
ORIGINAL ARTICLE

Achieving negative thermal expansion over an extended
temperature range in rare-earth-modified PbTiO3-based
perovskites

Zhao Pan* , Meng-Qi Ye, Yan Suo, Feng-Yi Zhou, Duo Wang*,
Jin Liu, Xu-Bin Ye, Jie Zhang, Mao-Cai Pi, Wei-Hao Li, Chao Chen,
Nian-Peng Lu, Shogo Kawaguchi, Yao Shen, You-Wen Long*

Received: 28 December 2024 / Revised: 17 February 2025 / Accepted: 18 February 2025 / Published online: 12 June 2025

� Youke Publishing Co.,Ltd 2025

Abstract Negative thermal expansion (NTE) is a

notable physical property where a material’s volume

decreases instead of increasing when heated. The identifi-

cation of NTE materials is crucial for thermal expansion

control engineering. Most NTE materials exhibit NTE only

within a narrow temperature range, restricting their appli-

cations. Achieving NTE across a broad temperature range

remains a significant challenge. This study developed a

novel PbTiO3-based system, (1-x)PbTiO3–xBiLuO3,

incorporating rare-earth elements, using a distinctive high-

pressure and high-temperature synthesis technique. We

achieved NTE across a broad temperature range by cou-

pling lattice (c/a) with ferroelectric order parameters. The

incorporation of BiLuO3 resulted in distinctive

ferroelectric characteristics, including increased tetrago-

nality, spontaneous polarization, and NTE over a broad

temperature range. NTE over an extended temperature

range has been achieved in 0.95PbTiO3–0.05BiLuO3

(aV = -1.7 9 10–5 K-1, 300–840 K) and 0.90PbTiO3–

0.10BiLuO3 (aV = -1.4 9 10–5 K-1, 300–860 K), com-

pared to pristine PbTiO3 (aV = -1.99 9 10–5 K-1,

300–763 K). The improved tetragonalities and broader

NTE temperature range result from the strong hybridiza-

tion of Pb/Bi–O and Ti/Lu–O atoms, as demonstrated by

combined experimental and theoretical analyses, including

high-energy synchrotron X-ray diffraction, Raman spec-

troscopy, and density functional theory calculations. This

study introduces a novel example of NTE over a broad

temperature range, highlighting its potential as a high-

performance thermal expansion compensator. Additionally,

it presents an effective method for incorporating rare-earth

elements to achieve NTE in PbTiO3-based perovskites

across a wide temperature range.

Keywords Negative thermal expansion; High-pressure

and high-temperature synthesis; Density functional theory

1 Introduction

Thermal expansion is a common physical property of

materials, which originates from the anharmonic thermal

vibrations between atoms [1, 2]. Conversely, some mate-

rials exhibit unusual negative thermal expansion (NTE),

contracting when heated and expanding when cooled [3].

Materials exhibiting NTE are crucial for fundamental

research and contemporary technological applications [4].

NTE materials are crucial for adjusting and controlling the

overall coefficient of thermal expansion (CTE) in
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composites, potentially achieving zero thermal expansion

(ZTE) when combined with positive thermal expansion

(PTE) materials. NTE materials hold significant promise

for technical applications, including high-precision optical

mirrors, microelectronic devices, and aerospace, which

often experience temperature fluctuations [5–7]. Currently,

only a few NTE materials function effectively as high-

performance thermal expansion inhibitors due to their

small magnitude of NTE and/or narrow NTE operational

temperature range. For example, traditional phase-transi-

tion-type NTE materials often exhibit significant NTE;

however, their NTE typically occurs within a narrow

temperature range, rarely exceeding 200 K [8–10].

Achieving NTE across a broad temperature range remains

a significant challenge in existing materials.

PbTiO3 (PT) is a well-known perovskite-type (ABO3)

ferroelectric material. PT exhibits a tetragonal symmetry

with the space group of P4mm and tetragonality c/a of 1.064

at room temperature [11]. Over the last fifty years, extensive

research has been conducted on PT-based ceramics like

Pb(Zr,Ti)O3 (PZT) due to their exceptional piezoelectric

properties at the morphotropic phase boundary (MPB) [12].

