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Abstract

PbTiO3-BiMeO; ferroelectrics have attracted much attention due to not only their extremely
large polarization and piezoelectricity but also the controllable thermal expansion. In this study,
we present a new binary system of PbTiO3-xBi(Cuo sTio.5)O3 possessing large tetragonality and
enhanced spontaneous polarization. Interestingly, a combination of near zero thermal expansion
and negative thermal expansion over a temperature range of RT to 7c (~550 °C) has been
observed in tetragonal PbTiO3-0.15Bi(CuosTios)Os. The comprehensive structure analysis
addressed that the abnormal thermal expansion is coupled to the spontaneous volume
ferroelectrostriction. Moreover, the chemical bonding investigation by maximum entropy
method furtherly arrests that covalent hybridization of Pb/Bi-O bonds plays a vital role in the
improved ferroelectricity and interacts with thermal vibration to dominate the crossover from
positive to negative thermal expansion. The present studies would give direct evidence to verify
the theoretical calculations and could be extended to reveal the nature of thermal expansion in
ferroelectrics.
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INTRODUCTION

Because of possessing both high Curie temperature and excellent ferroelectric performance,
PbTiOs-based perovskite compounds as significant multi-function materials have been
applicated in a broad range of industrial and scientific fields and extensively studied in the last
half-century. Particularly, Bi-based perovskites are intensely researched by adopted to form a
binary system of PbTiO3-BiMeO; with PbTiOs (PT) as they exhibit extremely large polarization
[1-3] and piezoelectricity and in some cases multiferroic behavior.[4,5] Most intriguingly, the
desirable substitutions of BiMeOs to PT, the sole one shows a volumetric negative thermal
expansion (NTE) in a range of hundred degrees amongst all prototypic perovskite ferroelectrics,
could also control the coefficient of thermal expansion (CTE) of PT in a wide range. For
instance, the CTE of PT-BiMeOs compounds can be regulated from -5.24x107 to 3.92x107%/°C,
which almost covers the reported range in NTE oxides.[6-8] In a numerable of NTE materials,
it is found that the NTE is mainly accounted for the anharmonicity of low-energy phonon modes
such as framework structures of ZrW»Os, metal florides, and Prussian blue analogues.[9-11]
For other functional materials with NTE behavior, the NTE is associated with the physical
property of solids, such as valence state transformation in LaCusFesOi2, metal-insulator
transition in CaRuQs, and magnetovolume effect in antiperovskites.[12-17] The thermal
expansion behavior of PT-based ferroelectrics is currently considered to originate in
spontaneous volume ferroelectrostriction (SVFS).[18]

Tetragonal PT-BiMeOs ferroelectrics, in general, behave a phenomenon that the polar ¢ axis
coupled with strong spontaneous polarization (Ps) shrinks during the ferroelectric-paraelectric
phase transition, resulting in a negative-to-positive tuning of volumetric thermal expansion.[8]
Research on crystal structure and first-principles calculations have proven the ferroelectricity
plays an important role in these NTE nature of PT-BiMeOs materials, and the CTE can be
adjusted in terms of the SVFS effect.[8,18] For example, NTE was strengthened in the PT-
BiFeOs, PT-BiCoOs[ 7] and Pb(Ti,V)Os[19] with improved ferroelectricity, and a strong NTE
of tetragonal 0.5PT-0.5(Bi,La)FeOs is effectively controlled over a giant range from NTE to a
near zero thermal expansion (ZTE) by the modification of La* cation with weak ferroelectricity.
For furtherly understanding of the NTE in PT-based materials, one of main problems still
remains. It is well known that the extremely large ferroelectricity in PT-BiMeOs originates from
the strong Pb/Bi-O2 covalency as evidenced by the first-principles calculation and
Rietveld/maximum entropy method (MEM).[20,21] However, what relationship between the
Pb/Bi(6s2)-O(2p) hybridization and thermal expansion behavior in PT-BiMeOj are rare reports.
Herein, it supposes that the evolution of electron structure as a function of temperature would
directly and powerfully reveal the nature of NTE of PT-based compounds. To understand the
role of chemical bonding in PT-BiMeOs would be a key to solve veiled issues such as the ZTE
in enhanced PT-Bi(Zno.sTio.5)Os ferroelectric.

