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Single phase non-stoichiometric bismuth zinc niobate, Bi3Zn1.84Nb3O13.84, was fabricated by a con-
ventional solid state method. The sample was refined and fully indexed on the cubic system, space group 
Fd3m (No. 227), Z = 4 with a = 10.5579(4) Å. Electrical characterisation was performed using an ac 
impedance analyser over the temperature range of 25–850 °C and frequency range of 5 Hz–13 MHz. 
Typical dielectric response is observed in Bi3Zn1.84Nb3O13.84 with a high relative permittivity, low dielec-
tric loss and a negative temperature coefficient of capacitance, with the values of 147, 0.002 and –396 
ppm/°C, at 100 kHz at ambient temperature, respectively. This material is highly resistive, with a conduc-
tivity of 1×10–21 Ω–1·cm–1 and a high activation energy of ca. 1.59 eV. 
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1. Introduction 

Ceramic materials have been used in a wide range of industrial applications such 
as electrical and electronic components, superconductors, catalyst and automobile 
components [1–3]. The study of advanced ceramic materials involves many disci-
plines, including chemistry, physics, mechanical engineering, materials science and 
metallurgy. Both electroceramics and structural ceramics are classified as advanced 
ceramics, and they have different applications. Applications of electroceramics in-
volve electrical and magnetic properties, whereas those of structural ceramics are 
mainly based on its mechanical behaviour [4]. 

One of the promising candidates in electroceramics is bismuth pyrochlore [5]. 
Pure bismuth oxides are highly reactive, volatile and thermally unstable with poly-
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morphic transitions in which monoclinic α-Bi2O3 transforms to a defect fluorite  
δ-Bi2O3 above 729 °C, and then followed by the formation of two metastable phases, 
tetragonal β-Bi2O3 and body-centred cubic γ-Bi2O3 upon cooling [6]. However, bis-
muth derivatives are suitable and cost effective for various commercial applications, 
particularly in microwave and radio frequency applications, due to their low firing 
temperatures of miniaturisation with passive integration using multilayer ceramic 
technology whereby active or passive components are laminated and co-fired at low 
temperature. In general, pyrochlore materials have the formula, A2B2O7 indicating the 
existence of two different crystallographic sites, namely a relatively larger 8-co-
ordinate A site and a smaller 6-coordinate B site within the structure. These sites are 
commonly occupied by a combination of A3+ and B4+ cations, A2+ and B5+ cations or 
other combinations with required average mixed valency [7]. By far the most exten-
sively studied Bi-based dielectrics are the cubic pyrochlore Bi3/2ZnNb3/2O7 (k′ = 150,  
tk = –400 ppm/°C) and the monoclinic zirconolite phase (k′ = 80, tk = 200 ppm/°C, k′ is 
the relative electric permittivity, and tk stands for the temperature coefficient of ca-
pacitance). With the opposite signs for the temperature dependence of permittivity, 
they are considered a good pair that provides temperature compensated dielectric 
properties when mixed together [8]. 

An “ideal” composition for a pyrochlore phase in the Bi2O3–ZnO–Nb2O5 (BZN) 
system could be Bi3Zn2Nb3O14, referred to as P, in which the expectation is that part of 
Zn and all Bi would be disordered over the large, 8-coordinate A sites; the remainder 
of Zn, together with Nb, would be disordered over the octahedral B sites. However, it 
has been shown that the material of the composition Bi3Zn2Nb3O14 contains excessive 
ZnO as a second phase and lies outside the BZN subsolidus solid solution area [9–13]. 
The pure-phase composition was confirmed to be ZnO deficient by electron probe 
microanalysis and a combination study of electron, neutron and X-ray diffraction. 

