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A B S T R A C T   

The electrical properties of bismuth magnesium tantalate pyrochlore, Bi3.30Mg1.88Ta2.82O13.88 (BMT) were 
investigated by both inductor-capacitor-resistor (LCR) and impedance spectroscopy techniques covering a broad 
temperature range of 10–1073 K and a frequency range of 5 Hz - 1 MHz. At below ~180 K, BMT pyrochlore 
exhibited interesting relaxor behaviour that showed high dispersion characteristics in its frequency-temperature 
dependent dielectric constants, ε′ and dielectric losses, tan δ, respectively. The maximum ε′max of ~77 was ob-
tained at the temperature maximum, Tm of 154 K. The frequency-independent ε′ data above 154 K at a fixed 
frequency of 1 MHz can be well fitted with the Curie-Weiss law and the relaxation features of Bi3.30Mg1.88-

Ta2.82O13.88 obeyed the Vogel-Fulcher equation. The dielectric properties of Bi3.30Mg1.88Ta2.82O13.88 relaxor in 
the low temperature range of 20–320 K could be satisfactorily modeled with different equivalent circuits. In this 
perspective, a master circuit consisting of a parallel R-C-CPE element in series with a capacitor was required to 
accurately fit the low temperature data.   

1. Introduction 

Bismuth pyrochlores have excellent dielectric properties, which are 
suitably applied in a wide variety of applications, e.g., high frequency 
microwave filters, multilayer capacitors, supercapacitors and others 
[1–8]. One example of extensively studied pyrochlores is bismuth zinc 
niobate (BZN) with the general formula of (Bi1.5Zn0.5)(Zn0.5Nb1.5)O7. 
BZN pyrochlore showed relaxor behaviour at cryogenic conditions with 
frequency-dependent ε′ at below ~180 K and then a 
frequency-independent ε′ of ~130 above ~180 K over the frequency 
range of 103–106 Hz [4]. On the other hand, Ti doped BZN pyrochlore 
with the formula of (Bi1.5Zn0.5)(Nb0.5Ti1.5)O7 (BZNT) also revealed 

relaxor-like response whose frequency-independent ε’ was ~160 at 
above ~120 K over the similar frequency range. Such characteristics 
could be well modelled and fitted by equivalent circuits of various ele-
ments, including a parallel resistor (R), and capacitor (C), as well as with 
the inclusion of a constant phase element (CPE). The circuit modeling 
technique is particularly useful to gain further insights into the electrical 
behavior of the functional ceramics especially to understand the origin 
of the conduction mechanism involved [4,5]. 

A structurally related Ta pyrochlore analogue was found to have 
similar relaxor behaviour. BZT pyrochlore with the composition, 
(Bi1.5Zn0.5)(Zn0.5Ta1.5)O7 (BZT) showed dielectric relaxation and a 
relatively lower ε′ of ~60 in the frequency range of 102–1010 Hz. The 
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dielectric relaxation of BZT pyrochlore could be attributed to the hop-
ping of cations from the eight-coordinated A site, e.g., Zn/Bi with more 
than one equivalent potential minima [6,7]. This may also due to the 
reorientation of the dipoles that formed from the interactions between 
the A cations with the “seventh oxygen”, i.e. O′ or O(2) within the 
A2B2O6O’ pyrochlore structure [4–6]. In the case of Mg pyrochlore 
analogue, the reported Bi1.667Mg0.70Nb1.52O7 also demonstrated an 
interesting relaxation behaviour at sub-ambient temperature [7]. This 
agreed well with our reported study wherein BMN pyrochlore, e.g., 
Bi3.55Mg1.78Nb2.67O13.78 had a high ε′max of 209 at the Tm of 204 K. The 
low temperature electrical data of BMN pyrochlore could be modelled 
accurately with suitable equivalent circuits that contained a parallel 
R-C-CPE element in series with a capacitor [2]. 

