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New concepts

Zero thermal expansion (ZTE) Materials plays a vital role in high-precision 

instruments and devices owing to their size stability under thermal shocks. However, 

conventional ZTE materials usually suffer from narrow working windows limited 

below 500 K, severely restricting their high-temperature practical applications in 

precision optics and aerospace devices. Differing from conventional structural 

regulation strategies for thermal expansion modulation, we propose a 

ferroelectric-active multi-ion synergy strategy to achieve broad-temperature ZTE 

behavior in traditional PbTiO3-based perovskite ferroelectrics. The synergistic 

electron density reorganization of polar Bi³⁺, Cu²⁺, and W⁶⁺ ions enhances 

ferroelectric distortion, while Cu-induced van Hove singularities near the Fermi level 

dominate elastic lattice anomalies and enable robust wide-temperature ZTE. This 

work clarifies the intrinsic electronic mechanism of high-temperature ZTE, breaks the 

low-temperature bottleneck of traditional ZTE materials, and provides a universal 

ion-doping paradigm for designing high-temperature thermal-stable functional 

ceramics.
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New concept

Zero thermal expansion (ZTE) Materials plays a vital role in high-precision 

instruments and devices owing to their size stability under thermal shocks. However, 

conventional ZTE materials usually suffer from narrow working windows limited 

below 500 K, severely restricting their high-temperature practical applications in 

precision optics and aerospace devices. Differing from conventional structural 

regulation strategies for thermal expansion modulation, we propose a 

ferroelectric-active multi-ion synergy strategy to achieve broad-temperature ZTE 

behavior in traditional PbTiO3-based perovskite ferroelectrics. The synergistic 

electron density reorganization of polar Bi³⁺, Cu²⁺, and W⁶⁺ ions enhances 

ferroelectric distortion, while Cu-induced van Hove singularities near the Fermi level 

dominate elastic lattice anomalies and enable robust wide-temperature ZTE. This 

work clarifies the intrinsic electronic mechanism of high-temperature ZTE, breaks the 

low-temperature bottleneck of traditional ZTE materials, and provides a universal 

ion-doping paradigm for designing high-temperature thermal-stable functional 

ceramics.
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Abstract

Thermal expansion mismatches in precision optics, aerospace, and electronics can 

lead to delamination and fatigue, driving urgent demand for zero thermal expansion 

(ZTE) materials. At present, the majority of single-phase ZTE materials only function 

effectively below 500 K, limiting potential applications in many critical fields. 

Herein, we employ high-pressure and high-temperature synthesis to develop 

(1−x)PbTiO3–xBi(Cu3/4W1/4)O3 perovskite ferroelectrics, utilizing spontaneous 

volume ferroelectrostriction to achieve an ultrawide ZTE regime from 300 to 725 K. 

In situ synchrotron X-ray diffraction tracks the lattice contraction and phase stability, 

while transmission electron microscope provides insights into atomic-scale A/B-site 

cation displacements and tetragonal distortions. First-principles calculations reveal 

that polar ferroelectric-active Bi3+, Cu2+, and W6+ ions synergistically reorganize 

electron density to reinforce ferroelectric distortion, while Cu-derived van Hove 

singularities near the Fermi level dominate the density of states and govern the elastic 

anomalies linked to the ultrawide ZTE behaviors. This study extends the scope of 

high-temperature ZTE materials and establishes a ferroelectric-active ion-doping 

strategy to engineer thermal expansion.
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1. Introduction

Thermal expansion is an intrinsic property of virtually all condensed matter; 

however, the positive coefficient of thermal expansion (CTE) that characterizes most 

materials poses a fundamental constraint on the reliability and longevity of advanced 

technological systems.1,2 In multi-material devices, differential thermal expansion 

among dissimilar components can induce mechanical stress, leading to interfacial 

delamination and microcracking, ultimately resulting in catastrophic failure during 

thermal cycling. Such degradation is detrimental to precision optical systems, 

aerospace instrumentation, semiconductor packaging, and high-temperature 

electromechanical devices, where dimensional stability over a broad operational 

window is essential. Consequently, the development of materials exhibiting zero 

thermal expansion (ZTE) — defined by negligible dimensional changes upon heating 

or cooling with the absolute value of the average volumetric CTE of αV less than 2.0 

