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Abstract 

The dielectric and semiconducting properties of two types of ceramics (n-type BaTi03 and dielectric 

Ba(B'1/3B"2/3)03 where B' = Mg, Zn, Ni, and B" = Nb, Ta) were characterized. 

Complex impedance analysis and dc conductivity measurements of samples prepared at various 

P O2 have ruled out oxygen chemisorption in favor of interfacial segregation of cation vacancies as 

the cause of the positive temperature coefficient of resistivity (PTCR) effect in n-type BaTi03. 

The effect of preparation conditions, sintering atmosphere, stoichiometry, and post-sinter anneal 

on the defect chemistry of BaTi03 was studied using the electron paramagnetic resonance (EPR) 

technique. Several paramagnetic defects such as, Ti3+, VEa, and VTi were detected and identified 

by EPR. 

Current-voltage characteristics (I - V) of PTCR BaTi03 were analyzed in light of space-charge­

limited-current, trap-filled-limited-current , Frenkel-Poole, small polaron, and double-Schottky bar­

rier models. It was shown that for the double-Schottky barrier model, a partial stabilisation of the 

potential barrier is expected when the Fermi level is pinned at grain boundaries by a high density 

of the interface states. The deviation of I - V characteristics of BaTi03 in the region of the PTCR 

effect can be explained by dependence of the population of the interface electron states on applied 

voltage. 

Based on the Seebeck and Hall effect measurements, it was found that in the range of 100 - 300 

K, the drift. mobility of electrons in BaTiO:l is not thermally activated, which supports the concept 

of conduction band electron transport rather than small radii polaron hopping. However, further 

study over a wider temperature range and on better quality crystals is required to unequivocally 

clarify the electron transport mechanism in BaTi03 . 

Phase composition, degree of cation ordering, and dielectric properties of complex perovskites 

with general formula Ba(B'lj3B"2j3)03 where B' = Mg, Zn, Ni, and B" = Nb, Ta were analyzed. It 

was shown that in Ba(Mg1j:l TaZj3)03 both intrinsic and extrinsic dielectric loss affect the Q-factor, 

whereas in Ba(Mgl/:lNb:zn)03 and Ba(Ni1/ 3Nb2/ 3 )03 extrinsic factors such as the second phase 

and point defects dominate the dielectric loss at microwave frequencies. 
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Chapter 1 

Introduction 

Owing to their outstanding electronic, dielectric and magnetic properties, metal oxide ceramics 

with perovskite structure continue to attract considerable scientific and commercial interest re­

sulting in a variety of industrial applications. Among them are Pb(Mg,Nb)03-based piezoelectrics, 

BaTi03-based capacitors and positive temperature coefficient (PTC)-thermistors, Ba(Mg,Ta)03 and 

Ba(Zn,Ta)03 dielectric resonators for wireless communication, Ba(La,Mn)03 colossal magnetoresis­

tors, etc. This thesis focuses on two types of materials with perovskite structure, namely 

1. doped n-type BaTi03 and 

2. Ba(B\/3B"2/3)03 where B' = Mg, Zn, Ni, and Bit = Nb, Ta. 

N-type BaTi03 is well known for its positive temperature coefficient of resistivity (PTCR). The 

electrical resistance of n-type BaTi03 polycrystals sintered in air changes by up to 6 orders of 

magnitude at the temperature of the ferroelectric-to-paraelectric transition. In the temperature 

range of ca. 120 - 250 ac, the temperature coefficient of resistivity of BaTi0 3 has a positive sign in 

contrast to the vast majority of known semiconductors. Despite the fact that PTCR BaTi03 has been 

utilized in industry for more than 40 years, the physical nature of the PTCR effect is not completely 

clear. The most widely accepted (and yet most criticized) model explains the PTCR effect in terms 

of temperature dependent double-Schottky barriers (DSB) formed at the grain boundaries [1]. To 

form such a grain boundary potential barrier, the modern theories of the PTCR effect [1, 2, 3, 4] 

require the presence of the in-gap acceptor states (or electron traps) to be localized in the grain 

boundary layer. However, the nature of these electronic states (Le., whether they are chemisorbed 

oxygen ions or segregated cation vacancies) constitutes one of the topics of modern scientific debate 

and is investigated in this thesis. 

The effect of preparation conditions on the resistivity of BaTi03 and post-sinter annealing at 

different oxygen partial pressures was also studied in this work. Complex impedance analysis at 

1 
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cryogenic temperatures was used to distinguish between the grain bulk and grain boundary properties 

at different oxidation conditions. The results of the complex impedance analysis together with 

evaluation of the grain boundary diffusion of oxygen are presented in Chapter 5. 

A few papers about analysis of the paramagnetic point defects in polycrystalline BaTi03 provide 

contradictory results [5, 6, 7]. However, correct identification of these defects is very important 

in understanding the point defect chemistry of BaTi03 and its effect on the PTCR properties. 

Hence, one of the goals of this work was to perform a comprehensive study of the paramagnetic 

point defects in BaTi03 including the effect of oxygen partial pressure, post-sinter anneal, and 

stoichiometry. Analysis of the paramagnetic point defects in BaTi03 is presented in Chapter 7. 

Another goal of this thesis was to understand the current-voltage (I - V) characteristics of n­

doped polycrystalline BaTi03. In PTCR BaTi03 , the current shows a non-linear dependence on 

voltage above the ohmic region. This is called a varistor effect. In his original model, Heywang 

[1) interpreted the I - V dependence in terms of thermionic emission over the voltage-dependent 

potential barriers which yields I ex exp(V/2kBT). Later studies, however, revealed that the current­

voltage characteristics deviate from ideal exponential dependence. Several mechanisms including 

electron diffusion [8), Frenkel-Poole effect [9], space charge limited current [10), electron tunnelling 

[11], were proposed to explain the electron transport through the grain boundary in PTCR BaTi03 . 

In the author's opinion, the major difficulty in early interpretation of the I - V characteristics in 

BaTi03 was due to insufficient understanding of the effect of external voltage on the population of 

the grain boundary electron traps. It was not until the pioneering work of Pike [12] on polycrystalline 

silicon and the comprehensive study of Blatter and Greuter (13) on ZnO-varistors, that the effect 

of external voltage on the interfacial charge in polycrystalline ceramics was well understood. The 

problem of the current-voltage dependence in BaTi03 including the effect of the voltage-dependent 

population of interface states is revisited in Chapter 8. 

In addition to the grain boundary electronic properties, electron transport of bulk BaTi03 was 

also investigated, in particular, whether to ascribe the charge carriers in BaTi03 to conduction 

band electrons or small radii polarons [14, 15, 16]. To answer this question it is important to know 

simultaneously the temperature dependence of the drift mobility and concentration of the charge 

carriers. In this work, these two parameters were independently measured for polycrystalline and 

single crystal BaTi03 in the temperature range of 150 - 300 K. The results are reported in Chapter 

6. 

Another topic of this investigation is the dependence of the dielectric properties of Ba(B'l/3 

BI/2/3)03 (where B' = Mg, Zn, Ni, and B" = Nb, Ta) ceramics on cation ordering within the complex 

perovskite structure. The interest in these materials is governed by their application in the rapidly 

growing wireless communication industry [17]. A general review of dielectric materials for microwave 

resonators with emphasis on the origin of dielectric loss is given in Chapter 3. Ba(B'l/3B"2/3)03 

compounds have dielectric constants of 20 - 40 and very low dielectric loss, which makes them 
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suitable candidates for dielectric resonators at microwave frequencies (5 - 40 GHz). However, factors 

affecting their dielectric loss are insufficiently studied. Until recently [18], it was considered that 

intrinsic dielectric loss due to incomplete ordering of B-site cations in Ba(B'1/3BII2/3)03 is the 

major contribution to tan 6. However, several reports [19, 20] indicate that extrinsic dielectric 

loss due to the presence of the second phase and point defects could be dominant at microwave 

frequencies in these compounds. Hence, the final goal of this study was to investigate the effect 

of preparation conditions on B-site cation ordering and dielectric properties of Ba(Mg1 / 3Taz/3)03, 

Ba(Mg1/3Nbz/3)031 Ba(Znl/3Nb2/3)03, Ba(Ni1/3Ta2/3)03 and Ba(Ni1/ 3Nbz/3 )03. The results are 

presented in Chapters 9 and 10. 



Chapter 2 

Physical and chemical properties of 

2.1 Crystallographic structure and dielectric properties 

2.1.1 The prototype structure of BaTi03 

Barium titanate belongs to the A 2+BHOs perovskite family of crystals with its prototype, CaTi03 . 

The name perovskite has been dated back to 1839 when, a Russian mineralogist, discovered a new 

mineral CaTiOs, which he named perovskite after the then Russian Minister of Lands, count L.A. 

Perovsky. This name has since been used to designate the large AB03 family. 

In its cubic allotrope (above 120 °C), BaTi03 can be viewed as a cube with Ba ions located 

at the cube corners, Ti ion at the body center, and oxygens at the face centers, forming octahedra 

around each Ti ion as shown in Fig. 2.1(a). Alternatively, Fig. 2.1(b) shows the structure as a 

three-dimensional network of Ti06 corner-sharing octahedra arranged in a simple cubic pattern. In 

each octahedron, the Ti ion is located at the center while the oxygens at the apices are shared with 

neighboring octahedra. The Ba ion occupies the space formed between eight neighboring octahedra, 

giving the Ba ion twelve-fold coordination with an ionic radius of RBa2+ = 0.161 nm. The Ti ion has 

six-fold coordination with an ionic radius of RTi4+ = 0.0605 nm. The oxygen ion also has six-fold 

coordination in BaTi03 with R0 2- = 0.140 nm. It has been shown by Goldschmidt [21] that the 

perovskite structure is stable for a range of tolerance factors between 0.8 and 1.0, where the tolerance 

factor, t, is defined as 
RA+Ro t = --::;;------

V2(RB +Ro)' 
(2.1) 

and t for BaTi03 equals 1.06. BaTiOs can accept substitution of foreign cations on two distinct 

sites, the A-site (Ba) and the B-site (Ti). The incorporation of a foreign cation into the BaTi03 

4 
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(a) 

T·4+ 
• 1 

(b) 

Figure 2.1: Ideal perovskite structure 

5 

lattice depends on the ionic size and electronic structure of both the foreign ion and the host site. 

BaTi03 forms solid solutions with a number of other AB03 compounds (e.g. SrTi03, CaTi03, 

PbTi03, CdTi03, BaSn03, BaZr03). The effect of these substitutions on the crystal structure and 

ferroelectric properties is discussed in the next section. 

2.1.2 Structural phase transitions 

BaTi03 undergoes a series of structural phase transitions upon cooling from high temperature. In 

¥.Oi' 
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Figure 2.2: Temperature dependence of unit cell parameters of BaTi03 . From Ref. [22] 
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the temperature range of 1430 °C to 1620 °C barium titanate assumes a hexagonal structure which 

can be preserved at room temperature by quenching [23]. In the 120 - 1433 °C range, BaTi03 is 

cubic and non-polar (space group Pm3m), thus centrosymmetrical and non-piezoelectric. At 120°C 

the cubic lattice parameter is a = 4.01 A. Below 120°C, BaTi03 undergous spontaneous distortion 

along the [100] direction into a tetragonal phase (P4mm). Below +5 °C, a distortion along [110] 

direction leads to the orthorhombic phase (C2mm) and, finally, below -90°C, distortion along [111] 

results in the rhombohedral structure (R3m). The temperature dependence of lattice parameters is 

shown in Fig. 2.2. 

2.1.3 Ferroelectricity 

Corresponding to the three structural phase transitions discussed above, three ferroelectric phase 

transitions occur in BaTi03 . The first transition from paraelectric to ferroelectric phase occurs at 

Tc = 120°C and can be described by a displacement of the Ti4+ ion along [100] direction from 

its centrosymmetric position within the oxygen octahedron. In turn, oxygen ions all shift in the 

opposite direction, [100], as illustrated in Fig. 2.3. As revealed by X-ray [24, 25] and neutron [26] 

8Z
Ti
= +0.005 nrn 

8z
0 

= -0.009 nrn 
I 

8z
0 

= -0.005 nrn 
II 

Figure 2.3: Structure of tetragonal BaTi03 showing development of electric dipole moment of the 

unit cell. The arrows indicate the directions of displacement of Ti and 0 ions along [100]. 

diffraction however, the magnitude of atomic displacements differs for two types of oxygen ions 

(e.g., Or and Ou in Fig. 2.3). Not only does this result in distortion of oxygen octahedron, but the 

opposite displacement of negative and positive charges within the unit cell leads to formation of an 

electric dipole moment, and hence to the appearence of spontaneous polarization and ferroelectric 

properties. In the tetragonal phase, the direction of the vector of spontaneous polarization Ps (i.e., 

polar direction) lies parallel to the direction of one of the original cubic < 100 > directions. Since 

there are 6 equivalent < 100 > axes in the cubic phase, the polar axis can be parallel to any of these 

six equivalent directions. This gives rise to complicated ferroelectric domain patterns of BaTi03 . In 

the orthorhombic ferroelectric phase, the direction of spontaneous polarization is parallel to one of 

the original cubic < 110> directions. Finally, in the rhombohedral ferroelectric phase, Ps lies along 

one of the original cubic < 111 > axes. The vector of spontaneous polarization changes not only its 
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orientation but also its magnitude depending on the crystal symmetry. The investigations of Kanzig 

and Meier [27] and those of Merz [28], have shown that the onset of spontaneous polarization at 

T c is discontinuous, indicating a first-order phase transition. For very good crystals, the value of 

spontaneous polarization is 26 x 10-6 Cjcm2 at room temperature [28]. 

The ferroelectricity occurs as a result of coupling of electric dipole moments along an identical 

direction. In order to minimize the arising depolarization energy and strain energy resulting from 

the formation of the electric moments, ferroelectric dipoles with 1800 walls and 900 walls are formed. 

These can be observed with polarized light using optical microscopy [29] as well as by TEM [30]. The 

dielectric polarization of ferroelectric BaTi03 in a high electric field is achieved by the motion of the 

domain walls and by nucleation and growth of new domains in the" old" domain maI'ix. The dielectric 

10.000 \,------

'w 8,000 
-

I 
I 

! 

.J 
200 

Figure 2.4: Temperature dependence of dielectric permittivity of single crystal BaTi03 along a -axis 

and c-axis (according to Merz [31]). 

constant, c, of BaTi03 is a second rank tensor which exhibits nonlinear dependence on temperature 

[31], frequency [32, 33, 34, 35], pressure [36], and electric field strength [37]. Fig. 2.4 shows the 

typical dependence of the dielectric constant on temperature for single crystal BaTi03 . It can be 

seen that anomalies in the dielectric constant are related to the structural phase transitions shown 

in Fig. 2.2. Besides the dielectric anomaly around the paraelectric-ferroelectric phase transition 

temperature, other anomalies were found at +5 DC and -80 DC. Anomalies in the piezoelectricity 

and specific heat have also been reported [38]. In the paraelectric phase, the temperature dependence 

of the real part of c obeys the Curie-Weiss law, 

I C 
[ =---

T-To 
(2.2) 

where C = 1.5x 105 K, is the Curie constant for barium titanate and To = 383 K is the Curie-Weiss 

temperature. 

The dielectric permittivity of BaTi03 ceramics is strongly influenced by the grain size. This 
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effect was studied by Kinoshita and Yamaji [39] and Hennings [40]. It was found that E is greatly 

decreased when the grain size is smaller than 2 jLm. It has also been found that thin films of 

BaTi03 grown by MBE, spray pyrolysis [41], laser ablation [42] etc., have a cubic symmetry at room 

temperature and show low values of dielectric permittivity (e.g., E = 60 - 200). Attempts have been 

made to explain this so-called grain size effect in terms of internal stress due to the rare presence 

of 90° domain walls [43] and of small domain size [44]. Up to now, however, the size effect has not 

been completely understood, although various interpretations have been proposed [45, 46]. 

As is evident from Fig. 2.4, the dielectric permittivity of pure BaTi03 has a maximum at Tc = 
120°C, the temperature of the ferroelectric to paraelectric phase transition. However, some practical 

applications (e.g., ceramic capacitors) require high, and often temperature independent E at room 

temperature. For other applications, such as PTC-thermistors, the temperature of the ferroelectric 

to paraelectric phase transition has to be tunable in the -50 to +400 °c range. Both the temperature 

dependence of the dielectric permittivity and T c can be altered by substitution of various ions on 

the Ba or Ti sublattices. As reported by Yasuda [47], Hennings [48], and Zhuang [49], substitution 

of Sn, Zr, or Ca for Ti shifts Tc to lower values and leads to broadening of the permittivity peak.* 

Lowering the temperature of the ferroelectric to paraelectric phase transition can be also achieved 

by substitution of Sr into the Ba-sublattice without significant broadening of the permittivity peak 

[51]. BaTiOg and SrTi03 form a complete range of solid solution due to their identical structures 

and similar ionic radii. 

Upon cooling, the crystal structure of SrTi03 changes from cubic to tetragonal at 108 K, then 

to orthorhombic at 65 K, and finally to rhombohedral at 35 K [52]. It is worth mentioning, that 

although SrTi03 has a polar soft mode, it does not exhibit a ferroelectric phase transition. This 

phenomenon has been explained by stabilization of its paraelectric phase by quantum fluctuations 

[53]. While shifting of the Tc of BaTi03 towards lower temperatures can be easily accomplished 

by isovalent substitutions of a number of ions in Ti- or Ba sublattices, tuning of Tc above 120°C 

appears to be more challenging. So far this can only be achieved by substitution of Pb for Ba. By 

analogy with SrTi03 , PbTi03 (another perovskite compound with a ferroelectric to paraelectric 

phase transition at 495°C), forms a complete range of solid solutions with BaTiOg. However, the 

major technical and environmental problem of lead containing perovskites is a high partial pressure 

of Pb vapour at sintering temperatures. 

Although ferro electricity of BaTi03 has been known for more than half a century, there are still 

questions regarding the nature of the ferroelectric to paraelectric phase transition. According to the 

classical definition, a ferroelectric phase transition falls into either a displacive or an order-disorder 

transition. With recent experimental findings, numerous ferroelectrics, such as BaTi03 and KNb03 , 

which were originally thought to be traditional displacive ferroelectrics, unambiguously displayed a 

*The broadening of E peak and appearance of the low frequency dispersion of E in complex perovskites was first 

reported by Smolensky [50] and was named "ferroelectric relaxor behaviour". 
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substantial order-disorder behaviour [54, 55]. A displacive and an order-disorder phase transition 

were proved to be not distinctly separated in BaTiOg. 

According to the lattice dynamics of the cubic BaTiOs, there are 15 vibrational modes. Six of 

them are due to the vibration of TiH ions in the oxygen octahedra. With decreasing temperature, 

the transverse optical (TO) mode of the TiH ion at the Brillioun zone center becomes heavily 

overdamped due to the anharmonic component of the lattice vibration. When the temperature 

approaches Te, the frequency of the TO mode approaches zero (i.e., the TO mode "softens") and 

the cubic stucture undergoes a tetragonal distortion along its <100> direction. The occurrence 

of ferroelectricity in BaTiOs is closely associated with the coupling of the arising dipole moments 

which in turn result from the displacive ferroelectric transition. The displacement of the titanium 

ion from its central position due to the softening of the TO mode was found to be about 0.14A [24]. 

On the other hand, Muller et al. [55, 56] have shown by EPR measurements of Fe3+ and Mn4+ 

tracer ions that BaTi03 possesses a substantial order-disorder behaviour. Experiments with Mn4+ 

[56} doping on the Ti-site have demonstrated that the TiH is located off-center along equivalent 

<111> directions and reorients in high-temperature phases with a frequency of v 2: 1010 seC1 . The 

results of far infrared reflectivity measurements [57} of the soft mode of BaTi03 as well as soft-mode 

spectroscopy in cubic BaTi03 by hyper-Raman scattering [58] have provided substantial evidence 

of an order-disorder phase transition in BaTi03 . In particular, the deviation of the frequency of the 

soft mode, ns , from the Curie-Weiss law [57}, 

n; = A(T - Te) (2.3) 

occurs over a hundred degrees above the tetragonal-cubic phase transition [54]. Recent Raman 

scattering measurements conducted on a single crystal suggest that BaTi03 above the Curie tem­

perature exhibits some disorder behaviour [58]. Itoh et al. [59) found by an X-ray structural study 

that above 180°C, BaTi03 possesses the ideal cubic structure. However, at temperatures Te < T 

< 180°C, the TiH ion is displaced by o.lA from its central position along the <111> direction and 

has eight local disorder positions. In addition to this disorder, Itoh et al. [59) have found that the 

BaH ion is displaced from the cell corner along the <110> direction leading to twelve local disorder 

positions and the 0 2- ions are uniformly distributed on rings in their face centered planes (Fig. 

2.5). It was found that upon approaching Te from higher temperatures, short-range order of the Ti 

dipoles exists owing to the correlated order parameter fluctuations, which yielded a saturating soft 

mode [55}. Accordingly, a crossover from the soft mode to an order-disorder behaviour was proposed 

[60]. 

2.2 Defect chemistry 

Stoichiometric BaTi03 is considered to be an insulator or a wide band-gap semiconductor. Its room 

temperature resistivity can reach 1012 n·cm. Depending on processing conditions, the band gap 
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Figure 2.5: Disordered structure of BaTi03 in cubic phase. From ref. [59] 

width of BaTi03 varies from 2.9 to 3.3 eV as revealed by measurements of temperature activated 

conductivity [61] and optical absorption band edge [62]. Electrical, optical and dielectric properties 

are very sensitive to the type of defects present in BaTi03 . However, it should be mentioned 

beforehand that a complete picture of the defect chemistry in this compound is not resolved so far. 

The bulk and surface defect chemistry of barium titanate have been studied by measurements of 

electrical conductivity [61, 63, 64, 65, 66], thermogravimetry [67, 6S], mass spectrometry [69], LEED 

[70], Auger [71], UPS [72, 73], XPS [72, 74], STM [75], microanalysis [76], EPR [5, 77, 6], and optical 

absorption [7S]. Theoretical calculations of the formation energy of bulk and surface point defects 

have been conducted by Lewis and Catlow [79]. In this section the defect chemistry of undoped, 

acceptor and donor doped BaTi03 will be discussed. The effect of intrinsic defects as well as the 

effect of oxygen partial pressure on the bulk defect chemistry and interfacial segregation will be 

addressed. 

2.2.1 BaO-Ti02 phase composition 

The phase equilibria in the BaO-Ti02 system have been studied by Stratton [SO] and by Rase and 

Roy [SIJ. Phase relations in the TiO:.l-rich portion of system were studied by Negas et al. [S2], 

O'Bryan and Thomson [S3], and Kirby and Wechsler [23]. Hu et al.[S4] investigated the solubility 

limit of BaO in BaTi03 . The phase diagram of the BaO-Ti02 system is shown in Fig. 2.6. Kirby 

and Wechsler [23] found that the solid solubility of Ti02 in BaTi03 extends to at least 51 mol% 

in the hexagonal phase and to 52.5 mol% in cubic BaTi03. On the other hand, direct microscopic 

examinations by Hu et al. [S4] revealed a Ba:.lTi04 second phase in samples containing ;::::0.1 mol% 

excess BaO. Thus, it was found that the solubility of BaO in BaTi03 is limited to 1000 ppm (0.1 
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Figure 2.6: The phase diagram of the BaO-Ti02 system. From ref. [85] 

mol%). This is in contrast to SrTi03 were excess SrO dissolves in the SrTi03 matrix, leading to 

formation of the Ruddlesden-Popper (i.e., SrO·nSrTi03 ) type of superlattice [86]. 

2.2.2 Defect chemistry of undoped and acceptor doped BaTi03 

Slight deviations from the ideal Ba/Ti ratio as well as incorporation of accidental or intentional 

donors or acceptors can be compensated in BaTi03 by point defects. While trying to draw up 

a defect model of BaTi03 , one needs to find the smallest possible set of defects. On account of 

high packing density of the perovskite lattice of BaTi03 , all interstitial defects are usually excluded 

[64]. This approach has been supported by the defect energy calculations of Lewis and Catlow [79] 

who found that formation of interstitial defects (Frenkel disorder) requires an energy of 4.49 to 7.57 

eV /defect, while Schottky disorder requires only 2.29 to 2.91 eV /defect. Hence, Schottky defects are 

assumed to be the dominant intrinsic defects in BaTi03 . However, several factors, such as cation 

or anion nonstoichiometry, and accidental or intentional acceptor or donor doping can easily render 

the system extrinsic. 

Using conventional Kroger-Vink [87] notation of the lattice defects, the generalised electroneu­

trality condition for BaTi03 is given by 

n + [A'] + [V~a] + 2[V;a] + [Vii] + 2[V;J + 3[V;n + 4[V;n = 
= p + [Vol + 2[Vol + [D] (2.4) 
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where [Vi'], [Vi"], [Vi'"], [Vi""] are the concentrations of single, double, triple, and quadruple negatively 

ionised cation vacancies, [Vol and [Vo] are the concentrations of single and double positively ionised 

oxygen vacancies, [D'] is the concentration of A-site trivalent and/or B-site pentavalent donor ions, 

[A'] is the concentration of single ionised acceptor ions, and nand p are the concentrations of 

electrons and holes respectively. 

At high temperatures, information about the dominant defects in metal oxides can be obtained 

from measurement of the equilibrium conductivity as a function of oxygen partial pressure [88]. As 

evident from Fig. 2.7, the equilibrium conductivity of undoped BaTi03 has three distinct regions. 

In the oxygen deficient region, the conductivity increases with decreasing P02' In the region of the 

~ 
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Figure 2.7: Equilibrium electrical conductivity of undoped BaTi03 (Ba/Ti=l.OOO) from Ref.[89] 

oxygen excess, the conductivity increases with increasing P O 2 , These two regions are separated by 

a conductivity minimum where the only source of charge carriers comes from direct activation of 

electron-hole pairs across the bandgap. As can be seen from Fig. 2.7, the conductivity minimum 

shifts to higher oxygen pressure with increasing temperature. The conductivity of acceptor doped 

BaTi03 shows a similar trend, although the conductivity minimum shifts to lower oxygen partial 

pressure with increase of acceptor doping [90). 

As was shown by Seebeck coefficient measurements [91] in the 700 - 1100 DC range, at low oxygen 

partial pressure (P02 < 10-6 atm) the conductivity is n-type, whereas at high oxygen pressure (P02 

> 10-3 atm) the conductivity becomes p-type. The dependence of (J on P02 beyond the conductivity 

minimum can be approximated by 

(2.5) 

where m is determined from the slope of the log (J versus log P O 2 dependence. In the region of high 

oxygen partial pressure several authors [64, 63,66, 61] have found that m ~ 4. This has led to two 
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different defect models in undoped BaTi03 at high P 02 , namely VBa' compensation and acceptor 

impurity compensation. 

ViJa compensation 

Daniels and Hardtl [64] assigned p-type conductivity at high P02 to the presence of singly ionised 

barium vacancies. Their model requires a small BaO deficiency, possibly in the form of (V}fa Vo) 
complexes. The BaO deficiency makes available systematic oxygen vacancies which might accomo­

date a stoichiometric excess of oxygen without a need of creating a crystallographic excess according 

to 
1 

(V}fa Yo) + 202 ~ 0 0 + ViJa + h' (2.6) 

The mass action relation for eq. 2.6 is given by 

(2.7) 

In order to produce (J oc P02
1/ 4 dependence, the barium vacancy should be singly ionized with 

corresponding charge neutrality condition 

(2.8) 

The combination of Eqs. 2.8 and 2.7, however, indicates that p and therefore conductivity should be 

proportional to [(V}fa VOW/2. Chan et al. [92] and Hu et al. [84] have investigated undoped BaTi03 

with different BajTi ratio and did not confirm (J oc [(V}fa VC;)]1/2 dependence. Therefore, the ViJa 

compensation model in undoped BaTiOg has been discarded. However, the EPR results presented 

in Chapter 7 show that barium vacancies do exist in undoped BaTi03 ceramics. Moreover, the 

concentration of this type of defect depends on the oxygen partial pressure and BajTi ratio. 

Acceptor impurity compensation 

A number of authors [93, 63, 66, 61] favoured the idea of accidental acceptor impurities in order 

to explain the p oc P 0/ / 4 dependence at high P O 2 , Indeed, the potential acceptor elements in 

BaTiOg are naturally much more abundant than potential donor impurities. The most common 

acceptor impurities detected by EPR in nominally pure BaTi03 are Fe, Mn, Cr, AI, Mg, K, Na. 

The incorporation of the accidental acceptor impurities (e.g. A2 0 3 , where A = Mn, Fe, Cr, Al ) 

into the Ti sublattice can be described by 

A20 3 + 2BaO -+ 2BaBa + 2A~i + 500 + Vo (2.9) 

Similarly, the incorporation of the acceptor impurities (e.g. A2 0, where A = Na, K) into the Ba 

sub lattice can be described by 

(2.10) 
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At high oxygen pressure (P02 > 10-3 atm) the extrinsic Va are partially filled by oxygen atoms, 

producing holes, according to 
1 

Va + "2°:) ~ 00 + 2h' (2.11) 

with the mass action relation given by 

lP]2 ex: pl/2 
[Va] 02 

(2.12) 

As long as an insignificant fraction of the impurity-related oxygen vacancies have been filled, the 

charge neutrality condition in the near stoichiometric region reduces to 

2[Va] = [A'] (2.13) 

The combination of Eqs. 2.13 and 2.12 gives the desirable dependence of the conductivity on the 

oxygen partial pressure 

a ex: p ex: [A'1P~~4 

BaTiO;, 

A/S·O.995 
IOOO'C 

o AI 1506 

• AI 484 

"~. AI 155 

· .. ·UNDOPfiD 

(2.14) 

Figure 2.8: Equilibrium electrical conductivity of undoped and AI-doped BaTi03 at 1000 °C. Con­

centrations of Al in molar ppm (gram atoms Al per 106 formula units BaTi03 ) from Ref. [90] 

When BaTi03 is deliberately doped with acceptors at Ti or Ba sites, Eqs. 2.9 and 2.10 still 

hold and the defect chemisry of acceptor doped BaTi03 is directly the extension of that of undoped 

BaTi03 . As was shown by Chan et al. [90] with an increase in acceptor concentration, the minimum 

of conductivity shifts toward lower P 02 and also broadens with increasing acceptor content (Fig. 

2.8). Computer simulations by Lewis and Catlow [79] have shown that at sufficiently high acceptor 

doping the formation of the Va -A' complex may also occur. The binding energy of Va -A' complex 

depends on the size mismatch of the cations and their effective charge. 
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Concerning the low oxygen pressure region, it is assumed that the n-type conductivity results 

from the loss of lattice oxygen, according to 

with the mass-action expression 

The data in Fig. 2.8 indicate that at low P O2 , the electrical neutrality condition should be 

to give 

n ~ 2[Va) 

P -l/6 
(5 ex n ex 02 

(2.15) 

(2.16) 

(2.17) 

(2.18) 

Although Daniels and Hardtl [64) suggested the presence of singly ionized oxygen vacancies at 

intermediate oxygen partial pressures, the results of other workers [61, 63, 66] indicated that double 

ionized oxygen vacancies are predominant at low P 02' These results, however, are based on high 

temperature conductivity measurements. As revealed by Lewis and Catlow [79], the electron is 

weakly bound to the double ionized oxygen vacancy with a trapping energy of 0.12 eV. Therefore, 

the existence of singly ionized oxygen vacancies at lower temperatures cannot be ruled out. The 

EPR analysis of defect centers in reduced BaTi03 single crystals [94) at 40 - 80 K suggests that 

ionized oxygen vacancies may form a complex paramagnetic defect, such as Ti4+ -Va or Ti3+ -Va' 

In conclusion, the data about undoped and acceptor doped BaTi03 can be summarized as follows: 

• The defect chemistry of undoped BaTi03 is dominated by unavoidable acceptor impurities. 

• At low P O2 the deficient charge from acceptors is compensated by Va and electrons, resulting 

in n-type conductivity with the total neutrality condition 2[Va ]=n +[A']. 

• At high P 02' acceptors are mainly compensated by Va, resulting in very weak p-type conduc­

tivityat room temperature. The neutrality condition is 2[Va) ~ [A'). 

• The role of (VjJa Va) complex is not sufficiently understood. 

2.2.3 Defect chemistry of donor doped BaTi03 

Most of the interest in defect chemistry of donor doped BaTi03 is credited to the positive tempera­

ture coefficient ofresistivity (PTCR) effect in n-doped BaTi03 . Phase equilibria in BaO-Ti02-M20 3 

and BaO-Ti02-M2 0 5 ternary oxides where M is a rare earth ion or Nb or Ta, have been studied 

by Jonker and Havinga [95], Shaikh and Vest [96) and by Makovec et al. [97]. The EPR analysis 

of paramagnetic point defects in n-doped BaTi03 ceramics has been performed by Kutty et al. [5], 
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Hari et al. [98), and Er et al. [6]. The high-temperature conductivity versus P02 was studied by 

Daniels and Hardtl [64], Chan and Smyth [99], and Hwang and Han [891. 

The positive charge of the donor center in BaTi03 can be compensated by cation vacancies of 

either kind or by electrons. As reported by Chan and Smyth [99], at low donor concentrations (up 

to 0.2 at%) the donors are solely compensated by electrons in the wide P02 range (see Fig. 2.9) The 

Figure 2.9: Equilibrium electrical conductivity of BaTi03 at 1000 °C with increasing additions of 

Nb and with Ba/Ti+Nb=l.OO. From ref. [99] 

conductivity of n-doped BaTi03 is impurity insensitive at very low P 02 and high temperatures where 

double ionized oxygen vacancies are the major source of defects, similar to undoped BaTi03 . At 

higher n-dopant level, the compensation mechanism changes from electronic to cation vacancy type 

with a ex: P02 -1/4 in the high oxygen activity region (see Fig. 2.10). Several types of cation vacancies 

were proposed to account for the P 02 -1/4 dependence of conductivity. Subbarao and Shirane [100] 

and Hwang and Ho [89] suggested that both barium and titanium vacancies compensated the donors. 

Daniels and Hardtl [64] favored barium vacancy compensation, whereas Jonker and Havinga [95], 

Chan et al. [101], Millet et al. [102], and Makovec [971 proposed that at high doping levels (above 

1 at%), donors were compensated by titanium vacancies. Possible cation vacancy incorporation 

reactions for addition of donors into the BaTi03 lattice are as follows: 

• Ba vacancy compensation model: [NbTi1=2[vEla1 or [La'aa1=2[vEla] 

(2.19) 

(2.20) 

• Titanium vacancy compensation model: [Nbyi1=4[Vftl or [La'aa1=4[VfI'l 

(2.21 ) 
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Figure 2.10: Equilibrium electrical conductivity at 1300 °C of BaTi03 , undoped and doped with 

different amounts of Ceo From ref. [89] 

(2.22) 

• Barium and titanium vacancy compensation model: [NbTil = 4[VT:'l+ 2 [VBal or [LaB a] = 
4[VTi'l+ 2[VBal 

6BaO + 3Nb20 5 -+ 6BaBa + VBa + VTI' + 6NbTi + 2100 (2.23) 

(2.24) 

Interestingly enough, all three compensation mechanisms will result in identical (J oc P02 -1/4 

dependence. This is explained as follows. According to Lewis and Catlow (79], three types of intrinsic 

(Schottky) disorder that may influence the defect properties of BaTi03 are given below 

null -+ VBa + VTI' + 3Va (2.25) 

null -+ VBa + Va (2.26) 

null -+ VT:' + 2Va (2.27) 

The reduction equation for each compensation mechanism described by Eqs. 2.25, 2.26, and 2.27 

can be written as 

30 V" VillI 30 6 I o + Ba + Ti -+ 2 2 + e (2.28) 

(2.29) 

200 + VTI' -+ O2 + 4e' (2.30) 
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The corresponding mass action expressions for VitI + VJla' VJla' and VitI compensation mechanisms 

are given as 

n ex: [V" ][V/III]p-1/4 
Eo, T. 02 

[V II ]p-l/4 
n ex: Ea 02 

[VIIII]p-1/4 n ex: Ti O2 

(2.31) 

(2.32) 

(2.33) 

Hence, it is obvious, that the equilibrium conductivity measurements alone cannot give an unequiv­

ocal answer as to what type of cation vacancies predominate at high oxygen partial pressure. The 

point defect analysis using EPR technique performed in this work revealed that both titanium and 

barium vacancies are present in n-doped ceramics sintered or annealed at high P02 (see Chapter 7). 

In conclusion, at low doping levels and at low P02 , the compensation of donors in BaTi03 is 

accomplished by electrons so that n-type semiconduction results. At higher doping levels (above 

0.5 at%) the fraction of vacancy-compensated donors increases. However, there is some controversy 

over which cation vacancy compensates the donors. At much higher donor concentrations (e.g., > 

5 at%), the X-ray and microprobe data [101] suggest that these are titanium vacancies, as do the 

results of atomistic simulations [79]. On the other hand, the relaxation of electrical conductivity in 

donor-doped BaTi03 occurs with an activation energy of 2.8 eV [93, 103], which suggests barium 

vacancies since the calculated migration energy of the titanium vacancy is ~ 15 e V [79]. 

2.2.4 Interfacial segregation of defects 

The complexity of the defect chemistry of BaTi03 is extended further by considering the interfacial 

segregation of defects. While the equilibrium point defect chemistry of the bulk is governed by the 

mass action relationships, the interfacial concentration of defects is determined by their formation 

energy. The difference in the individual intrinsic (Schottky) formation energies leads to preferential 

enrichment of the interface in the ion of lower vacancy formation energy, and the formation of the 

adjacent space charge layer enriched in that vacancy. However, when extrinsic solutes raise lattice 

defect concentrations above thermally generated concentrations, they determine the sign of the grain 

boundary and the space charge. 

According to the ionic space-charge theory of segregation [104] elaborated for BaTi03 by Chiang 

and Takagi [76] and Desu and Payne [71], the sign of the interface potential barrier thus formed, 

would change from negative in the case of acceptor doping to positive for donor doping. That is, 

the space-charge theory predicts that in case of reduction or acceptor doping, the defects of negative 

effective charge will accumulate in the space charge region, whereas defects of the positive effective 

charge will be repelled from the boundary. The grain boundary will be cation-rich to accommodate 

the positive charge. In case of donor-doping, the predicted interface potential is positive, and 

donors and other defects of positive effective charge should accumulate in the space charge region. 
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While Desu and Payne [71] found that this indeed took place in BaTi03 , Chiang and Takagi [76] 

showed that the interface potential barrier remained negative, independent of solute doping. This 

disagreement still remains unresolved. 

