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Abstract 

Dielectric behavior of nominally pure BaZrO3, Sc-doped BaZrO3 and Sc+Nb-co-doped 

BaZrO3 ceramics is reported in this paper. Several dielectric anomalies are detected in the 

pure and Sc-doped BaZrO3 in temperature interval of 2-700 K.  The Arrhenius-type dielectric 

relaxation has activation energies ranging from ca. 10 meV to 800 meV. Annealing in Ar 

atmosphere at 1200°C alters the intensity of the dielectric loss peaks especially in the Sc-

doped BaZrO3. In contrast, none of the dielectric relaxation anomalies were found in Sc+Nb-

co-doped BaZrO3. It is proposed that at least some of the dielectric peaks originate from the 

proton dynamics which includes high temperature migration, intermediate-temperature 

rotation and low-temperature phonon-assisted proton tunneling. 
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1. Introduction 

Although less popular than BaTiO3, BaZrO3 (BZ) is one of the widely studied 

perovskite ceramics [1]. Structural studies of BZ suggest a simple cubic perovskite structure 

with no apparent phase transition in the temperature range of 2-1700 K [2].  Because of its 

excellent refractory properties BZ has been used as a Tamman tube to grow high Tc 

superconducting single crystals. Also, BZ is an additive material for ceramic capacitors and 

microwave dielectric resonator ceramics. When doped with proper acceptor impurities, such 

as Y3+, Sc3+, Gd3+, etc. [3-6] and annealed in humid atmosphere, BZ shows remarkable 

protonic conductivity above 500 C and is a promising material for proton-conducting fuel 

cells and proton electrochemical reactors and sensors [7-9].   

There are numerous works on the dielectric and proton conducting properties of 

BaZrO3 at room or high temperature. However, in many perovskites, the unusual dielectric 

phenomena are known to occur at very low temperatures (T < 50 K). The low temperature 

behavior of BaZrO3 is still poorly understood. The structural study of BaZrO3 using X-ray 

and neutron diffraction shows that BaZrO3 possesses cubic symmetry down to 2 K [10]. The 

first-principles studies are somewhat in conflict with the diffraction data. According to [11-

12], the low symmetry structural instability in BaZrO3 occurs at the R- and M-points. 

Moreover, the evidence of the short-range low symmetry distortions is well supported by the 

experimental results from far-infrared, THz-TDS and Raman spectroscopy [13-14].  

The first report on the low temperature dielectric properties of BaZrO3 has appeared 

in Ref.10. According to Ref 10, the real part of the dielectric permittivity (�′) of BaZrO3 

increases as the temperature decreases and follows incipient ferroelectric behavior. The 

overall increase in �′ with decreasing temperature is similar to that found in other incipient 
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ferroelectrics, such as KTaO3 and SrTiO3, where zero-point quantum effects result in the low-

T dielectric behavior that follows the Barrett equation, 

�� = �
���	
��


�

 ����

+ �,                                                   (1) 

where C is the Curie constant, �� is saturation temperature, �� is the classical Curie 

temperature and � is a temperature independent constant. However, unlike KTaO3 and 

SrTiO3 quantum paraelectrics [15-16], BaZrO3 shows strongly negative �� similar to EuTiO3 

and CaTiO3 incipient ferroelectrics [17-18]. The two humps in �����, are proposed to 

originate from the oxygen octahedra rotation (at T ≈15 K) and the dipolar relaxation of 

extrinsic defects (at T ≈ 50-65 K) [10].  

Recently, we studied dielectric properties of several BZ ceramics including undoped 

BaZrO3, donor-doped (BaZr0.995Nb0.005O3), acceptor-doped (BaZr0.99Ga0.01O3) and the (1-x) 

BaZrO3-xBaGa0.5Nb0.5O3 solid solution [19]. Several dielectric relaxation peaks were 

detected in the undoped and acceptor-doped samples. Surprisingly, these peaks were 

suppressed in Nb-doped ceramics as well as in the BaZrO3-BaGa0.5Nb0.5O3 solid solutions. 

