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Abstract

The subsolidus cubic pyrochlore phases in the Bi2O3–MgO–Ta2O5 (BMT) system were prepared with the proposed formula, Bi3+(5/

2)xMg2�xTa3�(3/2)xO14�x (0.12 � x � 0.22). Replacement of smaller cations, Mg2+ and Ta5+ by larger Bi3+ cations with considerable oxygen

non-stoichiometry within structure was proposed. The synthesised samples were confirmed phase pure by X-ray powder diffraction and their

refined lattice parameters were in the range of 10.5532(4)–10.5672(9) Å. The grain sizes of the samples determined by SEM analysis were in the

range of 0.6–10.60 mm and their average relative densities were more than 80%. Five infrared-active modes were also observed in their FTIR

spectra due to their metal–oxygen bonds. The BMT pyrochlores were highly electrical resistive with high dielectric constants, e0 in the range of

�70–85; dielectric losses, tan d in the order of 10�3 at frequency 1 MHz and a negative temperature coefficient of permittivities, TCe0 of ��158 to

�328 ppm/8C.
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1. Introduction

Oxide pyrochlores with a general formula of A2B2O7 have

been studied carefully due to their interesting properties. In

general, A and B represent cations at different crystallographic

sites as A site is eight-coordinated and B site is six-coordinated

with different anions. Due to the compositional variables and

structural complexity of pyrochlore phases, two different types

of pyrochlore, e.g. A2
2+B2

5+O7 and A2
3+B2

4+O7 or required

average mixed valence type are reported. This includes a wide

variety of pyrochlores, Cd2Nb2O7, Hg2V2O7 and Pb2Ta2O7 in

A2
2+B2

5+O7 system and lanthanide based pyrochlores,

Ln2Sn2O7 and Ln2Pb2O7 in A2
3+B2

4+O7 system. Pyrochlore

materials demonstrate a wide spectrum of electrical properties

ranging from insulating to metallic of which few compounds

exhibiting semiconductor-to-metal transition. The applications
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of these materials are found in capacitors, thermistors, resistors,

switching elements and microwave communication [1].

Recently, Bi-based pyrochlores in the Bi2O3–ZnO–X2O5

(X = Sb, Ta and Nb) ternary systems have triggered great

research interests owing to their relatively low sintering

temperatures and excellent dielectric properties [2–4]. Two

structurally related compositions, Bi3Zn2Nb3O14 (P-phase) and

Bi4Zn4/3Nb8/3O14 (b-phase) have been reported in the Bi2O3–

ZnO–Nb2O5 ternary system. The P-phase existed as cubic

pyrochlore whereas the b-phase was found as monoclinic

zirconolite-phase. Bi3Zn2Nb3O14 exhibited a high dielectric

constant, e0 = �150 and low dielectric loss, tan d � 0.0005 at

1 MHz, together with a negative temperature coefficient of

capacitance, TCC ��500 ppm/8C. On the other hand, Bi4Zn4/

3Nb8/3O14 had slightly lower e0 = 80, tan d = �0.001, and a

positive TCC of +200 ppm/8C at 1 MHz [4–7]. Given the

opposite signs of temperature coefficient of capacitance, this

gave a strong indication to achieve dielectrics with NPO

(negative positive zero) characteristic of 0 ppm/8C if careful

composition and processing control were applied [7].
d.
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In the case of Ta analogue, ideal nominal composition,

Bi3Zn2Ta3O14 was reported in the Bi2O3–ZnO–Ta2O5 system

as confirmed by detailed phase diagram study [7]. It existed as

cubic pyrochlore with e0 of 58, tan d of 0.0023 at 30 8C and

1 MHz; TCC of �156 ppm/8C in the range of 30–300 8C at

1 MHz [4]. On the other hand, Sb analogue showed extremely

low electrical conductivity, 1.00 � 10�20 V�1 cm�1 at room

temperature as determined using extrapolation method [8].

Bi3Zn2Sb3O14 showed lower e0 of �32 with a tan d of �0.0001

at room temperature, 1 MHz [9]. Among pyrochlores in the

Bi2O3–ZnO–M2O5 (M = Sb, Nb and Ta) ternary systems,

lowest e0 in the Sb analogue was postulated to be resulted from

the relatively lower polarisability of SbO6 octahedra within the

structure [9,10].