Considering the inconsistencies and discrepancies over the limited 
literature on the pyrochlores in Bi2O3–MgO–Ta2O5 (BMT) ternary sys-
tem [2,3,8], their low temperature electrical behaviours are in partic-
ular yet to be fully characterised. Hence, we undertake careful electrical 
measurements and circuit fittings of BMT pyrochlore in consonance with 
several objectives below: (i) to characterise the low temperature elec-
trical properties of BMT pyrochlore at different frequencies (ii) to fit the 
impedance data with various equivalent electrical circuits and (iii) to 
provide a physical interpretation of the electrical data using the pro-
posed circuit models. 

2. Experimental 

Pyrochlore of the composition, Bi3.30Mg1.88Ta2.82O13.88 was pre-
pared by conventional solid-state reaction. The pre-treated reagent 
grade oxide powders, Bi2O3 (Alfa Aesar, 99.99%), MgO (Aldrich, 99%) 
and Ta2O5 (Alfa Aesar, 99.9%) were used as the starting materials. The 
constituent oxides were weighed out in a proper ratio and were mixed 
homogeneously with acetone in an agate mortar. The mixed powders 
were then transferred into a platinum boat for calcination. The sample 
was fired at 300 ◦C and 600 ◦C, both for 1 h to ensure Bi2O3 had reacted 
to form less-volatile intermediates. This allowed subsequent firing at 
higher temperatures without significant bismuth losses. The powder was 
then heated at 800 ◦C overnight and followed by 1025 ◦C for 2–3 days 
with intermediate regrinding. Single phase Bi3.30Mg1.88Ta2.82O13.88 was 
confirmed by an automated Shimadzu diffractometer XRD 6000, Cu Kα 
radiation in the 2θ range of 10 - 70◦ at the scan speed of 0.1◦/min. 

For the electrical characterisation, BMT pyrochlore powder was cold 
pressed into a pellet of 8 mm in diameter and ~1.5 mm in thickness 
using a uniaxial hydraulic press. After sintering at 1075 ◦C for 24 h, the 
relative density above 90 % was obtained as which calculated from their 
geometrical and theoretical densities. The Au paste was used as elec-
trodes and smeared on both sides of the pellet. The coated pellet was 
then dried and hardened in a muffle furnace by the programmed heating 
at 600 ◦C for 2 h. Impedance spectroscopy (IS) measurement in the low 
temperature range of 10–320 K was performed using an Agilent E4980A 
with Intelligent Temperature Controller (ITC 503S) while the high 
temperature range of 373–1073 K using a HP4192A impedance analy-
ser. Both measurement sets covered the frequency range of 10 Hz - 1 
MHz. IS data were modelled with various equivalent electrical circuits 
using ZView equivalent circuit fitting software. 

3. Results and discussion 

3.1. Experimental impedance data 

The experimental details of phase purity and chemical stoichiometry 
of the prepared BMT pyrochlore, as confirmed by both XRD and 
elemental analyses could be found in our previous works [2,8,9]: (i) The 
phase-pure Bi3.30Mg1.88Ta2.82O13.88 pyrochlore belongs to a cubic sym-
metry with a space group of Fd 3 m, (ii) The prepared composition forms 
part of the Bi3+(5/2)xMg2xTa3-(3/2)xO14-x solid solution (x = 0.12) and the 

overall local electroneutrality is preserved through the proposed doping 
mechanism: 5/2 Bi3+ ↔ Mg2++ 3/2 Ta5+ + O2, (iii) The synthesis 
optimisation and the correct chemical stoichiometry are attainable 
wherein there is no systematic deviation of bismuth loss upon firing at 
high temperature and (iv) The pellet optimisation and all electrical data 
collection have been subjected to stringent procedure as found in 
Ref. [10]. 