Work since the 1990’s has clarified many of the fundamental aspects of BZN materi-
als. However, there are inconsistencies and discrepancies in the literature regarding the 
characterization of BZN materials. In particular, estimates of the electric relative permittiv-
ities, as reported from different researchers working on multiphase samples, can vary 
anywhere in the 80–120 range [9–13]. Preliminary electrical studies on Bi2O3–ZnO 
–Nb2O5 ternary system indicate that these materials are highly insulating and their conduc-
tivities are not likely to be determined at temperatures below 500 °C. However, it is possi-
ble to measure permittivities at high frequencies at ambient temperatures and above. An 
overall objective of electrical characterisation is to investigate the effects of composition 
and temperature on bulk permittivity, i.e. variation of bulk permittivity with composition 
and whether the permittivity varies, positively or negatively with temperature. Investiga-
tion of various possible sources of error and variations in permittivity measurement are 
therefore indispensable before a firm conclusion can be drawn in correlating permittivity 
with density, sintering temperature and electrodes. The electrical data were collected on 
samples whose sintering conditions have been optimised with respect to capacitance value, 
bismuth loss and pellet density. The focus of this paper is on the high temperature electri-
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cal behaviour of optimised Bi3Zn1.84Nb3O13.84 via a systematic impedance spectroscopy 
study. 

2. Experimental 

Cubic pyrochlore Bi3Zn1.84Nb3O13.84 was prepared via conventional solid state re-
actions using Bi2O3, ZnO, and Nb2O5 as starting materials (all Alfa Aesar, 99.99%). 
ZnO and Nb2O5 were dried at 600 °C while Bi2O3 was dried at 300 °C, for 3 h prior to 
weighing. Stoichiometric quantities of the oxides were weighted and mixed with ace-
tone in an agate mortar to ensure the homogeneity of the mixture. The resulting pow-
der was transferred into a gold boat and pre-fired at 700 °C for 24 h (below Bi2O3 
melting point of ca. 825 °C) in a Carbolite muffle furnace. Subsequently, the mixture 
was fired at 800 °C and 950 °C for 24 h with intermediate regrinding. The phase pu-
rity of the sample was examined at room temperature by X-ray diffraction using 
a Shimadzu X-ray powder diffractometer XRD-6000 equipped with a diffracted-beam 
graphite monochromator, with CuKα radiation (1.5418×10–10 m). Pellets of a single 
phase sample were prepared using a stainless steel die measuring 8 mm in diameter. 
A sufficient amount of powder was added, cold pressed uniaxially, and sintered at 
1050 °C in order to increase the mechanical strength and to reduce the intergranular 
resistance in the pellets. Gold paste (Engelhard) was smeared and hardened onto paral-
lel faces of the ceramics.  

The pellets with gold electrode attached were placed on a conductivity jig and in-
serted in a horizontal tube furnace. The pellets were characterised using an ac imped-
ance analyser, Hewlett Packard LF HP4192A over the frequency range 5–1.3×107 Hz 
with the applied voltage of 100 mV. Conductivity measurements were carried out over 
the temperature range ca. 28–850 °C on heating and cooling cycles each at 50 °C in-
terval. The samples were allowed to equilibrate at each temperature for 30 minutes 
prior to measurement. Most measurements were made in air, and where necessary in 
oxygen free nitrogen (OFN) at the flow rate of 80 cm3/min for reducing atmosphere 
study. The nitrogen gas was supplied to a sealed tube furnace for 1 h in order to create 
a nitrogen atmosphere prior to measurement. 

3. Results and discussion 

Electrical properties of optimised Bi3Zn1.84Nb3O13.84 pellets with the density of ca. 
90%, sintered at 1050 °C, were determined by ac impedance spectroscopy over the 
frequency range of 5 Hz–13 MHz in air. The measured impedance data are repre-
sented in the Nyquist form with a typical complex plane plot (Z′′ vs Z′). The imped-
ance is normalised by the geometric factor and represented in the form, ρ* = Z*(S/d)  
= ρ′ + jρ′′ where ρ* is the complex resistivity and S/d is the geometric factor. The pa-
rameters S and d represent the area and the separation of the electrodes [14, 15], re-
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spectively. Perfect semicircles are only observed in the Cole–Cole plots of cubic pyro-
chlore Bi3Zn1.84Nb3O13.84 above 550 °C (Fig. 1).  