Enormous attempts are made to reduce the dielectric loss

and to fine-tune the dielectric constant of dielectric materials,

making them suitable candidates for various electrical

applications. The low dielectric loss of MgO and comparable

ionic radii between Mg2+, 0.72 Å and Zn2+, 0.74 Å have shed

new idea to study the Mg-substituted pyrochlore phases

[11,12]. There appears limited literature available on pyro-

chlores in the Bi2O3–MgO–Ta2O5 (BMT) ternary system and

the actual stoichiometry of different phases is still remained

unclear. Inconsistencies and controversial descriptions on the

pyrochlore phases are found in the two reported different

compositions, Bi3Mg2Ta3O14 and a bismuth-rich, Bi4Mg4/3Ta8/

3O14. Cann et al. [13] reported Bi4Mg4/3X8/3O7 (X = Ta and Nb)

as cubic pyrochlores whereas Sirotinkin and Bush [14] reported

Nb analogue, Bi3Mg2Nb3O14 existed as single cubic pyrochlore

phase. On the other hand, Bi3Mg2Nb3O14 was also claimed by

Nguyen et al. [15] to contain a trace amount of secondary phase.

In this paper, we confirm that none of these compositions exist

as phase pure but rather a Bi-rich pyrochlores, Bi3+(5/

2)xMg2�xTa3�(3/2)xO14�x (0.12 � x � 0.22) are successfully

prepared after firing at the temperature 1025 8C over a duration

of 48 h. We also discuss on the structural and electrical

properties of BMT pyrochlores using various spectroscopy

techniques.

2. Experimental

Samples of nominal compositions, Bi3Mg2Ta3O14,

Bi4Mg4/3Ta8/3O14 and Bi3+(5/2)xMg2�xTa3�(3/2)xO14�x

(x = 0.12, 0.14, 0.16, 0.18, 0.20, 0.22) were prepared by

conventional solid state method. The starting materials were

reagent grade oxide powders, Bi2O3 (Alfa Aesar, 99.99%),

MgO (Aldrich, 99%) and Ta2O5 (Alfa Aesar, 99.9%).

Stoichiometric amount of oxides were weighed and mixed

homogeneously with acetone in an agate mortar. The mixed

powders were then transferred into the platinum boat for

calcinations. The samples were pre-treated at 300 8C for 1 h

and further heated at 600 8C for 1 h to ensure the Bi2O3

reacted to form less-volatile compounds; this allowed firing

at higher temperatures without significant losses of bismuth.

The pre-treated powders were heated at 800 8C overnight and

further synthesised at 1025 8C for 48 h with intermediate

regrinding to reach equilibrium. The powders were pressed
into pellets of 8 mm in diameter and �1.5 mm in thickness

prior to sintering at 1075 8C for 24 h.

The phase purity of the samples were characterised by X-

ray powder diffraction using an automated Shimadzu

diffractometer XRD 6000, Cu Ka radiation in 2u range of

10–708 at the scan speed of 28/min. Data for lattice

parameter determination  were collected at a scan rate of 0.18/
min and the refinement was performed by Chekcell software.

The relative densities were also calculated from comparisons

of densities which determined by both geometrically and

theoretically. The surface morphologies of the samples

were examined by scanning electron microscopy (SEM,

JOEL JSM-6400). The elemental analysis was conducted by

ICP-OES, Perkin Elmer Optima 2000DV using triplicate

samples.

The electrical behaviours of the samples were measured

using HP4192A ac impedance analyser in the frequency range

of 5 Hz–13 MHz. Gold coated pellet was attached to

conductivity jig prior to electrical measurement in temperature

controlled horizontal tube furnace. The electrical data were

collected in heat–cool cycle in the temperature range of 30–

850 8C after 25 min equilibration time.

