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Abstract 

Phase-pure powders of stoichiometric BiFeO3 have been prepared by mechanosynthesis. Ceramics 

sintered by either conventional heating in air or spark plasma sintering (SPS) followed by oxidative 

anneal in air are highly insulating with conductivity e.g.  ~10–6 Scm–1 at 300 °C and activation 

energy 1.15(2) eV, which are comparable to those of a good-quality BiFeO3 single crystal. By 

contrast, the as-prepared SPS sample without the post-sinter anneal shows higher conductivity e.g. 

~10–6 Scm–1 at 225 °C and lower activation energy 0.67(3) eV, indicating some reduction of the 

sample by the SPS process. The reason for the high conductivity observed in some ceramic samples 

reported in the literature appears to be unclear at present. 

 

Introduction 

Bismuth ferrite (BiFeO3) is one of the most studied multiferroic ceramics since multifunctional 

properties are present at room temperature; it exhibits a G-type antiferromagnetic order up to the 

Néel temperature at ~360 ºC and ferroelectric order up to the Curie temperature at ~ 830 ºC. [1, 2] 

However, phase-pure bulk BiFeO3 is notoriously difficult to synthesise and it is very common that 

small amounts of persistent secondary phases, mostly Bi2Fe4O9 and Bi25FeO39, are present. Thus, 

although many methods have been proposed in the literature [3–19] to obtain phase-pure bulk BiFeO3, 

only few have been successful.  
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An alternative approach for preparing phase-pure bulk BiFeO3 is by mechanochemical synthesis. 

Nanoparticles of BiFeO3 are obtained by mechanical alloying stoichiometric amounts of iron and 

bismuth oxides. [20–22] Recently, some of the present authors have investigated the effect of milling 

conditions on the composition and microstructure of the resulting materials, and shown that the 

microstructure of the products could be tailored by selecting the milling conditions. Interestingly, 

materials prepared by mechanosynthesis have been sintered without the formation of secondary 

phases. [22] 

 

There is considerable disagreement in the literature concerning the electrical properties of BiFeO3. 

It is well-established that it is both ferroelectric and antiferromagnetic at room temperature but there 

is no consistency in reported values of its electrical conductivity; semiconducting ceramics with low 

electrical resistivity at room temperature are frequently obtained. In order to improve the insulating 

properties of BiFeO3, small amounts of donor dopants [23, 24] such as Ti4+ substituting for Fe3+ are 

usually added to suppress the semiconductivity.  

 

The low electrical resistivity of BiFeO3 has been linked to the presence of impurities [3] which is 

one of the most important problems for future applications of this material in spintronics or data 

storage. One objective of this work has been to investigate the electrical properties of stoichiometric 

pure BiFeO3 prepared by direct mechanochemical synthesis from pristine iron and bismuth oxides. 

The effect of sintering under both conventional conditions and by spark plasma sintering, as well as 

the effects of cooling rate and oxygen partial pressure on the resulting electrical properties, was also 

proposed for study. 
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Experimental 

Samples of BiFeO3 prepared by mechanosynthesis were obtained from Bi2O3 (Sigma-Aldrich 

223891-500G, 10 µm, 99.9% pure) and Fe2O3 (Sigma-Aldrich 310050-500G, <5 µm, ≥99% pure). 

Stoichiometric amounts of the oxides were mechanically treated in a modified planetary ball mill 

Fritsch Pulverisette 7 (Idar-Oberstein, Germany) under 7 bars of oxygen pressure. The mill was 

modified by incorporating a rotary valve that allows connection of the jar (sealed with a Viton o-

ring and equipped with a male taper straight adaptor) and the gas cylinder during milling. Thus, the 

pressure inside the jar could be maintained constant during the entire treatment even if gas was 

consumed by the reaction. In all experiments, the jars were purged several times with oxygen and 

the desired pressure selected and maintained during milling. The spinning rates of both the 

supporting disc and the superimposed rotation in the opposite direction of the jar was set at 700 rpm 

and the powder-to-ball mass ratio was set at 1:20. 

 

Two methods were used to obtain pellets of the mechanosynthesised samples: conventional 

sintering and spark plasma sintering (SPS, Model 515S; SPS Dr Sinter Inc., Kanagawa, Japan). 

