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ABSTRACT 

A-site disordered high entropy perovskite (Pb1/6Ba1/6Sr1/6Ca1/6Na1/6Bi1/6)TiO3  

(PBSCNBi) ceramic was prepared by a solid-state reaction method. XRD and SEM-

EDX confirmed a single-phase tetragonal solid solution. Dielectric and hysteresis loop 

measurements showed relaxor ferroelectricity at room temperature; Curie Weiss fitting 

gives a Burns temperature (Tb) of 123℃，and Vogel-Fulcher fitting gives a freezing 

temperature (Tf) of -67.24 ℃ , which confirms the room-temperature relaxor 

ferroelectricity of PBSCNBi. This is attributed to local chemical inhomogeneities in the 

high entropy ceramics. PBSCNBi also has a low thermal conductivity (1.15 Wm-1K-1 

at room temperature) compared to all of its constituent simple perovskites (e.g BaTiO3, 

PbTiO3, SrTiO3 CaTiO3 and Na1/2Bi1/2TiO3 in the range of 25℃ to 100℃), which is 

attributed to the enhanced phonon scattering by both polar nanoregions (PNRs) and the 

mass contrast effect in the multi-element perovskite. This work demonstrates the great 

potential of making A-site high entropy ceramics with relaxor ferroelectric properties.  

High entropy ceramics have been increasingly reported in recent years, and a range 
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of systems incorporating high entropy design have been synthesised, such as rock-salt 

metal oxides1-4, fluorites5-7, bismuth layer-structured ferroelectric (BLSFs)8, 9 and 

perovskites10-13. Because of the good synthesisability and vast compositional space of 

high entropy ceramics, there is considerable potential to fabricate compositions with 

useful properties. This makes high entropy ceramics popular candidates for many 

applications, including thermoelectric14-16, electrochemical2, 3, 11, thermal insulation5, 12 

and energy storage13, 17.  

Owing to their unique ABO3 structure, high entropy perovskites provide a very 

interesting system to explore for ferroelectric and dielectric materials. However, studies 

on the ferroelectric/dielectric properties of high entropy perovskites are scarce. 

Moreover, for high entropy ceramics, the difference in size and electronegativity 

between the constituent cations are generally greater than that of transition metal 

elements in high entropy alloys. This large difference in the chemical characteristics of 

the cations could potentially promote the formation of local chemical inhomogeneities 

and produce relaxor ferroelectricity. In our previous work18, we made an A-site 

disordered high entropy perovskite (Pb0.25Ba0.25Sr0.25Ca0.25)TiO3 (PBSC) ceramic, 

including a small amount (undetectable by XRD) of a non-ferroelectric secondary phase, 

and demonstrated that it has relaxor-like behaviour. We identified the compositional 

fluctuations that led to the coexistence of long-range ordered ferroelectric domains and 

short-range ordered relaxor ferroelectric regions in the PBSC system, which was 

confirmed by high-resolution scanning transmission electron microscope (HR-STEM) 

images and ferroelectric hysteresis loop measurements. A few other papers on high 
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entropy perovskites have also highlighted high entropy effects, inducing relaxor 

behaviour8, 19, 20.  In this work, we add sodium (Na) and bismuth (Bi) into the PBSC 

model system to make a single phase high entropy perovskite 

(Pb1/6Ba1/6Sr1/6Ca1/6Na1/6Bi1/6)TiO3 (PBSCNBi) The extra components of PBSCNBi 

could produce a stronger compositional fluctuation than in PBSC and enhance the 

relaxor behaviour, moreover, the Na-Bi pair is known to facilitate relaxor 

ferroelectricity, as in Na1/2Bi1/2TiO3-BaTiO3 (NBT-BT) and other solid solutions21-23. 

Our results demonstrate that PBSCNBi is a single phase displacive-type relaxor 

ferroelectric material, and its relaxor ferroelectricity is indeed enhanced by the addition 

of Na and Bi compared to PBSC.  