Literally, pyrochlores and related phases in the BMT system have 
high bulk ε′ in the range of 73–84 and low tan δ, in the order of 10− 4 - 
10− 3 at ~298 K [2,3,8,9,11]. Bi3.30Mg1.88 Ta2.82O13.88 exhibits ε′ of 74 at 
room temperature and 1 MHz, which is more than three-fold higher that 
the reported ε′ of 20 in Bi2MgTa2O9 pyrochlore; however, tan δ of both 
systems are still reasonably low at ~0.002. Most authors also agreed that 
low ε′ with increasing tantalum content could be associated with the 
relatively lower polarisability of TaO6 octahedra, if compared to that of 
NbO6 in the other pyrochlores [4,7–11]. Similarly, higher tantalum 
content may lead to the problems of increased porosity and smaller 
average grain size. In other words, ε′ is negatively impacted due to the 
increased total surface area and poor connectivity between grains. Such 
findings are consistent with our previous works wherein lower ε′ are 
discernible in most of the studied Ta analogues [7–10]. To understand 
the low temperature electrical behaviour, BMT pyrochlore, 
Bi3.30Mg1.88Ta2.82O13.88 is chosen for the detailed impedance charac-
terisation, as which reported earlier [8]. For four different fixed fre-
quencies from 1 kHz to 1 MHz, the variation of ε′ as a function of 
temperature is plotted in the range of 20–320 K (Fig. 1a). The ε′ are 
frequency-independent above ~180 K, but show frequency dependency 
at all lower temperatures with a broad ε′ maximum that depends on both 
frequency and temperature. Upon cooling, maxima of dielectric con-
stant, ε′max whose values of 78, 78, 77 and 77 are observed at the Tm of 
104 K, 120 K, 136 K and 154 K, respectively for 1 kHz, 10 kHz, 100 kHz 
and 1 MHz. In other words, the Tm shifts to higher temperatures as the 
frequency increases. At temperatures below Tm, the magnitudes of ε′max 
values decrease with increasing frequency and this suggests a typical 
behaviour of relaxor ferroelectric. The relaxor behaviour is associated 
with a gradual transition from macroscopic paraelectric to a ferroelec-
tric phase at a temperature below than that of the peak of ε’ [2,4,5, 
12–15]. On the other hand, tan δ data over similar temperature and 
frequency ranges are shown in Fig. 1b. At temperatures above ~180 K, 
tan δ is too small to measure at any frequency in the range of 103–106 

Hz, thus portraying the insulating nature of the sample at higher tem-
peratures. These data are taken together to show insulating dielectric 
behaviour at temperatures close to room temperature with the onset of 
frequency-dependent relaxor-like behaviour below ~180 K. The peak 
position at Tm indicates the dynamic freezing temperature or glass like 
transition [12–15]. At temperatures above 180 K, the ε′ data are inde-
pendent of frequency but there are dispersions can be seen below the Tm. 
Similar behaviour is also observed in the tan δ data. Thus, tan δ data 
(Fig. 1b) are both frequency- and temperature-dependent at tempera-
tures below 180 K. The highest value of tan δ is 0.0214 at 1 kHz and Tm 
of ~28 K and then, increases to 0.0306 at Tm of ~64 K as the frequency 
increases up to 1 MHz. 

A ferroelectric whose ε’ values above the Curie temperature should 
follow the Curie-Weiss law (eq. (1)).  

1/ε’ = (T - T0)/C                                                                             (1) 

where T0 is the Curie-Weiss temperature and C is the Curie-Weiss con-
stant. The frequency-independent ε′ data above 154 K at fixed frequency 
of 1 MHz are used to fit the Curie-Weiss law (Fig. 2). The plots of inverse 
ε′ against temperature, T yield a linear slope and the extrapolated Curie 
temperature, T0 value is found as ~ − 4917 K. Similar approach is 
applied to ε′ data at different frequencies and this yields the values of 
− 4765 K, − 4739 K and − 4761 K, respectively. 

The dispersive characteristic of ε′ below Tm, as found in typical 
relaxor materials could be attributed to the formation of polar 
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nanodomains. The Burns temperature, TB, on the other hand, is used to 
describe the onset of its formation for which the dispersion starts upon 
cooling [2,4,5]. Burns temperature was originally developed by Burns 
and Dacol [16] wherein the optic index of refraction of the ferroelectrics 
should follow a linear relation in high temperature region, except there 
was a possibility of departure from this linearity in low temperature 
region. As such, the starting temperature of this deviation was known as 
the Burns temperature, which was then used to describe the deviation of 
susceptibility from the Curie-Weiss law in lead magnesium niobate 
relaxor ferroelectrics [16]. The same concept was also extended to the 
study of (Bi1.5Zn0.5)(Nb0.5Ti1.5)O7 relaxor ceramic [5], i.e. the temper-
ature at which the ε’ dispersion commences on cooling is often called the 
Burns temperature and may signify the onset of nanodomain formation. 
The Burns temperature can be recognised as the point above which the 
material behaves as a simple capacitor. The deviation between Tm and 
TB could be calculated using eq. (2).  