The origin of the dielectric relaxation peaks was attributed to the extrinsic impurities and 

relaxation dynamics of proton interstitials in BaZrO3. The understanding of the correlation 

between these dielectric anomalies and defect chemistry may be important to solve practical 

application issues in the future devices. 

In this work, the dielectric behavior of BaZrO3, BaZr1-xScxO3-x/2 and 

BaZr0.98Sc0.009Nb0.011O3 is examined in detail. Several dielectric relaxation peaks are detected 

in a wide temperature range (2< T < 700 K). The effects of annealing in Ar atmosphere on the 

dielectric properties of doped- and undoped BaZrO3 are discussed. 

2. Experimental procedure 
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The BaCO3, ZrO2, Sc2O3 and Nb2O5 powders were used as starting materials. They 

were weighed to achieve a target composition of BaZrO3, BaZr1-xScxO3-x/2 (where x = 0.01 

and 0.02) and BaZr0.98Sc0.009Nb0.011O3. All systems were synthesized via solid state reaction 

by ball-milling in ethanol for 20 hours then drying and compacting with 25 mm diameter WC 

pressing die. The pucks were calcined at 1300°C for 10 hours in air. The calcined samples 

were crashed and re-milled, then dried at 60˚C overnight. The powders were mixed with 5% 

PVA (polyvinyl alcohol) as a binder and pelletized into disks of 7 mm diameter and 1-2 mm 

thickness under 100 MPa uniaxial pressure. The green bodies were sintered at 1650°C for 20 

hours in air. To study the defect mechanism, the sintered samples were annealed in Ar 

atmosphere at 1200°C for 20 hours and the silver ink electrodes were applied in the Ar glove 

box to avoid exposure to ambient atmosphere. The powder X-ray diffraction (Rigaku 

Miniflex600 X-ray diffractometer) with Cu Kα X-ray source (λ = 0.154185 nm, 2θ = 10-100 

degrees) was used to study the phase composition of sintered ceramics. The lattice parameters 

were obtained from Le Bail refinement using JANA2006 software. The relative density (�) of 

sintered ceramics was calculated from the theoretical and experimental densities. The 

microstructure of the ceramics was studied by FE-SEM (Model S-4800 FE-SEM). The 

dielectric properties were investigated by PPMS Model 6000 (Physical Property 

Measurement System, Quantum Design, USA) and Impedance Analyzer (Novocontrol 

Technologies, Germany) at 2-360 K in the frequency range from 10 Hz-500 kHz. The 

dielectric properties at temperature of 300- 700K were studied using Agilent LCR meter in 

the frequency range from 10 Hz-1 MHz. The proton concentration was estimated from the 

weight loss of the powder samples using a thermogravimetric analysis (TGA, Pyris 1, 

PerkinElmer) under N2 gas atmosphere from room temperature to 900˚C. 

3. Results and discussions 

3.1 X-ray diffraction (XRD) 
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The X-ray diffraction patterns of 99%, 99.9% and 99.99% pure BaZrO3 (abbreviated 

as 2N, 3N and 4N, respectively) and doped BaZrO3 (1%Sc and 2%Sc) sintered at 1650˚C for 

20 hours are illustrated in Figure 1. The relative density of all sintered samples is more than 

90% of the theoretical density value. The undoped samples as well as 2%Sc-doped samples 

show phase pure perovskite structure without any unknown phases detected. For 1%Sc-doped 

BaZrO3, traces of second phase are detected at 2θ around 24 degree which corresponds to 

BaCO3 phase. This is probably due to small errors during sample preparation. The XRD 

patterns of all systems are verified as cubic perovskite (space group Pm-3m) using Le Bail 

refinement software and are in good agreement with the standard file from the Inorganic 

Crystal Structure Database (ICSD) code 90049.  

