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Abstract 

The intrinsic conduction mechanism and optimal sintering atmosphere of 

(Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 (BCZT) ceramics was regulated by doping Mn element in 

this work. By Hall and impedance analysis, the undoped BCZT ceramics exhibit a 

typical n–type conduction mechanism, and the electron concentration decreases with 

the increasing oxygen partial pressure. Therefore, the undoped ceramics exhibit best 

electrical properties (d33 = 585 pC/N, kp = 56%) in O2. A handful of Mn doping 

element would transfer the conduction mechanism from n-type into p–type. And the 

hole concentration reduces with the decreasing oxygen partial pressure for Mn-doped 

BCZT ceramics. Therefore, the Mn-doped ceramics sintered in N2 have the highest 

insulation resistance and best piezoelectric properties (d33 = 505 pC/N, kp = 50%). The 

experimental results demonstrate that the doping Mn element can effectively adjusts 
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the intrinsic conduction mechanism and then predicts the optimal atmosphere.  

Keywords: BCZT ceramics, Mn–doping, different sintering atmosphere, p/n–

type conduction mechanism, defect engineering. 
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1.Introduction 

Lead zirconate titanate based piezoelectric ceramics have been used in many 

electronic devices, such as sensors, actuators, transducers [1], because of their 

extraordinary electrical properties and excellent piezoelectric response (d33 ~ 600 

pC/N) [2, 3]. However, lead is toxic, and may cause severe human diseases or 

environmental problems [4]. Therefore, it is crucial to explore new lead–free 

piezoelectric systems to replace lead–based piezoelectric materials. In recent years, 

lead–free piezoelectric ceramics such as BaTiO3 (BT) [5, 6], (Bi, Na)TiO3 (BNT) [7, 

8], and (K, Na)NbO3 (KNN) [9, 10] has been extensively studied. Nevertheless, the 

piezoelectric properties of lead-free piezoelectric ceramics could not compare with the 

lead zirconate titanate based ceramics. 

Therefore, many methods, such as improvement of preparation method [11], 

optimization of sintering process [12-14], doping strategy, and  texturing [15, 16], 

were applied to construct morphotropic phase boundary (MPB) and polycrystalline 

phase boundary at room temperature. Excitingly, Ren et al modified BT ceramics by 

introducing Ca2+ and Zr4+ ions to construct the rhombohedral–orthorhombic–

tetragonal coexistence at room temperature. And the prepared Ba0.85Ca0.15Zr0.1Ti0.9O3 

(BCZT) ceramics exhibited an ultrahigh piezoelectric constant (d33 ~ 620 pC/N) [17]. 

Subsequently, the BCZT-based ceramics attracted tremendous attention and were 

identified as an ideal candidate for preparing the multilayer piezoelectric devices. To 

save cost, the base metal (Ni or Cu) should replace the precious metals (Ag, Pt, or Pd) 
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as internal electrodes [18]. However, the base metal electrode will oxidize under high 

oxygen partial pressure. Therefore, the BCZT based ceramics should be co-sintered 

under low oxygen partial pressure with base metal internal electrodes. 

There are very few reports on BCZT ceramics sintered under different 

atmospheres [19-21], and almost none of them illustrate the intrinsic conductivity 

mechanism. This work adjusted the defect structure of BCZT ceramics by doping Mn 

elements. The intrinsic conduction mechanism of BCZT ceramics were systematically 

elucidated by Hall test and impedance spectroscopy. Our study demonstrated that the 

undoped BCZT ceramics exhibit a n-type conduction mechanism, whereas the Mn-

doped BCZT ceramics exhibit a p-type conduction mechanism. Therefore, it is 

inferred that the optimal sintering atmosphere for undoped and Mn-doped ceramics is 

O2 and N2, respectively.  Subsequently, the experimental results verified the prediction.  

