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Abstract
BiFeO3 attracts considerable attention for its rich functional properties, including room temperature
coexistence of magnetic order and ferroelectricity and more recently, the discovery of conduction pathways
along ferroelectric domain walls. Here, insights into the defect chemistry and electrical properties of BiFeO3
are obtained by in situ measurements of electrical conductivity, , and Seebeck coefficient, , of undoped,
cation-stoichiometric BiFeO3 and acceptor-doped Bi1 xCaxFeO3  ceramics as a function of temperature and
oxygen partial pressure pO2. Bi1 xCaxFeO3  exhibits p-type conduction; the dependencies of  and n pO2
show that Ca dopants are compensated mainly by oxygen vacancies. By contrast, undoped BiFeO3 shows a
simultaneous increase of  and  with increasing pO2, indicating intrinsic behavior with electrons and holes
as the main defect species in almost equal concentrations. The pO2-dependency of  and cannot be
described by a single point defect model but instead, is quantitatively described by a combination of intrinsic
and acceptor-doped characteristics attributable to parallel conduction pathways through undoped grains and
defect-containing domain walls; both contribute to the total charge transport in BiFeO3. Based on this model,
1

we discuss the charge transport mechanism and carrier mobilities of BiFeO3 and show that several previous
experimental findings can readily be explained within the proposed model.

Introduction
Bismuth iron oxide, BiFeO3, presents multiferroic properties at room temperature since it exhibits
both G-type antiferromagnetic order with a long-periodicity spiral (TN ~367 ºC) and ferroelectricity (TC ~827
ºC). Consequently, it has been considered as a promising multiferroic material for potential applications in
which

coupling

between

magnetic

and

electrical

order

are

involved.

The

processing,

electrical/electromechanical properties, basic physics and device application(s) have been thoroughly
summarised by Catalan and Scott [1] and Rojac et al.[2].
However, the defect chemistry of BiFeO3 has been addressed only theoretically [3-7] and no
systematic studies of its electrical conductivity, , and thermopower/Seebeck coefficient, , as function of
oxygen partial pressure, pO2, are found in the literature; this may be due to the notorious difficulty of
obtaining phase-pure bulk BiFeO3 ceramics with low leakage currents. As far as the authors are aware, there
exist only three data sets of

vs. pO2 in the temperature range 600 to 700 ºC, together with oxygen

permeation characteristics, of Bi1 xSrxFeO3 ceramics [8] which show that BiFeO3 is a p-type semiconductor
in the pO2 range ~10–5 to ~10–2 atm. In addition,

and

vs pO2 for overall-isovalent (Bi0.5K0.5TiO3)-doped

BiFeO3 ceramics in the temperature range 650 to 700 ºC [9] show that conduction changes from n-type to ptype on increasing pO2 from ~10–6 to 1 atm.
Recently, there has been rising awareness that some functional properties of BiFeO3 may be related
to its defect structure. In particular, oxygen vacancies are suggested to be the cause of unwanted leakage
currents in BiFeO3 [10-12]. Defect-induced functionality including electrochromic behaviour is explained by
the electrical activation of oxygen vacancy complexes [13] and tuning of domain-wall conduction by
annealing in controlled pO2 [13, 14]. In order to further explore and understand the properties of BiFeO3, it is
desirable to assess and investigate its defect structure in situ. We report here an extensive experimental study
of the defect structure of BiFeO3 by a combination of electrical conductivity and Seebeck effect
measurements as a function of pO2 on ceramics prepared by solid state reaction.