In the present research, the Bi(CugsTio5)Os was introduced into PT to construct a new PT-
xBi(CuosTios)Os solid solutions (PT-xBCT). Studies have proven that the addition of Cu*?
cations would improve the densification of the ceramics[22], while its ferroelectric activity is
still of ambiguity. Herein, it shows that PT-xBCT possesses improved ferroelectric properties
and higher Curie temperature, where Cu*? cation has strong ferroelectric activity as evidenced
by the MEM method. A combination of near ZTE and NTE has been observed by the
substitution of Bi(Cuo sTi.5)O;3 in a temperature range of RT to 550 °C. The MEM and Rietveld



methods have been employed in order to reveal the relationship between chemical bonding and
its thermal expansion. The evolution of electron density distribution has offered a direct
evidence for the origin of abnormal structural change in PT-xBCT, which is expected to be used
as a guide for the design of more controllable thermal expansion materials in the future.

EXPERIMENTAL

The modified solid-state reaction method was adopted to fabricate the PT-xBCT solid solution.
Analytic reagent grade oxides of PbO, Bi,O3, CuO, and TiO> (anatase) were stoichiometrically
mixed with alcohol and milled in mortar for one hour. Then the dried powders were calcined at
800 °C for 5 h, followed by pressing into cylindrical pellets of 8§ mm in diameter and 2-3mm in
thickness at a pressure of 300 MPa. For sintering at 1150 °C for 2 h, the pressed pellets were
put in a closed crucible to compensate for the evaporation loss of PbO and Bi,Os. Before the
phase identification, sintered pellets are carefully polished to remove the surface layers and
then ground into powders. To reduce the mechanical strain introduced during the sintering and
grinding processes, the crushed ceramic powders were annealed at 600 °C.

The structural characterizations were conducted on a powder diffractometers (X’Pert PRO,
PANalytical) by using the X-ray diffraction (XRD) technique. The macroscopic linear thermal
expansion coefficients of ceramics were determined from dilatometric measurements using a
Thermomechanical Analyzer (Setaram Setsys Evolution) at a heating speed of 20 °C/min. The
temperature dependence of the dielectric spectrum was measured using an impedance analyzer
(4294A). Variable temperature synchrotron X-ray powder diffraction (SXRD) measurements
were performed on beamline 11-ID-C at the advanced photon source, the wavelength of
synchrotron light was 0.11538 A. The temperature of the specimen was controlled by a Linkam
TS1500 system within 1 K during each data collection. For structural refinement, the equipment
parameters were determined using a standard reference material of ceria powders. In addition,
the anisotropic profile broadening model has been adopted in order to obtain good fitting results.
Studies have proven that the detailed bonding electron distributions can be purely deduced from
a limited number of diffraction data by the MEM method.[23-25] Therefore, the Rietveld
refinement combined with MEM methods (MEM/Rietveld technique) using computer
programs RIETAN-FP and Dysnomia was introduced to refine the structure and to achieve
experimental electron density distribution of PT-0.15BCT.

RESULTS AND DISCUSSION

It is known that some PT-BiMeO; binary system could form a solid solution over a full range
and construct a morphotropic phase boundary (MPB) with excellent piezoelectric performance.
In the present research, PT-xBCT (x = 0.05, 0.10, 0.15, and 0.20) were fabricated by means of
solid-state reaction method for the sake of characterizing the solid solubility in PT-xBCT system
and identifying the phase change. FIG. S1 shows that the PT-BCT system stays in tetragonal
phase which corresponds to structural model of PT (space group P4mm, no. 99) with a solid
solubility of ~20% Bi(CuosTios)Os, and the tetragonality of PT-BCT is enhanced with
increasing Bi(CuosTios)Os (depicted in inset of FIG. S1). Herein, the ¢/a in PT-0.15BCT
reaches up to 1.067, the slightly improved tetragonality signifies higher ferroelectricity in PT-
xBCT than PT (c¢/a=1.064).[26] According to previous researches, there is a close coupling
between ferroelectricity and Curie temperature (7¢).[27,28] The temperature dependence of