3. Results and discussion

3.1. XRD and elemental analysis

Fig. 1a and b shows the XRD patterns for the nominal

compositions Bi3Mg2Ta3O14, P (x = 0) and Bi4Mg4/3Ta8/3O14

which synthesised at 1025 8C. In Fig. 1a, additional

diffraction planes observed at 2u, 19.88008 and 32.40598
are attributed to Mg4Ta2O9 (ICDD 38-1458). Meanwhile, the

reported Bi4Mg4/3Ta8/3O14 is found to be mixed phases of

monoclinic and cubic phases. Our observation disagrees to

those results in literature [13–15]. The phase pure cubic

pyrochlore phases in Bi2O3–MgO–Ta2O5 system are formed

with the proposed formula, Bi3+(5/2)xMg2�xTa3�(3/2)xO14�x

(0.12 � x � 0.22) as evidently shown in Fig. 1c. All

characteristic peaks belonging to cubic pyrochlore are fully

indexed based on space group, Fd3m. On the other hand,

Fig. 2 shows the partial subsolidus phase diagram of Bi2O3–

MgO–Ta2O5 system, which includes the ideal P and solid

solution series. The phase pure samples are deviated away

from ideal P, composition, having richer bismuth in content,

e.g. 41 mol% above. The three different types of metal ions in

the samples vary with x for which increase of Bi is

compensated by a decrease of Mg and Ta cations together

with a variation of oxygen within the structure. The locus of

the solid solution behaves towards direction of Bi2O3 as

denoted in the cations ratio, Bi: Mg: Ta is 5/2: 1: 3/2.

Fig. 3 shows the variation of lattice parameters as a function

of composition. The lattice parameters for the samples are in

the range of 10.5532 (4)–10.5672 (9) Å. A linear graph with

positive gradient is obtained for which the Vegard’s law is

obeyed. The lattice parameters of a continuous substitutional

solid solution should vary linearly with concentration at

constant temperature if the chemical bondings of constituent



Fig. 1. XRD patterns of prepared samples in the Bi2O3–MgO–Ta2O5 ternary

system. (a) Bi3Mg2Ta3O14, (b) Bi2Mg2/3Ta4/3O7, (c) Bi3+(5/2)xMg2�xTa3�(3/

2)xO14�x (0.12 � x � 0.22).
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phases are similar [16]. Meanwhile, the question immediately

arises in the formation mechanism as the compositional

variables involving redistribution of the three cations of

different sizes at different coordination environments. At the

outset, the valence state of cations are assumed to be Bi3+,

Mg2+ and Ta5+, respectively for which they are coordinated to

two different oxygen under a interpenetrating networks

consisting of AO6O2
0 and BO6 polyhedra [17]. Hence, it is

presumed that the cation ratios on the A- and B-sites of this

average mixed valence A3+B4+O6O0 pyrochlore are set to

values consistent with the commonly reported bismuth based

pyrochlore analogues (Bi3Zn)(ZnM3)O14 (M = Sb, Nb and

Ta). In this case, Mg cation is expected to be distributed

unequally over two different A and B sites. The rationales

behind are Mg is more comfortable in a 6 fold coordinated B-

site instead of a 8 fold coordinated A-site and also more vacant

A sites are required for additional larger Bi [17–20]. However,

the A site shall not only be occupied by Bi cations in which the

coupling effect of Bi 6s2 lone pair may cause cell distortion,

leading to formation of monoclinic zirconolite phase [21]. On

the other hand, incorporation of higher Bi content has

contributed to an expansion of unit cell due to the size factor,

i.e. larger ionic radii of Bi3+, 1.17 Å if compared to that of

Mg2+, 0.89 Å [12]. The total number of cations and

electroneutrality of the subsolidus system are preserved as

suggested by the mechanism below:

5=2 Bi3þ $ Mg2þ þ 3=2 � Ta5þ þ O2�

Table 1 shows the elemental concentrations for the prepared

Bi3+(5/2)xMg2xTa3�(3/2)xO14�x (0.12 � x � 0.22) samples in

terms of atomic%. The percentage of O is obtained by the

difference of cations. The results are in good agreement to those

calculated values, confirming the stoichiometric compositions

of the prepared samples.