Δ Tm = TB - Tm                                                                              (2) 

The ΔTm of BMT pyrochlore at the frequencies of 1 kHz, 10 kHz, 100 
kHz and 1 MHz are 48 K, 54 K, 58 K and 58 K, respectively. The devi-
ation of ΔTm implies that a diffuse phase transition (DPT) occurs in the 
sample. The DPT is a phenomenon at which a broaden ε’ peak is 
observed against the temperature function. For a relaxor ferroelectric 
with DPT characteristic, a modified Curie-Weiss law is useful to describe 
the diffuse phase transition involved (eq. (3)).  

(1/ε’ – 1/εmax) = (T – Tm)γ/C                                                            (3) 

The diffuseness degree, γ of the BMT pyrochlore is determined using 
eq. (3) and the values are 1.43, 1.46, 1.31 and 1.62 at the frequencies of 
1 kHz, 10 kHz, 100 kHz and 1 MHz, respectively (Fig. 3). These values 
imply that BMT pyrochlore is placed between a normal ferroelectric and 
an ideal relaxor ferroelectric where a diffuse phase transition occurs 
within the structure [14,15]. 

In a classical relaxor, a strong frequency dispersion is often portrayed 
by the low-temperature slope of its dielectric maximum. In order to 
characterise the dielectric constant peak, two relationships, either the 
Vogel-Fulcher equation could be used to analyse the frequency- 
dependence of Tm relationship or by using the super exponential func-
tion. This behaviour is an analogy to the magnetic relaxation in spin- 
glass systems [14–18]. The Vogel-Fulcher equation takes the form as 
below [4,19].  

fm = f0 exp [-Ea/k(Tm - Tvf)]                                                             (4) 

Fig. 1. (a) Dielectric constant, ε′ and (b) dielectric loss, tan δ of Bi3.30Mg1.88-

Ta2.82O13.88 pyrochlore at four fixed frequencies as a function of temperature in 
the temperature range of 20–320 K. 

Fig. 2. The inverse of dielectric constant at four fixed frequencies as a function 
of temperature. The inset (i) indicates the experimental data of Bi3.30Mg1.88-

Ta2.82O13.88 pyrochlore fitting to the Curie-Weiss law. 
Fig. 3. ln (1/ε’ – 1/εmax) against ln (T - Tm) of Bi3.30Mg1.88Ta2.82O13.88 pyro-
chlore at four fixed frequencies. 
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where k is Boltzmann’s constant = 8.617 × 10− 5 eV K− 1, TvF is the 
freezing temperature at which nanodomains is essentially frozen and Ea 
is a measure of average activation energy. A Vogel-Fulcher fits to the 
ε′max is shown in Fig. 4 with the activation energy, Ea value of 0.08 eV 
(inset of Fig. 4). Table 1 summarises the details of BMT pyrochlore 
concerning the temperature at which the maximum ε′ is obtained (Tm), ε′ 
maximum (ε′max), diffuseness constant (γ), Curie-Weiss temperature (T0) 
and Burns temperature (TB) at different frequencies [4]. 

The capacitance, C′, data as a function of frequency are shown for a 
wide range of temperatures starting from 20 K to 1123 K (Fig. 5). At the 
lowest temperature of 20 K, the data show a power law response. With 
increasing temperature, curvatures are started to form at lower fre-
quencies (Fig. 5a) and above the temperature of ~80 K, the low fre-
quency data are almost plateau to give a frequency-independent 
capacitance (Fig. 5b and c). This frequency-independent C′ data stay 
until temperature of 573 K before strong dispersions are observed at low 
frequency with increasing temperature (Fig. 5e). Note that C’ data are 
independent of frequency, but show decreasing values when the tem-
perature increases from 180 K to 320 K (Fig. 5d). 