 10−6/K — has become a central strategic objective in modern materials research.3,4 

However, ZTE compounds are rare, exemplified by Invar alloys,5 Fe[Co(CN)6],6 and 

nano Mn3Cu1-xGexN,7 and most reported ZTE materials are restricted to relatively 

low temperatures and narrow temperature ranges below 500 K. To realize ZTE, the 

prevailing and most versatile strategy is the rational design of engineered composites 

containing at least one negative thermal expansion (NTE) phase. NTE materials, 

which contract upon heating and expand upon cooling within specific temperature 

ranges, serve as the core technological enabler for CTE management, allowing for 

precise tailoring of the net thermal expansion of a composite to achieve positive, 

negative, or near-zero values.8 Over the past several decades, a broad spectrum of 

NTE compounds has been examined, including framework oxides such as the ZrW2O8 

family9 and β-LiAlSiO4,10 metallic alloys (e.g., Invar Fe-Ni alloys),11-14 cyanide 

frameworks (e.g., Cd(CN)2),15,16 nano materials such as CuO nanoparticles,17 metal 

fluorides (e.g., ScF3),18-20 two-dimensional materials,21,22 reduced layered ruthenates 

(e.g., CaRuO4),23,24 and perovskite/antiperovskite ceramics (e.g., PbTiO3 (PT), 

BiNiO3, and Mn3Cu1-xGaxN).25-28 Despite this expanding materials portfolio, only a 

small fraction of these NTE candidates have proven effective as high-performance 
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thermal expansion compensators, primarily owing to insufficient NTE magnitudes 

and/or narrow operational temperature windows.3,29 Therefore, achieving ZTE over a 

wide, technologically relevant temperature range remains a significant scientific and 

engineering challenge.

PT is a typical perovskite-type (ABO3) ferroelectric that shows unique NTE 

behavior from room temperature (RT) up to its Curie temperature (TC = 763 K), with 

𝛼𝑉 = −1.99  10−5/K.30 Numerous PT-based compounds have been reported to 

exhibit NTE from RT to their TC.3,31-34 The structural flexibility of the PT perovskite 

framework enables its NTE to be widely tuned through chemical modification, from 

𝛼𝑉 = −0.11  10−5/K to -3.92  10−5/K. However, achieving low or near-ZTE 

behavior often necessitates a reduction of the operating temperature range, that is, 

reducing the TC, as observed in Pb0.8La0.2TiO3 (𝛼𝑉 = −0.11  10−5/K, 300 - 400 K). 

The challenge remains to extend the ZTE into higher temperature ranges. Because the 

volume shrinkage of PT-based perovskites occurs primarily along the polar c-axis of 

the tetragonal ferroelectric phase,35 the c/a ratio is significantly associated with their 

TC. Indeed, NTE over a wide temperature range has been observed in PT-based 

ferroelectrics with enhanced c/a, such as 0.95PT-0.05BiGaO3 (c/a = 1.071, αV = 

−2.23  10−5/K, 300–773 K) and 0.95PT-0.05BiYbO3 (c/a = 1.066, αV = −2.18  

10−5/K, 300–820 K).36,37 Conversely, compounds with low c/a ratios, such as 

PbTi0.95Fe0.05O3 (c/a = 1.056, 𝛼𝑉 = −1.49  10−5/K, 300–748 K) and 

Pb0.85Sr0.15TiO3 (c/a = 1.047, 𝛼𝑉 = −1.11  10−5/K, 300–673 K),38,39 show NTE over 

a narrower temperature range compared with pristine PT. These results reveal that 

regulating the c/a ratio via chemical tuning controls the NTE/ZTE temperature range 

of PT-based tetragonal ferroelectric perovskites.

Moreover, the morphotropic phase boundary (x = 0.64) of the (1-x)PT-xBiScO3 

system exhibits remarkable piezoelectric properties, such as a high piezoelectric 

constant and elevated TC,40 which has increased the interest in general PT-BiMeO3 

systems. Here, Me can refer to a single cation with a +3 valence or a mixture of 

cations with an average +3 valence. Bi3+ possessing a 6s2 stereochemically active 
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lone-pair electron configuration analogous to that of Pb2+, exhibits stronger 

hybridization with oxygen than Pb2+, resulting in increased tetragonality, greater 

polarization, and higher TC.41 Therefore, enhanced Bi/Pb displacements accompanied 

by large c/a ratios are expected in (1-x)PT-xBiMeO3 solid solutions. Notably, B-site 

cations should possess strong polarity in these solutions to attain high TC values. Our 

recent studies have shown that Cu2+ acts as a ferroelectric-active cation, and high-TC 