3.2. Structure and microstructure

The mean crystallite size, Csize, of each of the samples is

determined by the Scherrer equation as follow:

Csize ¼
k � l

b � cos u
(1)

where k is a constant, 0.9, l is the wavelength, b is the full width

at half maximum, FWHM of the peak, and u is the angular

position of the peak [2]. These samples have the crystallite sizes

in the range of 57–78 nm. The crystallite size and strain-

induced broadening of the samples are also determined with

Williamson and Hall analysis, which is given by:

b cos u

l
¼ 0:9

davg
þ 4e sin u

l
(2)

where 0.9 is the shape factor, l is the CuKa1 radiation of

wavelength (l = 1.5418 Å), b is the FWHM, e is the strain, and

u is the scattering angle [22,23]. The value of internal strain is

obtained from the slope of the graph while the intercept at y-

axis gives the inverse of average particle size (Fig. 4). The
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crystallite sizes measured using W–H methods are in the range

of 38–53 nm. Small variation of crystallite size is observed and

this may resulted from the numbers of peak picked. The

calculated strain e associated with lattice dislocation is found

to be very small and negligible, i.e. in the order of 10�4. This

implies that increase of Bi content has not resulted in any

significant structural deformation of the cubic pyrochlore due

to the reason mentioned earlier. The grain sizes of the samples
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determined from the SEM micrographs, Fig. 5(a)–(f), have

the average grain size of 0.6–10.6 mm. These samples are

dense and of irregular grains with average relative densities

>80% after fired at 1075 8C for 24 h. The grain sizes of the

samples are much larger than their crystallite sizes as a grain

contains several crystallites. The differences of grain sizes,

internal strain and calculated crystallite sizes are summarised

in Table 2.
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Fig. 4. Williamson–Hall plot of the Bi3+(5/2)xMg2�xTa3�(3/2)xO14�x

(0.12 � x � 0.22) samples.



Table 2

The grain size, crystallites size and the calculated internal strain of Bi3+(5/

2)xMg2�xTa3�(3/2)xO14�x (x = 0.12–0.22) solid solution.

x Csize = average crystallite size W–H plot,

strain

Grain size,

mm

Scherrer (nm) W–H method (nm)

0.12 75 53 0.00043 0.60–5.67

0.14 66 43 0.00058 1.33–6.67

0.16 78 45 0.00058 1.50–6.67

0.18 74 47 0.00050 1.17–6.17

0.20 68 41 0.00065 2.50–10.00

0.22 57 38 0.00080 1.40–10.60

Table 1

Elemental concentrations of Bi3+(5/2)xMg2�xTa3�(3/2)xO14�x (x = 0.12–0.22)

solid solution.

Samples x Element Atomic %

Calculated Experimental

Bi3.30Mg1.88Ta2.82O13.88 0.12 Bi 46.99 46.45 � 0.24

Mg 3.11 3.32 � 0.04

Ta 34.77 33.10 � 0.14

O 15.13 17.13

Bi3.35Mg1.86Ta2.79O13.86 0.14 Bi 47.56 46.97 � 0.20

Mg 3.07 3.31 � 0.03

Ta 34.3 32.29 � 0.21

O 15.07 17.44

Bi3.40Mg1.84Ta2.76O13.84 0.16 Bi 48.14 47.75 � 0.32

Mg 3.03 3.36 � 0.02

Ta 33.83 32.10 � 0.15

O 15.00 16.79

Bi3.45Mg1.82Ta2.73O13.82 0.18 Bi 48.70 48.70 � 0.14

Mg 2.99 3.36 � 0.01

Ta 33.37 32.39 � 0.20

O 14.94 15.55

Bi3.50Mg1.80Ta2.70O13.80 0.20 Bi 49.27 48.77 � 0.43

Mg 2.95 3.32 � 0.02

Ta 32.91 32.17 � 0.19

O 14.87 15.74

Bi3.55Mg1.78Ta2.67O13.78 0.22 Bi 49.75 47.36 � 0.09

Mg 2.90 3.14 � 0.02

Ta 32.40 31.85 � 0.08

O 14.95 17.65
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3.3. IR spectroscopy

Fig. 6 shows the IR spectra of pyrochlore oxides. The region

of interest in IR absorption bands of inorganic compounds are

usually in the range of 100–1000 cm�1 which attributed to the

vibrations of ions in the crystal lattice [10,24,25]. Infrared-

active phonon modes have been assigned to specific bending

and stretching vibrational modes, which originated from

vibration and bending of metal–oxygen bond.