Conductivity, Y′ data as a function of frequency of BMT pyrochlore 
are shown in the same temperature range (Fig. 6). At the lowest tem-
peratures, the Y′ data show an almost linear power law response. With 
increasing temperature, the low frequency Y′ data show lower conduc-
tivity values and curvatures at the highest measurable temperatures, i.e., 
150 and 160 K. The low frequency data appeared to show, again, a linear 
response with a slope of 2 on the log/log scale at temperature of ~20–50 
K (Fig. 6a). Between 160 K and ~673 K, conductivities are too low to 
measure at any frequency. At higher temperatures, Y′ data show 
frequency-independent plateau with the onset of a dispersion at higher 
frequencies that disappears off scale at higher temperatures (Fig. 6b). 
These Y′ data confirm the insulating nature of the sample above ~160 K 
and show that only at very high temperatures, i.e., above 673 K, which 
possible to measure a dc conductivity of the samples. At temperatures 
below 160 K, the ac conductivity is clearly measurable but without any 
evidence for a limiting low frequency conductivity [2,4,5]. The con-
duction behaviour of the material obeys the Jonscher’s universal power 
law [20].  

σT(ω) = σ(0) + σ1(ω) = σ0+ Aωn                                                      (5) 

where σ(0) is the frequency independent dc conductivity, whereas σ1(ω) 
is the frequency dispersive component of ac conductivity. The exponent 
n is between the value zero and one, i.e., n = 0 for dc conductivity and n 

≤ 1 for ac conductivity. Value of n less than unity (n < 1) in BMT 
pyrochlore (Table 2) signifies that the ac conduction mechanism of the 
material involves sudden hopping process along with translational 
motion of the charge carriers [21,22]. 

3.2. Interpretation of impedance data and circuit modelling 

Below room temperature, the impedance data show a combination of 
frequency-independent regions in both C′ and Y′ together with extensive 
regions where both parameters show frequency dispersions. At the 
lowest temperature, both C′ and Y’ show an almost linear dependence on 
frequency scale at several temperatures, which is a characteristic of 
power law response and this suggests a Constant Phase Element (CPE), is 
required to fit the data [17–19,22–25]. The simple equivalent circuit, 
CPE is shown in Fig. 7a and expressed in the form below:  

Y* = Aωn + jBωn                                                                           (6) 

where ω = 2πf, f is the measuring frequency and j = √-1. Note that CPE, 
in the equivalent circuit analysis is often regarded as a circuit fitting 
parameter shows no physical significance; but is required to model de-
partures from ideality in impedance data. It can be regarded as a com-
bination of a frequency-dependent resistance, Aωn in parallel with a 
frequency-dependent capacitance, Bωn. The parameters of CPE, either n, 
A and B are dramatic temperature dependent. The A and B are interre-
lated and the relative importance of the two components is given by the 
magnitude of the power law, n [18,19,22–24]. On logarithmic plots 
against frequency, therefore, Y′ data should fit a slope of n and C′ data 
should fit a slope of (n-1) since:  

C* = (jωC0)− 1Y* and C’ = BC0
− 1ωn− 1                                               (7) 

With increasing temperature, departure from the simple power law 
behaviour is seen in both C′ and Y′ data, which means that an additional 
circuit element is required to model the impedance response. At least 
part of this additional circuit element must be in series with the CPE, as 
otherwise it would not be possible to account for the departures from 
linearity seen in C′ and Y’. Alternatively, CPE is used to describe a 
capacitive process when a certain frequency dispersion present. CPE 
could be related to systems that show kind of self-scaling involving 
either (i) geometry origin that associated with fractal electrode or (ii) 
dynamic origin that linked with multiple trapping system [4,5]. 

