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Abstract

BiFe(O; attracts considerable attention for its rich functional propertiesjdimg room temperature
coexistence of magnetic order and ferroelectricity and more recently, the disobeenduction pathways
along ferroelectric domain walls. Here, insights into the defect chemistrylextdoal properties of BiFep
are obtained by in situ measurements of electrical conductiyitgnd Seebeck coefficient, of undoped,
cation-stoichiometric BiFe©and acceptor-doped BiCalFeQ_s ceramics as a function of temperature and
oxygen partial pressure pBi,_xCaFeO_s exhibits p-type conduction; the dependencies ahda on pO
show that Ca dopants are compensated mainly by oxygen vacancies. By contrast, undopeshBikke@
simultaneous increase efand a with increasing p@ indicating intrinsic behavior with electrons and holes
as the main defect species in almost equal concentrations. Thgepéhdency ofs and « cannot be
described by a single point defect model but instead, is quantitatively described Wyiatiom of intrinsic
and acceptor-doped characteristics attributable to parallel conduction pathways through uralopezhdr

defect-containing domain walls; both contribute to the total charge transpoRe@BBased on this model,



we discuss the charge transport mechanism and carrier mobilities ofsBiRd@how that several previous

experimental findings can readily be explained within the proposed model.

I ntroduction

Bismuth iron oxide, BiFeg) presents multiferroic properties at room temperature since it exhibits
both G-type antiferromagnetic order with a long-periodicity spiral§367 °C) and ferroelectricity {827
°C). Consequently, it has been considered as a promising multiferroicaintepotential applications in
which coupling between magnetic and electrical order are involved. The processing,
electrical/electromechanical properties, basic physics and device application(s)hpdgvethoroughly

summarised by Catalan and Scott [1] and Rojac et al.[2].

However, the defect chemistry of BiFe®as been addressed only theoreticfly7] and no
systematic studies of its electrical conductivigy,and thermopower/Seebeck coefficiemt,as function of
oxygen partial pressure, pCare found in the literature; this may be due to the notorious difficulty of
obtaining phase-pure bulk BiFe@eramics with low leakage currents. As far as the authors are awage, ther
exist only three data sets efvs. pO; in the temperature range 600 to 70Q f@ether with oxygen
permeation characteristics, ofiBBrFeQ ceramics [8]which show that BiFe©is a p-type semiconductor
in the pQ range ~1€ to ~10? atm. In additiong anda vs pO; for overall-isovalent (BisKosTiOs)-doped
BiFeO; ceramics in the temperature range 650 to 700 °C [9] show that conduction changesyfrertrorp-

type on increasing pdrom ~10°to 1 atm.

Recently, there has been rising awareness that some functional properties ofrBiyel® related
to its defect structure. In particular, oxygen vacancies are suggestedhe teuse of unwanted leakage
currents in BiFe@[10-12]. Defect-induced functionality including electrochromic behaviour is explaiyed
the electrical activation of oxygen vacancy complexes [13] and tuning of doraflic@nduction by
annealing in controlled pQ13, 14]. In order to further explore and understand the properties of BifFeD
desirable to assess and investigate its defect structure in situ. We report heemsinesexperimental study
of the defect structure of BiFgeOby a combination of electrical conductivity and Seebeck effect

measurements afunction of pQon ceramics prepared by solid state reaction.

Experimental



Cadoped BiFe@ Bi_xCaFeQ_s, with compositions x = 0.01, 0.03 and 0.0&sprepared by solid
state reaction as reported previously [15], using powders,0% B99.99% pure, Acros Chemicals), CaCO
(99% pure, Sigma-Aldrich), and #&; (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, grounskdefired again at 850
°C for 20 min, ground, repressed isostatically at 200 MPa, given a final diring60—945 °C for 2 h in air,

and then cooled slowly. The final density of the pellets ranged from ~83 % to 95 % with inckeasing

Nominally undoped BiFe©was prepared by mixing commercial 8% (99.9% pure, Sigma
Aldrich) and FeOs (99% pure, Sigmaldrich) powders in an agate mortar and pestle using ethanol. Then,
the powder was heated 800°C 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 &i@B&) 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) eiiieg a Stoe StadiP
Diffractometer or a Panalytical X’Pert Pro diffractometer. The patterns of all samples closely resembled that
of rhombohedral BiFe©but showed that undoped BiFg@ontained a small amount of .BteGy and

Bi-FesOg whereas Ca-doped BiFe®howed no evidence of secondary phases.