The vibration of the shorter A–O0 bond may correspond to

the phonon mode, vn** at around 870 cm�1 and the vibration of

the longer bond may lead to a phonon mode, v2 at around

490 cm�1. The disorder of A and O0 ions may due to the static

displacements in all pyrochlores in which the Bi cation has

active lone pair of 6s2 electrons. The displacements of both the

O0 anion and the A-site cation must be cooperative within

domains and this may lead to the one A–O0 bond being

shortened and the other being lengthened [25].

The band in the region 560–770 cm�1 can be ascribed to B–

O stretching vibration. The two-phonon modes around

566 cm�1, v1* and 635 cm�1, v1 are very close to each other

but not well separated in the spectra. However, the assignment

of the internal octahedral modes is based on the bonding

character between B and O ions. The stretching vibration

frequency of the bond is higher generally for bonding atoms

with lighter mass. Hence, the phonon mode at 560 cm�1 is

assigned to Ta–O while the phonon mode at 630 cm�1 is
assigned to Mg–O [25]. The phonon modes of BMT

pyrochlores are summarised in Table 3.

3.4. Electrical properties

Complex impedance plots of Bi3.55Mg1.78Ta2.67O13.78 are

shown in Fig. 7. The impedance data are normalised by

geometric factor and corrected for stray capacitance of empty

jig. Perfect semicircles are discernable for measurements taken

at temperature range of 550–700 8C and the associated

capacitances are in the order of 10�12 F cm�1, which is typical

response of bulk dielectric material [4]. No sign of electrode

effects at the low frequency region and no grain boundary effect

are observed from the Cole–Cole plots. Therefore, the

conducting species are probably attributed to electrons [4].

The electrical data are well represented by parallel RC circuit as

shown in inset of Fig. 7 whereby Rb and Cb are bulk resistance

and capacitance, respectively. The combined spectroscopic

plots of Bi3.55Mg1.78Ta2.67O13.78 at 598 8C show FWHM of the

M00 peak is approximately 1.22 decade which is close to the

perfect Debye (1.14) showing the material is electrically

homogenous (Fig. 8).

The Arrhenius conductivity plots of the prepared samples

are based on the Arrhenius’s law with the expression,

s = s0 exp(�Ea/kT) where s0 is the pre-exponential factor,

Ea is the apparent activation of the conduction process, k is

Boltzmann’s constant and T is the absolute temperature [24].

All the samples have a linear behaviour with activation energies

ranging from 1.17 to 1.49 eV. The activation energies for these

samples are comparable to Bi3Zn2Sb3O14 (1.36 eV),

Bi3Zn2Nb3O14 (�1.59 eV) and Bi3Zn2Ta3O14 (1.55 eV).

Consider high activation energy, e.g. >1.0 eV is obtained

and this high value usually associated with hopping type of

electronic transport mechanism if it is not linked to ionic

conduction.

Fig. 9 shows the imaginary part of impedance as a function of

frequency on a logarithmic scale for Bi3.55Mg1.78Ta2.67O13.78.

The presence of a maximum indicates the presence of a

polarisation process. The displacement of the maxima of the

curves to higher frequencies with the increase in measuring

temperature is discernable. The frequency at the maximum value

of each peak was plotted as an Arrhenius type of plot to represent

its dependence on the temperature. The activation energy, Ea,

obtained from the plot is 1.37 eV which is well agreed with the



Fig. 5. The SEM micrographs of the Bi3+(5/2)xMg2�xTa3�(3/2)xO14�x (0.12 � x � 0.22) samples.
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value that obtained from the Arrhenius conductivity plot,

Ea = 1.47 eV (Fig. 10). The close agreement between these two

values denotes that the polarisation phenomenon of the

crystalline lattice has a strong influence on the electrical
Table 3

The Fourier transform infrared spectra of Bi3+(5/2)xMg2�xTa3�(3/2)xO14�x (x = 0.12

Mode Mode assignment x

0.12 0.14 

Wavenumber, cm�1

vn** (A–O0) 874 874 

(B–O) – 767 

v1 (B–O) 645 642 

v1* (B–O) 566 569 

v2 (A–O0) 492 492 

v3 (A–O) 321 303 
behaviour, providing additional evidence that the conduction

mechanism is of the hopping type [4] (Fig. 11).