2.3 Band structure and conductivity of BaTi03 

Interest in the surface and bulk electronic structure of BaTi03 and SrTi03 was initiated by the 

discovery of photoelectrolysis of water by Ti02 [105]. It was found that SrTi03 has slightly higher 

efficiency than Ti02 . It is considered that d-electron surface states have the proper symmetry and 

energies for interaction with the antibonding orbitals of many diatomic molecules. This may result 

in dissociative chemisorption of molecular hydrogen or oxygen on the surface of the perovskite by 

electron transfer from an occupied surface state into empty molecular antibonding states. More 

recently, there has been increased interest in the surface electronic properties of SrTi03 and its 

solid solution with BaTi03 as a suitable substrate for growth of high-temperature superconductors 

[106, 107] In the following sections the existing data about the bulk and surface electronic structure 

of BaTi03 and their effect on electron transport are reviewed. 

2.3.1 Bulk electronic structure of BaTi03 

The bulk electronic band structure of BaTi03 and SrTi03 has been analyzed both theoretically 

[108, 109, 1l0, 111] and experimentally [112, 113, 73, 114]. The electronic structure of undoped stoi­

chiometric BaTi03 within a few electron volts of the band gap consists of the five empty conduction 

bands (3 t2g and 2 eg ) formed by Ti 3d orbitals and nine occupied valence bands derived from the 

three 2p orbitals of the three oxygen ions. Due to the different degrees of interaction with the i 2g 

and eg orbitals, shown schematically in Fig. 2.11, the oxygen 2p orbitals split into 2pu and 2p1r 

orbitals centered on an oxygen with lobes respectively parallel and perpendicular to the Ti-O axis. 

The filled oxygen 2p valence band is separated from the empty 3d Ti band by the band gap of 3 e V. 

The highest filled (5p) and the lowest empty (6s) Ba orbitals are significantly farther away from the 

Fermi level, E F , than are the 0 2p and Ti 3d levels (see Fig. 2.12). That is why the ATi03 per­

ovskites in which the A cation has a 2+ valence, are very similar in their valence electron structure 

to Ti02 . Since bandwidth in solids arises from the overlap of orbitals, an important property of d 

orbitals is that they are quite contracted in size compared with valence sand p orbitals, and so have 

relatively poor overlap with surrounding atoms. Hence, the Ti 3d conduction band is quite narrow, 

so that other interactions (e.g., electron-electron and electron-phonon) compete seriously with the 

band properties of electrons. In some oxides of the early transition elements, such as Ti02 , some 

direct overlap of the 3d orbitals on neighboring Ti ions is possible and can contribute to the width of 

the d band. But the 3d orbitals contract rapidly with increasing atomic number and with increasing 

ionic charge, and for later transition-metal elements such as Ni direct overlap is very small. In most 
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)X3 

Figure 2.11: Symmetry-adapted linear combinations of oxygen 2p orbitals arising in Ti06 octahe­

dron, shown with a bonding combination of an appropriate Ti orbital. The type of bonding (a or 

Jr) is indicated. Only one of the triply degenerate Ti 3d t orbitals in the cubic BaTi03 is shown. 

transition-metal oxides, the d bandwidth is largely a consequence of indirect bonding interactions 

via metal-oxygen-metallinkages. It is thus very sensitive to structural and electronic factors. This 

can be illustrated in ATi03 perovskites where a small variation in the lattice constant results in 

quite different mechanisms of electron transport, namely band conduction in SrTi03 [115, 116], and 

small radii polaron hopping in BaTi03 [117] t. As the bands become narrower, a point is reached 

where the band model fails totally and electrons become localized; this is known generally as the 

Mott transition. NiO is an example of a magnetic insulator with 3d8 electron configuration of the 

conduction band. According to the traditional band model, the conduction band of NiO is partially 

filled, and the Hubbard potential, U, for electron transfer 

(2.34) 

is larger than the bandwidth so that electron remains localized [118]. Although stoichiometric 

BaTi03 does not fall into the category of "magnetic insulator", the Hubbard model is often invoked 

when transition-metal dopants are introduced into the Ti sublattice. 

The 3d orbitals have a five-fold degeneracy in the free Ti4+ ion. As was mentioned before, when 

a Ti4+ ion is introduced into the octahedral environment of six oxygen ions, the five-fold degeneracy 

is removed due to crystal-field splitting. The result is a doubly degenerate eg and a triply degenerate 

t2g orbital. In BaTi03 this scenario is only applicable for the cubic phase. Below T c, additional 

splitting of d orbitals occurs, resulting from the tetragonal distortion of the octahedra. Fig. 2.13 

shows the splitting of d orbitals in the case of centrosymmetric tetragonal distortion, which for 

example, occurs in SrTi03 at 108 K. Both eg and t2g sets split in the lower symmetry, but the effect 

on eg orbitals is much larger because of their stronger interactions with the ligands. It can also 

tThe small radii polaronic transport in BaTi03 is still a subject of discussion 
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Figure 2.12: Schematic energy-level diagram for BaTi03 

be seen that the lowering of dz 2 orbitals is energetically favorable for this configuration. Although 

similar trends might be expected for BaTi03, the magnitude of orbital splitting will be different since 

BaTi03 undergoes noncentrosymmetric tetragonal distortion (i.e., Ti4+ shifts from the center of the 

oxygen octahedron in the tetragonal phase). As revealed in Fig. 2.13, one would expect an increase 

in the width of the 3d conduction band at the cubic to tetragonal phase transition in BaTi03 . 

However, no attempt has been made to calculate the band structure of BaTi03 in tetragonal or 

other lower symmetry phases. 

2.3.2 Surface electronic structure of BaTi03 

The study of the surface electronic structure of BaTi03 is important to catalytic properties and 

electron transport in poly crystalline BaTi03 . For these purposes, it is of major interest to establish 

whether surface electronic states are present in the band gap of BaTi03 . Computer simulations of 

the surface electronic structure of BaTi03 has been performed by Wolfram et al. [119], Ellialtioglu 

and Wolfram [120], Ellialtioglu et al. [121], and later by Cohen [110] and Padilla [107]. The surface 

electronic structure of BaTi03 has been analysed experimentally by means of XPS [72, 122], LEED 

[70], UPS [113, 73], STM [75, 123, 124]. 

Generally, two different types of surface states (SS) have been considered for the crystalline 
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Figure 2.13: Splitting of d orbitals resulting from the tetragonal distortion of an oxygen octahedron 

solid; i) intrinsic SS, which may exist at the ideally perfect surface and ii) extrinsic SS, created by 

surface defects and impurities. Intrinsic SS originate from interruption of the perfect periodicity 

of the crystal lattice at the surface. Depending on the overlap magnitude of their wavefunctions, 

these surface states can form a two-dimensional band with a continuous range of energies, which may 

extend into the bulk band gap. These wave functions are evanescent waves which decay exponentially 

with distance from the surface. They are therefore spatially localized on the surface in contrast to 

the Bloch waves which propagate through the crystal. Such surface states were first predicted by 

Tamm [125] and Shockley [126] and can only exist at the surface of a crystal. The wave functions 

which make up the surface states are drawn from those which would constitute the valence and 

conduction bands of an infinite crystal, so that the densities of states in the valence and conduction 

bands are diminished close to the surface. For intrinsic semiconductors, the neutrality conditions 

will be satisfied if half of the surface states are occupied, resulting in flat valence and conduction 

bands at the surface. Any n- or p-type doping will cause a shift of the Fermi level and, consequently, 

will induce a surface charge due to the change of the population of the surface states [127]. 

Little work is available on the theoretical analysis of intrinsic SS in BaTi03 . Wolfram and 

coworkers [119], using the linear combination of atomic orbitals cluster method, predicted mid­

gap surface states for BaTi03 , in disagreement with experimenal investigations [72]. Cohen [110] 

studied non-polar (001) and polar (111) surfaces by means of linearized augmented plane wave 

(LAPW) calculations. Although no mid-gap SS were found, some shallow SS were predicted on 

the (111) plane. The author also reported that the surface band gap was significantly reduced, 
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Figure 2.14: Band structures for BaTi03 in the cubic phase from ref. [107]. a) Surface-projected 

bulk band structure. b) BaO-terminated surface. c) Ti02-terminated surface. The zero of energy 

corresponds to the bulk valence-band maximum. Only Ti 3d conduction bands are shown. 

compared with that of the bulk. Using a plane-wave ultrasoft-pseudopotential approach, Padilla 

and Vanderbilt [107] did not find in-gap SS on non-polar BaO- and Ti02-terminated (001) surfaces 

for both tetragonal and cubic BaTi03 . However, a narrowing of the surface band gap, especially for 

a TiOz-type of surface, was observed in accord with Cohen's data (see Fig. 2.14). 

On the other hand, in-gap extrinsic SS have been experimentally observed by photoelectron 

spectroscopy (UPS) [113, 73) and scanning tunneling spectroscopy (STS) [75, 124). Both techniques 

detected SS located about 0.9 eV below the Fermi level. The origin of this surface state has been 

assigned to a Ti3+ ion adjacent to the surface oxygen vacancy site. Such a deep localization of the 

Ti 3d l electron is due to the attractive Madelung potential of the positively charged surface oxygen 

vacancy. It has been further detected by LEED [70) that heavily reduced samples exhibit ordering 

of the Ti3+ - Vel complex resulting in 2 x 2 or two mutually perpendicular 2 x 1 surface superlattices. 

Subsequent exposure to oxygen removes this surface state from the band gap indicating that oxygen 

adsorbs at defect sites. Although a Ti3+ - Vel complex would result in formation of an electric dipole 
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at the surface of BaTi03 , the total surface charge would remain unchanged. This is in contrast to 

non-transition metal oxides, such as ZnO. On both polar and nonpolar surfaces of ZnO, formation 

of the surface oxygen vacancies would result in surface band bending since the charge compensation 

is accomplished in this case by the depletion layer [128]. 

2.3.3 Electron transport in BaTi03 

Despite the fact that the semiconducting properties of BaTi03 have been known for more than 40 

years, it still remains uncertain whether the charge carrier is a small polaron or conduction band 

electron [91, 129, 130]. In the temperature range where the ionic contribution to conductivity is 

negligible, the electrical conductivity, a of n-type semiconductors is given by: 

a = en/-tD (2.35) 

where e is the electron charge, n is the concentration of mobile electrons, and JlD is the drift mobility 

of electrons. In the case of the conduction band electron approximation, the major contribution to 

the a(T) dependence comes from the n term, whereas for a small polaron model, the thermally 

activated mobility plays the major role. 

A conduction band electron is envisaged as a Bloch wave localized in k-space (or wave vector 

space) and delocalized in r-space (or real lattice space). Common examples of this behaviour include 

"classical" semiconductors (e.g., Si, Ge, GaAs, GaN, etc.) with small lattice polarization. The 

electron effective mass is low in such materials (O.lmo - 0.9mo) and the drift mobility is large (103 

- 105 cm2 /V s). As the polarization becomes larger and the conduction band width narrower, the 

lattice contribution to polarization starts to act as a "drag" on the motion of the carrier, and an 

electron or hole accompanied by its lattice polarization is known as a polaront. In the large polaron 

limit, the effect is to increase the effective mass of the charge carrier, but if polarization energy 

is sufficiently large compared with the bandwidth, a small polaron may result. In this case the 

carrier is essentially localized in r-space by the strong lattice polarization it produces [132]. In the 

adiabatic approximation, the transport of small polarons between ions involves the excitation of 

both the occupied and empty sites to the same energy, so that the electron can tunnel backwards 

and forwards between them [133]. This excitation involves an activation energy Ep/2, where Ep 

is the polaron binding energy, and the excitation can occur through the action of temperature or 

by quantum-mechanical tunnelling at low temperatures. In the former case, the polaron moves by 

thermally activated hopping, with a diffusion coefficient, D H, given by [132] 

DH = wa-exp ---.) ( Ep) 
2kBT 

(2.36) 

tThe concept of polarons was first introduced by Landau [131] 



Chapter 2 25 

where a is the distance between ions. In the latter case, for kBT < nw/2, the motion is coherent, 

and the polaron behaves like a heavy particle with mass 

(2.37) 

and with a mean free path determined by phonon and impurity scattering. Here w is a characteristic 

phonon frequency i.e., for BaTi03 , w = 7x 1013 S-I, is a frequency ofthe longitudinal optical phonon 

mode [134]). 

The 'world' of polarons is extremely rich. Polarons can be classified by the alternatives 'small­

large', 'electron-hole', 'single polaron-bipolaron', 'free-bound', 'adiabatic-nonadiabatic'. Polarons 

exhibit interesting light absorption properties [135, 78]; polarons are coupled not only with phonons 

but also between themselves resulting in polaronic plasmons [132]. Large bipolarons are Cooper 

pairs in high temperature superconductors [132]. For recent overviews on polarons the reader may 

refer to Devreese [136] and on small polarons specifically to Shluger and Stoneham [137] 

The first indication of polaronic-type transport in BaTi03 was provided by Cox and Tredgold 

[138] who detected very low drift mobility of holes in undoped BaTi03 . By using a high electric 

field transient photo conduction technique, the authors [138] obtained PD values ranging from 2.0 x 

10-4 cm2 /Vs to 4.3 X 10-4 cm2 /Vs at 90°C. Cox and Tredgold [138] assigned these exceptionally 

low values of mobility to the hole trapping mechanism by accidental impurity centers in dielectric 

BaTi03 . Using Seebeck coefficient measurements, Ridpath and Wright [139] estimated the electron 

drift mobilities in reduced BaTi03 single crystals to be 5 x 10-4 cm2 /Vs at 25°C. These values, 

however, were explained in terms of a small polaron hopping model. Bursian et a1. [78] investigated 

the effect of concentration of charge carriers on the light absorption peak at 2 pm (i.e., 0.62 eV) 

and concluded that this absorption is caused by optical excitation of small polarons according to the 

'photon-assisted hopping' model [133]. Explaining the electrical properties in terms of conduction 

band electrons requires an assumption that the optical absorption maximum is caused by electron 

excitation from donor levels being about 0.6 e V below the conduction band edge. However, extensive 

defect chemistry investigations reported by several authors [79, 64] give no indication of defect or 

impurity levels in this range. On the other hand, when small polarons are assumed they should 

satisfy the general relation between the small polaron binding energy, Ep , thermal hop energy, E H , 

and optical hop energy, nw: 

liw = 2Ep = 4EH . (2.38) 

The energy nw is required to transfer an electron optically from one ion to another, without moving 

the ions (i.e., according to the Franck-Condon principle). Several authors reported the infrared 

absorption peak centered at 2-2.3 pm in semiconducting BaTi03 [140, 141, 142, 78]. It was shown 

that the optical absorption maximum does not depend on the conductivity, contrary to the behaviour 

of free carriers. However, based on the small polaron model, the optical absorption maximum gives 

a thermal activation energy, EH for a small polaron hop which is too high compared with the drift 
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mobility data given by 

11 ex: T-3j2exp ( - !~ ) . (2.39) 

Another challenge is that within the small polaron model, the values of the Hall and drift mobilities 

should differ by several orders of magnitude, as given by 

IlH _ kBT ( 2EH ) 
IlD - jexp 3kBT ' (2.40) 

where J is the electron transfer integral between neighboring Ti ions. However, due to the widespread 

values of the drift mobilities which exist in the literature, Eq. 2.40 is not always satisfied [143]. In 

fact, measurement of drift and Hall mobilities in low-mobility BaTi03 is quite a difficult task. The 

values of drift and Hall mobilities as well as the energies of thermal activation of conductivity, Err, 

and mobility EM are listed in Table 2.1. 

Table 2 1: Electron tranport parameters of BaTi03 

BaTi03 IlD, cm2/Vs 2/ IlH, cm Vs EM' eV Err, eV Reference 

reduced s.c. 5xlO-4 0.074 [139] 

undoped s.c. 3.5xl0-3 0.15 [117] 

undoped s.c. 2.0xl0-4 [138] 

Nb-doped s.c. 0.092 [130] 

n-doped s.c. 0.2 0.04 [144] 

reduced s.c. 1.0, 0.13 [14] 

reduced s.c. 0.5 [140] 

ceramic at 1470 K 0.1 [64] 

n-type ceramic 0.072 [129] 

reduced s.c. at 700°C 0.107 [145] 

reduced s.c. at 1300 °C 0.064 [145] 

reduced s.c. 0.1 0.085 [140] 

In order to explain the anomaly of too low thermal activation energy and too high drift mobility 

in BaTi03 , Ihrig and Hennings [146] invoked Emin's "correlated small polaron hopping" model [147]. 

In Emin's model, two successive polaron hops are correlated with one another because the electron is 

able to hop to a third site before the initially occupied lattice site relaxes. In the correlated hopping 

model, Hall and drift mobility need not be far from equal as is usually the case for uncorrelated small 

polaron hopping. The experimental values of thermal activation energy are therefore underestimated 

which results in lower values of the optical excitation energy. 

In conclusion, a number of experimental results consistently support the idea that the electric 

current in barium titanate is carried by small polarons having an enhanced drift mobility due to the 
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correlation of successive polaron hops. However, transport properties at low temperatures have not 

been studied sufficiently. There is no data about thermoelectric power behaviour in rhombohedral 

and orthorhombic phases of BaTi03 . The Hall and drift mobilities of charge carriers below 273 K 

are unknown. The conductivity in low temperature phases is also poorly studied. This information, 

however, might be very useful in further development of the small polaron model in BaTi03 . 

2.3.4 Resistivity anomaly in BaTi03 ceramics 

One of the most interesting features of barium titanate is a resistivity anomaly occurring at the 

ferroelectric-to-paraelectric phase transition. When a properly doped semiconducting BaTi03 poly­

crystal is heated above the Curie temperature, its electrical resistivity rises by up to 6 - 7 orders of 

magnitude, exhibiting a large positive temperature coefficient of resistivity (PTCR). Fig. 2.15 shows 

the progress in optimization of the temperature dependence of resistivity of BaTi03 ceramics over 

the last 40 years. It is surprising that single crystals of n-doped barium titanate do not demonstrate 
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Figure 2.15: Progress in optimization of the PTCR behaviour of BaTi03 ceramics. 

any change in their temperature coefficient of resistivity and remain semiconducting above the Curie 

temperature [148]. Direct measurements of the electrical resistivity of the ceramic's single grains 

and grain boundaries performed by Gerthsen and Hoffmann [149], Nemoto and Oda [10], Sumino 

et al. [150], and Kuwabara et al. [151] have confirmed that the PTCR effect in BaTi03 is exclu­

sively a grain boundary phenomenon. PTCR devices based on semiconducting BaTi03 have found 

wide application in electronic and automotive industries [152]. Their worldwide production reached 
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500x 106 pieces per year in 1995. Although the PTCR effect in barium titanate was discovered four 

decades ago, the comprehensive theory of this phenomenon is still under construction due to the 

confluence of both semiconducting and ferroelectric properties, complicated further by the material's 

polycrystalline structure. Investigation of the nature of the resistivity anomaly in BaTi03 ceramics 

is one of the objectives of the present work. The following sections summarize the recent progress 

in understanding the PTCR anomaly. 

Peria model 

Peria et al. [153] proposed that the contacts between BaTi03 ceramic grains are pressure-sensitive 

and that the strain introduced by the changes in lattice parameters that accompanies the tetragonal 

to cubic transition at the Curie temperature is responsible for a change in contact resistance between 

the grains. This model, however could not account for the effects of processing conditions on the 

PTCR behaviour. Particularly, it cannot explain the effect of sintering atmosphere and acceptor 

doping on the resistivity anomaly. 

Double Schottky barrier model 

The most widely accepted model of the PTCR effect in BaTi03 was proposed by Heywang [154, 1] 

and was refined by Jonker [155]. According to Heywang, the resistivity behaviour of BaTi03 can 

be explained in terms of temperature dependent double Schottky potential barriers at the ceramic's 

grain boundaries (GB) (see Fig. 2.16(a). 

These potential barriers originate from the negatively charged two-dimensional layer of surface 

acceptor states (electron traps). Originally the surface states were proposed to be monoenergetic, 

with energy E t lying well below the Fermi level EF at room temperature. According to Fermi-Dirac 

statistics, the density of the trapped electrons, Nt at the surface is given by: 

(2.41) 

where NT is the total surface density of electronic traps, and 'Po is the potential barrier height. The 

electric field generated by the charged grain boundary gives rise to band bending in the adjacent 

grains and to the formation of a depletion layer with a thickness, b: 

(2.42) 

where ND is the concentration of ionized donors. This depletion layer is positively charged to 

compensate for the negative charge of the interface. By solving the Poisson equation for the charge 

distribution shown in Fig 2.16(b), one can obtain the potential barrier height 

eN2 

'Po - t 
- 8ccoND' 

(2.43) 
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Figure 2.16: Schematic of a) the band energy diagram of the double Schottky barrier and b) the 

charge density distribution at the grain boundary of BaTi03 . The negative GB charge, QCB, and 

positive charge of the depletion layer Qb of thickness b are indicated. The potential barrier and the 

valence and conduction band edges are depicted as CPo, E v, and Ec respectively. The energy of the 

interface electron states E t and the Fermi level EF are also indicated. 

where c is the dielectric permittivity of the sample, co that of the vacuum, and e is the electronic 

charge. 

For carrier transport through the grain boundary within the thermionic emission model (i.e., 

mean free electron path is larger than the barrier width) the low voltage resistivity, PCB of a 1 cm2 

barrier area is given by [1] 

PGB = Aexp (k:~ ) , (2.44) 

where A is proportional to T2. 

In the paraelectric phase, the dielectric constant follows the Curie-Weiss law (Eq. 2.2), and the 

potential barrier CPo should increase linearly with temperature. By substitution of Eq. 2.43 into Eq. 

2.44 one obtains the temperature dependence of the GB resistivity as: 

(2.45) 

where B is a constant. According to Eq 2.45, the GB resistivity will increase with temperature in 
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the paraelectric phase. The potential barrier will continue to rise until the Fermi level at the GB 

approaches the energy of the surface states. At this point the resistivity will reach its maximum 

value. Further heating will cause a reduction of the surface charge due to a decrease in the density 

of trapped electrons. As a result, 'Po will saturate and PGB will start to fall since from this point, the 

only factor which will determine the resistivity behaviour is the thermal emission of electrons over 

the barrier. According to the Heywang theory, for typical PTCR material with a jump in resistivity 

of 4 to 5 orders of magnitude, the maximum value of 'Po is around 0.65 eV. In order to reach such 

barrier potentials, a density of surface electron states, Nt, as high as 1014 cm-2 is needed. 

Regarding the nature of these interface electron states, a general agreement has not been reached 

so far. Heywang and Brauer [156] assumed preferential segregation of acceptor impurities at the 

GB, whereas Jonker [155, 157] attributed the interface states to chemisorbed oxygen. Based on their 

defect chemistry and diffusion studies, Daniels et al. [64] proposed that the grain boundary potential 

barriers originate primarily from the Ba vacancy-rich grain boundary layer formed during cooling 

from high temperatures. Later, Desu and Payne [71] proposed segregated donors and titanium 

vacancies as electron traps near the GB region. 

Concerning the low resistivity of PTCR ceramics below the Curie point, a very plausible argument 

was provided by Jonker [155] who pointed to a specific effect, related to the ferroelectric nature of 

BaTi03 . He proposed that below Te , the resistivity is small because the spontaneous polarization 

depresses the grain boundary barrier. In a polycrystalline ferroelectric sample, each crystal consists 

of ferroelectric domains which are spontaneously polarized. In the tetragonal phase, the polarization 

direction is along the tetragonal axis, which changes in direction from domain to domain. At the 

contact between two crystals of different orientation, the domain structure does not fit. As a result 

there would be a non-continuous normal component of polarization through the surface. As this is 

impossible, domain structures are formed with some degree of mismatch and the surface layers must 

be strained in order to get a complete fit. 

In semiconducting crystals the non-fitting problem does not exist because there is a possibility 

of compensation by interface charge. This occurs because the domain pattern below the Curie point 

forms in such a way that the negative surface charge of trapped electrons compensates the difference 

in the normal component of polarization on both sides of the boundary, and no depletion layer is 

formed (Fig.2.17). This occurs in half of the GB area. In the other half, the barriers are reinforced 

by the ferroelectric domains, but since these are electrically in parallel, a low overall resistance 

is observed. Indeed, the reported value of spontaneous polarization, P s, for BaTi03 is about 26 

{.lC/cm2 , which is equivalent to a density of surface electronic states of 1.6xl014 electrons/cm2 . 

Hence, according to Jonker, in the ferroelectric phase, negative surface charge can be completely 

compensated by spontaneous polarization resulting in the low electrical resistivity values. 

Despite an insufficient understanding of the nature of the surface electron traps, the Heywang 

model provided a good quantitative explanation of the temperature dependence of electrical resist iv-
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Figure 2.17: Ferroelectric domain configuration at the GB of semiconducting BaTi03 . The head 

of the vector of spontaneous polarization P s has a positive charge, whereas the tail has a negative 

charge. The GB charge associated with the spontaneous polarization is equal to the difference 

between the normal components of the P s of grain I and II. From Ref. [155] 

ity in PTCR BaTi03 ceramics. Nevertheless, there are several features that the original model could 

not explain, particularly the low capacitance of a single grain boundary [149, 151], non-exponential 

dependence of the current-voltage characteristics [149, 9, 10, 151, 158], and anomalous behaviour 

of the thermoelectric power at Tc [159, 160). Gerthsen and Hoffmann [149], and Kuwabara et al. 

[151] reported that the measurements of differential capacitance of the PTCR BaTi03 single grain 

boundaries yielded values between 1x10-7 and 5x10-7 F·cm-2 , which are more than an order of 

magnitude lower than the theoretical capacitance of a double Schottky barrier in PTCR barium 

titanate. To improve the fit, Gerthsen and Hoffman proposed the existence of an intermediate 

titania-rich layer. This second phase layer of a thickness of 500 nm and with a dielectric constant of 

200 should be present between the BaTi03 grains. However, TEM analysis performed by Haanstra 

and Ihrig [30) could not identify any second phase, leaving the question of the low capacitance 

unexplained. 

Another weak point of the original Heywang model is disagreement of the calculated and mea­

sured current-voltage (I - V) characteristics. This was addressed by Gerthsen and Hoffmann [149), 

Kvaskov and Valeev [9), Nemoto and Oda [10), Kuwabara et al.(151)' Belous et al. [158), and AI­

Allak et al. [161). A comprehensive analysis of the I - V models in BaTi03 undertaken during this 

study is presented in Chapter 8. 
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Electron trap activation lllodel 

In contrast to the Heywang model which requires that the surface electron traps be completely 

occupied below Te and that the concentration of free charge carriers doesn't change above Te , 

Hari et al.[98] proposed that the PTCR effect is associated with a decrease in charge carrier den­

sity at Te. Their theory is based on electron paramagnetic resonance (EPR) measurements in a 

temperature range of -195°C to +277 DC. At 120 DC they observed a strong increase of the EPR 

signal corresponding, as they claim, to a singly ionized barium vacancy. In the tetragonal phase, the 

barium vacancy was found to be neutral so that the conversion is associated with charge trapping 

and thereby increases the electrical resistivity because of the diminished charge carrier density. The 

increase in the activation energy of the ionized barium vacancy was associated by the authors [98] 

with the disappearance of spontaneous polarization above Te. The authors also observed a simi­

lar behaviour of electron trapping for PTCR BaTi03 samples which were intentionally doped with 

small amounts of acceptor dopant (Mn) to increase the PTCR effect. Hari et al. reported that the 

EPR signal from Mn2+ appears only above 120°C and below -78 DC. It has been concluded that in 

tetragonal and orthorhombic phases, Mn exists as Mn3+. Above Te, Mn3+ traps an electron and 

becomes Mn2+, causing a decrease in the charge carrier concentration. However, it is not clear why 

the manganese, whose concentration is more than an order of magnitude less than the donor con­

centration, can cause a significant increase (up to three orders of magnitude) in the resistivity jump. 

Nevertheless, this model seems quite interesting and deserves further examination. A comprehensive 

EPR investigation of both BaTi03 polycrystals and single crystals in reduced and oxidized forms 

was performed in this work and is presented in Chapter 7. 
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Ba(B' 1/3B" 2/3) 03 perovskites 

Low loss dielectric materials are used extensively in modern microwave electronics as dielectric 

resonators (DR) [162], and substrates for high-Tc superconductor (HTS) filters [163, 164, 165]. 

Since in the dielectric medium with permittivity 1.0, the electromagnetic wavelength decreases as 

1.0- 1/ 2 , solid dielectric materials provide the possibility of reducing component size according to the 

1.0- 1/ 2 dependence. From the early 1980's this property was successfully utilized in communication 

satellites where DRs have replaced the traditional bulky vacuum-filled cavity filters [166]. A number 

of other applications of DRs include output multiplexers in communication base stations [167], 

feedback circuits for microwave oscillators [168, 169], down converters, frequency standards for the 

X (8-12 GHz), Ku (12-18 GHz), and K (18-27 GHz) electromagnetic bands. Demand in DR's is 

increasing along with development of millimeter-wavelength local area networks (LAN's), collision­

avoidance radar, etc. Recent breakthroughs in the design of the HTS-shielded dielectric resonators 

have opened a new horizon in development of extremely low-loss microwave radar and communication 

systems [170, 171]. 

In this chapter the reader will first be introduced to the concept of the dielectric resonator and 

to the major requirements of dielectric materials for microwave applications. Then the properties of 

existing microwave dielectric materials will be reviewed together with the mechanism of dielectric 

loss in nonpolar ionic crystals. The rest of the chapter will focus on synthesis and properties of 

specific dielectric materials, namely Ba(B'l/3B"2/3)03 perovskites, where B' is Mg, Zn, or Ni; and 

B" is Nb or Ta. The choice of these materials for the present project was governed by their exclusive 

dielectric properties. 

33 
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3.1 Dielectrics for mIcrowave band applications 

3.1.1 Concept of a dielectric resonator 

The physics behind the dielectric resonator's performance is based on Maxwell's theory of electro­

magnetism. When an electromagnetic wave enters the medium with dielectric permittivity E and 

magnetic permeability Il, its wavelength decreases as 

,\=~ 
..ftIi 

(3.1) 

where '\0 is the wavelength in vacuum. This opens the possibility of reducing the size of the dielectric 

resonator by a factor of E1/
2 and planar dimensions of microwave circuits by a factor of E. The 

concept of DR was introduced by Richtmyer [172] who showed that suitably shaped objects made 

of a dielectric material can function as resonators for high frequency oscillators. Depending on its 

shape, the DR will have a different set of resonance modes with corresponding resonance frequencies. 

The field distribution of electric and magnetic components is shown in Fig. 3.1 for TEol<! and TMol<l 

E . .-~-----. 
/,.,.,........ ...... ...... , 

//. ? ... --....... :-.." 
I ""'4?""'-",.. ........ ,,~ \. 

I !.~.~4-?'*--......... "'~\ \ 
,11#-14""-......... ,'\'\ \ 
l/d4d'44--"""~'~\\ 
I dA~d4/-'''''\\~ \ 
I hAhDII/.'\\~~~V I 
I UU\\ullHn I \ """--/',.VV I 
\\~\~~~~--RPP"v/1 
. \ ~~~,~~-~pPPt ! \.\ ~"",,> ........... _""RPPP';II 

\. ~",,""""''''''''$ppd / 
'''''' "'Q:~<:If.c..:P; "// 

H \ \ \ , , \ \ \ 
......... , \ \ \ _ ..... ,'\\\ 

--, ... ,\\ -- ........... , 
/ 

--"""" 
-_-'/11 I 
.... '" ;' , /' J I 

./ /" / / I I 
I / / / I 

I I J 

1 I I I I 
I I I ! I / / 
1 I I I / ./ ,/ 
1 J I I / ,/ / -

ltJJ/~'//--

, ..... '---
I \ \, ..... , ...... -

\ \ \. " ........... -
\ \ 

\ " " .... 
\ \ \ \ \ , 
I \ \ \ 

H 
///-"P'.-.., ..... , 

///? ... -_ .... ",,,, 
I /.?1"?-........ ,~" \ 

11".I-!1? .... -,,~'\~\\ 
I ! Ii I} d .1..-..... , \~ ~ \ \ 
I fl n fl A I " , \ ~ q ~ ~ I 
I II n n tI \ <" I g ¥ Y U I 
\ \ \l ~"~--#,,,g /1 
\\~~~~ ............ P"11l11 
\"" ....... _ ....... #/1 
''', ...... --''''''P//I 

E'" 1/1//// 
.,'\ II 11///" 

-"',\ \ \ 1111////,-
-, ..... ,''\\\ \ 1 i 11///,/.".,.-

-_ ... ",\\ \ IIII///"~-
/,. ..... /-- ..... 

~~- ~---"\I'----
III 1--'\\ \///--, 
1IIIJ,'\)I~Jlf,"\ 
\\\\\,// IAIII'''/ 
'" ,--/// 1\\'--1 

.... ---,//, ...... _---

.., , " 
\ \ \ 
I I I 
I I / 

,--/// , ..... ,--.,.,.. 
..... ".,-;//.1// I I \ \\'''''--
- ..... ///1/ I 1 I \ \ \." ..... ,--

" ./ / I I I I I I \ \ , '\: ........... 
,.,. /' / / J I f 1 \ \ '- , "" ..... 

/ I I I I I I \ \ \ \ , , 

Figure 3.1: Electric and magnetic field distribution in TEols and TM010 mode DR. Only equatorial 

and meridian planes are shown. From ref [173]. 

resonance modes in cylindrical DRs. For dielectric constant E > 35, more than 95 % of the stored 
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electric energy of the TEo1o mode, as well as over 60 % of the magnetic energy are stored within the 

dielectric cylinder. For a distant observer the TEo10 mode appears as a magnetic dipole. Hence it is 

sometimes termed the "magnetic dipole mode". Similarly, the TMo10 mode appears as the electric 

dipole. The accurate calculation of the resonance frequencies of DR involves a solution of Bessel 

functions which satisfy the boundary conditions at the surface of the resonator. Nowadays suitable 

software packages are used for this type of calculation [162). However, simple empirical solutions 

exist for the lowest frequency of TE and TM resonance modes of the cylindrical resonators. 

3.1.2 Main requirements for a dielectric resonator 

There are three major requirements for materials used as dielectric resonators. The primary demands 

for any candidate material are as follows: 

1. High dielectric constant c, (c > 20) to minimize the microwave device size. 

2. High unloaded quality factor Q, to minimize dielectric losses of electromagnetic energy. 

3. Small and tunable temperature coefficient of resonance frequency Tf, (-5 ppmjK < Tf < +5 

ppmjK) to avoid the temperature drift of the microwave parameters. 

Despite the abundance of dielectric materials, there are few suitable candidates which satisfy all of 

these three requirements. 

Dielectric permittivity 

A number of different polarization mechanisms including electronic, ionic, and dipolar contribute to 

the total dielectric permittivity. A high polarizability without strong energy absorption in the 109 -

1011 Hz range can only be realized through optical and infrared polarization. However, the dielectric 

contribution from optical polarization is usually small in most crystals. The infrared contribution to 

polarization comes from the induced displacement of cation and anion sublattices by an electric field. 

That is why ionic solids have higher values of c than covalently bonded crystals (e.g., cBaTi03 =2000, 

CPb(M9
1

/ sNb
2

/ s)o3=15000, CSrTi03 =300, cTi02=90, cSi=ll, cGe=14,). However, materials with very 

high dielectric constant (e.g., BaTi03 , SrTi03 , LiNb03 , KTa03, etc.) usually reveal a strong 

dispersion of c with frequency due to the dipolar orientation polarization or due to the paraelectric 

contribution from the soft mode. A dispersion of dielectric constant is always accompanied by the 

high dielectric loss. That is why, a search for suitable materials is usually limited to nonpolar 

dielectrics with high ionic polarization. 
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Q-factor 

The quality factor, Qd, of dielectric material is a reciprocal of the dielectric loss: 

1 
Qd=-;:' 

tanu 
(3.2) 

However, it is impossible to measure this quantity at microwave frequencies. Strictly speaking, the 

measured quality factor, Q, is always lower than the quality factor of the dielectric, since it includes 

the losses in the waveguide or the resonance cavity (depending on the method of measurement) 

1 1 1 
-=-+-
Q Qd Qw 

(3.3) 

where 1jQw is the loss in the waveguide walls. Fortunately, high quality metal waveguides have very 

low loss (Qw = 35 000 - 40 000) so that Q ~ Qd for dielectrics with moderate loss. The effect of the 

conductive losses in the waveguide walls become significant, however, when ultra low loss dielectrics 

with Qd > 30 000 are analyzed. This becomes extremely important at cryogenic temperatures where 

the Q-factor of dielectrics may reach 1 x 106 . In this case, to measure the actual loss in dielectrics, 

high temperature superconductor (HTS) clad waveguides must be used. Several authors reported 

extremely low dielectric loss for DRs measured with HTS clad resonant cavities [174, 175, 176]. 

Temperature coefficient of resonant frequency 

Two factors determine the temperature coefficient of the resonance frequency, Tf, namely, thermal 

expansion of material, a, and temperature coefficient of dielectric constant, To 

(3.4) 

The linear thermal expansion coefficient appears as a result of the anharmonicity of the lattice 

vibrations. For ionic solids, a is in the range of 8 - 15 ppmjK. Eq. 3.4 implies that potential 

microwave dielectric materials should have a negative To in the range of -15 ppmjK < To < -
5 ppmjK. However, there are not many single phase materials that satisfy this latter condition. 

Alternative ways of achieving temperature stable DRs include synthesis of multiphase compositions 

with To values of the opposite sign[177, 178, 179] or preparation of a single phase solid solution from 

two end members having opposite sign of TE [180, 181, 182], or preparation of the gradient materials 

with different To values [183]. Various methods of temperature compensation utilized in microwave 

DRs have been reviewed recently by Belous [184]. 

3.1.3 Current microwave dielectrics and future needs 

Current dielectric resonators for microwave applications can be classified according to their dielectric 

constant value. Following this approach, dielectric materials form three major families, i.e., the first 
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one with large E (c > 70), the second one with medium E (32 < E < 45), and the third one with 

relatively small E (20 < E < 32). Examples of these materials together with their dielectric properties 

are given in Table 3.1. 

Dielectric resonators with E > 70 are utilized in the UHF (0.3-1 GHz), L (1 - 2 GHz), and S (2 

- 4 GHz) bands, which are primarily allocated for ISM (0.93GHz), USCT (0.90 GHz), CT1 (0.959 

GHz), GPS*(1.5 GHz), W-LANt(2.4 GHz), DECT+(1.89 GHz), PCN § (1.85 GHz) and PCS' (1.87 

G Hz) systems. 

Table 3.1: Dielectric properties of materials for DR applications 

Composition I E I Qxf, THz I Tr, ppm/K I Ref. 

BaO-8m20 3·Ti02 78 ... 84 9.5 ... 11 -15 ... +25 [179, 185] 

BaO·Nd20 3·Ti02 90 ... 95 5.1...6.2 -10 ... +10 [178] 

BaTi40g 34 ... 36 55 -5 ... +6 [83, 186] 

BazTigOzo 36 ... 39 50 -5 ... +6 [187,188] 

Zro.SSnO.2 Ti04 38 51 -10 ... +10 [189,190] 

(BaSr) (Ni1/3Nb2 / 3)03 34 100 0 [181] 

Ba(Znl/3 TaZ/3)03 30 120 -5 ... +5 [182] 

Ba(Mg1 / 3 Ta2/3)03 23 ... 24 200 ... 300 -5 ... +5 [191] 

Dielectric resonators with 32 < E < 45 were initially used in the output multiplexers of satellite 

and terrestrial communication systems operating in the C (4-8 GHz) and X (8-12 GHz) bands. 

