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bstract

ismuth forms double oxides with the oxides of aluminium, gallium, iron and manganese, all of which have the mullite structure. Since other
ismuth-based complex oxides show useful functional properties including high-temperature pyroelectricity and piezoelectricity, the electronic
nd magnetic properties of the mullite-structured bismuth compounds are of potential interest.

In the present study, all the above compounds were synthesised in pure form by solid-state reaction, and their thermal behaviour and structures
haracterised by thermal analysis, powder X-ray diffraction, solid-state MAS NMR and Mőssbauer spectroscopy as appropriate.

The thermal analysis information allowed highly sintered polycrystalline samples to be produced. After the application of silver electrodes,
he electronic properties of the pellet samples were determined as a function of frequency and temperature up to 900 ◦C. Frequency-dependent
nflexions in the relative permittivity and loss angle curves of the ferrate and gallate may be due to losses due to dielectric relaxation, but the most

otable and consistent electronic phenomenon in all samples is a steep rise in the dc conductivity at higher temperatures. The P–E hysteresis loops
or the ferrate and manganate indicate that these are very poor ferroelectric materials, consistent with the centrosymmetric crystal structure of all
hese compounds.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

In the last decade, ceramic materials previously considered
nteresting for their mechanical or engineering properties have
ncreasingly been reinvestigated for other potentially useful
unctional properties, especially their electronic properties. The
luminosilicate mullite is an example of a material with excel-
ent thermal and mechanical properties at elevated temperatures,

aking is an important engineering material.1 Pure mullite is
n insulator, allowing it to be used as a substrate for electronic
evices,1 but doping with transition metals is reported2 to lower
he resistivity by two orders of magnitude, to about 1011 � cm
t room temperature.

The dielectric properties of aluminosilicate mullite, which

re also important in determining its usefulness as an electronic
ubstrate material, have also been determined.3,4 The spread in
he reported dielectric constants of 6.7–7.5 at 1 MHz has been
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scribed to differences in chemical composition and microstruc-
ure of the ceramic samples, and in the proportion of glassy
ntergranular phases.3 The dielectric constants remain more or
ess constant over a wide frequency range, up to 14 GHz.4 These
ata, and the low dielectric loss of pure mullite confirm its useful
igh-frequency insulating properties.

These conclusions are not unexpected, but indicate that
aterials with the mullite structure which may also display

seful electronic functions should be sought in systems con-
aining other elements. One such group of mullite-structured
ompounds based on bismuth oxide (bismuth aluminate, fer-
ate, gallate and manganate) was first reported by Levin and
oth5 without supporting X-ray structural data. The mullite-

elated structures of the aluminate and ferrate compounds were
etermined by single-crystal X-ray studies in the same year
y Koizumi and Ikeda,6 with X-ray determinations of the
anganate7 and gallate8 following in 1967 and 1971, respec-
ively. Subsequent refinements of these crystal structures9–12

ndicate that they all have orthorhombic unit cells in the space
roup Pbam with z = 2. The unit cell parameters are shown in
able 1, together with mullite for comparison.

mailto:kenneth.mackenzie@vuw.ac.nz
dx.doi.org/10.1016/j.jeurceramsoc.2007.03.012
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Table 1
X-ray structural data for bismuth aluminate, ferrate, gallate and manganate, with
mullite, for comparison

Bi2Al4O9 Bi2Fe4O9 Bi2Ga4O9 Bi2Mn4O10 Mullite

Space group Pbam Pbam Pbam Pbam Pbam
a ± 0.005 7.712 7.950 7.934 7.540 7.545
b ± 0.005 8.112 8.428 8.301 8.534 7.689
c ± 0.005 5.708 6.005 5.903 5.766 2.884
Z
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ell parameters taken from reference12, mullite parameters from reference1.

In the structures of the Al, Fe and Ga compounds all these
toms are distributed evenly across the tetrahedral M1 and
ctahedral M2 sites. By contrast, in the structure of the Mn
ompound, which has the formula Bi2Mn4O10,12 the Mn atoms
re evenly distributed over the tetrahedral M2 and square pyra-
idal M3 sites. The Bi M4 atoms are three-coordinated, with

hree more oxygens in the outer sphere.12 A view of the bis-
uth aluminate structure, looking down the octahedral chains,

s shown in Fig. 1, together with the same view of mullite, for
omparison.