Various equivalent circuits incorporating resistors and capacitors 
together with the CPE are tested in order to find a circuit(s) that best 
fitted the experimental data. We conclude that circuit Fig. 7b is the 
master circuit, which fits experimental data well over the temperature 
range of 110–130 K. At other temperatures, simplified versions of the 
circuit, obtained by eliminating one or more parameters, fit the data 
well. Thus, for temperatures below 110 K, resistance R2 appears to be 
too large (Table 2) to have any significant role and the circuit therefore 
simplifies to Fig. 7c. Circuits in Fig. 7b and c have the series capacitance, 
C1, which responsible for the low frequency departures from linearity in 
both Y′ and C′ plots. At the lowest temperature, 20 K, departures from 
linearity of Y′ and C’ are barely distinguishable over the frequency range 
measured, therefore, elements C1 and C2 make little contribution to the 
impedance response at these temperatures. The circuit then simplifies to 
Fig. 7a. 

Fig. 4. Frequencies and temperatures of ε′max with fits to the Vogel-Fulcher 
equation, (a) fmax as a function of Tmax and (b) Arrhenius plot of log fm as a 
function of 1/(Tm - Tvf). 

Table 1 
The temperatures for which the dielectric constant maximum (Tm), dielectric 
constant maximum (ε′max), diffuseness constant (γ), Curie-Weiss temperature 
(T0) and Burns temperature (TB) at four fixed frequencies.  

Frequency (Hz) T0 (K) TB(K) Tm (K) ε′max γ 

1 k − 4671 152 104 78 1.43 
10 k − 4739 174 120 78 1.46 
100 k − 4765 194 136 77 1.31 
1 M − 4917 212 154 77 1.62  
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Fig. 5. Capacitance, C′ as a function of frequency for (a) 20–70 K, (b) 80–130 K, (c) 140–170 K, (d) 180–320 K and (e) 373–1073 K.  

Fig. 6. Admittance, Y′ as a function of frequency for (a) 20–160 K and (b) 673–1123 K.  
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At temperatures above 130 K, C2 becomes increasingly small and it 
becomes more difficult to refine satisfactorily a value for C2; hence, 
circuit Fig. 7d is used. At still higher temperatures, above 150 K, the 
CPE2 makes very little contribution to the impedance and R2 becomes 
too small to have any significance at which point the equivalent circuit 
simplifies to a single capacitor, circuit Fig. 7e. Fits of experimental data 
to Y′ and C’ are shown for four temperatures, 20, 100, 120, and 150 K 
(Fig. 8). Table 2 shows values of the various circuit parameters over the 
temperature range of 10–320 K. Data for 10 K are included although 
these are generally anomalous and do not fit in with the remaining 
trends. 

Values for the various fitted parameters as a function of temperature 
are summarised in Fig. 9. Only C1 could be fitted over almost the entire 

temperature range and its value ~6.66–7.08 pF cm− 1 (Fig. 9a) that 
correspond to a ε’ of ~75–~80. In the temperature range of 110–130 K, 
a master circuit with a series capacitor, C1 and parallel elements of R2, 
C2 and CPE2 is used (Fig. 7b). R2 is required to fit the data (Fig. 9b) and 
R2 values decrease with increasing temperature (Fig. 9b). As mentioned 
earlier, resistance R2 below 110 K appears to be too large to have any 
significant role at which these temperatures signify the domains become 
increasingly frozen, which make dipoles are more difficult to reorient [2, 
4,5]. Hence, the parameter R2 could represent the difficulty of the 
cooperative displacements associated with nanodomains reorientation. 

On the other hand, C1 represents a series capacitance associated with 
relatively thick and insulating regions of the sample. In the temperature 
range of 160–320 K, a simple frequency-independent capacitor, C1 
whose values increase gradually with decreasing temperature and with 
bulk permittivity in the range of 75–77. At these temperatures, the 
material behaves as a simple capacitor (Fig. 7e). The C1 data increase 
gradually with decreasing temperature from 320 to 50 K with corre-
sponding bulk ε′ of 75–80. The C2 data show a gradual increase above 
~50 K and then decrease gradually below 50 K (Fig. 9a). This may be 
due to the relaxation behaviour in the sample. The high ε’ values indi-
cate considerable polarisation within the BMT lattice [2,4]. The 
magnitude of capacitance C1 is small and shows very little temperature 
dependence (Table 2 and Fig. 9a). It is almost a frequency-independent 
capacitor which behaves as an ideal dielectric with no measurable 
conductivity. It is now clear that BMT is a perfect dielectric material at 
low temperatures since there is no evidence of any leakage conductivity, 
which would be represented by a finite resistance in parallel with the 
equivalent circuit, either element C1 in Fig. 7 is a perfect blocking 
capacitor. 