 
Fig. 1. Cole–Cole plots of Bi3Zn1.84Nb3O13.84 measured  

at various temperatures; Cmax = 1.19×10–11 F·cm–1 

The impedance data can be represented by the equivalent circuit shown in the in-
set of Fig. 1. The circuit consists of parallel R and C elements of the bulk material and 
the total impedance Z* for the circuit is given by: 

 * 1   –  Z  1 1
RZ Z j
j CRj C

R
ωω

′ ′′= = =
++

 (1) 

An associated capacitance of 1.19×10–11 F·cm–1 (after correction for jig) is ob-
tained at 549 °C and this corresponds to the bulk properties of the material. The corre-
sponding bulk resistivities, Rb of ca. 8.3×105 to ca. 2×103 Ω·cm over the temperature 
range 550–850 °C are obtained from the intercept on the real part of impedance. This 
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could be associated with the increase in thermally activated drift mobility of electric 
charge carriers according to the hopping conduction mechanism. In addition, the resis-
tivity falls as the temperature increases, because the probability of carriers being pro-
moted into the conduction band, or being transferred from one defect to another is 
governed by thermal fluctuations described by the Boltzmann statistics [16]. On the 
other hand, higher dielectric polarisation may result in higher electric permittivities 
and higher dielectric losses as the temperature increases [17]. 

For a highly resistive material, the Nyquist diagram is not completely defined as 
the data fitting may lead to a gross error. Hence, the capacitance and permittivity value 
can be extracted based on the electrical response in a high frequency range 105–107 Hz 
using the equation –Z′′ = 1/(jCb×2πf ) where Z′′ is the imaginary part of impedance, 
j = (–1)1/2 and ω is the angular frequency. The capacitance Cb of the bulk material can 
be determined from the slope of the plot –Z′′ vs. 1/2πf. A bulk capacitance of 1.19×10–

11 F·cm–1 (after correction for stray capacitance from the empty jig) is obtained for 
Bi3Zn1.84Nb3O13.84 at 549 °C (Fig. 2) which agrees reasonably well with that obtained 
from the Cole–Cole plot (ωRCb = 1). 

 

Fig. 2. Imaginary part of impedance, Z′′ as a function  
of the reciprocal angular frequency at 549 °C 

The impedance data of the material are further examined using the combined spec-
troscopic plots of imaginary components of the complex impedance, Z′′ and electric 
modulus, M ′′. The frequency maxima of Z′′ and M ′′ should be coincident, and the full 
width at half maximum (FWHM) should be equal to 1.14 decades for an ideal Debye 
response representing bulk properties. There appears to be no grain boundary effect as 
two overlapping peaks with FWHM value of ca. 1.15 decades are obtained (Fig. 3), 
indicating that the material is homogeneous. 
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Fig. 3. Combined Z′′ and M ′′ spectroscopic plots 
for cubic pyrochlore Bi3Zn1.84Nb3O13.84 at 549 °C 

 

Fig. 4. Conductivity Arrhenius plots of cubic pyrochlore, Bi3Zn1.84Nb3O13.84 

Figure 4 shows the electrical conductivity of the material as a function of tempera-
ture. The Arrhenius law is applied in order to correlate the observed behaviour with 
a general relation, σ = σ0exp(–Ea/kT) where σ0 represents a pre-exponential factor, Ea is 
the apparent activation energy of the conduction process, k is Boltzmann’s constant 
and T is the absolute temperature. The conductivity data are reproducible and reversi-
ble in heat–cool cycles with a high activation energy of ca. 1.59 eV. Usually, high 
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activation energy is required for the occurrence of a hopping type electronic mecha-
nism, especially with the presence of defects of the oxygen vacancy in the pyrochlore 
structure [14, 15]. The conductivity at room temperature is determined by data ex-
trapolation. Cubic pyrochlore, Bi3Zn1.84Nb3O13.84, exhibits conductivity which is an 
order of magnitude lower than that of bismuth zinc antimonite (BZS) material with the 
value of 1×10–21 Ω–1·cm–1 at room temperature. The high resistivity of Bi based pyro-
chlores has been noted in literature and these materials are mainly used for dielectric 
applications [18]. 

