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Local structure heterogeneity in unique tetragonal BaTiO3-based 
relaxor featuring ultrahigh electrostrictive effect
Yonghao Yao, a Lu Wang, a Yuanpeng Zhang, b Jue Liu, b Chuanrui Huo, a Hui Liu*a and Jun Chen*a,c

Relaxor ferroelectrics are characterized by nanoscale structural heterogeneity and show superior electrical properties. 
However, the complicated local structures are not well deciphered in lead-free counterparts and impeding the 
understanding of structure-properties relationship. Herein, the temperature-dependent local structures of unique 
tetragonal BaTiO3-(Bi0.5Li0.5)TiO3 relaxor which present an ultrahigh electrostrictive effect, are studied by using the neutron 
total scattering. Significant tetragonal distortion at 1-10 Å local scale persists between 100-500 K, despite the long-range 
structure having undergone a tetragonal to cubic phase transition. Interestingly, nanoscale Li-Bi clusters exist in the Ba 
matrix, which hold large polar displacements and remain even above Tm. A gradual disorder in the local polarization direction 
with an increase in temperature, accompanied by a nearly constant spontaneous polarization magnitude. This phenomenon 
leads to the vanishing of macroscopic polarization during the diffuse phase transition. These findings contribute to a better 
understanding of the role of local chemical heterogeneity on the relaxor behavior, and provide a structural foundation for 
designing relaxors by utilizing short-range chemical ordering.

Introduction
Relaxor ferroelectrics (RFEs) are featured as strong frequency 
dispersion of dielectric permittivity, frequency-dependent 
dielectric maximum (Tm), and diffused phase transition (DPT), 
making them highly attractive for a wide range of applications 
in sensing, transduction, and energy storage.1-10 The fascinating 
properties of RFEs are thought to be linked with the 
heterogeneous polar structures.11-17 Initially, RFEs were treated 
with models based on the compositional fluctuation that 
deviating from the completely disorder solid solutions.18-21 The 
widely accepted theory for explaining the dielectric anomaly is 
rooted in the local polarization correlations at the nanoscale, 
known as polar nanoregions (PNRs). Various models have been 
proposed to rationalize the complicated polar structures, such 
as chemical order/disorder, random electric fields, low angle 
domain walls, and dipolar glasses.11,12,22,23 While most of these 
developed models are formed on the lead-based relaxor 
systems, such as Pb(Mg1/3Nb2/3)O3 (PMN), Pb(Sc1/2Nb1/2)O3 
(PSN) and Pb(Zn1/3Nb2/3)O3 (PZN). Notably, all these lead-based 
materials present a DPT from long-range rhombohedral (R) to 
cubic (C) symmetry. Thus, some adaptations may be required to 
apply these models to lead-free counterparts.

Over decades, numerous lead-free relaxors with diverse 
chemical compositions and structures have been develop-
ed,3,4,6,8,24-26 which provide exotic specimens for understanding 
the physics behind relaxor behaviours. Very recently, a giant 
electrostrictive effective has been reported in BaTiO3-
Bi0.5Li0.5TiO3 (BT-BLT) relaxor, where A-site consists of small 
radius Li+, covalency Bi3+, and large pure ionic Ba2+.26 
Interestingly, the BT-BLT solid solutions exhibit the tetragonal 
(T) phase at low temperatures, in contrast to the common R-

phase shown in lead-based counterparts, such as PMN. Hence, 
exploring the detailed local chemistry and local structure across 
the DPT in the unique tetragonal lead-free relaxor would 
enhance the understanding of the relaxor behaviours.

The atomic pair distribution function (PDF) based on total 
scattering techniques has garnered increasing attention due to 
its ability to capture short-range local and long-range average 
structures simultaneously in complex functional materials.27,28 
PDF enables to detect the structural information, including 
bond lengths and coordination surroundings in real space. For 
instance, the use of this technique has unveiled local polar 
states that are distinct from the long-range average 
structures.29,31 Further, combined with the big box modelling 
method reverse Monte Carlo (RMC) algorithm,32 the A/B-site 
position and displacement distribution can be obtained in 
perovskites.15,29,33

Herein, we report the evolution of local structures in a 
unique tetragonal 0.85BaTiO3-0.15Bi0.5Li0.5TiO3 (BT-15BLT) 
relaxor. The T distortions at different scales are revealed by X-
ray diffraction and neutron total-scattering. The short-range 
structure maintains abnormal T distortion while the 
macroscopic phase structure has transformed from T 
ferroelectric to paraelectric phase. By combining the RMC 
simulations, we show that the clusters can result in structural 
distortion and PNRs. The origin of relaxation transition is 
certified to polarization rotation from the atomic distribution 
configuration. This study enhances the comprehension of 
polarization distribution configurations in relaxors and provides 
novel insights for their design.