The capacitance, C2 increases to maximum at the temperature of 130 
K (Fig. 9a). Between the temperatures of 140–150 K, C2 is too small and 
the polarisation process becomes tardier. In other words, the C2 is very 
much temperature-dependent and the magnitudes of C2 increase rapidly 
with the increasing temperature from an almost constant value of ~10 
pF cm− 1 at the lowest temperature. However, the increment rate in-
creases with temperature and C2 value is too large to be determined 
above 140 K as C2 value becomes difficult to refine (Fig. 9a). At tem-
perature 160 K and above, the C2 is not an identifiable parameter in the 
equivalent circuit and the material behaves as a simple capacitor. 

3.3. Discussion 

The BMT relaxor ferroelectric shows a Curie-Weiss law behaviour at 
the transition temperature, Tc, at which the peak does have a divergence 
but it is broad and rounded. This rounded peak position at Tm, indicates 
the dynamic freezing temperature or glass-like transition. On the other 

Table 2 
Fitting data of Bi3.30Mg1.88Ta2.82O13.88 pyrochlore from 10 K to 320 K.  

Temperature 
(K) 

R2 (Ω 
cm) 

C1 (F 
cm− 1) ×
10− 12 

C2 (F 
cm− 1) ×
10− 11 

A 
(Ω− 1cm− 1rad-1) 

n 

10  6.34 1.50 8.02 × 10− 11 0.86893 
20  6.89 1.19 7.62 × 10− 11 0.87544 
30  6.99 1.19 1.03 × 10− 10 0.86474 
40  7.04 1.22 1.47 × 10− 10 0.85158 
50  7.08 1.25 2.24 × 10− 10 0.83697 
60  7.03 1.45 4.75 × 10− 10 0.80452 
70  7.00 1.76 1.21 × 10− 09 0.76326 
80  6.97 2.24 3.80 × 10− 09 0.71220 
90  6.95 2.81 1.21 × 10− 08 0.66333 
100  6.93 4.19 5.88 × 10− 08 0.58782 
110 29584 6.91 4.50 1.50 × 10− 07 0.56309 
120 10327 6.91 5.80 4.45 × 10− 07 0.52390 
130 2772 6.90 6.11 8.67 × 10− 07 0.51380 
140 699.8 6.89  5.40 × 10− 07 0.57719 
150 221 6.89  2.79 × 10− 07 0.64394 
160  6.87    
170  6.86    
180  6.85    
190  6.84    
200  6.83    
210  6.81    
220  6.80    
230  6.79    
240  6.77    
250  6.76    
260  6.75    
270  6.73    
280  6.72    
290  6.70    
300  6.69    
310  6.67    
320  6.66     

Fig. 7. Equivalent circuits showing different R, C, CPE combinations.  
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Fig. 8. Fit of the 20 K, 100 K, 120 K and 150 K data to circuit in Figs. 5 and 6.  

P.Y. Tan et al.                                                                                                                                                                                                                                   



Journal of Science: Advanced Materials and Devices 9 (2024) 100715

8

hand, there is a strong frequency dispersion below peak position, Tm 
where both ε′ and tan δ data are both frequency- and temperature- 
dependent in low temperature region (Fig. 1a and b) [4,5,12–14, 
17–19,23]. The dispersions seen in ε′max (Fig. 1a) are attributed to the 
existence of polar nanodomains within the crystal structure and this 
phenomenon provides evidence that the BMT pyrochlore is of a typical 
relaxor material. The polar regions in the crystal structure whose 
cooperative alignment is possible over only short distances. This is due 
to the frustration associated with chemical inhomogeneities, i.e., in the 
structure or the composition of the nanodomain regions. Considering the 

cationic occupancy in Bi3.30Mg1.88Ta2.82O13.88 pyrochlore, Mg2+ ions 
are unequally distributed, i.e., at the eight coordinated A-site or 
six-coordinated B-site of the pyrochlore structure in accordance with the 
formula of (Bi3.30Mg0.70)(Mg1.18Ta2.82)O13.88. This translates Mg2+ has 
the site occupancies of 17.5 % and 29.5 % at the A-site and B-site, 
respectively. The A-site cations, Bi3+ and Mg2+, which have different 
requirements of ionic size and coordination environment while the 
B-site cations, Mg2+ and Ta5+, which also have similar criteria. Hence, 
the unusual and complicated structure could therefore the origin of the 
polarity and the formation of nanodomains [2,4,5]. 