For electrical property measurements, samples were mounted in a ProboStat meastelment
(NorECs, Norway), flushed with dry AriOmixture (bubbling through ®s; pH,O ~30 ppm) of known
oxygen partial pressure, pQ16]. The lower limit of pQ investigated here (10atm < pQ < 1 atm) was
restricted by spurious oxygen present in the undiluted Ar. dc conductivity uathder Pauw geometry and
Seebeck coefficient of thei, «CakFeQ: s samples were measured simultaneously as a function.pfipig
a custom-made assembly described elsewhere in detail [17]. The voltage/cumecbpticts for the van
der Pauw resistivity measurement were made of solid Pt wires, spring-loaithedriim of the pellets. The
resistivity of nominally-undoped BiFeQvas too high to measure using the same setup and, therefore, its
Seebeck coefficient and impedance were measured separately. For the impedance measurdsients, pel
were coated with Ag electrodes made from Ag paint that was hardened by he&%0°C. A Novocontrol
Alpha-A (connected to a Novocontrol Pot/Gal electrochemical interface) impedaabgser was used over
the frequency range 100 mHz to 10 MHz, with an ac measuring voltage of 100 m\the@temperature

range ~20 °C to 650 °C. The conductivity during all measurements was mongatiete at each new set of



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 propertiesf Bi,xCaFeQ_s since it follows textbook behaviour for the
dependence ol and @on pQO; second, we present and discube properties of undoped, cation-

stoichiometric BiFe® which exhibits more complex behaviour.
Bil—xcaxFeO3—6

Figure 1 (a)}(f) shows conductivity and Seebeck coefficient data againstqr@heBii CaFeQ s
samples. The conductivity increases with increasing filowing approximately the relatios: o« p0,*/*.
The Seebeck coefficient decreases linearly with incredsgngO,. At constant p@ both the Seebeck

coefficient and electrical conductivity are almost temperature independematyusomewhat with the

substitution level, x, Figure 1S.

On substituting Bi* with C&* ions, point defects with an effective negative chaﬁp(éi are
created. In order to preserve overall charge neutrality, these defects are balanedectsy of effective
positive charge which are likely to be either electron holes or oxygen vesabsing Kroger-Vink notation

[18] these two possibkabstitutions can be written as:

1 1
702(8) +5Fe;03+ Ca0 5 Caly, +h* + 30% + Fe,
1)

1 1. 5
5 Fe;03+Ca0 5 Cal; + SV +508 + Fef
(17)

An alternative charge compensation possibility involving creation of inter&iabnsCa;*, is considered

unlikely in the perovskite structure of BiFeO



1 ALl AL B B LLLL LA IR B "—_ T T
(a) Bio.ogCag.01F€03.5 ] 650 ]
- 1~ 600} %% .
IE g | I! | ﬁ q
B g 4 |Zssof !
Doal B < 4 2
2 4 1/4 L —k,/4e-In10 5
450 (b) A
PETTTY EERTSTEETTTT MR T TTT ST MR I T TTTT M W TrTT R T R T BRI B ST W TTTT B S ATTTT B
10° 10* 10° 107 10" 1 105 10¢ 10° 107 107 1
pO /atm pO /atm
1 o Yy it IR R _ [ | R <|I] 400|DC
(C) Biy, 97(:30 03Fe0;3.5 ‘ﬁ 600 - 0 450°C -
i L 4 ® 500°C| |
. ] d = 550 | %W AN 550°C _
g ] § I ¥ 600°C |
A (%I ” 2500 | %] 650°C |
- \V4 i L
b : 3
450 | |
0.1} &y . —k,/4e-1n10 g
4 400 | (d) E
FETTIT BRI B R R TTTT MR M AW T T EESrw e | T BT R TTTT B R TITT| B SR TTTT BT TTTT M
10° 10* 10° 10% 10" 1 00 100 10° 10% 107 1
pO /atm pO, / atm
. (e) Blo 95Ca0 DSFeO35 'ﬁ | eoof 5]
g 8% ] ss0f ¥
= - 1 & 500t < e
S [B g %% | % o %‘5
b S 400 | =
01F ¥V 4 350} :
] —kg/4e-In10 Yy A
? | | | /| /| 300 P 1 /| ! 1 d (I ) 3]
10° 10* 10° 10% 10" 1 10° 10* 10° 10% 10" 1
pO /atm pO, / atm
™ LARLLL | - ™ Lo BB R L W ,,I‘Ié'bn'cul""l LI R G L "_"—'"I '7'_"""'I5_'-'7"7""I_: ]
= ’/\
- |- s00}s00c o0 %’ BAvA
k. - - i P-PPNTTV | X e A ',
g s /\v v v ? A A\ >3-450 ;".'7‘- C ‘i‘-‘ v v T
3 A L
o o] 400 D !
5 (OO0 0 S P 25uVK"
e e 350 -s00°C y
--g----0-----0----0 [ '
104_ | 'l | l !/20 | i 300? 1 l 1 d (l':‘) _'
10° 10* 10® 107 10" 1 10° 10* 10° 10% 10" 1
pO,/ atm pO, / atm

Figure 1. The electrical conductivity (left panels) and Seebeck coefficien{right panels) of
BiixCaFeO_s against pQ@at different temperature&) — (f) show data for Ca-doped samples
with x = 0.01, 0.03, and 0.0%g) and(h) show data for nominally undoped BiFe@olid lines
are for ease of comparison, and dashed lines are the best fit to the model dibgostpaations
(12) and (13.