 

2.Experimental Procedure 

0.25 mol% MnCO3 doped (Ba0.85Ca0.15)(Ti0.9Zr0.1)O3 (BCZT) and pure BCZT 

powders were prepared using the conventional solid–state reaction method. Barium 

carbonate (BaCO3 99%, Shanghai Macklin Biochemical Co, Ltd.), calcium carbonate 

(CaCO3 99%, Sinopharm Group Co, Ltd.), titanium dioxide (TiO2 99%, Tianjin 

Fuchen Chemical reagents Co, Ltd.), barium zirconium oxide (BaZrO3 99%, Alfa 

Aesar Co, Ltd.), and manganese carbonate (MnCO3 99.95%, Shanghai Macklin 

Biochemical Co, Ltd.) were used as starting materials. The raw materials were 
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weighed according to nominal stoichiometric composition and then homogenized in a 

planetary mill for 12 h using ethanol as the milling medium. The obtained slurry was 

dried thoroughly and then calcined at 1180 oC for 3 h. After that, the mixtures were 

ball milled for another 12 h. The powders were then compacted into pellets with a 

diameter of 10 mm and a thickness of 1mm by uniaxial pressing in a stainless–steel 

die using a polyvinyl butyralas binder. The Mn–doped BCZT specimens were sintered 

at 1450 oC for 3h in N2, air, and O2 with a heating rate of 3 oC/min and a cooling rate 

of 5 oC/min, which were abbreviated as 0.25Mn–N, 0.25Mn–A, and 0.25Mn–O. And 

the pure BCZT specimens were sintered at 1500 oC for 3 h in N2, air, and O2, which 

were abbreviated as 0Mn–N, 0Mn–A, and 0Mn–O. For electric measurement, the two 

main surfaces of the sintered disk samples were coated with silver paste and then 

heat–treated at 550 oC for 30 min. The disk samples were poled in silicon oil under a 

direct current electric field of 3 kV/mm at 40 oC for 35 min. 

  Crystalline structure of the ceramics was determined by X–ray diffraction (XRD; 

Rigaku 2500, Japan) using Cu K radiation with a monochromator. High–resolution 

X–ray photoelectron spectroscopy (XPS) data of the crushed sintered ceramics were 

obtained using an ESCALab 250 Xi electron spectrometer (Thermo Fisher Scientific, 

USA). Crystal structure and lattice parameters of samples were analyzed using 

Rietveld refinements with GSAS software. Raman spectrum in the range from 100 to 

1000 cm–1 is measured using 632 nm radiation by a Raman microscope spectrometer 

(LabRAM HR Evolution, Horiba, France). The quasistatic piezoelectric coefficient 

d33 of the poled ceramics was measured using a quasistatic d33 meter (ZJ–3A, Institute 



6 

 

of Acoustics, Chinese Academy of Sciences, Beijing, China). Permittivity 33𝑇  and 

dielectric loss tanδ at 1 kHz were measured using a capacitance meter (Agilent 

4294A, Agilent, Santa Clara, USA). The planar electromechanical coupling factor kp 

was determined by an impedance analyzer (Agilent 4294A, Agilent, Santa Clara, 

USA). The temperature–dependent dielectric properties were measured from－50 oC 

to 200 oC (Agilent 4980A, Agilent, Santa Clara, USA). The ferroelectric polarization 

hysteresis (P–E) loops and electric field–strain (S–E) curves were obtained by the 

TF Analyzer 3000 ferroelectric measuring system (aixACCT Systems GmbH, Aachen, 

Germany). 

 

3.Results and Discussion 

3.1 Phase structure analysis 

  Figure 1(a) exhibits the XRD patterns of the sintered BCZT ceramics. No 

secondary phase could be observed in all samples, which indicates that all doping 

elements (Ca, Zr and Mn) are completely diffused into the BaTiO3 lattice. In addition, 

all the samples sintered under different atmospheres have a similar expanded XRD 

pattern ranging from 44.9o to 45.7o, which demonstrates that the sintering atmosphere 

has almost no effect on the phase structure. Generally, the diffraction peaks around 

45o are indexed as (200) of rhombohedral phase, (022)/(200) of orthorhombic phase 

or (200)/(002) of tetragonal phase. The multiple peaks around 45o indicate the 

coexistence of rhombohedral, orthorhombic and tetragonal phases in the BCZT 
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ceramics. It is also verified by XRD Rietveld refinement in the following section. 