Results and discussion
The BT-100xBLT (0.1 ≤ x ≤ 0.17) was prepared by solid-state 
reaction method. With increasing BLT content, the solid 
solution transforms from a typical ferroelectric state to a RFE 
state according to the P-E loop and dielectric spectrum (Fig. 
S1(a)). Particularly, the almost zero remanent polarization 
indicates that typical RFE state has been obtained at x = 0.15. As 
reported in our previous study,26 the BT-15BLT present 
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hysteresis-free polarization-strain (Fig. 1). This lead to an 
ultrahigh electrostrictive effect with Q33 of ~0.0712 m4/C2. In 
contrast to the obvious phase transition of R-O and T-O in 
BaTiO3 (BT),34 no ferroelectric phase transition is observed in 
the BT-100xBLT system (Fig. S1(b)). The BT-15BLT shows strong 
diffuse phase transition and board frequency dispersion of Tm 
as shown in Fig. 1(a). ΔTm reaches about 100 K with the 
frequency varying from 1 kHz to 1MHz accompanied with a 
relaxation parameter γ of 1.63 (Fig. S1(c)). These behaviours are 
similar to conventional lead-based relaxors and Ba(Ti,Zr)O3 
relaxors.12,35 However, the ultrahigh electrostrictive effect 
imply the local polarization feature would be different.

The long-range average structure of BT-15BLT is studied by 
the X-ray diffraction (XRD). Interestingly, the BT-15BLT presents 
long-range T phase at low temperature. It is known that the BT 
shows R phase at low temperature. Therefore, most of BaTiO3-
based relaxors exhibits long-range R symmetry at low 
temperature.34,36 It seems that the T phase relaxors is rare both 
in lead-based and lead-free-based relaxors. From the 125 - 475 
K, only long-range ferroelectric T to C phase transition around 
300 K is detected (Fig. 2(a)), which is consistent with the 
dielectric spectrum (Fig. 1). The temperature dependent 
structure parameters are presented in Fig. 2(b). The long-range 
T distortion is approximately 1.007 at 125 K, and gradually 
decreases to 1 at around 325 K. Of particular interest is probing 
the evolution of local structure under the unique long-range T 
to C DPT in BT-15BLT relaxor.

The neutron total scattering is employed to study the local 
structures of BT-15BLT. Fig. 3(a) displays the PDF within the 
range of 1.5 - 4.5 Å, revealing the nearest coordination 
information of perovskite structures. No abrupt change in the 
PDFs is observed from 100 K and 500 K, which differs from the 
results obtained from XRD. The peaks at roughly 1.8 Å 
correspond to Ti-O pairs, while the peaks between 2.3 - 3.2 Å 
represent A-O and O-O pairs. The presence of peak asymmetry 
in Ti-O and A-O peaks across the entire temperature range 
suggests the occurrence of local off-central displacements from 

their surrounding oxygen cages. PDF fitting under different 
length scales reveals a significant local T distortion of 1.014 
below 10 Å (Fig. 3(b) and Fig. S2), which persists even when the 
temperature exceeds Tm (Fig. 3(c)). At medium-length scales (< 
40 Å), the variation trend of c/a with respect to temperature 
derived from the long-range PDF results is consistent with the 
refinement results collected from XRD refinement. The disparity 
in T distortion primarily manifests during DPT, as observed from 
the refinement results obtained from neutron total scattering 
and XRD. Thus, the presence of deviation between the short-
range local structure and long-range average structure is 
deemed to be an essential feature of DPT in relaxors.