The lattice parameters obtained from the refinement are summarized in Table 1. For 

undoped systems (2N, 3N and 4N), the average lattice parameter (a) = 4.1943(2) Å is in 

agreement with other study [20] for pure BaZrO3. Doping BaZrO3 with trivalent ion such Sc 

causes a slight change in the lattice parameter. The lattice parameter (a) of Sc-doped BaZrO3 

tends to be a little larger than that of pure BaZrO3. Because the ionic radius of Zr4+ is 0.72 Å, 

the substitution of Sc3+ ion with ionic radius of 0.745 Å on Zr4+-site results in a slightly larger 

lattice parameter (a). 

3.2 Scanning electron microscope (SEM) analysis 

The SEM microstructures of doped- and undoped-BaZrO3 samples are illustrated in 

Figure 2. Among undoped systems, BZ 3N shows the smallest grain size with rather poor 

density (~90%) whereas BZ 2N shows the highest density of ~98%. The average grain size of 

undoped samples are 2.5(3) μm, 1.8(4) μm and 3.2(4) μm for BZ 2N, BZ 3N and BZ 4N, 

respectively. Figure 2(d-e) shows the effect of the Sc additive. As seen from the figure, 

doping 1% Sc provides 1.4(6) μm of average grain size and the grain size is further decreased 
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when the amount of scandium increases to 2% (0.7(4) μm). From the results it can be 

assumed that scandium inhibits grain growth and leads to the smaller grain size. 

3.3 Dielectric properties 

The dielectric properties of sintered samples were investigated from 360 K down to 2 

K at frequency f = 10 Hz-500 kHz. Figure 3(a) shows the dielectric permittivity and tan δ at 1 

kHz of the undoped BZ samples (2N, 3N and 4N) sintered in air. The room temperature �′  is 

around 38, 33 and 39 for BZ 2N, 3N and 4N, respectively, which agrees with other studies 

[10,21]. The �′ increases upon cooling. This behavior is similar to other incipient 

ferroelectrics such as CaTiO3 and EuTiO3 [17,22]. It is also similar to the low temperature 

dielectric simulation study of Akbarzadeh et al. that shows that the quantum fluctuations 

affect the dielectric behavior of pure BaZrO3 [10]. Figure 3(b) shows the low temperature 

behavior of �′ of BZ 3N. Several dielectric anomalies in the form of �′ humps and tan δ peaks 

can be detected in our BaZrO3 samples, as reported earlier [19]. We assume that the �′ humps 

at around 3-5K result from the oxygen octahedra rotation as proposed in Ref. [10]. As seen 

from Figure 3(a), several dielectric anomalies occur in undoped BaZrO3. The tan δ of BZ 2N, 

3N and 4N from 2 K to 360 K is shown in Figure 4(a). The low-temperature details of the tan 

δ behavior in the 2-200K range are shown in Figure 4(b). Several tan δ peaks appear at 

around 11 K < T < 160 K labeled as T1, T2, T3 and T4 in Figure 4(b).  They shift to higher 

temperature as frequency increases. The similar trend is found in Sc-doped BaZrO3. Four 

peaks in 1% and 2% Sc-doped BaZrO3 at 18 K, 40 K, 96 K and 122 K indexed as T1, T2, T3 

and T4, respectively, are detected in Figure 5(b). The tan δ peaks of 1% and 2% Sc-doped BZ 

occur at almost the same temperature and the tan δ peak magnitude at T > 50K increases with 

the Sc concentration. 
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To further study the origin of the low temperature dielectric anomalies, we annealed 

all the samples in Ar atmosphere and the results of dielectric loss peaks and their Arrhenius 

behavior are presented in Figures 5(a) and 6. The low-temperature loss peaks (at T < 100K ) 

of undoped BZ seem to be little affected by the anneal in Ar as they appear at the same 

temperature for both samples sintered in air and annealed in Ar (see Fig 6(a)). In contrary to 

undoped BZ, the loss peaks at around 96 K and 122 K for the Sc-doped samples almost 

vanish after annealing in Ar (see Fig 5(a)). The activation energies of these loss peaks were 

obtained from Arrhenius type behavior: 

� = ����� � ���
 !�"�#

�,                                                    (2) 

where $% is the activation energy, &' is Boltzmann constant, �(%) is the temperature of the 

tan δ maximum and �� is a constant. The calculated activation energies are summarized in 

Table 2 for undoped BZ. The activation energies of dielectric relaxation ranging from 0.016 

to 0.276 eV are almost the same for both air-sintered and Ar-annealed undoped BZ (Table 2). 