(510 C) PT-based ferroelectric thin films can be achieved by Cu2+ substitution.42 

However, there remains limited exploration into the impact of Cu2+ on the thermal 

expansion properties of PT. Herein, we designed and synthesized a novel 

(1-x)PT-xBiMeO3 system, specifically (1-x)PT-xBi(Cu3/4W1/4)O3,43 employing a 

high-pressure and high-temperature (HPHT) method; in this system, W6+, another 

ferroelectric-active cation, was introduced for charge balance. Ultralow CTEs or ZTE 

were achieved over a wide temperature window from RT to near 800 K in the present 

(1-x)PT-xBi(Cu3/4W1/4)O3 (hereafter denoted as (1-x)PT-xBCW) system. Using first 

principle simulations, two distinct mechanisms are revealed. In the real space, the 

enhanced asymmetry electric distribution gives rise to stronger polarity, which 

manifests macroscopically spontaneous volume ferroelectrostriction (SVFS, 

correlated with the c/a ratio). In reciprocal space, Cu-induced van Hove singularities 

near the Fermi level govern the thermodynamic properties and, in turn, the anomalous 

thermal expansion behavior.

2. Results and discussion

Figure 1. a) XRD patterns and b) lattice parameters of (1-x)PT-xBCW (x = 0.0 ~ 0.20) measured 

at room temperature.
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Figure 1(a) demonstrates the structural evolution of (1-x)PT-xBCW (x = 0, 0.10, 

and 0.20). All samples are of high purity, with no detectable impurities. 

0.90PT-0.10BCW and 0.80PT-0.20BCW exhibit tetragonal perovskite structures 

similar to that of pristine PT. Impurity appears when x exceeds 0.20 (Fig. S1), 

indicating a solid solubility limit under the present synthesis conditions. As x 

increases, the (002) peak shifts towards lower angles, indicating a notable expansion 

of the c-axis. By contrast, the (200) peak shifts slightly towards higher angles, 

suggesting a-axis contraction. Consequently, the c/a ratio increases from 1.064 for 

pristine PT to 1.070 and 1.074 for 0.90PT-0.10BCW and 0.80PT-0.20BCW, 

respectively (Fig. 1(b)). To accurately determine the crystal structures of the prepared 

compounds, we performed SXRD experiments on 0.90PT-0.10BCW and 

0.80PT-0.20BCW (Figs. S2–S3). The detailed crystal structures were refined using 

the full-profile Rietveld method implemented in FullProf software.44 The refined 

structural parameters are provided in the Supplemental Material (Table S1). The 

structures of 0.90PT-0.10BCW and 0.80PT-0.20BCW fit well when using the same 

initial model (space group P4mm, No. 99) used for PT. To investigate the structural 

characteristics of the prepared materials, we obtained spherical aberration-corrected 

HAADF Z-contrast STEM images (Fig. 2). Figures 2(a) and 2(d) clearly show the 

long-range ordered arrangements of A- and B-site cations, respectively; confirming 

the excellent crystalline quality. The average interplanar spacings of PT and 

0.80PT-0.20BCW were measured by extracting intensity profiles along the a-axis 

(Figs. 2(b) and 2(e)) and c-axis (Figs. 2(c) and 2(f)) from randomly selected areas 

highlighted by orange and light-yellow lines, respectively. We then used the average 

values of the a and c parameters for lattice distortion analysis, yielding c/a ratios of 

1.066 and 1.075 for PTO and 0.80PT-0.20BCW, respectively. These results agree 

well with those from SXRD refinement at RT.
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Figure 2. Atomic-scale HAADF-STEM images of a) PT and d) 0.80PT-0.20BCW compounds, six 

sets of interplanar spacing along b, e) a axis and c, f) c axis measured directly.