Experimental
2

Ca-doped BiFeO3, Bi1 xCaxFeO3  , with compositions x = 0.01, 0.03 and 0.05 was prepared by solid
state reaction as reported previously [15], using powders of Bi2O3 (99.99% pure, Acros Chemicals), CaCO3
(99% pure, Sigma-Aldrich), and Fe2O3 (99% pure, Sigma-Aldrich). These were mixed in an agate mortar and
pestle using acetone, pressed into pellets, heated at 850 °C for 20 min, ground, repressed, fired again at 850
°C for 20 min, ground, repressed isostatically at 200 MPa, given a final firing at

860−945 °C for 2 h in air,

and then cooled slowly. The final density of the pellets ranged from ~83 % to 95 % with increasing x.
Nominally undoped BiFeO3 was prepared by mixing commercial Bi2O3 (99.9% pure, Sigma–
Aldrich) and Fe2O3 (99% pure, Sigma–Aldrich) powders in an agate mortar and pestle using ethanol. Then,
the powder was heated at 800 oC for 30 min, hand-milled, compacted in a 6.35 mm die at a uniaxial pressure
of 930 MPa and the resulting green pellets heated at 850 oC for 1 min in air and then cooled slowly. The final
density of the pellets was ~83 %.
The phases present were analyzed by X-Ray Powder Diffraction (XRD) using either a Stoe StadiP
Diffractometer or a Panalytical X’Pert Pro diffractometer. The patterns of all samples closely resembled that
of rhombohedral BiFeO3 but showed that undoped BiFeO3 contained a small amount of Bi25FeO39 and
Bi2Fe4O9 whereas Ca-doped BiFeO3 showed no evidence of secondary phases.
For electrical property measurements, samples were mounted in a ProboStat measurement cell
(NorECs, Norway), flushed with dry Ar/O2 mixture (bubbling through P2O5; pH2O ~30 ppm) of known
oxygen partial pressure, pO2 [16]. The lower limit of pO2 investigated here (10 5 atm < pO2 < 1 atm) was
restricted by spurious oxygen present in the undiluted Ar. dc conductivity in the van der Pauw geometry and
Seebeck coefficient of the Bi1 xCaxFeO3  samples were measured simultaneously as a function of pO2, using
a custom-made assembly described elsewhere in detail [17]. The voltage/current point contacts for the van
der Pauw resistivity measurement were made of solid Pt wires, spring-loaded to the rim of the pellets. The
resistivity of nominally-undoped BiFeO3 was too high to measure using the same setup and, therefore, its
Seebeck coefficient and impedance were measured separately. For the impedance measurements, pellets
were coated with Ag electrodes made from Ag paint that was hardened by heating to 650 oC. A Novocontrol
Alpha-A (connected to a Novocontrol Pot/Gal electrochemical interface) impedance analyser was used over
the frequency range 100 mHz to 10 MHz, with an ac measuring voltage of 100 mV, over the temperature
range ~20 °C to 650 °C. The conductivity during all measurements was monitored vs. time at each new set of
3

conditions to ensure that equilibrium was achieved before taking a measurement. The oxygen partial pressure
was varied in random order to assure reproducibility and consistency.

Results and Discussion
First, we show the properties of Bi1 xCaxFeO3



since it follows textbook behaviour for the

dependence of  and n pO2; second, we present and discuss the properties of undoped, cationstoichiometric BiFeO3, which exhibits more complex behaviour.
Bi1 xCaxFeO3



Figure 1 (a)–(f) shows conductivity and Seebeck coefficient data against pO2 for the Bi1 xCaxFeO3
samples. The conductivity increases with increasing pO2, following approximately the relation:

O



.

The Seebeck coefficient decreases linearly with increasing log O . At constant pO2, both the Seebeck
coefficient and electrical conductivity are almost temperature independent but vary somewhat with the
substitution level, x, Figure 1S.
On substituting Bi3+ with Ca2+ ions, point defects with an effective negative charge, Ca

are

created. In order to preserve overall charge neutrality, these defects are balanced by defects of effective
positive charge which are likely to be either electron holes or oxygen vacancies. Using Kröger-Vink notation
[18] these two possible substitutions can be written as:
O g
Fe O

Fe O
CaO

CaO

Ca

Ca

v

h

Fe

O
O

Fe

(1)

(1’)

An alternative charge compensation possibility involving creation of interstitial Ca ions, Ca , is considered

unlikely in the perovskite structure of BiFeO3.