 Raman spectroscopy is often used to investigate the crystal structure of 

perovskite ceramics. Figure 1(b) presents the room–temperature Raman spectra of 

BCZT–based ceramics in the frequency range 100–1000 cm-1. Five Raman bands of 

A (TO1), A (TO2), B (TO+LO), A (TO3)/E (TO), and A (LO)/E (LO) at 150 cm-1, 208 

cm-1, 291 cm-1, 520 cm-1, 720 cm-1, respectively, are observed. The low wave number 

band is assigned to vibration within the A–site of the perovskite, whereas the high 

wave number bands could be assigned to vibrations of the TiO6 octahedra [22]. The 

main feature of Raman spectra is consistent with tetragonal phase such as the 

extremely sharp and strong mode at 720 cm-1 [23]. The peak mode near 191 cm-1 

exists in the rhombohedral and orthorhombic phase [24, 25]. The mode around 208 

cm-1 is the characteristic phonon mode of orthorhombic BaTiO3 and the peak at 291 

cm-1 confirms the coexistence of the rhombohedral and tetragonal phase [26, 27]. 

Therefore, the rhombohedral, tetragonal and orthorhombic phases coexist in the 

BCZT ceramics. In the Mn–doped BCZT ceramics, the phonon modes of A, B, and E 

widen, and their peak positions are slightly shifted. It should attribute to the different 

atomic mass between the doping Mn element and the pristine Ti/Zr elements at the B 

site. Besides, the Raman intensity of the pure BCZT ceramics is much higher than that 

of the Mn–doped BCZT ceramics. Considering that the Raman intensity is related to 

the displacement of B–site cation and the polarizability, the pure BCZT ceramics 

should exhibit better ferroelectric properties than the Mn–doped BCZT ceramics. 

To further discuss the phase structure of ceramics, the temperature dependence of 
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dielectric constant and dielectric loss at 1 kHz, 10 kHz, 100 kHz, and 1000 kHz are 

measured in Figures 1(c) and S1. Figure 1(d) summarizes the phase transition 

temperature of all samples. It can be found that the sintering atmosphere has almost 

no effect on the phase transition temperature. Combined with the XRD and Raman 

results, it can prove the coexistence of rhombohedral, orthorhombic and tetragonal 

phases at room temperature. MPB is constructed at room temperature, which could 

essentially enhance the piezoelectric performances of BCZT ceramics. Also, the 

corresponding dielectric loss peak appears at every phase transition temperature. After 

doping the Mn element, the rhombohedral–orthorhombic transition temperature 

slightly decreases. Meanwhile, the dielectric loss reduces. The lower dielectric loss is 

due to the “hardening effect” as the introduction of acceptor Mn element [28, 29]. 

The element composition and valence distribution of the samples are explored by 

high–resolution XPS spectra. The binding energy centered at ~777.43 eV, ~346.15 eV, 

~457.05 eV, ~178.7 eV correspond to Ba 3d, Ca 2p, Ti 2p, Zr 3d, respectively. 

Besides, these elements in different samples have nearly the same binding energies, 

which indicates that the sintering atmosphere has almost no effect on the valance 

states of the above elements as displayed in Figure S2.  

3.2 Defect structure analysis of undoped ceramics 

To explore the influence of defect structure on electrical properties, the 

impedance spectroscopy and Hall measurement are performed on the sample as 

shown in Figure 2. Figure 2(a) plots the Hall voltage (VH) as a function of the applied 
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magnetic field. Hall resistance, carrier type, and concentration are summarized in 

Table 1 [30]. The results illustrate that the pure BCZT ceramics sintered in all 

atmospheres exhibit a n–type electron conduction mechanism, which means that the 

free electron primarily affects the conductivity. The Hall resistance of 0Mn–N, 0Mn–

A, and 0Mn–O are 1.54107 ·cm, 2.4107 ·cm, and 4.38107 ·cm, respectively. 

The carrier concentration (c) could be calculated as follows [31]: 

 𝑐 = 1(𝑒 × 𝑉𝐻𝑑𝐼𝐵 ) (1) 

Where B, I, e, and d represent the magnetic field, current, electronic charge, and 

thickness of the bulk ceramic, respectively. The electron concentration of 0Mn–N, 

0Mn–A, and 0Mn–O are 4.22107 cm-3
, 2.05107 cm-3

,
 and 1.28107 cm-3

, 

respectively. The results indicate that the undoped ceramics sintered at high oxygen 

partial pressure have higher resistance and lower charge carrier density. 

Figure 2(b) shows the impedance spectra of 0Mn–O ceramics measured at 600 

oC under pure nitrogen (PO2  10-5 atm), air (PO2  0.2 atm), and pure oxygen (PO2  

1 atm), respectively. It can be seen from the Nyquist diagram that there are no spikes 

and arcs associated with Warburg diffusion and oxygen ion conduction. This indicates 

that the electron carrier is mainly responsible for the conductivity response [32, 33]. 