As mentioned earlier, NTE in PT-based ferroelectrics usually occurs from RT up 

to their TC. In these materials, an enhanced c/a ratio is associated with an increased 

TC.3,45 Therefore, NTE over an extended temperature range can be achieved in 

PT-based ferroelectrics exhibiting enhanced c/a ratios. Temperature-dependent SXRD 

experiments were performed to study the thermal expansion properties of 

0.90PT-0.10BCW and 0.80PT-0.20BCW, which exhibit higher c/a ratios than pure 

PT. The temperature dependence of the lattice parameters of these compounds was 

determined via Rietveld refinement of the SXRD data (Figs. 3(a) and 3(b)). As the 

temperature increases, the c-axis contracts rapidly, whereas the a(b)-axis slightly 

expands for 0.90PT-0.10BCW and 0.80PT-0.20BCW. Consequently, 

0.90PT-0.10BCW demonstrates NTE over a wider temperature range than pristine PT 

(𝛼𝑉 = −1.99  10−5/K, 300–763 K); specifically, its NTE occurs from RT to as high 

as 810 K, with 𝛼𝑉 = −1.90  10−5/K. Notably, over the temperature range from RT to 

650 K, the unit cell volume of the compound shows minimal temperature dependence, 

exhibiting near-ZTE with an ultralow CTE of −0.82  10−6/K (Fig. 3(c)). Similarly, 

as x increases, 0.8PT-0.2BCW demonstrates NTE across a wide temperature range 
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from 

RT to an elevated TC of 830 K, with 𝛼𝑉 = −1.40  10−5/K. More intriguingly, ZTE is 

achieved with a negligible CTE of −0.46  10−6/K over an extended temperature 

range from RT to 725 K (Fig. 3(d)). The thermal expansion properties for 

representative ZTE materials are summarized in Table S2. Most ZTE compounds 

exhibit ZTE over narrow temperature ranges and at low temperatures, as exemplified 

by Invar alloys (𝛼𝑉 = −0.46  10−6/K, 278–303 K),5 Fe[Co(CN)6] (𝛼𝑉 = −4.41  

10−6/K, 4.2–300 K),6 Mn3Cu0.5Ga0.5N (𝛼𝑉 = 0.354  10−6/K, 12–230 K),7 and 

N(CH3)CuZn(CH3)4 (𝛼𝑉 = −0.6  10−6/K, 200–400 K),46 except for Zr0.4Sn0.6Mo2O8 

(𝛼𝑉 = −0.18  10−6/K, 12 – 600 K)47 and ScF3 (𝛼𝑉 = −0.702  10−6/K, 300 – 900 

K).48 The ZTE observed in the present (1-x)PT-xBCW system extends to high 

temperatures, indicating its potential for future applications. The increased TCs and 

extended NTE/ZTE temperature ranges of these compounds coincide with their 

enhanced c/a ratios.

Figure 3. Lattice parameters of a(b) and c for a) x = 0.10 and b) x = 0.20, and the corresponding 

unit cell volume as a function of temperature for c) x = 0.10 and d) x = 0.20 of the (1-x)PT-xBCW 

compounds. An illustration of spontaneous volume ferroelectrostriction (ωS) is also provided. The 
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TC values are 810 K and 830 K for the x = 0.10 and x = 0.20 compounds, respectively.

We now discuss the mechanism underlying the unique NTE/ZTE occurring 

within the same material. Theoretical and experimental studies indicate that 

ferroelectric behavior significantly influences the NTE properties of PT-based 

ferroelectrics.3,31,49 SVFS (S) was used to quantify the effect of ferroelectricity on 

volume changes observed in the ferroelectric phase of PT-based materials.50 SVFS 

provides a baseline by accounting for thermal expansion solely owing to phonon 

vibrations, defined as follows:

%100
nm

nmexp
S 




V
VV

 (1)

where Vexp denotes the experimental unit cell volume and Vnm signifies the nominal 

unit cell volume, estimated by extrapolating from the paraelectric to the ferroelectric 

phase. A high ωS value indicates a strong ferroelectrovolume effect and increased 

NTE, whereas a low value indicates weak NTE. The ωS values for 0.90PT-0.10BCW 

and 0.80PT-0.20BCW are 2.98% and 2.54%, respectively (Fig. 3), both lower than 

that of pristine PT (ωS = 3.1%). This weakening of the SVFS effect accounts for the 

decrease in NTE and the appearance of ZTE observed in the present (1-x)PT-xBCW 

system. Notably, the broad ZTE plateau is governed not only by the total magnitude 

of SVFS, but more critically by its temperature distribution. In pristine PT, major 

volume contraction concentrates within ~100 K below TC,51,52 while Bi(Cu3/4W1/4)O3 

doping spreads this contraction over a much wider temperature range. Such 

redistribution is mainly controlled by compositional disorder from mixed A- and 

B-site cations, which produces a distribution of local TCs and smears the sharp 

first-order phase transition of pure PT. Meanwhile, enhanced global/local 

tetragonality elevates macroscopic TC and expands the ferroelectric stability window. 