4

Figure 1. The electrical conductivity  (left panels) and Seebeck coefficient  (right panels) of
Bi1 xCaxFeO3  against pO2 at different temperatures. (a) – (f) show data for Ca-doped samples
with x = 0.01, 0.03, and 0.05. (g) and (h) show data for nominally undoped BiFeO3. Solid lines
are for ease of comparison, and dashed lines are the best fit to the model described by equations
(12) and (13).
5

In order to account for any dependence of conductivity on pO2, it is usually assumed that oxygen
vacancies, v , are required, leading to an equilibrium between v
described by the defect chemical reaction:

v

O

O

and electron holes, h , that can be

h

(2)

with the corresponding mass action law given by:
h

O

v

O

O

(3)
h , O

where KOx is an equilibrium coefficient for the oxidation reaction (2),

and O is the oxygen partial pressure. The overall

v

oxygen content in the formula Bi1 xCaxFeO3 ,

i.e. the

charge neutrality of the sample can therefore be expressed as
Ca
In

holes,
O

Ca

the

case
Ca

that

v

,

v
i.e.

Ca

O , so that the hole concentration is

(4).
v

,
O

Eq.

(3)

reduces

to

. Assuming that the mobility of

, is independent of their concentration, the partial electronic conductivity is also proportional to

. The experimentally-observed

O

dependency of the total conductivity of Bi1 xCaxFeO3

indicates, therefore, that Ca-acceptor doping is indeed charge compensated by the formation of oxygen
vacancies.
The Seebeck coefficient, , of a non-degenerate semiconductor with electron hole-type charge
carriers is often expressed as
ln

(5)

where NV is the effective density of states and e is the electron charge. The energy transport term, Ap is
assumed to be on the order of 20 VK 1 and, therefore, commonly neglected, in particular with respect to
large values of  such as reported here [19]. From Figure 1,
given by:

ln

O

and the Seebeck coefficient is then

log O , in good agreement with the linear dependence of
6

on log O

observed for all Bi1 xCaxFeO3  compositions in the investigated temperature range, Figure 1. At constant
pO2, the transport coefficients do not vary significantly with temperature, Figure 1S, indicating that the hole
concentration and the carrier mobility do not change significantly in the investigated temperature range.

Figure 2. (a) Jonker plot of Bi1 xCaxFeO3 . For clarity, we only show data for x = 0 and 0.05 at
selected temperatures. Dashed lines are calculated for a non-degenerate semiconductor,
ln (b) The extrapolated intercept
for the doped samples exhibits an
activated temperature dependence with an activation energy of 0.19 eV, independent of dopant
concentration x.
On further analysing together the conductivity and Seebeck data by substituting the relation
into equation (5) and plotting  (on linear scale) vs. log , (also referred as a Jonker plot [20]), the data
for an extrinsic, i.e. doped, semiconductor should exhibit linear behaviour with a slope
VK

ln

, independent of the specific pO2 at which  and  are measured. Bi1 xCaxFeO3  indeed follows

this relationship, Figure 2, with slight offsets between different samples, probably related to microstructural
differences. Extrapolation to  = 0 yields the product of valence band density of states, NV, and charge
carrier mobility [21]. We assume that the temperature dependence of NV is small compared to the variation
of carrier mobility with T. From the extrapolated values in Figure 2 (a), we thus obtain for