Oxides are susceptible to oxygen loss with creation of anion vacancies and associ-
ated reduction at high temperature, especially under reducing atmosphere where 
a process, 2O2– → O2 + 4e– takes place. In a nitrogen atmosphere, Bi3Zn1.84Nb3O13.84 

exhibits n-type conduction behaviour with higher conductivity and the activation en-
ergy of 1.70 eV (Fig. 4). This may be considered as evidence that cation disordered 
pyrochlores (A ↔ B exchange) exhibit a high level of intrinsic oxygen Frenkel disor-
der (48f → 8b). It was suggested by Clayton et al. [19] that Bi3Zn2Nb3O14 pyrochlore 
disclosed an n- to p-type behaviour as a function of temperature and partial pressure of 
oxygen. The p-type conductivity dominated at high pressure of oxygen, under oxidiz-
ing conditions and n-type conductivity dominated at low pO2 with considerable ionic 
contribution to the conductivity, due to the presence of the shallow minimum in con-
ductivity measurements. 

 

Fig. 5. Imaginary part of impedance as a function of frequency  
for cubic pyrochlore, Bi3Zn1.84Nb3O13.84 at various temperatures 
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A dispersion of imaginary impedance, Z′′ as a function of frequency is shown in 
Fig. 5. The maxima of the curves shift towards a higher frequency region as the meas-
uring temperature increases; this indicates the presence of a polarisation process in the 
dielectric material.  

 

Fig. 6. Arrhenius plot for peak frequency of cubic pyrochlore, Bi3Zn1.84Nb3O13.84 

Peak frequencies in Fig. 6 are used in the Arrhenius plot (peak frequency type) to 
show its dependence on temperature. Figure 6 shows the evolution of the peak fre-
quency that follows the Arrhenius law with an apparent activation energy of 1.55 eV. 
This value is in good agreement with the activation energy calculated from the con-
ductivity Arrhenius plot, i.e. 1.59 eV. This suggests strongly that the electrical behav-
iour of cubic pyrochlore, Bi3Zn1.84Nb3O13.84 is influenced by the polarisation phe-
nomenon in the crystalline lattice and that the conduction mechanism is of the hopping 
type [14, 15]. 

The electric modulus is inversely proportional to the capacitance C. The peak 
heights of the modulus plots (Fig. 7) are independent of temperature, indicating that 
Bi3Zn1.84Nb3O13.84 does not exhibit ferroelectric properties in the temperature range 
studied. Similarly, the dielectric relaxation behaviour of ideal BZN cubic pyrochlore, 
Bi3Zn2Nb3O14 has been studied and it was suggested that the material is neither a dipo-
lar glass nor a relaxor ferroelectric [20]. The complex dielectric response of 
Bi3Zn2Nb3O14 between 100 Hz and 100 kHz revealed a dielectric relaxation below the 
polar phonon frequencies. Relaxation at room temperature was observed at the fre-
quency of 108 Hz, and the high frequency limit of relaxation frequencies was nearly 
temperature independent. The relaxation was postulated to be associated with hopping 
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of disordered Bi and Zn atoms at A sites (each of the A atoms occupy one of 6 equiva-
lent, closely spaced positions) and hopping of O′ atoms among 12 sites [20]. 

 
Fig. 7. Imaginary part of electrical modulus as a function of frequency 

The complex electric permittivity ε* can be expressed as a complex number 

 ( ) ( )*   –  jε ε ω ε ω′ ′′=  (2) 

where ε′ and ε′′ are the real and imaginary parts of the complex permittivity.  