In short, the suppressed SVFS controls the compensation magnitude, and temperature 

redistribution of ferroelectrostriction determines the ZTE temperature window, with 

the two effects operating synergistically.

In perovskite ferroelectrics, the hybridization of A/B-site cations with oxygen is 
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essential for polar distortion.53-55 To investigate the mechanisms underlying electric 

polarization and NTE in the (1-x)PT-xBCW compounds, we performed ab initio 

density functional theory (DFT) simulations. According to modern polarization 

theory,56 polarization originates from off-center ionic displacement and asymmetrical 

electron distribution. Because spontaneous polarization in PT-based materials 

primarily occurs along the c direction, our analysis focuses on polarization along this 

crystallographic direction. We first analyze the ionic displacement to directly study its 

ionic contribution. Subsequently, we examine the electronic contribution by analyzing 

the real-space charge distribution using charge density and electron localization 

function (ELF) data, together with the reciprocal-space electronic properties 

characterized by the spectral function, band structure, and density of states (DOS), 

emphasizing the role of DOS peaks and Van Hove singularities near the Fermi level.

BCW substitution significantly increases displacements at A and B sites, as 

shown in Table S3. At the A site, the displacements for the doped Bi and Pb atoms are 

−0.19 and −0.10 Å, respectively, compared with −0.09 Å for pure PT. At the B site, 

the displacements for Cu, W, and Ti atoms are 0.16, 0.33, and 0.19 Å, respectively, 

compared with 0.12 Å for pure PT. By contrast, the ligand O atoms show only a slight 

change of approximately 0.50 Å, which is close to the 0.44 Å displacement observed 

for the pristine compound. This finding suggests that the ionic contribution to electric 

polarization from cation sites increases after BCW substitution. Additionally, we 

analyzed changes in the c/a ratio within the local AO12 and BO6 environments 

induced by A- and B-site substitutions. As summarized in Table S4, the average local 

c/a ratios for the Bi-, Cu-, and W-substituted structures are 1.08, 1.18, and 1.04, 

respectively, compared with 1.06 for pristine PT. Bi substitution and the associated 

moderate enhancement of c/a ratio suggest stronger local tetragonal distortion.

The contribution of electronic asymmetry can be qualitatively illustrated by the 

charge density and ELF distribution shown in Fig. S3. For the A site, the overall 

electron population increases post-substitution relative to pure PT, as evidenced by 

the denser contours between Pb/Bi and O in the upper panel of Fig. S4(a). This 

enhancement is more pronounced around the Bi atom, where electrons are more 
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localized along the −c direction, leading to a relatively stronger electronic asymmetry 

along this axis. At the B site, Cu and W substitution introduce additional valence 

electrons into the system and, more importantly, induce a polarized electronic 

population along the c direction, as illustrated by the pronounced localized states 

around the substituted Cu and W atoms. This effect is particularly apparent in the 

additional contour shown in the lower right panel of Fig. S4(b). Cu shows a slightly 

greater and more localized electron accumulation than W, which can be attributed to 

the relatively larger displacement of Cu ions compared with the surrounding O atoms.

Figure 4. Representative local environments around a) A site (PbO12) and b) B site (TiO6) are 

displayed, with corresponding electronic density of states shown in c) and d), respectively. The 

Pb, Ti and O atom are represented by grey, cyan and red color, respectively. Different bond 

lengths are labeled as l1, l2 and l3, highlighted in green, orange and purple, correspondingly.

