S8, a strong coupling between
ferroelectricity and crystal lattice is clearly achieved. Stronger
ferroelectricity produces larger volumetric contraction in (1−
x)PT−xBC.
To further elucidate the relationship between the ferroelec-

tricity and lattice modulation, temperature-dependent Co K-
edge XANES spectra were collected in both 0.7PT−0.3BC and
0.5PT−0.5BC (Figure S9). It is well known that a pre-edge
peak can be observed in the K-edge XANES of 3d transition
metals such as Ti, V, Cr, and Co, which is mainly due to the
electric dipole transition to the p-component in the d−p
hybridization orbitals.37 The pre-edge peak intensity increases
with the decreasing coordination number of the central atom
and/or with increasing symmetry distortion; specifically,
distortion from Oh symmetry tends to dramatically enhance
the pre-edge peak intensity. Therefore, a decrease in the pre-
edge peak intensities in 0.7PT−0.3BC and 0.5PT−0.5BC can
be ascribed to the Co displacement toward the Oh symmetry,
equivalently, or to the change of coordination from pyramidal
CoO5 to octahedral CoO6, as observed in Ti and Ni species.37

Here, a striking temperature dependence of the pre-edge peak
intensity was observed (Figure 3a,b). For 0.7PT−0.3BC, the
pre-edge peak intensity decreases continuously with increasing
temperature (Figure 3a,c), which indicates a gradual change of
coordination from pyramidal CoO5 to octahedral CoO6. For
0.5PT−0.5BC, the pre-edge peak intensity remains almost
constant in the ferroelectric phase; however, a sudden decrease
occurs at the FE → PE transition (Figure 3b,c). These results
indicate that the CoO5 coordination of 0.5PT−0.5BC
stabilizes in the ferroelectric phase and rapidly transforms to
CoO6 coordination during the phase transition, with Co
displacement toward the Oh symmetry. More interestingly,
note that there is a general correlation between the Co K pre-
edge peak intensity and the lattice parameter c of (1−x)PT-
xBC for various compositions or temperatures (Figure 3d).
The pre-edge peak intensity progressively increases with the
increasing content of BiCoO3 and decreases with elevated
temperature in the FE phase (Figure S10 and Figure 3d), this
means that the degree of CoO5 pyramidal coordination is
progressively increased by the content of BiCoO3 or by a
decreasing temperature. This direct correlation between the
Co K pre-edge peak intensity and c axis further confirms the
coupling between ferroelectricity and crystal lattice.
As shown in Figure 4a, the temperature dependence of zero-

field-cooled (ZFC) and field-cooled (FC) magnetizations of
0.5PT−0.5BC suggests that it exhibits antiferromagnetic

ordering below the Neél temperature (TN = ∼60 K). The
detailed magnetic structure of 0.5PT−0.5BC was determined
by the NPD experiment. Long-range G-type antiferromagnetic
(G-AFM) ordering was found at 5 K (Figure 4b), and no
detectable antiferromagnetic peaks were observed at higher
temperatures such as 160 K (Figure 4c). The detailed refined
structural parameters are summarized in Table S2. The
ordered magnetic moment at 5 K is 3.2(2) μB, which indicates
that Co3+ is in the HS t2g

4eg
2 state in 0.5PT−0.5BC. According

to previous studies, it is generally believed that Co3+ ions adopt
a low spin (LS) state in octahedral CoO6 coordination
environments and a high spin (HS) or an intermediate spin
(IS) state in pyramidal CoO5 coordination environments at
low temperature and ambient pressure conditions.21,38 The
change of pyramidal CoO5 coordination to octahedral CoO6
could imply the transformation from the HS to the LS state of
Co3+ during the FE → PE phase transition in the present

Figure 4. Temperature dependence of the magnetization and
magnetic structure of 0.5PT−0.5BC. (a) ZFC/FC magnetization
for 0.5PT−0.5BC in the temperature range from 5 to 300 K in a
magnetic field of 1000 Oe. The inset shows theM−T curves from 300
to 900 K. Neutron powder diffraction data for 0.5PT−0.5BC at (b) 5
and (c) 160 K. Both of the Rietveld refinements were well carried out
with a tetragonal structure model. Observed (+, black), calculated
(solid line, red), and difference profiles (bottom line, blue) are shown
together with Bragg reflection positions. The inset shows the detailed
G-type magnetic structure.
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system of (1−x)PT−xBC. According to the inset of Figure 4a,
there is a sharp decrease of the magnetic moment around at
870 K, which corresponds well with the FE → PE phase
transition temperature. The change in unit cell volume
therefore may be accompanied by a change in the spin state
(the LS Co3+ atomic radius is smaller than that of HS Co3+),39

which means that the spin state of Co3+ may be coupled with
the occurrence of NTE and lattice contraction of (1−x)PT−
xBC. Such a spin state transition of Co3+ was also observed in
BiCoO3 during the pressure-induced FE → PE phase
transition, in which the pyramidal coordination is stabilized
by the HS electronic configuration of Co3+ and the LS or IS
state in octahedral coordination.21