In addition to its ferroelectric properties, PT exhibits a dis-

tinctive large NTE in the ferroelectric tetragonal phase [13],

setting it apart from other perovskites like BaTiO3 and

SrTiO3. The unit cell volume of PT decreases from room

temperature (RT) to its Curie temperature (TC = 763 K) with

an intrinsic average coefficient of thermal expansion (CTE)

of -1.99 9 10–5 K-1 [14]. Many PT-based compounds

were reported to exhibit NTE from RT to their TCs [15–20].

The c/a ratio is significantly associated with the TC in PT-

based perovskites. The proposed qualitative relationship

between the c/a ratio and TC in PT-based compounds pro-

vides detailed insights. The data suggest a positive correla-

tion between the c/a ratio of PT-based compounds and their

TC values (Fig. 1). The NTE temperature range of PT-based

compounds may be linked to changes in the c/a ratio. PT-

based compounds with increased c/a ratios, such as 0.95PT–

0.05BiYO3 (c/a = 1.068, aV = -2.29 9 10–5 K-1, 300–

800 K) [21], 0.95PT–0.05BiGaO3 (c/a = 1.071, aV =

-2.23 9 10–5 K-1, 300–768 K) [17], and PbTi0.9V0.1O3 (c/

a = 1.077, aV = -3.76 9 10–5 K-1, 300–823 K) [22],

exhibit NTE over a broad temperature range. Conversely,

compounds with lower c/a ratios, such as PbTi0.95Fe0.05O3

(c/a = 1.056, aV = -1.49 9 10–5 K-1, 300–748 K) [23],

Pb0.85Sr0.15TiO3 (c/a = 1.047, aV = -1.11 9 10–5 K-1,

300–673 K) [24], and Pb0.95La0.05TiO3 (c/a = 1.040,

aV = -1.02 9 10–5 K-1, 300–653 K) [14], show NTE over

a narrower temperature range compared to pristine PT.

How is the c/a ratio of PT enhanced to achieve NTE

across a broad temperature range? Previous studies have

shown that PT-BiMeO3 systems, where Me is a single or

mixed cation(s) with an average valence of ?3, typically

exhibit enhanced c/a ratios along with increased TC.

Examples include PT-Bi(Zn1/2Ti1/2)O3 [25], PT-BiFeO3

[26], PT-Bi(Zn1/2V1/2)O3 [16], and PT-BiCoO3 [15]. Bi3?

shows a similar 6s2 lone pair electronic configuration to

Pb2?, but has a smaller ionic radius [27–29], enhancing its

polarizability compared to Pb2?. Theoretical and experi-

mental analyses reveal that Bi3? induces stronger

hybridization with oxygen compared to Pb2?, resulting in

significant ferroelectric polarization, increased c/a ratio,

and elevated TC [30–32]. Consequently, substantial c/a ra-

tios are anticipated in the solid solutions of PT and

BiMeO3. Although many PT-BiMeO3 systems exhibit

enhanced c/a ratios and increased TC, some, like PT-

Bi(Ni1/2Hf1/2)O3 and PT-Bi(Ni1/2Zr1/2)O3 [33, 34], display

reduced c/a and decreased TC. This is attributed to the

weak hybridization between B-site cations and oxygen,

which diminishes the overall hybridization despite the

strong interaction between Pb2?/Bi3? and oxygen. To

achieve improved c/a in PT-BiMeO3 systems, the B-site

should be occupied by ferroelectrically active cations like

Zn, Ti, and Fe [35].

As we known, the rare-earth-contained PT-BiMeO3

system of PT-BiScO3 was reported to show large piezo-

electric constant and high TC in the MPB [36]. Addition-

ally, recently, we reported a new PT-BiMeO3 system of

PT-BiYO3, which exhibits large c/a and high TC [21]. It is

therefore considered that the introduction of rare-earth

element in the B-site of PT-BiMeO3 could promote the c/

a and TC. Based on these, herein, we designed a new rare-

earth-contained PT-BiMeO3 system of PT-BiLuO3 and

synthesized using a unique high-pressure and high-tem-

perature method. As expected, enhanced c/a and NTE over

an extended temperature range were successfully achieved.