dielectric test and dilatometric measurements exhibit that the 7¢ of PT-0.15BCT increases to
about 550 °C (FIG. S2), furtherly meaning strengthened ferroelectricity in PT-0.15BCT.
Analogous to other tetragonal PT-BiMeOs prepared by the traditional method, e.g. PT-
Bi(Zno 5Tio5)O3 and PT-BilnO3[29], PT-xBCT presents improved ferroelectricity while limited
solid solubilities.

Based on the theoretical and experimental studies [6,7,18,30], it is suggested that large
tetragonality in the PT-based ferroelectrics except for PT-Bi(Zng sTig5)O3 mostly brings about
an enhanced NTE. Dilatometric measurements were firstly taken to designate the apparent
linear thermal expansion properties of the PT-xBCT ceramics, and it shows that PT-0.15BCT
possesses the strongest NTE over a temperature range from ambient temperature (RT) to 7c in
PT-xBCT ceramics (Fig. S3). In order to verify the intrinsic thermal expansion behavior, the in-
situ temperature-dependent diffraction is carried on the tetragonal PT-0.15BCT ceramic powder.
FIG. 1a shows that the split 100pc peaks converge to intermediate position as they gradually
approach the Tc, which indicates that the lattice parameter of ¢ becomes shrinking and a(b) is
expanding with increasing temperature and the lattice distortion is declined at elevated
temperature. To achieve reliable lattice parameters of a and ¢, the temperature dependence of
SXRD data of PT-0.15BCT was refined by the MEM/Rietveld technique. A well-refined result
of PT-0.15BCT at RT is shown in FIG. S3 and it should be noted that the reliability factors of
Ry are lower than 3.49% in the whole temperature range. The detailed lattice parameters of
PT-0.15BCT were plotted in Figure 1b, and the unit cell volume was calculated from the lattice
parameters as well. FIG. 1c displays that the unit cell volume of PT-0.15BCT expands slightly
from RT to 300 °C and then contracts sharply. That is similar to the measured curve by a linear
expansion machine (FIG. S2b). From RT to 7¢ the average CTE of PT-0.15BCT is about -
1.2x107%/°C, which is access to the CTE of PT (-1.99x107/°C, RT-490 °C) while much smaller
than that in PT-0.30Bi(Zno.sTios)O3 (-0.6x10-%/°C, RT-500 °C).[6,8] It should be noted that the
tetragonal PT-0.15BCT behaves both a near ZTE with volumetric CTE of 0.3x107%/°C over a
temperature range of RT-350 °C and a strong NTE (CTE, -3.3x10/°C) over 350 °C to Tc. The
present phenomenon is quite different from previous reported, that PT-BiMeO; with improved
tetragonality generally exhibits monotonous NTE or near ZTE from RT to 7¢.[8]

For PT-based materials, numerous researches have suggested that the NTE originates from
their ferroelectricity.[8] Herein, the crystallographic characters of spontaneous polarization
displacements were taken into consideration to elaborate on the relationship between
ferroelectricity and thermal expansion behavior in PT-0.15BCT. The spontaneous
displacements of Pb/Bi (dza) and Ti/Cu (dzs) cations are derived from the SXRD refinement
and defined as the distance from the Pb/Bi and Ti/Cu atoms to the centroid of the oxygen
polyhedron, respectively. FIG. 2a depicts the accurate values of dza and dzg as a function of
temperature. The dza values for PT-0.15BCT at RT reaches to 0.538 A, which is larger than that
in pure PT (0.468 A), implying the strong hybridization of Pb/Bi-O and coupling interactions
from the B-site of Ti and Cu cations in PT-0.15BCT.[31] With increasing temperature the dza
reduces continuously, while dzp remains at about 0.358 A. It should be emphasized that the
attenuation of spontaneous displacement Jdzs mismatches the negligible change of unit cell
volume of PT-0.15BCT during RT-350 °C. Based on previous literature, there are two
components such as lattice thermal vibration and SVFS, ws, contributing to the observed cell
volume in ferroelectrics.[6,7,18] For PT-0.15BCT, the volume contribution from SVEFS