Nowadays, they are being displaced from applications in the X-band by ultra low loss dielectrics. 

However, resonators with 32 < E < 45 are becoming the material of choice in high power low loss 

terrestrial base stations operating in the L- and S-bands. Finally, dielectric resonators with low 

E (20 < E < 32) have found a variety of applications in X (8-12 GHz) Ku (12-18 GHz) and K 

(18-26.5 GHz) bands for feedback circuitry of stabilized oscilators in radar, band-stop and band­

pass filters for output multiplexers, down-convertors for satellite TV receivers, etc. Owing to their 

exceptionally high Q-factors (see Table 3.1), DRs based on the Ba(Mg1/3Ta2/3)03 composition are 

potential candidates for future Ka- and V-band applications [171, 168]. 

There are two major trends which govern research into microwave dielectric materials. First, 

consumer demands for multifunctional pocket-sized devices are accelerating the pace in the devel-

• Global Positioning System 
tWireless Local Area Network 
+Digital European Cordless Telephone 
§Personal Communication Network 
'IlPersonal Communication System 
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opment of dielectric materials with increased dielectric permittivity. Second, increasing the output 

power of the communication satellites and terrestrial base stations will reduce the total number 

of these devices worldwide and increase of their operation range. To satisfy this latter demand, 

dielectric materials with ultra low loss (high Q-factors) are required. 

3.2 Origin of dielectric loss at microwave frequencies 

3.2.1 Extrinsic losses 

Generally, dielectric losses can be characterized as intrinsic and extrinsic. Intrinsic dielectric losses 

originate in a perfect crystal as a result of interaction of the a.c. electric field with the phonon 

system of the crystal. Intrinsic losses are discussed in detail in paragraph 3.2.2. Extrinsic losses, 

on the other hand, are peculiar to different imperfections in the crystal such as impurity atoms, 

interstitials, vacancies, dislocations, pores, grain boundaries, and second phases. Such defects will 

affect both the absolute value of the loss and the temperature dependence of the loss. Extrinsic 

losses are discussed briefly below. 

Impurities 

Losses due to the different types of defects exhibit different frequency and temperature dependence. 

A common type of defect in ceramics containing titanium oxide is the Ti3+ ion which forms during 

sintering at high temperature. Recently Templeton et al. [192] examined the dielectric loss of 

polycrystalline Ti02 due to the presence of oxygen vacancies and Ti3+. They found that very pure 

Ti02 displayed high tan 6 at 300 K. Upon cooling, ceramics showed a dramatic reduction in tan 6 

at around 100 K. This was interpreted as a carrier freeze-out. When Ti02 was doped with acceptor 

impurities, the tan 6 decreased considerably, dropping smoothly as a function of temperature. 

In general, point defects or crystal disorder may induce absorption of the microwave electro­

magnetic energy by a one-phonon absorption process. This is caused by relaxation of the energy 

and momentum conservation rule (see Eqs. 3.8 and 3.9) due to the breakdown of the translational 

symmetry of the crystal. One-phonon absorption is temperature independent as long as the concen­

tration of defects is low and does not change with temperature. For frequencies much lower than 

the optical phonon eigenfrequency, the microscopic calculations yield [193] e" ex w for uncorrelated 

charged point defects and uncharged planar defects, e" ex w2 for uncharged linear defects and lO" ex 

w3 for uncharged point defects [194]. 

Porosity 

Porosity plays an important role in determining the dielectric loss. Poorly sintered ceramics always 

exhibit high tan 6 [189, 195]. It is possible that the losses are related to the surface area of the pore 
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as the structure of the free crystal surface may undergo different types of relaxation or reconstruction 

[196, 197, 127]. The phonon spectrum of the surface is different from that of the bulk. Relaxation 

of the surface changes the surface phonon spectrum and its interaction with an a.c. field (127). 

Grain size 

The data about the influence of the grain size on the dielectric loss are conflicting. In alumina, the 

tan J increases with grain size (198)' but in polycrystalline Ti02, there seems to be no correlation 

with grain size [192]. In Ba(Mg1/3Ta2/3)03, the effect of grain size was not systematically studied. 

However, different papers reported similar dielectric loss for ceramics with a grain size of 2 /-tm [199] 

and 20 /-tm [200]. 

Second phase 

Addition of a second phase to the ceramic matrix is a common practice in the dielectric materials 

technology. Usually, the second phase is added to tune the temperature coefficient of the resonance 

frequency or to improve the sinterability. For example, addition of ZnO to BaTi4 0 g improves the 

temperature stability of permittivity [201]. However, in most cases the second phase degrades the 

Q-factor of pure ceramics. For example, BaZr03 is a good mineralizer for Ba(Znl/3 Ta2/3)03 since 

it decreases the sintering time by a factor of two or more. However, addition of 5 mol% BaZr03 

decreases the Q-factor at 10 GHz from 16800 to 12000 [189, 182]. Despite these results, Davies 

et al. [202] proposed a theory for improvement of the Q-factor in the Ba(Znl/3Ta2/3)03~BaZr03 

system due to "stabilization of the ordering-induced domain boundaries via the partial segregation 

of Zr cations". Later, Akbas and Davies [203] extended this model for the Ba(Mgl/3Nb2/3)03~ 

BaZr03 system. They reported 100 % improvement of the Q-factor of Ba(Mg1/3Nb2/3)03 after 

addition of 5% of BaZr03. However, as shown in Chapter 10, the improved value of the Q-factor 

in Ba(Mgl/3Nb2/3)03~BaZr03 obtained by Akbas and Davies [203) is still 50 % lower than that of 

pure Ba(Mg1/ 3Nb2/ 3)03 obtained in the present work. 

3.2.2 Intrinsic losses 

Debye loss 

Although the Debye losses do not conform exactly to the definition of intrinsic loss, i.e., they are not 

caused by the interaction of the a.c. electric field with the phonon system of the crystal, it seems 

justified to assign them to the intrinsic type of loss(or at least to describe them in the intrinsic 

loss section), since they can be observed in ideal crystals and possess a fundamental nature. The 

problem of calculation of the dielectric loss was formulated by Debye [204] who investigated the loss 

in polar liquids whose molecules have a permanent dipole moment. The a.c. field tends to orient 
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the dipoles along the field direction. The Debye loss in a liquid arises from the viscous friction of 

rotating dipoles against neighbouring molecules of the liquid. Debye came to the conclusion that 

dipolar polarization and the loss due to relaxation of the dipolar polarization can be described via 

real and imaginary parts of the dielectric constant [205]: 

'( ) Cs -coo 
c w = Coo + 1 2 2 +w y 

(3.5) 

1/( ) WY C W = (cs - coo) 2 2 
l+w Y 

(3.6) 

tan8 = cll(w) = (cs - coo)WY (3.7) 
c'(w) Cs + cooW2y2 

where Cs and Coo are the static and optical dielectric permittivities, respectively, w is the angular 

frequency of the a.c. field and y is the relaxation time of the dipole. An important conclusion of 

the Debye model is that tan8 tends to zero at high frequencies. This classical work by Debye was so 

important that the dielectric loss in various crystals (not only in liquids or solids containing polar 

dipoles) is called Debye loss. This, however, is not well justified. In fact, the Debye theory is not 

applicable to analysis of dielectric loss in crystals which do not contain permanent dipole moments 

[205]. 

The modern theory of intrinsic loss at microwave frequencies in all 32 symmetry groups was 

developed by Gurevich [206] and Gurevich and Tagantsev [193]. The theory predicts different tem­

perature and frequency dependence of the dielectric loss for different crystal symmmetries. Moreover, 

for crystals with uniaxial anisotropic permittivity such as Alz03 and Ti02 , the temperature and 

frequency dependence of tan 8 are different in the directions parallel and perpendicular to the c-axis 

[207]. However, the major prediction of the theory is that dielectric loss increases with frequency 

for all symmetry groups [193]. 

Three-quantum loss 

The interaction of the electromagnetic field with optical vibrations of a lattice has a resonant har­

monic character when the frequency of the electromagnetic field is approximately equal to the eigen­

frequencies of the optical phonons (e.g., 1013_1014 Hz). In the microwave range, there are no such 

phonons whose frequency and wave-vector are equal to the microwave quanta. This energy difference 

makes it difficult to satisfy the energy and momentum conservation laws in processes involving the 

absorption of the field quanta. In such a complicated situation there are three most efficient sources 

of absorption, which correspond to the three main lattice loss mechanisms: (1) three-quantum loss, 

(2) four-quantum loss and (3) quasi-Debye loss. 

In the three-quantum loss, an incident photon couples to a reststrahlen transverse optical phonon 

which in turn couples to two other phonons. One phonon is absorbed and another created with the 



Chapter 3 41 

energy difference being equal to the energy of the incident photon. Hence this process is also 

known as a two-phonon difference absorption. This absorption should satisfy both energy and 

quasi-momentum coservation laws of the form 

(3.8) 

k ± kl = 0 (3.9) 

where OJ and Ojl are angular eigenfrequencies of j and j1 phonons, respectively, k is the phonon 

wavevector, and w is the angular frequency of the field quanta. Modelling of this process has led to 

predictions for the loss tangent (208) which can be simplified for f < 1 THz to yield 

tan8 ex ::Tn(O) [tan- l (O~O ) - tan- l 
( ll'Y

0
) ] (3.10) 

where w is the angular frequency of the electromagnetic field, OTO is the frequency of the fundamental 

reststrahlen phonon, n(O) is the Bose occupation factor, 'Y is the phonon linewidth, and ~O is the 

frequency difference between the high density of the states regions of the Brillouin zone. The linear 

frequency dependence of tan 8 predicted by Eq. 3.10 has been experimentally observed for a number 

of crystals and ceramics [194]. It is this two-phonon absorption process which leads to the constant 

value of the product Q x f in low loss dielectric resonators. 

Gurevich and Tagantsev [193) have discussed separately the case in which the sample temperature 

is much lower than the Debye temperature of the crystal (T « 8) and the one in which the 

temperature is of the same order or higher than the Debye temperature (T ,..., 8). In the former 

temperature range, one is allowed to consider the interaction of the electromagnetic field with the 

acoustic phonons only. In the latter, at least one of the optical phonon branches is excited into 

interaction with the electromagnetic field. Since the two-phonon difference mechanism requires an 

optical phonon to be absorbed, it is strongly temperature dependent (e.g. tan 8 ex Tn , where 3 < 
n < 5). The two-phonon absorption mechanism vanishes as the population of the optical phonon 

branch decreases [175]. In summary, the three-quantum loss corresponds to transitions between 

states of the different branches in a small region of wave-vector space where the branches either 

approach one another so that the energy gap satisfies the relation OJ - Ojl ~ w or even overlap on 

account of their natural linewidth. 

Four-quantum loss 

The four-quantum mechanism of dielectric loss was predicted by Stolen and Dransfeld [209) who 

showed that at T 2: 8, the corresponding contribution to tan 8 is proportional to T2. This mechanism 

involves three phonons with the conservation laws given by [193] 

(3.11) 
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(3.12) 

where b is a reciprocal lattice vector. The probability of the four-quantum process is proportional 

to a higher power (in comparison with the three-quantum process) ofthe small parameter describing 

lattice anharmonicity, and it would be expected that the contribution to tan J from the three-phonon 

difference absorption would be small in comparison with the two-phonon difference absorption. In 

most cases, three-phonon losses are usually negligible with respect to the two-phonon losses, but can 

become dominant in certain frequency ranges due to a greater range of available k values which can 

participate in the absorption process [210]. The four-quantum loss corresponds to phonon transitions 

which take place between states of different phonon branches and are quite uniform over k space. 

Quasi-Debye loss 

The quasi-Debye loss occurs only in noncentrosymmetric crystals. This type of dielectric loss involves 

absorption of the electromagnetic quanta accompanied by the phonon transitions which take place 

between states of the same branch because of its finite linewidth. According to Gurevich [193] the 

quasi-Debye loss should result in non-monotonic frequency dependence of tan J. An increase in the 

dielectric loss in d.c. - biased SrTi03 has been recently assigned to the quasi-Debye loss mechanism, 

which is forbidden by the central symmetry of SrTi03 under zero bias [211]. 

3.3 Structure and properties of Ba(B' 1/3B" 2/3) 0 3 perovskites 

3.3.1 Types of ordering in Ba(B'l/3B"2/3)03 perovskites 

Ba(W1/3B"Z/3)03-type compounds constitute a large subgroup of complex perovskites with general 

formula A(B'B")03 [212}. Other examples of complex perovskites with two different ions occu­

pying the B-site sublattice include A2+ (B3+ 2;:3 B6+ 1/3)03 , A 2+(B3+ 1/2 B5+ 1/2)03, A 2+ (B2+ 1/2 

B6+ 1/2)03 , A2+(BH 1/2 B7+ 1/2)03, A3+(B2+ 1/2 B4+ 1/2)03 , and A2+(BH 1/4 B5+ 3/4)03 . In some 

cases the B-site cations can form a chemically ordered structure [212]. The typical A-site cations 

in these compounds are Ba, Sr, Pb, Ca, and La. They are always larger than the B-site cations in 

order to satisfy the general requirement for the tolerance factor of the perovskite structure. 

It was postulated by Galasso et al. [213] that an ordered distribution of B ions is most probable 

when there is a large difference in either their charges or ionic radii. Later Setter and Cross [214] 

proposed five conditions to determine whether ordering could occur in an A(B'B")03 system. These 

conditions include a simple crystal structure (e.g., perovskite), cation ratio B' /B" = 1/1 or close 

to unity, a large difference in the valence of B' and B" cations, a large difference in the size of B' 

and B" ions, and a small size of the A cation to increase elastic drive towards ordering. These five 

conditions have consistently explained ordering in a large number of complex perovskites [215]. 
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Depending on the preparation conditions, Ba(B'l/3B"Z/3)03 (where B' = Mg, Zn, Ni and B" = 

Nb and Ta) can form disordered (Pm3m) or 1:2 ordered (P3m1) crystal structures (see Fig. 3.2). 

In addition to these two structure types, Ba(B\j3B"2j3)03 can also adopt the 1:1 ordered (Fm3m) 

structure when properly doped with aliovalent cations [216, 217, 218, 219, 220, 221, 222}. 

When completely disordered, B' and BII ions are arranged randomly on the B-site, and Ba(B'l/3 

B II
2 / 3 )03 has a simple cubic structure (Fig. 3.2(a)). In the case of 1:2 ordering, the B' and B" cations 

are distributed on individual (lll) planes of the perovskite sub cell with alternating B', B", B' layers. 

The ordered phase has a hexagonal crystal structure as shown in Fig. 3.2(b). Upon ordering, the 

cubic unit cell is transformed into a hexagonal unit cell, so that ah = Va and c/ah = -J372=1.2247 

(where ah is a size of the hexagonal unit cell along <110> direction of the original cubic cell a, and 

c is the size of the hexagonal cell along <111> direction of the original cubic cell). The ordering 

of B' and B" cations causes lattice distortion and expands the original perovskite cubic cell along 

<Ill> direction so that in the ordered state, the cia ratio has a value greater than -J372. This 

is accompanied by a different degree of distortion of the oxygen octahedra around B' and B" sites. 

Lattice distortion caused by B' and B" ordering can be evaluated by the split of the (422) and 

(226) reflections in the X-ray diffraction pattern [200, 223]. A number of techniques were utilized for 
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evaluation of the degree of ordering in A(B'B")03 compounds including far infrared spectroscopy 

[224, 225, 226,227, 228, 229, 230], Raman spectroscopy [226, 231, 232], electron diffraction [233, 202]' 

and X-ray or neutron diffraction [234, 223, 235]. However, only the last two methods provide accurate 

quantitative data about the degree of 1:2 ordering. Superlattice reflections, characteristic of the 1:2 

ordered structure are generated by crystallographic planes whose indices are (2h + k + l) /3 =f. integer. 

Since the 100 reflection is the strongest among superlattice reflections, the degree of 1:2 ordering is 

usually determined as [236] 

s= 
(1100/1110,012,102)obs 

(1100/1110,012,102)calc 
(3.13) 

where 1100 is an integrated intensity of the 100 superlattice reflection and 1110,012,102 is the integrated 

intensity of the main 110, 012 and 102 reflections. 

The ordering of the B-site cations has a large influence on the dielectric loss at microwave 

frequencies [223, 237]. One of the reasons for ordering is a large difference in electronic polarization 

of the B' and B" cations. For example, the contribution of electronic polarization as well as long­

range electrostatic and short-range Born-Mayer type interactions into the long-range order of Zn 

and Ta ions in Ba(Znl/3Ta2/3)03 (later abbreviated as BZT) were examined by Sagala and Nambu 

[238]. They have shown that the lattice energy of the ordered BZT structure is 2.5 eV lower than 

that of disordered BZT. Due to the difference in the mass of B' and B" cations, tantalates are more 

prone to ordering than niobates. Until recently, Ba(Ni1/3 Nb2/ 3 )03 (BNN) and Ba(Zn1/3Nb2/3)03 

were considered to exist only as a disordered phase in contrast to Ba(Nil /3 Ta2/3)03 (BNT) and 

Ba(Zn1/3Ta2/3)03 (BZT) [239, 181]. However, Hong et al. [240] have shown that BNN and BZN 

can be obtained in ordered form when sintered at temperatures below the order-disorder phase 

transition of ca. 1400°C. 

The low symmetry 1:2 ordered phase remains thermodynamically stable below a critical temper­

ature, Te, and becomes disordered above this temperature. The temperature of the order-disorder 

phase transition in A(B'B")03 complex perovskites is the subject of intensive theoretical and exper­

imental investigations [241, 242, 243, 244, 245, 18, 246, 247]. Knowledge of the temperature of the 

order-disorder phase transition has great technological importance since T e determines the highest 

temperature at which a sample can be annealed to induce cation ordering. Despite significant the­

oretical efforts towards understanding the order-disorder transition in A(B'B")03, the difference in 

the calculated and measured temperatures exceeds 700 - 1000 °C for a large number of complex per­

ovskites [245]. Not only theoretical but also experimental results are controversial. This is illustrated 

in Table 3.2 where the data on the order-disorder phase transitions of several Ba(B'l/3B" 2/3 )03 are 

presented. The process of disordering involves interdiffusion of B' and B" cations. In order to occupy 

the B" site by the B' cation, the B" site must be vacant. B-site vacancies can be formed by either 

Frenkel or Schottky mechanisms, which strongly depend on the ion packing density of the crystal 

structure. Frenkel defects can equally form in the bulk or near the surface of the crystal, whereas 

Schottky defects can only form at the surface and diffuse into the bulk [249]. Hence, the type of 
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Table 3.2: Data on order-disorder transitions in several Ba(B'I/3B"z/3)03 

System Tc theOT. °C Tc meas. °C Reference 

Ba(Mg1/ 3 Ta2/3)03 3000 ... 3500 >1650 [245, 18), [217] 

Ba(Zn1/3 Taz/3)03 2773 1600 ... 1625 [245), [229, 247] 

Ba(Ni1/3 Taz/3) 0 3 654 [245] 

Ba(Mgl/3Nb2/3 )03 2820 > 1610 [245], [248] 

Ba(Znl/3Nb2/3)03 2200 ... 2470 1350 ... 1500 [244, 245), [248, 240] 

Ba(NiI/3Nb2/3)03 320 1400 [245], [240] 

predominant defects in the crystal will determine the kinetics of disordering in Ba(B'1/3B"2/3)03 

perovskites [250]. Analysis of the order-disorder phase transition in Ba(B'I/3B"z/3)03 (where B' = 

Mg, Zn, Ni and B" = Nb and Ta) and its effect on the dielectric properties is one of the subjects of 

the present project. 

3.3.2 Dielectric properties of Ba(B'l/3BI/2/3)03 perovskites 

Dielectric properties (e.g., E and tan J) of Ba(B'I/3B"z/3)03 compounds depend on their crystal 

structure, tolerance factor, the type of the ions occupying the B-site, and the A-site cation radius. 

The pronounced effect of the A-site cation radius on the dielectric constant can be envisaged when 

Ba(B'I/3B"z/3)03 perovskites are compared to Pb(B'1/3B"2/3)03 compounds. Lead and barium 

cation radii in 12-fold coordination are R pb =0.172 nm and RBa=0.161 nm. This results in the 

dielectric constants, for example, of 6500 and 24 for Pb(MgI/3Ta2/3)Og and Ba(Mgl/3Taz/3)03, 

respectively [251]. The tolerance factor and dielectric properties of several Ba(B\ /g B"2/3)03 per­

ovskites are summarized in Table 3.3 

As shown in Table 3.3, the dielectric constant of Ba(B'l/3B"z/3)03 compounds has a value of 20 to 

40. Niobates possess higher values of dielectric constants than tantalates. Tantalates, in general, have 

higher Q-factors than niobates. This is because the materials with higher E have higher anharmonic 

component of the lattice vibration energy [252]. The Q-factors of BMT and BZT ceramics reach 

43,000 and 16,800 at 10 GHz, respectively. These are the highest Q-factors known for Ba(B'B")Og 

compounds. The only two contributions into the dielectric constant of Ba(B'1/3B"2/g)03 compounds 

come from ionic and electronic polarizations. That is why, no dispersion of E' is observed up to the 

frequencies of the optical phonon modes (1012 - 1013 Hz). The frequency dependence of dielectric 

loss in Ba(B'I/3B"2/3)03 perovskites has been studied in microwave, submillimeter and far infra-red 

ranges. In the microwave range (109 _lOll Hz), the theoretically expected proportionality E" ex: f 

is observed for BMT and BZT ceramics [194]. In the infra-red range, the dielectric constant shows 
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Table 3.3: Tolerance factor and dielectric properties of several Ba(B'l/3BI/2/3)03 compounds. 

System I t I f I Qxf, THz I Ti, ppmjK I Ref. 

Ba(Mg1 / 3 TaZ/3)03 1.03 23 ... 25 160 .. .430 2 ... 8 [195,200] 

Ba(Znl/3 Ta2/3)03 1.026 29 ... 30 90 ... 168 0 [223,237] 

Ba(Nil /3 Ta2j3)03 1.035 23 50 -18 [182] 

Ba(Col /3 Ta2/3)03 1.026 25 46 -16 [182] 

Ba(Mnl/3 Ta2/3)03 1.012 22 58 +34 [189] 

Ba(Calj3 TaZ/3)03 0.925 30 27 +145 [182] 

Ba(Mg1 / 3Nb2 / g)Og 1.030 32 55 +33 [182] 

Ba(Znl/3Nb2/g)03 1.026 41 54 ... 72 +31 [180, 189] 

Ba(Ni1 j3Nb2j3)03 1.035 36 70 +20 [181] 

Ba(Mnl/3Nb2j3)03 1.012 39 9.3 +27 [189] 

resonant features corresponding to the optical phonon eigenfrequencies [229,253, 226, 228, 224,227]. 

There is a controversial opinion about the effect of ordering on the Q-factor of Ba(B'l/3BI/2/3)Og 

(where B' = Mg, Zn, Ni and BI/ = Nb and Ta) [237, 200]. In the case of undoped ceramics, a high 

degree of ordering is considered to be important for achieving low dielectric loss which is in agreement 

with the theory of intrinsic losses [193]. Kawashima et al. [237] reported that improvement in the Q­

factor corresponds to increased ordering of Zn and Ta in Ba(Znl/3 Ta2j3)Og. However, Matsumoto et 

al. [200] reported improved Q-factor in disordered Ba(Mg1/3Ta2/3)03 (BMT) doped with BaSn03' 

Although later investigation performed by Tien et al. [254] confirmed some improvement of the 

Q-factor of BMT after addition of BaSn03, the absolute values of the Q-factor turned out to be 

significantly smaller than that of pure BMT reported by other investigators [235, 255]. 

3.3.3 Aspects of synthesis of Ba(B'l/3B"2/3)03 perovskites 

Obtaining Ba(B'tj3BI/Z/3)03 ceramics with high Q-factor is a challenging task. According to the 

literature, a high degree of ordering and high density are the two most important factors determining 

the dielectric constant and loss. Kinetics of cation ordering depends on the diffusion of B-site 

cations from one oxygen octahedron to another. This is controlled by temperature, type of B-site 

cations, stoichiometry and impurities. The rate of ordering and densification of ceramics can be 

significantly increased with temperature. However, above a critical temperature which is specific to 

each Ba(B'lj3BI/2/3)03 compound (see Table 3.2), the structure starts to disorder. A well ordered 

phase is obtained by long-term annealing at temperatures below the order-disorder phase transition. 
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Kawashima [237] reported that it took 120 hat 1350 °C to achieve perfect hexagonally ordered BZT 

ceramics with Q =16800 at 10 GHz. The time required to sinter BMT ceramics with high Q-factor 

is in the range of 15 - 20 hours at temperatures of 1600 - 1650 °C [200, 230]. 

Several additives have been tested in order to accelerate sintering and improve the density of 

ceramics. Nomura et al. [195] obtained BMT ceramics with a density of 7.52 gjcm3 (98% of 

theoretical value) after addition of 1 mol% of Mn. However, the Q-factor of ceramics thus obtained 

was only 16800 at 10 GHz. Tamura et al. [182] investigated the effect of addition of BaZr03 

in BZT. They reported that both sintering and crystallization of the BZT-BaZr03 system were 

accelerated compared to pure BZT. The temperature compensation of the dielectric constant of 

BZT-BaZr03 was performed by addition of Ba(Ni1/3Ta2/3)03 to the BZT-BaZr03 system [182]. 

Matsumoto and Hiuga [235] employed a fast heating rate (about 500 °Cjmin) to obtain dense BMT 

ceramics with ultra low dielectric loss (Q=35000 at 10 GHz). However, as was pointed out by Chen 

[255], the fast heating rate is not only difficult to realize in industrial furnaces but also introduces 

sintering flaws into the ceramics. Instead of using traditional ZnO, Ta205, Nb20 5 , and BaC03 

precursors, Yanchevsky (256) reported the benefits of ZnTa206 and ZnNb20 6 precursors which have 

the tri-rutile structure [257]. Formation of Ba(Znl/3 Ta2/3)03 and Ba(Znl/3Nb2/3)03 from these 

precursors required lower temperatures and accelerated ordering of the B-site cations. 

Wet chemical preparation routes have several advantages over the solid state reaction method. 

The former method produces very pure, homogeneous, fine powders with high sinterability. The 

dense BMT ceramics prepared by the sol-gel method using double Mg-Ta alkoxide and barium 

hydroxide was obtained at 1400 °C by Renoult et al.(258]. Although their ceramics had 98.5 % 

theoretical density and showed a high degree of cation ordering, the Q-factors were fairly low (e.g., 

in the range of 5990 to 6750 at 10 GHz) [258]. 

The most intensely investigated complex barium perovskites are the BMT and BZT compounds 

since they have the most important commercial applications. However, aspects of the synthesis 

of other Ba(B'I/3B"2/3)03 complex perovskites, such as BMN, BZN, BNT, BNN are insufficiently 

understood. For example, the effect of sintering temperature on dielectric properties of BMN, BZN, 

BNT, and BNN has not been investigated. Consequently the goals of this project were to perform 

a thorough analysis of the effect of preparation conditions on ordering and microwave dielectric 

properties of BMT, BNT, BMN, BZN and BNN compounds. 
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Experimental procedure 

4.1 Sample preparation 

All samples in this study were prepared by the conventional technique from fine powders of metal 

oxides or metal carbonates. The nominal purity of the initial powders as well as their manufacturers 

are given in Table 4.1. 

Table 4.1: Raw chemicals, purity, and manufacturers 

Chemical Purity, % Mesh Powder,f.1m Producer 

Y2 0 3 99.99 320 1.0 Alfa Products, U.S.A. 

BaC03 99.9 320 2.0 Cerac, U.s.A. 

Ti02 (rutile) 99.9 320 1.5 Cerac, U.S.A. 

Ta205 99.99 320 3.0 Cerac, U.S.A. 

MgO 99.95 320 1.0 Cerac, U.S.A. 

ZnO 99.99 320 2.0 Cerac, U.s.A. 

Nb2 0 5 99.9 320 3.5 Cerac, U.S.A. 

NiO 99.9 320 4.0 Inco, Canada 

Simplicity and low cost were the governing factors in choosing the synthesis method. That is why 

the mixed oxide method was preferred over the other synthesis techniques, such as sol-gel, alcoxide, 

co-precipitation, Pechini, etc. Since in the solid-state reaction regime, the particle size controls 

the kinetics of reaction, it is important to know the powder size of the starting materials. This 

was determined by sedimentation technique using a particle size distribution analyzer (CAPA-700, 

Horiba, Japan) and the average particle size is listed in Table 4.1. 
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4.1.1 Nominal composition 

Yttrium doped BaTi03 

In this work, unless otherwise specified, yttrium was used as a dopant to render BaTi03 n-type. As 

was mentioned in Chapter 2, Ba2+ can be substituted by y3+, thus resulting in an extra positive 

charge in the A-sublattice. At low dopant concentrations « 0.5 at%), it is assumed that the charge 

is compensated by the Ti ion whose valence changes from 4+ to 3+. The occupation of the 3d 

orbital of Ti by an electron is accompanied by the appearance of n-type conductivity in BaTi03. 

However, the electronic compensation mechanism of the extra positive lattice charge is not the only 

one possible. At higher donor-doping levels, cation vacancy compensation begins to dominate and 

hence, electronic conductivity vanishes. In order to investigate the defect compensation mechanism 

and its effect on the resistivity of BaTi03, the chemical compositions with different Y doping levels 

and different AlB ratios were prepared. These compositions are listed in Table 4.2. 

Table 4.2: Nominal compositions of Y doped BaTi03 

Nominal composition I x (at%) 

(Bal_xYx)(Ti4+h_x(Ti3+)x03 0,0.02,0.05,0.1,0.4 

(Bal-x Y x)(Ti4+h.Ol-x (Ti3+)x03 0.1, 0.2, 0.3, 0.4, 0.6 

(Bal-x Y x)(Ti4+h.o2_x(Ti3+)x03 0.05, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8 

(Bal-x Yx)(Ti4+h_x/4(VTi)x/403 0.4 

(Bal-1.5xYx) (VBa)x/2Ti03 0.4 

(Ba1.o5-x Y x)(Ti4+h -x (Ti3+)x 0 3 0.4 

Complex barium tantalates and niobates 

In order to investigate the role of precursor powders in the phase formation of BMT, it was prepared 

by two different solid state methods; (i) one-step mixed oxide method and (ii) two-step columbite 

method. It was found that the columbite method yields higher ceramic density and better dielectric 

properties (i.e., higher Q-factor and higher E). Hence the rest of the compounds (BNT, BMN, 

BZN and BNN) were prepared by columbite method. According to the first method, ceramics 

were synthesized directly from BaC03, ZnO, MgO, Ta205 and Nb2 0 5 precursors. The second 

method involved preparation of MgTa206, MgNb2 0 6, ZnNb2 0 6 , NiTa206 and NiNb2 0 6 columbite 

or tri-rutile type precursors followed by reaction of these compounds with stoichiometric amounts 

of BaC03 . The nominal chemical compositions of the prepared samples are listed in Table 4.3. 
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Table 4.3: Nominal compositions of complex barium tantalates and barium niobates 

Nominal composition Preparation method 

Ba(Mg1/ 3Ta2/3)03 

Ba(Ni1 / 3Taz/3)03 

Ba(Mg1/ 3Nb2/ 3)03 

Ba(Znl/3Nb2/3)03 

Ba(Ni1 / 3 Nb2/ 3)03 

4.1.2 Preparation process 

Weighing 

mixed oxide & columbite 

columbite 

columbite 

columbite 

columbite 

After heating the starting powders at 150°C to remove adsorbed water, the reagents were placed 

in a vacuum desiccator and allowed to cool down to room temperature. After that, the appropriate 

amounts of powders were weighed on an analytical balance (Acculab, Canadawide Scientific, Ottawa, 

Canada) with a relative error not exceeding 0.01 %. For weighing of small amounts of dopants, a 

more accurate analytical balance (Model R200D, Sartorius Research, Gottingen, Germany) was 

used. This allowed for keeping the relative error of weighing at 0.01 % for all reagents. 

Mixing and milling 

To achieve a homogeneous mixture, starting powders were vibromilled in polyethylene bottles with 

absolute ethanol and yttria stabilized zirconia (YSZ) grinding balls (Tosoh Ceramics). Usually, 

around 80 grams of the YSZ balls were used for mixing of 30 grams of powder. The duration of 

mixing was kept constant at 2 hours. After calcination of the powders, a second vibromilling was 

undertaken. This was done mainly to break up the agglomerated particles and to increase the surface 

activity of the powders. The duration of milling varied from 2 to 48 hours. During vibromilling, 

the powder becomes contaminated with small amounts of YSZ and polyethylene. According to the 

information from the YSZ manufacturers, the maximum wear rate of the YSZ balls does not exceed 

0.8 ppm/h. Hence, the total amount of YSZ impurity in the 30 g powder batch can reach 3 mg, or 

0.01 % after 48 hours of vibromilling. 

Calcination 

After mixing, the slurries were placed in porcelain dishes and dried in an oven at 70°C for 10 

hours. The dried mixtures were screened through 60 mesh sieve, pressed into pellets and calcined 

in alumina crucibles at various temperatures and dwell times. The process of calcination has two 
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major goals: (i) to completely release CO2 from BaC03 and (ii) to achieve a single-phase product. 

The calcined products were vibromilled in order to obtain fine powders and to increase the powder 

activity for solid-state sintering. After this step the powders were heated at 700°C for 4 hours to 

burn off traces of polyethylene from the vibromilling process. 

Pressing 

Before pressing, the powders were mixed with 2 wt % of aqueous solution of polyvinyl alcohol and 

screened through 60 mesh sieve. A uniaxial pressing was performed on a laboratory press (Model K, 

Fred S. Carver Inc., Summit, N. J. U.S.A.) under pressures not exceeding 1200 kg/cm2
• To compare 

the effect of preparation conditions, some pellets were isostatically pressed under a pressure of 10 

000 kg/ cm2 . Since special care has to be taken to avoid contamination of the pellets with iron and 

other impurities during pressing, a special pressing die was manufactured from heat-treated tool 

steel in the university machine shop. The traces of iron contamination were removed from the pellet 

surface with 1200 mesh SiC sandpaper. 

Sintering 

Different sintering conditions were applied to the samples with different chemical compositions. 

Y-doped BaTi03 samples were sintered in air, forming gas (7% H2 and 93 % Ar) and different 

mixtures of CO/C02 at 1380 DC with dwell time of up to 5 h. The pellets were supported on a 

zirconia substrate coated with a thin layer of zirconia powder to prevent samples from reacting with 

the substrate. It was found that alumina substrates or alumina filling powder were not suitable for 

sintering BaTi03 due to reaction of the samples with the substrate and powder. Complex barium 

tantalates and niobates were sintered in alumina crucibles filled with alumina powder. No reaction 

of samples with powder or crucibles were observed. The samples were sintered in air at temperatures 

of 1300 °C to 1700 °C with soaking times of up to 60 h. The heating and cooling rates were varied 

from 15 to 300°C/h. 

Single crystal BaTi03 

Undoped and yttrium doped BaTi03 single crystals were grown from melts using BaCh flux ac­

cording to Cherepanov [259]. A mixture of BaCh, BaC03 and Ti02 in molar ratios 1:1.4:1 was 

heated in a closed platinum crucible to 1420 °C in 4 hours, soaked for 0.5 hour, and cooled at a 

rate of 20 DC/h to 1100 DC. At this temperature the melt was decanted. The crystals remaining in 

the crucible were then cooled to 800°C at a rate of 50°C/h. This method yielded thin triangular 

plates with a hypotenuse of around 2-3 mm. Some crystals had the shape of butterfly wings as 

described by Remeika [260). In addition to the laboratory made single crystals, an undoped BaTi03 
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single crystal was kindly provided by Andreia Charos of Deltronic Crystal Industries, Inc. Another 

undoped single crystal was purchased from MTI Inc. 

Density measurements 

The densities of the sintered samples were measured by Archimedes method using a pycnometer 

with distilled water as the immersion liquid. The value of the density was calculated according to: 

(4.1) 

where Ps is the density of the sample, fis is the weight of sample, fiw is the weight of water in the 

pycnometer when no sample present, fis+w is the weight of sample and water when both are in the 

pycnometer. 

4.2 Thermal, crystallographic and microstructure analysis 

4.2.1 Thermal analysis 

Differential thermal analysis (DTA) and thermogravimetric analysis (TGA) were performed on a 

NETZSCH STA-409 simultaneous thermal analyzer, from 300°C to 1400 °C in air at a heating rate 

of 10 °C/h. 

4.2.2 Crystallographic analysis 

For X-ray diffraction analysis, the sintered samples were first ground in an agate mortar and pestle. 

The phase composition, crystallographic parameters and degree of cation ordering of calcined pow­

ders and sintered samples were analyzed using two diffractometers: a Rigaku Geigerfiex Dmax II 

diffractometer with cobalt K,. radiation (,\ =1.7889 A) and a DRON-III diffractometer with a cop­

per K", radiation source (,\ =1.54051 A). Powder diffraction patterns were taken for 10° < 20 < 90° 

with a scanning step of 0.02° and count time of 4 sec/step. 

4.2.3 Microstructure analysis 

SEM and optical analysis 

The microstructure and the chemical composition of polished and thermally etched samples were 

analyzed by scanning electron microscope (Philips 515) equipped with Energy Dispersive X-ray 

Spectrometer (EDS, Link Analytical). Sections of the samples were polished with diamond pastes 

stepwise from 6 fJ,m to 1p,m. The final polish was done with alumina powder of 0.25 fJ,m followed by 
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cleaning in acetone. Subsequently, the samples were thermally etched for 1 h at temperatures 100 -

200°C below the sintering temperature. To avoid charging effects during SEM analysis, the surface 

of the samples was coated with thin layers of Au (for conventional SEM observations) or carbon (for 

micro-chemical analysis with EDS). The average grain size of the sintered pellets was measured by 

a linear intercept method. Optical observation of polished and etched samples was performed on 

Leitz Wetzlar optical microscope. 

TEM and electron diffraction analysis 

For TEM observations the samples were mechanically ground using 600 mesh Si C paper to a thickness 

of 100 /-Lm. They were further thinned to 15 - 20 /-Lm with a Gatan dimpling apparatus. Then the 

samples were mounted into a Mo holder and placed into a Gatan ion mill equipped with two Ar+ ion 

guns. The milling was performed at an accelerating voltage of 3 kV, ion current of 3 rnA per gun, 

and a tilt angle of 10° until perforation of the sample. Transmission electron microscopy (TEM) 

investigation and electron diffraction were conducted using a Philips CM12 TEM operating at 120 

kV and equipped with a double-tilt specimen holder. 

