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Abstract

Ceramics in the (BiMnO;3),—(PbTiO3),_, series were fabricated with
compositions in the range 0 < x < 0.7. A macroscopically pseudocubic
structure was observed for compositions x > 0.4 while at x < 0.4 the structure
is tetragonal. The presence of a pseudocubic structure is attributed to frustration
between different preferred environments of cations, leading to an absence of
long-range ordered polar ionic displacements. Microstructures similar to those
of relaxors were observed at x = 0.4 and evidence of incommensurate ordering
of antiparallel cation displacements was found at compositions x > 0.6.
Permittivity measurements for x = 0.3 and 0.4 revealed diffuse frequency-
dependent maxima between 100 and 300 °C. In addition, compositions with
x < 0.3 exhibited a sharp peak at higher temperature. The broad peaks are
considered to arise from different time constants attributed to the grain interiors
and boundaries for x = 0.3 and 0.4 whereas the sharp peak is interpreted as the
Curie temperature of a tetragonal to cubic phase transition.

1. Introduction

The phase diagram of the (BiFeO3),—(PbTiO3),_, solid solution contains a morphotropic
phase boundary (MPB) between tetragonal and rhombohedral structures at x ~ 0.7 [1].
Around this composition, the tetragonal structure exhibits a large spontaneous strain reaching
a maximum at the MPB, with a ¢/a ratio of 1.16 recently measured at x = 0.7 [2]. Attempts
to exploit the high Curie temperature, 7c, of ~632 °C [3] and the potentially large polarization
afforded by such a large c¢/a ratio have been hampered by high conductivity [4] leading to
difficulties with poling ceramics. The mechanism leading to the appearance of such a large c/a
ratio is unknown and the question remains as to whether distortions of similar magnitude exist
in other BiMeO3—PbTiOj5 solid solutions (where Me is a trivalent cation). Recent works [5, 6]
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have illustrated that BiScO3—PbTiO3 and BiMg; /2 Ti; ,03—PbTiO3 each have an MPB similar
to that in PbZrO3;-PbTiO3 in which the value of ¢/a in the tetragonal phase field decreases as
the MPB is approached: an opposite trend to that in BiFeO3—PbTiO3. No prior investigations
of ceramics in the BiMnO3;—PbTiO; series have been reported, although several studies have
been performed on BiMnOs3. A recent neutron diffraction study [7] refined the structure of
BiMnOj3 as monoclinic, with space group C2, resulting from the Glazer tilt system [8]a~b~b ™.
Dielectric hysteresis loops were recently published, indicating the presence of ferroelectricity
and x-ray diffraction (XRD) revealed a phase transition at ~180 °C, considered to be the Curie
temperature [9]. Like the Fe3* ion, Mn>* has a magnetic moment, but in addition, Mn3*
exhibits a known Jahn-Teller effect when in octahedral coordination, leading to elongation of
the two axial Mn—O bonds [10]. This paper aims to test the hypothesis that coupling of the
Jahn-Teller effect to a tetragonal ferroelectric distortion could enhance the spontaneous strain
in the tetragonal structure close to the MPB in the BiMnO3;-PbTiOj3 solid solution.