The radius of Z semicircle increases in the order of N2, air, O2. It indicates that the 

resistance of 0Mn–O ceramic gradually increases with the increase of ambient oxygen 

partial pressure, in accordance with the Hall results.  
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Figures 2(c)–(e) summarize the impedance spectra measured in air at 450–600 

oC for the pure BCZT ceramics sintered under different atmospheres. The Nyquist 

spectra consist of arcs caused by two different electrically active regions, with the left 

semicircle at high frequency representing a function of grain effect and the right 

semicircle representing a function of grain boundary effect. To obtain the resistance of 

grain (Rg) and grain boundary (Rgb), the capacitance of grain (CPE1) and grain 

boundary (CPE2), the Nyquist plots are fitted with the assumed equivalent circuit in 

the inset of Figure 2(c) on an assistance of Z–view software. The fitting data (red lines) 

coincides well with the experimental curves. The conductivity (g and gb) of grain 

and grain boundary are calculated by 𝜎 = 1𝜌 = 𝑡𝑅𝑆 (where  represents the conductivity 

of the sample,  is the resistivity, t is the thickness of the sample, R is the resistance, 

and S is the area of the sample). ln shows a linearly associated with T-1 as displayed 

in Figure 2(f), demonstrating that the Arrhenius law commonly governs the 

conductivity. The activation energy (Ea) of the grains and grain boundary could be 

calculated as follows: 

 𝜎 = 𝜎0exp(−𝐸𝑎𝑘𝐵𝑇) (2) 

Where 𝜎0 is the high–temperature limit of the conductivity; Ea is the activation 

energy; 𝑘𝐵  is the Boltzmann constant; T is the temperature in Kelvin scale. The 

calculated Ea values are shown in Figure 2f. The Ea of the grains are 1.1 eV, 1.73 eV, 

and 1.75 eV, while Ea of grain boundaries are 1.3 eV, 1.83 eV, and 1.98 eV, for 0Mn–

N, 0Mn–A, and 0Mn–O samples, respectively. The activation energy expresses the 



11 

 

free energy required for the long–range carrier leap. The lower Ea in the 0Mn–N 

ceramics declare the free electrons in the ceramics have higher mobility, generating to 

a significant weakening of the insulating properties. 

When the undoped BCZT ceramics are sintered at high temperature, the oxygen 

ions in the crystal lattice could become oxygen accompanied by the formation of an 

ionized oxygen vacancy (𝑉O) and two electrons (𝑒′), which can be expressed as the 

following equation. 

 OO12O2 ↑ +𝑉O + 2𝑒′ (3) 

Therefore, the defects of electrons and oxygen vacancies mainly exist in undoped 

BCZT ceramics. Since the mobility of the charged oxygen vacancy is significantly 

weaker than that of the electron, the conduction of the sample should be attributed 

mainly to the free electron. When the samples are sintered in low oxygen partial 

pressure, the reaction equation (3) shifts to the right, resulting in a rapid increase of 

electrons. Therefore, the defect configurations of the pure BCZT ceramics sintered in 

different atmospheres are sketched in Figures 3a–3c. As the oxygen partial pressure 

decreases, the number of oxygen vacancies and free electrons gradually increases. 

Therefore, the pure BCZT ceramics sintered in high oxygen partial pressure tend to 

have the higher insulation resistivity. 

3.3 defect structure analysis of Mn–doped BCZT ceramics 

Figure 4 shows the Mn 2p XPS spectra fitted by Gaussian–Lorenz function. 
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Three fitting peaks from low binding energy to high binding energy correspond to 

Mn2+ (located at 640.5 eV), Mn3+ (located at 641.3 eV), and Mn4+ (located at 642.1 

eV), respectively. The content of different Mn elements is shown in Table S1. 

Compared with other components, the proportion of Mn2+ and Mn3+ ions in the Mn–

doped ceramics sintered in the low oxygen partial pressure decreases, whereas the 

proportion of Mn4+ ions increases. 