The activation energies of dielectric relaxation of Sc-doped BZ are shown in Table 3. While 

the dielectric relaxation with $% = 0.026-0.031 eV persist in both as-sintered and Ar-annealed 

Sc-doped BZ, the dielectric relaxation processes with $% = 0.057-0.175 eV almost vanish 

after annealing in Ar. We suggest, therefore, that the dielectric anomalies with $% = 0.057-

0.175 eV are most likely associated with the localized motion of the protons.    

It is well known that doping BaZrO3 with acceptor impurities, such as trivalent ions, 

leads to the formation of oxygen vacancies according to: 

*+,- → 2*01� + 23•• + 3,3×,                                        (3) 

where M is the trivalent ion, 23∙∙ is oxygen vacancy and ,3× is oxygen at oxygen site. Hereafter 

the Kröger-Vink notation is used for point defects. Nominally pure BaZrO3 may still contain 

intrinsic acceptor impurities in the form of Ba-vacancies which naturally occur during 
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sintering at high temperatures due to loss of Ba. When exposed to humid atmosphere, the 

incorporation of protons occurs in the form of hydroxyl group (OH-) that fill up the oxygen 

vacancies [23-24] according to: 

8+, + ,3× + 23•• ↔ 2,83•                                                (4) 

From the Eq.4, the two OH- groups form after the reaction between a water molecule with an 

oxygen vacancy. The protonic defect can migrate from one oxygen ion to the other ion, 

resulting in itinerant proton conductivity. BaZrO3 is a well-known proton conductor at 

intermediate temperature with activation energy of proton migration of around 0.5-0.6 eV 

[25]. 

At low temperature, it is possible that the dielectric anomalies are produced by protonic 

defects. Several dielectric peaks indicate several types of proton motion with different 

activation energies. The DFT calculations have mapped several proton migration paths in 

BaZrO3 doped with different kinds of dopant (e.g. Ga, Sc, In, Y and Gd) [6]. In the 

perovskite materials, there are two possible pathways for the classical proton motion: (i) 

proton transfer between the oxygen site of the adjacent lattice and (ii) the reorientation of 

proton at the oxygen site [6]. According to various estimates, the energy for proton transfer 

(Etrans) is in the range of 0.13-0.2 eV whereas the energy for the reorientation (Ere) is around 

0.2 eV [6]. The activation energies of the low temperature dielectric anomalies T2, T3 and T4, 

are in the range of 0.04-0.22 eV. It is possible that the origin of the low-energy dielectric 

anomalies comes from the localized reorientation and transfer of proton in the vicinity of the 

acceptor ions or other defects. The vanishing of the dielectric anomalies with $% = 0.057-

0.175 eV in the Sc-doped BZ annealed in Ar (i.e., in low water pressure atmosphere) well 

supports this conclusion. 
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The high temperature dielectric and Arrhenius behavior of undoped- and doped- BaZrO3 

(T > 250K) are illustrated in Figs 7 and 8. It was reported that the migration energy of proton 

conduction is around 0.5 eV in BaZrO3 [25]. This energy is very close to the activation 

energy in our study ($% =0.53-0.82 eV). Therefore, the high temperature relaxation could be 

attributed to the itinerant protonic defects and these peaks disappear after annealing in Ar 

atmosphere. 