Conventional sintering consisted of pressing the milled powders into discs, ~6 mm in diameter and 

~2 mm thick by uniaxial pressing at 0.93 GPa and heated at 10 °C min-1 to 850 °C in air and then 

slow-cooled by switching off the furnace. The SPS of the powder was performed in vacuum in a 10 

mm diameter cylindrical graphite die/punch setup, under a uniaxial pressure of 75 MPa at 625 ºC 

for 10 minutes. The heating rate was 250 ºC min−1. Temperature was measured using a 

thermocouple, which was placed in a bore hole in the middle part of the graphite die. The sintered 

ceramics, ~10 mm in diameter and ~2 mm thick were polished to eliminate carbon from the surface. 

Density of the ceramics was determined using the Archimedes’ method, using water as the 

immersion liquid. Pellet densities were ~95(3) %, Table I. 
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For selected experiments, samples were heated: a) at 800 °C for 30 min in air followed by 

quenching; b) in O2 at ~125 bar for 60 min in a Morris high pressure furnace (HOP) followed by 

slow cooling at 1 °Cmin–1; c) at 350–600 oC in vacuum at 5x10–5 mbars. 

 

For comparison purposes, samples of BiFeO3 prepared by conventional solid state reaction used 

powders, and drying temperatures, of Bi2O3 (99.99% pure, Acros Chemicals, 180 °C) and Fe2O3 

(99% pure, Sigma-Aldrich, 400 °C). These were mixed in an agate mortar and pestle for ~30 min, 

with acetone added periodically to form a paste. Pellets were pressed uniaxially and placed on 

sacrificial powder of the same composition in alumina boats. Initial firing was at 850 °C for 20 min 

after which the pellets were ground, repressed, fired again at 850 °C for 20 min, ground, repressed 

isostatically at 200 MPa, given a final firing at 850 °C for 2 h in air and then cooled slowly by 

switching off the furnace. 

 

The phases present were analyzed by X-Ray Powder Diffraction (XRD) using either a Stoe StadiP 

Diffractometer (Darmstadt, Germany) or a Panalytical X’Pert Pro diffractometer (Almelo, The 

Netherlands). Lattice parameters were determined by least-squares refinement for reflections in the 

range 15 < 2θ < 80º, using the software WinXPow version 1.06, and an external Si standard. The 

sizes of the coherently diffracting domains were calculated from the (024) diffraction peak by the 

line profile analysis (Panalytical X’Pert Pro software, Almelo, The Netherlands) corrected for 

instrumental peak broadening determined with a Si standard. Elemental composition of the samples 

was assayed by X-ray fluorescence analysis using a Panalytical Axios XRF Spectrometer (Almelo, 

The Netherlands) equipped with a Rh tube. 

 

The microstructure of the powders and the pellets was studied by scanning electron microscopy 

(SEM). The micrographs were obtained in a Hitachi S-4800 microscope (Tokyo, Japan) equipped 

with energy dispersive X-ray spectrometer (EDAX) attachment. Differential scanning calorimetry 
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(DSC) measurements were performed in a Netzsch DSC404C (Selb, Germany) from room 

temperature to 850 ºC with heating/cooling rates 10 °C min−1. In order to study possible variation in 

oxygen content as a function of heat treatment conditions, thermogravimetry (TG) measurements 

were carried out in a home-made thermogravimetric instrument [25] from room temperature to either 

350–600 oC in vacuum (5x10–5 mbars) at heating/cooling rates 5 °C min−1 or to 600 oC in air in a 

TA instruments Q5000IR (New Castle, DE, USA). 

 

For electrical property measurements, pellets were Au sputter coated using an Emitech K575X 

Sputter Coater (Kent, UK). Impedance measurements used a combination of Agilent 4294A and 

E4980A impedance analysers (Wokingham, UK) over the frequency range 5 Hz to 10 MHz, with an 

ac measuring voltage of 0.1 V and over the temperature range –263 to 400 oC; for subambient 

measurements, an Oxford Cryostat (Abingdon, UK) with Intelligent Temperature Controller (ITC 

503S) was used. Impedance data were corrected for overall pellet geometry and for blank 

capacitance of the conductivity jig. Resistance values were obtained from intercepts on the real, Z’ 

axis. Conductivity and capacitance data are reported in units of Scm–1 and Fcm–1, respectively, that 

refer to correction for only the overall sample geometry. 