decreases under the heating process (shown in FIG. S4), its tendency is similar to the
spontaneous displacement. Comparing the overall relationship between dza and ws, it is found
that there is a strong positive linear correlation between dza? and ws, ws ~ adza®, as shown in
FIG. 2b, meaning that spontancous displacement determines the SVFS. Accordingly, the
reduced spontaneous displacement of dza presents the negative contribution of SVFES to the cell
volume, and its decrement would govern the CTE in PT-0.15BCT.

In order to furtherly distinguish the function of the Bi(CuosTios)O3 substitution to the
enhanced ferroelectricity and unexpected thermal expansion behavior, detailed investigation on
chemical bonding in PT-xBCT is especially conspicuous, as the strong covalent hybridization
of partial bonds serves as a crucial role in enhanced ferroelectricity of PT-BiMeQO3[18,20,21,28].
In the present study, the detailed bonding electron distributions derived from the SXRD data by
the MEM/Rietveld technique was taken into account rather than bond length represented with
structure parameters such as fractional coordinates and atomic displacement parameters. The
MEM analyses were carried out on the basis of the tetragonal P4mm, and the weighted
reliability factors of Rg and Rr based on the Bragg intensity and structure factors are below
2.39% and 1.51%, respectively. The experimental electron-density distributions on the ac plane
at x = 0 (Pb/Bi-O (A-O) plane) and x = 0.5 (Ti/Cu-O (B-O) plane) of PT-0.15BCT at RT are
shown in insets of FIG. 3 and FIG. S5. The shorter Pb/Bi-O2 bond is covalent in the present
PT-0.15BCT, since its minimum electron density (MED) is charged up to 0.50 A= at RT which
exceeds the background level (MED = 0.3 A”) much. In contrast, PT-0.15BCT presents the
similar electron density distributions with PT and PT-0.6BiFe03[20,21], its Pb/Bi-O2 bond is
stronger than Pb-O2 bond in PT (MED = 0.45 A-) while weaker than Pb/Bi-O2 bond in PT-
0.6BiFeO; (MED = 0.61 A~), which is in complete agreement with the intermediate 7c and
tetragonality and the enhanced ferroelectricity. Obviously, the Bi substitution for Pb in PT-
0.15BCT would be responsible for the increase of 7¢ and tetragonality and the improvement of
ferroelectricity due to the strengthen orbital hybridization of A-O2. For the Ti/Cu-O bonds, the
MEM electron densities at the six bonds are quite anisotropic, which would result from the
existence of shorter and longer Ti/Cu-O bonds. The MED at shorter Ti/Cu-O1 bond of
tetragonal PT-0.15BCT (RT) is extremely larger (1.58 A-) than that of longer Ti/Cu-O1 (0.22
A-) and medium Ti/Cu-O2 (0.85 A-), indicating high covalency along c axis. Hence, the strong
covalent hybridization of Ti/Cu-O1 would also be a key contribution to enhance the 7¢ and
tetragonality in PT-0.15BCT, though the hybridization and bond strength of B-O1 in PT-
0.15BCT are between those in PT and PT-0.6BiFe03.[20,21]