The XRD results are Rietveld refined on an assistance of GSAS software as 

shown in Figure 5. Table 2 lists all the refined parameters of the BCZT ceramics. And 

the Rwp value is far less than 15%, which shows that the Rietveld refinement results 

are reliable. The Rietveld refinement confirms the coexistence of rhombohedral, 

orthorhombic and tetragonal phases in coincidence with the Raman spectra and 

dielectric constanttemperature curves. And the site occupancies are summarized in 

Table S2. Additionally, the ion coordination number (CN) and ion radius are shown in 

Table S3. The Rietveld refinement results demonstrate Mn ions prefer to enter the B 

site.  

Based on the XPS and XRD analysis, the following defect reactions happen in 

the Mndoped BCZT ceramics. 

 MnO2 TiO2→  MnTi + 2OO× (4) 

 MnO2 TiO2→  MnTi′ + OO× + 𝑉𝑂 + 𝑒′ (5) 

 MnO2 TiO2→  MnTi′′ + OO× + V𝑂 (6) 
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The ionic defects of MnTi , MnTi′ , and MnTi′′  primarily exist in the Mndoped 

ceramics. In addition, the 0.25MnN sample has a high Mn4+ content, while the ion 

defects of Mn2+ and Mn3+ are dominant in 0.25MnO sample. These negatively 

charged point defects of Mn2+ and Mn3+ ions could trap positively charged holes, 

while the equivalent doping Mn4+ ions are electrically neutral. The defect 

configurations of Mndoped BCZT ceramics sintered in different atmospheres are 

sketched in Figures 3(d)(f). When the oxygen partial pressure decreases during 

sintering process, the concentration of holes in the ceramics decreases. 

The defect configuration of the Mndoped ceramics is also verified by the Hall 

effect as presented in Table 1 and Figure 6(a). All the Mndoped ceramics exhibit a 

ptype conduction mechanism, which means the main charge carrier is hole. The Hall 

resistance of 0.25MnN, 0.25Mn–A, and 0.25Mn–O are 1.28107 ·cm, 1.04107 

·cm, and 5.5106 ·cm, respectively. The carrier concentration of 0.25Mn–N, 

0.25Mn–A, and 0.25Mn–O are 1.05108 cm-3
, 2.28108 cm-3, and 3.591108 cm-3 

respectively. It indicates that 0.25Mn–N has the best insulation performance. Figure 

6(b) shows the impedance spectrum of 0.25Mn–N at 600 °C measured in different 

atmospheres. The semicircle for 0.25Mn–N under nitrogen is larger than that under air 

and oxygen, which implies that the resistance is highest for 0.25Mn–N. The Hall and 

impendence measurements confirm that the Mn–doped ceramics exhibit a p–type 

conduction mechanism. Therefore, equation (7) should exist in the Mn-doped 

ceramics. When the ceramics are sintered in low oxygen partial pressure, equation (7) 

shifts towards right, leading to the reducing hole concentration.  
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 OO× + 2ℎ ↔ VO + 12O2 ↑ (7) 

Figures 6(c)–(e) summarizes the impedance spectra of ceramics sintered under 

different atmospheres measured at 450–600 °C in air. The red lines are the fitting 

results based on an assumed equivalent circuit in inset of figure 6c. As the oxygen 

partial pressure of the sintering atmosphere decreases, the semicircle measured at the 

same temperature derived from the grain and grain boundary contribution gradually 

increases, implying that ceramics sintered in low oxygen partial pressure have a 

higher resistance. In addition, the Ea of the grains are 1.45 eV, 1.43eV, and 1.12 eV, 

while Ea of grain boundaries are 1.62 eV, 1.46 eV, and 1.48 eV, for 0.25Mn–N, 

0.25Mn–A, and 0.25Mn–O, respectively, as displayed in Figure 6(f). Hence, the holes 

are more difficult to jump for 0.25Mn–N ceramic because of the higher energy barrier. 

It implies that the 0.25Mn–N ceramic has better insulating properties. 

Therefore, the undoped BCZT ceramics exhibit a n-type conduction mechanism 

and have the lowest electron concentration in high oxygen partial pressure. The Mn–

doped ceramics show a p–type conduction mechanism and have the lowest hole 

concentration in low oxygen partial pressure. The results confirm that the Mn doping 

in small quantity could change drastically the defect configuration for the BCZT 

ceramics, which would have a great influence on the electrical properties.  