2. Experimental details

Ceramic samples were fabricated in the (BiMnO3),—(PbTiO3),_, series by the conventional
mixed oxide route. Bi,O3 (99.9%, Acros Organics, Geel, Belgium), Mn,O3 (99.8%,
Malinckrodt Baker Inc., Phillipsburg, New Jersey, USA), PbO (99.9%, Acros Organics, Geel,
Belgium) and TiO, (99.9%, Sigma-Aldrich, Dorset, UK) were weighed out in stoichiometric
amounts in batches of ~100 g to an accuracy of 0.01 g and attrition milled for 1 h using 2 mm
diameter Y,O3-stabilized ZrO, milling media in distilled water. The media were removed and
the remaining slurry was dried at 80 °C for two days. The powder was collected and ground
with a pestle and mortar to pass through a 355 um mesh sieve. Powders with compositions
x < 0.7 were reacted in air in a lidded Al,O3 crucible for 2 h at 850 °C with the exception of
PbTiO; (x = 0) which was reacted at 800 °C. For powders of compositionx > 0.7, significant
sintering of the oxides took place at 850 °C rendering them hard and particularly difficult to
mill. A reaction temperature of 700 °C was used for these compositions which led to a powder
that was multiphase but soft enough for milling. The reacted powders were attrition milled,
dried and sieved as above. Approximately 1 g of each of these powders was uniaxially pressed
into pellets of 10 mm diameter with a load of ~100 MPa and then sintered for 2 h in air on a
CaO-stabilized ZrO; tile covered with Pt foil, beneath an upturned crucible and next to a small
pile of powder with the same composition as the pellets. Sintering temperatures of between
975 and 1075 °C were used. Weight loss on sintering was found to be between 1.3% and 0.5%
but no attempt was made to compensate for this loss as the evaporating species was not known.
At x > 0.6, severe deformation of the pellets took place during sintering at 1000 °C, due to
the proximity of the melting temperature. As a result, no pellets of composition x > 0.7 could
be made with perovskite as the majority phase due to the low sintering temperatures imposed.
Due to fracturing of the pellets during sintering, PbTiO3 (x = 0) was used only as a powder.
Pellets were thermally etched for 30 min at temperatures between 900 and 1000 °C.
Scanning electron microscopy (SEM) was performed on etched and unetched pellets with
a JEOL JSM 6400 operating at 10 kV. Link ISIS energy dispersive spectroscopy (EDS) was
incorporated into the microscope and was used with an accelerating voltage of 20 kV and a
spot size of 1 nm. XRD was carried out between 10° and 70° 26 on crushed pellets with
Cu Ko radiation from a Philips PW 1373 diffractometer. Samples for transmission electron
microscopy (TEM) were prepared by grinding pellets to a thickness of ~30 um, fixing the
thinned samples to a copper ring and milling to perforation at an incidence angle of 12° with a
Gatan duo ion mill (600 model) at an accelerating voltage of 6 kV and a combined gun current
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EDS spectra (a—d) in figure 3.

of 0.6 mA. An FEI Tecnai 20 operating at 200 kV was used to analyse these samples. Gold
electrodes were applied to pellets as a paste and fired at 850 °C. Pellets were placed in a tube
furnace and heated to 600°C at a rate of 1 K min~! while permittivity measurements were
performed using an HP 4284 A Precision LCR meter.

3. Results and discussion

3.1. SEM

Figure 1 shows a thermally etched x = 0.6 pellet illustrating the density, grain size and shape
typical of pellets in this series. Perovskite grains are between 1 and 10 um in width and
have no preferred growth direction. The observed porosity is low, consistent with the sintered
density >95% of the theoretical density (8.22 g cm—3). All pellets contained secondary phases
although their presence was only detected by means of XRD in pellets of compositionx > 0.7.
Figure 2 shows the presence and distribution of three secondary phases in an x = 0.7 pellet.
EDS spectra indicated that these additional phases are forms of manganese and bismuth oxide
and an oxide apparently rich in both Mn and Bi (figure 3). Areas of Mn and Bi oxides have been
observed in pellets of all compositions within this series although in much smaller proportions
than those shown in figure 2.
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Figure 3. EDS spectra from (a) perovskite and ((b)—(d)) secondary phases present in an x = 0.7
pellet and indicated in figure 2.
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3.2. XRD

XRD traces from crushed pellets in the (BiMnO3) ,—(PbTiO3),_, series are shown in figure 4.
Samples with x < 0.7 exhibited only perovskite peaks. Traces obtained from x = 0.7
pellets contain reflections corresponding to secondary phases but these were too weak in
intensity to unambiguously identify the phases present. Splitting of pseudocubic {100} and
{110} perovskite peaks, consistent with tetragonal symmetry, was observed for x < 0.4. No
splitting of any peaks was observed for powders of composition x > 0.4, indicating a cubic or
pseudocubic structure. At x = 0.4, some asymmetry of {100} and {110} peaks was taken to
be an indication of slight tetragonal distortion. Based on these observations, a phase boundary
may be inferred, between tetragonal and pseudocubic phases, for 0.4 < x < 0.5. Lattice
parameters were fitted to the XRD traces and their dependence on composition is shown in
figure 5. The enhanced spontaneous strain, expected as a result of Jahn—Teller and ferroelectric
distortion coupling, does not appear and it is concluded that these distortions do not couple,
but frustrate, leading to minimal overall distortion and a structure that is pseudocubic.