4.3 Measurements of electronic and dielectric properties 

4.3.1 Electrodes 

Electrodes playa crucial role in electrical measurements of semiconductors. Generally two possible 

situations may arise at the metal-semiconductor interface: either an ohmic contact will form and 

the contact will have zero resistance, or a Schottky barrier forms and significant part of the applied 

voltage will drop at the junction resulting in large contact resistance. For DC measurements this 

problem can be overcome by using a four-probe technique. However, in order to accurately measure 

AC impedance and I-V characteristics of weakly conducting oxides, it is essential to have a stable 

ohmic contact over the entire sample area. The contact properties of the BaTi03-metal junction 

have been studied many times. It was found that Au, Ag and Pt metals form Schottky barriers 

with semiconducting BaTi03. In contrast, In-Ga alloy, Al and Ni metals produce ohmic contacts 

with BaTi03. For laboratory research of n-type BaTi03 , the most widely used ohmic electrode is 

an In-Ga (1:2) [261} alloy. This electrode is easy to fabricate and apply on the surface of the sample. 

However, the results of this thesis show that the In-Ga electrode does not provide the lowest contact 

resistance and has a strong tendency to increase electrode resistance with time. As an alternative, an 

Al electrode grown by Al vapor deposition and a Ni electrode formed by electrolysis were investigated. 

Among the three types of electrodes, the Ni electrode has shown the lowest contact resistance and 

excellent stability over time in the 10 K - 700 K temperature range. 
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4.3.2 Low-field DC conductivity measurements 

Low-field DC electronic conductivity of BaTi03 was investigated in the temperature range of 25 

to 350 cC. Both two- and four-probe techniques have been used initially. During the course of the 

studies, however, it was found that the two-probe technique was sufficient for accurate conductiv­

ity measurements of n-doped BaTi03 ceramics when Ni electrodes were utilized. Measurements of 

conductivity were performed either in air or in a reducing atmosphere of forming gas (7% H2 and 

93 % AI') under controlled flow rate. The temperature was monitored with a K-type thermocouple 

positioned at a distance of 2 mm from the sample. Both temperature and conductivity were mea­

sured simultaneously by an HP 3478A multimeter. The data were collected by 286 IBM computer 

connected through a Scientific Solutions DA board. 

4.3.3 Measurements of current-voltage characteristics 

Current-voltage (I- V) characteristics of BaTi03 ceramics were measured by means of a programmable 

power supply (Keithley 237 High Voltage Source, Keithley Instruments, Inc. U.S.A.) using short 

voltage pulses of 2 ms to prevent Joule heating of the samples during measurements. J- V character­

istics were measured in the temperature range of 145°C to 330 DC. The temperature of the sample 

was measured with a K-type thermocouple attached to one of the sample's electrodes. In order to 

avoid electrical contact between the thermocouple and the sample, the thermocouple was coated 

with a dielectric film of AREMCO cement. 

4.3.4 Complex impedance measurements 

The complex impedance was measured as a function of both temperature and frequency under an 

applied alternating voltage of 50 m V. Measurements in the temperature range of 10 K to 200 K were 

performed in the closed cycle He cryostat (Displex ADP - Cryostat). A chromel versus Au-0.07% 

Fe thermocouple was used to monitor the temperature of the sample. For measurements in the 

temperature range of 25 to 300°C, samples were placed in a conventional temperature-controlled 

furnace. The undesirable contribution of coaxial wires to the impedance data was removed by the 

conventional short-circuit and open-circuit compensation technique. The complex impedance of 

the sample was measured with a Solartron 1260 Impedance/Gain-Phase Analyzer at 77 frequencies 

in the range of 1 Hz - 32 MHz. The complex permittivity, E*, was calculated from the complex 

impedance, Z*, according to: 

(4.2) 

where w is the angular frequency 21l' f, Co is the vacuum capacitance of the measuring cell and 

electrodes with an air gap in place of the sample, Co = EO/ k, where Eo is the permittivity of free 

space (8.854 x 10-14 F jcm) and k = ljA, the cell constant where 1 is the thickness and A the area. 



Chapter 4 55 

4.3.5 Electron paramagnetic resonance measurements 

EPR studies were performed at 77 K and at 300 - 420 K. Two X-band EPR spectrometers, JEOL 

JES-FA 100 and Bruker EMX 8/2.7 were employed. The JEOL JES-FA 100 spectrometer was 

equipped with an external Mn2+ standard for accurate determination of the giromagnetic constant. 

The ceramic samples were ground into powder in an agate mortar and pestle. For qualitative 

analysis, the weight of the samples was kept at 50 ± 1 mg. Subsequent analysis of the resonance 

spectra was performed with WIN-EPR software provided with the Bruker EPR Spectrometer. 

4.3.6 Seebeck coefficient measurements 

The Seebeck coefficient (or so-called thermopower) of n-type BaTi03 was measured between 50 and 

320 K. The samples for thermopower measurements were shaped into a rod of 5 mm in diameter 

and 7 mm in length. In Seebeck coefficient measurements, the temperature gradient, D.T, applied 

along the sample results in the corresponding voltage, V. The value of the Seebeck coefficient, S is 

given by 
v 

s = D.T (4.3) 

The instrument used for thermopower measurements was built at the Brockhouse Institute for 

Materials Research at McMaster University. A schematic diagram of the sample holder is shown in 

Fig. 4.1. The sample is clamped between two copper heads A and B that are in thermal contact (but 

electrically isolated) with base stage C. The base is mounted on the cold end of a CTI Inc. model 

21C closed cycle He refrigerator. The copper heads A and B contained a 6 n ceramic resistor that 

serves as a heater, while base C has a Ni-Cr wire wound 25 W cartridge heater. The temperature 

gradient along the sample can be controlled by varying the power applied to the heaters in heads 

A and B while keeping the temperature of the base C constant. In order to ensure a uniform 

voltage distribution at the points of temperature and voltage measurements, two Ni metal bands 

(1 mm wide) were deposited on the circumference of the sample. The chromel versus Au-0.07% 

Fe thermocouples for temperature measurement and two copper wires for voltage measurement are 

attached to the Ni bands with silver paste. The sample holder unit was placed in a vacuum chamber. 

The base pressure of 10-6 Torr in the chamber was maintained with a turbopump. 

In order to determine the Seebeck coefficient at various temperatures, the sample is allowed to 

equilibrate at each temperature setting. One end ofthe sample is held at a constant temperature T I, 

while the temperature of the other end, T 2 , is allowed to vary in the range of TI ± 5 K in !iT (2 K) 

steps. At each step in the temperature profile, the sample is allowed to reach equilibrium at which 

point the temperature difference, D.T, and the voltage, V, are measured several times for statistical 

averaging. Once the temperature profile (Tl ± 5 K) has been swept, the sample is heated to the 

next temperature and the measurement is repeated. The data collection is computer controlled via 

a standard RS232 serial interface. The Seebeck coefficient, at each temperature, is then calculated 
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Figure 4.1: Schematic of the sample holder unit for thermopower measurements 

from Eq. 4.3 from the gradient of the average voltage versus the temperature difference obtained at 

each ST step. 

4.3.7 Dielectric measurements in X-band 

Dielectric characterization of the samples in the X-frequency band was performed with an HP 8510 

vector network analyzer. Owing to difficulties in determining the Q-factor by the Hakki and Coleman 

post-resonator technique, as discussed in [262J a simpler and more reliable transmission method [263J 

was employed in this work. For transmission measurements, a cylindrical dielectric resonator (DR) 

shaped into TEOlJ resonant mode was centered in the X-band rectangular copper waveguide using 

a styrofoam holder. In this configuration, the waveguide serves as a band-stop filter at the TEOlJ 

resonance frequency. To separate the TEols mode from the higher resonance modes, the samples 

must have an aspect ratio close to 0.45. The diameter and thickness of the samples was 6 mm and 

2.7 mm, respectively. The unloaded Q-factor was calculated according to: 

QL 
Q = 1 - 1O-Pj2o ( 4.4) 

where QL is the loaded quality factor determined from the full width of the resonance peak at 

the 3 dB level, and P is the depth of the resonance peak in decibels. As has been pointed out by 

Zurmiihlen et al.[262J the rectangular waveguide transmission method gives the same values of Q­

factor as the commercially utilized cylindrical cavity method. However, due to the closer proximity 

of the sample to the waveguide walls, the resonant frequency, fe, of the transmission method is 

always higher than that determined by the cylindrical cavity method. This difference is smaller for 

samples with higher dielectric constant, and can be further minimized to less than 2 % by making 

the resonator diameter smaller. The accuracy of the transmission method setup has been tested by 

using two commercially available dielectric resonators, Murata [264J F-series DR and OXIDE [265J 
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barium tetratitanate DR. The results showed that the Q-factor agreed to 0.1 % of that specified and 

that fc was higher by 2 % and 0.5 % for Murata and OXIDE DRs, respectively. The real part of the 

dielectric constant, £', in the X-band was calculated according to [162]: 

(4.5) 

where r is the radius of the DR, d is the thickness of the DR, and fc is the resonant frequency in 

GHz. Strictly speaking, Eq. 4.5 is applicable for 30 < £' < 50, and it underestimates £ by 5 - 7 % 

for materials with 20 < £' < 30. Temperature dependence of the resonance frequency was measured 

in the range of +20 °C to +95 °C. For measurement of Tf, the sample was placed in a porous, low­

£' ceramic holder with a small thermal expansion coefficient. The waveguide was wrapped with a 

resistive heating tape, and the temperature was monitored using a K-type thermocouple attached to 

the outer surface of the waveguide. The temperature coefficient of the resonant frequency is defined 

by 
.6.10 

Tf = 10.6.T 

where .6.10 is the shift of the resonant frequency introduced by the temperature change .6.T. 

(4.6) 
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BaTi03: Synthesis and low field 

resistivity 

In this chapter, the preparation and analysis of BaTi03 powders as well as phase composition 

of Y-doped BaTi03 samples are described. This is followed by the results of low field electrical 

conductivity of polycrystalline BaTi03 sintered at different oxygen partial pressures. Finally, the 

effect of oxidation on the PTCR properties is discussed in the light of oxygen chemisorption and 

cation vacancy segregation models. 

5.1 Synthesis 

There are different opinions in the literature regarding the process of reaction of BaC03 and Ti02 . 

Templeton and Pask [266] considered that barium metatitanate forms directly from reaction of 

BaC03 and Ti02 . However, Ishii et al. [267) reported that the first product of reaction between 

barium carbonate and titanium dioxide is barium orthotitanate (Ba2Ti04). The appearance of 

other intermediate phases, such as BaTi3 0 7 and BaTi4 0 9 has also been reported in literature [268]. 

These intermediate phases transform into barium metatitanate only but at temperatures above 1100 

- 1200 °C . 

BaTi03 has been modified by a number of elements in order to achieve desirable properties. 

Yttrium is a common donor dopant used for manufacturing PTCR thermistors (269). Yttrium 

was employed in the present study in order to obtain semiconducting BaTi03' Several sintering 

additives, such as excess Ti02 , Si02 and Ah03 are widely used to reduce the sintering temperature 

of PTCR BaTi03 [270, 1OJ. Although these additives do not modify the electronic properties of the 

grain bulk, the grain boundary conductivities may be altered. Another concern is that the EPR 

spectra of BaTi03 ceramics doped with sintering additives will contain additional signals due to the 
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paramagnetic defects present in Si02 and Ah03' That is why no sintering additives were employed 

in BaTi03 ceramics studied in this project. 

5.1.1 Thermal Analysis 
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Figure 5.1: DTA and TG curves of BaC03 
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DTA and TG were performed on BaC03 and an equimolar mixture of BaC03 and Ti02 after the 

powders were ball milled for 2 hours. The results are presented in Figs. 5.1 and 5.2. The TG and 

DTA curves of BaC03 indicate that below 550°C there is a small weight loss, corresponding to two 

broad exothermic peaks at 280 °C and 450°C, probably due to the pyrolysis of organic impurities 

from the N algene bottle. There are two sharp endothermic peaks on the DTA curve corresponding 

to the structural transitions of BaC03 from "f to f3 phase at 820 ac and from f3 to 0: phase at 976 ac 
[271]. No significant weight loss is observed for BaC03 up to 1150 ac. A sudden weight loss above 

1150 °C is attributed to decomposition of BaC03 . This process is characterized by an endothermic 

peak at 1250 °C on the DTA curve. 

As can be seen in Fig. 5.2, the weight loss in the BaC03 + Ti02 system starts at about 800°C 

due to reaction of BaC03 with Ti02 · An endothermic peak due to the 'Y -+ f3 phase transition of 

BaC03 [271) is observed at 830°C. A broad endothermic peak in the temperature range 960 - 1100 

°C originates from the overlap of the two endothermic peaks at 976°C and at 1040 °c. The former 

one is due to the f3 -+ 0: transition of BaC03 [271] and the latter one is due to the decomposition 
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Figure 5.2: DTA and TG curves of BaC03 +Ti02 

of BaC03 . This is supported by the fact that the weight loss in the BaC03 + Ti02 reaction is 

complete at 1100 °C. 

5.1.2 Phase composition 

XRD analysis was performed for BaC03 + Ti02 mixtures with Ba/Ti ratios of 1:1, 1.05:1, and 

1:1.02. The results are presented in Table 5.1. The XRD patterns of 0.4 at% Y-doped BaTi03 

with different Ba:Ti ratios sintered in air at 1300 °C are shown in Fig. 5.3. According to the 

X-ray analysis, in an equimolar mixture of BaC03 and Ti02 , barium carbonate decomposes in the 

temperature range of 900 - 1200 °C. Barium oxide reacts with titanium dioxide to form BaTi03 , 

BaTh07, BaTi40 g , and Ba2Ti04. In the temperature range of 1000 - 1200 °C, the intermediate 

phases BaTi3 07, BaTi40 g , and Ba2Ti04 transform to BaTi03 . As can be concluded from data in 

Table 5.1, the 5% excess ofBa does not change the sequence of chemical reactions. However, the final 

product contains a small amount of Ba2 Ti04 phase. An excess of Ti02 decreases the temperature 

of formation of the intermediate phases BaTi3 0 7 and BaTi40 g by ca. 100°C compared with the 

case of Ba/Ti=1:1. Small additions of yttrium oxide (less than 0.8 at%) employed in this project 

do not change the phase composition of the calcined powders which suggests that yttrium tends to 

be incorporated into the BaTi03 lattice rather than form a second phase. This is also confirmed by 

investigation of the solid solubility of yttrium in Ba and Ti sublattices performed by Jing [272] who 

found a solid solubility limit of 1.5 at% of yttrium on Ba sites and 12.2 at% on Ti sites (272). 
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Table 5.1: Phase composition of mixtures of BaCOs and Ti02 after 2 h anneal. 

I T, °C I Ba/Ti =1:1 I Ba/Ti=1.05:1 I Ba/Ti=I:1.02 

800 BaCOs, Ti02 BaCOs, Ti02 BaCOs, Ti02 

900 BaCOs, Ti02 BaCOs, TiOz, BaCOs, TiOz, 

BazTi04 BaTig0 7 , BaTi03 

1000 BaCOs, Ti02, BaCOg , TiOz, BazTi04 BaC03 , Ti02 , 

BaTi3 0 7 , BaTi03 BaTi03 , BaTis0 7 BaTi03 , BaTi4 0 g 

1100 BaCOg , Ti02 , BaTi4 0 9 BaCOg , Ti02, BazTi04 BaTiOg 

BaTi03 BaTi03 

1200 BaTiOg BaTi03 , Ba2Ti04 BaTiOg 

1300 BaTi03 BaTi03 , Ba2Ti04 BaTiOg 

5.1.3 Density and microstruture 

Since the final goal of this project was investigation of the electronic properties of BaTi03 , it was 

important to obtain dense ceramics with well defined microstructure and semiconducting properties. 

It was also important to find the optimum concentration of donor dopant which would result in the 

highest conductivity of ceramics. Bal-x Y x TiOg ceramics with x = 0, 0.0002, 0.0005, 0.001, 0.002, 

0.004, 0.006, 0.008 were prepared and sintered at 1380 °C in air and forming gas for 3 hours. 

According to Table 5.2, the density of ceramics sintered in air is 3-5 % higher than that sintered in 

Table 5.2: The density of Bal-x Y x TiOg ceramics sintered in air and forming gas 

Air Forming gas 

x DT, g/cm3 
Dm , g/cm3 Dreh % Dm , g/cm3 D rel , % 

0 6.011 5.71 94.9 5.52 91.8 

0.0002 6.0l08 5.72 95.1 5.5 91.5 

0.0005 6.0105 5.74 95.5 5.48 91.2 

0.001 6.0098 5.75 95.7 5.49 91.3 

0.002 6.0086 5.661 94.2 5.54 92.2 

0.003 6.0073 5.6 93.2 5.51 91.7 

0.004 6.0061 5.781 96.2 5.53 92.0 

0.006 6.0036 5.871 97.8 5.497 91.6 

0.008 6.0011 5.89 98.15 5.53 92.1 

reducing atmosphere. There are two possible factors responsible for that, namely a higher degree of 
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Figure 5.3: XRD patterns of 0.4 at.% V-doped BaTi03 samples with different (Ba+Y)/Ti ratio 

sintered in air at 1300 °C. The Ba2Ti04 phase is indicated by * . 

porosity and a lower concentration of the lattice oxygen in ceramics sintered in forming gas. In order 

to evaluate the deviation from oxygen stoichiometry, ceramics sintered in forming gas were annealed 

in air at 1400 °C for 10 hours. However, there was no noticeble change in mass of the samples after 

annealing. This indicates that the lower densities of samples sintered in reducing atmosphere were 

due to higher degree of porosity as was confirmed by SEM observations shown in Figs. 5.4 and 5.5. 

As revealed by Fig. 5.4, the average grain size of undoped BaTi03 was ca. 2 - 3 fJ,m. With yttrium 

doping, the grain size increased to 20 - 30 fJ,m [Fig.5.4 (a)-(c)J. However, at a doping level of 0.4 

at% [Fig. 5.4 (d)], the microstructure became bimodal with pockets of 3 fJ,m grains coexisting with 

20 - 30 IJm grains. At Y = 0.6 at% [Fig. 5.4 (e)], the volume fractions of small and large grains are 

approximately equal. At higher yttrium doping level, the microstructure consists of small grains of 

ca. 2 - 3 fJ,m. This data is consistent with observations of other authors who reported anomalous 

grain growth in n-doped BaTi03 ceramics at donor concentration of 0.1 - 0.4 at% [71]. 

For ceramics sintered in a reducing atmosphere of forming gas, the effect of donor concentration 

is not so obvious (see Fig. 5.5). The average grain size of V-doped ceramics sintered in forming gas 

was in the range of 30 - 60 fJ,m. As also seen in Fig. 5.5, all ceramics sintered in forming gas have 

much larger pore size than ceramics sintered in air. 
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Figure 5.4: Scanning electron micrographs of the polished and thermally etched sections of 

Bal-x Y x Ti03 samples with a) x = 0, b) x = 0.001, c) x = 0.003, d) x = 0.004, e) x = 0.006, 

and f) x = 0.008 sintered in air at 1380 DC. The white bar represents 20 fJom. 

5.2 Electrodes 

5.2.1 Introduction 

Electrodes play an important role in determination of the electronic properties of a semiconductor. 

For accurate analysis of the electronic conductivity of ceramics an ohmic (non-blocking) electrode 
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Figure 5.5: Scanning electron micrographs of the polished and thermally etched sections of 

Bal-x Y x Ti03 samples with a) x = 0, b) x = 0.002, c) x 0.004, and d) x = 0.008, sintered 

in forming gas at 1380 °C. The white bar represents 50 11m. 

is required. Moreover, for consistent measurements, it is neccessary that electrical resistance of 

the metal-semiconductor interface does not change with time, i.e., no degradation of the electrode 

properties should occur. 

Depending on the type of contact metal, semiconducting BaTi03 forms ohmic- or Schottky­

type contacts. In the latter case, the main part of the applied voltage drop occurs at the metal­

semiconductor interface, resulting in very high total resistance of the device. The problem of the 

metal contacts for n-type BaTi03 has been addressed by a number of workers. Turner and Sauer 

[273) found that Ni electrodes formed ohmic contacts with barium titanate. However, Murakami 

[274), using capacitance measurements, found that the electrode potential barriers for Ni, Cu, Ag, 

and Au electrodes were 0.72, 0.81, 0.99, and 1.86 eV, respectively, and were related to the work 

functions of the electrode. Heywang [275) investigated Zn, Sn, Fe, Cd, Ni, Sb, Pb, Cu, Pd, and 

Au electrodes. He found that BaTi03-metal contact resistance depends on the reducing strength of 
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the metal, i.e., on the enthalpy of formation of the first oxide step of the contact metal used (e.g., 

Cu -+ CU20) compared to the enthalpy of the reaction Tb03 -+ Ti02 . It has been established 

that indium amalgam [276], In-Ga alloy [277], electroless nickel [278], and aluminum [7], are the 

electrodes which give a low contact resistance. On the other hand, silver [261]' platinum [279] and 

gold [280] deposited on the surface of n-type BaTi03 provide Schottky-type contacts. 

In the present work the properties of AI, Ni, In-Ga alloy, Ag, Au, and Pt electrodes have been 

investigated. Al electrodes were obtained by Al vapor deposition on the BaTi03 surface which was 

held at room temperature. Ni electrodes were obtained by electrolytic deposition of Ni from aqueous 

solution. The solution was prepared by dissolving 62.5 g of NiS04 ·6H2 0, 12.5 g of NiCh·6H20 and 

10 g of H3B03 in 250 ml of water. The Ni deposition was carried out at the current density of 1-3 

Ajdm2 . After electrode deposition the samples were annealed in air at 320°C for 30 minutes. 

In the case of other electrode materials, In-Ga 1:1 alloy was rubbed into the surface of BaTi03 us­

ing a paint brush. Silver electrodes were deposited by firing laboratory prepared Ag paste according 

to Okazaki [281]. Au and Pt electrodes were deposited by RF magnetron sputtering. 

5.2.2 Results and discussion 

Fig. 5.6 compares the time dependence of the electrical resistivity of Ba.998 Y002 Ti03 with different 

electrodes. Resistivity, p, of ceramics with freshly deposited Ni, In-Ga, and Al electrodes ranges 

from 3 n·cm to 6 n·cm with Ni electrodes having the lowest p. As revealed from Fig. 5.6, resistiviy 

of ceramics with Ni electrodes decreased slightly after the first 10 - 20 hours and after that remained 

constant for more than 2000 hours. Initial decrease of resistivity may be associated with reduction 

of Ti at the electrode surface at the expense of oxidation of the Ni. This would result in the more 

conductive surface layer enriched with Ti3+ ions. Ni electrodes showed very good stability with time. 

Later experiments confirmed that samples with two-year old Ni electrodes showed the same values of 

resistivity as freshly prepared electrodes. The resistivity of ceramics measured with a 4-point probe 

technique gave similar results as with Ni electrodes. The resistivity of ceramics with Al electrodes 

was relatively stable in time, but the magnitude of resistivity was ca. 50 % higher than that of Ni 

electrodes. In contrast to Ni and Al electrodes, resistivity of ceramics with In-Ga alloy electrodes 

showed significant drift with time (see Fig.5.6). The resistivity of In-Ga electrodes increased by 

a factor of 4 in 2000 hours. In order to investigate this effect in more detail, complex impedance 

measurements were performed. The results are presented in Fig. 5.7. The curve labeled" Old In-Ga 

electrode" was obtained 4 months after applying an electrode. This curve shows two overlapping 

semicircles, one at high frequency at the origin of the graph with ca. 10 n diameter, and another, 

at lower frequencies, with a diameter of 130 n. The curve labeled "Fresh In-Ga electrode" was 

obtained right after removing the old In-Ga electrode and applying a new one. Only one semicircle 

is observed in this case. Based on this observation, a conclusion can be drawn, that the first (high 

frequency) semicircle represents the resistance of the bulk ceramic, whereas the second semicircle 
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Figure 5.6: Time dependence of the low field electrical resisitivity of Baa.998 Ya.oo2 Ti03 ceramics 

with In-Ga, Ni, and Al electrodes 

is characteristic of the ceramic-electrode interface. It is obvious that In-Ga electrodes cannot be 

employed in measurements of resistivity of BaTi03 ceramics due to their unstable behaviour in time 

and high overall resistance. 

In contrast to Ni, AI, and In-Ga electrodes, contacts made of silver, gold and platinum showed val­

ues of resistivity of the order of Mfkm (see Fig.5.8). These electrodes did not show any appreciable 

dependence of resistivity with time. The high values of resistivity obtained for these electrodes are 

associated with the formation of blocking (Schottky-type) contacts at the metal-ceramic interface. 

According to the classical theory of Schottky-type contacts [282], when an n-type semiconductor 

comes into contact with a metal, a potential barrier (Schottky barrier) will form, providing that the 

work function of the semiconductor is less than that of the metal (see Fig. 5.9) The barrier arises 

because of the contact potential (difference in work functions) between the metal and the semicon­

ductor. In the absence of the surface states, the diffusion potential, VdO , is equal to the difference 

between the metal, <Pm, and semiconductor, <Ps, work functions 

(5.1) 

and the barrier height, 'Pb, seen from the metal is given by the difference between the metal work­

function, <Pm, and electron affinity of the semiconductor x: 

'Pb = <Pm - X (5.2) 
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Figure 5.7: Complex impedance of Bao.998 YO.oo2Ti03 ceramics with In-Ga electrodes. 
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where X = ¢>s -~, and ~ is the energy difference between the Fermi level and the bottom of the 

conduction band. Formation of the Schottky barrier indicates that there must be a negative charge 

on the surface of the metal balanced by the positive charge in the semiconductor. The negative 

charge on the metal surface consists of extra electrons contained within the Thomas-Fermi screening 

distance of ca. 0.5 A. The charge in the semiconductor arises from the uncompensated positive 

donor ions in a region depleted by electrons. 

According to Eq. 5.2, it can be expected that the Schottky barrier height will increase with 

increasing metal work function. Pt has the highest work function [283] (¢>pt=5.65 eV) among the 

analyzed electrode materials, and indeed it yields a blocking electrode with BaTi03. On the other 

hand, In-Ga alloy (¢>In~Ga=4.1 eV) has the lowest work function value and it provides an ohmic 

contact with BaTi03. The other metals, however, do not fit well into this scheme. While Ni and Au 

have the same values of ¢> (e.g., ¢>Ni=5.15 eV, ¢>Au=5.1 eV), Ni forms an ohmic contact, whereas Au 

gives a blocking contact. Surprisingly, silver (¢>Ag=4.26 eV) produces a blocking contact, although its 

work function is almost 1 eV smaller than that of nickel. In contrast to silver, aluminum (¢>AI=4.28 

eV) gives an ohmic contact, although the values of the work functions of Al and Ag are approximately 

the same. The above results indicate that the properties of the metal-BaTi03 contact deviate from 

the ideal Schottky barrier model and the formation of the Schottky barrier with BaTi03 does not 

always correlate with the magnitude of the metal work function. Based on these results, it can 

be concluded that noble metals form Schottky barriers with BaTi03 , whereas more electropositive 

metals form ohmic contacts. It is possible that the ability of the metal to reduce Ti4+ to Ti3+ is 

crucial in the formation of the ohmic contact with BaTi03 . 
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Figure 5.8: Time dependence of the low field electrical resisitivity of BaO.998 Y 0.002 TiOs ceramics 

with Ag, Au, and Pt electrodes 

5.3 Room temperature DC resistivity 

5.3.1 Introduction 

A number of donor dopants have been employed to render BaTiOs n-type. Saburi [276] investigated 

the effect of Nb, Ta, Sb, La, ee, Pr, Sm, and Bi on the resistivity of BaTiOs ceramics sintered in 

air. He found that at small dopant levels (below 0.2 at%), the resistivity decreases with increase 

in dopant concentration. The minimum resistivity was observed at donor doping levels of ca. 0.2 

- 0.3 at%, depending on the type of dopant. At higher dopant concentrations (above 0.4 at%) the 

resistivity increased abruptly reaching values of 1010 O·cm. Later on, Sauer and Fisher [277] and 

Tennery and Cook [159] reported similar behaviour for resistivity of BaTi03 doped with La, Sm, Gd, 

and Ho. The effect of yttrium as an n-type dopant was investigated by Blanchart et al. [269] who 

found that BaTiOs prepared by the conventional mixed oxide route had a minimum resistivity of 6 

O·cm when doped with 0.4 at% yttrium. However, their BaTiOs prepared by the alkoxide-hydroxide 

route showed a minimum resistivity of 5 O·cm at 0.2 at% yttrium. Moreover, they demonstrated 

that the range of yttrium concentration which was yielding the lower resistivity could be expanded 

to 0.7 at% by addition of 2 at% of SiOz. Little is known about the effect of donor dopants on 

resistivity of ceramics sintered at low oxygen partial pressure. This is partially because there is no 

commercial application yet for this type of material. However, it is interesting to consider the effect 
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Figure 5.9: Schematic of the band diagram for a Schottky barrier 

of donor dopants on the the grain bulk and grain boundary resistivity of ceramics sintered at various 

values of P 02' 

Recently Tsur et a1. [284] investigated the effect of Ba/Ti ratio on the substitution of donor 

dopants. They found that trivalent ions with a large ion size, r ?:: 0.94 A (e.g., Sm, Nd, La), will 

substitute for Ba independent of Ba/Ti ratio. Small rare-earth ions with r ::; 0.87 A such as Lu and 

Yb will incorporate into Ti sublattice and will behave as acceptors, since the charge compensation 

will be via oxygen vacancies. Ions with intermediate radii of 0.87 A ::; r ::; 0.94 A, (e.g. Er, Y, 

Ho, Dy, Gd) show" amphoteric" behaviour. They substitute on the Ba sublattice when Ba/Ti < 

1 and behave as donors, whereas when Ba/Ti > 1 they are found in the Ti sublattice and behave 

as acceptors. In another recent publication, Morrison et a1. [285] reported quite surprising results. 

Based on XRD, electron probe, and EDS analysis, the authors [285] concluded that compensation of 

the La donor in BaTi03 occurs exclusively by titanium vacancies independent of the concentration 

of the La. This finding strongly contradicts the earlier experimental results of Chan et a1. [99] who 

found that only at high (e.g. ?:: 0.5 at%) n-dopant concentration does the compensation mechanism 

change from electronic type to cation vacancy type. 

In this thesis the resistivity of yttrium doped BaTi03 with 0.98 ::; Ba/Ti ::; 1.05 was investigated 

with special attention to the effect of atmosphere during sintering and postsintering anneal on the 

grain bulk and grain boundary properties. 
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Figure 5.10: Room temperature resistivity of Bal-x Yx Ti1.003 (x=O, 0.0002, 0.0005, 0.001, 0.002, 

0.003, 0.004) sintered at 1380 DC in air and forming gas 

5.3.2 Results and discussion 

Fig. 5.10 demonstrates the resistivity behaviour of Y -doped ceramics with Ba+ Y /Ti = 1. The resis­

tivity versus Y-dopant concentration of ceramics sintered in air shows a typical U-shape dependence. 

The minimum p value of 12 D'cm is achieved at a yttrium concentration of 0.2 at%. In contrast, the 

resistivity of BaTi03 ceramics sintered in forming gas at low oxygen partial pressure (P02 R:J 10-17 

atm) has a typical value of 2-3 D'cm and does not depend significantly on yttrium concentration. 

Next the effect of yttrium concentration on room temperature DC resistivity of Ba1-x Y x Til.o203 

ceramics with a slight excess of Ti was measured (Fig. 5.11). It can be seen that 2 at% excess 

of titanium broadens the Y-concentration range which provides ceramics with low resistivity. The 

minimum resistivity value of 8 D·cm is obtained at a yttrium concentration of 0.4 at%. Again, as 

in the case of ceramics with Ba+ Y /Ti=l, no significant p versus Y-dopant dependence is observed 

for ceramics sintered in forming gas. The question of broadening of the yttrium concentration range 

where low resistivity of ceramics is achieved was addressed by Blanchart et al. [269]. They found 

a yttrium-rich second phase, Y2Ti2 0 7, in ceramics containing an excess of titania. Hence, in this 

ceramic, not all yttrium ions perform as effective donor dopants. 

As revealed by Figs. 5.10 and 5.11, for ceramics sintered in air, at low yttrium concentration 

(e.g. ~ 0.2 - 0.3 at%) the resistivity cWcreases with an increase of Y. This would be expected 

for electronic-type compensation of donor ions. At higher concentration of yttrium, p increases by 
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Figure 5.11: Room temperature resistivity of Bal-x Y x Ti1.o203 (x=O, 0.001, 0.002, 0.003, 0.004, 

0.005, 0.006, 0.008) sintered at 1380 °C in air and forming gas. 

8 orders of magnitude. This phenomenon was first explained by Daniels and Hardtl [64]. They 

suggested that at high P 02' donor ions are compensated by doubly ionized barium vacancies. Later 

Chan et al. [101] using X-ray EDS analysis, found that at donor concentration ~ 0.5 at%, the charge 

compensation is achieved by Ti vacancies. Hwang and Han [89] using equilibrium conductivity 

measurements and X-ray analysis suggested that both barium and titanium vacancies participate 

in charge compensation at donor dopants of ~ 0.5 at% according to complete Schottky disorder. It 

is obvious that at high yttrium concentration, the charge compensation mechanism changes from 

electronic to cation vacancy type. However, at this point the results of the room temperature 

resistivity of Y -doped ceramics are not sufficient to draw an unequivocal conclusion about the nature 

of the cation vacancies. However, the EPR analysis of yttrium doped BaTi03 presented in Chapter 

7 suggests that both titanium and barium vacancies participate in the compensation of yttrium 

ions. In contrast to ceramics sintered in air, Y-doped BaTi03 sintered at low P02 does not seem to 

depend on donor dopant concentration. Both donor ions and oxygen vacancies contribute toward 

the electronic conductivity of these samples. The compensation mechanism remains electronic-type 

in the wide donor-dopant range. However, as revealed by Fig. 5.12 a small excess of Ba (1-4 at%) 

results in a dramatic increase in resistivity for ceramics sintered both in air and in forming gas. 

This is a manifestation of the" amphoteric" behaviour of the yttrium ion. In BaTi03 ceramics with 

barium excess, yttrium substitutes for Ti and behaves as an acceptor ion. This results in an increase 
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Figure 5.12: Room temperature resistivity of Ba1+x Yo.oo2TiLo03 (x=O, 0.006,0.016,0.046) sintered 

at 1380 °C in air and forming gas. 

of resistivity of BaTi03 ceramics. Similar behaviour for other "amphoteric" donor ions (e.g., Er, 

Ho, Dy, and Gd) has been reported by Tsur et al. [284]. 

5.4 Effect of P O2 on resistivity 

5.4.1 Introduction 

N-type doped BaTi03 sintered in air is known to possess a positive temperature coefficient of resis­

tivity (PTCR). However, when BaTi03 containing n-type dopant is sintered in reducing atmosphere 

no PTCR effect is observed. It is obvious that the PTCR effect is strongly affected by oxygen par­

tial pressure. Heywang [1] interpreted the PTCR effect in terms of temperature-dependent double 

Schottky barriers (DSB) located at grain boundaries. In the simplest form, DSB originates from the 

negatively charged layer of mono-energetic in-gap interface states (electron traps). Several possible 

sources of the interface states in BaTi03 have been proposed [152] but a consensus about the nature 

of these electron traps has yet to be reached. The most frequently discussed sources of interface 

states in BaTi03 are either segregated cation vacancies or chemisorbed oxygen. Indeed, chemisorbed 

oxygen contributes to interface state density in several cases of metal oxide semiconducting ceramics 

[286,287]. Oxygen chemisorption was found on the surface of n-type ZnO, and Sn02 single crystals 
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by UPS, TPD, AES, and EELS techniques [288, 289, 287]. Chemisorption of oxygen on these semi­

conductors leads to a partial reduction of surface oxygen giving adsorbed O2 - or 0- and forming 

a depletion layer at the surface. It is worth mentioning that neither chemisorption of oxygen nor 

oxygen induced in-gap surface states have been observed on the low index surfaces of BaTi03 single 

crystals [70]. 

Daniels and Wernicke [4] have shown that during sintering of BaTi03 in an oxidizing atmosphere, 

ionized barium vacancies segregate to the grain boundaries. They proposed that these defects 

play the role of the interface states in the Heywang model. Desu and Payne [71] suggested that 

segregated titanium vacancies can behave as acceptor states in the Heywang model. Other authors 

[2,3, 150,290] have assigned interface states in BaTi03 to chemisorbed oxygen. Jonker [2] proposed 

that oxygen chemisorbed at grain boundaries behaves as an electron trap in the DSB model. He 

found that after annealing the BaTi03 sample in nitrogen or vacuum at 1000 °C for a few hours, the 

resistivity jump completely disappears. Kuwabara [3] examined degradation of the PTCR effect in 

porous barium titanate in reducing atmospheres below 400°C. He attributed the change in resistivity 

to the elimination of chemisorbed oxygen from the grain boundaries. Furthermore, by showing that 

the PTCR effect can be decreased at such low temperatures, Kuwabara ruled out the role of Ba 

vacancies in the formation of the PTCR properties of his samples. It should be realised, however, 

that BaTi03 samples examined by Kuwabara [3] and others [2, 150,290] had been sintered in air and 

had initially exhibited the PTCR effect. Heat treatment of BaTi03 in oxygen deficient atmospheres 

would introduce oxygen vacancies in the grain boundary region, causing an increase in electron 

concentration in the grain boundary region and making grain boundaries highly conductive. Thus, 

reduction of BaTi03 ceramics would inevitably result in degradation of the PTCR effect irrespective 

of the nature of the interface states. 

An important result in favour of the chemisorption model was reported by Alles et al. [291]. The 

authors obtained the PTCR effect in undoped BaTi03 sintered in air, reduced at 1150 °C in a flowing 

mixture of 80% H2-20% N2 and then reoxidized in a mixture containing 1,1,1,3,3,3-hexafluoro-2-

propanol. The authors [291] assumed that the reason for the PTCR effect in their samples was 

chemisorption of fluorine gas, since, according to the defect chemistry, no cation vacancies were 

supposed to exist in undoped BaTi03 [99]. However, EPR analysis of BaTi03 reported in Chapter 

7 suggests that barium and titanium vacancies do exist in undoped BaTi03 sintered in air. 

The effect of P02 on grain bulk and grain boundary resistivity of BaTi03 in light of oxygen 

chemisorption and cation vacancy segregation models is reported below. 

