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Abstract: The shear modulus and mechanical loss at low frequencies (0.01,0.3, 1 Hz) are measured by an inverted 
pendulum for BaTiO, ceramic with large grain sizes. The permittivity and dielectric losses are also investigated for 

the same material at higher frequencies between 1 and 100 kHz as function of temperature. Those results show 
several relaxation peaks in the ferroelectric phases. The activation energy of each peak is obtained to be 0.29, 0.45, 

0.68, 0.92 eV. The influences of strain amplitude and thermal treatments are studied specially for the mechanical 
relaxation peak located in the tetragonal phase. All the relaxation peaks could be associated to the interaction of 

oxygen vacancies in the domqin with different configurations of domain walls by piezoelectric effect. The 
experimental results show there is one peak occurring in all the three ferroelectric phases, which could mean that the 

ferroelectric domain structures have certain memory effect. 

1. INTRODUCTION 

Ferroelectric BaTi0, ceramics are widely used as multilayer capacitors, non-linear positive-temperature- 

coefficient resistors, and piezoelectric transducers [I]. For all the applications the motion of domain wall 

play a decisive role. The previous studies by flexural vibration at kilohertz [2,3] on undoped coarse 

grained BaTi03 ceramics show three phase transition peak (T) and other mechanical loss peaks (Rm) in 

the ferroelectric crystalline phase. Such relaxation peaks do not appear in the ceramics with small grain 

sizes (1-2 pm) [2] and have not been observed by other researchers [4,5]. Those peaks (Rm) have been 

associated to the domain walls motion. However, there are still different models for the movements of 

domain walls in the ferroelectric materials [6-81. In the present report, by measurements of mechanical 

losses at low frequency and dielectric losses at high frequency, we try to verify whether the peaks Rm are 

really the relaxation processes, by studying the influence of thermal treatment we try to clarify the 

mechanism of the loss peak. 

2. EXPERIMENTAL PROCEDURE 

The preparation of BaTiO, ceramics is described in [2]. The shear modulus and mechanical losses at low 

fkquencies (0.01, 0.3, 1 Hz) are measured by an inverted pendulum from -150°C to 150°C. The 

permittivity and dielectric loss are measured in the same temperature range at frequencies between 1-100 

kHz by using an automatic impedance meter HP4192A. 

3. RESULTS 

Fig. 1 shows the curves of shear modulus G(T) and mechanical losses Q"(T) of BaTiO, ce*c with 

large grain sizes (about 40 pm). There are three anomalies on the curves of shear modulus: A, (125"C), 
A, (20°C), and A3 (-70°C) for the three frequencies of 1,0.1, and 0.01 Hz during heating 0.25"CImin. The 

temperatures of anomalies do not change with frequencies, and can be attributed to the following phase 

transitions: tetragonal to cubic phase, orthorhombic to tetragonal phase, and rhombohedra1 to 
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orthorhombic phase. The Q" curves exhibit not only three peaks of PI, P2, and P3 corresponding to the 

anomalies of modulus, but also other peaks located in the three ferroelectric phases. With increasing of 

frequency the peak temperature increased, which shows a relaxation behavior. In order to describe the 

results clearly, those loss peaks are noted, such as R" '~  , for the peak located in the rhombohedra1 phase 

(R-phase) measured by mechanical vibrations, and R ~ ~ ,  for the peak located in the orthorhombic phase 

(0-phase) measured by electric excitation. 

Fig. 2 shows the curves of permittivity E(T), and dielectric loss tanG(T) as a function of temperature T for 

the frequencies of 1, 3, 10, 100 kHz for the same sample as in the Fig. 1 during heating. The &(T) curves 

show three peaks at 127, 13"C, and -72°C corresponding to the three phase transitions. In the tan6 curves 
there are also other peaks located respectively at the R-phase, 0-phase, and T-phase. The peak 

temperatures Tp of each peak is shifted to higher temperatures as increasing vibration frequencies. 
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Fig. 1 Variation of mechanical loss Q-'(T) and shear modulus Fig. 2 Variation de dielectric loss tan6(T) and permittivity 

G(T) in BaTi0, ceramic with large grain sizes %(T) in BaTiO, ceramic with large grain sizes 

Fig. 3 Variation isotherm of the dielectric loss tan6 as Fig. 4 Arrhenius plot of the relaxation processes in BaTiOp 
function of excitation frequency ceramic with large grain sizes 

In order to verify whether those loss peaks are due to a pyroelectrical effect, the dielectric losses are 

measured at constant temperature as a function of excitation frequency. Fig. 3 shows clearly that the peak 

frequency is shifted to higher value as increasing the measuring temperatures in the tetragonal phase. 

According to the Arrhenius equation, the relaxation rate can be written as [9] : z = zo exp (WkT), where T 
is the absolute temperature and k is the Boltzmann's constant, H is the activation energy, zo is the inverse 

of frequency factor. For a Debye peak, the condition for the peak is wz= 1. This gives: 

In f = -ln(2nzo) - W k Tp , 
where Tp is the peak temperature, w = 2n f , f is the vibration frequency. From the above results on the 

peak temperature and the vibration frequency, the activation energy H and zo of peaks R's are determined 



for all the peaks as Table 1. The height of R-peak in the R-phase decreases as increasing of vibration 

frequencies. However, the Reo peak in the 0-phase at 1 kHz can pass the 0rth.- Tetrag. phase transition, 

and exist in the T-phase for 100 kHz. The relationship between peak temperatures and vibration 

frequencies is plotted in the Fig. 4. 