 

Results and Discussion 

Results are presented for three sets of samples: 

A) prepared by conventional reaction using a mortar and pestle to mix the powders and then 

fired at a final temperature of 850 °C for 2 hours;  

B) prepared by mechanosynthesis and pellets sintered by heating to 850 °C at 10 °/min and then 

slow-cooled by switching off the furnace;  

C) prepared by mechanosynthesis and pellets sintered by spark plasma sintering at 625 °C with 

or without a subsequent anneal at 600 °C in air for 2 hours.  
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Powder XRD data are shown for four typical samples in Fig. 1. The samples prepared by 

conventional solid state reaction (a) had BiFeO3 as the major phase but with significant amounts of 

Bi2Fe4O9 and Bi25FeO39 as secondary phases. It was found very difficult to eliminate these 

secondary phases either by repeated grinding and reheating or by pressing pellets and firing at 

different temperatures. By contrast, the samples prepared by mechanosynthesis (b, c, d) were 

essentially phase-pure and remained phase-pure in pellets sintered at 850 oC and also by SPS at 625 

°C with or without a subsequent oxidative anneal at 600 °C. Before the mechanosynthesised 

samples were sintered, XRD lines were broadened due to small particle size and strain effects. 

Crystallite size calculated using the line profile analysis was ~16 nm. After sintering, XRD patterns 

of the mechanosynthesised samples were much improved without any secondary phases. 

 

Lattice parameter data for the various samples are summarised in Table I together with typical 

literature values [26–28]. All samples were rhombohedral as expected. Rietveld refinement of sample 

(C) was carried out using powder XRD data and confirmed the correctness of the rhombohedrally-

distorted perovskite structure of BiFeO3; these results are summarised in Ref. 22. 

 

DSC data are shown in Fig. 2 for samples prepared by (a) conventional reaction and (b) 

mechanosynthesis. Both show a weak transition at ~370 °C, which corresponds to the Néel 

temperature, TN, for the phase transition from the antiferromagnetic low temperature polymorph to 

the paramagnetic high temperature polymorph. Both samples also show the ferroelectric to 

paraelectric transition at the Curie temperature, TC, ~831 °C, with some hysteresis between heat and 

cool cycles, Table I. 

 

Scanning electron micrographs are shown in Fig. 3 for mechanosynthesised powder, before (a) and 

after (b) conventional sintering and after SPS (c). The mechanosynthesised powder, (a), consisted of 

aggregates of fine particles. The particle sizes were typically 20 nm in size as confirmed by TEM 
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studies [22] (not shown) and are consistent also with the particle sizes obtained by line broadening of 

the XRD data, Fig. 1(b). The micrograph of the pellet sintered conventionally at 850 °C after 

mechanosynthesis, (b), shows a much larger grain size, typically 2.5–10 μm. This contrasts with the 

grain size of the pellet sintered by SPS, (c), which shows a more uniform texture with typical grain 

size 100 nm. An EDX spectrum of the SPS sample is shown in (d); analysis of the Bi:Fe atomic 

ratio gave a value of ~1 ; similar results were obtained by XRF [22] (not shown) for which the 

measured Bi:Fe atomic ratio was ~1. 

 

Thermogravimetry measurements are shown in Fig. 4 for a pellet sintered conventionally and 

heated in vacuum at 5x10–5 mbars. The pellet shows a small decrease in mass over the temperature 

range ~75–325 oC, no further mass change is observed until 650 oC and on subsequent cooling. 

Moreover, thermogravimetric measurements in air did not show any mass loss in the same 

temperature range (figure not shown). XRD on a crunched pellet showed no evidence of secondary 

phases (not shown) and, therefore, the observed mass loss is likely to be associated with oxygen 

loss from the sample rather than sample decomposition during the TG experiment. Assuming that 

the air-processed sample is fully oxygenated, the oxygen loss in the formula BiFeO3–δ is estimated 

as δ ≈ 0.0326; this value is somewhat higher than that reported previously by Li & MacManus-

Driscoll [29] in which BiFeO3–δ exhibits only a very narrow oxygen nonstoichiometry range, i.e. δ < 

0.01. 