5.4.2 Results and discussion 

Low temperature complex impedance spectroscopy (1 - 3.2.107 Hz) was used to characterize the 

electrical properties of BaTi03 samples. For electrically inhomogeneous samples (i.e., for a sample 
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with a large difference in the grain bulk and grain boundary resistance and capacitance) the total 

impedance is given by [292] 

Z* = "'"' Ri 
L..1 + jwRiCi 

(5.3) 

where i stands for grain bulk or grain boundary. According to Blanchart et al. [269] and Sinclair 

and West [292]' in order to observe grain bulk and grain boundary electrical properties, they have 

to possess the time constants T = RiCi of at least two orders of magnitude difference. In addition 

to this requirement, the samples for impedance spectroscopy analysis should not be too conduc­

tive; otherwise the spectrum features will collapse into the origin of the complex impedance plot. 

Earlier studies of semi conductive PTCR BaTi03 were focused on the temperature range of 20 -

400°C. At these temperatures, in most cases, only grain boundary characterisics can be resolved, 

since the grain bulk conductivity is too high. In order to overcome this drawback, the samples in 

this study were measured at liquid nitrogen temperature (i.e., 77 K) where both grain bulk and 

grain boundary impedances were clearly resolved. Fig. 5.13 shows complex impedance spectra of 

BaO.998 YO.002 Til.O03 ceramic sintered in the P 02 range of 10-17 atm :S P 02 :S 0.2 atm. The samples 

were measured at 77 K. At room temperature, the resistivity of all samples was too low to be able 

to be measured with an impedance analyzer even when rigorous" short" and "open" circuit com­

pensations were employed. All spectra except the one for the sample sintered at POz = 10-17 atm 

show two distinct semicircles on the complex impedance plot. The high-frequency semicircle of the 

sample sintered at POz = 0.2 atm is too small to be resolved in Fig. 5.13. However, two semicircles 

are clearly revealed when the data is presented in a double logarithmic scale in Fig. 5.14. As can 

be seen from Fig. 5.13, the resistivity of the samples increases with increase in the oxygen content 

of the sintering atmosphere. It is also realized from the complex impedance data that the samples 

are not electrically homogeneous, since at least two semicircles are observed. It can be assumed 

with a high degree of confidence that the two semicircles in the complex impedance plot represent 

grain bulk and grain boundary resistances of the samples. In order to present additional evidence 

that the observed features in Fig. 5.13 are grain bulk and grain boundary impedances, the dielectric 

constant of the samples was calculated by 

E* = (jwCOZ*)-l (5.4) 

where w is the angular frequency 27r f, Co is the vacuum capacitance of the measuring cell and 

electrodes with an air gap in place of the sample, Co = Eo / k, where EO is the permittivity of free 

space (8.854 x 10-14 F /cm) and k = l/A is the cell constant with thickness l and area A. Frequency 

dependence of the real part of the dielectric constant, E', of the samples sintered at various P 02 is 

shown in Fig. 5.15. As revealed by Fig. 5.15 the dielectric constant of the samples is quite high. 

It exceeds the E' of undoped dielectric BaTi03 by 2-3 orders of magnitude [293]. These high values 

of E' are attributed to the thin grain boundary layers with high resistance. The value of E' at 

low frequencies decreases with increase of the P O2 . This can be attributed to the increase in the 

thickness of the grain boundary layer. At high frequency, the dielectric constant of all samples 
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Figure 5.13: Complex impedance of Bao.998 Yo.oo2Til.o03 sintered at a) P02 = 10-17 atm, b) Po2 = 

10-15 atm, c) Po2 = 10-12 atm, d) P02 = 0.2 atm at 1380 °C. All spectra were measured at 77 K. 

The letters Band GB indicate grain bulk and grain boundary. 
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Figure 5.14: Complex impedance of BaO.998 Yo.oo2Ti1.o03 sintered at Po2 = 0.2 atm and measured 

at 77 K. The letters Band GB indicate grain bulk and grain boundary resistivity. 

decreases, approaching the c' of undoped dielectric BaTi03 represented by the solid line in Fig. 

5.15. In fact, as revealed by Fig. 5.15, c' of the Bao.998YO.002Th.o03 sample sintered in air (i.e., at 

P O 2 =0.2 atm) equals 450, which coincides with the c' of undoped dielectric BaTi03 at 1"2 2.106 Hz. 

Hence, it can be concluded that the complex impedance data shown in Figs. 5.13 and 5.14 represent 

the grain bulk and grain boundary impedances of semiconducting BaTi03 . 

Fig. 5.16 shows the grain bulk conductivity, aB, of Bao.998Yo.oo2Til.o03 samples obtained from 

the complex impedance data. The conductivity decreases from 0.5 0-1 . cm-1 for samples sintered 

at Po, = 10-17 atm to 2.10- 5 0-1'cm- 1 for samples sintered at P02 = 0.2 atm. At higher oxygen 

partial pressures, the grain bulk conductivity increases slowly from 5.10-5 0-1 . cm- 1 at P02 = 

10-14 atm to 2.10-5 0-1 . cm-1 at P02 = 0.2 atm. It is interesting that the results obtained at 77 

K show the same trend as high temperature equilibrium conductivity of Nb doped BaTi03 reported 

by Chan and Smyth [99]. The grain bulk conductivity of our yttrium doped samples is nearly 

independent of the oxygen partial pressure in the range of 10-14 atm :::; P02 :::; 0.2 atm. According 

to Chan and Smyth [99], at oxygen partial pressure where oxygen vacancy concentration is lower 

than donor dopant concentration, the conductivity is independent of P 02' Only at very low P O2 

(e.g., P02 < 10-14 atm in our case), the conductivity is pressure sensitive, since the concentration 

of oxygen vacancies exceeds the donor ion concentration. However, as can be seen from Fig. 5.16, 

the increase of conductivity with decreasing pressure at Po, < 10-15 atm does not obey a ex: P021
/

6 

dependence as would be expected in the case of Va as the major compensation mechanism. In 
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Figure 5.15: Frequency dependence of the real part of dielectric constant of BaO.998 Yo.002Th.o03 

sintered at various P O 2 , The solid line represents the c' of undoped BaTi03 sintered in air at 1380 

o C. All spectra were measured at 77 K. 

fact, the conductivity of the samples increases more steeply with P 02' One of the reasons for this 

anomalous (J versus P02 behaviour is nonactivated mobility which is observed in samples sintered at 

very low P 02' The conductivity of these samples does not decrease with temperature and sometimes 

exhibits metallic-like behaviour. These results are discussed Chapter 6. 

Let us now examine the effect of oxygen on the PTCR anomaly in BaTi03. According to 

Heywang [1], the height of the potential barrier <p at the grain boundary is defined as 

eN; 
<p = 8ccoNd (5.5) 

where e is the elementary charge, £0 the permittivity of free space, £ the dielectric constant of 

BaTi03 , Nd the concentration of ionized donors, and Nt is the density of occupied interface states. 

In the 'chemisorption' assumption, the value Nt is equal to the density of chemisorbed oxygen at the 

grain boundary. Oxygen chemisorption occurs by trapping of conduction band electrons by initially 

physically adsorbed oxygen molecules. A negative charge from chemisorbed oxygen results in the 

formation of a depletion layer and a negative interface potential barrier <po The rate of chemisorption 

is proportional to the concentration of the conduction electrons, which decreases as the depletion 

layer forms. The process of chemisorption reaches an equilibrium when the energy of interface states 

E t approaches the Fermi level Ep, i.e., E t = Ep + <po At this point the number of trapped and 
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Figure 5.16: Grain bulk conductivity of Baa.998 YO.002 Til.003 sintered at vaious P O 2 and measured 

at 77 K. 

released electrons at the interface are equal. In light of the chemisorption model, the substantial 

PTCR effect requires that chemisorbed oxygen be uniformly distributed over the surface of the 

BaTi03 grains. Since electron trapping is a fast process, the rate-determining step in the formation 

of the PTCR properties is the diffusion of oxygen along the grain boundaries into the sample. The 

question is what minimum temperature and soaking time are required to ensure that oxygen has 

completely diffused into the grain boundary regions of the sample of known geometry. Unfortunately, 

the oxygen diffusion coefficient along the grain boundary of BaTi03 is not known. Most studies of 

n-type BaTi03 and SrTi03 focused on the grain bulk oxygen diffusion [69, 294]. Shirasaki et al. 

[69) have found Do~10-13 cm2 /sec for the self-diffusion coefficient of oxygen in La-doped BaTi03 

at 1000 ac. Helmbold et al. [294] using 18 0 tracer diffusion technique found the oxygen diffusion 

coefficient in Nb and La doped SrTi03 single crystals to be on the order of 10-11 - 10-14 cm2 /sec 

at 1050 cc. It can be expected, however, that the activation energy of oxygen diffusion along the 

grain boundary is much lower than that for lattice diffusion [249]. This would result in a much 

higher diffusion coefficient. As a rough estimate for this calculation, the oxygen diffusion coefficient 

of Do = 5.7· 103exp( -2.05eV/kT) cm2 /sec derived by Wernicke [93] for lattice diffusion of oxygen 

vacancies in undoped BaTi03 was assumed. Moreover, as is shown below, this value is justified by 

the experimental results. It was also assumed that the surface of the sample is an infinite source of 

oxygen. The concentration of the chemisorbed oxygen in the sample sintered at low P O2 is negligibly 

small. Upon heat treatment in air, chemisorbed oxygen will start to diffuse into the sample along 
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the grain boundaries. After sufficient time, the concentration of chemisorbed oxygen at the grain 

boundaries located at the middle of the sample will be equal to the concentration of the oxygen at 

the surface. For samples with a diameter exceeding the thickness by at least one order of magnitude, 

the problem can be treated as diffusion into an infinite plane. A solution for diffusion into a plane 

is given by Crank [295]: 

C(t,x) _ _ ~ ~ (_l)n (-D(2n + 1)21f2t) (2n + l)1fx 
C - 1 ~ exp 412 cos 21 

1 7r 2n + 1 , 
n=O 

(5.6) 

where C1 is the surface concentration of oxygen, D is the diffusion coefficient, 1 is the half thickness 

of the plane sheet, t is time in sec, and x is the distance from the center of the plane sheet. When 

solving Eq. 5.6, the following boundary conditions were applied: 

C = 0, -1 < x < +1, t = 0; 

C(x = -1) = C(x = +1) = CI,t;::: 0. 

Solutions of Eq. 5.6 at x = 0 (i.e., at the center of the plane sheet of 1.2 mm thickness) for various 

temperatures are plotted in Fig. 5.17. It can be reasonably assumed that equilibrium between the 
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Figure 5.17: Time dependence of the ratio of the concentration of chemisorbed oxygen at the center 

of the plane sheet of thickness 1.2 mm to the concentration at the surface, calculated according to 

Eq. 5.6 for different temperatures. 

surface of the sample and the grain boundary located at the middle of the pellet is attained when the 

difference in density of chemisorbed oxygen at the surface and at the center of the pellet is less than 
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ca. 1 %, i.e., G/Gl > 0.99. Fig. 5.17 shows that these conditions require 40 minutes of treatment 

in air at 800°C but are met after 10 seconds of treatment at 1200 °C. 

However, in order to justify these calculations one needs to obtain an experimental estimate of 

the grain boundary oxygen diffusion in BaTi03 . For this purpose, a sample of Bao.996Yo.oo4Ti03 

was sintered at 1380 °C and an oxygen partial pressure of 10-17 atm. The sample had a diameter 

of 16 mm and relative density of 92 %. Two pellets of thickness 1 mm and 5 mm were prepared 

from the original sample by slicing it with a diamond saw. These two pellets were annealed in air 

at 800°C for 2 hours and slowly cooled to room temperature. Ohmic Ni electrodes were applied by 

electrolytic deposition of Ni from aqueous solution followed by annealing in air at 320°C. Complex 

impedance of the pellets was measured at 77 K. The results are presented in Figs. 5.18 and 5.19. 

-6- as sintered 

-0- 800 'c, 1 nnn 

-11- 800 'c, 5 nnn 

10-1;-~~~~~~~rn~~~7nmr-rTn~~rn~ 

10-1 

Figure 5.18: Complex impedance of the Bao.996Yo.oo4Ti03 samples sintered at P02=10- l7 atm and 

annealed at 800°C in air for 2 hours. The spectra were measured at 77 K. 

From Fig. 5.18 it can be seen that the resistivity of the pellets annealed in air at 800°C for 2 hours 

is 3 orders of magnitude higher than that of original sample sintered at an oxygen partial pressure 

of 10-17 atm. An important result is that both samples (i.e., 1 mm and 5 mm thickness) showed 

the GB+B resistivity values which differ by less than 5 %. Their grain bulk resistivity indicated 

by the arrow in Fig. 5.18 also showed similar values of ca. 20 000 n·cm. This confirms that the 

grain boundary regions of both samples were equally oxidized. This conclusion is also supported by 

measurements of the dielectric constant shown in Fig. 5.19. Compared with the as- sintered sample, 

which has c:'= 5.105 at 5 Hz, both samples of 1 mm and 5 mm thickness showed similar values of 
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Figure 5.19: Frequency dependence of dielectric constant of the BaO.996 y 0.004 Ti03 samples sintered 

at Po
2
=10-17 atm and annealed at 800 DC in air for 2 hours. The measurements were performed 

at 77 K. 

dielectric constant (e.g., c:' = 1.105 at 5 Hz) which indicates an increase of the thickness of the grain 

boundary layer by a factor of 5. The above experimental results suggest that the grain boundary 

layers of the samples of chosen geometry are uniformly oxidized after heat treatment in air at 800 °C 

for 2 hours. This also justifies the magnitude of the grain boundary diffusion coefficient of oxygen 

employed in our calculations. It is important, however, that the samples sintered at P 02 =10-17 atm 

and oxidized at 800°C for 2 hours did not show the PTCR effect. 

According to Eq. 5.5, the height of the grain boundary potential barrier, 1(J, is inversely pro­

portional to the concentration of the charge carriers provided by ionized donors, Nd. Thus, it can 

be argued, that the PTCR effect in ceramics sintered in reducing atmosphere and annealed in air, 

is absent because 1(J is small due to the high concentration of the charge carriers rather than the 

low density of chemisorbed oxygen. To clarify this argument, ceramics sintered at Po2 =10-12 atm 

and annealed in air at different temperatures were investigated. As revealed by complex impedance 

analysis at 77 K presented in Figs. 5.13 and 5.14, the grain bulk resistivity of ceramics sintered at 

P02=1O- 12 atm and at Po2 =0.2 atm equals 3.6.104 n·cm and 4.9.104 n'cm, respectively. Hence, the 

density of the charge carriers in these ceramics differ only by a factor of 1.36. Fig. 5.20 shows the 

temperature dependence of resistivity of ceramic samples of 1 mm thickness sintered at Po2 =10-12 

atm and annealed in air at 800 DC, 1000 DC, and 1250 °C for 2 hours. According to Fig. 5.20, a 

weak PTCR effect is detected in ceramics annealed at 800°C. Annealing at 1000 °C and 1250 °C 

resulted in resistivity jumps of 1.8 and 3.5 orders of magnitude respectively. The samples reported 
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Figure 5.20: Temperature dependence of resistivity of the Bao.996 Y 0.004 TiOs samples of 1 mm 

thickness sintered at P 02 = 10-12 atm and annealed at different temperatures in air for 2 hours: a) 

as sintered, b) 800 DC, c) 1000 DC, d) 1250 DC. 

in Fig. 5.20 were annealed for 1 h in forming gas (7 % H2 , 93 % Ar) at 400°C. Their resistivity 

was measured as a function of temperature under forming gas atmosphere. As shown in Fig. 5.21, 

heat treatment in the reducing atmosphere decreases the resistivity of BaTiOs as well as the PTCR 

effect. Significant reduction of the PTCR effect in reducing atmosphere is observed for samples an­

nealed in air at 1000 DC and 1250 cC. These samples are labelled "c" and "d" in Fig. 5.21. Sample 

"c" shows only 60% increase in p in the vicinity of 120 DC, the Curie temperature. The resistivity 

jump of sample "d" decreased from 3.5 orders of magnitude in Fig. 5.20 to a factor of 4 in Fig. 

5.21. Annealing of the samples in the reducing atmosphere also caused an overall decrease in their 

room temperature resistivity when compared with Fig. 5.20. This reduction of the total resistiv­

ity of the samples occurs at the expense of the grain boundary resistivity as revealed by complex 

impedance analysis. Hence, it is not surpising that on subsequent oxidation in air for 1 h at 400 

DC, the resistivity of the reduced samples changed to the original values shown in Fig. 5.20. Our 

results demonstrate that pronounced PTCR effect appears in ceramics annealed at temperatures 

much higher than that required to promote grain boundary diffusion of oxygen. These observations 

suggest that the PTCR effect in n-type BaTi03 is weakly, if at all, affected by oxygen chemisorption 

at the grain boundaries. 

It is obvious, that another defect formation mechanism, which requires much higher temperatures, 
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is involved in formation of the PTCR effect. It has long been known that cation vacancies play an 
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Figure 5.21: Temperature dependence of resistivity of the Bao.996 YO.004 Ti03 samples reported in 

Fig.5.20 after 1 hour annealing in forming gas at 400°C. 

important role in the defect equilibrium of BaTi03 . Daniels and Hardtl [64] have suggested that 

ionized donors, D·, are compensated by the doubly ionized barium vacancies, VBa , and the electrical 

neutrality condition at oxygen partial pressures higher than 10-5 atm requires that D· = 2VBa . 
Lewis and Catlow [79], on the other hand, proposed a titanium vacancy compensation mechanism 

D· = 4V:f!t, which is based on their calculation of defect energies for BaTi03 . Chan et al. [101] 

reported that for donor concentrations greater than 0.5 mol% in BaTi03 , charge compensation is 

achieved solely by titanium vacancies. Cation vacancies become predominant defects in BaTi03 

under oxidizing conditions at high temperatures. Since the lattice diffusion coefficients of these 

defects are orders of magnitude lower than those for oxygen, higher temperatures and prolonged 

soaking time are required to obtain a uniform grain boundary layer enriched in cation vacancies. 

Our results on the effect of oxygen partial pressure on the resistivity of BaTi03 suggest that the 

PTCR effect in BaTi03 is associated with the formation of titanium and barium vacancies and 

oxidation of the grain boundaries rather than grain boundary chemisorption of oxygen. Moreover, 

the proposed interpretation is not inconsistent with the decrease of the PTCR effect in reducing 

atmospheres. Treatment of PTCR BaTiOa in reducing atmosphere at moderate temperatures (e.g., 

300 - 700°C) does not cause changes in the concentration or spatial distribution of cation vacancies. 
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However, it causes incorporation of the oxygen vacancies in the grain boundary region, rendering it 

conductive and reducing the overall resistivity of ceramics. Changing from a reducing to an oxidizing 

atmosphere reinstates the PTCR effect due to the oxidation of the grain boundaries. 

In conclusion, annealing of n-type BaTi03 ceramics in vacuum or reducing atmosphere causes 

degradation of the PTCR effect. This observation has prompted several authors [3, 2, 150, 290] 

to attribute the in-gap interface electron states of the Heywang model to chemisorbed oxygen. To 

clarify this hypothesis, we studied the effect of atmosphere on n-doped BaTi03 sintered at various 

P 02 followed by annealing in air. Our results show that formation of the PTCR properties occurs 

at much higher temperatures than expected in the frame of the oxygen chemisorption model. A 

substantial PTCR effect is achieved in ceramics sintered in reducing atmosphere only after prolonged 

annealing in air at temperatures as high as 1200 - 1250 cC. This observation suggests that the 

PTCR effect in BaTi03 ceramics is associated with grain boundary segregation of cation vacancies 

and oxidation rather than chemisorption of oxygen. 
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Thermoelectric power, Hall effect 

and mobility 

6.1 Introduction 

Although n-type BaTi03 has been studied for more than four decades [276], there are still a number 

of questions which require explanation. Among them are the chemistry of intrinsic and extrinsic 

defects [296, 76, 71, 284], valence band structure [107, 110], electron transport [146], and the PTCR 

effect [152]. The most comprehensive investigations of the electronic properties of BaTi03 were 

performed at temperatures T > 25 DC, being inspired by the challenges of the resistivity anomaly 

or PTCR (positive temperature coefficient of resistivity) effect [1, 155, 3, 297, 298]. One of the 

fundamental questions regarding the electron transport is whether the charge carriers in BaTi03 

are small polarons or conduction band electrons [146]. Despite the accumulating evidence of the 

small polaron transport in BaTi03 [299], the most accepted model of the PTCR effect employs 

the conduction band electron formalism [IJ. Few papers have addressed the electron transport 

properties of low temperature phases of BaTi03 . Table 2.1 summarizes the data about the drift and 

Hall mobilities, as well as the thermal activation energies of mobility and conductivity in BaTi03 . 

Gillot et al. [130] studied the conductivity of the Nb-doped BaTi03 single crystal in the tem­

perature range 40 - 420 K. The authors found that the conductivity behaviour of the rhombohedral 

phase (below 200 K) obeys the polaronic-type mechanism with the overall activation energy of con­

ductivity of E".=0.092 eV. Iguchi et al. [129] investigated La and Gd doped BaTi03 ceramics. They 

reported an activation energy for conductivity of 0.070 ±0.002 e V in the rhombohedral phase. The 

authors [129] observed an absorption peak in the dielectric loss tangent at temperatures below 100 

K. This peak was attributed to dielectric relaxation due to small polaron hopping. Based on these 

data, Iguchi et al. [129] proposed that the dominant conduction in n-type BaTi03 is due to hopping 
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of non-adiabatic small polarons. 

Thermoelectric power is an important complementary technique to conductivity measurements. 

It allows us to evaluate the concentration of the charge carriers and their drift mobility. This 

technique has been employed for n-type BaTi03 single crystals above room temperature [78, 144, 

139]. Anomalous behaviour of thermopower in PTCR BaTi03 was reported by Tennery and Cook 

[159] and Michenaud et al. [160) who observed a change from n- to p-type conductivity at the Curie 

temperature, Te. In contrast to previous authors, the thermoelectric power of PTCR BaTi03 

measured by Saburi [276] showed n-type conductivity above and below Te. 

Berglund and Baer [14] measured the Hall effect and thermoelectric power of single domain 

BaTi03 single crystal in the 20 - 126°C range. They explained the electron transport properties of 

BaTi03 in terms of conduction band electrons with a large electron-phonon coupling. To the best of 

our knowledge, there are no data on low temperature measurements of thermopower and Hall effect 

in BaTi03 single crystals or polycrystalline ceramics. 

In this section the study of the Hall effect, thermoelectric power, and resistivity of BaTi03 in 

the temperature range of 40 - 300 K is reported. It was found that except for heavily reduced 

ceramics, the activation energies of conductivity of single crystal and polycrystalline grain bulk have 

similar values (i.e., ElY ~ 0.092 eV) in the rhombohedral phase. Oxidation leads to an increase in the 

activation energy of grain boundary conductivity, while grain bulk values remain unchanged. There 

is a significant difference in temperature dependence of thermoelectric power of single crystal and 

polycrystals. Anomalous behaviour of thermopower at the rhombohedral to orthorhombic phase 

transition of BaTi03 polycrystals is reported for the first time. A correlation between the Hall 

constant and conductivity suggests that below room temperature, the conductivity follows the change 

in the concentration of the mobile charge carriers. It was found that drift and Hall mobilities in 

rhombohedral and orthorhombic phases decrease with temperature which cannot be explained in 

the frame of the the small polaron model. 

6.2 Experimental 

Two nominally undoped BaTi03 single crystals provided by Deltronic Crystal Industries, Inc. and 

MTI were used in this study. These crystals were annealed at Po2 =10-15 atm and 1380 °C for 2 

hours. Polycrystalline samples of Bao.996 YO. 004 Ti03 were prepared according to the mixed oxide 

method. No sintering additives such as Si02 , Ah03 or excess Ti02 were used. Samples were 

sintered at 1380 °C and oxygen partial pressures of 10-17 and 10-15 atm. The oxygen partial 

pressure was fixed by a controlled ratio of flowing CO/C02 gas. The density of the polycrystalline 

sample was about 92% and the average grain size was 50 11m. X-ray analysis confirmed the existence 

of a Single-phase BaTi03 . In order to investigate the effect of oxidation on the activation energy 

of conductivity, the samples sintered at 10-15 atm were annealed in air at 800 DC, 1000 DC, and 
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1200 °C for 2 hours. The complex impedance of ceramics was measured with a Solartron 1260 

Impedance/Gain-Phase Analyzer in the frequency range of 1 Hz - 32 MHz. Detailed information 

about impedance measurements can be found in Chapter 4.1. The resistivity of the single crystal 

and the low-resistivity polycrystalline samples were measured using a four-probe technique. The 

thermoelectric power was measured in the 40-320 K range using an apparatus described in Chapter 

4.1. Hall effect was measured in the magnetic field of 5 Tesla using a Quantum Design PPMS 

apparatus. 

6.3 Results and discussion 

6.3.1 Single crystal 
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Figure 6.1: Temperature dependence of resistivity of BaTi03 single crystal 

The temperature dependence of resistivity of single crystal BaTi03 is shown in Fig. 6.1. The 

features of the p versus T plot are very similar to those reported by Gillot et al. [130]. In the 

rhombohedral phase (T ::::: 200 K), resistivity decreases with temperature with an activation energy 

of 0.093 eV. In the orthorhombic phase, (200 K < T < 285 K), the resistivity is independent of 

temperature. In the tetragonal phase, (285 K < T < 395 K), p decreases with temperature with 

activation energy of 0.100 eV. The cubic phase, (T> 395 K), shows nearly temperature independent 

resistivity. At the rhombohedral to orthorhombic phase transition (T=190 K), a sharp decrease of p 

by a factor of 2 is observed similar to the results of Gillot et al. [130]. At 285 K, p increases step-like 
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by a factor of 1.5, again in agreement with the results of the previous authors [130]. In the cubic 

phase, resistivity is nearly independent of temperature up to 600 K. 

In trying to explain the temperature dependence of conductivity in the rhombohedral phase at 

60 - 200 K, Iguchi et al. (129] and Gillot et al. (130] invoked the small polaron model. In this model, 

the main contribution to conductivity which is given by 

a = neJL (6.1) 

comes from the temperature activated mobility of free small polarons: 

(6.2) 

where a is the distance between two adjacent Ti ions, EA is the thermal activation energy of a small 

polaron hop, and J is the overlap integral of the wavefunctions of the Ti ions. In fact, EA is the sum 

of the hopping energy EH, disorder energy ED, and the small polaron activation energy Eo (not to 

be confused with the activation energy of small polaron hopping). 

When the small polaron model is applied to low temperature conductivity, it is important to 

know whether the activation of conductivity is due to the mobility term or due to the increase in 

concentration of the charge carriers. As was found by Iguchi [129], the small polaron activation 

energy, Eo is of the order of 0.002 eV which implies that the small polarons are already unbound at 

temperatures above 20 - 30 K. To clarify this finding, we measured the Seebeck coefficient, S, in the 

90 - 270 K range. The results (Fig. 6.2) show that the Seebeck coefficient is temperature independent 

in the orthorhombic phase. However, in the rhombohedral phase, the thermopower increases with 

decreasing temperature. Neglecting the spin degeneracy, the Seebeck coefficient within the small 

polaron model is related to the concentration of the charge carriers via Heikes formula [300] 

kB ( 1- c ) s = -~ In-
c

- +A (6.3) 

where c and (I-c) are the relative proportions of the two different oxidation states present, namely 

Ti3+ and Ti4+ and A is the transport term which depends on the mechanism of chage transport. 

Using the Austin and Mott estimate of A (i.e., A ~ E H /20kBT, where EH is the thermal hopping 

energy of the small polaron [146]), the concentration of free small polarons, n, in rhombohedral and 

orthorhombic phases was calculated assuming E H =O.09 eV. The results are presented in Fig. 6.3. 

There is a general agreement between aCT) and neT) dependencies. One can observe a step-like 

increase in neT) at T = 190 K which is reflected in a similar step-like increase of conductivity. 

However, there is significant difference in the activation energy of small polaron concentration, 

Eo = 0.278 eV and conductivity, ElY = 0.093 eV. It may be assumed that thermoelectric power 

measurements overestimate the value of charge carrier concentration mainly due to the uncertainty in 

the A term at low temperatures. It can be speculated that the Seebeck coefficient could be enhanced 

in the rhombohedral phase by carrier-induced vibrational softening similar to that proposed by Emin 
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Figure 6.2: Temperature dependence of thermoelectric power of a BaTi03 single crystal 
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for boron carbides [301]. As a result, the drift mobility (Fig. 6.4) estimated from Eq. 6.2 decreases 

with temperature and shows anomalously high values at low temperatures which disagree with a 

small polaron-type behaviour. In the orthorhombic phase, both conductivity and drift mobility are 

nearly independent of temperature. The value of the drift mobility calculated from the Seebeck 

coefficient approaches 5 cm2V- 1s-1 at 250 K. This value, however, might be considered too high 

for small polaron hopping. Other authors reported J.LD in the range of 0.1 to 0.6 cm2V-1 s-l at 300 

K [146]. Recently Bernasconi et al. [16] reported large anisotropy of drift mobility in BaTi03 and 

KNb03 . In BaTi03, they found for holes J.La/J.Lc = 19.6, where J.La and J.Lc are drift mobilities in a 

and c directions in tetragonal BaTi03 . It is possible that significant spread of the drift mobility 

values in BaTi03 reported in literature can be partially explained by the anisotropy of J.LD. 

Hall effect was measured on a single crystal purchased from MTI. For this crystal, the activation 

energy of conductivity in rhombohedral phase was similar to the crystal from Deltronic Crystal 

Industries, Inc. (i.e., E". = 0.090 eV). We performed Hall effect measurements of this crystal in 

the 120 K - 300 K temperature range. The data are presented in Figs. 6.5 and 6.6. Due to the 

low signal to noise ratio, the only reliable data were obtained on the rhombohedral phase. Fig. 6.5 

shows that the Hall constant decreases with temperature in the rhombohedral phase, indicating an 

increase in concentration of the charge carriers with an activation energy of 0.130 eV. 

The temperature dependence of the Hall mobility calculated from the resistivity and Hall constant 

is presented in Fig. 6.6. Hall mobility decreases with temperature in rhombohedral phase. At 120 

K and 220 K, Hall mobility equals ca. 9 cm2 /Vs and 2 cm2 /Vs respectively. This is in rather good 
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Figure 6.3: Temperature dependence of n and a in rhombohedral and orthorhombic phases 

agreement with the room temperature value of 1.2 cm2 /Vs reported by Berglund and Baer [14). 

Both Hall effect and thermoelectric power measurements suggest that concentration of the charge 

carriers increases with temperature in the rhombohedral phase. This increase may be attributed to 

the thermal ionization of oxygen vacancies which behave as donor impurities in reduced, undoped 

BaTi03 . As compared with thermoelectric power, Hall effect provides better agreement between 

the activation energy of conductivity and charge carrier concentration. 

Hence, one may conclude that in single crystal BaTi03 , the increase in conductivity in the rhom­

bohedral phase occurs due to the increase in concentration of charge carriers rather than temperature 

activation of drift mobility. In other words, the electron transport occurs via a conduction band 

rather than by a small polaron hopping. However, in the wake of the conduction band model, it is 

unclear why the conductivity increases with temperature in the tetragonal phase, where all charge 

carriers are already activated. It can be proposed that the change from conduction band transport 

to small polaron hopping occurs at the orthorhombic to tetragonal phase transition due to the slight 

increase in the lattice constants of BaTiO:1 . 
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Figure 6.4: Temperature dependence of drift mobility in rhombohedral and orthorhombic phases of 

single crystal BaTi03 . 

6.3.2 BaTi03 sintered at P02=lO-17 atm 

Fig. 6.7 shows the temperature dependence of resistivity of Bao.996 YO.004 Ti03 sintered at P 02 = 

10-17 atm. The resistivity of this sample was measured with a four-probe technique. Due to 

its low resistivity, it was imposible to measure the complex impedance of this sample in a wide 

temperature range. Only one spectrum was obtained at 77 K where the total resistivity of the 

sample had a value of 11 n cm (see Fig. 5.13). As revealed in Fig. 6.7, the resistivity of the sample 

sintered in strongly reducing conditions demonstrates a number of interesting features. First of all, 

p versus T dependence shows a hysteresis associated with the rhombohedral-to-orthorhombic phase 

transition at 190 K. The resistivity exhibits metallic-type behaviour (i.e., p rising with temperature) 

at temperatures below 100 K. In the temperature interval of 100 - 190 K, P gradually decreases by 

an order of magnitude reaching a minimum of 1 n cm at 200 K. An increase of resistivity by a factor 

of 3 is observed upon passing through the phase transition at 190-200 K. Finally, a small resistivity 

drop is observed at the orthorhombic-to-tetragonal phase transition at 260 K. Abrupt changes in p 

at the 190 K and 260 K phase transitions in BaTi03 have been reported earlier by several authors 

[140, 159, 130]; however, a change from semiconducting to metallic-type behaviour in n-type BaTi03 
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Figure 6.5: Temperature dependence of Hall constant and resistivity of single crystal BaTi03. 

below 100 K has not been observed before. This indeed, is quite unusual behaviour which is difficult 

to explain in terms of a small polaron model. Normally, for small polaron hopping transport, one 

would expect an increase in p with decreasing temperature. We consider that this metallic-like p 

versus T behaviour is a result of the high concentration of the charge carriers in heavily reduced 

BaTi03 . Theoretical treatment of the problem of polarons in heavily doped semiconductors was 

given by Mahan [302J. It was shown that in a many electron system interacting with a phonon 

system, the electron-electron interactions screen the electron-phonon interactions. At a certain 

concentration of charge carriers, this screening considerably weakens the polaron binding energy, 

Ep , which is twice the polaron hopping energy, EH [133]. It was suggested by Mahan [302] that 

metallic-like electrical properties may be observed in such heavily doped crystals at low temperatures. 

The mobility of polarons in such a system is no longer an activated process. In fact, this system no 

longer behaves as a polaron model, but rather as a degenerate free electron gas. It is quite possible 

that this scenario is realized in the strongly reduced sample in Fig. 6.7. 

The thermoelectric power of BClQ.996Yo.oo4Ti03 sintered at P02= 10-17 atm is shown in Fig. 

6.8. The negative Seebeck coefficient indicates that the major charge carriers are electrons. At 

temperatures below 100 K, the thermopower demonstrates metallic-type behaviour with a Seebeck 

coefficient slowly approaching zero as the entropy of the crystal decreases. An anomalous increase 
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Figure 6.6: Temperature dependence of Hall mobility of single crystal BaTi03 . 

in Seebeck coefficient by a factor of 5 is observed in the interval of 190 - 250 K. Using Eq. 6.3 and 

assuming A = 0, the value of Ti3+ at 200 K and 250 K was estimated to be 1.4x1021 cm-3 and 

2.6 x 1019 cm -3 respectively. Although this corresponds to a decrease in electron concentration by a 

factor of 50, the resistivity of the sample increased only by a factor of 3 (see Fig. 6.7). Obviously, 

this disagreement cannot be explained only in terms of conductivity change, unless an increase in 

the drift mobility is assumed at the rhombohedral to orthorhombic phase transition. One wonders if 

such a large change in concentration of the charge carriers at T=200 K could be confirmed by other 

techniques, for example, by a change of the polaron plasmon frequency in the electron energy loss 

spectrum. At this point it is difficult to explain the reason for the decrease in electron concentration 

with increasing temperature. It is interesting that an anomalous increase in Seebeck coefficient at 200 

- 250 K was observed only in polycrystals and not in reduced BaTi03 single crystals (see Fig. 6.2). 

At this stage, one can only speculate whether specific point defects with fairly large concentrations 

could be responsible for trapping of electrons at the temperature of the phase transition. 
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Figure 6.7: Temperature dependence of resistivity of the BaO.996 YO.004 Ti03 sample sintered at P O2 = 

10-17 atm. The resistivity was measured in both cooling and heating directions. These directions 

are indicated by arrows. 

6.3.3 BaTi03 sintered at P02=10-15 atm 

Ceramics sintered at higher oxygen pressure e.g., P02 =1O- 15 atm showed resistivity dependence 

typical of semiconductors (Fig. 6.9). The resistivity gradually decreases with temperature and 

no discontinous changes of resistivity were observed at the phase transitions. Thermoelectric power 

of the sample sintered at P02=10-15 atm is shown in Fig. 6.10. Similar to the heavily reduced 

sample, thermoelectric power increased by a factor of 3.5 in the temperature interval of 200 - 240 K 

corresponding to the temperature of the rhombohedral-orthorhombic phase transition. However, as 

shown in Fig. 6.9, the resistivity of the sample did not respond to an increase in the thermopower. In 

the temperature range of 80 - 150 K, thermoelectric power decreases with temperature, indicating an 

increase in the concentration of the mobile charge carriers. In the 250 - 300 K range, the thermopower 

slightly decreases, which again suggests an increase in the electron concentration. From resistivity 

and thermopower data, the drift mobility of this sample was calculated. The results are shown in 

Fig. 6.11. Providing that thermopower gives the correct estimate of the charge carrier concentration 

above 240 K, the drift mobility is calculated to be in the range of 0.15 - 0.22 cm2V-1 s-1 . At lower 

temperatures, /-LD decreases significantly because ofthe drastic change in thermopower, which leaves 



Chapter 6 95 

O~----------------------------------, 

-100 

-200 

Q 
--- -300 

~ 
(/.l 

-400 

-500 

-600+-~~--~~~~--~~-r~--r-~~~ 

o 50 100 150 200 250 300 350 

Temperature (K) 

Figure 6.8: Temperature dependence of thermoelectric power of the Bao.996 YO.004 Ti03 sample sin­

tered at P02= 10-17 atm. 

our values of Ji-D below 240 K in doubt. Nevertheless, based on the thermopower data, the drift 

mobility is temperature activated, which seems to be in agreement with the small polaron model. 

However, measurements of the Hall effect presented below, provided quite different results. 

Fig. 6.12 shows temperature dependence of the Hall constant, RH , and resistivity. A very 

important result is that the temperature dependence of these two variables is very similar. According 

to Seeger [303], the Hall constant is given by 

(6.4) 

where rHF:::; 1 is the Hall factor and n is the concentration of the free charge carriers. Hence, it is 

obvious from Fig. 6.12 that the change in resistivity at 100-300 K is attributed to the change in 

the concentration of the charge carriers. Another important result is that Hall measurements do 

not reveal any drastic change in the concentration of the charge carriers at 200 - 240 K, in contrast 

to thermopower data. From the Hall and resistivity data the temperature dependence of the Hall 

mobility was calculated. The results are shown in Fig. 6.13. The room temperature value of the 

Hall mobility (Ji-H ~ 0.3 cm2V-1s- 1
) is in good agreement with earlier published data 0.2 :S Ji-H :S 
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Figure 6.9: Temperature dependence of resistivity of the Bao.996 YO.004 Ti03 sample sintered at P 02 = 

10-15 atm. 

1.2 [14]. The temperature dependence of the Hall mobility below room temperature has not been 

studied before. Our results show that below room temperature, Hall mobility increases to 0.8 - 1.2 

cm2y-1s-1 at 170 K and than decreases to 0.6 cm2y-1s-1 at 100 K. 