an

activated behaviour with an activation energy of 0.19 eV, independent of Ca-dopant concentration, as shown
in Figure 2 (b).
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We have thus demonstrated the usefulness of simultaneous in situ measurements of the electrical
conductivity and Seebeck coefficient under controlled pO2 to analyse the defect structure of Ca-doped
BiFeO3. In particular, we have confirmed with in situ defect chemical measurements [22, 23] the earlier
findings that acceptor-doped BiFeO3 is charge-compensated by oxygen vacancies.
Undoped BiFeO3
The transport properties of nominally undoped BiFeO3, Figure 1 (g,h), exhibit an interesting
behaviour and are very different from those of Bi1 xCaxFeO3 . Thus,  is nearly independent of pO2,
although critically, it increases somewhat on increasing pO2. We note that previous  vs pO2 measurements
on BiFeO3 prepared by mechanosynthesis and sintered either by SPS or conventionally [24] exhibit similar
dependence of  on pO2, Figure 2S. The behaviour is thus independent of the method and conditions in
which BiFeO3 is synthesised and sintered as well as the presence of small amounts of Bi25FeO39 and

Bi2Fe4O9 as secondary phases. In addition,  increases with increasing pO2, in particular at higher
temperatures. The difference to the Ca-doped samples is also obvious in the Jonker-plot, Figure 2: in
“undoped” BiFeO3,  decreases on decreasing log , whereas, in Ca-doped BiFeO3,  decreases linearly on
increasing log . Thus, the behaviour of Ca-doped BiFeO3 is typical of many materials, in which the Seebeck
coefficient decreases and electrical conductivity increases with increasing carrier concentration, so that  and

 vary inversely with pO2. For this reason, the simultaneous increase of both  and  with pO2 observed here
for undoped BiFeO3, is surprising.
The unique behaviour reported here for undoped BiFeO3 is further emphasised on comparing our
data with those reported earlier for undoped, isovalent-doped and acceptor-doped BiFeO3, Figure 3. Thus,
the conductivity reported by Brinkman et al. [8] for nominally undoped BiFeO3 increases linearly with pO2,
with similar values to those measured by us on Bi0.99Ca0.01FeO3 . One may speculate that the defect structure
of their samples is dominated by Bi-vacancies, created during synthesis, caused by the high volatility of
Bi2O3 [25], which leads to effectively acceptor-doped samples.
For overall-isovalent (Bi0.5K0.5TiO3)-doped BiFeO3, the conductivity passes through a minimum at
~10 2 atm on increasing pO2 and, therefore, the conduction mechanism changes from n-type to p-type in a
narrow pO2 range; in the n-type region,

O

whereas, in the p-type region
8

O

. This is

further confirmed by a change of sign of the Seebeck coefficient, from negative to positive values [9]. The
point defect model proposed to account for such behaviour [9] involves the presence of both bismuth and
oxygen vacancies, v

and v , related to the volatility of Bi2O3. Thus, in overall-isovalent (Bi0.5K0.5TiO3)-

doped BiFeO3, ionic species dominate the defect structure, although electronic minority species are the

majority charge carriers; plots of log  vs log pO2 around the p-n-transition exhibit a V-shape with “ideal”
slopes of +¼ and

¼ in the p- and n-regions, respectively; the pO2-range of the transition is small,

independently of material specific parameters and in the absence of an electrolytic domain associated with
oxide ion conduction.

Figure 3. Comparison of the conductivity reported here with data from the literature [8, 9].
Our measurements on nominally undoped BiFeO3 are significantly less sensitive to pO2; the
conductivity does not pass through a minimum in the entire pO2 range investigated and the Seebeck
coefficient remains positive. A pO2-independent behaviour conductivity is commonly an indication of ionic
conduction. Oxide Ion conductors with blocking electrodes show in the impedance spectra an inclined
Warburg spike at low frequency associated with charge transfer impedances at the sample-electrode-air
interface. This is not the case for undoped BiFeO3 reported here since impedance measurements at different
temperatures and atmospheres, Figure 3S, show no evidence of such feature at low frequency. Consequently,
we discard ionic conductivity as a possible origin of the pO2-independent conductivity of undoped BiFeO3.

