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Abstract

The synthesis of multiferroic BiFeO; has been undertaken in situ using both vacuum and argon atmospheres. We have collected and refined
synchrotron X-ray powder diffraction data from pressed pellets of the starting powders of Bi,O; and Fe,O; at intervals in the reaction to form
the final multiferroic BiFeOs product. Data were collected at 3-min intervals following as realistically as possible the sintering regimes used in
industry. The difference in the transformation temperature of monoclinic Bi,O; to cubic Bi,O; was found to be 650 and 700 °C when samples were
sintered in a vacuum and argon environments, respectively. It was found that this reaction was 75% complete before the multiferroic product began
to form. In both cases it was found that the quantity of Fe,O3 was unaffected by increasing temperature until after the transition of monoclinic to
cubic Bi,O; had reached its maximum value. After this transition the quantities of cubic Bi,O; and Fe,O; were found to decrease at very similar
rates yielding the final BiFeO; structure. An SEM study of the bulk microstructure of the BiFeO; product showed a poor densification due to

incomplete reactions between the remaining Bi, O3 and Fe,O;.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Multiferroics are materials which exhibit the simultaneous
presence of ferromagnetic, ferroelectric and ferroelastic cou-
pled order parameters within a single phase! (or at least two of
these characteristics). The perovskite BiFeOs has been found to
be multiferroic, having ferroelectric ordering below the Curie
transition temperature 7, ~ 830 °C and a G type antiferromag-
netic transition at 7, ~ 370 °C.> Extensive neutron and X-ray
diffraction studies have shown BiFeOj to crystallise in a rhom-
bohedral distorted perovskite cell, with space group R3¢ and unit
cell parameters a=5.616 A and o 59.35°.34

Pradham et al.> and Wang et al.> reported that it is difficult
to obtain single phase BiFeO3 in the form of bulk sintered sam-
ples by conventional mixed oxide sintering due to the formation
of impurity phases such as Bi;Fe4Og and Bij2(Big 5Fe 5)O19.5.
Attempts to remove these secondary phases have included leach-
ing out impurity phases with nitric acid® as well as use of rapid
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liquid sintering techniques where samples were subjected to
heating and cooling rates of the order of 100° s~!.%>7 In addi-
tion, high levels of electrical conductivity have been detected in
sintered BiFeO3 samples giving poor saturation in ferroelectric
hysteresis loops. It has been suggested that reason for these
high levels of conductivity is the existence of multiple valence
states of the Fe ion, resulting from the presence of oxygen vacan-
cies created throughout the sintering process.”> However, X-ray
photoelectron spectroscopy (XPS) measurements by Wang et
al.> have provided evidence that only Fe3* is present.

Attempts to reduce electrical losses and improve the satura-
tion of ferroelectric hysteresis loops have included dispersing
BiFeO3 within highly resistive perovskites such as BaTiOs,
PbTiO3 and SrTi03.93-10 Electrical measurements of these
samples indicated slight reductions in dielectric loss but no sig-
nificant change in the poorly saturated ferroelectric hysteresis
loops.

In order to optimise the synthesis and sintering process to
produce a more stable product we have studied the formation of
BiFeOj3 from the starting oxides BioO3 and Fe;O3 through to
the final multiferroic product in both vacuum and argon environ-
ments. In situ synchrotron radiation X-ray diffraction (SR-XRD)
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measurements and Scanning Electron microscopy were used to
characterise the final product.

2. Experimental procedure
2.1. Sample preparation

The starting powders of Bi;O3 (>98% purity) and Fe,O3
(=99% purity) were mixed (1:1 ratio BipO3:Fe,O3z) with
propan-2-ol and zirconia media in a polyurethane flask by a
process of vibro-milling for 16 h. The powder was then dried at
100 °C for 4 h to ensure complete removal of organic species.
After drying, 2 g batches of the mixed oxide powder were com-
pacted in a steel die at a load of 10kg/cm? yielding cylindrical
samples 10 mm diameter and 4 mm thick.