It is worth mentioning that similar values of the Hall and drift mobilities were one of the strongest 

arguments for the band conduction model in BaTi03 [14, 146]. This has been resolved by Emin's 

'correlated small polaron hopping' model [147] in which drift and Hall mobilities do not have to 

differ significantly. A close correlation of the Hall constant and conductivity reported in this work 

obviously casts new doubts about applicability of the small polaron model in BaTi03 below 300 

K. Additional investigation of the Hall and Seebeck effects in high quality BaTi03 single crystals 

would be neccessary to draw an unequivocal conclusion about small polaron transport below 300 K. 

Certainly a better understanding of the kinetic transport term, A, is required in order to properly 

interpret the low temperature thermopower data. 

In conclusion, conductivity, Seebeck and Hall effects suggest that temperature activated conduc­

tivity in BaTi03 below 300 K is due to the change in electron concentration rather than temperature 

activated mobility. 
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Figure 6.10: Temperature dependence of thermoelectric power of the BaO.996 YO.004 Ti03 sample 

sintered at Po2 = 10-15 atm. 

6.3.4 Activation energy of grain bulk and grain boundary resistance 

Due to the higher resistivity of samples sintered at P02 = 10-15 atm, it was possible to apply 

complex impedance analysis to investigate the grain bulk and grain boundary properties. Fig. 6.14 

shows an example of complex impedance spectra obtained at different temperatures for a sample 

sintered at P02 = 10-15 atm. It is obvious from Fig. 6.14 that BaTi03 sintered at low P02 is 

electrically inhomogeneous. Two arcs representing grain bulk and grain boundary impedances are 

clearly resolved in the spectra. Assignment of the high frequency arc to the grain bulk impedance 

is confirmed by dielectric constant measurements shown in Fig. 5.15. The real part of the dielectric 

constant at high frequencies approaches E' of undoped BaTi03 (Fig. 5.15). These are the first 

measurements of grain bulk and grain boundary impedances of BaTi03 sintered at low Po2 • It 

has long been accepted that n-doped BaTi03 polycrystals sintered in reducing atmosphere have low 

grain boundary resistance since no PTCR effect is observed for these type of ceramics. As revealed 

by Fig. 6.14, this is not the case, i.e., the ceramic does contain resistive grain boundaries. Assuming 

that the grain boundary (GB) layer consists of BaTi03 (i.e., no second phase present), the thickness 
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Figure 6.11: Temperature dependence of the drift mobility of the Baa.996 YO.004 Ti03 sample sintered 

at P02= 10-15 atm. 

of the GB layer, dOB can be calculated as follows. The GB capacitance, GOB is given by 

1 
GOB=-----

21fROBfmax 
(6.5) 

where fmax is the frequency of the impedance arc maxima and ROB is the resistance of the GB. 

Then, assuming a simple brick model, dOB is given by 

(6.6) 

where A is the area of the sample, E is the dielectric constant of undoped BaTi03 (e.g., E = 400 at 

77 K), and n = lid (where l is the thickness of the sample and d is the average grain diameter). 

From Eq. 6.6, the thickness of the grain boundary layer, doB , of high resistance at 77 K equals 85 

± 5 nm. Regarding the nature of the grain boundary resistive layer, one should recall the defect 

chemistry of BaTi03 under reducing conditions [76, 71]. According to Chiang and Takagi [76], at 

low P 0 2' defects of the negative effective charge (e.g., acceptor impurities) will accumulate in the 

space charge region at the grain boundary. This would result in the formation of a resistive layer in 

the grain boundary region. 
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Figure 6.12: Temperature dependence of the Hall constant and resistivity of the Ba.996 Y.oo4Ti03 

sample sintered at P02= 10-15 atm. 

The effect of oxidative annealing at SOO , 1100 , and 1200 °e on the grain bulk and grain 

boundary resistance of BaTi03 ceramics was investigated. The temperature dependences ofthe grain 

bulk and grain boundary resistance were obtained from the complex impedance spectra measured 

at different temperatures. Figs. 6.15 - 6.1S show Arrhenius behaviour of grain bulk and grain 

boundary resistance of the as-sintered sample and samples post-annealed in air at SOO, 1l00, and 

1200 °e for 5 h. According to Figs. 6.15 - 6.1S, both grain boundary and grain bulk resistance 

increases with temperature of oxidation. After the oxidation at 1100 °e, RaB exceeds that of Ra 

in the whole temperature range of measurements. There is also another important trend in the 

Arrhenius plot, i.e., the activation energy of the grain bulk resistance remains essentially the same 

(e.g., 0.090 eV) independent of the postsinter treatment, but, the activation energy of the grain 

boundary resistance increases from 0.064 ± 0.002 eV for the as-sintered sample to 0.1l3 ± 0.002 eV 

for the sample oxidized at 1200 °e. The effect of oxidation on the grain bulk and grain boundary 

activation energies is summarized in Table 6.1. 

In conclusion, BaTi03 sintered at low P02 is electrically inhomogeneous. However, due to the 

high conductivity of this ceramic, it was possible to resolve the grain bulk and grain boundary 

properties only below 200 K (i.e., in the rhombohedral phase). It was found that the activation 
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Figure 6.13: Temperature dependence of Hall mobility of the Bao.996 Yo.oo4Ti03 sample sintered at 

Po2= 10-15 atm. 

energy of the grain bulk resistance, EB is very close to that of the single crystal, whereas ECB is 

sensitive to the oxidation treatment and increases from 0.064 ± 0.002 e V for the as-sintered sample 

to 0.113 ± 0.002 eV for the sample annealed in air at 1200 °C. It is this grain boundary resistive 

layer which is responsible for the PTCR effect at 120°C. 
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Figure 6.15: Arrhenius plot of grain and grain boundary resistivity of Bao.996 Y 0.004 Ti03 sintered at 

P02= 10-15 atm. 
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Figure 6.16: Arrhenius plot of grain and grain boundary resistivity of Bao.996 YO.004 Ti03 sintered at 

p 02 = 10-15 atm and oxidized in air at 800°C for 5 hours. 
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Figure 6.17: Arrhenius plot of grain and grain boundary resistivity of Bao.996 Y O.004 Ti03 sintered at 

P02= 10-15 atm and oxidized in air at 1100 °C for 5 hours. 
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Figure 6.18: Arrhenius plot of grain and grain boundary resistivity of Bao.996 Y 0.004 Ti03 sintered at 

P02= 10-15 atm and oxidized in air at 1200 °C for 5 hours. 

Table 6.1: Grain bulk and grain boundary activation energy of resistance of the BaTi03 rhombohe­

dral phase 

Treatment EE, eV EGE, eV Single crystal, e V 

As-sintered 0.089 ± 0.002 0.064 ± 0.002 0.092 ± 0.002 

800°C 0.090 ± 0.002 0.084 ± 0.002 

1100°C 0.090 ± 0.002 0.093 ± 0.002 

1200°C 0.091 ± 0.002 0.113 ± 0.002 
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Electron paramagnetic resonance 

of BaTi03 

7.1 Introduction 

A number of paramagnetic defects and defect complexes have been found in BaTi03 by the EPR 

technique. In addition to understanding the foundamental defect chemistry of Ba Ti 0 3 , investigation 

of these defect centers has also been driven by applications of BaTi03 such as in photorefractive 

devices [304) and positive temperature coefficient of resistivity (PTCR) ceramics [5, 6). 

According to the widely accepted Heywang model [1], the PTCR effect requires the presence of 

in-gap electron states at the grain interfaces or near the grain boundary [4). Some of these electronic 

states, having unpaired spin and apparently related to the PTCR effect, have been detected and 

analyzed by EPR [5, 98, 6, 7]. However, the correlation of EPR features to particular defect centers 

is not without controversy. Table 7.1 summarizes information about several paramagnetic centers 

observed in single crystal and polycrystalline BaTi03' 

In addition to the Mn2+ signal which is often observed in BaTi03 ceramics, Kutty et al. [5) 

and Hari et al. [98) detected EPR signals with giromagnetic constants of 1.997 - 2.00 and 1.963 -

1.97. Kutty et al. [5] assigned the g=1.997 feature to a barium vacancy and g=1.963 to a shallow 

donor center (e.g., Ti3+ associated with an oxygen vacancy). Kutty et al. [5] also observed an 

asymmetric signal with g=1.931 below 180 K, but did not comment on the origin of this signal. In 

contrast to Kutty et al., Er et al. [6] attributed the g=1.997 ... 2.00 signal to iron impurities rather 

than V~a and the g=1.963 ... 1.97 signal to TiH centers. Er et al. [6] have also reported that both 

Ti3+ and FeH signals increased above Tc = 120 DC. However, observation of Ti3+ and TiH_Vo 

signals at room temperature and above [5, 6) strongly contradicts the reports of German authors 

[305, 306, 94, 307]. Although, the latter investigations [305, 306, 94, 307] were performed on single 

104 
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Table 7 1: g-Values of several paramagnetic centers in BaTi03 

g-Value Defect center Temperature, K Reference 

1.907 ... 1.936 Ti3+ 4.2 ... 80 [305, 306, 94] 

1.899 ... 1. 938 Ti3+-Vo-K(Na) 4.2 ... 80 [94,307) 

1.920 ... 1.937 Ti3+ -Va 10 ... 80 [94] 

1.963 ... 1.97 Ti3+ 300 .. .423 [6) 

Ti3+ -Va 200 .. .400 [5,98) 

Ti3+ -Ln3+ 300 .. .400 [7) 

1.997 ... 2.0043 V Ea 70 .. .423 [5,98) 

Fe3+ 300 .. .420 [6) 

crystals, the g-values of Ti3+ and Ti3+ related centers were much lower (e.g., g = 1.899 ... 1.938) than 

that reported by Kutty et al. [5] and Er et al. [6). Moreover, according to a number of authors 

[130, 308, 305, 306, 94, 307), EPR signals of Ti3+ related defects could only be observed at low 

temperatures (typically 4.2 ~ 80 K) due to the short spin-lattice relaxation time. 

In the present work, the paramagnetic centers in polycrystals and single crystals prepared under 

oxidizing and reducing conditions were investigated. 

7.2 Experimental 

Samples of Bal~x Y x Ti03 with doping levels up to x = 0.008 and cation ratios of 0.98 :::; Ba/Ti 

:::;1.05 were prepared by conventional mixed oxide method. High purity starting reagents (BaC03 > 

99.9 %, TiOz > 99.99 %, Y20 3 > 99.99 % from Cerac, USA) were utilized. No sintering additives 

such as Alz03 or Si02 were used. The mixtures were calcined at 1150 °C. Special care was taken to 

avoid contamination of the pellets with iron during pressing. For this purpose, the circumference of 

the pellets was cleaned from iron residue using a fine sandpaper. The pellets were sintered either in 

air or in a redUCing atmosphere offorming gas (7% H2 and 93 % Ar) at 1380 °C for 3 h. The phase 

composition was examined by a Rigaku Geigerflex Dmax II diffractometer. In order to investigate 

the effect of oxidation on the chemistry of paramagnetic defects, several samples sintered in reducing 

atmosphere were oxidized in air at 800 °C, 1000 °C, 1200 °C and 1400 °C for 5 hours. In addition 

to the polycrystalline samples, an undoped BaTi03 single crystal was donated by Deltronic Crystal 

Industries, Inc. This crystal was reduced in forming gas at 1380 °C for 2 hours. After this treatment 

the coloration of the crystal changed from clear transparent to blue transparent. A thin surface 

layer of dark blue colour was removed with fine sandpaper. 
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EPR studies were performed at 77 K and at 295 - 430 K. Two X-band EPR spectrometers, 

JEOL JES-FA 100 and Bruker EMX 8/2.7 were used. The JEOL spectrometer was equipped with 

Mn2+ standard for accurate determination of giromagnetic constant. Ceramic samples were ground 

into powders. For quantitative analysis, the weight of the powdered samples was kept at 50 ± 1 mg. 

Measurements were performed in the frequency range of 9.4 - 9.8 GHz and at the constant microwave 

power of 2 mW. Analysis of the resonance spectra was conducted with WIN-EPR software. 

Briefly, the EPR resonance signal arises when the energy of the electromagnetic wave, hv, passing 

through the sample is equal to the Zeeman splitting, tlE, of the electron levels with high and low 

spin configurations, 

tlE = hv = g{-toH, (7.1) 

where {-to is the Bohr magneton, H is a magnitude of the magnetic field, and g is the giromagnetic 

constant. It is this constant that is specific for each paramagnetic defect. If the sample contains 

atoms with nonzero nuclear magnetic spin, then additional energy splitting may occur due to their 

interaction with unpaired electrons. 

7.3 Results and discussion 

7.3.1 Signal associated with n-type conductivity in BaTi03 

Polycrystalline samples sintered in a reducing atmosphere of forming gas had room temperature 

resistivity of ca. 2 n·cm. They did not show any PTCR effect at 120°C. The EPR spectra of 

Y-doped BaTi03 is shown in Fig. 7.1. The EPR spectrum of undoped BaTi03 sintered in reducing 

atmosphere was identical to that of the Y-doped sample at 77 K and 295 K. As revealed by Fig. 

7.1, the room temperature EPR spectrum of ceramics sintered in reducing atmosphere is featureless. 

Several paramagnetic defects are observed in the spectrum obtained at 77 K. Six sharp resonance 

peaks are due to the hyperfine splitting of the 55Mn isotope having a nuclear spin of 5/2. A weak 

signal with g = 1.974 is associated with an intrinsic point defect which is present in undoped and 

donor doped BaTi03 . The features of this defect and its identification are described in the next 

section. A broad asymmetric signal with giromagnetic constant of 1.932 is observed at 77 K only 

in conducting ceramics (either reduced or donor-doped). The signal with g=1.932 is absent in 

insulating ceramics sintered in air, which was either undoped or doped with more than 0.5 at% 

yttrium. Intensity of the g=1.932 signal decreases with oxidation of ceramics at high temperature in 

air (Fig. 7.5). It is obvious that a broad signal with g=1.932 is associated with n-type conductivity in 

BaTi03 ceramics. This signal most likely originates from several Ti3+ -related paramagnetic defects, 

such as TiH, TiH_Vo, TiH_Vo-K(Na), etc. These defects, having g-value in the range of 1.899 to 

1.938, have been observed and identified in single crystal BaTi03 [305, 306, 94, 307]. 
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Figure 7.1: EPR spectra of Bao.996Yo.oo4Ti03 sintered in reducing atmosphere of forming gas and 

acquired at 77 K and at 295 K. 

An analysis of the paramagnetic defects in reduced un doped single crystal was also performed in 

this study. In order to access the whole range of g-values, the sample was oriented with a magnetic 

field parallel to the [100] direction. The sample was then rotated by 360° while acquiring signals 

in 5° increments. This approximated the situation which occurs in polycrystals where g-values are 

averaged over all possible orientations. As illustrated in Fig. 7.2, several intense signals with g ::; 2.0 . 
appeared in the BaTi03 EPR spectra after reduction. Also a strong, high symmetry g =2.006 signal, 

observed in the unreduced crystal, disappeared after reduction. The g-values for several strong EPR 

signals observed in reduced single crystals are plotted with respect to the angle of rotation in Fig. 

7.3. For two of the signals, the g-values varied in the range of 1.904 to 1.958 and for the third signal, 

the g-value varied in the range of 1.903 to 2.001. The latter signal is most likely attributed to the 

Fe - Vo or Pt-V ° complexes reported by Possenriede et al. [309]. The former two signals with 

averaged g-value of 1.931 are attributed to Ti3+ related complexes (e.g., TiH, TiH_y, TiH_VO, 

Ti3+-Vo-K(Na)) since their g-values are close to those reported by Scharfschwerdt et al. [94]. 
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Figure 7.2: An example of EPR spectra of a) unreduced and b) reduced BaTi03 single crystals 

measured at 77 K. The spectra shown are only for one orientation of the crystal. 

7.3.2 EPR signals with g = 1.974 and g = 2.004 

In BaTi03 sintered at low oxygen partial pressure, the g = 2.004 signal is absent. A weak signal 

with g = 1.974 can be seen at 77 K. However, this signal is not detected in the spectra obtained 

above 295 K (see Fig. 7.1). Fig. 7.4 shows that the intensity of both g = 2.004 and g = 1.974 signals 

increases with oxidation of reduced BaTi03 ceramics in air at high temperatures. Kutty et al. [5] 

and Er et al. [6] assigned the g = 1.974 signal to Ti3+ and Ti3+-Vo, respectively. If this were the 

case, then ceramics sintered in reducing atmosphere, having the largest concentration of Ti3+ and 

Ti3+ -V 0, would have the strongest intensity of the g = 1.974 signal. This is in contrast to what is 

observed in our samples; the g = 1.974 signal is absent from the room temperature EPR spectrum 

in Fig. 7.1. It only appears after oxidation of ceramics in air. Moreover, signals with g = 2.004 and 

1.974 have been detected in undoped, insulating BaTi03 as will be discussed below. Hence, it can 

be concluded that neither g =1.974 nor g =2.004 signals are associated with the Ti3+ center. 

The effect of oxidation on the EPR features of the polycrystalline BaTi03 rhombohedral phase 

is shown in Fig. 7.5. It is found that the intensity of the g = 1.932 signal decreases with oxidation 

temperature, whereas the intensity of the g = 1.974 and g = 2.004 signals increases with oxidation. 
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Figure 7.3: Dependence of the g-values of several paramagnetic defects of reduced BaTi03 single 

crystal measured at 77 K. 

As revealed by Fig. 7.5, the g = 1.932 signal disappears in Y-doped ceramics oxidized at 1400 

°C for 5 hours. The effect of donor dopant concentration on the intensity of EPR signals at g 

= 1.932, g = 1.974 and g = 2.004 was further investigated. Fig. 7.6 shows the EPR spectra of 

Bal-x Y x Til.O! 0 3 ceramics with x = 0.0005, 0.002, 0.004, 0.006, 0.008 sintered in air. At low donor 

dopant concentration (x :; 0.004), the intensity of the g = 1.932 signal increases and the intensity 

of the g = 1.974 and g = 2.004 signals decreases. However, at higher donor dopant concentrations, 

the g = 1.932 signal disappears while the g = 2.004 signal achieves the highest intensity in the 

rhombohedral phase. 

According to the defect chemistry of BaTi03 [64], at low P02 the donor dopants and oxygen 

vacancies are compensated by electrons, whereas at high P 02' the excess positive charge of donor ions 

is compensated by cation vacancies. Subbarao and Shirane [100] and Hwang and Ho [89] suggested 

that both barium and titanium vacancies compensated the donors. Daniels and Hardtl [64] favored 

barium vacancy compensation, whereas Jonker and Havinga [95], Chan et al. [101], Millet et al. 

[102]' and Makovec [97] proposed that at high doping levels (above 1 at%), donors were compensated 

by titanium vacancies. 

In order to find out whether the g = 1.974 and g = 2.004 signals are related to cation vacancies, 

the effect of Ba/Ti ratio was studied. It was found that the g = 1.974 signal is sensitive to deviations 

from Ba/Ti stoichiometry. As revealed by Fig. 7.7, the g = 1.974 signal is completely suppressed 
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Figure 7.4: Room temperature EPR spectra of a) BaO.996 YO.004 Ti03 sintered in a reducing atmo­

sphere of forming gas and annealed in air at b) 1000 °C, c) 1200 °C, d) 1300 °C, and e) 1400 °C for 

5 hours. 

at Ba+ Y /Ti ~ 1.03. The XRD analysis of Ba+ Y /Ti = 1.03 sample revealed the presence of a 

barium-rich second phase (Le., Ba2Ti04). No g = 1.974 signal was detected either in rhombohedral, 

or in tetragonal and cubic phases. Hence, it can be concluded that at ratios of Ba+ Y /Ti ~ 1.03, the 

defect associated with the g = 1.974 signal is absent in BaTi03 ceramics. These observations are in 

contrast to those of Kutty et al. [5], who reported that the g = 1.974 signal is insensitive to Ba/Ti 

ratio whereas the g = 2.004 signal can be suppressed at Ba/Ti = 1.07. In fact, the present results 

have shown that the g = 2.004 signal is nearly independent of Ba/Ti ratio (Fig. 7.7). At this point 

we cannot explain these differences. However, based on our results, the g = 1.974 signal can be 

assigned to the singly ionized barium vacancy and the g = 2.004 signal can be tentatively assigned 

to the titanium vacancy, although Er et al. [6] attributed g = 2.004 to Fe3+. Indeed, iron impurities 

in BaTi03 have g-values close to 2.00 [309]. However, as was recently revised by Glinchuk et al. [7], 

Fe3+ and Fe3+ -Vo also demonstrate resonances at g = 6.26, 5.549, 2.47, 2.00, 1.62. We observed 

iron in several of our samples which were accidentally contaminated with iron from the steel pressing 

die. An example of the EPR spectrum of BaTi03 containing Fe3+ and Fe3+ -V 0 complex defects is 

shown in Fig. 7.8. Thus, we agree with Kutty et al. [5] in that the g = 2.004 center is not an Fe3+ 

impurity, but an intrinsic defect which develops in BaTi03 at high P O 2 to compensate for donor 

dopants. Based on the defect chemistry of BaTi03 , it is most probable that the g=2.004 signal 

originates from a titanium vacancy with unpaired electron spin, e.g., V~i or V,f:. 
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Figure 7.5: EPR spectra of a) Bao.996 Yo.oo6Ti03 ceramics sintered in reducing atmosphere of forming 

gas and annealed in air at b) 1000 °e, c) 1200 °e, d) 1300 °e, and e) 1400 °e for 5 hours. All 

spectra were taken at 77 K. 

7.3.3 Temperature dependence of EPR features 

The temperature dependence of paramagnetic defects provides additional insight into the point 

defect chemistry of BaTi03 . Normally one would expect the decrease in intensity of the EPR 

signal with temperature due to the decrease in the difference of the high and low spin populations 

[310]. However, BaTi03 undergoes several phase transitions at which the change in spin-lattice 

(or spin-spin) relaxation time, oxidation state, or low-to-high spin configuration may occur. These 

changes may affect the EPR intensity of the point defects present in BaTi03. The experimental 

setup used in this study did not allow us to measure the temperature dependence of EPR spectra 

in the rhombohedral phase. These spectra were measured only at 77 K. At this temperature, the 

paramagnetic defects with g-values of 2.004, 1.974, 1.932, as well as the Mn2+ sextet were detected. 

At 295 K, the EPR spectrum of yttrium doped BaTi03 sintered in air contains the g = 1.974 

signal and a weak asymmetric signal at g = 2.004 as shown in Fig. 7.4. The EPR spectrum of 

nominally undoped, inSUlating BaTi03 contains weak signals with giromagnetic constants of 2.004 
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Figure 7.6: EPR spectra of Bal-x Y x Til.Ol 0 3 ceramics with x = 0.0005, 0.002, 0.004, 0.006, 0.008 

sintered in air. All spectra were obtained at 77 K. 

and 1.974. At T= 393 K, an anomalous increase of the g = 2.004 and Mn2+ signals are observed in 

both undoped and yttrium doped ceramics as shown in Figs. 7.9 and 7.10. As revealed by Figs. 

7.9 and 7.10, in the cubic phase, the g = 2.004 signal becomes symmetric. The intensity of the 

g = 1.974 signal at the phase transition slightly increases, and the signal becomes narrower. The 

change in intensity of the g = 2.004, g = 1.974, and Mn2+ signals at 390 - 420 K occurred reversibly, 

indicating that they are associated with tetragonal-to-cubic phase transition at Tc = 393 K. The 

main question is why the intensity of these signals increases in the cubic phase and whether it is 

related to the PTCR effect. There are at least three possible reasons for the change in intensity at 

phase transition, namely 

.. Change in the oxidation state of the defect 

.. Change in the electron spin configuration from low to high. 
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Figure 7.7: Room temperature EPR spectra of BaYo.oo4Ti03 ceramics for a) Ba+Y/Ti = 1.03, b) 

Ba+ Y /Ti = 1.02, and c) Ba+ Y /Ti = 1.00. The samples were sintered in air. 
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Figure 7.8: Room temperature EPR spectra of Ba YO.004 Ti03 ceramics containing Fe3+ impurity. 
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Figure 7.9: Temperature dependence of EPR spectra of BaYo.004Ti03 ceramics in tetragonal and 

cubic phases. 

" Change in the spin-lattice relaxation time. 

Kutty et al. [5] and Hari et al. [98] proposed that the increase in the intensity of the g = 2.004 

signal occurs due to the change in the ionization state of the barium vacancy according to V;a + 
e = V~a' Similar arguments were applied to explain an increase in Mn2+ signal. It was assumed 

[98] that in the tetragonal phase, Mn exists in Mn3+ form which is EPR silent. In the cubic phase, 

a change in oxidation state from Mn3+ to Mn2+ was proposed, according to Mn3+ + e = Mn2+. 

It has been further elaborated that these changes are responsible for the PTCR effect in BaTi03 

ceramics [5, 98]. 

On the other hand, Er et al. [6] proposed that the change in Mn2+ intensity is associated with a 

transition from the low spin (t2g)5 configuration in the tetragonal phase to the high spin (t2g )3(eg)2 

configuration in the cubic phase. However, according to Cox [311], in metal halides and oxides, the 

intra-atomic exchange interaction is more important than the ligand field splitting, and therefore 
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Figure 7.10: Temperature dependence of EPR spectra of undoped polycrystalline BaTi03 sintered 

in air at 1380 ac. 

electrons will always occupy the high-spin configuration. If, however, an increase in the Mn2+ signal 

was indeed associated with the low-to-high spin transition, then this effect would be observed in 

ceramics sintered at both low and high P 02' As demonstrated in Fig. 7.11, ceramics sintered at low 

P O2 do not show an increase in the Mn2+ signal above T c = 393 K. This does not seem to be due 

to the difference in concentration of Mn2+ ions since, as revealed by Fig. 7.5, at 77 K an intensity 

of the Mn2+ signal is nearly the same for ceramics sintered in forming gas as that oxidized at 1400 

ac. Thus the hypothesis of a transition of Mn2+ from low-to-high spin configuration at Tc has to 

be ruled out. 

Similar experimental arguments apply against the hypothesis of Hari et al. [98] who proposed 

that the change from high to low oxidation state of the manganese ion is responsible for an increase 
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Figure 7.11: EPR spectra of tetragonal and cubic BaYo.oo4Ti03 polycrystal sintered in reducing 

atmosphere. 

of the Mn2+ signal above 393 K. It seems reasonable to expect that the ceramic sintered at low P O 2 

has the highest concentration of Mn2+, yet we don't observe a Mn2+ signal in this ceramic above 

393 K (see Fig. 7.11). 

Thus it is proposed that the Mn2+ signal observed above 393 K originates from a complex defect 

such as Mn2+ - VTi or Mn2+ - Vlfa. This defect is formed in BaTi03 ceramics at high P02 • The spin­

lattice relaxation time of this defect must be different from that of a single Mn2+ defect. A change 

in the spin-lattice relaxation time at the tetragonal-to-cubic phase transition may be responsible for 

an increase in the EPR intensity of this defect above 393 K. 

As for the change in intensity of the g = 2.004 signal above 393 K, Er et al. [6] proposed 

that this is due to the vanishing of spontaneous polarization. In order to investigate the effect of 

spontaneous polarization on the intensity of EPR signals, several BaTi03 single crystals which were 

either insulating or n-type semiconducting were examined. None of the crystals showed an increase 

in the EPR signals above Te. In fact, all EPR signals demonstrated the usual behaviour, i.e., their 

intensity decreased with temperature as demonstrated in Fig. 7.12 which also shows the shift of 

the EPR signals towards g = 2.00 value due to the decrease in the effect of the tetragonal crystal 

field splitting. It can be concluded that paramagnetic defects present in polycrystalline BaTi03 

have a different nature than that observed in a single crystal. If spontaneous polarization was the 

only reason responsible for a change in intensity of the EPR signals, then similar behaviour would 

be expected in both. The reason for an increase in the g=2.004 signal in the cubic phase might be 
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the same as in case of Mn2+, namely the change in the spin-lattice relaxation time. However, the 

change in the population of the defect with the g=2.004 signal cannot be excluded completely. 
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Figure 7.12: EPR spectra of undoped single crystal BaTi03 . 

Finally, let us examine the possible relation between the change in intensity of the g=2.004 and 

Mn2+ signals and the PTCR effect. Figs. 7.13 and 7.14 show the temperature dependence of the 

double integrated intensity of the g=2.004 and Mn2+ signals plotted together with the resistivity of 

V-doped ceramics sintered in air at 1380 °C. A sharp increase in the intensity of the g=2.004 and 

Mn2+ signals occurs at ca. 100 DC. At 120°C, the intensity of these signals reaches the maximum 

value. An increase in the resistivity of polycrystalline samples starts near 95 DC and has the steepest 

slope at 125 DC. As was mentioned above, Kutty et a1. [5] attributed the change in the g=2.004 

signal to the ionization of a neutral barium vacancy by trapping an electron according to 

(7.2) 

This process would yield a decrease in the concentration of the charge carriers above T c manifested 

by the PTCR effect. However, as revealed in Fig. 7.10, a similar increase of the g=2.004 as well as 

Mn2+ signals occurs in undoped, insulating BaTi03 with a specific resistivity of ca. 1 x lOlOn·cm. 

Owing to a very low concentration of electrons in insulating ceramics (e.g., n ~ 1010 cm-3 ), the 

change in the concentration of the ionized barium vacancies in undoped BaTi03 according to Eq. 

7.2 would not be high enough to be detected by the EPR technique. Moreover, the change in the 

EPR intensity does not seem to correlate well with the change in resistivity. As demonstrated in 
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Figure 7.13: Temperature dependence of the double integrated intensity of the g=2.004 signal and 

resistivity of BaY 0.004 Til .Ol 0 3 sample 
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Figure 7.14: Temperature dependence of the double integrated intensity of the Mn2+ complex center 

and resistivity of polycrystalline Ba YO.001 TiLOl 0 3 

Figs. 7.13 and 7.14, an increase in intensity of the EPR signals occurs 20 DC below an increase in 

the resistivity of ceramics. Thus, although point defects such as, V~a' V;;, Mn2+ playa crucial role 
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in the PTCR effect, there is no sufficient evidence for a change in oxidation state of VBal VTi, and 

Mn2+ above T c. 

7.4 Conclusions 

In conclusion, several paramagnetic point defects in BaTi03 polycrystals were detected and identified 

using the electron paramagnetic resonance technique. Polycrystals sintered in reducing atmosphere 

showed a strong broad signal with giromagnetic constant of 1.932 - 1.934. This signal, observed only 

in conducting ceramics, was assigned to Ti3+ and Ti3+ related complexes. Signals with g=1.974 

and g=2.004 were attributed to intrinsic point defects (V Ba and VTi). The EPR intensity of these 

defects increases with oxidation of ceramics at T > 1000 °C. Formation of the V Ba and V Ti signals 

in EPR spectra of oxidized ceramics correlates with appearance of the PTCR effect. Hence, it is 

justified that these defects are the source of the in-gap electron traps in PTCR ceramics. At donor 

dopant levels of 2:0.3 at%, the concentrations of VBa and VTi defects show a good agreement with the 

defect compensation mechanism of donor doped BaTi03 [101, 89, 64, 95]. However, small amounts 

of VBa, and VTi defects were detected in undoped BaTi03 ceramics. This observation is contrary 

to the generally accepted model of undoped BaTi03 where only oxygen vacancies were allowed to 

compensate the acceptor impurities at high P 02 [99]. 
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Current-voltage dependence of 

n-doped BaTi03 

8.1 Introduction 

Although BaTi03 based positive temperature coefficient (PTC) thermistors have been widely used 

for a number of years [312], the nature of the positive temperature coefficient of resistivity (PTCR) 

effect in n-type BaTi03 is not altogether clear [152]. One of the open questions about PTCR 

behavior is a satisfactory interpretation of the current-voltage, j (V), characteristics of this material. 

This issue has been addressed by a number of authors. However, their conclusions have been 

rather contradictory. Heywang [1] explained the j(V) dependence in light of thermionic emission of 

electrons over the double-Schottky barrier (DSB). According to Heywang, the current density in the 

paraelectric phase should obey the exponential dependence: 

. ( eV ) 
J ex exp 2kBT (8.1) 

However, the experimental j(V) dependence has turned out to be less steep than given by Eq. 

8.1 [313]. Failure to observe exponential j (V) dependence has prompted a search for alternative 

models. By taking into account the low mobility of electrons in BaTi03, Mallick and Emtage [11], 

and later Kulwicki and Purdes [8] suggested diffusion current through the grain boundary (GB) 

as an explanation of j(V). Space-charge-limited-current (SCLC) in PTCR BaTi03 was reported 

by MacChesney and Potter [314] and later by Nemoto and Oda [10]. Kvaskov and Valeev [9], on 

the other hand, explained j(V) characteristics of Ce-doped BaTi03 in terms of the Frenkel-Poole 

emission model [315]. The interest in j(V) behaviour of PTCR BaTi03 has been revived recently 

by Kuwabara et al. [151]. They proposed that electron transport through the grain boundary is 

controlled by a trap-filled-limited-current (TFLC). 

120 
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In this Chapter, the current-voltage characteristics will be analyzed in terms of existing models 

of electron transport in PTCR BaTi03. Special attention is given to the electric field dependence 

of the population of the interface electron states. It is shown that interface states cause pinning of 

the Fermi level at the grain boundary. This leads to partial stabilization of the interface potential 

barrier and, consequently, alters the shape of the j (V) curves considerably. 

8.2 Experiment 

Two samples of approximately similar grain size were used in this experiment. Sample A of compo­

sition Bao.996 Yo.oo4Til.Ol 0 3 was prepared as follows. Reagent-grade powders of BaC03, Ti02 , and 

Y 203 were weighed in appropriate proportions, vibromilled in N algene bottles with alcohol and Zr02 

grinding balls. The dried mixture was then calcined at 1300 DC in forming gas (5% H2 / 95% Ar) for 

2 hours, pressed into pellets and sintered in air at 1320 DC for 0.5 hour. Sample B, of composition 

Bao.69SrO.3 Yo.oo4Th.Ol 0 3 doped with 0.03 mol % MnO was provided by Prof. A.G. Belous from 

the Institute of General and Inorganic Chemistry in Kyiv, Ukraine. For grain size determination, 

the samples were polished and thermally etched. The SEM images of samples A and B are shown 

in Fig. 8.1. The average grain size, determined by the linear intercept method, was 3.81 and 3.42 

Figure 8.1: SEM images of samples A and B. The white bar indicates 10 /-l m. 

/-l m for samples A and B, respectively. Stable ohmic contacts were obtained by electroplated Ni 

electrodes, annealed at 350 DC in air. Current-voltage characteristics were measured by means of a 

programmable power supply (Keithley 237 High Voltage Source, Keithley Instruments, Inc.) using 
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short voltage pulses of 2 ms to prevent Joule heating of the samples during measurements. The 

temperature was accurate to within ± 1 °C and the resistivity to within 1 %. 

8.3 Results and discussion 

The low electric field resistivity of samples A and B is plotted against temperature in Fig. 8.2. Both 

102+-~-'--~.-~--.-~-r-'--'-'--'--~ 
o 50 1 00 150 200 250 300 350 

Temperature (oC) 

Figure 8.2: Temperature dependence of resistivity of samples A and B. Arrows indicate the temper­

atures where j(V) characteristics were measured. 

samples show a typical PTCR effect with a resistivity increase of 3 orders of magnitude for sample 

A and 6 orders of magnitude for sample B which contains Mn. The significant increase in resistivity 

jump is attributed to doping with Mn, as found by others [316]. According to the Heywang model 

[1], such an increase is explained by the deeper localization of grain boundary (GB) electron states 

in the band gap of BaTi03 . This is consistent with an observed increase in the activation energy, 

Ea, of resistivity above T Pmax' The Ea values were obtained from the Arrhenius dependence of the 

resistivity data in the high-temperature NTCR region in Fig. 8.2. These are 0.40 eV and 0.87 eV 

for samples A and B, respectively. The j(V) dependencies were measured above and below TPma. 

in the temperature range 145 - 330°C with the temperature of measurement indicated by arrows in 

Fig. 8.2. A double logarithmic plot of the current density against the voltage drop per GB is shown 

in Fig. 8.3. When the voltage drop is below 0.04 V per GB, both samples satisfy Ohm's law. At 
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Figure 8.3: The j(V) characteristics of samples A and B measured at various temperatures. 

higher values of VGB, the current increases progressively more with increase in voltage. In the high 

VGB region, the current increases more steeply with decreasing temperature for both samples A and 

B except at 145°C for sample B. The last may be due to unavoidable overheating of the sample at 
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low temperatures. The results are now discussed in the light of various electron transport models. 

8.3.1 Space charge limited current model 

According to the space charge limited current (SCLC) model for an insulator without traps, the 

current density obeys Child's law [317] 

(8.2) 

where c is the dielectric permittivity, I-l the drift mobility of electrons, w the thickness of insulator 

layer, and V the voltage drop across the layer. According to the SCLC model, as given by Eq. 

8.2, j is proportional to V 2 . The experimental data in Fig. 8.3 show that j is not proportional to 

V 2 over any significant range of voltage. Moreover, the slope of the j(V) plot in Fig. 8.3 in the 

nonohmic region is not the same at different temperatures. However, from Eq. 8.2, it is obvious 

that temperature should not affect the slope of the j(V) dependence plotted in a log-log scale. Yet, 

a distinct effect of temperature on the slope of j (V) characteristics is still observed when plotted in 

this way, which seems to conflict with the consequences of the SCLC model. Jonker [157] pointed out 

a futher limitation of the SCLC model without traps, namely that it results in an extremely large 

Debye length, LD, in n - i - n BaTi03 . For an i layer in BaTi03 , the value of the LD may easily 

extend to the length scale of a meter, unless a low-c interphase layer is present between BaTi03 

grains. 

An already known alternative to the simple SCLC model for n-type BaTi03 is the trap-filled 

limited current (TFLC) model [10], which is a specific case of SCLC model influenced by electron 

traps. The presence of the negative space charge in GB layer due to the trapped electrons will 

decrease the Debye length, making the n - i - n structure in PTCR BaTi03 possible. In general, 

both shallow and deep electron traps can give rise to the TFL current [317]. However, the j(V) 

behaviour preceding the onset of TFLC is found to be different for these two types of traps. In 

the case of shallow traps (i.e., trap energy, Et , lying above the Fermi level E p) the current density 

follows the modified square law [317]: 

(8.3) 

before the onset of the TFLC. The parameter 8 = n/nt, in Eq. 8.3, designates the ratio of the free 

electron concentration, n, in the i layer to the concentration of electrons trapped in shallow traps, 

nt. As the voltage increases, the Fermi level would cross the energy of the shallow traps which 

would result in a rapid increase of TFLC. At higher voltages, as soon as all traps are filled, the 

current again obeys the square law as given by Eq. 8.3 but with a finite and constant value of 8. 