Additionally, some groups24, 25 have demonstrated the effective tuning of thermal 

conductivity by ferroelectric domain wall engineering; the dimensions of the spacing 

of these ferroelectric domain structures can be reduced to ~100 nm and thus contribute 

to phonon scattering. This is usually done by fabricating ferroelectric thin films24-26. In 

this regard, using relaxor ferroelectrics should also be effective in reducing thermal 

conductivity as they possess polar structures of only a few nanometres (polar 

nanoregions, PNRs), which is less than the mean free path of phonons and therefore 

could contribute to a reduction in thermal conductivity. Studies on the thermophysical 

properties of relaxor ferroelectrics are scarce. Here we demonstrate that PBSCNBi has 

a lower thermal conductivity than PBSC and all of the constituent simple perovskites, 

which could be attributed to the combined effects of strong mass contrast and PNRs. 

This provides a hierarchical approach to designing low-thermal-conductivity materials 
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for thermoelectric applications. 

The high entropy ceramic PBSCNBi was synthesised by a solid-state reaction 

method (see supplementary material). Its XRD pattern (Figure 1) shows that PBSCNBi 

has a tetragonal structure (P4mm, a = b = 3.9103(2) Å; c = 3.9183(3) Å, see 

supplementary information for details of refinement). Note that the (002) and (200) 

peaks show a slight asymmetric peak at around 46.5° 2θ that is barely distinguishable, 

which is consistent with the small degree of tetragonality (c/a = 1.002). EDX analysis 

(Table S1) of a representative fracture surface of the PBSCNBi ceramic (Figure S1) 

shows a generally homogeneous distribution of elements in the correct atomic ratios. 

Additional EDX of a polished flat surface of the ceramic shows slight segregation of 

Ba and Bi at the grain boundaries, see Figure S2). Compared to the four-component 

composition PBSC in the previous work18, which had a secondary phase identified by 

SEM-EDX in both the matrix and grain boundaries, the better single-phase formation 

of PBSCNBi is attributed to enhanced entropy-driven phase stabilization as more 

components produces a higher configurational entropy.  
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5 

 

 

Figure 1. Rietveld refinement27 of XRD pattern of (Pb1/6Ba1/6Sr1/6Ca1/6Na1/6Bi1/6)TiO3 

(PBSCNBi) using FullProf software28, the inset shows the peak deconvolution at 

around 46.5° 2θ using Voigt fitting, corresponding to the (002) and (200) reflections. 

 

Figure 2a shows the temperature-dependent dielectric permittivity (𝜀′) and loss 

tanδ of PBSCNBi. The results show apparent frequency dispersion of the dielectric 

peaks, indicating that the material is a relaxor ferroelectric. The dielectric permittivity 

data at 100kHz was fitted to the Curie-Weiss law29 (Figure 2b): 

 𝜀′ = 𝐶𝑇 − 𝜃  Eq. (1) 

Where 𝜀′  is the dielectric permittivity, C the Curie constant, T the absolute 

temperature and 𝜃  the Curie-Weiss temperature. The fitting gives a Curie-Weiss 

temperature of -103℃, and a Curie constant of around 7.6 x 105℃, which is slightly 

higher than that of PBSC in our previous work (3.97 x 105℃)18. The value is of the 
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order of 105℃, which indicates that PBSCNBi is a displacive type ferroelectric30. The 

displacive type ferroelectric nature of PBSCNBi is interesting as high entropy materials 

usually have a disordered distribution of different elements (as shown in Figure S1), 

and one would not expect a totally disordered system to show displacive-type 

ferroelectricity, which suggests that local compositional variation coexists with the 

displacement of ions in the PBSCNBi lattice. We have also extrapolated the Burns 

temperature (Tb) from the real part of the permittivity data to be 123℃ according to 

the Curie-Weiss fitting (Figure 2b). The imaginary part of permittivity data (Figure 2c) 

was fitted to the Vogel-Fulcher relation31 (Figure 2d): 

 𝑓 = 𝑓0𝑒− 𝐸𝑎𝑘(𝑇𝑚−𝑇𝑓)  Eq. (2) 