2.2. Synchrotron in situ powder diffraction

The in situ synchrotron powder diffraction analyses for the
sintering cycle of BiFeO3 were undertaken on the X04SA and
6.2 Materials Science beam lines'!~!3 located at the Swiss Light
Source (SLS) and the Daresbury Laboratory Synchrotron Radia-
tion Source (SRS) respectively. The use of curved linear position
sensitive photon counting detectors was necessary to measure a
refineable range of the powder diffraction pattern at a suitable
rate during the reaction. The rapid data acquisition system at
Daresbury is a modification of that already described for sta-
tion 16.3.1% The time resolved XRD data sets were collected
at approximately 3-min intervals during the sintering process.
The RAPID2' detector used on beam line 6.2 is a gas filled
wire chamber where the position of the incident X-ray photon
is measured by gas amplification and interpolated by a series of
uniformly spaced anode wires. The Mythen 1! detector used
on the X04SA beam line is based on a silicon microstrip detec-
tor with a 50-pwm pitch. The detector has a basic level pulse
height discriminator but no real energy resolution. The Mythen I
detector has an inherently higher spatial resolution (0.004°) than
RAPID2 (0.06°) but has a lower count rate. The lower count rate
was limited to 3 kHz by random electronic events. It was found,
during the course of this experiment, that the spatial stability
of Mythen I was superior to that of RAPID2 and enabled more
accurate Rietveld refinements to be undertaken. However, both
detectors yielded usable data. Mythen I gave a number of ran-
dom counts in channels following high count rates. These defects
were corrected by collecting six data sets and coincidence match-
ing in order to remove the random counts. In addition Mythen
I was operated at two angles, separated by one degree, in order
to cover the dead regions between strips. The next generation
of strip detectors from the SLS (Mythen II) has corrected the
random count problem.!” One data set collected from Mythen I
was therefore the sum of 12 data sets, half of which were col-
lected 1° higher in 26. No such correction was necessary with the
RAPID2 system yielding a faster duty cycle performance than
Mythen I. Both the data from Mythen I and RAPID2 allowed
a full Rietveld refinement of the evolving structures during the
processing cycle.

On both systems the pressed samples were heated using a
tantalum foil furnace enclosing the sample on three sides.'®
In order to prevent oxidation of the tantalum heating foil the
sintering environment was (i) a vacuum of 10~ mbar (SLS)
and (ii) flowing argon gas (SRS, Daresbury). The latter case
more closely resembled conventional sintering conditions. In
both experiments an S-type thermocouple was positioned in
close proximity, (~1 mm) above the top surface of the sample, to
obtain temperature control of +1 °C relative to the sample sur-
face during sintering.'® The furnace temperature was raised at a
rate of 3°C min~! to a maximum temperature of 920 °C. XRD
spectra were taken continuously throughout the heating of the
sample. The collection time for each spectrum was 3 min there-
fore the data has an inherent uncertainty of +4.5° about each
measured temperature. An additional constant omega oscillation
of £1.5° was applied to the inner rotary stage of the X04SA pow-
der diffraction beam line'! to create increased randomisation of
grain orientation for better counting statistics.

The X-ray powder diffraction patterns were refined with the
software program TOPAS using multi-pattern Rietveld quan-
titative analysis.'>2 The resulting lattice parameters, phase
percentages and crystal sizes were determined as a function of
rising temperature.

2.3. Scanning electron microscopy

For comparison purposes a series of samples were also sin-
tered in a conventional tube furnace in an argon atmosphere
using the same heating regime as the samples sintered on the
synchrotron beam lines. All samples were cut, ground on 1200
grade SiC and polished down to 0.5 wm diamond paste and
carbon coated using an Edwards E306A carbon evaporator.
Scanning electron microscopy was undertaken using a Phillips
XL30 field emission gun (FEG). Images were collected from
both the ground and polished and as sintered surfaces.

3. Results
3.1. Sintering BiFeO3 in vacuum

Fig. 1 shows seven XRD patterns taken at critical stages dur-
ing the sintering of a pressed pellet under vacuum. The initial
ambient temperature XRD spectrum shows the expected phases;
monoclinic P21/c BipO3 and trigonal R-3C Fe;O3. As the tem-
perature was increased to 400 °C the cell parameters for BioO3
and Fe, O3 increased, highlighted by the separation of the (2 1 0)
and (2 12) peaks, circled in Fig. 1. Above 500 °C the low tem-
perature monoclinic phase of Bi;O3 transformed into a cubic
phase with space group 123. There was a 75% transformation of
the Bi»O3 monoclinic to cubic phase by 650 °C. This tempera-
ture coincided with the first appearance of significant quantities
of the final multiferroic BiFeO3; phase. This was most appar-
ent at 26 values of 21° and 22° where the (211) and (011)
peaks, characteristic of BiFeO3, began to form. At temperatures
above 650 °C these peaks were seen to grow rapidly signifying
advanced crystallisation of the BiFeO3 structure.
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Fig. 1. Selected powder diffraction patterns collected during the synthesis of multiferroic BiFeO3 in a vacuum environment on the X04SA powder diffraction beam

line.