Fig. 8.3 did not demonstrate square law dependence over the significant voltage range prior to the 

rapid rise in current. Thus it can be concluded that the TFLC model controlled by shallow traps 

does not adequately describe the j(V) characteristics of the PTCR BaTi03 . If deep traps were to 

form, i.e., when E t is below Ep, two situations may occur. Since only unoccupied electron traps 
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can contribute to TFLC, no TFLC will result if the traps are several kBT below the Fermi level. In 

this case the current will be proportional to V 2 as in Eq. 8.2. If, however, E t is close to EF, the 

remaining concentration of unoccupied electron traps will give rise to TFLC. The TFLC region in 

this case should appear immediately after the ohmic region. At higher voltages, TFLC is expected 

to be followed by the square law dependence after all traps are filled. In the PTCR region below 

T P=a,' all deep traps are populated and thus j ex: V 2 should be observed. Around T P7na, , the Fermi 

level at the grain boundary approaches Et and, according to the Fermi-Dirac statistics, a certain 

population of the traps becomes unoccupied. This creates favorable conditions for the appearance 

of TFLC. Accordingly, for the TFLC model with deep traps, we expect j ex: V 2 at T < T Pm-a, and 

TFLC to dominate at T ~ Tprr.a,' The data in Fig. 8.3, however, do not confirm this behavior, i.e., 

at T < T Pm-a. the current does not increase with V 2 and the slope of the j - V curve is much higher. 

When the temperature exceeds T Pma. , the slope becomes less, thus implying no effect of unoccupied 

electron traps on the TFLC above T P=ax' This analysis of the data in terms of the SCLC and TFLC 

models fails to explain nonlinear j(V) characteristics in samples A and B. It may be argued that the 

variation of the parameters w, nt, and E of Eq. 8.3 for individual GB layers can hinder the j ex: V 2 

dependence in polycrystalline samples. However, the known j(V) measurements on individual GB 

in PTCR BaTi03 [10, 151, 149] have also been found to contradict the above mentioned behaviour. 

8.3.2 Frenkel-Poole effect 

. Kvaskov and Valeev [9] reported another interesting type of j(V) behaviour in PTCR BaTi03 . 

Their high-field conductivity data obeyed the Frenkel-Poole dependence in both PTCR and high 

temperature NTCR regions. In case of Frenkel-Poole dependence [315], the conductivity increases 

as a result of the electric-field-assisted thermal ionization of a Coulombic center. Based on a simple 

one-dimensional model, the field effect on conductivity is described by [315] 

(8.4) 

and 

(8.5) 

where 

{1f3 

(3-
7rEEo 

(8.6) 

and 0"0 is the low-field conductivity, E is the electric field in the GB layer of thickness w, e is the 

electronic charge, E is the dielectric permittivity of the sample and Eo that of the vacuum. The low 

temperature conductivities of several materials e.g. Si, Si02 , Alz03 and Ta205 [318,319] have been 

successfully described by Eq. 8.4. However, as seen from Fig. 8.4, the normalized conductivity 

of our samples in the measured voltage range does not follow a straight line when plotted against 
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Figure 8.4: Voltage dependence of normalized conductivity (5/(50 for samples A and B measured at 

various temperatures. 

ylVGB. Hence the Frenkel-Poole effect in our PTCR samples may not be present or is hindered by 

other effects. 
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8.3.3 Small radii polaron transport in BaTi03 

Observation of low electron mobility and an optical-absorption maximum at 0.6 eV has led a long­

standing discussion regarding the nature of electron transport in n-doped BaTi03 . In particular, 

the question of whether the charge carriers in n-doped BaTi03 are small polarons [78] or conduction 

band electrons [14]. In the polaronic scheme, the conductivity results from electron hopping between 

the titanium ions whose valence may change from site to site according to the formula: Ti4+ + e­

= Ti3+. The temperature dependence of zero-bias polaronic-type conductivity is given by 

3/2 (EA ) 
(J = T- en/1oexp - kB T ' (8.7) 

where /10 is the polaron mobility and EA is the thermal activation energy of a small polaron hop. To 

analyse j (V) data according to the polaron model, the formalism proposed by Bottger and Bryksin 

[320] for small polaron transport in a strong electric field was employed. The electron current is 

given by the difference in the hopping probabilities forward, P +, and backward, P _, in the electric 

field E 

(8.8) 

where a is the nearest-neighbour distance (a = 4.01 A) for BaTi03 above 120°C, and n is the small 

polaron density. The activation energy, EA, for hopping probability decreases in the electric field 

according to, 

(8.9) 

and, following Efros [321) the final expression for the current density has a form 

. en (( eaE)2 ). (eaE) 
J = 2-;;Dexp 16EAkBT smh 2kBT ' (8.10) 

where D is the diffusion coefficient of small polarons. The limits of applicability of Eq. 8.10 are 

determined by the exponential term. At high field (eaE ~ 4EA), the polaron well collapses and one 

may not refer to polaron localisation at a lattice site. Since one may assume that the entire voltage 

drop occurs at GB in the PTCR range, the electric field, E, may be expressed as E = VoB/w 

where VOB is voltage drop per single GB and w is a thickness of depletion layer. Hence, for hopping 

conductivity, a plot of j against sinh(aVoB) where a = ea/2wkBT, should be a straight line. Fig. 

8.5 shows an attempt to fit j(V) data to the polaronic model for sample B at 330°C. Although a 

good fit is observed for almost two decades of j, it was achieved at the expense of an unrealistically 

high value of a = 3.9 at which the whole GB voltage drops at a distance of ca. 7.5 A. This value, 

however, is at least two orders of magnitude smaller than typical depletion layer widths for PTCR 

ceramics reported from capacitance measurements [270]. Analysis of Eq. 8.10 for real values of 

depletion layer widths (e.g., 100 nm - 400 nm) suggests that polaronic-type behaviour of the j(V) 

characteristics will not be observed until a voltage drop of ca. 60 V per GB is reached. 
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Figure 8,5: Polaronic fit of j(V) dependence of sample B at 300°C, a= 3.9. 

8.3.4 Double-Schottky barrier model 

In his original model, Heywang [1] explained the PTCR effect in terms of temperature dependent 

double-Schottky barriers formed at the grain boundaries of BaTi03 ceramics, These barriers are 

seen to originate from the negative charge of the interface electron states, 

Depending on the thickness of the DSB depletion layer, w, and electron mean free path, l, two 

different models of electron transport have been put forth: (i) the diffusion model, which is for the 

condition, l «: w, and (ii) the thermionic emission model for the condition, > w, The current 

densities through the single DSB are given by [8] 

J' = J.mecp(V) exp (_ ecp(V)) [1 - exp (_~)] 
w kBT kBT (8,11) 

for the diffusion model, and [13] 

(8.12) 

for the thermionic emission model, where A * is the effective Richardson constant, T the absolute 

temperature, f1 the drift mobility of electrons, n the free electron concentration, EF the Fermi energy, 

V the voltage drop across a single GB, and cp(V) the voltage dependent height of DSB. Both models 

predict a thermally activated current through GB. Even though the diffusion model gives similar 

results, it is instructive to analyze the data in terms of a thermionic emission model as follows. 
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For the DSB model at V = 0, the barrier height, <Po, at the interface is given by 

Q6 
<Po = ---, 

8c:c:oen 

129 

(8.13) 

where Qo is the zero voltage interface charge. The interface charge is related to the density of the 

occupied interface states by 
00 

Q = e ! Nt(E)f(E)dE, (8.14) 

Ev 

where Ev is the energy at the top of the valence band, f(E) is the Fermi-Dirac distribution function 

and Nt(E) is the density of the interface states (DOS) function. In general, to take into account the 

intrinsic electron states present at the neutral interface, the integration in Eq. 8.14 should proceed 

from the Fermi level of the neutral interface [13]. In case of the single energy interface states with 

energy E t below the conduction band, the DOS function in Eq. 8.14 becomes 

(8.15) 

where Nt is the total density of the interface states and c5(E) is the Dirac c5-function. The result for 

the interface charge is 

[ (
EF' t - Et)]-l 

Q = eNt 1 + exp '~:T ' (8.16) 

where EF,int is the energy of the Fermi level at the interface. Hence, to obtain the values of Q and 

<p, the exact value of the EF,ini should be known. For zero voltage, the Fermi level at the interface 

coincides with that in the bulk 
n 

EF,int = kBTln Nc - e<po, (8.17) 

where kBTln(njNc) is the energy of the Fermi level in the bulk, EF, and Nc is the electron density 

of states in the conduction band (Nc = 1.56 x 1022 cm-3 for BaTi03 [322]). As illustrated in Fig. 

8.6 for nonzero voltage, the quasi-Fermi-Ievel at the interface, EF,int, is lowered with respect to that 

of the bulk by an amount of ~EF(V) so that 

n 
EF,int = kBTln Nc - e<p(V) - ~EF(V)' (8.18) 

The value of ~EF(V) is determined by the detailed balance between electrons emitted and electrons 

trapped at the interface. For thermionic emission, it is given by [323] 

D..EF = kBTln (I ) . 
l+exp -~ 

kBT 

2 
(8.19) 

According to Eq. 8.19, ~EF = 0 at zero voltage and D..EF = kBTln2 when eVjkBT » 1. In view of 

D..EF being small irrespective of the voltage magnitude, electrons localized on the interface remain 

in quasi-equilibrium with electrons on the negatively biased side of the DSB. Finally, the dependence 

of the potential barrier, <p, on V, which includes the effect of the interface charge is found from [324] 

'J [ V] 2 <p(V) = <Po"( 1 - --.) , 
4<poJ~ 

(8.20) 
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Figure 8.6: An illustration of the double-Schottky barrier at nonzero voltage. 

where, is the ratio of the interface charge at nonzero and zero voltages: 

Q(V) 
'=00' (8.21) 

The above formalism from Eqs. 8.12-8.21 was used in analyzing the data here. The drift mobility 

of electrons, p" was taken to be 0.5 cm2y Is. The values of Et , Nt and n were obtained from the 

best fit of T P",n. and the resistivity by the method proposed by Ihrig and Puschert [322]. These 

values are E t = 0.8 eY, Nt =7 x 1013 cm-2 and n = 1 x 1018 cm-3 for sample A and Et = 1.3 eY, 

Nt =9 x 1013 cm-2 and n = 4 x lOIS cm- 3 for sample B. The concentration of free electrons, n, 

was taken to be higher than that obtained from the room temperature resistivity. This was done in 

order to take into account the residual potential barrier in the ferroelectric phase which increases p 

and therefore yields a lower value of n. 

The calculated temperature dependence of CPo, and Nt, for samples A and B are shown in Fig. 

8.7. 

In the paraelectric phase, the potential barrier increases gradually with temperature until EF 

approaches E t . A further increase in temperature causes a reduction of the interface charge as a 

result of the depopulation of the interface states. At some temperature, the CPo stops increasing and 

begins to decrease slowly together with EF according to 

(8.22) 

The effect of non-zero voltage conditions OIl the cp and, factor is shown in Fig. 8.8. At low 

temperatures, almost all interface states are occupied and therefore , ~ 1 at all V, and when V 
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Figure 8.7: Calculated temperature dependence of 'Po and Nt for samples A and B. 

reaches 4'Po the GB barrier vanishes. At higher temperatures, the effect of interface charge on the 

potential barrier becomes pronounced. Since the density of interface states is fixed with respect to 

the conduction band edge, the NtCE) shifts with respect to EF,int as the barrier height is changed 

(see Fig. 8.6). Increase in V causes the empty interface states to become filled, and consequently, the 

interface charge, Q(V), increases. Hence, reduction of the interface barrier in an external electric 

field is partly compensated by increase of the trapped charge as long as some unoccupied traps 

remain at GB. As seen from Fig. 8.8, such partial stabilization of 'P(V) is expected for both samples 

at high temperatures. At higher voltages, all traps are filled and the barrier decays rapidly according 

to Eq. 8.22 for a constant value of 'Y. 

The j (V) curves calculated within the thermionic emission model are compared with experimental 

curves obtained at different temperatures, in Figs. 8.9 and 8.10. As can be seen for sample A, the 
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effect of the interface charge is already noticeable at 22 ° e below T P=a, of 182 ° e. For sample B 

at 71 °e and 41 °e below T p=a, of 218 °e, the effect of the trapped charge is still small because 

the traps are completely occupied at these temperatures. At higher temperatures, the calculated 

j(V) curves show three distinct regions. At low voltage, when eV « kBT, the j(V) dependence is 

ohmic as the barrier does not change appreciably. At higher voltages, two processes, (i) the decrease 

in 'P(V) and (ii) the increase in Q(V) counteract each other. For partially stabilized barrier, this 

leads to subohmic j (V) dependence. Finally, as the interface states are filled up completely, the 

barrier collapses and j increases rapidly by several orders of magnitude. The measured j (V) curves 

in Figs. 8.9 and 8.10, however, do not agree well with the calculated ones. At high temperatures, 

j increases nonlinearly at voltages much lower than those predicted by Eq. 8.12. There may be 
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Figure 8.9: Normalized j(V) characteristics for sample A at various temperatures. Solid line, 

measuredj (V); dashed line, calculated j (V). 

several possible reasons for this behaviour. In our calculations we assumed a single energy DOS. A 

certain j (V) improvement may be achieved by considering a more sophisticated DOS function with 

interface states spread over a narrow energy range. Also, the electron-hole recombination process in 

the DSB region may become significant at high temperatures. This will increase a total current over 

the DSB. We also assumed that all grain boundaries have the same density of the interface states. 

This may not necessarily be true as was revealed by p(T) and j(V) measurements on single grain 

boundaries in BaTi03 [151, 325]. Finally, as was found by others [151]' some grain boundaries in 

BaTi03 show no PTCR effect. Consequently, the voltage drop on the remaining GB will increase. 

This will result in the shift of the j (V) dependence towards lower voltages. Thus, in the framework of 

the Heywang model [1], the current-voltage characteristics will show far more complex behavior than 

an exponential dependence in Eq. 8.1 and the DSB model may still be applicable for explanation of 

the j(V) dependence in PTCR BaTi03 · 
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8.4 Conclusions 

In conclusion, the j(V) characteristics of two types of the PTCR BaTi03 ceramics were analyzed 

in light of SCLC, TFLC, Frenkel-Poole, small polaron, and DSB models. It was shown that for the 

DSB model a partial stabilisation of the potential barrier is expected when the Fermi level is pinned 

at GB by a high density of the interface states. This will result in an ohmic or even subohmic j(V) 

dependence at moderate voltages, e.g. VCB < 1 V. The DSB model predicts a drastic increase of the 

current only after all interface states are filled up. The voltage corresponding to the onset of this 

current is expected to shift towards higher values with increasing temperature. The possible reasons 

for disagreement between measured and calculated j (V) characteristics within DSB model were also 

discussed. Among them might be uncertainty in the DOS function, electron-hole recombination at 

high temperatures, and variation of the GB barrier height at individual grain boundaries. 
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Synthesis and dielectric properties 

9 .1 Introduction 

The dielectric ceramic, Ba(Mg1/3Ta2/3)03 or BMT, has found wide application in X (8-12 GHz), 

Ku (12-18 GHz), and K (18-27 GHz) frequency bands. Owing to its exceptionally low dielectric 

loss (high Q-factor) and temperature stable coefficient of resonance frequency, it has been utilized 

as a dielectric resonator in output multiplexers of communication satellites [170). This has consid­

erably decreased insertion losses and hence increased the output microwave power of the satellite. 

BMT -based dielectric resonators have also been used in microwave oscillators, base stations, radar 

detectors, etc. 

Obtaining BMT ceramic with a high Q-factor is a technologically challenging task. BMT with 

its melting temperature of ca. 3000 °C [326], is considered one of the most refractory oxides. Several 

papers have addressed the preparation of high Q BMT ceramics [195, 235, 200, 199). Nomura et 

al. [195] obtained high-density (98 %) BMT with Q x f = 168 THz by doping with 1 mol% of Mn. 

Matsumoto et al. [235] found that fast heating rates of up to 500°C jmin produce BMT ceramics 

with Q x f = 400 THz. Another group, Matsumoto et al. [200] obtained BMT of Q x f = 430 

THz after sintering for 20 hours at 1640 DC. The latter group has also claimed that BaSn03 is an 

effective dopant for tuning the temperature coefficient of the resonance frequency, Tf, in the range 

of -0.5 to +5.4 ppm;oC. 

It is considered that both the high density of the ceramic and the high degree of 1:2 ordering 

of B-site cations are responsible for low dielectric loss of BMT at microwave frequencies. Although 

densification of ceramics increases with sintering temperature, the 1:2 ordered phase remains ther­

modynamically stable below a certain temperature, Te, and becomes disordered above this temper-

135 
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ature. Until now, however, neither the temperature Te nor the mechanism of the order-disorder 

phase transition in BMT has been known unambiguously. Several recent papers have reported a the­

oretical analysis of a high temperature order-disorder transition in perovskite compounds [242, 243]. 

Takahashi et al. [18] used first-principles calculations to predict that the order-disorder transition 

in BMT should occur at Te = 3500 °C which is above the melting point. In view of this high value 

of apparent Te, the authors [18] proposed that it is beneficial to sinter BMT at higher temperatures 

and longer times to increase the degree of cation ordering. In contrast to this prediction, Guo et al. 

[326] obtained completely disordered BMT single crystals grown by the laser heated pedestal tech­

nique at 2960 - 3100 DC. Annealing of these crystals at 1600 °C for 3 hours did not result in increase 

in the degree of ordering. While analyzing cation ordering transformations in Ba(Mg1/3Ta2/3)03 

- BaZr03 perovskite solid solutions, Chai et al. [217] reported that in pure BMT the 1:2 ordered 

phase remained stable up to 1650 cC. The sintering temperatures of the BMT ceramics range from 

1400 °C to 1650 cC. However, no detailed analysis of the effect of the sintering temperature on the 

dielectric properties of BMT has been published so far. This chapter reports on the study of the 

effect of preparation conditions on the degree of 1:2 ordering and its subsequent effect on dielectric 

properties of BMT ceramics. 

9.2 Experimental procedure 

In order to investigate the role of precursors, BMT was prepared by two different solid state methods. 

The first one was a conventional method (referred to as method I) which can be described by the 

reaction: 

In the second method (method II) a MgTa206 precursor was prepared first and then reacted 

with BaC03, according to: 

The choice of method II was governed by its successful application in preparation of Pb(Mg1/ 3 

Nb2/ 3)03 [327] and Ba(Znl/3 Ta2/3)03 [256] ceramics. High purity (> 99.9%) metal oxides and 

carbonates (MgO, Ta205, BaC03 Cerac) were used for both methods. For method II, MgTa206 

precursor was prepared by heating MgO and Ta205 at 1300 °C for 10 hours. Stoichiometric amounts 

of the required powders were milled for 2 hours in a Nalgene bottle with ethanol and zirconia 

grinding balls. The dried powders were pressed into pellets and calcined at 800 - 1400 °C for 2 -

10 hours. For preparation of ceramic samples, the powders calcined at 1400 °C were ground and 

vibromilled for 10 hours. After addition of a small amount of polyvinyl alcohol binder, the powders 

were uniaxially pressed into pellets at 800 kg/cm2 pressure. The pellets were sintered in air at a 

temperature range between 1550 and 1650 °C for 20 h. The heating and cooling rates were varied 
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from 15 °C/h to 200°C/h. Phase identification was performed on Rigaku Geigerflex Dmax II 

diffractometer with Co Ko: radiation source (.\ =1.7889 A), a step size of 0.02 ° and a count time 

of 4 s/step. The microstructure of polished samples was studied by SEM (Philips 515) and optical 

microscopy (Leitz Wetzlar). Thermally etched samples were analyzed by SEM equipped with EDS 

(Link Analytical). Samples for TEM (Philips CMI2, 120 keY) and electron diffraction were prepared 

by mechanical grinding followed by dimpling and ion-beam milling until perforation. Details about 

dielectric measurements at microwave frequencies can be found in Section 4.3.7. 

9.3 Synthesis 

9.3.1 Thermal analysis 
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Figure 9.1: DTA and TG of Ba(Mg1/3Ta2/g)03 

DTA and TG analysis was performed on stoichiometric mixtures of MgO + Ta205 + BaCOg 

and MgTa206 + BaC03. No substantial difference was observed in DTA and TG of method I and 

II samples. As an example, the DTA and TG for method II BMT are shown in Fig. 9.1. The DTA 

curve showed endothermal effects at 820 ... 830 °C and 970 ... 980 °C due to the "1 -t (3 and (3 -t a 

structural phase transitions of BaC03 . The major weight loss in BMT sample occurs in the 800 -

llOO °C range and is attributed to the release of CO2 from BaC03 . This is manifested by a broad 

endothermal effect at 1090 - ll30°C. 
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9.3.2 Phase composition 

The XRD patterns of samples calcined at various temperatures and times are presented in Figs. 9.2 

and 9.3. The phases in each sample identified from JCPDS files are summarized in Table 9.1. As 
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Figure 9.2: XRD patterns of method I BMT calcined at different temperatures. Superstructure 

reflectios from 1:2 ordered domains are indicated by *. The arrows show the traces of the second 

phase. 

revealed by XRD analysis, the process of formation of BMT phase is different for the two different 

methods. In method I, single-phase BMT is completely formed only after heating at 1400 °C for 10 
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Figure 9.3: XRD patterns of method II BMT calcined at different temperatures. Superstructure 

reflections from 1:2 ordered domains are indicated by *. 

hours. In contrast, method II yields nearly pure BMT phase after a 2-hour treatment at 1000 DC. 

According to Table 9.1, the major difference between the two preparation methods is the presence 

of undesirable intermediate second phases (i.e., Ba4Ta209, Ba5Ta4015) in method 1. These phases, 

being quite stable at 800 - 1300 DC, impede the formation of single-phase BMT below 1400 DC. 

Based on our XRD results, formation of BMT in a single-step method can be tentatively described 
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Table 9.1: Phases comprising method I and II BMT samples prepared at different temperatures and 

soaking. 
Method I BMT Method II BMT 

Treatment Major phases Minor phases Major phases Minor phases 

800 ee,2h BaeOs, Ta20S, Ba(Mglja Ta2jS )Os BaCOs , MgTa20 6, Ta2 0 .0 traces, 

MgO, BasTa40lS Ba(Mgl j3Ta2j3)03 MgO traces 

900 ee, 2 h Ba(Mglj3Ta2jS)OS, Ba4Ta20g, BaeOa Ba(MgljSTa2j3)OS BaeOs, 

Ta20S, MgO, BaSTa40lS MgTa206 

1000 ee, 2 h Ba(Mgl j3Ta2jS)03, Unidentified phase, Ba(Mgl j3Ta2ja)Oa 

Ba4Ta209, BaS Ta40 lS MgO traces 

1100 ee, 5 h Ba(Mgl jSTa2ja)Oa, Ba4Ta20 9, Ba(MgljaTa2ja)Os 

BasTa 4 0 lS MgO traces 

1200 ee, 10 h Ba(Mgl j3Ta2ja)Oa Ba4TaZ09, BaSTa40 lS Ba(Mgl jaTa2ja)Oa 

1300 ee, 10 h Ba(Mgl jaTa2ja)03 Ba4TazOg traces Ba(Mglj3Ta2j3)03 

Ba5Ta4015 traces 

1400 eC, 10 h Ba(Mg1j3Ta2/3)Oa Ba(Mg I / s Ta2ja)03 

1630 ee, 10 h Ba(Mglj3 Taz/s)Oa BaaTasOl5 traces Ba(Mg1j3 Ta2/3 )Oa 

1650 ee, 10 h Ba(MgljaTa2ja)03 BaaTa5015 traces Ba(Mg I / 3Ta2/a)Oa BaaTa5015 traces 

by the following sequence of chemical reactions: 

xMgTa206 + 3xBaO -+ 3xBa(Mg1/3Ta2/3)03 

5 1 
2'(1 - x)BaO + (1 - X)Ta20 5 -+ 2'(1 - x)Ba5Ta4015 

1 1 1 
2(1 - x)BaO + 6(1 - x)Ba5Ta4015 -+ 3(1- x)Ba4Ta209 

1 1 
6(1 - x)Ba5Ta401.5 + 3(1 - x)Ba4Ta209 -+ (1 - x)Ba3Ta20S 

(1 - x)Ba3Ta20S + (1 - x)MgO -+ 3(1 - x)Ba(Mg1/3Taz/3)03 

(9.1) 

(9.2) 

(9.3) 

(9.4) 

(9.5) 

(9.6) 

According to Eqs. 9.1 - 9.6, the perovskite phase is formed by at least two different chemical 

routes due to the possible reactions of Ta205 with MgO as well as with BaO. In the first case [Eqs. 

9.1- 9.2], the perovskite phase forms at temperatures below 1000 °C. However, the amount of the 

perovskite phase thus formed is small. In the temperature range of 900 - 1300 °C the two major 

phases besides BMT are Ba4 Ta2 0 9, and Ba5 Ta4 0 15 , One of the mechanisms of their transformation 

into BMT is described by Eqs. 9.3 - 9.6. The absence of Ba3Ta20S in calcined powders suggests 

that this phase has a labile character (i.e., upon formation it immediately reacts with MgO). An 

unidentified phase was detected in the powders calcined at 1000 °C. This leads to the conclusion 

that there exists one more chemical route of formation of BMT besides those described in Eqs. 

9.1 - 9.6. The powders prepared by method II contained traces of MgO and Ta205 phases due to 

incomplete synthesis of MgTaz06 precursor. These phases disappeared after heat treatment at 900 
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°C. No additional second phases were detected during heat treatment of the method II powders. 

This indicates that the perovskite phase in method II forms directly by reaction of MgTa206 with 

BaO: 

(9.7) 

Within the XRD accuracy of 2-3%, BMT samples obtained by both method I and method II 

in the temperature range of 1400 to 1620 °C do not contain any other phases. However, the XRD 

analysis of method I samples sintered at 1630 °C and 1650 °C reveals the presence of a small amount 

of a second phase, identified as Ba3Ta5015 [328]. Traces of the Ba3Ta5015 phase were also detected 

in the method II BMT sintered at 1650 °C as seen in Fig. 9.4 

001 100 101 
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35 
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40 

Figure 9.4: XRD patterns of method I (1) and method II (2) BMT sintered at 1650 °C for 20 

h. Vertical bars represent the relative intensity of reflections from Ba3 Ta5 015 phase. The arrows 

indicate traces of Ba3Ta5015 phase in method II BMT. 

9.3.3 1:2 cation ordering 

It is known that BMT can exist in ordered and disordered forms [326]. In the low-temperature 

ordered form (space group P3m1) the Mg2+ and Ta5+ cations are distributed on individual (111) 

planes of the perovskite subcell with alternating {Mg, Ta, Ta} layers. This is the 1:2 ordered 

configuration with the ordered phase having a hexagonal crystal structure. In the high-temperature 

disordered phase, the Mg2+ and Ta5+ cations are randomly distributed on octahedral sites of the 

perovskite subcell which raises the symmetry ofthe system to cubic (space group Pm3m). According 
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to Figs. 9.2 and 9.3, weak reflections from 1:2 ordered BMT domains begin to become visible for 

powders treated at a temperature as low as 1000 a e. The ordering increases with the annealing 

temperature. To quantitatively examine the degree of 1:2 ordering in BMT, one has to determine 

the ordering parameter, S, 

S= (1100 /1110 ,012,102 )obs 

(hoo /1110,012,102 )calc 
(9.8) 

where (1100/1110,012,102)obs is the ratio of the observed intensity of the (100) superlattice reflection to 

that of (110,012,102) main reflection, and (1100/1110,012,102)calc is the calculated value for completely 

ordered structure. 

According to calculations presented in Section 10,2,3, the ordering parameter for a completely 

ordered BMT structure is 0.0842 for Co Ka: radiation. The values of the observed intensities, 1100 

and 1 110 ,012,102, were found from the area of the corresponding XRD peaks. The ordering parameter, 

S, for ceramics sintered at different temperatures for 20 hours and cooled down to 1400 °e at a 

rate of 20 ae/h is plotted in Fig. 9.5. For both method I and method II ceramics the value of 
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Figure 9.5: Dependence of the ordering parameter on the sintering temperature of the method II 

BMT. 

S increases with sintering temperature, goes through a maximum of 0.995 at 1580 °e, and then 

decreases to 0.948 at 1650 ac. To examine the possibility of increasing the degree of ordering by 

postsinter annealing, ceramics sintered at 1630 °e and 1650 °C were annealed at 1580 °e for 20 

hours. However, the value of S did not change. 
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Figure 9.6: Bright field TEM image of BMT sample sintered at 1580 °C for 20 h. The inset shows 

the SAD pattern from 1:2 ordered domains. 

Fig. 9.6 shows a bright-field TEM image of BMT sintered at 1580 °C. A selected area electron 

diffraction (SAD) pattern taken along the [011] main zone axis is shown in the inset of Fig. 9.6. 

Extra electron diffraction spots at { h ± ~, k ± ~, l ± ~, } from 1:2 ordered domains are observed on 

SAD pattern. It was found that all BMT ceramic samples sintered in the 1570 - 1650 °C temperature 

range consist of large (> 200 nm) 1:2 ordered domains. However, due to the relatively small electron­

transparent area of the samples and large size of the 1:2 domains, it was impossible to perform any 

statistical analysis of the size of those domains by the electron diffraction technique. 

9.3.4 Microstructure and density 

Microstructural observations of the samples revealed a gradual increase of the grain size from 2.5 to 

15 f.L m for ceramics sintered at 1570 - 1650 °C. The average grain size is listed in Table 9.2. The 

second phase was observed on the surface of the thermally etched BMT samples. Fig. 9.7 shows SEM 

images of method I and II BMT samples sintered at 1650 °C and thermally etched at 1450 °C for 2 

hours. The EDS chemical analysis of the matrix phase and second-phase has revealed that the ratio 

of the Ba to Ta major peaks equals 0.888 for the matrix and 0.357 for the second-phase. This agrees 

well with the chemical composition of the second phase of Ba3Ta5015' Regarding the formation of 

this phase the following mechanism is proposed. Owing to the close-packed perovskite structure of 

BMT and tolerance factor close to unity, it is most likely that Schottky defects predominate in BMT 
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Figure 9.7: SEM images of a) method I and b) method II BMT sintered at 1650 °C for 20 h. 

at sintering temperatures. While the equilibrium point defect chemistry of the BMT grain bulk is 

governed by the mass action relationships, the interfacial concentration of defects is determined by 

their formation energy. In case of Schottky defects, the interface performs as an ideal source or sink 

of defects, in other words, defect formation occurs at the interface. The difference in the individual 

defect formation energies leads to preferential enrichment of the interface in the ion of lower vacancy 

formation energy. This ion will be predominant in the second phase formed at the interface and in 

the voids of the matrix grains. Based on our XRD and EDS results, it can be assumed that the Ta 

ion has the lowest defect formation energy in the BMT compound. Fig. 9.8 shows the dependence 

Table 9.2: Grain size, d, temperature coefficient of resonance frequency, 'If and dielectric constant, 

10' of BMT ceramics prepared by 2 different methods and sintered for 20 hours 

Method I BMT Method II BMT 

Tsint d, /LID 'If, PPIDjK 1';' d, /LID 'If, ppIDjK 1';' 

1580 °C 3.1 0.2 22.0 3.5 -0.3 22.5 

1600 °C 5.0 1.8 23.0 6.4 1.2 23.7 

1630 °C 10.0 2.9 23.0 10.2 2.5 23.9 

1650 °C 15.0 4.1 22.8 15.0 3.5 23.9 
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of the relative density on sintering temperature. A relative density was calculated from 
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Figure 9.8: Dependence of the density of the BMT samples on sintering temperature. The samples 

were sintered for 20 h. 

P = Pm X 100% 
Pth 

(9.9) 

where Pm is the measured density and Pth = 7.657 g. cm-3 is the theoretical density ofBMT [212). A 

meaningful calculation of the density of method I ceramics sintered above 1620 ° e was not possible 

due to the presence of the second phase. However, the microstructural observations of ceramics 

sintered at 1630 °e and 1650 °e revealed that method I BMT has a larger proportion of voids 

than method II ceramics sintered at the same temperatures. We may conclude that over the whole 

range of sintering temperatures, method II ceramics have a higher density than that of method 1. In 

general, the density of ceramics increases with sintering temperature. Method II ceramic sintered 

at 1650 °e has the highest density of 97.3 %. 

9.4 Dielectric properties 

According to Fig. 9.9, method II ceramics have higher values of dielectric constant, which can be 

explained by their higher density. In addition, method I ceramics sintered above 1620 °e show a 

slight decrease of the dielectric constant with sintering temperature, Tsint . The possible reason for 

such behavior might be the presence of the Ba3 Ta5 0 15 second phase with apparently low E'. For 

method II ceramics, the value of E' levels off at 24 ± 0.5 for Tsint > 1600 °e. This value agrees well 

with the dielectric constant of BMT sintered at 1650 °e reported by Youn et al. [236). We cannot 
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Figure 9.9: Dependence of the dielectric constant at 10 GHz on sintering temperature of the BMT 

ceramics. 

explain the anomalously high dielectric constant (c' = 37) obtained by Tien et al. [254] in BMT 

sintered at 1600 cC. According to Fig. 9.10, the dependence of dielectric constant on the porosity 

of ceramics obeys the Maxwell-Wagner relation [329] 

(9.10) 

where c' = 25 for completely dense BMT ceramics, c~ is the permittivity of vacuum, and "y is 

the porosity of ceramics. 

Fig. 9.11 shows the dependence of Q x f on sintering temperature with the bars showing the 

range of variation of Q x f. The curves show a maximum at Tsint = 1590 °C for method I BMT and 

at Tsint = 1580 °C for method II BMT. As also evident from Fig. 9.11, the maximum values of Q x f 
obtained for method I and II ceramics were 200 THz and 280 THz, respectively. The value of Q x f 
decreases appreciably for samples sintered both above and below 1585 ± 5°C. It is worth noting 

that the density of ceramics exhibiting the highest value of Q x f was approximately 94 %. For 

samples sintered below 1580 DC, the low value of Q x f can be attributed both to poor densification 

and insufficient ordering on the B-sublattice. For samples sintered above 1590 DC, although the 

density continues to increase, Q x f decreases and reaches a value of 80 - 130 THz at T sint = 1650 

DC. 

Measurement of the temperature coefficient of the resonant frequency, Tt, of BMT DRs, which 

was performed by using a rectangular copper waveguide, gives a total temperature coefficient of the 
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Figure 9.10: Dependence of the dielectric constant on the density of BMT samples. The solid line 

was calculated from Eq. 9.10. 

resonance frequency,Tj, of the whole waveguide and DR system by the equation: 

(9.11) 

where T,! is a temperature coefficient of the resonance frequency of the waveguide, and Tf is the 

temperature coefficient of the resonance frequency of the DR without enclosure. According to 

O'Bryan et aL [330] is given by 

(9.12) 

where 0: is the linear thermal expansion coefficient of the DR (0: = dd~l), and To is the temperature 

coefficient of the dielectric constant. The value of T,! is specific to the thermal expansion coefficient 

of the waveguide material and to the spacing between the waveguide walls and the DR, which makes 

its accurate determination difficult. In order to obtain an approximate value of Tf in Eq. 9.11, the 

value of T,! was calculated by using a similar size dielectric resonator with known Tf [264]. It was 

found that our copper waveguide had T,/ ~ -1.2 ± 0.5 ppm/K. The shift of the resonant frequency, 

flfc, of the whole waveguide and DR system with increase in temperature is shown in Fig. 9.11. 

The values for BMT ceramics sintered at different temperatures were determined from Eq. 9.11, and 

are listed in Table 9.2. Both the data in Table 9.2 and curves in Fig. 9.12 show that Tf increases 

with sintering temperature. 
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Figure 9.11: Dependence of Q x f on the sintering temperature of BMT samples. The samples were 

sintered for 20 h. 

9.5 Discussion 

Since c:' of the BMT crystal is entirely determined by the polar phonon contribution, no dielectric 

dispersion is expected below the submillimeter range. The behavior of c:", however, is more complex. 

According to Tagantsev et al. [252] two frequency regimes of c:" variation should be distinguished: 

(i) at frequencies between IT and 0i where Oi is the eigenfrequency of the i-th phonon mode, and IT 

is the averaged damping of thermally populated phonons, the frequency dependence of e" is given by 

c:"(w) ex Tw2 , (ii) at w below IT, c:" is linearly proportional to frequency, i.e., c:"{w) ex T 2w. In the 

microwave range, the energy of photons is much lower than that of optical phonons. Thus, due to 

the energy conservation requirements, the incident photons cannot be absorbed by the excitation of 

the transverse optical (TO) phonons. Hence, at temperatures of the order of the Debye temperature 

or higher, the major dielectric loss comes from the two-phonon difference absorption [193) (three­

quantum process). In this process, an incident photon couples to an intermediate TO phonon 

which in turn couples to two other phonons. One phonon is absorbed and another created with the 

energy difference being equal to the energy of the incident photon. Due to the small energy of the 

incident photon in the microwave range, this process occurs close to the lines of degeneracy of the 

phonon branches in the Brillouin zone. High-temperature order-disorder transition of BMT from 

low to high crystal symmetry increases the number of degeneracies of the phonon modes. This in 

turn will increase the dielectric loss due to the increased probability of the three-quantum process. 

Experimental results presented in Figs. 9.5 and 9.11 confirm this assumption. The decrease of the 
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Figure 9.12: Temperature dependence of the shift of the resonance frequency of method I BMT 

dielectric resonators sintered at different temperatures. 

Q x f follows the decrease of the ordering parameter, S, for samples sintered above 1590 DC. 

In addition to purely intrinsic dielectric loss, extrinsic loss due to defects, impurities, porosity, 

second phase, and grain boundaries will also contribute to the lowering of the Q-factor. It is found 

that ceramics prepared by method I have higher porosity and lower Q x f value compared with 

method II BMT. The Ba3Ta5015 second phase is found by EDS and XRD in BMT sintered above 

1630 DC. The second phase was mostly concentrated on the internal surface of the voids. Formation 

of Ta-rich second phase will change the stoichiometric composition of BMT grains by introducing 

tantalum vacancies into the BMT matrix. Since the process of disordering involves interdiffusion of 

and cations it will be significantly facilitated in the region of high vacancy concentration. 

As mentioned above, experimental results have shown that the degree of 1:2 ordering in BMT 

starts to decrease for samples sintered above 1585 ± 5°C. This temperature, however, is much 

lower than that obtained in the theoretical work of Takahashi et al. [18]. It can be suggested 

that this difference may originate from the fact that in the cluster calculations of Takahashi et 

al. [18] vacancies were not taken into account. The presence of vacancies in the BMT structure at 

sintering temperatures will significantly lower the temperature of the order-disorder phase transition. 