Several dielectric peaks at 13 K < T < 70 K in undoped and Sc-doped BaZrO3 seem to be 

less sensitive to annealing in Ar and are more difficult to decipher (see Figs 3, 4, 5, 6). They 

may be attributed to the extrinsic impurities, as originally proposed in Ref. 10.  In other 

oxides it has been reported that the low temperature tan δ peaks appear at the temperature 

range of interest (T < 100 K) and can be induced by defects or oxygen vacancies [26-28]. In 

KTaO3 [26], doping with other ions such as Nb, Na and Fe causes low temperature dielectric 

anomalies induced by some defects located near oxygen vacancies. The ‘rattling’ ions with 

smaller ionic radii than the host ion is reported in Mn-doped SrTiO3, BaMg1/3Ta2/3O3 and Li-

doped KTaO3 [29-32]. In n-type BaTiO3 or reduced BaCeO3 the similar dielectric anomalies 

have been attributed to trapped excess electrons called “polarons” with an activation energy 

of 0.06-0.08 eV [26-28,33-34]. In addition to being a proton conductor, it is possible that hole 

conductivity can take place in the BZ as reported in several experimental studies [35-37]. 

Impurities from the processing (e.g. Cr3+, Fe3+, Al3+) or intentional additives (e.g. Gd3+, Y3+, 

Sc3+) are compensated by oxygen vacancy (as seen in Eq. 3).  In dry atmosphere, holes can 

form in acceptor-doped BaZrO3. Ref. [37] proposed two characteristics of hole, which are, (i) 

delocalized (free) hole polaron and (ii) bound hole polaron as seen in Eq. 5-6. 

:
+,+�;� + 23•• + ,3× ↔ 2ℎ• + 2,3×                                          (5) 

:
+,+�;� + 23•• + ,3× ↔ 2,3•                                                (6) 
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where 23∙∙ is oxygen vacancy, ,3× is oxygen at oxygen site, ℎ•is a free hole polaron and ,3•  is a 

bound hole polaron at oxygen site. The activation energy of the hole migration is in the range 

of 0.4-0.8 eV [40]. At low temperatures, the localized motion of trapped holes may contribute 

to the dielectric relaxation detected in this study. 

It is noteworthy that in our previous study the dielectric anomalies were completely 

suppressed by doping BaZrO3 with donor ions, such as Nb5+ [19]. Donor ions compensate 

accidental (or intentional) acceptor impurities and expel oxygen vacancies. As a result, both 

the protonic defects and the oxygen vacancies can be eliminated by doping BZ with donor 

ions. To explore this scenario, we charge compensate Sc3+ by Nb5+ according to the formula 

BaZr0.98Sc0.009Nb0.011O3. In this formula we have used a very small excess of Nb (e.g., 0.2%) 

to charge compensate possible accidental acceptor impurities. Remarkably, the dielectric 

behavior of BaZr0.98Sc0.009Nb0.011O3 shows the complete elimination of the dielectric 

anomalies at low temperature as seen in Fig 9.  

Since the estimated activation energies of both proton and electron hole conductivity 

are quite similar in the studied temperature range it is not easy to distinguish between these 

two types of defects. To bring clarity to this issue we applied the TGA analysis which favors 

the protonic defects.  The weight loss of the selected samples determined from the TGA 

measurements are represented in Fig 10. The overall weight loss of 2%Sc doped sample is 

approximately 0.29%. This is due to the release of water as the temperature is increased to 

900˚C. The ~0.18% weight loss that occurred from room temperature to around 400˚C comes 

from the water adsorbed on the surface of the powder sample. A more step weight loss of 

~0.11% occurs at 400˚C – 800˚C and is qualitatively similar to the one reported in 10% Sc 

doped BaZrO3 reported in [38-39]. This weight loss is attributed to the water released from 

the bulk of the crystal lattice and is in reasonable agreement with 0.056% weight loss 

expected for 2% Sc doped BaZrO3. In contrast, the Sc-Nb doped BaZrO3 sample shows 
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around 0.05% weight loss that mostly occurs below 400 C and attributed to adsorbed water as 

seen from Fig 10. This supports our hypothesis that Nb doping expels oxygen vacancies (and 

protonic defects) from the lattice of BaZrO3. 