The big-box modelling based on RMC method enables to 
effective analyse the spatial variation of local atomic 
distribution, which plays a critical role in understanding the 
relaxation characteristics of RFEs that are strongly related to 
compositional heterogeneity.15 A big 3D model with 
approximately 80 Å × 80 Å × 80 Å is adopted to refine the PDF 
G(r) and S(Q) data simultaneously. Both the structural 
signatures in very local and long-range from real-space and 
reciprocal space can be restored (Fig. 4(a)). Note that A-site 
atoms are allowed to swap randomly during RMC simulations,32 
and thus can get the atomic spatial distribution information. 
Interestingly, evident nanoscale inhomogeneous chemical 
distribution is observed. Li and Bi aggregations embedded into 
the Ba matrix occur with several unit-cell sizes (Figs. 4b and 4c). 
Notably, these chemical clusters formed by the Li and Bi 
aggregations persist throughout the temperature range of 100 
- 500 K (Fig. S3). It appears that the clusters are not significantly 
affected by temperature. Currently, there is a growing 
consensus that lead-based PMN RFEs demonstrate a well-
defined ordering of Mg/Nb at the nanoscale, with non-random 
cluster arrangements.14 In contrast, the Li-Bi clusters of BT-
15BLT display a disordered distribution within the nanoscale 
clusters, showing no apparent correlation between clusters 
within the supercell.

Fig. 1 (a) Temperature-dependent permittivity, and (b) strain-polarization curve of BT-15BLT ceramic at room temperature. (c) 
Comparison of Q33 value in representative lead-free ceramics.
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Fig. 2 (a) Temperature-dependence (002) peak, and (b) 
lattice parameters from the refine structure at different 
temperature of BT-15BLT.

The complex polar structure of relaxor is closely related to 
the local chemical heterogeneity.12,13,20 Therefore, the atom 
polar displacement and unit-cell polarization are extracted to 
elaborate the relationship between chemical clusters and PNRs. 
Fig. 4d illustrates the calculated 3D distribution of A/B-site polar 
displacements. As depicted, the displacement clusters 
associated with A-site atoms exhibit smaller volumes compared 
to those generated by B-site atoms, consistent with the size of 
the Bi-Li clusters shown in Fig. 4c. The Ba matrix associated with 
A-site atoms shows negligible polarization displacement, 
indicating a higher degree of Ti-O hybridization compared to Ba-
O. This finding aligns with the well-established understanding 
that the ferroelectric polarization in BaTiO3 is primarily induced 
by B-site atoms. Notably, the displacement magnitude 

generated by A-site atoms surpasses that of B-site atoms, 
implying that the introduction of Bi/Li atoms triggers higher 
polarization at the A-site. Intriguingly, both A-site and B-site 
displacement clusters exhibit corresponding polarization 
clusters. These polarization clusters, also referred to as PNRs, 
interrupt the long-range ferroelectric polarization alignment. 
Significant polarization displacement differences and non-
uniform distribution within these clusters provide a strong 
restoring force for polarization reversal. Furthermore, the 
substantial atomic polar displacements of Bi and Li induce a 
robust strain response, resulting in a large hysteretic-free strain 
that ultimately yields an ultrahigh electrostrictive effect with 
Q33 of ~0.0712 m4/C2. However, the contributions of A-site and 
B-site displacements to the spontaneous polarization need to 
be considered in terms of overall averaging results.

The evolution of mean atom polar displacement and unit-
cell polarization with temperature is shown in Fig. 5. One can 
see that the length of Ti polar displacement is larger than A-site 
polar displacement. Because, the A-site is primarily occupied by 
pure ion-type Ba, while the B-site Ti can form covalent bonds 
with O. The local Ti polar displacement remains consistent at 
approximately 0.19 Å, and is not affected by changes in 
temperature. Conversely, the local A-site polar displacement 
increases with temperature. This phenomenon is likely due to 
the increased unit cell volume providing more displacement 
space for the small-radius Li+ and Bi3+ ions as the temperature 
increases. Additionally, the polar displacement may be 
influenced by contributions from atomic thermal vibrations. 
Although the A-site polar displacement gradually reaches 0.18 
Å, the Ti polar displacement still exceeds that of the A-site. This 
suggests that the macroscopic ferroelectric polarization of BT-
15BLT is primarily driven by the B-site. By considering the 
synergistic contribution of both A-site and B-site, the local unit-