Where 𝑓0  is the attempt frequency, 𝐸𝑎  the activation energy, k the Boltzmann 

constant, Tm the temperature corresponding to the maximum of the imaginary part of 

the permittivity and Tf the freezing temperature. Fitting gives a Tf of -67.24℃, Ea of 

0.20 eV and f0 of around 1013 Hz. The freezing temperature (-67.24℃) is well below 

room temperature and the Burns temperature (123℃), which is consistent with the 

observed room temperature relaxor behaviour (frequency dispersion) (Figure 2a). 
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7 

 

 

Figure 2. (a) Temperature-dependent dielectric permittivity and loss of PBSCNBi; (b) 

Curie-Weiss fitting on the dielectric permittivity of PBSCNBi at 100kHz; (c) Imaginary 

part of permittivity of PBSCNBi; (d) Vogel-Fulcher fitting on the imaginary part of 

permittivity data of PBSCNBi. 
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Figure 3. (a) P-E and (b) I-E hysteresis loops of PBSCNBi at room temperature, red 

arrows indicate the near-zero-field current peak, corresponding to the polar nanoregions. 

 

Figure 3 presents the P-E and I-E hysteresis loops of PBSCNBi at room 

temperature. On cooling, at the Burns temperature (123℃), polar nanoregions nucleate 

and grow as the temperature decreases (ergodic state) until reaching the freezing 

temperature (-67.24℃), where they become “frozen” due to enhanced correlation and  

enter a nonergodic state. In this state, an applied electric field will irreversibly transform 

the relaxor ferroelectric into a normal ferroelectric. The observed reversible current 

peaks at near zero-field（marked by red arrows）at room temperature are a clear 

indication of an ergodic relaxor state and the existence of polar nanoregions, which is 
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consistent with the dielectric permittivity data, and supports the hypothesis that local 

inhomogeneity coexists with an overall homogeneous and disordered composition in 

the high entropy perovskite. A recent paper32 on Ba0.6Sr0.4TiO3 (BST) directly observed 

that local heterogeneity and global homogeneity coexist, with polar nanoregions in the 

range of 2-4 nm; Other studies of BST-based and Na1/2Bi1/2TiO3 (NBT)-based systems 

also showed that the materials have polar nanoregions embedded in a non-polar 

matrix33-35. In contrast to these relaxor ferroelectrics, our PBSCNBi has a polar 

structure (P4mm) at room temperature and shows much stronger frequency dispersion, 

indicating that PBSCNBi probably has a high concentration of polar nanoregions. By 

analogy to the solid solutions and intermetallic phases in high entropy alloys, when the 

number of atom species (e.g. 6 cations in the A-site of PBSCNBi) exceeds the number 

of corresponding sublattice sites (1 for A-site of a ABO3 perovskite structure), 

intermetallic local structures have an enhanced configurational entropy and can co-exist 

within a disordered solid solution in a multi-component system36. Such short-range 

ordered structures have been commonly observed in other medium-to-high entropy 

compositions.37-40 In the context of high entropy relaxor ferroelectric perovskites, local 

chemical inhomogeneities (local polar structure) are also likely to be stabilized and co-

exist within a homogeneous matrix (weak polar structure related to displacement of 

ions, which is supported by XRD data and Curie constant). This implies that high 

entropy materials like PBSCNBi probably produce relaxor behaviour by a slightly 

different mechanism to normal solid solutions; in the sense that besides the relaxor 

behaviour introduced by charge disorder (e.g. Pb(Mg, Nb)O3) and lattice distortion (e.g. 
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Ba(Zr, Ti)O3), high configurational entropy itself could also stabilizes local chemical 

inhomogeneities that give rise to the short-range ordered polar nanoregions. It is notable 

that the relaxor behaviour is also more apparent in PBSCNBi than in PBSC (e.g. 

enhanced frequency dispersion and increased diffusivity, 𝛾PBSCNBi = 1.74 > 𝛾PBSC =1.36), which probably indicates a higher degree of local chemical inhomogeneity in 

PBSCNBi. Considering that the configurational entropy (𝑆𝑐𝑜𝑛𝑓𝑖𝑔) of PBSCNBi (1.79R) 

is higher than that of PBSC (1.38R), this suggests that the effect of high entropy design 

in promoting local chemical inhomogeneity and relaxor ferroelectricity probably have 

a threshold entropy value, below which the effect is much reduced.  