 

The conclusion from these various characterisation studies is that the samples produced by 

mechanosynthesis, and sintered either conventionally or by SPS, were well-crystallised, cation-

stoichiometric BiFeO3 but with a narrow oxygen nonstoichiometry range, without significant 

presence of impurity phases and exhibiting similar XRD and DSC data to those reported in the 

literature. This contrasts with the samples prepared by solid state reaction which contained small 

amounts of secondary phases, even after repeated heat treatments. All subsequent data reported here 
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used the pure-phase BiFeO3 samples prepared by mechanosynthesis with either conventional or 

spark plasma sintering. All samples were electrically insulating at room temperature with σ << 10–7 

Scm–1 but showed modest levels of semiconductivity at high temperatures. 

 

Impedance data for BiFeO3 sintered under various conditions are shown in Fig. 5 and 6. For 

mechanosynthesised samples sintered conventionally in air at 850 °C, Fig. 5, impedance complex 

plane plots (a) show a single, almost ideal, semicircular arc whose low frequency intercept give the 

total resistance of the sample. M″ and Z″ spectra (b) both show a single peak at almost coincident 

frequencies, which indicates the electrical homogeneity of the sample. Capacitance data (c) show a 

limiting high frequency plateau with an approximate value 10 pFcm–1, corresponding to a 

permittivity of ~110 and which therefore represents the bulk response of the sample. At lower 

frequencies, an approximately linear, small increase in capacitance is observed, indicating a 

possible power law response. Conductivity, Y′, data (d) show a low frequency plateau that represent 

the sample bulk conductivity and a dispersion at higher frequencies indicating the onset of a 

possible power law response, i.e. Johnscher’s “universal” power law; [30, 31] the origin of the power 

law has been attributed variously to atomic level interactions between ions or electrons within the 

material [31–35] and to the electrical response characteristics of two-phase, conductor–insulator, 

networks formed by the material’s microstructure. [36–38] It is concluded that, to a first 

approximation, the electrical property data may be represented by the parallel R-C-CPE element 

shown in Fig. 5(a) inset, in which CPE is a Constant Phase Element responsible for the dispersion 

seen in both C′ data at low frequencies and Y′ data at high frequencies. Detailed analysis of the data 

and fitting to equivalent circuits has not been carried out.  

 

For the mechanosynthesised sample sintered by SPS, an additional small low frequency arc is seen 

in the impedance complex plane plot, Fig. 6(a), which is not seen after the post-sinter oxidative 

anneal at 600 °C in air, Fig. 6(b). The data shown in Fig. 6(b,d) are similar to those seen in Fig. 5. 
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The additional arc seen at low frequencies in Fig. 6(a) appears in the C′ data (c) as a dispersion to a 

much higher capacitance value of ~5–10 nFcm–1 at low frequencies and is attributed to grain 

boundaries in the ceramic, which are reduced to a different extent from the sample bulk. The effect 

of post-sinter anneal at 600 °C is to fully reoxidise both grain and grain boundary regions of the 

sample, as shown by impedance measurements carried out at a constant temperature after different 

time lapses, Fig. 7. 

 

Fixed-frequency plots of relative permittivity ( ε′ ) and tan δ against temperature are shown in Fig. 8 

for BiFeO3 prepared by mechanosynthesis and sintered by SPS at 625 ºC with a subsequent anneal 

in air at 600 °C. Relative ε′  data increase with temperature, as expected for a ferroelectric material 

on approaching TC, and are frequency-dependent above ~200 oC as a consequence of Johnscher’s 

“universal” power law. Below ~175 ºC, ε ′′  and tan δ data are noisy since 

                                                                        ( ) 1
0

−ωε′=ε ′′ Z                                                          (1) 

                                                               ( ) 1
0

−ε′ωε′=ε′ε ′′=δ Ztan                                               (2) 

(ε0 = permittivity of free space, 8.854 10–14 Fcm–1 and ω = angular frequency, 2πf) and the 

impedance of the sample was too large to be measured by the impedance analyser, i.e. Z′ >> 107 

Ωcm. Above ~175 ºC, the impedance of the sample was measurable and ε ′′  and tan δ data were 

frequency-dependent, as shown by equations (1) and (2). 