Table 1 shows that the by comparison with mullite, the Bi

ouble oxides have two formula units in the unit cell, resulting in
he doubling of their c-axis dimensions. In the c-axis direction,
n identical unit cell in mullite would be rotated by 180◦ in

ig. 1. View down the octahedral columns of (A) mullite and (B) Bi2Al4O9,
howing the tetrahedral cross-linking chains. Diagram prepared using ACD
hemsketch 3D software.
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he Bi-compounds. The structural features common to the Bi-
ompounds and mullite are the columns of octahedral chains
ross-linked by tetrahedral units (Fig. 1).

Although Bi compounds in general often display interesting
lectronic properties, not a great deal of work has been reported
n the properties of these mullite-structured materials. The elec-
ric conductivity of the aluminate, reported to be 10−2 S cm−1 at
00 ◦C13 was suggested to be largely, but not completely, ionic.

more detailed mechanism has been proposed for oxide ion
onductance in this compound, invoking the polarizability of
he Bi 6 s2 lone pairs of electrons.14

Although the magnetic properties of the ferrate have been
ore extensively investigated,15–23 suggesting the occurrence

f a paramagnetic-to-antiferomagnetic transition at a Neel tem-
erature of −9 ◦C the electronic properties of this and the
ther isostructural compounds have not been investigated sys-
ematically. The present study aims to remedy this deficiency
y investigating the electronic behaviour of a series of well-
haracterized sintered polycrystalline samples as a function of
emperature and frequency. Although all the structures as rep-
esented in Table 1 and Fig. 1 are centro-symmetric and would
ot therefore be expected to show ferroelectric properties, the
ossibility that small variations in the structure, stoichiometry
r grain-boundary phases may contribute to electronic effects
as thought to justify the present study.

. Experimental

The starting materials were Bi2O3, 99.9 mass%, −325 mesh
Cerac Specialty Inorganics), calcined Al2O3, 99.5 mass%
AnalaR), Fe2O3, 99.5% (Alfa), Ga2O3, 99.99 mass% (Aldrich)
nd Mn2O3, 99 mass%, −325 mesh (Aldrich). The double
xides were synthesised by solid-state reaction between 1:2
ixtures of the reactant powders. Before firing, the mixtures
ere homogenised by ball-milling in 2-propanol for 12 h. After

emoval of the solvent by rotary evaporation at 105 ◦C, the pow-
ers were formed into pellets by uniaxially pressing at 10 MPa,
r by CIPing at 250 MPa. Firing and sintering was carried out in
tatic air in an Amalgams CH5 chamber furnace at temperatures
etermined on the basis of TGA/DSC measurements (Rheomet-
ics STA 1500 thermal analyser, heating rate 10 ◦C min−1, in
owing air, 50 ml min−1). The maximum firing temperatures to
void decomposition of the samples were determined in this
ay to be 865 ◦C for Bi2Al4O9, 920 ◦C for Bi2Fe4O9, 865 ◦C

or Bi2Ga4O9 and 760 ◦C for Bi2Mn4O10.
After synthesis, the products were ground and checked

or phase purity by X-ray powder diffraction (Philips PW
700 computer-controlled diffractometer with Co K� radia-
ion and graphite monochromator). The Mössbauer spectrum of
he ferrate was recorded using a conventional microcomputer-
ontrolled spectrometer operating in the sinusoidal mode, using
57Co/Rh source with a maximum activity of 1.85 G Bq. The

pectrum was fitted using RECOIL Mössbauer software and

he isomer shifts are quoted with respect to natural iron. The
7Al MAS NMR spectrum of the aluminate was acquired at
1.7 T using a Varian Unity 500 spectrometer and Doty MAS
robe spun at 10–12 kHz. The spectrometer frequency was
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3.1. Bi2Al4O9

The X-ray powder diffraction pattern for this compound
(Fig. 2A) shows it to be monophasic, conforming to JCPDS
ig. 2. XRD powder patterns of the various Bi compounds with the mullite
tructure synthesised in this study. (A) Bi2Al4O9, (B) Bi2Fe4O9, (C) Bi2Ga4O9

the marked peaks are from the unreacted starting material) and (D) Bi2Mn4O10.