Each data set collected in a vacuum environment at the Swiss
Light Source yielded, after refinement a quantified phase per-
centage accurate to +2%. These results are shown in Fig. 2 as
a function of temperature. This analysis reveals a transforma-
tion of BioO3 from P21/c to 123 between 500 and 650 °C. The
trigonal R-3C structure of Fe;O3 did not react to form the final
bismuth ferrite product until 650 °C where the transformation
to the cubic form of BipO3 was well advanced. The onset of
changes in the amount of Fe, O3 coincided with the maximum of
Bi, O3 transformed to the cubic phase as well as the beginnings
of a rapid increase in the crystallisation of the rhombohedral
R3c BiFeO3 phase. These results suggest that the optimum con-
ditions for the synthesis of BiFeOs are strongly dependant on
the conversion of the monoclinic Bi;O3 to the cubic phase.

At the maximum sintering temperature of 700 °C the BiFeO3
lattice parameters were found to be: a=b=c=5.7A and
a=pB=y=59.37°. Experimental limits on the furnace during
this experiment restricted the maximum temperature to 700 °C
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Fig. 2. Quantified phase percentages obtained from full pattern Rietveld refine-
ment of multiple data sets during the synthesis of BiFeO3 in a vacuum.
Transformation from the monoclinic low temperature form of Bi;O3 to the
high temperature cubic phase was observed before the BiFeOs structure began
to form. The size of the point markers represent the uncertainty in both axes.

and prevented a full examination of the final multiferroic prod-
uct.

Fig. 3 shows the lattice parameters for Fe,O3 and Bi;Os3,
there is a small but steady increase with temperature for both
the monoclinic Bi;O3 and trigonal Fe;O3 as expected. Fig. 3a
and b shows that between 600 and 650 °C there is an increase
in gradient of the lattice parameters with respect to temperature
in all cases. These observations correlate well with the reactions
occurring between cubic Bi»O3 and Fe,O3 phases mentioned
earlier. This suggests that the reactions leading to the formation
of the final multiferoic BiFeO3 are initiated between 600 and
650 °C.

3.2. Sintering BiFeO3 in a argon environment

The synthesis of BiFeO3 was repeated using a sintering atmo-
sphere of argon. A similar sintering profile was observed and
the phase percentages are shown in Fig. 4. However, the onset
of all the observed reactions occurred at higher temperatures
compared to those for samples sintered in vacuum. The trans-
formation between the monoclinic and cubic phases of BirO3
occurred 50 °C higher than previously found in vacuum. The
reactions between the high temperature cubic Bi»O3 and Fe;O3
producing the final multiferroic product BiFeO3 were found to
occur between 800 and 850 °C.

On the basis of differential scanning calorimetry Pradham?
noted a key reaction within the mixed oxide sample at 820 °C.
This was attributed to a change in the BiyO3 structure from
the initial monoclinic phase to a high temperature cubic phase.
However, in light of the present study it would appear that cubic
phase formation occurs at lower temperature, and that the reac-
tion observed by Pradham? was instead related to the reactions
between the cubic BioO3 and Fe,O3 phases.

At approximately 830 °C the BiFeO3 phase reaches a max-
imum value of 75 £ 2%. Above this temperature a breakdown
of BiFeO3 was observed resulting in an increase in the Fe, O3
phase as well as the formation of a new orthorhombic Bi;FesOg
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Fig. 3. The lattice parameter refinements for Fe;O3 show a clear structural
change between 600 and 650°C indicating the reaction between the mixed
oxides (a). A very similar effect was observed from the lattice parameter refine-
ments for the cubic 123 Bi; O3 phase (b).
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Fig. 4. The phase percentages obtained from quantitative Rietveld refinement of
multiple data sets during the sintering of BiFeO3 in argon. The phase transfor-
mation profile is similar to that observed when sintering BiFeO3 in a vacuum but
reactions occur at higher temperatures. The size of the point markers represent
the uncertainty in both axes.
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Fig. 5. XRD spectra taken of the sintered bulk and surface of BiFeO3 samples
sintered using the rapid liquid sintering (1) 850 °C bulk surface, (2) 850°C
sintered surface, (3) 880 °C bulk surface, and (4) 880 °C sintered surface. The
markers show the positions of the BiO3 cubic phase.

phase. At temperatures above 830 °C the new phase was seen to
continue growing at the expense of the BiFeO3 phase.

3.3. Activation energy

A small range of the phase percentage curves was selected for
further study. These are shown in Figs. 2 and 4 coinciding with
the onset of the development of the BiFeO3 phase up to its max-
imum value. The activation energy of the formation BiFeO3 was
calculated from a simple Arrhenius model shown in Fig. 6. The
values of 3.98 and 2.49 eV for the reactions occurring in argon
and vacuum environments show higher activation energy in the
argon environment. This has been attributed to the volatility of
reactant species giving rise to greater bulk mobility.