Fig. 3 (a) Selected PDF G(r) from 1.5 - 4.5 Å varying with temperature. (b) Short-range PDF fitting at 100 K, 300 K, and 500 K are 
shown from top to bottom. Red points, black lines, and blue lines indicate the experiment data, calculated data, and residual 
curves, respectively. (c) Temperature evolution of tetragonal distortion under different scales.
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Fig. 4 (a) Experiment data (red points), calculated data (black lines), and residual curves (blue lines) of G(r), S(Q) using RMC 
simulation. (b) 3D atomic configuration with about 80 Å × 80 Å × 80 Å refined supercell. (c) A-site atoms 3D distribution in the 
refined supercell. (d) 3D distribution of A/B-site polar displacements and unit-cell polar length, corresponding the 3D atomic 
configuration of (b). All the data shown in this figure were obtained at 300 K.

cell polarization shows a slightly decreasing trend with 
increasing temperature. However, even at a temperature of 500 
K, the local unit-cell polarization exists, with a value of 15.4 
μC/cm2. These observations agree with the persistent local T 
distortion. Notably, the macroscopic polarization gradually 
disappears during DPT. Therefore, it is not possible to fully 
understand this behaviour based solely on the length of local 
atomic polar displacement.

In addition to the magnitude of the unit-cell polar vector, the 
distribution of polar vector directions is crucial for determining 
the ferroelectric properties. Therefore, the evolution of 
polarization direction is analysed by examining the polar graph 
projections (Fig. 6). At 100 K, the polarization distribution of BT-
15BLT exhibits similarities to the pure BT RMC results at room 
temperature, with a much more diffusion.25 This indicates that 
the introduction of Bi and Li atoms contributes to the diversity 
of polarization directions. However, the polarization direction is 
predominantly aligned along the [001]c direction. As the 
temperature increases, the polarization viewed along [100]c of 
the BT-15BLT relaxor rapidly transitions towards disorder. 
Around the Tm temperature (300 K), the polarization along the 
c axis transforms randomly into arbitrary directions. 
Furthermore, the regions (blue region) of low polarization 
density occurs a further reduction. This phenomenon is 
observed in the distribution of polarization within the ab plane 

as well. Notably, the polarization distribution tends to be 
disordered at room temperature corresponding to the DPT. In 
the variable-temperature ferroelectric test, the macroscopic 
Pmax gradually decreases from 12 μC/cm² at 300 K to 6 μC/cm² 
at 425 K (Fig. S4, and Fig. S5). However, the mean of unit-cell 
polar length remains 15.4 μC/cm², this discrepancy could be 
attributed to the cancellation 

Fig. 5 Mean A-site and B-site polar displacement and unit-cell 
polar length with respect to temperature.
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Fig. 6 Stereographic projection of unit-cell polar vector directions extracted from the refined atom configuration, viewed along 
[001]c, [100]c, at 100 K, 300 K and 500 K, respectively.

of disordered polarization arrangements, resulting in the 
disappearance of macroscopic polarization while local 
polarization remains. Consequently, the origin of DPT is 
certified to polarization rotation from the atomic distribution 
configuration. The polarization rotation behaviour could be 
attributed to the thermal activation process.37 At the low 
temperature of 100 K, the local polarization is frozen to be 
distributed near the energy-favourable state, in which the 
polarization direction tends to c axis in BT-15BLT ceramics. 
When the temperature has exceeded enough, local 
displacement could rotate to a random orientation by thermal 
activation. Moreover, the atomic displacement is more diffusive 
resulting from the significant thermal vibration at higher 
temperatures. The disordered degree of the spontaneous 
polarization distribution increases in the polar graph projection. 
Hence, the polarization rotation combines the local structure 
with the average structure in RFEs, which provides profound 
DPT understanding and routes for designing RFEs.

Conclusions
In summary, the local structural features of the unique 
tetragonal BT-15BLT relaxor are elucidated by neutron total 
scattering combined with big-box RMC modelling. Within the 
temperature range of 100-500 K, tetragonal distortion remains 
at the scale of 2-3 unit cells while the macroscopic phase 
transition from tetragonal to cubic occurs. It is found that the 
Bi-Li clusters occurs within the Ba-matrix, leading to component 
disorder, and forming PNRs that correlated with significant 
polarization. The disruptive effect of the disordered local 
polarization results in the loss of macroscopic polarization near 

Tm. Essentially, the DPT is induced by polarization rotation. 
These findings enhance our understanding of the local 
structural evolution of relaxors.
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