9

An alternative explanation is that materials in which intrinsic ionisation of electrons across the band
gap controls their electrical properties also exhibit pO2-independece of both

and . However, intrinsic

ionisation of electrons cannot solely explain the electrical properties reported here since both

and  show

some dependency on pO2. We believe that the majority of defects are electronic in nature and the sample
should be close to a transition from p- to n-type behaviour.
We have investigated two possible defect models to account quantitatively for the behaviour of 
and , as discussed next.
Initial defect model
We first qualitatively assess a defect model founded on intrinsic ionisation of electrons across the
band gap, which accounts for some of our observations on undoped BiFeO3. The transport coefficients
indicate proximity to a transition from p- to n-type behaviour, and therefore, both electrons and holes have to
be considered in the charge neutrality expression:
v
where

(6)

.
The weak dependency of

on pO2 further indicates that the sample is close to intrinsic behaviour,

i.e. equal concentration of electrons and holes, n = p. As the transport coefficients still show some
dependency on pO2, the electron and hole charge carrier concentration can vary depending on the oxygen
stoichiometry, equation (2), which, thereby, perturbs the intrinsic balance of electrons and holes.
The concentrations of holes and electrons are interrelated via the charge disproportionation reaction:
nil
with the equilibrium constant

(7)

. Equation (7) corresponds to thermal excitation of an electron-hole

pair across the band gap of the material.
The charge neutrality condition for undoped BiFeO3  can thus be written as:
v

(8).

Combining Equations (3) and (8), the hole concentration can be calculated as a function of pO2 by solving:
10

O

(9)

KOx and KD are free parameters, fixed at constant temperature. Once p is determined, the concentration of the
other considered species, i.e. electrons and oxygen vacancies, can be calculated easily using equation (8).
The total conductivity is given by

, where

and

are the mobility of

holes and electrons, respectively. The total Seebeck coefficient is related to the sum of the individual
Seebeck coefficients of holes and electrons,
contribution to the total conductivity:

and

, calculated using equation (5), and weighted by their
. Blue lines in Figure 4 show the defect

concentration, conductivity, and Seebeck coefficient vs. pO2 for selected parameters of KOx, KD and

.

To simulate the effect of an increase in temperature, the equilibrium constant for charge disproportionation,
KD, is increased.
We now discuss the qualitative pO2 dependence of transport properties for this model, and compare it
with our experimental data. At high pO2, the concentration of oxygen vacancies is small compared to that of
electronic defects, so that n = p in equation (6). On decreasing pO2, oxygen vacancies are formed, the
concentration of holes decreases, i.e. reaction (2) is shifted to the left, and, consequently, the concentration of
electrons increases. If the mobility of holes is higher than that of electrons,

, the total conductivity

decreases somewhat first on decreasing pO2 and then increases. On increasing the temperature,

increases

but the overall behaviour remains similar. We note that the functional dependency of  on pO2 and the span
in pO2 before  reaches its minimum are determined by the mobility ratio and the value of KOx, i.e.
parameters specific to the material, thereby allowing the flat pO2-dependency observed experimentally. This
contrasts with a defect structure dominated by ionic defects, where the pO2-dependency and the width in pO2
of the p-n-transition is essentially independent of the material. Thus, the model agrees qualitatively with the
experimentally-observed conductivity of undoped BiFeO3 : dependence of

on pO2 is almost flat, but

shows a strong increase with temperature. By contrast,  initially decreases somewhat on decreasing pO2 and
then decreases almost linearly. On increasing the temperature,  decreases, the slope in the linear behaviour
increases and even negative values (n-type behaviour) are expected at the lowest pO2. We note that the
temperature dependence of KOx,

, and

has been neglected since, as discussed earlier, these appear to be

small compared to that of KD.
11

Figure 4. Qualitative model of the defect chemistry of undoped (blue line) and acceptor-doped
(green line) BiFeO3 ceramics. (a) Defect concentration, (b) conductivity and (c) Seebeck
coefficient against pO2. All coefficients in (b) and (c) have been calculated using: KOx = 0.1 and
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. An increase of temperature is simulated by a tenfold increase of KD from 10 7 (solid
line) to 10 6 (dashed line).
This model can be easily extended to acceptor-doped compositions, by adding the specific acceptor
concentration on the left side of equation (6):
v

Acc

(10).
for Ca-dopants, Ca , or

Here, z indicates the effective charge of the acceptor, e.g.
vacancies, v

for Bi

. Combining equations (3), (7), and (10) then provides a general expression for both the doped

and undoped cases:
Acc

O

(11).