The crystal structure and thermal expansion properties

were systematically analyzed.
Fig. 1 Relationship between tetragonality (c/a) and the Curie
temperature (TC) of PbTiO3-based perovskite compounds
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2 Experimental

2.1 Sample preparation

The (1-x)PT-xBiLuO3 compounds (x = 0.05 and 0.10,

abbreviated as (1-x)PT-xBL)), which are the solid solu-

tions between PbTiO3 and BiLuO3, were synthesized using

a distinctive high-pressure and high-temperature method.

High-purity PbO (99.9%, Thermo Scientific), TiO2

(99.99%, Aladdin), Bi2O3 (99.99%, Innochem), and Lu2O3

(99.99%, Innochem) were thoroughly mixed based on

stoichiometric ratios. The mixtures were enclosed in a

platinum capsule measuring 3 mm in diameter and 5 mm

in height and subjected to conditions of 7 GPa and 1373 K

for 30 min using a cubic-anvil high-pressure apparatus.

Post high-pressure synthesis, the samples were meticu-

lously ground, annealed at 500 �C for 1 h, and gradually

cooled to RT to alleviate mechanical strain from the high-

pressure procedure.

2.2 Sample characterization

Phase identification was performed using X-ray diffraction

(XRD) patterns collected with a Huber diffractometer from

Germany. The high-temperature synchrotron X-ray powder

diffraction (SXRD) experiment was performed at the

BL02B2 beamline of SPring-8 using a 0.42 Å wavelength.

The crystal structure was refined using the Rietveld method

with FullProf software. Raman scattering spectra were

obtained using a MonoVista CRS ? 500 spectrometer

(Spectroscopy and Imaging, Germany).

2.3 First-principles calculations

Utilizing experimental characterization, we developed a

structural model for the 0.95PT-0.05BL structure, featuring

lattice parameters a = b = 3.91 Å, c = 4.17 Å, within the

P4mm space group. A pristine PT with comparable lattice

parameters (a = b = 3.90, c = 4.15 Å) was examined to

assess the doping effect. A 5 9 2 9 2 supercell was con-

structed for simulating 5% substitution in 0.95PT-0.05BL,

with a total of 100 atoms. Our theoretical l simulations

utilize density functional theory (DFT) with the Vienna Ab

initio simulation package (VASP) employing a plane-wave

basis set [37]. The electron exchange–correlation effect in

the system was described using the Perdew–Burke–Ernz-

erhof (PBE) functional within the generalized gradient

approximation (GGA) [38, 39]. A plane-wave energy cut-

off was chosen as 600 eV. The internal atomic positions

were fully relaxed with a criterion of 1 9 10-8 eV and

0.001 eV Å-1 for electronic and ionic iterations, respec-

tively. The Brillouin zone was sampled using the Mon-

khorst–Pack method with a 2 9 5 9 5 grid for geometry

optimization and a 4 9 10 9 10 grid for electronic prop-

erty calculations, encompassing both the electron local-

ization function (ELF) [40] and density of states (DOS).

3 Results and discussion

3.1 Structure analysis

Figure 2A illustrates the structural evolution of (1-x)PT-

xBL for x values of 0, 0.05, and 0.10. All samples exhibit

high purity with no detectable impurities. The (1-x)PT-

xBL compounds (x = 0.05 and 0.10) exhibit a tetragonal

perovskite structure similar to pristine PT. The SXRD data

were utilized to refine the detailed structural parameters,

which are provided in the Supporting Information

(Figs. S1, S2 and Table S1). Note that impurities appear

when the value of x is larger than 0.10, indicating the solid

solubility limit at the present synthesis condition. As x in-

creases, the (002) peak shifts to lower angles, indicating a

notable expansion of the c axis. The (200) peak exhibits a

shift toward a lower angle. However, the (200) peak shifts

more slightly compared to that of the (002) peak, and the

a axis almost keeps constant. Consequently, the c/a ratio

rises from 1.064 in pristine PT to 1.066 in 0.95PT-0.05BL

and 1.068 in 0.90 PT-0.10BL (Fig. 2B). The significant

lattice distortion results from large spontaneous polariza-

tion (PS) displacements, driven by strong hybridization

between A/B-site cations and oxygen, alongside coupling

interactions between A-site and B-site cations.