3.4 Electrical properties 

Figure 7(a) shows the P–E hysteresis loops measured at 1 Hz for the BCZT 
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ceramics sintered under different atmospheres. The maximum polarization (Pmax), 

remnant polarization (Pr), and coercive electric field (Ec) are summarized in Table 3. 

Figure 7(b)–(c) shows the bipolar and unipolar S–E curves measured at 1 Hz for 

BCZT ceramics. The bipolar S–E curves for all samples show a typical “butterfly” 

shape and the symmetrical structure, indicating the low defect concentration in the 

ceramics. The electrical properties such as piezoelectrical constant (d33), electro–

mechanical coupling factor (kp), dielectric constant (33T ), dielectric loss (tanδ), and 

the dynamic piezoelectric coefficient ( 𝑑33∗ = 𝑆𝑚𝑎𝑥𝐸𝑚𝑎𝑥 , also known as converse 

piezoelectric coefficient) at 40 kV/cm are summarized in Table 4. 0Mn–O ceramics 

samples possess the higher Pmax = 18.9 C/cm2 and Pr = 10.45 C/cm2 compared with 

0Mn–N and 0Mn–A ceramics. At room temperature, the dynamic piezoelectric 

constant of 0Mn–O ceramics is 412 pm/V and the unipolar stress–strain reaches 0.17% 

at 40 kV/cm, indicating the excellent piezoelectric response of 0Mn–O ceramics. 

Furthermore, 0Mn–O achieves the highest d33 = 585 pC/N, kp = 56%, and 33T  = 4621, 

which are better than 0Mn–A and 0Mn–N. Additionally, the tanδ and Ec decrease 

when the undoped ceramics are sintered in O2, indicating that 0Mn–O ceramics have 

the lowest defect content. Therefore, the undoped ceramics exhibit the highest 

insulation resistivity and piezoelectric properties.  

In the Mn-doped ceramics, 0.25Mn–N ceramics samples possess the higher Pmax 

= 18.5 C/cm2, Pr = 9.38 C/cm2, d33 = 505 pC/N, kp = 50%, 33T  = 4261 and lower Ec 

= 2.16 kV/cm compared with 0.25Mn–O and 0.25Mn–A ceramics. Its dynamic 

piezoelectric constant and unipolar stressstrain reach up to 345 pm/V and 0.13% at 
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40 kV/cm, respectively. The Mn-doped ceramics sintered in N2 have the lowest hole 

concentration in reference to the Hall and impedance analysis. The small number of 

point defects could facilitate the domain flipping and then enhance the electrical 

properties.  

 

4.Conclusion 

The relationship between defect configuration, electrical properties, and sintering 

atmosphere for the BCZT ceramics was systematically investigated and theoretically 

analyzed. The doping Mn element in BCZT ceramics can modulate the intrinsic 

conduction mechanism and then control the optimal sintering atmospheres. Based on 

impedance spectroscopy and Hall effect, the undoped ceramics exhibit an n–type 

conduction mechanism, and the electron concentration for the ceramics sintered under 

high oxygen partial pressure is minimized. Therefore, the undoped ceramics sintered 

in O2 has the highest piezoelectric properties (d33 = 585 pC/N, kp = 56%). The Mn-

doped ceramics exhibit a p-type conduction mechanism, and the hole concentration 

reduce with the decreasing oxygen partial pressure. The experimental results 

demonstrate that 0.25 mol% Mn-doped ceramics sintered in N2 has the highest 

piezoelectric properties (d33 = 505 pC/N, kp = 50%). This work demonstrates that 

defect engineering could modulate the intrinsic conduction mechanism and electrical 

properties. It provides an effective way to predict the optimal sintering atmosphere for 

the BCZT ceramics.  
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Figure captions: 

 

Figure 1 (a) XRD patterns of the BCZT ceramics in 2 range of 20 – 80o and 44.9 – 

45.7o; (b) Room-temperature Raman spectra of the BCZT ceramics; (c) Dielectric 

constant and loss of 0Mn–A sample as a function of temperature; (d) The phase 

transition temperatures of the BCZT ceramics. 
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Figure 2 (a) Voltage as a function of applied magnetic field (0Mn–N, 0Mn–A, 0Mn–

O); (b) Impedance spectrum of 0Mn–O measured at 600 oC in nitrogen, air and 

oxygen respectively; (c)–(e) Impedance spectra of the 0Mn–N, 0Mn–A and 0Mn–O 

measured at 450 oC–600 oC in air; (f) Arrhenius plots and the fitted Ea values of 0Mn–

N, 0Mn–A, 0Mn–O. 