Table 1 Parameters of the relaxation peaks in the BaTiO, 

ceramic with large grains sizes 

Fig. 5 shows the results of Q-'(T) and G(T) in the 

tetragonal phase for the frequency of 0.1 Hz. The 

curve 1 corresponds to the results without thermal 

oll(, treatment: one high peak Rmt is located at 104OC; 

the curve 2 gives the results after annealing at 

& 950°C for 6 h in vaccum (2Pa) : the peak height is 

drastically reduced and the temperature of the peak 

0,02 
Tp shifts to 68OC. After annealing at 650°C for 2h in 

air in-situ, the peak height is partially recovered and 

0.W 

the Tp shifts to 82OC, as shown by curve 3. Those 
o 20 4o M) 80 w no no EO no zw means that the relaxation process is influenced by 

T O  
the oxygen vacancies induced during high 

Fig.5 Influence of thermal treatment on the mechanical loss temperature annealing in vaccum. 
and the shear modulus in the tetragonal phase 

4. DISCUSSION 

4.1. Activation parameters of the relaxation peaks 

The values of relaxation time 70 of all the relaxation processes are similar to the Debye frequency v-lD 

(about 10-13 s.), so the relaxation peaks could be attributed to point defect diffusion;, What kinds of point 

defects? Lewis et al. [lo] have calculated activation energies for diffusion of VTi (15 eV), VBa (3.4 

eV), and vow (0.62 eV). They have also given the experimental results of V,, (2.8 eV), and V; (0.44 - 
0.68 eV). The activation energy of oxygen vacancy of 0.59 eV was found in undoped BaTi03 by 

Shirasaki et al.[ll]. All those results show that the most mobile point defect in the BaTiO, is oxygen 

vacancy. From where comes the oxygen vacancy in the BaTi03 ceramic? There always exist certain 

impurities substitutions at position of ~ i + ~ ,  such as ~ e ~ "  '+, S F ,  caZC, K', ~ a ' .  Such impurities with 

negative charges in BaTi03 are compensated by the oxygen vacancy. In this way the oxygen vacancies 

exist always in the material. The relaxation peaks could be due to the interaction between domain walls 

and oxygen vacancies. 

4.2. The memory effect of domain walls structures 

One relaxation peak can pass from one crystalline phase to other with increasing frequency. Those results 

implies that the BaTi03 ceramic can keep some parts of domain wall structures in the ferroelectric phase, 

even if the crystalline structure is changed from rhombodral to orthorhombic, even to the tetragonal 
phase. This kind of behavior in the BaTi03 is called a ((memory effect)) of the domain structures. Such 

proposition has found direct evidence in microscopic observation by Oh et al. [12]. Similar domain walls 

structure exists in the different ferroelectric phases. 

4.3. Possible mechanism of relaxation process in Barium Titanate Ceramics 

Arlt and Sasko 1131 pointed out that configuration of domain walls structure depends on the grain size. In 

the ceramic with large grains there exists always certain configurations which can respond to mechanical 

and electrical excitation in the ferroelectric phase. So the relaxation peaks could be observed in the 
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tetragonal, orthorhombic, and rhombohedra1 phase. Concerning the mechanism of the relaxation peak, 

Postnikov et al. [7] have proposed that interaction of mobile point defects with immobile domain walls by 

piezoeffect can induce a relaxation peak. For small concentrations of mobile charges, as in undoped 

ceramic, the height of mechanical loss peak is 

Q",, = 2(d33 - d3J2 c0 L~ / n4 (so E J ~  kT s, 

where c, is the density of mobile point defects, L is width of domain, s is the elastic compliance, so is the 

permittivity in vacuum. The activation energy is the diffusion energy of point defect and the relaxation 

time can be written as T = L~ / n 2 ~ ,  where D is the diffusion coefficient. For the relaxation peaks observed 

in BaTi03 ceramic, the peaks are connected to the oxygen vacancies diffusion. So the relaxation peak can 

be observed in coarse grained ceramic because the microscopic observation shows that the width of 

domain is about 1 pm in coarse grained ceramic, which is about 5 times than that (about 0.2 pm) in the 

fine grained ceramic [2]. 

Concerning the thermal treatments, the oxygen vacancies induced by high temperature annealing in 

vaccum could be located preferably at domain walls because the range of domain walls have distortion of 

unit cells with low energy barrier for the oxygen vacancies. Those oxygen vacancies have certain pinning 

effect on the domain walls, so the peak height reduces after high temperature annealing in vacuum; and 
can recover by further high temperature annealing in air. However, the oxygen vacancies induced by the 

acceptor impurities are usually located in the crystal unit cells and near the substitution atoms in order to 
keep electrical neutrality of the material. The relaxation peaks are mainly due to the diffusion of oxygen 

vacancies induced by the acceptor impurities in an electrical field induced by the variation of polarisation 

of the material under mechanical and/or electrical excitation. 

5. CONCLUSION 

In undoped coarse grained BaTi03 ceramics there are four relaxation processes in the ferroelectric phases. 

And one relaxation process can exist in all the ferroelectric phases, which means that the material keeps 

certain memory of the domain walls structures. The activation energy of each relaxation process is 

determined as 0.3, 0.5, 0.7 and 0.9 eV, respectively. Those relaxation processes can be explained by an 

interaction of domain walls and diffusion of oxygen vacancy in the domains. Those oxygen vacancies are 

induced by the impurities in keeping the electrical neutrality of the material. However, the oxygen 

induced by high temperature annealing can limit the movement of domain walls. 
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