 

Bulk conductivity data, R–1, are shown in Arrhenius format in Fig. 9(a) for BiFeO3 sintered 

conventionally: at 850 ºC in air followed by slow cooling; 800 oC for 30 min in air followed by 

quenching; 350 oC in vacuum at 5 10–5 mbars followed by slow cooling; and 800 oC for 1 h in high-

pressure O2 at ~125 bars (HOP) followed by slow cooling. The bulk resistivity at room temperature, 

extrapolated from the Arrhenius plots, is ~1016 Ωcm with an activation energy for conduction of 

~1.15–1.28 eV.  
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The difference in conductivity data between the four data sets is relatively small. The quenched and 

vacuum-annealed samples have lower conductivity than the slow-cooled sample which indicates 

that the charge carriers may be p-type electronic, i.e. holes ( •h ), since oxygen loss from the 

quenched or vacuum-annealed samples would lead to release of electrons: 

                                                                e4V2OO2 O2
x
O ′++→ ••                                                  (3) 

and annihilation of hole charge carriers. An attempt to determine the principal conducting species 

by impedance measurements in different atmospheres at ~400 ºC shows a small increase in 

conductivity as the measuring atmosphere changes from nitrogen to air to oxygen, Fig. 10, which 

also suggests that the conduction mechanism may be slightly p-type, although the measured 

changes in conductivity are close to experimental error. This may be because conduction is nearly 

intrinsic but weakly dominated by holes. Possibly, thermopower measurements (not attempted) 

would be sufficiently sensitive to confirm the nature of the predominant charge carriers. 

 

The SPS sample annealed at 600 °C had very similar conductivity to that of the conventionally 

sintered sample, Fig. 9(b). However, the SPS sample without the post-sinter anneal had higher 

conductivity and lower activation energy, i.e. 0.64(2) eV, indicating some reduction of the sample 

by the SPS process. Since the SPS sample is susceptible to reoxidation in air leading to a decrease 

in conductivity as a consequence of withdrawal of electrons from the sample [reverse of reaction 

(3)], the conduction mechanism in this sample is n-type electronic. 

 

The bulk conductivity of BiFeO3 sintered conventionally at 850 ºC in air followed by slow cooling 

and some reported dc [23, 39, 40] and bulk [41] conductivity data for BiFeO3 ceramics [23, 41] and a good-

quality single crystal [39, 40] are compared in Fig. 9(c). The conductivity of the single crystal is ~2–3 

orders of magnitude higher than that of the mechanosynthesised sample but the activation energy 

for conduction is comparable indicating a higher number of charge carries in the single crystal. By 
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contrast, reported data for ceramics [23, 41] exhibit high levels of electrical conductivity at room 

temperature, e.g. ~1x10–5 Scm–1, and low activation energy ~0.5 eV. 

 

The origin of the semiconductivity in BiFeO3 ceramics is commonly believed to be a consequence 

of oxygen loss during high temperature processing, with the resulting injection of electrons into the 

crystal lattice leading to n-type semiconductivity, equation (3). This presumably involves reduction 

of Fe3+ to Fe2+.  However, our results show that, even in the highly reducing conditions during the 

SPS process, the oxygen loss from BiFeO3 is small and ceramics are good insulators at room 

temperature. 

 

A possible alternative source of semiconductivity could involve non-stoichiometry in BiFeO3, i.e. 

Bi1–xFeO3–3/2 or BiFe1–xO3–3/2, as a consequence of Bi loss and/or a Bi or Fe deficiency, possibly 

arising from the decomposition of BiFeO3 into e.g. Bi2Fe4O9 and Bi25FeO39. Ionic mechanisms of 

charge compensation could involve creation of oxygen vacancies ( ••
oV ) and either Bi vacancies 

( BiiB ′′′ ) or Fe vacancies ( FeeF ′′′ ). Electronic charge compensation mechanisms could require hole 

creation to offset cation deficiency. Recently, it has been reported that the electrical properties of 

Ca-doped BiFeO3 ceramics, i.e Bi1–xCaxFeO3–x/2+δ, are controlled by the amount of oxygen (δ) 

absorbed  by the sample. [42] At room temperature, Bi1–xCaxFeO3–x/2+δ ceramics are good insulators if 

no absorption of oxygen occurs (δ ~ 0) but show high levels of p-type semiconductivity on 

absorbing oxygen (δ >> 0). In a similar way, the semiconductivity of BiFeO3 ceramics may also be 

associated with non-stoichiometry followed by oxygen absorption leading to a hole conduction 

mechanism controlled by the schematic reaction: 

                                                               ••• +→+ h4O2OV2 x
O2o                                                  (4) 

or, alternatively, 

                                                       ••• +→++ Fe
x
O

x
Fe2o Fe4O2Fe4OV2 ,                                        (5)                 
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where holes may be associated with Fe, as Fe4+ ions. At present, we cannot comment on the relative 

likelihood of these various possibilities. 