30.244 MHz and a 1 �s 15◦ pulse was used with a recycle delay
3+
f 1 s. The spectrum was referenced with respect to Al(H2O)6 .

The electronic measurements were made by pressing pellets
.6 mm diameter × 0.9 mm thick at a pressure of 10 tonnes under
acuum. After sintering at the synthesis temperature, electrodes

Fig. 3. 11.7 T 27Al MAS NMR spectrum of Bi2Al4O9.
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f silver paint were applied to the flat faces. The microstructure
f the sintered samples was monitored by SEM (JEOL JSM-
500F with a JEPL EDS attachment).

The ac conductivity measurements were made using an Agi-
ent 4294 A Precision Impedance Analyser. The samples were
eated in a Delta 9023 IR furnace, and the polarisation versus
lectric field (P–E) hysteresis loop measurement was carried out
sing a modified Sawyer–Tower circuit at a frequency of 50 Hz
nd room-temperature.

. Results and discussion
ig. 4. (A) Room-temperature Mössbauer spectrum of Bi2Fe4O9 and (B) back-
cattered electron image of Bi2Fe4O9 pellet sintered at 920 ◦C.

able 2
össbauer parameters for Bi2Fe4O9

ite IS (mm s−1) QS (mm s−1) Area (%)

etrahedral 0.1253 ± 0.382 0.9414 51.3
ctahedral 0.2462 ± 0.503 0.3690 48.7

somer shifts (IS) quoted with respect to natural iron.
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5-1048. The 27Al MAS NMR spectrum (Fig. 3) shows
ctahedral and tetrahedral Al resonances at 10 and 54 ppm,
espectively. The asymmetric lineshape of the tetrahedral res-
nance is consistent with the previously reported spectrum of
his compound14 and suggests the typical quadrupolar features
rising from a distorted site.

Although this compound was successfully synthesised in its
ure form, it proved impossible to sinter satisfactorily at 900 ◦C,
nd at higher temperatures the sample decomposed (the decom-

◦
osition temperature of 1050 C found for the present sample is
n satisfactory agreement with the literature value of 1070 ◦C24).
eaction bonding at 700 ◦C for 3 h followed by 12 h at 865 ◦C
roduced a sintered pellet containing an appreciable content of

ig. 5. Temperature dependence of (A) the relative permittivity of Bi2Fe4O9 at
igh and low representative frequencies, (B) the loss angle (tan δ) of Bi2Fe4O9 at
igh and low representative frequencies and (C) the room-temperature hysteresis
ehaviour of Bi2Fe4O9.
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2Bi2O3·Al2O3 which could not be removed by 5 cycles of
rinding and re-firing. Accordingly, electronic measurements
n this compound were abandoned.

.2. Bi2Fe4O9

The XRD pattern of this phase (Fig. 2B) shows it to be
onophasic, conforming to JCPDS 25-0090. The Mössbauer

pectrum of this sample (Fig. 4A) can best be fitted to two
uadrupole doublets, one, with an occupancy of 48.7%, corre-
ponding to an octahedral site and the other (51.3% occupancy)
rising from the tetrahedral site. The general features of this
pectrum, for which the Mössbauer parameters are shown in
able 2, are consistent with previously-reported spectra.16,23

EM images of the sintered pellet prior to the electronic mea-
urements (Fig. 4B) showed a homogeneous sample with no
vidence of a glassy phase.