On the other hand, the relaxation could be resulted from the hopping 
of dynamically disordered A-site cations and O′ ions among the closely 
spaced possible positions. The relative interaction between the cations at 
the disordered A-sites (Mg2+ and Bi3+) and the O’ ions would form 
unstable dipoles within the pyrochlore structure [2,4,5]. Therefore, the 
dielectric relaxation is possibly formed due to the reorientation of the 
dipoles under external ac fields. Meanwhile, the inhomogeneous dis-
tribution of Mg2+ in the pyrochlore structure also gives rise to additional 
random fields. This could yield multiwell potentials that have a wide 
distribution of heights, necessitating the different transition rates, for 
Bi3+ and Mg2+ cations. Such an interatomic potential can cause a broad 
dielectric relaxation [6,13,14,17–19,23]. This also agrees reasonably 
with the inclusion of CPE where the dynamical origin is involved. 

In the relaxor-like BMT pyrochlore, CPE2 is needed for the entire 
measuring temperatures except for temperatures higher than ~160 K. 
The value of n (Table 2) covers the entire temperature range of <160 K 
with the values from n → 1 at lowest temperatures correspond to a pure 
capacitor whereas n → 0 at higher temperatures corresponds to a pure 
resistor. This reveals the marked change in nature of the CPE2 with 
temperature. The ac conductivity parameter, an increase by ~4 orders of 
magnitude within temperature range of 10–150 K (Table 2), this implies 
that the highly resistive nature of the CPE2 at the lowest temperature is 
largely capacitive while increase in temperature, the CPE2 is largely 
resistive [4]. In these temperature ranges, polar regions in the crystal 
structure, associated either with the A-sites containing Bi/Mg or the 
B-sites containing Mg/Ta start to generate a significant but small dis-
placive or polarisation component that can respond to the ac measuring 
field. The magnitudes of the CPE2 (A) parameter increase with 
increasing temperature from 30 K to 130 K (Fig. 9c–Table 2) but its 
magnitudes fall above temperature 130 K and onwards until 150 K. This 
is due to highly resistive of CPE2 at high temperature while largely 
capacitive at lower temperatures. Considering the data and physical 
interpretations above, BMT pyrochlore is concluded to have similar 
relaxor behaviour like other pyrochlore analogues in the BZN, BZT, 
BZNT, BNN ternary systems [2,4,5,8–11,26]. Their relaxor electrical 
properties are intermediate between those of (i) first order ferroelectrics, 
which show sharp dielectric constant maxima as a function of temper-
ature and (ii) dielectric materials, which show very little temperature 
dependence of dielectric constant. 

4. Conclusion 

Bi3.30Mg1.88Ta2.82O13.88 shows an interesting relaxor behaviour in 
the lower temperature range of 20–320 K over a wide frequency range 
from 10 Hz to 1 MHz. It achieves a dielectric constant maximum, ε′max of 
~77 at the temperature of 154 K. The frequency-independent dielectric 
constant data above 154 K at fixed frequency of 1 MHz can be fitted with 
the Curie-Weiss law, while the relaxation features in Bi3.30Mg1.88-

Ta2.82O13.88 are well fitted with the Vogel-Fulcher equation. The 
equivalent circuit analysis shows an excellent method to present the 
impedance data involving temperature sweeps of ε′ and tan δ at fixed- 
frequency. The dielectric properties of Bi3.30Mg1.88Ta2.82O13.88 relaxor 
are satisfactorily modelled with different equivalent circuits at various 
temperatures. 

Fig. 9. Temperature dependence of (a) capacitance C1 and C2, (b) resistance R2 
and (c) CPE2 and the n values. 
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