The observed asymmetric electron distribution is well reflected in the electronic 

spectral function, where the cation-ligand hybridization pattern and its relative 

strength vary significantly. Such variations are governed by the local environment, 

which is characterized by the distinct bonding characteristics of the nearest-neighbor 

A/B–O pairs. Two types of local polyhedra, AO12 and BO6, are shown in Figs. 4(a) 

and 4(b), respectively. Because of the substantial cation displacement along the c 

direction, the nearest A/B–O bonds are categorized into three groups, labeled l1, l2, 
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and l3, as shown in Table S5, corresponding to the longest, intermediate, and shortest 

bond lengths, respectively. The corresponding O-projected DOS is denoted using the 

same labeling scheme. Given that O1 and O3 occupy equivalent Wyckoff positions, 

both exhibit similar DOS shapes at the A (Fig. 4(c)) and B (Fig. 4(d)) sites. For 

instance, in the case of O within TiO6 (left panel in Fig. 4(d)), the primary DOS peak 

appears at approximately −2 eV for O1 and O3. By contrast, the O2 peak broadens and 

shifts slightly to higher energy, while the peak near −4 eV becomes more pronounced. 

A noteworthy feature can be observed in the Cu-related data. As shown in the middle 

panel of Fig. 4(d), Cu substitution introduces a characteristic peak at the Fermi level, 

leading to strong, orientation-dependent hybridization between Cu and neighboring O 

atoms. The hybridization of O3, which is bonded to Cu along the −c direction, is 

particularly strong, indicating a stronger Cu–O bond. The presence of a peak at the 

Fermi level often suggests unusual physical behavior. In the present case, it is 

associated with NTE, which can be attributed to a van Hove singularity in the 

electronic structure.57

Figure 5. a) Atom-projected band structure and corresponding PDOS (projected Density of 

States) in PT-BCW. The black, blue, and purple dashed horizontal lines indicate the Fermi level 

and the energies corresponding to the two DOS peaks, respectively. b) Schematic diagram of the 

first Brillouin zone in PT-BCW. c, d) Constant-energy contours corresponding to the two 

total-DOS peaks.

The van Hove singularity corresponds to extrema or saddle points in the 
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electronic band structure. Those located near the Fermi level are of particular 

importance because they can strongly influence the elastic response and, 

consequently, thermodynamic properties of the material. Because thermal expansion 

is related to the pressure derivatives of the elastic moduli, pronounced anomalies in 

thermal expansion are expected. The calculated band structure and projected DOS 

around the Fermi level are shown in Fig. 5(a). Several relatively flat bands, primarily 

originating from the substituted Cu atoms, appear within the energy window of −0.2 

to 0.2 eV. Thus, two pronounced DOS peaks appear at 0.06 and −0.12 eV. It is worth 

noting that even if the spin polarization is considered, the critical branches 

contributing to two peaks at 0.06 and -0.13 remain unchanged as shown in Fig. S5. 

For the DOS peak above the Fermi level, the corresponding bands exhibit a nearly flat 

profile along two high-symmetry paths, N-X-L and Z-G-Y-M-Z, aligned with two 

parallel planes normal to the b1 direction in reciprocal space, as illustrated in Fig. 

5(b). At 0.06 eV, the resulting singularity is clearly manifested in the constant-energy 

contours projected onto the (010) and (001) planes. The corresponding Van Hove 

pockets appear as nearly parallel contour segments extending along the X-N and X-L 

directions, as shown in Fig. 5(c). By contrast, for the DOS peak below the Fermi 

level, the flat-band features remain nearly unchanged, except along the X-N direction, 

where an additional extremum emerges at point X. Consequently, as shown in Fig. 

5(d), although the constant-energy contours in the (001) plane remain largely 

unchanged from those associated with the peak above the Fermi level, an additional 

pocket appears around X in the (010) plane . Because this energy intersects a flat band 

along the Z-G-Y-M-Z path, new pockets emerge along the Z-N and Z-M directions, 

as shown in the (010) and (100) planes. In particular, the latter pocket first appears at 

point M at −0.12 eV and gradually expands along the Z direction as energy decreases, 

eventually evolving into a van Hove pocket that encompasses points M and Z at −0.13 

eV, as illustrated in Fig. S6.

We comprehensively analyzed the ionic displacements and charge distributions 

induced by A- and B-site substitution and elucidated the mechanisms underlying the 

enhanced electric polarization and local c/a ratio observed in these compounds using 
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first-principles simulations. Further analysis of the electronic structure reveals the 

significant effects of Cu substitution, which gives rise to two characteristic DOS 

peaks associated with Van Hove singularities near the Fermi level. These unique 

characteristics are closely associated with low-energy electronic excitations and the 

corresponding elastic response, which are expected to contribute to the ZTE observed 

in the (1-x)PT-xBCW system.