Similar arguments were proposed by Hong et al. [240] who studied the order-disorder transition in 

Ba(Ni1/ 3Nb2/ 3)03 and Ba(Znl/3Nb2/3)03. They reported formation of appreciable amounts of a 

Nb-rich liquid phase in samples sintered near and above the order-disorder phase transition (To = 

1300 - 1350 DC). The temperature of order-disorder phase transition in Ba(Znl/3Nb2/3)03 was found 
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to be also much lower than that calculated by Takahashi et al. [18]. It was found in this work that 

neither slow cooling nor postsinter annealing at 1580 °C for 20 hours could reinstate the high degree 

of ordering in BMT ceramics sintered at 1630 °C and 1650 °C. This suggests that upon cooling from 

sintering temperature, the high-temperature disordered phase in BMT becomes thermoelastically 

arrested. Thus, in order to obtain low-loss BMT ceramics, it is crucial to preserve a high degree 

of B-site cation ordering starting from the earliest stages of sintering. This can be done by both 

reducing the sintering temperature at the expense of sintering time and by reducing the heating rate 

to avoid a fast mass transport during nucleation and growth of the 1:2 ordered phase. 

9.6 Conclusions 

It was shown that in the conventional synthesis method, intermediate phases (e.g. Ba4Ta209, 

Ba5Ta4015) inhibit formation of single-phase Ba(Mg1/3Ta2/3)03 up to 1400 °C, whereas utilization 

of a MgTa206 precursor produces the nearly pure perovskite phase after treatment at 1000 °C. 

In the temperature range of 1400-1620 °C, the Ba(Mg1/3Ta2/3)03 ceramic remains single phase. 

Traces of the Ba3Ta5015 phase were detected by XRD and EDS in samples sintered above 1630 °C. 

As revealed by XRD and microwave dielectric measurements, the highest degree of B-site cation 

ordering in BMT was achieved for samples sintered at Tsint = 1585 ± 5°C. Both the decrease in 

ordering and formation of the second phase at high sintering temperatures are responsible for an 

increase in dielectric loss and increase in the temperature coefficient of the resonance frequency. 

For samples sintered above this temperature, the high degree of ordering cannot be recovered by 

prolonged postsinter annealing or by slow cooling. 
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Synthesis and dielectric properties 

of Ba(Mg1/ 3Nb2/ 3)03, 

Ba(Zn 1/3Nb2/3) 03, 

Ba(Ni1/ 3Nb2/ 3)03, and 

Ba(Ni 1/3 Ta2/3) 03 

10.1 Introduction 

In Chapter 9 the effect of preparation conditions and dielectric properties of Ba(Mg1 / 3 Ta2/3)OS, 

or BMT, ceramics have been reported. It was found that above a critical temperature Tc (Tc = 

1585 DC), the BMT starts to disorder. The process of disordering in BMT is accompanied by the 

appearance of the Bas Ta.s 0 15 second phase. In contrast to the order-disorder phase transition in 

Pb(B'I/sBI/ 2/g)Os complex perovskites, the process of disordering in BMT is irreversible i.e., the de­

gree of ordering does not change significantly after annealing at lower temperatures. It was also found 

that BMT sintered above T c possesses higher dielectric loss in agreement with the theory of intrinsic 

loss in dielectrics [193]. Until now, most research efforts were restricted to investigation of the BMT 

compound owing to its wide commercial utilization [331]. It is important to find out whether other 

Ba(B'I/SBI/2/S)OS complex perovskites show similar dependence of their dielectric properties on 

sintering conditions. Several complex perovskites including Ba(Mg1/ sNb2/S)Og, Ba(Znl/sNb2/3)03, 

Ba(Ni1/3Nb2/3 )Os, and Ba(Ni1/sTaz/3)0;" further abbreviated as BMN, BZN, BNN, and BNT were 

chosen for this study. The data about their dielectric properties are rather contradictory (see Table 

151 
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10.1). BZN and BNN were initially considered disordered perovskites [239, 333, 334], until Yoshioka 

Table 10.1: Delectric properties of several Ba(B\/3B"2/3)03 compounds. 

I System I E I QXf, THz I TI, ppm/K I Ref. I 
Ba(Ni l / 3 Ta2/3)03 23 50 -18 [182] 

22 95.5 -10.5 ... -13.5 this work 

Ba(Mg1 / 3 Nb2/ 3)03 32 55 +33 [189] 

31...34 40 + 21 [203] 

32 71 + 30 [332] 

32 65 + 18.8 [233] 

31.4 160 +14.2 ... +34 this work 

Ba(Znl/3 Nb2/3)03 41 55 +31 [180] 

41 87 +31 [189] 

40 69 +20.7 ... +23 this work 

Ba(Ni1 / 3Nb2/ 3 )03 36 70 +20 [181] 

35.4 35 -4.9 ... +5 this work 

[248] and Akbas and Davies [219] showed that BZN can be prepared with 1:2 cation ordering when 

sintered at 1350 °C. Hong et al. [240] also reported that below 1400 °C, BNN has an ordered 1:2 

perovskite structure. One can also find a major discrepancy between experimental and theoretical 

values of Tc for Ba(B'l/3B"2/3)03 compounds. Usually, experimental temperatures of the order 

disorder phase transition are ca. 1000 °C lower than calculated ones [244, 2451. This chapter focuses 

on the effect of preparation conditions on the degree of cation ordering and dielectric properties of 

BMN, BZN, BNN, and BNT complex perovskites. 

10.2 Synthesis of BMN, BZN, BNN, and BNT 

BMN, BZN, BNN, and BNT powders were prepared by the solid state method using MgNb2 0 6 , 

ZnNb2 0 6 , NiNb20 6 , NiTa206, and BaC03 precursors. As was reported in Chapter 9, this method 

offers several advantages over using simple metal oxide precursors. For example, it yields single­

phase ceramics at lower sintering temperatures. It also results in higher density and lower dielectric 

loss. Following ball milling in an alcohol slurry for 2 hours, the milled powders were dried, then 

calcined at 1000 - 1200 °C for 5 hours. The calcined powders were reground and vibromilled for 

10 hours, then dried, mixed with polyvinyl alcohol binder and pressed into pellets at 800 kg/cm2 
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pressure. The pellets were sintered in air at temperatures of 1300 - 1620 °C for 20 hours. The 

heating and cooling rates were varied from 15 to 200°C/h. 

10.2.1 Thermal analysis 

DTA and TG analysis was performed on stoichiometric mixtures of MgNb2 0 6 + BaC03 , ZnNb2 0 6 

+ BaC03 , NiNb2 0 6 + BaC03 , and NiTa206 + BaC03 . The results are shown in Figs. 10.1, 10.2, 

10.3, and 10.4. All DTA curves show similar endothermic effects at 820 - 830°C and 970 - 980 

o 200 400 600 800 1000 1200 1400 

Temperature (C) 

Figure 10.1: DTA and TG of MgNb2 0 6 + BaC03 

°C due to the 'Y -+ fJ and fJ -+ a structural phase transitions of BaC03 . The major weight loss in 

BMN, BZN, BNN, and BNT samples occurs in the 800 - 1200 °C range and is attributed to the 

release of CO2 from BaCO:,. This is manifested by a broad endothermic effect at 1100 - 1150°C in 

BZN, BNN, and BNT samples. In the BMN sample, the endothermic effect at 1100°C is hindered 

by a strong exothermic effect at 1200°C which is apparently associated with grain growth. 

10.2.2 Phase composition 

The XRD patterns of BMN, BZN, BNN, and BNT samples calcined at various temperatures are 

shown in Figs. 10.5, 10.6, 10.7, and 10.8. Phase compositions of samples calcined at different 

temperatures and times were identified from .JCPDS files and are listed in Tables 10.2, 10.3, 10.4, 

and 10.5. In contrast to the conventional single-oxide method wich results in several undesirable 
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Figure 10.2: DTA and TG of ZnNb2 0 6 + BaC03 
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Figure 10.3: DTA and TG of NiNb2 0 6 + BaC03 

second phases (see Chapter 9), the double-oxide method employed in this work gives single-phase 

complex perovskites formed according to the following reaction: 

(10.1) 

Within the XRD accuracy of 2%, BMN, BZN, BNN, and BNT powders formed a single phase 

perovskite compound at 1000°C, 950°C, 1000°C, and 950°C respectively. As revealed by XRD 
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Figure 10.4: DTA and TG of NiTa2 06 + BaC03 

analysis, up to a critical temperature, BMN, BZN, BNN compounds remained single phase. However, 

above a critical temperature, which is unique to each compound (see Tables 10.2, 10.3, and lOA), a 

second phase (e.g., Ba3Nb5015 in case of BMN and BNN and an unidentified phase in case of BZN) 

appeared. The BNT compound remained in a single phase form above 950°C and no second phase 

could be detected up to 161O°C. 

Table 10.2: Phase composition of calcined powders of BaC03 + MgNb2 0 6 

IT, ° C I Major phases I Minor phases I 
800 BaC03, MgNb2 0 6 Ba(Mg1/ 3Nb2 / 3) 03-cubic, 

MgO traces, Nb2 0 5 traces 

900 Ba(Mg1/3Nb2/ 3 ) 03-cubic MgNb2 0 6 , BaC03 

1000 Ba(Mgl/3Nb2/3)03-Cubic 

1100 Ba(Mgl/3Nbz/3)03-hex 

1200 Ba(Mgl/3Nbz/3)03-hex 

1500 Ba(Mgl/3Nbzj3)03-hex 

1620 Ba(Mglj3Nb2/3)03-hex Ba3Nb5015 traces 
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Figure 10.5: XRD patterns ofBa(Mg1 / 3Nb2 / 3)03 samples calcined at 1) 800°C, 2) 900°C, 3) lOOO°C, 

4) 1l00°C, 5) 1200°C, 6) 1360°C, 7) 1400°C, 8) 1445°C, g) 1500°C, 10) 1620°C. Superstructure 

reflections from 1:2 ordered phase are indicated by * . 

10.2.3 1:2 cation ordering 

Several Ba(B'i/3B" 2/3)03 perovskites can exist in disordered or 1:2 ordered phases. The ability of 

Ba(B'lj3B" 2/3)03 to order depends on the size, valence and mass of the B-site cations. The degree 

of 1:2 order also depends on sample preparation. From a crystallographic point of view, the ordering 

parameter S can be defined by the difference between on-site and off-site ions occupying B' and B" 
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7) 1380°C, 8) 1460°C. Superstructure reflections from 1:2 ordered phase are indicated by *. High 

temperature second phase is indicated by arrows. 

sites: 

S B" B" B' B' = B" - B' = B' - B" (10.2) 
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Figure 10.7: XRD patterns ofBa(Ni1/ 3Nb2 / 3)03 samples calcined at 1) 800°0, 2) 900°0,3) 1000°0, 

4) 1100°0, 5) 1200°0, 6) 1320°0, 7) 1360°0, 8) 1400°0, 9) 1450°0, 10) 1500°0. Superstructure 

reflections from 1:2 ordered phase are indicated by *. 

where BB" is the fraction of B" ions in B"-sites, BBt is the fraction of B' ions in B"-sites, and so 

on. Although, counting atoms in the crystal is not feasible, the ordering parameter can be deduced 

from the ratio of the X-ray intensities of the diffraction peaks associated with cation ordering. In 

Ba(B\j3BI/2j3)03 perovskites, the ordering parameter, S, is determined by the ratio of the inten­

sity of the strongest supperlattice reflection, (100), to the strongest peak of the Ba(B\j3B"2j3)03 



Chapter 10 159 

7 * 

6 

-. 
5 

:::l 
ro -->a ...... 

4 "w 
C 
Q) ...... 
C 

3 

2 

10 15 20 25 30 35 40 

28 (CoKe: degrees) 
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4) 1100oe, 5) 1200oe, 6) 1570oe, 7) 1610oe. Superstructure reflections from 1:2 ordered phase are 

indicated by *. 

structure, (110). Since the (012) and (102) peaks are very close to (110) they also should be taken 

into account in the calculations. Thus, ordering parameter is given by 

s= (1100/ 1 110 ,012,102 )obs 

(1100/ 1 110,012,102)calc 
(10.3) 

where (hoo/1llO ,012,10Z)obs is the ratio of the observed intensity of the (100) superlattice reflection 

to that of (110,012,102) main reflection, and (1100/1UO,01Z,102)calc is the calculated value for a com­

pletely ordered structure. The intensity of an X-ray diffraction peak with Miller indexes (hkl) is 

calculated by [335] 

(lOA) 
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Table 10.3: Phase composition of calcined powders of BaC03 + ZnNb2 0 6 

I T, °C I Major phases I Minor phases I 
800 BaC03, ZnNb2 0 6 Ba(Zn1j3Nb2j3)03-cubic, 

900 Ba(Znl/3Nb2/3 )03-cubic ZnNb20 6 , BaC03 

1000 Ba(Znlj3Nb2/3)03-Cubic 

1100 Ba(Zn1j3Nbz/3)03-hex 

1200 Ba(Zn1/3Nb2/3)03-hex 

1380 Ba(Zn1/3Nb2/3)03-Cubic 

1460 Ba(Znl/3Nb2/3)03-Cubic unidentified phase 

Table 10.4: Phase composition of calcined powders of BaC03 + NiNb20 6 

IT, 0 C I Major phases I Minor phases I 
800 BaC03, NiNb2 0 6 Ba(Ni1/3Nb2/3)03-cubic, 

NiO traces, Nb20 5 traces 

900 Ba(Ni1/3Nb2/3)03-cubic NiNb2 0 6 , BaC03 

1000 Ba(Ni1/3Nb2/3)03-Cubic 

1100 Ba(Ni1/3Nb2j3)03-cubic 

1360 Ba(Ni1/3Nb2/3)03-hex 

1400 Ba(Ni1/3Nb2/3)03-hex Ba3Nb5015 traces 

1500 Ba(Ni1/3Nb2j3)03-hex Ba3Nb50 15 traces 

where k is a constant, Fhkl is the structure factor for (hkl) reflection, M is the multiplicity factor for 

(hkl) reflection, and Lp is the Lorentz polarization factor. The structure factor Fhkl is a function of 

position of ions in the crystal structure. In the case of Ba(B'l/3B"2/3)03, Fhkl can be expressed as 

Fhkl L foexp[21fi( hx i + kYi + lZi)] 

+ L fBa exp[21fi (hXi + kYi + lZi)] 

+ L(Bk, fB' + B~,fB" )exp[21fi(hxi + kYi + lZi)] 

+ "'[)Bk" fB' + B~" fB" )exp[21fi(hxi + kYi + lZi)] (10.5) 

where XiYiZi are the positions of each ion in the unit cell, fi is the atomic scattering factor for 

species i, and Bk" Bk", B~" B~" bear the same meaning as in Eq. 10.2. The Lorentz-polarization 

factor depends on the geometry of the X-ray apparatus. For the Debye-Scherrer powder diffraction 
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Table 10.5: Phase composition of calcined powders of BaC03 + NiTa206 

IT, 0 C I Major phases I Minor phases I 
800 BaC03, NiTa206 Ba(Ni1/ 3 Ta2/3)03-cubic, 

900 Ba(Ni1/3 Ta2/3)03-Cubic NiTa206, BaC03 

1000 Ba(Ni1/ 3 Ta2/3 )03-cubic 

1100 Ba(Ni1/3 Ta2/3)03-hex 

1360 Ba(Ni1/ 3 Taz/3)03-hex 

1500 Ba(Ni1/3 Taz/3)03-hex 

1610 Ba(Ni1/3 Ta2/3)03-hex 

method, it is defined as 
1 + cos220 

L = --::-::---=-
P sin2e . cose 
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(10.6) 

By putting the values of the structure factors, multiplicity factors and Lorentz polarization factors 

for each diffraction peak into Eq. 10.4, the intensity of hkl peak can be deduced. 

The theoretical values of l lOo /lno,012,102 for several Ba(B'1/3BI/2/3)03 compounds having com­

pletely ordered 1:2 structure are listed in Table 10.6 for CuK", and CoK", X-ray radiation sources. 

These values were used to determine the degree of 1:2 ordering in BMN, BNT and BNN compounds 

according to Eq. 10.3. As revealed by Figs. 10.5 and 10.8, (100) superlattice reflection associated 

Table 10.6: Theoretical values of structure factors and 1100 /1110,012,102 for several Ba(B'1/3 B" 2/3)03 

compounds with ordered 1'2 structure 

l 100 /IllO,012,102 

Compound FlOO F 110 F102 F012 Cu K", Co K", 

Ba(Mg1/ 3 Ta2/3)03 -58.31 256.90 -54.43 257.01 0.0827 0.0842 

Ba(Ni1/ 3 Ta2/3)03 -42.98 270.89 -40.43 271.01 0.0404 0.0412 

Ba(Znl/3 Ta2/3)03 -40.86 273.04 -38.28 273.16 0.0359 0.0366 

Ba(Mg1/3Nb2 / 3)03 -27.15 197.14 -24.54 197.24 0.0304 0.0310 

Ba(Ni1/3Nb2/3)03 -11.82 211.13 -10.54 211.24 0.00503 0.00512 

Ba(Znl/3 Nb2/3)03 -9.69 213.28 -8.40 213.39 0.00331 0.00337 

with 1:2 cation ordering in BMN and BNT compounds start to appear in samples calcined at 1000 

- 1100 ac. In BZN and BNN compounds, the (100) reflections are very weak, yet still visible (see 

Figs. 10.6 and 10.7). In contrast to other compounds, the temperature range of stability of the 1:2 
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ordered phase in BZN is quite narrow. Figs. 10.6 (a) and (b) show that BZN remains ordered up to 

1250 - 1300 DC. At 1380 °C and above, the BZN forms a disordered perovskite phase in agreement 

with the results of Yoshioka [248] and Hong et al. [240]. The ordering parameter, S, for BMN, 

BZN, BNN, and BNT samples sintered at different temperatures is shown in Fig. 10.9. The degree 
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Figure 10.9: Ordering parameter for BMN, BZN, BNN, and BNT samples sintered at different 

temperatures 

of 1:2 cation ordering in the samples increases with sintering temperature. This is attributed to the 

enhancement of the rate of ordering with increasing temperature. In BMN samples, the complete 

ordering (100%) was achieved upon treatment at 1620 DC. The BNT samples showed a maximum 

degree of ordering of 95% after sintering at 1610 DC. The BZN samples were completely ordered at 

1200 DC. However, after treatment at 1380 °C and above, the BZN possessed the disordered cubic 

perovskite structure. The ordering behaviour of the BNN sample in this study was quite different 

from that reported by Hong et al. [240]. Although in both cases it showed a high degree of 1:2 

ordering, in this study, the BNN sample remained ordered up to 1500 DC, whereas, in the work 

of Hong et al. [240], the BNN sample underwent an order-disorder phase transition above 1350 

DC. This suggests that the mechanism of disordering in BNN depends not only on thermodynamic 

factors, but also on the preparation history and microstructure of the sample. Indeed, as reported 

by Hong et al. [240], the grain size of the BNN sample sintered at 1400 ° was of the order of 1 fLm. 

The BNN sample sintered at 1500 ° in this study had an average grain size of 5 fLm (see Fig. 10.16). 

The process of disordering in Ba(B'1/3B"2/3)03 perovskites involves inter diffusion of the B' and B" 

ions. This process is facilitated (and apparently originated) in regions of high defect concentration, 

such as grain boundaries, dislocations, etc. The order-disorder transformation is then controlled by 

the diffusion of the disordered phase into the grain bulk. Hence, it may be expected that the process 
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of disordering will be much slower in the coarse-grain ceramics. The situation is somewhat different 

in BZN, where the loss of Zn due to evaporation occurs at high temperatures [223). Zn vacancies 

left in the matrix phase will facilitate disordering due to the diffusion of Nb ions into Zn-sublattice. 

10.3 Density and microstructure 

A number of investigations indicated that both the low dielectric loss and high dielectric constant 

could be only realized in ceramics having a relative density of higher than 94% [195, 235, 223, 237). 

That is why one of the purposes of this study was to find the optimal sintering conditions to achieve 

dense ceramics with high degree of 1:2 ordering. Fig. 10.10 shows the dependence of the ceramic 

density on sintering temperature. All samples were held at specified sintering temperatures for 20 

hours. As can be seen from Fig. 10.10, the density of BMN, BZN and BNN samples increased 
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Figure 10.10: Density of BMN, BZN, BNN, and BNT samples sintered at different temperatures for 

20 h. 

with sintering temperature to a maximum and decreased at higher sintering temperature. The 

maximum relative densities obtained for BMN, BZN and BNN samples were 99.1%, 98.2% and 

96.3%, respectively. The maximum density of BNT samples sintered at 1610 °C was 97.1%. The 

relative densities were calculated from 

Pm P = - X 100% 
Plh 

(10.7) 

where Pm is the measured density and Plh = 6.236 g/cm3
, 6.511 g/cm3

, 6.554 g/cm3
, and 8.017 

g/cm3 , is the theoretical density of BMN, BZN, BNN, and BNT respectively. 

The microstructure of ceramics was examined on polished and thermally etched surfaces. Ther­

mal etching was performed at 100-200 degrees below the sintering temperature. In case of BZN, 
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however, a second phase formed on the surface during thermal etching impeded the observation of 

the matrix grains (see Fig. 10.11). The fractured surface ofthe BZN shown in Fig. 10.12 provided a 

better view of the matrix grains. The average grain size of BZN ceramics increased gradually from 

Figure 10.11: SEM image of thermally etched surface of BZN sample sintered at 1380 DC. 

Figure 10.12: SEM image of fractured surface of BZN samples sintered at a) 1380 DC, b) 1420°C, 

and c) 1460 °C 

5 to 20 /Lm for ceramics sintered at 1380 - 1460 DC. The EDS chemical analysis of the BZN matrix 

and the second phase formed at the surface can be compared in Figs. 10.13 and 10.14. It was found 

that the second phase formed on the surface during thermal etching is depleted of Zn ions. 
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Figure 10.13: EDS spectrum of fractured surface of BZN sample sintered at 1380 °C 
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Figure 10.14: EDS spectrum of the second phase formed during thermal etching of BZN sample 

sintered at 1380 ° C 



166 

The SEM micrographs of BMN, BNN and BNT samples sintered at different temperatures are 

shown in Figs. 10.15,10.16, and 10.17. 

Figure 10.15: SEM image of polished surface of BMN samples sintered at a) 1400 DC, b) 1460°C, 

and c) 1620 °C 

Figure 10.16: SEM image of polished surface of BNN samples sintered at a) 1400 DC, b) 1420°C, 

and c) 1500 °C 

Figure 10.17: SEM image of polished surface of BNT samples sintered at a) 1570 DC, b) 1600°C, 

and c) 1610 °C 

As can be observed in Fig. 10.15, the average grain size of BMN ceramics increased from 3.5 

p,m to 7 - 8 p,m for samples sintered at 1400 - 1620 cC. Second phase is visible in micrographs of 

ceramics sintered at 1620 °C (Fig. 10.15 (c)). As revealed by EDS analysis, this second phase was 
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enriched with Nb and depleted of Mg. The BNN ceramic showed a gradual increase in the grain 

size from 1.5 p,m to 4.5 p,m for samples sintered in the temperature interval from 1400 °C to 1500 

ac. The averaged grain size of BNT samples sintered at 1570 - 1610 °C was in the range of 2.5 - 3.5 

p,m. Ta-rich second phase was observed on the surface of thermally etched samples. 

10.4 Dielectric properties 

10.4.1 Dielectric constant 

The effect of sintering temperature on the dielectric constant of BMN, BZN, BNN, and BNT ceramics 

is shown in Fig. 10.18. The dielectric constant increases with sintering temperature for BMN, BNN, 
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Figure 10.18: Effect of sintering temperature on dielectric constant of BMN, BZN, BNN, and BNT 

ceramics. 

and BNT samples. The increase in c;' correlates with an increase in ceramic density shown in Fig. 

5.2. In the case of the BZN sample, however, c;' initially increases until it reaches maximum of 40 for 

a sintering temperature, T sint , of 1440 °C. At higher Tsint, the dielectric constant slightly decreases. 

The maximum values of c;' obtained for BMN, BZN, BNN, and BNT were 31.4, 40, 35.4, and 21.5, 

respectively. 

10.4.2 Q-factor 

In nonpolar dielectrics well below the phonon eigenfrequencies, the Q-factor (Q = 11tan J) is pro­

portional to the reciprocal of frequency. Therefore, the value Q x f is independent of frequency and 
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provides a useful figure of merit for comparison of dielectric: loss in different types of ceramics. 
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Figure 10.19: Effect of sintering temperature on Q x f of BMN, BZN, BNN, and BNT ceramics. 

Fig. 10.19 demonstrates the dependence of Q x f on sintering temperature for BMN, BZN, BNN, 

and BNT ceramics. It is evident from Fig. 10.19 that the dielectric loss of the samples studied is 

very sensitive to the sintering temperature. Except for BNT, the Q x f exhibits a maximum as a 

function of T sint. The decrease of Q x f following the maximum is especially pronounced in BMN 

and BNN samples. It is interesting that the decrease of Q x f cannot be explained by the intrinsic 

source of dielectric loss (i.e., decrease in the ordering parameter), since, according to Fig. 10.9, 

both BMN and BNN remained perfectly ordered up to 1620 °C and 1500 °C, respectively. Hence, 

an extrinsic source is responsible for the decrease in Q x f. Extrinsic dielectric loss may originate 

from the defects, porosity, second phase, grain boundaries, etc. However, the significant drop in 

Q x f cannot be attributed to high porosity, since ceramics sintered at the highest temperatures still 

possess a relative density of 95 - 97% as shown in Fig. 5.2. Hence one may conclude that the major 

source of the decay in Q x f is the formation of a second phase with high dielectric loss. Indeed, the 

XRD analysis has detected Ba3Nb5015 second phase in both BMN and BNN sintered at 1620 °C 

and 1400°C (see Tables 10.2 and 10.4). This phase is a structural analog of the Ba3Ta5015 phase 

observed in BMT sintered above 1630 °C as reported in Chapter 9. 

Similar to BMN and BNN, formation of a second phase was observed in BZN ceramics sintered 

above 1440 °C. The crystallographic structure of this phase was different from Ba3Nb5015, but it 

was not possible to identify this phase using the JCPDS database. However, since the Q x f of BZN 

did not decrease significantly at high T sint, it could be concluded that the unidentified second phase 
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had relatively low dielectric loss. It should also be emphasised that all BZN samples analyzed at 10 

GHz were disordered. This may partially explain the lower values of Q x f compared to literature 

data summarized in Table 10.1 

The BNT sample showed a sharp increase of Q x f with sintering temperature. This is mainly 

attributed to the elimination of porosity in BNT ceramics and an increase in the ordering parameter 

as demonstrated in Figs. 5.2 and 10.9. The XRD analysis did not reveal any second phase in BNT 

sintered at 1000 - 1610 ac. 
Another contribution to dielectric loss is from point defects (e.g., impurities, vacancies, intersti­

tials). Interaction of these defects with electromagnetic waves will result in absorption of part of 

the electromagnetic energy which otherwise would be stored in the resonator. Some of the point 

defects having unpaired electron spin can be detected using electron paramagnetic resonance (EPR) 

technique. Fig. 10.20 demonstrates the room temperature EPR spectra of BMN, BNN, BZN and 

..-,. 
~ g=2.005 

~ 
.~ BIN c __ 

'" c 

8MN 

1000 2000 3000 4000 5000 6000 7000 

Magnetic field (Gauss) 

Figure 10.20: Room temperature EPR spectra of BMN, BZN, BNN, and BNT ceramics. 

BNT dielectrics showing characteristic resonance peaks originating from the paramagnetic centers. 

As revealed by Fig. 10.20, the giromagnetic constant, g, of EPR peaks of the BMN and BZN 

samples is very close to that of the unbound electron (i.e., ge =2.0023), indicating that the EPR 

signals originate from the trapped holes [336]. Apparently, holes in these perovskites compensate for 

the accidental acceptor impurities, or the deviation from the stoichiometric composition. The BNT 

and BNN compounds show very broad EPR signals. These may originate from the Ni ions having 

different oxidation states. However, a detailed study of the defect chemistry of Ba(B'l/3B"2/3)03 

perovskites is required in order to unambiguously identify the EPR signals presented in Fig. 10.20. 

At this point it is important to emphasise that Ba(B'l/3B"2/3)03 perovskites sintered in this work 
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are not free from charged point defects which contribute to the extrinsic dielectric loss. 

10.4.3 Temperature coefficient of the resonance frequency 

Measurements of the temperature coefficient of the resonance frequency, Tf of BMN, BZN, BNN, 

and BNT dielectric resonators were performed by using a rectangular copper waveguide in the 

temperature range of 25 to 90 DC. Using the test dielectric resonator, the waveguide contribution to 

the Tf was found to be -1.2 ± 0.5 ppm/K. Fig. 10.21 shows the effect of sintering temperature on 

the Tf of the BMN, BZN, BNN, and BNT dielectric resonators. It is evident from Fig. 10.21 that 
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Figure 10.21: Effect of sintering temperature on Tf of BMN, BZN, BNN, and BNT ceramics. 

Tf of BMN, BZN, BNN, and BNT is sensitive to the sintering temperature. In the case of the BMN 

sample, Tf = + 14 ± 1 at T sint < 1470 °C. At higher sintering temperatures, Tf increases, reaching 

+ 33.9 ppm/K at T sini = 1620 DC. A very important finding is that the Tf of BNN obtained in 

this study differs significantly from that reported in the literature (e.g., Tf = + 20 ppm/K [181)). 

As shown in Fig. 10.21, the value of Tf of BNN increases from - 4.9 ppm/K at Tsint = 1360 °c to 

+ 5 ppm/K at Tsini = 1500 DC. The relatively high value of c' and nearly zero value of Tf, make 

BNN compound promising for technical application. However, more work is required to improve its 

Q-factor. The temperature coefficient of resonance frequency of BZN compound varied in the range 

of + 20.7 to + 23 ppm/K. The BNT sample showed the decrease of Tf with increasing sintering 

temperature from - 10.5 to - 13.5 ppm/K. The most significant effect of Tsint on Tf was observed 

for BMN ann BNN compounds. It is most likely that this effect is associated with an increase of the 
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volume of Ba3Nb5015 in the samples. This phase apparently has a negative temperature coefficient 

of the dielectric constant which causes an increase of the Tf of the BMN and BNN resonators. 

10.5 Conclusions 

In conclusion, the effect of preparation conditions on B-site cation ordering and dielectric properties 

of BMN, BZN, BNN, and BNT complex perovskites was investigated. It was found that all studied 

perovskites attained a high degree of 1:2 ordering at temperatures specific for each composition. A 

high temperature order-disorder phase transition in BZN occurs below 1380 DC in agreement with 

the results of Hong et al. [240). However, coarse-grained BNN remained well ordered at temperatures 

as high as 1500 0 in contrast to the report of Hong et al. [240). One of the most important results 

is that the second phase (Ba3Nb5015) formed at high sintering temperatures (i.e., T sint > 1400 -

1500 DC) plays a major role in the decrease in Q-factor of BMN and BNN samples. An increase in 

Tf of the BMN and BNN resonators may also be attributed to the increasing amount of the second 

phase at high sintering temperatures. It was also revealed by EPR that all samples studied contain 

a substantial amount of charged point defects. These defects contribute to the extrinsic dielectric 

loss at microwave frequencies [194}, thus degrading the Q-factor. The chemical nature and precise 

identification of these defects requires further investigation. 
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Summary 

Several important results were obtained during the investigation of BaTi03 : 

1. Complex impedance analysis at cryogenic temperatures has revealed that the grain bulk and 

grain boundary properties of BaTi03 polycrystals are very sensitive to the oxygen partial 

pressure during sintering. It was shown that at P02 as low as 10-15 atm, polycrystals were 

already electrically inhomogeneous (i.e., they consisted of conducting grains and less conductive 

grain boundaries). The difference in the grain bulk and grain boundary resistance increases 

with P 02. The activation energy of the grain bulk resistance in rhombohedral phase was found 

to be equal to that of single crystal (Le., 0.090 eV). The activation energy of the grain boundary 

resistance increases with the temperature of the post-sinter oxidation treatment from 0.064 e V 

to 0.113 eV. 

2. Analysis of the polycrystalline BaTi03 sintered at P02 = 10-12 atm and then annealed at 

P O 2 = 0.2 atm has shown that formation of the PTCR properties occurs at much higher 

temperatures than expected in the frame of the oxygen chemisorption model. A substantial 

PTCR effect is achieved only after prolonged annealing in air at temperatures as high as 1200 

- 1250 cC. This result suggests that the PTCR effect in polycrystalline BaTi03 is associated 

with interfacial segregation of cation vacancies during oxidation of the grain boundaries. 

3. Several paramagnetic point defects in BaTi03 poly crystals were detected and identified using 

the electron paramagnetic resonance technique. Polycrystals sintered in reducing atmosphere 

showed a strong signal with a giromagnetic constant of 1.932. This signal, observed only in 

conducting ceramics, was assigned to Ti3+ and Ti3+ related complexes. The dependence of 

the intensity of the g = 1.932 signal on donor dopant concentration was in good agreement 

with a defect compensation mechanism of donor doped BaTi03 . V Ba and VTi defects were 

found at giromagetic constants of 1.974 and 2.004, respectively. The EPR intensity of these 
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defects increases with oxidation of ceramics at T > 1000 °C. It should be stressed that the 

appearance of the V Ea and V Ti signals in EPR spectra of oxidized ceramics correlates with 

onset of the PTCR effect. Hence, it is justified that these defects are the source of the in-gap 

electron traps in PTCR ceramics. At donor dopant levels of 2::0.3 at%, the concentration of 

VEa and VTi defects shows good agreement with the defect compensation mechanism of donor 

doped BaTi03 [101, 89, 64, 95]. However, small amounts of YEa, and VTi defects are present 

in undoped BaTi03 ceramics. This observation is contrary to the generally accepted model 

of undoped BaTi03 where only oxygen vacancies were allowed to compensate the acceptor 

impurities at high P02 [99]. 

4. The current-voltage characteristics of two PTCR samples (Bao.996 Yo.oo4Th.0l 0 3 and Bao.69 

SrO.3YO.004Th.0103 doped with 0.03 mol % MnO) were analyzed in light of SCLC, TFLC, 

Frenkel-Poole, small polaron, and DSB models. It was shown that the double-Schottky barrier 

model provides a better fit with experimental I - V curves when the effect of the applied voltage 

on the population of the interfacial electron states was taken into account. Within the DSB 

model, a partial stabilisation of the potential barrier is expected when the Fermi level is pinned 

at GB by a high density of interface states. This will result in an ohmic or even sub ohmic 

I - V dependence at moderate voltages, e.g. VCE < 1 V. The DSB model predicts a significant 

increase in the current only after all interface states are filled up. The voltage corresponding to 

the onset of this current is expected to shift towards higher values with increasing temperature. 

The possible reasons for disagreement between measured and calculated I - V characteristics 

within the DSB model were discussed. Among them are uncertainty in the DOS function, 

electron-hole recombination at high temperatures, and variation of the GB barrier height at 

individual grain boundaries. 

5. In order to distinguish between small polaron and conduction band electron transport in 

BaTi03 , the Hall and Seebeck effects were studied in the rhombohedral and orthorhombic 

phases (i.e., in the 100 - 300 K interval) on polycrystalline and single crystal samples. Based 

on the results of the Hall effect, it was found that at 100 - 300 K, the drift mobility of electrons is 

thermally activated, which is in general agreement with the model of conduction band electron 

transport. This was also confirmed by Seebeck effect measurements on a single crystal sample. 

However, the activation energy of concentration of the charge carriers derived from the Seebeck 

effect was three times higher than the activation energy of conductivity (i.e., 0.278 eV and 0.093 

eV, respectively). This difference was tentatively explained by uncertainty in determination of 

the transport term A in the Seebeck coefficient. For the first time, a sharp decrease in Seebeck 

coefficient at 200 - 230 K (i.e., at the temperature of the rhombohedral-orthorhombic phase 

transition) was observed in polycrystalline samples. This anomalous decrease in thermoelectric 

power could not be associated with the change in the concentration of the charge carriers, since 

the Hall constant does not undergo any significant change in this temperature range. The 
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proper explanation of this anomaly is awaiting further research. In general, the results obtained 

suggest that the mechanism of electron transport in BaTi03 follows the conduction band model 

in the 100 - 300 K interval. However, it should be stressed that these results were obtained 

for reduced undoped BaTi03 single crystals and for Y-doped polycrystals. The presence of 

the charged point defects may cause localization of the charge carriers and eventually alter 

the conduction mechanism. It is important to perform similar studies in a wider temperature 

range on high quality n-doped BaTi03 single crystals to draw unequivocal conclusions about 

the charge transport mechanism in BaTi03. 

The most important results of the study of Ba(B/l/3BII 2/3)03 compounds are summarized as follows: 

1. It was found that all the studied complex perovskites attained high degrees of 1:2 cation 

ordering at temperatures specific for each composition. In the case of Ba(Mg1/3 Ta2/3)03 it 

was shown that in the conventional synthesis method from BaC03, MgO, Ta205, intermediate 

phases (e.g., Ba4Ta209, Ba5Ta4015) inhibit formation of single-phase Ba(Mg1 / 3 Ta2/3)03 up to 

1400 DC, whereas utilization of a MgTa206 precursor produces the nearly pure perovskite phase 

after treatment at 1000 DC. In the temperature range of 1400-1620 DC, the Ba(Mg1/3Ta2/3)03 

ceramic remains single phase. At higher sintering temperatures, the Ba3 Ta5 0 15 phase appears 

in the samples. As revealed by XRD and microwave dielectric measurements, the highest 

degree of B-site cation ordering in BMT was achieved for samples sintered at Tsint = 1585 

± 5 DC. Both the decrease in ordering and formation of the second phase at higher sintering 

temperatures are responsible for an increase in dielectric loss. For samples sintered above 

Tsint = 1585 ± 5 DC, the high degree of ordering cannot be recovered by prolonged post-sinter 

annealing or by slow cooling. 

2. A high temperature order-disorder phase transition in BZN occurs below 1380 DC in agreement 

with the results of Hong et al. [240]. BNN and BMN perovskites remained 100 % ordered at 

temperatures as high as 1500 and 1620 DC, respectively. However, Ba3Nb5015 second phase 

started to form at T sint = 1400 and 1620 DC for BNN and BMN, respectively. It is this second 

phase that plays a major contribution in the decrease in Q-factor of BMN and BNN samples. 

An increase in 7j of the BMN and BNN resonators may also be attributed to the increasing 

amount of the second phase at high sintering temperatures. It was also revealed by EPR 

that all samples studied contain a substantial amount of charged point defects. These defects 

contribute to the extrinsic dielectric loss at microwave frequencies, thus degrading the Q-factor. 

The chemical nature and precise identification of these defects requires further investigation. 

3. From the technological point of view, in order to obtain low-loss Ba(B\/3 B I1
2/ 3)03 ceramics, 

it is crucial to preserve a high degree of B-site cation ordering and avoid formation of the 

second phase. This can be done by reducing the sintering temperature at the expense of 

sintering time. By following this procedure it was possible to obtain the Ba(Mg1/ 3 Nb2/ 3)03 
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and Ba(Ni1j3Ta2/3)03 ceramics with the highest ever reported values of Q x f (i.e., 160 THz 

and 95.5 THz for BMN and BNT, respectively). 
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