Another merit of a highly disordered multi-component structures is reduced 

thermal conductivity. Figure 4 presents the thermal conductivity of PBSCNBi from 

room temperature to 400℃ (see supplementary information for uncertainty analysis). 

PBSCNBi has a lower thermal conductivity (1.29 Wm-1K-1 at 100℃) compared to the 

other A-site disordered high entropy perovskite PBSC (2.65 Wm-1K-1 at 100℃) and all 

of the constituent simple perovskites41-45 (2.4 To 7.5 Wm-1K-1 at 100℃ ) and is 

temperature-independent. The temperature dependencies of thermal conductivities of 

PBSCNBi and PBSC deviate from the normal T-1 Umklapp behaviour due to the greatly 

enhanced mass scattering of phonons in multi-component systems46, which is 

characterized by τ𝑚−1 = 𝑉Γω4/4𝜋𝜈3,47 where V is the defect volume (i.e. considering 

an atom of different mass as defect site), ν the sound velocity, ω the angular frequency, Γ =  ∑ 𝑥𝑖(𝑚𝑖−�̅��̅� )2𝑛𝑖=1   is the mass variance where mi and xi are the mass and 

concentration of the ith component, respectively, and �̅� is the average mass of all of 
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the components. Note that PBSC has weaker relaxor ferroelectricity and lower 

configurational entropy than PBSCNBi. The reduced thermal conductivity of 

PBSCNBi compared to the PBSC can be attributed to two factors, one is the large lattice 

distortion caused by the size and mass mismatch of the constituent elements (Table 1), 

which act as phonon scattering sites. Additionally, polar nanoregions could also 

contribute the reduction in thermal conductivity; the nanoscale inhomogeneities have 

different elastic properties to the matrix, and this mismatch at their interface produces 

enhanced phonon scattering48. The combined effects of polar nanoregions and large 

mass and size contrast is responsible for the low thermal conductivity of high entropy 

perovskite PBSCNBi.   

 

 

Figure 4. Temperature dependencies of thermal conductivities of high entropy 

perovskite PBSCNBi, PBSC and other simple perovskites41-45.  
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Table 1. Ionic radius and atomic mass of elements of PBSCNBi. 
 

Pb Ba Sr Ca Na 

Radius(pm) 149.0 161.0 144.0 134.0 139.0 

Mass 207.200 137.327 87.620 40.078 22.990 

 Bi Ti O Mean σ 

Radius(pm) 117.0 60.5 140.0 130.6 29.0 

Mass 208.980 47.867 15.999 96.008 74.232 

 

In conclusion, an A-site high entropy perovskite 

(Pb1/6Ba1/6Sr1/6Ca1/6Na1/6Bi1/6)TiO3 (PBSCNBi) with tetragonal structure was 

synthesised by a solid-state reaction and sintering processing route. XRD and SEM-

EDX confirmed that it has a long range homogeneous single-phase composition. 

However, apparent frequency dispersion of the permittivity data and the near-zero-field 

current peaks in the P-E loops suggest that local inhomogeneities exist, resulting in 

relaxor ferroelectric behaviour of the material, which is consistent with the Curie-Weiss 

fitting results that shows PBSCNBi is a displacive-type relaxor ferroelectric despite its 

disordered global structure. PBSCNBi has a freezing temperature (Tf) of -67.24℃ and 

Burns temperature (Tb) of 123℃ , further supporting its room-temperature relaxor 

behaviour is related to polar nanoregions. PBSCNBi has a lower thermal conductivity 

than all its constituent simple perovskites, which can be attributed to the combined 

effect of polar nanoregions and large atomic size and mass contrast. 

Supplementary Material 

See supplementary information for experimental methods, uncertainty analysis, 
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EDX elemental distribution analysis and XRD refinement details. 
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