The evolution of MED between Pb/Bi-O2 in tetragonal PT-0.15BCT was conducted as well,
which would provide us the experimental evidence to furtherly expound the nature of its
thermal expansion performance. As depicted in FIG. 3, the MED at A-O2 stabilizes at a level
of about 0.52 A~ in a temperature range of RT to 300 °C and declines from ~0.54 to ~0.47 A"
at elevated temperature. Intriguingly, this trend is quite analogous to the distinctive unit cell
volume change in tetragonal PT-0.15BCT from expanding to contracting, implying that the
covalent hybridization of Pb/Bi-O2 would dominate the thermal expansion behavior of
tetragonal PT-0.15BCT. In tetragonal PT-based ferroelectrics, their total energy consists of the
static energy established by electronic interaction at the equilibrium state and the lattice
vibrational free energy influenced by the phonon thermal vibration, thus the compromise of
thermal vibration preferring cubic phase and electronic interaction favoring ferroelectric phase



would mainly determine their equilibrium volume.[8,32] Below 300 °C, the strength of Pb/Bi-
02 and Ti/Cu-O1 bonds as qualitatively reflected by high MED at A-O2 would be strong
enough to weaken the influence from lattice thermal vibration. Furthermore, the atomic thermal
vibrations would approach accordant and mainly contributes to the positive volumetric
expansion. Thus tetragonal PT-0.15BCT exhibits a near ZTE. As the temperature rises above
350 °C, the thermal vibration of Pb/Bi and O atoms becomes gradually intensification to break
the electronic interaction of Pb/Bi-O bonds, causing a volumetric contraction of PT-0.15BCT
to the cubic phase. Therefore, the crossover from positive to negative thermal expansion in PT-
0.15BCT is due to the combined actions between the thermal vibration and covalence in Pb/Bi-
O and Ti/Cu-O bonds. The present results give us directly experimental evidence that the
hybridization between Pb/Bi-O bonds plays a vital role in both the thermal expansion
performance and ferroelectricity of PT-0.15BCT, which coincides with the previous outcomes
of PT by first-principles calculation.[32]

CONCLUSIONS

To sum up, a new PT-x BCT system with a solid solubility of ~20% Bi(CugsTios)Os is
investigated in the present study. It is observed that both the tetragonality and 7¢ are improved
with the addition of Bi(CuosTio5)Os. For the PT-0.15BCT, the volumetric transformation from
expansion to contraction is revealed by both dilatometric measurement and crystal structure
analysis. A detailed structural study shows that the abnormal thermal expansion of PT-0.15 BCT
is extremely coupling with its spontaneous displacement in terms of SFVS effect. As furtherly
evidenced by MEM results, the improved covalent hybridization of both Pb/Bi-O2 bonds not
only leads to the enhancement of ferroelectricity but also determines the thermal expansion
with the combination of lattice thermal vibration. The present investigation would provide us
new insight into the understanding of NTE and ZTE mechanisms in PbTiOs-based ferroelectrics.
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Figure captions

FIG. 1. (a) Contour plot of selected diffraction intensities for tetragonal PT-0.15BCT as a function of
temperature. (b) The evolution of lattice parameters of a and c in tetragonal PT-0.15BCT as a function of
temperature. (c) The unit cell volume and thermal expansion efficient () of PT-0.15BCT as a function
of temperature.

FIG. 2. (a) Temperature-dependent spontaneous polarization displacement at A-site (dza) and B-site (dzg)
of tetragonal PT-0.15BCT. The inset shows the sketch of dzx and dzg. (b)Linear correlations of ws
(spontancous volume ferroelectrostriction) and (dza)? (square of spontaneous displacement). The
maximum error is smaller than the diamond label.

FIG. 3 The evolution of minimum electron density at A-O2 (Pb/Bi-O2) bonds as a function of
temperature in tetragonal PT-0.15BCT. Electron density distributions on the ac plane (y = 0) of tetragonal
PT-0.15BCT from synchrotron data measured at RT is shown in inset. The 0 and 100% in color scale

correspond to 0.3 and 2.3 A3, respectively, and contours are from 0.3 to 2.3 A= by 0.1 A3 step.