Finally, we would like to bring the reader’s attention to the very interesting results 

reported in Ref. 40. The quasielastic neutron scatting data indicate a very low energy (i.e., 

0.01-0.03 eV) of proton dynamics in BaZr0.90A0.10O3 (A = Y and Sc) [40]. To reconcile this 

energy with the other literature data on proton dynamics in BZ, the authors suggested that the 

classical barrier for proton transfer can be effectively reduced to 10-30 meV by the zero-point 

effect [40]. It is remarkable that our dielectric relaxation (i.e., dielectric peak T1 with $% = 

16-31 meV) data are in very good agreement with the quasielastic neutron scatting data of 

Sc- and Y-doped BZ [40].  Here we would like to stress that, in addition to the zero-point 

effect; another effect such as the phonon-assisted proton tunneling may also result in such a 

low-energy proton dynamic, as proposed theoretically by Sundell et. al. [41]. It is interesting 

that in the case of BZ, the energy required to assist the proton tunneling can be supplied not 

only by acoustic phonons but also by the soft optical phonon mode with the energy of 15 

meV as revealed by the terahertz spectroscopy [14].   

4. Conclusion 

 We studied the dielectric anomalies in undoped- and doped-BaZrO3. Several 

dielectric loss peaks associated with dielectric relaxation appear in the temperature range of  

5 K – 700 K. The thermogravimetric results show the existence of water in the lattice 

(protonic defects) in acceptor-doped BaZrO3. We assume that most of these dielectric 

anomalies are probably due to the proton dynamics. The high temperature dielectric peaks 

above 400 K are due to the itinerant proton transport with the activation energy of 0.5-0.8 eV. 

At 100 < T < 200 K, protons become localized near acceptor impurities and contribute to the 
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localized proton dynamics with energies of 0.05-0.2 eV. The possible mechanisms for the 

proton motion are: (i) proton transfer between the oxygen site of the adjacent lattice and (ii) 

the reorientation of proton at the oxygen site. We propose the two possible origins for the 

lowest dielectric anomalies (T1) which may be the zero-point energy or the phonon-assisted 

proton tunneling. The proton defects in our experimental finding can be partially eliminated 

by annealing in Ar (i.e., at low water partial pressure); however, we find that doping with 

donor ions such as Nb, is more effective in protonic defect suppression.  
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Figure captions 

Fig 1. X-ray patterns from the powder XRD of undoped BaZrO3 (2N, 3N and 4N) and doped-

BaZrO3 (1% and 2%Sc) sintered in air at 1650˚C for 20. 

Figure 2 The microstructure of as-sintered (a) BZ 2N, (b) BZ 3N (c) BZ 4N, (d) 1%Sc-doped 

BZ and (e) 2%Sc-doped BZ. All samples were sintered at 1650˚C for 20 hours in air. 

Fig 3. Dielectric permittivity and tan δ of BaZrO3 (2N, 3N and 4N) sintered in air at 1650˚C 

for 20 hours and measured at 1 kHz from 2 K to 360 K (a). Frequency dependence of 

dielectric permittivity and tan δ measured from 2 K to 100 K of BZ 3N (b). 

Fig 4. Temperature dependence of tan δ of BZ 2N, 3N and 4N ceramics measured at different 

frequencies (a), Low-temperature tan δ dependence of the same samples measured at 2-200 K 

(b). 

Fig 5. Low temperature dielectric loss of 1% and 2%Sc-doped BaZrO3 sintered in air (black 

solid dots) and annealed in Ar (red solid triangles) (a). The dielectric permittivity and tan δ of 

1% and 2%Sc-doped BaZrO3 sintered in air (b). The four peaks are labeled as T1, T2, T3 and 

T4, respectively. 