3.3. TEM

Figure 5 shows domain structures obtained from thinned samples with compositions x = 0.3,
0.4 and 0.5. The image obtained at x = 0.3 (figure 6(a)) contains lamellar domains that are
consistent with twinning arising from the tetragonal distortion apparent in the XRD trace in
figure 2. Samples with composition x = 0.5 (figure 6(c)) showed no lamellar domain structure,
consistent with a pseudocubic structure. Samples with composition x = 0.4 (figure 6(b))
exhibited a mottled contrast and regions of fine-scale striations. Similar structural features have
been observed in La-doped lead zirconate titanate (PLZT) ceramics in a narrow compositional
region separating a tetragonal ferroelectric phase from a paraelectric phase [11]. It was found
that as the La concentration decreased from ~15 mol%, the generally featureless grains of the
cubic phase were replaced with a fine-scale (~5 nm) mottled contrast, associated with a relaxor
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phase. As the ferroelectric phase was approached, the mottling gave way to striations with a
similarly fine scale of ~20 nm, and finally to long-range ordered macrodomains typical of a
tetragonally distorted structure. Here, it is proposed that the mottled contrast seen in figure 6(b)
indicates the existence of a short-range ordered polar phase similar to a relaxor between the
pseudocubic (x = 0.5) and tetragonal (x = 0.3) phases. The presence of striations within the
same sample suggests that, due to the heterogeneity present in the pellets, some areas have a
local composition approaching that of the tetragonal phase. Taking into account the absence of
lamellar domains in the microstructure, as observed by TEM, it is concluded that the structure
at this composition is primarily not tetragonal as implied by the XRD, but pseudocubic. The
slight splitting and asymmetry of the peaks observed in the XRD spectrum (figure 3) may be
due to diffraction from areas with the striated microstructure.

Zone axis diffraction patterns (ZADPs) were obtained from principal zone axes
at all compositions and at x < 0.6 exhibited reflections entirely consistent with a
simple cubic perovskite lattice (figures 7(a) and (d)). However, for x = 0.6 and 0.7
samples, incommensurate superstructure reflections were found in (100), and (111), but
not (110), ZADPs (where the subscript ‘p’ indicates reference to the pseudocubic cell)
(figures 7(b), (c), (e) and (f)). These reflections were found at y{ooe}p positions (where
‘0’ and ‘e’ refer to odd and even miller indices, respectively and y is a fraction in the range
% <y< %). At x = 0.6, these reflections are diffuse and streaked, suggesting significant
variation in long-range order, but at x = (.7 the reflections are discrete. The fact that y
is not an integer fraction means that the superstructure responsible is incommensurate in
nature and cannot be the result of a commensurate octahedral tilting phase transition. Also
unlikely is the positional ordering of cations or oxygen vacancies since, by definition, the
corresponding reflections must lie on commensurate lattice points. Similar incommensurate
reflections have been observed in ordered complex perovskites such as PbCoy 2 W1 ,203 (PCW)
and PbSc;/,Ta; 203 (PST) [12] and in systems such as La-doped PbZrg 9Tig.1 O3 (PLZT) [13]
at compositions close to an antiferroelectric/ferroelectric (AFE/FE) phase boundary. These
reflections are associated with incommensurate antiparallel cation displacements [14] and in
PLZT, PCW and PST result in the appearance of satellite reflections that lie along the (110),
directions that are often streaked. These reflections are found to be present in the (111), and
(001),, but not (110),, zone axes, since the related AFE commensurate phases (e.g. PbZrO3
in the case of PLZT) have structures in which i{hkO}p superlattice reflections are allowed but

only where i # k. Since only i{hkO}p where h = k reflections are allowed in (110), zone
axes by the Weiss zone law, the incommensurate reflections are not observed. Comparison of
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Figure 6. Bright field TEM micrographs showing typical
features of samples with compositions (a) x = 0.3, (b)
x = 0.4 and (c) x = 0.5. Key features are indicated.

the incommensurate reflections in this sample with those in PLZT, PST and PCW reveals that
these intensities are more diffuse, indicating that the mechanism responsible does not have
long-range coherence. Moreover, it is postulated that the presence of the superstructure may
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Figure 7. ((a)~(c)) (100), ZADPs from samples of the (BiMnOs),—(PbTiO3);_, series; (a)
x = 0.5, (b) x = 0.6 and (c) x = 0.7. ((d)—~(f)) (111), ZADPs from the same. Superstructure
reflections are arrowed.

indicate that x = 0.7 lies close to an AFE/FE phase boundary. This composition represents the
solubility limit of BiMnOj3 in PbTiO3 at ambient pressure, before samples become excessively
multiphase. Therefore, the BiMnOs concentration cannot be further increased to study the
evolution of the superstructure reflections as a function of composition. However, BiMnOj3 is
not known to be antiferroelectric [9] and simulations of diffraction patterns using the structure
refined by Atou ef al [7] do not indicate the presence of any superstructure reflections in either
(100),, or (111), zone axis diffraction patterns.