If the acceptor concentration is larger than that of thermally excited charge carriers, this model is equivalent
to the one presented earlier for Bi1 xCaxFeO3



(equations (1)–(4)). To illustrate this, we calculate the

transport coefficients for a sample with an acceptor concentration of 0.01 and the same values of KOx, KD,
and
log

as used for undoped BiFeO3 : In this case,

O

and

ln

O ; neither  nor  vary significantly with temperature, in good agreement with the experimental

observation.

This initial defect model can qualitatively account for the experimentally-observed dependences of 
and  on temperature and pO2 for both doped and undoped BiFeO3. However, all attempts to quantitatively
fit the data were unsuccessful since the predicted variation of the Seebeck coefficient with pO2 is much
larger than observed experimentally. Different defect chemical models, which contain point defects such as
metal vacancies or Frenkel defects, were also unable to fit the data for the same reason. This could be related
to equation (5) of the Seebeck coefficient which may be too simple for quantitative analysis. However, since
the functional dependency of  on p and pO2, is as expected for Bi1 xCaxFeO3 , it is unclear why it is unable
to describe the behaviour of undoped BiFeO3 
Two region defect model

13

Recently, Rojac et al. [14] provided atomic-scale chemical and structural evidence of accumulation
of bismuth vacancies at domain walls in BiFeO3 and further showed that the local domain wall conductivity
can be tuned on annealing BiFeO3 in different pO2 at 700 °C. These results highlight that the chemical
composition –and thus the defect chemistry– of BiFeO3 ceramics may not be homogeneous throughout and
in particular, the bulk (grains) and domain walls may well show different electronic behaviour.
Inspired by this finding, we hypothesise that the total conductivity of nominally-undoped BiFeO3 has
two contributions: one from regions of effectively-undoped BiFeO3, which is almost independent of pO2, and
another from regions of acceptor-doped BiFeO3, with a defect structure similar to that found for Bi1
xCaxFeO3 ,

i.e.
O

O

(12).

We note that such a scenario requires that conduction through both regions should occur in parallel. Also,
charge transport in both regions can itself have contributions from both electrons and holes. To test our
hypothesis, we proceeded as follows:

14

Figure 5. Transport coefficients  and  of undoped BiFeO3, assuming the two individual
contributions specified in equation (12) and (13). 2 (a) and 2 (b) show typical behaviour of
acceptor-doped BiFeO3, while 1 (c) and 1 (d) correspond to undoped behaviour.
Initially, as a first approximation, we choseset 1 = Min(pO2), i.e.close to the conductivity minimum
of the pO2 curve, for each temperature and subtracted it from Tot to obtain 2(pO2). Then, 2 at high pO2 is
extrapolated to low pO2 to refine the value of 1. Figure 5 (a) shows that 2 indeed exhibits a clear ¼dependency on pO2 at all temperatures, resembling the behaviour of an acceptor-doped region. This indicates
therefore that our approach to separate 1 and 2 is reasonable.
As well as the conductivity, in this scenario, the Seebeck coefficient should also contain two
contributions, weighted by their relative conductivity, i.e.
O
O

O

15

O

(13).

By adjusting 1, 2 can thus be calculated. At 450°C, the obtained 2(pO2) is proportional to
ln

log O , which is again the fingerprint of an acceptor-doped defect structure. This result

further supports our analysis.