In ABO3 perovskite ferroelectrics, the PS arises from the

displacement of A- and B-site atoms from the center of the

oxygen polyhedra. The schematic of PS displacement is

shown in Fig. 2C. The estimation of PS can be achieved by

focusing on a pure ionic crystal and disregarding the

electronic polarization effect. In this study, the PS dis-

placements of A-site Pb/Bi (dzA) and B-site Ti/Lu (dzB)

were obtained from the Rietveld refinement of the SXRD

data. As can be seen in Fig. 2D, both dzA and dzB exhibit

an increasing trend as the value of x rises. The PS value

increases from 56 lC cm-2 in pristine PT to 58 lC cm-2 in

0.95PT-0.05BL, and 60 lC cm-2 in 0.90PT-0.10BL,

aligning with the enhanced c/a ratio.

According to lattice dynamic theory, soft mode vibra-

tions are suggested to be associated with the ferroelectric

phase transition [41]. Lattice dynamic studies of PT-based

compounds indicate that the A1(1TO) soft mode frequency

is proportional to the PS order parameter in PT-based fer-

roelectrics, as it reflects the displacement of the BO6

octahedron relative to the A-site atoms. The A1(1TO) soft

mode exhibits a nearly linear relationship with the dis-

placement of A-site atoms, serving as an indicator of

polarization changes in PT-based compounds, whether
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associated with typical reduced c/a ratios or atypical

enhanced c/a ratios [42]. The A1(2TO) soft mode is highly

responsive to the PS displacement of B-site atoms, as it

reflects their movement relative to the oxygen and A-site

atoms. In the (1-x)PT-xBi(Zn1/2Ti1/2)O3 system, an

increase in c/a is observed alongside hardened A1(1TO)

and A1(2TO) modes [43], whereas the Pb1-xSrxTiO3 system

exhibits a decrease in c/a with softened A1(1TO) and

A1(2TO) modes [44]. Figure S3A displays the Raman

spectra for the (1-x)PT-xBL compounds with x values of 0,

0.05, and 0.10. Notably, both the Raman active modes

A1(1TO) and A1(2TO) exhibit an unusual shift to higher

frequencies as the value of x increases. Specifically, the

A1(1TO) soft mode shifts from 146 cm-1 for pristine PT to

154 and 159 cm-1 for the 0.95PT-0.05BL and 0.90PT-

0.10BL compounds, respectively, while the A1(2TO) soft

mode shifts from 341 cm-1 for pristine PT to 352 and

361 cm-1 for the 0.95PT-0.05BL and 0.90PT-0.10BL

compounds, respectively (Fig. S3B). These indicate

improved PS displacement at both the A- and B-sites. The

results align with the PS displacements calculated from the

Rietveld refinement of the SXRD data. The A1(1TO) and

A1(2TO) soft modes are typically softened in various PT-

based compounds, including Pb1-xSrxTiO3 [44], PbTi1-x

FexO3 [23], (1-x)PT-xPb(Mg1/3Nb2/3)O3 [45], and so on

[46].

3.2 Negative thermal expansion properties

In PT-based perovskite compounds, the increased c/a ratio

is closely linked to the phase transition temperature (TC). In

PT-based ferroelectrics, a larger c/a ratio typically corre-

lates with a higher TC, whereas a smaller c/a ratio is gen-

erally associated with a lower TC, relative to pristine PT. In

PT-based compounds, an increase in Curie temperatures

(TCs) correlates with higher c/a ratios, as seen in 0.95PT-

0.05BiYO3 (c/a = 1.068, TC = 800 K) and PbTi0.9V0.1O3

(c/a = 1.077, TC = 823 K) [21, 22]. Conversely, com-

pounds with lower c/a ratios, such as PbTi0.95Fe0.05O3 (c/

a = 1.056, TC = 748 K), Pb0.85Sr0.15TiO3 (c/a = 1.047,

TC = 673 K), and Pb0.95La0.05TiO3 (c/a = 1.040, TC =

653 K) [14, 23, 24], exhibit decreased TCs compared to

Fig. 2 A The room-temperature XRD patterns, B lattice parameters, C the schematic diagram of PS displacement, and D the
calculated A- and B-site displacements, dzA and dzB, and spontaneous polarization (PS) for the (1-x)PT-xBL (x = 0.0, 0.05, and 0.10)
compounds. Error bars are too small to show
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pristine PT. To investigate the thermal expansion proper-