3.4. Rapid liquid sintering

Following the in situ synchrotron experiments further inves-
tigations were conducted into the sintering process of bulk phase

BiFeO; Phase
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T y = -46235x + 47.776
g 959 = R®=0.9648
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Fig. 6. A simple Arrhenius model for the formation of the BiFeO3 cubic phase
when the sample is sintered in vacuum and argon environments. The activa-
tion energy values, E, show that more energy is required to complete the same
reaction when sintering in argon than in a vacuum.
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BiFeO3 with the application of rapid liquid phase sintering
described in the studies of Pradham et al.”> and Wang et al.’
Samples were heated at a rate of 100°Cs~! to temperatures
of 850 and 880 °C and then held at maximum temperature for
7.5 min to 10h before being quenched. X-ray diffraction mea-
surements taken using a standard Cu Ka XRD source showed
that the samples sintered at 850 °C had formed an additional sec-
ondary high temperature Bi; O3 cubic phase and some remaining
unreacted Fe, O3 (Fig. 5). The diffraction peaks associated with
this phase were seen in both spectra from the bulk and sin-
tered surfaces but was much more pronounced in the bulk
sample with Rietveld refinement confirming a quantified phase
percentage of 16% +2%. In contrast, the sample sintered at
880 °C contained no detectable BioO3 cubic phase on the sin-
tered surface, but did, however, have 5% BiyO3 cubic phase
present within the bulk of the sample (Fig. 5). Increasing the
time spent at the maximum sintering temperature of 880 °C
from the prescribed 7.5-30 min led to a slight reduction of the
Biy O3 cubic phase within the bulk sample. However, if the time
spent at the maximum sintering temperature was increased to
more than 4 h, formation of the orthorhombic Bi;Fe4Og phase
began. Increasing the time spent at maximum sintering tem-
perature to 6 and 10h caused complete conversion from the
multiferroic BiFeOs to BioFe4Og. Similar changes were found
if the maximum sintering temperature was increased above
880°C.

Comparisons of weight loss between the initial mixed oxide
pressed cylinders and final sintered products gave a weight loss
reduction of 7.2% when samples were sintered at 880 °C for
7.5min (Fig. 6). Increasing sintering time to longer periods
between 6 and 10 h the corresponding weight loss was 27 and
32%, respectively. As suggested by Pradham? this weight loss
is due to increased boil off of the bismuth which acts to alter the
1:1 ratio of BipO3 and Fe;Os3. This is because less bismuth is
available to create the higher ion content phase hence the for-
mation of the BisFe4O9 phase.

Fig. 7 shows an SEM taken from the polished surface of
the BiFeO3; sample sintered at 880 °C for 0.5 h. The measured

Fig. 7. SEM image taken of BiFeOj sintered at 880 °C for 0.5 h. Porous regions
are seen to develop once the temperature is raised and held at 880 °C.

grain size varied between 10 and 30 wm in length across the
sample surface. The sample has a high level of porosity and low
densification suggesting local material loss due to evaporation.

4. Conclusions

In conclusion the crystallisation of the mulitiferroic BiFeO3
is dependant on the transformation of the BioO3 mixed oxide
powder to the high temperature cubic phase. It is only after this
transformation has occurred that a reaction can be seen between
the Bi;O3 and Fe;O3 phases. These reactions were found to
occur at higher temperatures when the samples were sintered in
air and argon compared to a vacuum. Activation energies cal-
culated for the BipO3 and Fe,O3 mixed oxides as well as the
final BiFeOs phase have all confirmed higher activation ener-
gies when sintering in argon compared to vacuum. This explains
the need for the higher sintering temperatures required for the
formation of the BiFeO3 phase in argon. We believe the reason
for this is the very low gas pressure in the vacuum environ-
ment giving increased material transport and evaporation as the
boil off temperature for each of the associated mixed oxides
is reduced. By increasing the material transport within the bulk
sample there would is more opportunity for the iron and bismuth
to react producing the final multiferroic product BiFeOs.

Large levels of porosity and poor sample densification have
been shown in bulk sintered BiFeO3; with incomplete reac-
tions between the high temperature Bi;O3 phase and remaining
FeyO3. Low levels of densification can be related to high
levels of electrical loss previously observed for BiFeOs3.>>”
Furthermore if the maximum sintering temperature is raised
higher than 880 °C or the sample is left to sinter for a longer
time than 30 min, then the BiFeOs structure begins to break
down and the new orthorhombicBisFesO9 phase begins to
form.

The use of rapid liquid phase sintering techniques described
in Refs.>>7 is useful in reducing secondary phase formation by
limiting the time that the sample spends at the maximum sin-
tering temperature. However, it does not solve the problem of
sample porosity. Work is currently underway to examine the ben-
efits of adding a calcination process to the sintering of bulk phase
BiFeOs3.
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