At higher temperatures, the assumption of contribution 1 with n = p, in the entire pO2-range studied,
no longer holds since the tendency towards oxygen loss increases and shifts the onset of the p- to n-transition
to higher pO2 on increasing temperature (see Figures 4 (b) and (c)). Deviations from n = p are more
pronounced in the Seebeck coefficient, as compared to the conductivity. Therefore, we allow slight
adjustments of 1 in order to obtain sensible values for 2(pO2). Figure 5 (a)-(d) shows the deconvoluted
values of Tot and Tot for contributions 1 and 2. Summarising, 1 is pO2-independent at all temperatures
whereas 1 is almost pO2-independent at the lowest temperatures but, at the highest temperatures, 1 first
increases on increasing pO2 and then flattens out, approaching a constant value at high pO2. By contrast, both

2 and 2 depend strongly on pO2. 2 appears to be temperature-independent, whereas 2 exhibits a large
temperature-dependency with activation energy ~0.7 eV. This activation energy for 2 is greater than that of
Bi1 xCaxFeO3  which indicates that charge carriers are electrostatically trapped to a larger extent. We
speculate that acceptor bismuth vacancies (effectively triple charged in comparison with singly charged Ca
dopants) created during sintering may account for the difference in activation energy. Another explanation of
the relatively high activation energy within region 2 could be due to carrier trapping at oxygen vacancy
clusters, as suggested by Farokhipoor et al. [26]. Similar values of mobility activation energies and spatial
variations across the sample have been reported earlier [13, 27].
Next, by allowing variation of KD, KOx,

,

, we simultaneously fit the conductivity and Seebeck

coefficient for the undoped model, equation (9), to the derived values of 1 and 1, indicated as dashed lines
in Figure 5. Details of the optimization procedure are given in the supplementary information. Due to the
number of independent parameters, in principle, several sets of parameter values may describe the data
equally well. However, we note that – independent of the chosen starting values – the fitted parameters are
self-consistent for the temperatures investigated and their values are physically meaningful, Figure 6. For
example, we obtain a temperature-dependence of KD with activation energy 1.3 eV, which is identical to the
reported value of the band gap of bulk BiFeO3, Eg = 2.5 2.81.3 eV [28]. We note that band gaps of BiFeO3
thin film samples are often significantly larger, Eg = 2.5-2.8 eV [4, 29, 30], which has been assigned to
16

changes in the orbital overlap due to substrate induced strain and stress. Further, the activation energy for the
mobility of holes, 0.3 eV, is similar to our results for Bi1 xCaxFeO3 and in agreement with earlier reported
values [27, 31-33]. The activation energy of electron mobility is higher, 0.5 eV and the mobility ratio,
decreases from ~5.5 at 450°C to ~2.7 at 650 °C.

Figure 6. Optimized parameters describing the bulk properties of BiFeO3. (a) The equilibrium
constants KOx and KD show thermally activated behaviour. (b) Both hole and electron mobility
show an activated behaviour, with p > n in the investigated temperature range. The mobility
ratio
(blue filled circles) is around 4 and decreases with increasing temperature.
Using the raw data shown in Figures 1 (g) and (h), it is now possible to quantitatively describe the
data of both contributions using the defect chemical model outlined above, where contribution 1 resembles
virtually undoped material and contribution 2 follows the behaviour of an acceptor-doped defect structure.
Figure 7 illustrates as an example how the two contributions influence the total transport coefficients at
550°C. Dashed lines in Figure 1(g) and (h) obtained by combining the calculated transport parameters of
contributions 1 and 2 using equations (12) and (13) reproduce the experimental data to a high degree.