 
Fig. 8. Permittivity, ε′, as a function of frequency at various temperatures 

Figure 8 illustrates the relative permittivity of Bi3Zn1.84Nb3O13.84 as a function of 
frequency. High dispersion characteristics in the curves at frequencies lower than 
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1 kHz could be attributed to the dielectric material behaviour where a conduction mecha-
nism of the hopping type is present [14, 15]. This is probably due to the atomic defects in 
cubic pyrochlores where intrinsic oxygen vacancies are present. On the other hand, per-
mittivity depends on the concentration of defects and on the extent to which the internal 
field is raised above the applied field. Occurrence of a continuous flow of the current 
rather than a limited oscillation between sites is noted to be due to high concentration of 
defects and/or high probability of hopping events. This contribution to the permittivity is 
small while the resistivity remains at a sufficiently high level for the dielectric to be of 
practical interest [16]. The degree of dispersion decreases as the frequency increases. In 
the frequency range of 10–103 kHz, a frequency-independent response is observed over the 
entire temperature range studied (Fig. 8). This may be attributed to the inherent character-
istic of dielectric materials as the oscillating system cannot follow the resonant frequency 
or jumping frequency, ωr, in an applied field.  

 
Fig. 9. Real part of complex permittivity  

as a function of temperature at several frequencies 

Figure 9 illustrates the temperature dependence of the real part of the complex permit-
tivity at several frequencies. The decline in permittivity in the temperature range 25–400 
°C (100–1000 kHz) indicates a negative temperature coefficient of permittivity of ca. 396 
ppm/°C which is comparable to the reported value –400 ppm/°C [21, 22]. 

The dielectric loss can be expressed as 

 ( )
( )

tan   
ε ω

δ
ε ω
′′

=
′

  (3) 
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A dense and pore free structure is a prerequisite for a low loss dielectric, as the 
pores may take up moisture which results in a higher dielectric loss, particularly if 
soluble ions are leached from the solid phase.  

 

Fig. 10. Dielectric losses, tanδ, as a function of frequency at several temperatures 

 
Fig. 11. Dielectric losses, tanδ, as a function of temperature at several frequencies 
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Dielectric losses at various temperatures are shown in Fig. 10. All the curves dis-
play a similar frequency independent behaviour below 500 °C. Above 500 °C, an ap-
preciable increase in the dielectric losses is observed. Dielectric losses are strongly 
dependent on frequencies, i.e., lower losses are observed at higher frequencies 
(Fig. 11). The behaviour below 500 °C could be associated with the frequency inde-
pendence of dielectric loss (above kilohertz region) of BZN cubic pyrochlore with 
hopping conduction mechanism mentioned earlier. High dielectric loss at low fre-
quencies is possibly due to time availability for the displacement of defects. Energy is 
lost through the movement of the screening charge (adjustment of surrounding ions 
relative to their state when the defect is absent) against the applied field. The ratio of 
energy lost, WL to energy stored, WS in each hopping transition is represented by 
WL/WS = (1 – ξ)/ξ where ξ is the restraint of screening imposed by the lattice [16]. On 
the other hand, increase in temperature (above 500 °C) may increase the number of 
thermally activated charge carriers (defects) and this will lead to displacement of de-
fects. Bi3Zn1.84Nb3O13.84 possesses the highest value of relative permittivity and the 
lowest dielectric loss in comparison with two analogous systems, Bi3Zn2M3O14, (M = Ta 
and Sb). There is a decrease in the relative permittivity and increase in the dielectric loss 
going from Nb to Sb system with the values of ca. 148, 48 and 0.002, 0.006, respectively 
[22–24]. This could be associated with the substitution of less polarisable Sb5+ or Ta5+ 

cation. 

4. Conclusion 

The cubic pyrochlore, Bi3Zn1.84Nb3O13.84 exhibits a typical dielectric behaviour in 
the frequency and temperature ranges studied. High dispersion of permittivity and 
high dielectric loss at low frequencies, and frequency-independent permittivity and 
dielectric loss at high frequencies (> 100 kHz) with much lower permittivity and di-
electric loss are observed. These phenomena could be attributed to the dielectric be-
haviour of the material, where a conduction mechanism of a hopping type is present. 
In general, the sample is highly resistive with a high activation energy of ca. 1.59 eV; 
a high relative permittivity value, 147 and low dielectric loss, 0.002, making it a po-
tential candidate in multilayer ceramic capacitors. 
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