Fig. 5A shows the temperature dependence of the relative
ermittivity of this sample at two representative measurement
requencies. The inflexion in the high-frequency curve, which
s absent at the lower frequency, is suggestive of a transition

◦
t this temperature (252 C), which is also reasonably close
o the temperature of the reported magnetic transition in this

aterial (264 ◦C15–23). The steep rise in permittivity at higher
emperatures and all frequencies is most probably due to a steep

ig. 6. Temperature dependence of (A) the relative permittivity at high and low
epresentative frequencies and (B) the loss angle (tan δ) of Bi2Ga4O9 at high
nd low representative frequencies.
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ncrease in the dc conductivity. The temperature dependence
f the loss angle (tan δ) (Fig. 5B) shows an inflexion in the
ow-frequency curve but not at high-frequency. This unusual
ehaviour may arise from dielectric relaxation in the mate-
ial. The room-temperature hysteresis curve (Fig. 5C) shows
ery small values of the spontaneous polarization, consistent
ith very poor ferroelectric properties. Thus, the observed fer-

oelectric behaviour is as expected for a compound with a
entrosymmetric crystal structure, the most noteworthy feature
eing a steep temperature-dependent dc conductivity.

.3. Bi2Ga4O9
The XRD pattern of this compound (Fig. 2C) shows it to
ssentially phase-pure, conforming to JCPDS file no. 37-0250,
ut with a trace of unreacted starting material. The relative
ermittivity of this phase, shown in Fig. 6A as a function of

ig. 7. Temperature dependence of (A) the relative permittivity of Bi2Mn4O10 at
igh and low representative frequencies, (B) the loss angle (tan δ) of Bi2Mn4O10

t high and low representative frequencies and (C) the room-temperature hys-
eresis behaviour of Bi2Mn4O10.
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emperature, is notable for a marked inflexion at 250 ◦C at low
requency but not in the high-frequency curve. A similar inflex-
on is seen at 250 ◦C in the graph of the loss angle, but only
t low frequency (Fig. 6B). This frequency dependence of the
ermittivity of Bi2Ga4O9 is opposite to that found in the fer-
ate, and may be related to the presence of a trace impurity in
he former, but a detailed explanation for this observation is not
resently available. The frequency dependence of the loss angle
s similar to that found in Bi2Fe4O9, and as in that material,
he inflexion observed at low frequency probably reflects losses
ue to dielectric relaxation. As with the ferrate, the steep rise in
ermittivity and loss angle observed at higher temperatures are
ue to steeply increasing dc conductivity.

.4. Bi2Mn4O10

The XRD pattern of this compound, synthesised and sin-
ered at 760 ◦C (Fig. 2D), is consistent with JCPDS file no.
7-0048. However, the electronic measurements made on this
ompound were subject to considerable noise which became par-
icularly troublesome at lower frequencies and at temperatures
bove about 250 ◦C. For this reason, the relative permittivity and
oss curves for this compound (Fig. 7) are truncated at 300 ◦C,
lthough the measurements were made during several cycles
f heating to 900 ◦C. Despite the noise, the relative permittivity
Fig. 7A) may display a broad inflexion at higher frequency, sim-
lar to the behaviour of Bi2Fe4O9, but no corresponding inflexion
s seen in the loss curve (Fig. 7B), which however shows the
teep rise due to increased dc conductivity with temperature
ommon to all these compounds. The room-temperature hys-
eresis behaviour of the manganate (Fig. 7C) is similar to that
f the ferrate, confirming that both materials are extremely
oor ferroelectrics, as would be expected from their crystal
tructure.

. Conclusions

All four known bismuth complex oxides with the mullite
tructure (the aluminate, ferrate, gallate and manganate) have
een synthesised in essentially pure form by solid state reaction
f the oxide. The phase-purity of the products was confirmed
y X-ray diffraction and, where appropriate, 57Fe Mössbauer
pectroscopy and 27Al MAS NMR spectroscopy. Although the
ynthesis and sintering temperatures were limited to at least
00 ◦C below the decomposition temperature, it was possible
o produce mechanically strong, homogeneous pellets of all but
he aluminate for electronic measurements.

The electronic properties of the pellet samples were deter-
ined as a function of frequency and temperature up to 900 ◦C.
he relative permittivity and loss angle curves of the ferrate and
allate show frequency-dependent inflexions, some of which
ay be due to losses due to dielectric relaxation. However, the

ost notable and consistent electronic phenomenon in all sam-

les is a steep rise in the dc conductivity at higher temperatures.
he room-temperature P–E hysteresis curves for the ferrate
nd manganate are typical of very poor ferroelectric materials,
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onsistent with the centrosymmetric crystal structure of all these
ompounds.
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