ties and determine the TC of (1-x)PT-xBL compounds

with enhanced tetragonality, temperature-dependent syn-

chrotron X-ray diffraction (SXRD) experiments were

conducted on samples with x = 0.05 and 0.10 (Fig. 3). The

unit cell volumes were determined through structure

refinement using SXRD data. The 0.95PT-0.05BL com-

pound, when BiLuO3 is substituted, demonstrates NTE

over a broad temperature range from RT to its TC

(* 840 K), with an average volumetric CTE of

aV = -1.7 9 10–5 K-1 (Fig. 3A), in contrast to the origi-

nal PT (aV = -1.99 9 10–5 K-1, RT-763 K). As the

BiLuO3 content increases to 0.90PT-0.10BL, the NTE

magnitude slightly decreases to aV = -1.4 9 10–5 K-1,

while the NTE temperature range further extends from RT

to its TC of 860 K (Fig. 3B). The rise in TC aligns with the

improved c/a ratio and PS.

Research, both theoretical and experimental, indicates

that ferroelectric behavior significantly influences the NTE

properties in PT-based ferroelectrics [14, 15, 47]. A novel

concept, spontaneous volume ferroelectrostriction (SVFS,

xS), has been introduced to quantify the impact of ferro-

electricity on the unusual volume changes observed in the

ferroelectric phase of PT-based ferroelectrics. This concept

estimates the SVFS baseline by considering only the

thermal expansion due to phonon vibrations [48]. The

SVFS is defined as follows, as shown in Eq. (1).

xS ¼ Vexp � Vnm

Vnm

� 100% ð1Þ

where Vexp denotes the experimental unit cell volume and

Vnm signifies the nominal unit cell volume. Vnm can be

estimated by extrapolating from the paraelectric phase to

the ferroelectric phase. A high xS value signifies a strong

ferroelectrovolume effect and increased NTE, whereas a

low value indicates weak NTE. The xS values are 2.89%

for 0.95PT-0.05BL and 2.78% for 0.90PT-0.10BL (Fig. 3),

aligning with the observed reduction in NTE magnitude

compared to pristine PT, which has a xS of 3.1% [2].

3.3 Theoretical calculations

We perform ab initio simulations to further investigate the

mechanism of NTE and electric polarization in PT-BL.

Typically, the electric polarization arises from the off-

center ionic displacement and asymmetrically distributed

electronic charge [49]. In order to clarify their respective

contributions, we analyze these two factors separately.

Given that spontaneous ferroelectric polarization in PT-

based compounds aligns with the elongated axis of the

tetragonal structure (the c direction in our model, as

depicted in Fig. 4) [50], we concentrate on examining

property variations along this axis.

By comparing atomic positions before and after BL

substitution (Fig. 4A, B), we identified significantly

induced displacements at both cation sites. Specifically, for

the B-sites, the off-center displacements for Ti and Lu are

0.18 and 0.19 Å, respectively, compared to 0.03 Å for Ti in

pristine PT. For the A sites, the displacements for Pb and

Bi are 0.04 and 0.15 Å in comparison with a negligible

movement of the Pb atom in PT (* 0.01 Å). This

demonstrates a comparable A-site position change upon

Bi-substitution, similar in magnitude to the displacements

of Ti and Lu in the B-sites, highlighting their significant

ionic contributions to the enhanced ferroelectricity.