Figs. 12 and 13 show the temperature dependence of the

dielectric constant, e0 and dielectric loss, tan d of the prepared
–0.22) cubic pyrochlores.

0.16 0.18 0.20 0.22

872 872 871 868

745 – – 747

636 646 631 635

569 570 571 567

492 494 491 490

303 – 314 304



Fig. 6. The FT-IR spectra for the Bi3+(5/2)xMg2�xTa3�(3/2)xO14�x

(0.12 � x � 0.22) samples. Fig. 8. Combine spectroscopic plots of Bi3.55Mg1.78Ta2.67O13.78 at 598 8C.
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samples at 1 MHz. The e0 is almost constant with the increase of

temperature. Meanwhile, tan d increases with the increase of

temperature above 550 8C. Normally, the temperature depen-

dence of e0 and tan d may due to the polarisation effect. The

number of space–charge carriers that control the space–charge

polarisation increases as the temperature increases. This has

caused stronger polarisation particularly in dielectric materials

[4,10,24,26–29]. These samples measured at room temperature,
Fig. 7. Complex impedance plots of Bi3.55Mg1.78Ta2.67O13.78 at 550, 598, 650

and 700 8C.
1 MHz have the e0 in the range of 73–84 and tan d values in the

order of 10�3. Negative temperature coefficient of permittivity,

TCe0 in the range of �158 to �328 ppm/8C is recorded at

1 MHz in the range of �30–300 8C.

The e0 of samples generally increases with the increase of x-

value, which corresponds to higher Bi content. In general, the e0

of materials is contributed by the dielectric polarisation from

ions, electrons and defect structure within the materials. The
Fig. 9. Imaginary part of impedance of Bi3.55Mg1.78Ta2.67O13.78 as a function of

frequency at different temperatures.
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Table 4

Summary of electrical properties of Bi3+(5/2)xMg2�xTa3�(3/2)xO14�x (x = 0.12–

0.22) cubic pyrochlores.

Composition (x) e0 tan d TCe0, ppm/8C
(�30–300 8C)

Ea, eV

0.12 74 0.0026 �246 1.24

0.14 73 0.0031 �328 1.48

0.16 79 0.0044 �211 1.17

0.18 78 0.0023 �207 1.49

0.20 81 0.0059 �197 1.47

0.22 84 0.0062 �158 1.47
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Fig. 12. The temperature dependency of the dielectric constants of prepared

samples at frequency 1 MHz.
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cations occupied at different sites have different ionic radii and

polarisability. The changes of the dielectric constant are

influenced by the compositional variables in the materials [29].

Moreover, the high polarisability, a of Bi3+ (a = 6.12 Å3) also

facilitates the polarisation process, contributing towards high

dielectric constant [30]. On the other hand, dielectric losses in

all samples are low and of order, 10�3 and this may attributed to

the MgO, which serves to prevent high thermal loss during

electrical conduction. The electrical properties of the samples

are summarised in Table 4.
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4. Conclusion

The pyrochlores provide great compositional variable and

structural flexibility to form a wide range of solid solution in

which the BMT cubic pyrochlore phases are successfully

prepared with the proposed mechanism, Bi3+(5/

2)xMg2�xTa3�(3/2)xO14�x (0.12 � x � 0.22). These samples

have the grains sizes in the range of 0.6–10.6 mm after

sintering at 1075 8C. Five infrared-active modes are observed

in the subsolidus solution. All of the samples have a linear

behaviour with activation energies ranging from �1.17 to

1.49 eV. The dielectric constants of the samples are in the range

of 73–84 together with a negative temperature coefficient of

permittivity, TCe0.
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