17

Figure 7. Deconvolution of the total transport coefficients of nominally-undoped BiFeO3 into
contributions 1 and 2, as explained in the text.
Using the above procedure, we have successfully disentangled the transport properties of nominallyundoped BiFeO3 into two contributions, a dominant part close to intrinsic behaviour, n = p, and a minor
contribution, which resembles our measurements on Ca-(acceptor)-doped BiFeO3. So far, this treatment is
purely phenomenological, and no physical interpretation was involved or necessary. To interpret these
findings, we consider that agglomeration of Bi-vacancies within ferroelectric domain walls (DW), as has
been reported recently by Rojac et al.[14], is a plausible scenario, Figure 8. The domain walls would provide
a parallel rail for electrical transport, with distinctively different pO2-dependence to that of effectively
undoped BiFeO3. If this is the case, the charge compensation mechanism at the domain walls suggested here,
i.e. Bi vacancies compensated with oxygen vacancies, differs from that of Bi vacancies compensated with
holes proposed by Rojac et al.[14], in which the DW conductivity should be pO2-independent since the
charge neutrality is given by

v

. Rojac et al. [14] showed that the DW conductivity could indeed

be tuned with pO2 which indicates that ionic defects are charge compensated by oxygen vacancies rather than
holes, in support of our model. In addition, assuming that charge transport occurs via localized states
associated with Fe, i.e. electrons as Fe2+ and holes as Fe4+, our results indicate that the oxidation state of Fe at
the domain walls should be equal to or slightly greater than 3+, whereas Rojac et al. proposed Fe4+. We do,
however, both agree that Fe is 3+ in the bulk.
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Figure 8. Schematic of the proposed two domain model to describe BiFeO3. Fe atoms are
omitted for clarity. The defect structure of bulk and domain walls is different, so that transport
coefficients show different behaviour with temperature and pO2.
Moreover,

the

formation

of

domain

walls

at

locations

with

enriched

agglomeration/accumulation of charged, ionic defects not only explains our results and those of Rojac
et al., but also previous findings such as pO2 sensitivity of the DW conduction [13, 34] as well as
decoupling of conductive footprints and DW position upon poling [35]. Relating DWs in ferroelectrics
with an accumulation of charged defects may further provide a qualitative explanation for the low
velocity of the wall movement during switching, since heavy, ionic species have to be moved [36, 37].

We note that charge transport within DWs in BiFeO3 via localized hopping conduction contrasts with
that observed in other ferroelectric materials such as YbMnO3 and BaTiO3, which show greater carrier
mobility at DWs, comparable to conventional semiconductors [38, 39] and thus a delocalised charge
transport. This underlines the notion that DW conduction in multiferroic materials may have several different
origins and characteristics, which makes further investigation both necessary and exciting. In future, it would
be interesting to investigate the spatial variation of both transport coefficients in BiFeO3 at different pO2 and
temperature. Increasing the temperature or decreasing pO2 further, may eventually lead to the peculiar
situation of bulk (n-type) and domain walls (p-type) with different majority charge carriers, which may lead
to interesting, new effects.

Conclusion
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We have investigated the defect chemistry of high quality, polycrystalline, nominally undoped and
cation stoichiometric BiFeO3 and acceptor-doped Bi1 xCaxFeO3  ceramics by measuring both their electrical
conductivity and Seebeck coefficient simultaneously at different temperatures and oxygen partial pressures.
In both BiFeO3 and Bi1 xCaxFeO3 , the Seebeck coefficient is positive for all samples and experimental
conditions, indicating that electron holes are the major contributor to the electronic conduction. Our analysis
shows that Ca-(acceptor)-doped BiFeO3



is charge-compensated by the formation of oxygen vacancies.

Nominally undoped BiFeO3 shows a clearly different behaviour, with an almost pO2-independent
conductivity and a small pO2-dependency of the Seebeck coefficient, which is indicative of a defect structure
with a small concentration of ionic defects and is close to intrinsic behaviour with equal concentrations of
electrons and holes. We rationalize these observations quantitatively by visualising the sample as consisting
of two regions with different composition that contribute to the total charge transport in nominally undoped
BiFeO3. Bi-vacancy agglomeration at domain walls and essentially, defect-free undoped bulk are discussed
as a possible identification of these regions. These results demonstrate that in situ measurements of charge
transport under well-defined experimental conditions can be a powerful tool to understand multifunctional
materials. We finally show that this scenario can qualitatively explain a range of previous observations in
BiFeO3.
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