 

In conclusion, we have shown here that high-quality BiFeO3 ceramics, whose electrical properties 

are comparable to those of a good-quality BiFeO3 single crystal, can be prepared by direct 

mechanochemical synthesis from pristine iron and bismuth oxides. The ceramics are highly 

insulating under all conditions, even those sintered by SPS at 650 oC, and do not exhibit the high 

level of n-type semiconductivity frequently reported in the literature. 
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         Table I. Lattice parameters, cell volume (V), pellet density and TC for BiFeO3. 

 
Lattice parameters (Å) 

V (Å3) 
Pellet 

density 
(%) 

TC (oC) 

a c heating cooling 
Conventionally 

prepared 5.579(1) 13.8694(16) 373.89(12) 85 834 818 

Direct 
mechanosynthesis 5.58(2) 13.83(5) 372.9(3) – 830 810 

Mechanosynthesis 
and sintered at 

850ºC 
5.5798(5) 13.8724(1) 374.05(7) 92 831 813 

Mechanosynthesis 
and sintered by 
SPS at 625ºC 

5.579(2)   13.869(4)  373.8(2) 97 831 816 

Ref 26. 5.57874(16)   13.8688(3)  373.802(17)   
Ref 27. 5.59   13.7  370.7   
Ref 28. 5.5876(3) 13.867(1) 374.93(5)   
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Fig. 1. XRD patterns for BiFeO3 prepared by (a) conventional procedure (b) direct 

mechanosynthesis (c) mechanosynthesis and sintered at 850ºC and (c) mechanosynthesis and 

sintered by SPS. In (a), secondary phases are marked. 
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Fig. 2. DSC results for BiFeO3 prepared by (a) conventional procedure (b) mechanosynthesis. 
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Fig. 3. SEM micrographs of (a) mechanosynthesized BiFeO3 powder; (b) the pellet obtained after 

sintering at 850ºC; (c) the pellet obtained after sintering by SPS at 625ºC; (d) EDX analysis of the 

sample in (c). 
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Fig. 4. Thermogravimetry measurements and oxygen loss (δ) in the formula BiFeO3–δ for a pellet 

sintered conventionally and heated in vacuum at 5x10–5 mbars. 
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Fig. 5. (a) Impedance plots, (b) Z”/M” spectroscopic plots and (c) C’ and (d) Y’ vs frequency for 

BiFeO3 obtained by mechanosynthesis and sintered at 850 ºC. 
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Fig. 6. (a, b) Impedance plots and (c, d) C’ vs frequency for BiFeO3 obtained by mechanosynthesis 

and sintered by SPS at 625ºC without (a, c) or with (b, d) a subsequent anneal at 600 °C in air for 2 

hours. Data on the non-annealed sample were recorded in an atmosphere of N2 to avoid sample 

oxidation during impedance measurements. 
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Fig. 7. Impedance complex plane plot for BiFeO3, obtained by mechanosynthesis and sintered by 

SPS at 625 ºC, measured after different time lapses at 406 oC. 
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Fig. 8. Relative permittivity ( ε ′′ε′, ) and tan δ vs temperature of BiFeO3 prepared by 

mechanosynthesis and sintered by SPS at 625 ºC with a subsequent anneal at 600 °C in air for 2 

hours. 
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Fig. 9. Bulk Arrhenius plot for BiFeO3 ceramics prepared by mechanosynthesis with conventional 

(a) and spark plasma (b) sintering with several processing conditions; and (c) comparison of 

reported conductivity data of BiFeO3 ceramics [23, 41] and a single crystal. [40] Data for the slow 

cooled sample prepared by conventional sintering (SC) are shown for comparison in (b, c). 

Activation energies, in eV, are noted beside each data set. 
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Fig. 10. Impedance complex plane plot for BiFeO3, obtained by mechanosynthesis with 

conventional sintering at 850 ºC, measured in different atmospheres at 400 ºC. 