3. Conclusion

In summary, we designed and prepared a new ferroelectric ZTE system, 

(1-x)PT-xBCW (x = 0.10 and 0.20), employing an HPHT method. Rietveld refinement 

of powder SXRD data, combined with TEM analysis, revealed enhanced c/a ratios in 

the present (1-x)PT-xBCW compounds relative to pristine PT. Intriguingly, these 

compounds demonstrated favorable ZTE with a negligible CTE of −0.46  10−6/K 

over a wide temperature range from RT up to 725 K. This unique phenomenon arises 

from the introduction of A/B-site cations with strong polarity, such as Bi3+, Cu2+, and 

W6+, which redistribute electronic density. Especially, according to first-principles 

calculations, Cu-derived van Hove singularities near the Fermi level dominate the 

density of states and govern the elastic anomalies linked to the ultrawide ZTE 

behaviors. The present study expands the scope of high-temperature ZTE materials in 

ferroelectric materials and establishes a ferroelectric-active ion-doping strategy for 

engineering thermal expansion.

4. Experimental Section

Materials Preparation. A cubic anvil-type high-pressure apparatus was used to 

prepare samples of the (1-x)PbTiO3-xBi(Cu3/4W1/4)O3 (x = 0.1 and 0.2, abbreviated as 

(1-x)PT-xBCW) compounds. The raw materials of high-purity PbO (99.9%, Thermo 

Scientific), TiO2 (99.99%, Aladdin), Bi2O3 (99.99%, Innochem), CuO (99.9%, 

MACKLIN), and WO3 (99.99%, MACKLIN) were throughly mixed according to the 

stoichiometry. The mixtures were then sealed in a gold capsule and was reacted at 6 

GPa and 1373 K for 30 min. To remove mechanical strain introduced during the high 

pressure synthesis, the obtained samples were carefully ground and annealed at 400 ℃ 
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for an hour before cooling to room temperature. 

Characterizations. A diffractometer (Huber, Germany) was used to collect the 

X-ray diffraction (XRD) patterns for phase identification. High-temperature 

synchrotron X-ray powder diffraction (SXRD) experiments were performed on the 

BL02B2 beamline of SPring-8 with a wavelength of 0.42 Å.58 Using the FullProf 

software, the detailed crystal structure was refined based on the full-profile Rietveld 

method. The high-angle annular dark field (HAADF) investigations were performed 

on Cs-corrected transmission electron microscope (JEM-ARM200F, JEOL, Japan). 

Polarized Raman-scattering data were obtained using a MonoVista CRS+ 500 

spectrometer (Spectroscopy & Imaging, Germany).

First-principles calculations. Based on experimental structure data with lattice 

parameters of a = b = 3.90 Å, c = 4.17 Å, a 2 × 5 × 4 supercell with 200 atoms was 

constructed to model the 0.9PT-0.1BCW compound. For comparing the effect of 

doped atoms, a pristine PT model with experimental lattice parameters of a = b = 3.90 

Å, c = 4.15 Å was also considered. The theoretical simulations were performed by 

first-principle method implemented in Vienna ab-initio Simulation Package 

(VASP).59 The projector-augmented wave (PAW) pseudopotential and local density 

approximations (LDA) were employed to treat the electron-ion interactions and the 

exchange-correlation functional, respectively. A plane-wave energy cutoff of 600 eV 

was chosen for the basis set. The structure optimization was performed by relaxing 

the atomic positions while keeping the experimental lattice parameters fixed. The 

convergence thresholds for ionic and electronic iterations was set to -0.01 eV/atom 

and 1 × 10−7 eV. The k-point meshes used for structural optimization, static 

self-consistent calculation (including constant-energy surface analysis and ELF 

extraction), and DOS calculations were 5 × 2 × 2, 8 × 3 × 4, and 10 × 4 × 5, 

respectively. The python library IFermi60 was used to generate and visualize the 2D 

slices of the energy surface around Fermi energy in reciprocal space.
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The data that support the findings of this study are available in the supplementary 
information (SI) of this article. The supplementary information includes part of the 
detailed electronic structure calculations, additional characterization data, and 
supporting figures and tables related to this study.
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