Fig 6. Low temperature dielectric loss of undoped-BaZrO3 (2N, 3N and 4N) sintered in air 

(black solid dots) and annealed in Ar (red solid triangles) (a). Arrhenius plot of frequency 

dependence of dielectric peaks T1, T2, T3 and T4 (b). 

Fig 7. Temperature dependence of tan δ measured from 300 K to 680 K of BaZrO3 4N (a) 

and 1%Sc-doped BaZrO3 (b) at various frequencies. 

Fig 8. Arrhenius plot of frequency dependence of dielectric loss peak of BaZrO3 (2N, 3N and 

4N) and Sc-doped BaZrO3 (1% and 2%Sc) measured from 300 K to 680 K. 
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Fig 9. Temperature dependence of dielectric permittivity and tan δ of BaZr0.98Sc0.009Nb0.011O3 

sintered in air at various frequencies. 

Fig 10. %Weight change of BaZr0.98Sc0.02O3 and BaZr0.98Sc0.009Nb0.011O3 determined from 

thermogravimetric analysis (TGA). 
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Table 1. The unit cell size and unit cell volume for undoped BaZrO3 and acceptor-doped (1% 

and 2%Sc) BaZrO3. 

 

System a (Å) Volume (Å)3 

BaZrO3 2N 4.19420(3) 73.7814(4) 

BaZrO3 3N 4.19406(3) 73.7741(5) 

BaZrO3 4N 4.19444(2) 73.7943(4) 

1%Sc 4.19447(2) 73.7959(4) 

2%Sc 4.19445(2) 73.7946(4) 
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Table 2 Activation energies of pure BaZrO3 of different purities sintered in air and annealed 

in Ar. 

System 

Sintered in air Annealed in Ar 

Ea(LT)  (eV) 
�� 

�× 10:�� (Hz) 
Ea(LT)  (eV) 

�� 

�× 10:�� (Hz) 

BaZrO3 2N 

0.025(1) 3.2(6) 0.025(1) 3.5(2) 

0.043(1) 17.4(9) - - 

0.066(4) 0.4(4) 0.069(1) 0.9(5) 

0.215(3) 20.3(5) 0.276(8) 0.02(1) 

BaZrO3 3N 
0.024(1) 1.4(9) 0.025(4) 2.8(9) 

0.044(8) 0.2(8) 0.044(1) 0.3(1) 

BaZrO3 4N 

0.016(6) 1.8(1) 0.016(7) 3.1(2) 

- - 0.026(6) 6.1(2) 

0.047(9) 0.6(2) 0.050(3) 0.01(2) 

0.067(1) 0.5(1) 0.069(1) 0.7(3) 
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Table 3 Low temperature activation energies and f0 parameter of Sc-doped BaZrO3 sintered 

in air and annealed in Ar. 

System Sintered in air Annealed in Ar 

 
Ea(LT)  (eV) 

�� 

�× 10:�� (Hz) 
Ea(LT)  (eV) 

�� 

�× 10:�� (Hz) 

1%Sc 

0.026(1)  5.4(20) 0.026(1) 4.6(4) 

0.057(2)/0.03(2) 0.03(1)/0.0002(1) - - 

0.117(2) 0.4(1) - - 

0.175(2) 5.7(1) - - 

2%Sc 

0.031(1) 10.5(7) 0.028(1) 2.6(2) 

0.060(4)/0.026(3) 0.04(3)/0.0001(9) - - 

0.122(2) 0.8(2) - - 

0.175(2) 5.7(1) - - 
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Table 4 High temperature activation energies and f0 parameter of undoped- and doped-

BaZrO3 sintered in air. 

System 

Sintered in air 

Ea(HT) (eV) 
�� 

�× 10:�� (Hz) 

BaZrO3 2N 0.82(3) 10.7(6) 

BaZrO3 3N 0.59(3) 0.3(3) 

BaZrO3 4N 0.75(2) 0.4(2) 

1%Sc 0.54(1) 1.2(5) 

2%Sc 0.53(5) 1.1(2) 
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