EDS and electron diffraction were used to identify secondary phases in some of the
compositions. The presence of hausmannite, Mn3O4, was confirmed in x = 0.4 and 0.6
samples (figure 8), while braunite, Mn;Os-SiO4, was found in the x = 0.5 sample (figure 9).
Both identified structures contain Mn** and Mn?* ions and it is inferred that both valence states
are thermodynamically able to exist in the perovskite lattice under the sintering conditions.

3.4. Dielectric properties

Figure 10 shows the temperature dependences of the relative permittivity for x = 0.4 and 0.3
pellets across arange of frequencies. In the plotforx = 0.4 (figure 10(a)), the strong frequency
dependence of T}, is similar to that of a relaxor ferroelectric. However, the curves differ so
markedly across the entire temperature range that conventional relaxor behaviour is probably
not responsible for the frequency dependence observed. A feature common to ceramics is the
difference in frequency response between the grain interiors (or bulk) and boundaries. The
bulk exhibits a maximum response at higher frequencies than the grain boundaries, due to the
inherent capacitance determined by their respective geometries [17]. Thus, the temperature-
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Figure 8. (a) An EDS spectrum from the secondary phase in an x = 0.4 sample with electron
diffraction patterns matched to (b) [111] and (c) [011] ZADPs from hausmannite, Mn3O4 (PDF
24-734). Lattice parameters and atomic positions published by Jarosh [15] were used to create the
simulations. Cu peaks in the EDS spectrum originate from the supporting copper ring and Bi peaks
originate from the adjacent perovskite phase.
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Figure 9. (a) An EDS spectrum from the secondary phase in an x = 0.5 sample with electron
diffraction patterns matched to (b) [221] and (c) [111] ZADPs from braunite, Mn70g-SiO4. Lattice
parameters and atomic positions published by Moore and Araki [16] were used to create the
simulations. Cu peaks in the EDS spectrum originate from the supporting copper ring and Bi peaks
originate from the adjacent perovskite phase.

dependent plots of permittivity in figure 10(a) may show only a combination of reduced grain
boundary and bulk ceramic response. Figure 10(b) shows the permittivity data encountered
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Figure 11. Permittivity versus tem-
perature for a pellet of composition
x = 0.2 at 30 kHz.

at x = 0.3. The strongly frequency-dependent behaviour of the permittivity at temperatures
<400 °C is similar to that recorded for the pellet with composition x = 0.4 and may also arise
from the progression from a grain boundary dominated response at lower frequencies to a bulk
response at higher frequencies. A frequency-independent, local maximum in permittivity is
observed at T;,, & 355 °C, indicative of a phase transition. This is consistent with the expected
T¢ for this composition, given that the 7¢s of the two end-members are ~180 and 490°C
for BiMnO3 and PbTiOs, respectively, and assuming a roughly linear change in 7¢ with x.
This peak is likely to arise from the observed tetragonal regions illustrated in figure 6(a).
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Fixed-frequency measurements indicate that 7¢ increases as x decreases for samples where
x < 0.3 (figure 11), as expected. The absence of a similar peak from the permittivity data
obtained at x = 0.4 is further evidence of the presence of a pseudocubic structure for this
composition. Although further studies of the dielectric response over a broad frequency and
temperature range could unambiguously determine the nature of the broad maxima forx = 0.3
and 0.4, the evidently high conductivity and apparent absence of a rhombohedral-tetragonal
phase boundary preclude any practical applications for these ceramics.

4. Conclusions

The limit of solid solution for the (BiMnO3),—(PbTiO3);_, system under the processing
conditions employed was x = 0.7. Pellets with compositions x > 0.4 were found,
against expectations, to have a macroscopically pseudocubic structure, despite the Jahn—Teller
distortion associated with Mn** ions in octahedral coordination. A frustration effect arising
from the different preferred environments of the cations, resulting in the absence of long-range
coupling of ionic displacements, is proposed to account for the pseudocubic structure. At
x < 0.4, samples have a tetragonal structure.

For (BiMnO3),—(PbTiO3),_, samples at x = 0.4, the microstructure exhibited similarities
to relaxor phases, consistent with the absence of long-range ordered ionic displacements. In
samples with compositions x = 0.6 and 0.7, close to the limit of solubility, a superstructure
associated with incommensurate ordering of antiparallel cation displacements is thought to be
present.
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