The electronic contribution to the system’s electric

polarization can be understood by its asymmetric charge

distribution. The electron localization function (ELF) and

density of states (DOS) are complementary tools for its

analysis. The ELF results are shown in Fig. 4. For the B

sites, instead of having nearly zero localized electrons (as

observed in the Ti case), the Lu substitution introduces

Fig. 3 Temperature dependence of the unit cell volume for A 0.95PT-0.05BL and B 0.90PT-0.10BL. The ferroelectric-to-paraelectric
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 (xS) is also shown for the 0.95PT-
0.05BY and 0.90PT-0.10BY compounds, respectively
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more electrons into the system, providing an extra degree

of freedom to adjust the ferroelectricity. As shown in the

lower panel of Fig. 4, more electrons are shared along

-c direction in the Lu-O bond (indicated by green regions

connected by a cyan contour), whereas electron distribution

is sparser along the c direction (evidenced by two separate

ELF regions). For the A-sites (upper panel in Fig. 4), both

Pb–O and Bi–O bonds have notable covalent character,

with the latter showing a slightly higher electron density

localized along the bond (connected green region).

The DOS results can be used to quantify this covalency

enhancement. Its overall distribution is dictated by the

electronic energy levels of the bonded atoms, and its rel-

ative intensity variation before and after substitution indi-

cates their differences in hybridization strength, revealing

their bond nature. As illustrated in Fig. 5A, B, AO12 and

BO6 local polyhedral are distorted due to the displacements

of cations atoms along c direction. The nearest cation-

oxygen bond can therefore be classified into three cate-

gories based on their bond lengths: the longest (l1), the

medium (l2), and the shortest (l3) (Table S2). This classi-

fication is reflected in the corresponding DOS (Fig. S4), as

the elongated bond (l1) and compressed bond (l3) share a

similar local symmetry, thereby exhibiting similar overall

O DOS distributions, while the one associated with l2 is

distinct from the others. As an example, consider the O

DOSs around the Ti atom (Fig. 5B). The peak positions for

the O1 and O3 cases are identical, located mainly around

-4 and -2 eV, respectively. In contrast, for the O2 DOS, a

previously subtle peak below -4 eV becomes more pro-

nounced, and the one around -2 eV exhibits a slight

rightward shift. With Bi and Lu cations substituted into the

compound, it not only introduces characteristic peaks into

the DOSs (e.g., the peak around -5 eV in Fig. 5C), but

more importantly, alters hybridization strength at some

specific energy range. As shown in Fig. S5 and the right

panel of Fig. 5D, just below the Fermi level, the substituted

Lu atom introduces a strongly localized 4f state, which

enhances the hybridization strength and critically forms a

substantial peak for the O3 DOS. This peak represents a

localized state around the Fermi level, indicating the

existence of a Lu-induced von Hove singularity, which has

been proven to have a direct connection to the anomalous

negative thermal expansion of materials [51, 52].

In short, by conducting a comprehensive theoretical

study on 0.95PT-0.05BL, we have exemplified the crucial

roles of BL substitution-induced ferroelectricity by inves-

tigating their ionic and electronic contributions separately.

In addition, further electronic structure analysis reveals a

potential von Hove singularity at the Fermi surface in this

compound. This explains the anomalous thermal expansion

properties, aligns well with experimental results, and

Fig. 4 The electron localization functions (ELF) for the optimized structures of A pristine PT and B 0.95PT-0.05BL plotted in the ac
plane (upper panel) and bc plane (lower panel). ELF values are color-mapped from blue to green to red covering a range from 0 to 1,
as indicated by a scale bar on the right panel. Blue color represents pure ionic bonding, any increase in the ELF value signifies
strengthened covalent interactions. A-site atoms (Pb and Bi), B-site atoms (Ti and Lu) and O atoms are depicted by dark gray, purple,
cyan, blue, and red spheres, respectively. Red dashed rectangles highlight the ELF regions that exhibit differences before and after
cation substitution
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establishes a direct connection between the NTE and fer-

roelectric properties.

4 Conclusion

In summary, a novel PT-based perovskite system,

(1-x)PT-xBL, was developed and prepared using a dis-

tinctive high-pressure and high-temperature technique. The

(1-x)PT-xBL compounds demonstrate an unusually

increased c/a ratio relative to pure PT. NTE has been

successfully achieved over an extended temperature range,

in contrast to pristine PT. Our experimental and theoretical

studies demonstrate that the substitution of BiLuO3

enhances PS, thereby extending the NTE temperature

operation range. The present study provides a novel

example of NTE in a wide temperature range, which shows

the potential as high-performance thermal expansion

inhibitors.
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