DFT calculations were conducted to ascertain the
correlation between the crystal lattice and Co3+ spin state. A
pressure-induced magnetic-to-nonmagnetic transition was
observed, wherein 0.5PT−0.5BC transforms from the HS
state to the nonmagnetic LS state with >5% volumetric
collapse (Figure 5a). The obtained equilibrium volume using

the Birch−Murnaghan equation of state (EOS)40 is under-
estimated by only 1.6% compared with our NPD results.
Moreover, our calculations show that the ground state
magnetic ordering for the ferroelectric phase of 0.5PT−
0.5BC is G type, which agrees well with the NPD result. The
calculated total energy for the ferroelectric phase in the

nonmagnetic, ferromagnetic, A-type, and C-type antiferromag-
netic states are 384, 75, 63, and 7 meV (f.u.)−1, respectively,
which are higher in energy than that for the G-type state. The
calculated spin moment at the Co site for the G-type state is
2.69 μB, whereas the calculated total moment is 3.16 μB
(f.u.)−1; these results are in excellent agreement with the
value 3.2(2) μB measured by the NPD at 5 K. A somewhat
large number of magnetic moments (0.05 to 0.3 μB) were
found to reside at the O sites, which suggests that a strong d−p
hybridization exists between the transition metals and O.
Likewise, the variation in the total energy as a function of the

magnetic moment is shown for different unit cell volumes of
0.5PT−0.5BC in Figure 5b, as obtained from fixed spin
calculations. The curves show that the energy difference
between the HS and LS states is about 0.5 eV (f.u.)−1 in the
ferroelectric phase in its equilibrium volume. Approximately
5% of the volumetric compression of the total energy curve
shows that the LS state is lower in energy than the HS state,
which indicates that this material undergoes a pressure-induced
HS → LS transition. The orbital projected density of states
(DOS) for Co shows the presence of Co3+ in the HS state in
the ferroelectric phase, whereas it is in the LS state in the
paraelectric phase (Figure S11). These results indicate that the
HS → LS transition of Co3+ also plays a significant important
role in the large volumetric contraction.
The above results demonstrate that introducing the polar

perovskite of tetragonal BiCoO3 into PT successfully realizes a
large NTE over a wide temperature range, which is consistent
with the enhanced tetragonality and ferroelectricity. Therefore,
the present study may lead an effective way to achieve large
NTE in PT-based ferroelectrics by introducing isostructurally
strong polar perovskites to form solid solutions with PT. Other
polar perovskites such as Bi(Zn1/2Ti1/2)O3 and Bi(Zn1/2V1/2)-
O3 also exhibit the same tetragonal structure as that of PT,
whereas the tetragonality of these compounds are much
stronger. The tetragonality of PT can be further improved in
the solid solutions between PT and the aforementioned polar
perovskites. Correspondingly, the related physical properties
such as large NTE could be foreseeable in the strong polar PT-
based perovskites as observed in the present (1−x)PT−xBC.
Another more intriguing issue is the origin of the large
volumetric collapse (∼4.8 %) observed in 0.5PT−0.5BC. Note
that such a large volumetric shrinkage under such high
temperature was rarely observed in previous studies. The
noticeable volumetric change has been confirmed to be the
synergistic effects of ferroelectrostriction and spin crossover of
cobalt on the crystal lattice. The mechanism can be in sharp
contrast to previous functional NTE materials, in which NTE
is always coupled with only one ordering such as electronic,
magnetic, or ferroelectric orderings.5

■ CONCLUSIONS
In summary, a general method has been proposed to realize
large NTE in PT-based ferroelectrics by the introduction of
isostructural polar perovskites to further improve its tetragon-
ality and NTE-related ferroelectricity. Enhanced NTE over a
wide temperature range has been successfully achieved in the
present (1−x)PT−xBC solid solutions. In particular, a large
volumetric contraction as great as ∼4.8 % has also been
observed during the FE → PE phase transition for 0.5PT−
0.5BC, which originates from the synergistic effects of
ferroelectrostriction and spin crossover of cobalt on the crystal
lattice. The present work implies that the NTE could be

Figure 5. DFT calculations of 0.5PT−0.5BC. (a) Variation of total
energy with magnetic moment for 0.5PT−0.5BC obtained from fixed-
spin calculations for different volumes. For the equilibrium volume
and 5% volumetric compression, the high-spin state with a moment of
∼3.2 μB is found to be stable with a lower energy, whereas for further
volumetric compression the low spin state becomes stable. (b)
Calculated total energy vs volume curves for G-AFM ferroelectric and
paraelectric phases of 0.5PT-0.5BC. The discontinuity in the total
energy curve corresponds to the presence of magnetostructural
coupling in the system, for which the HS equilibrium volume state
changes to the LS state. The inset shows the magnetic moment at the
Co site for different volumes of the G-AFM state of 0.5PT−0.5BC.
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simultaneously coupled with different orderings, which
provides new insight into the understanding of NTE
mechanisms and is technologically important for the
exploration of compounds with large NTE.
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