 

Figure 3 Schematic diagrams of defect configuration for BCZT based ceramics. 
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Figure 4 High–resolution Mn 2p spectra and the corresponding fitting curves of (a) 

0.25Mn–N, (b) 0.25Mn–A, and (c) 0.25Mn–O. 

 

Figure 5 XRD patterns and Rietveld refinement results of BCZT ceramics: (a) 0Mn–A; 

(b) 0.25Mn–N; (c) 0.25Mn–A; (d) 0.25Mn–O. 
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Figure 6 (a) Voltage as a function of applied magnetic field for 0.25Mn–N, 0.25Mn–A, 

and 0.25Mn–O samples; (b) Impedance spectrum of 0.25Mn–N measured at 600 oC in 

nitrogen, air and oxygen; Impedance spectra of the (c) 0.25Mn–N, (d) 0.25Mn–A and 

(e) 0.25Mn–O at 450 oC–600 oC in air; (f) Arrhenius plots and the fitted Ea values of 

0.25Mn–N, 0.25Mn–A, 0.25Mn–O 

 

 

Figure 7 the P–E hysteresis loops (a), the bipolar S–E curves (b) and the unipolar S–E 

curves (c) measured at 1 Hz for BCZT ceramics sintered in different atmospheres. 
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Tables: 

Table 1 Carrier type, carrier concentration, and Hall resistivity of the BCZT ceramics 

sintered in different atmospheres 

sample carrier type concentration (cm-3) Hall resistivity (·cm) 

0Mn–N n 4.22107 1.54107 

0Mn–A n 2.05107 2.40107 

0Mn–O n 1.28107 4.38107 

0.25Mn–N p 1.05108 1.28107 

0.25Mn–A p 2.28108 1.04107 

0.25Mn–O p 3.59108 5.50106 

 

Table 2 Lattice parameters and refinement parameters of BCZT ceramics obtained 

from XRD Rietveld refinement 

sample Space group a (Å) b (Å) c (Å)  (o) Rwp (%) 

0Mn–A 

P4mm 3.9951 3.9951 4.0063 90 

7.60 Amm2 3.9916 5.6558 5.6527 90 

R3m 3.9981 3.9981 3.9981 90.0059 

0.25Mn-N 

P4mm 3.9799 3.9799 4.0070 90 

6.81 Amm2 3.9908 5.6598 5.6561 90 

R3m 4.0084 4.0084 4.0084 89.7982 

0.25Mn-A 

P4mm 3.9919 3.9919 3.9980 90 

5.99 Amm2 3.9919 5.6620 5.6763 90 

R3m 3.9977 3.9977 3.9977 90.1750 

0.25Mn–O 

P4mm 3.9909 3.9909 3.9990 90 

6.09 Amm2 3.9993 5.6664 5.6730 90 

R3m 4.0043 4.0043 4.0043 89.8550 

 

Table 3 The maximus polarization (Pmax), the remnant polarization (Pr), and the 

coercive electric field (Ec) obtained from the PE hysteresis loops 

 Pmax (C/cm2) Pr (C/cm2) Ec (kV/cm) 

0MnN 18.7 9.7 1.81 
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0MnA 18.8 10.2 1.46 

0MnO 18.9 10.45 1.23 

0.25MnN 18.5 9.38 2.16 

0.25MnA 18.45 9.29 2.26 

0.25MnO 18 9.02 2.15 
 

 

Table 4 Electrical properties of the BCZT ceramics sintered in different atmospheres 

sample d33 (pC/N) kp (%) tanδ 33𝑇  
𝑑33∗  

(pm/V) 

0Mn–N 483 49 0.018 4054 382 

0Mn–A 540 52 0.018 4338 397 

0Mn–O 585 56 0.014 4621 412 

0.25Mn–N 505 50 0.013 4261 345 

0.25Mn–A 458 45 0.014 3893 325 

0.25Mn–O 432 43 0.015 3880 315 
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Figure 7

the P–E hysteresis loops (a), the bipolar S–E curves (b) and the unipolar S–E curves (c) measured at 1 Hz
for BCZT ceramics sintered in different atmospheres.
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