In order to account for any dependence of conductivity of) p@ usually assumed that oxygen
vacanciesyy , are required, leading to an equilibrium betweghand electron hole$y’, that can be

described by the defect chemical reaction:

1
V5 +502(g) 5 0% + 2h°
(2)

with the corresponding mass action law given by:

o = 08T _ 3— o
o [VE).]\/POZ 6y/p0,
()

where ko is an equilibrium coefficient for the oxidation reaction ) [h*], [0§] = (3 —9) i.e. the

oxygen content in the formula BiCaFeQ s § = [vgy] andpO, is the oxygen partial pressure. The overall
charge neutrality of the sample can therefore be expressed as

[Ca/Bi] =2[vy]l+p
(4).

In the case thatp <[vg] , ie. [Caéi]=2[v(')'] , EQ. (3) reduces toKpy =

(3 - [Cagi]) p?/[Cal]\/pO, , so that the hole concentratiorpisc p0,/*. Assuming that the mobility of

holes,u,, is independent of their concentration, the partial electronic conduasvaiso proportional to

p0,'/*. The experimentally-observeed,'/*

dependency of the total conductivity of .BCaFeQs s
indicates, therefore, thalaacceptor doping is indeed charge compensated by the formation of oxygen

vacancies.

The Seebeck coefficientz, of a non-degenerate semiconductor with electron hole-type charge

carriers is often expressed as

kg N
a=—Bln—V+Ap
e p

(5)
where N is the effective density of states and e is the electron charge.endigy transport term, Ais

assumed to be on the order of 20K and, therefore, commonly neglected, in particular with respect to

1/4

large values otr such as reported here [19]. From FigurepXx p0, and the Seebeck coefficient is then

given by:a « —kg/4e -In10 - logp0,, in good agreement with the linear dependence @i log p0,



observed for alBi,_xCakFeQ_s compositions in the investigated temperature range, Figure 1. At constant

pO,, the transport coefficients do not vary significantly with temperaturey&igS, indicating that the hole

concentration and the carrier mobility do not change significantly in the investigated tengperage.
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Figure 2. (a) Jonker plot oBi,_xCaFeQ_s For clarity, we only show data for x = 0 and 0.05 at
selected temperatures. Dashed lines are calculated for a non-degenerate semicanguctor,
—kg/elno (b) The extrapolated intercept = o(a = 0) for the doped samples exhibits an
activated temperature dependence with an activation energy of 0.19 eV, indeoémbgratnt
concentration X.

On further analysing together the conductivity and Seebeck data by substittinglationo =
el,p into equation (5) and plotting (on linear scaleys. log o, (also referred aaJonker plot [20]), the data
for an extrinsic, i.e. doped, semiconductor should exhibit linear behavidurandlope- kg /e - In10 ~
198 uVK~1, independent of the specific p@ whicha ando are measuredBi; \CaFeQ s indeed follows
this relationship, Figure 2, with slight offsets between differentpsssnprobably related to microstructural
differences. Extrapolation ter = O yields the product of valence band density of statesaid charge
carrier mobility [21]. We assume that the temperature dependenceisfsiall compared to the variation
of carrier mobility with T. From the extrapolated values in Figure 2 (a)thue obtain fom,(T) an
activated behaviour with an activation energy of 0.19 eV, independent of Ca-dopaentration, as shown

in Figure 2 (b).



We have thus demonstrated the usefulness of simultaneous in situ measurerttentlegftrical
conductivity and Seebeck coefficient under controlled p® analysethe defect structure of Ca-doped
BiFeO;. In particular, we have confirmed with in situ defect chemical measurements [2the2&rlier

findings that acceptor-doped BiFgi® charge-compensated by oxygen vacancies.
Undoped BiFeOs3

The transport properties of nominally undoped BikeBigure 1 (g,h), exhibit an interesting
behaviour and are very different from those of BiaFeQ s Thus, o is nearly independent of pO
although critically, it increases somewhat on increasing Y& note that previous vs pO, measurements
on BiFeQ prepared by mechanosynthesis and sintered either by SPS or conventionaiyh[Bd]similar
dependence o on pQ, Figure 2S. The behaviour is thus independent of the method and conditions in

which BiFeQ is synthesised and sinterad well as the presence of small amounts efHe(9 and

Bi2FesO9 as secondary phasedn addition, o increases with increasing pOn particular at higher

temperatures. The difference to the Ca-doped samples is also obvious in the JunKegpte 2: in
“undoped” BiFeOs, a decreases on decreasing lggvhereas, in Ca-doped BiFg@: decreases linearly on
increasing logs. Thus, the behaviour of Ca-doped Bik&typical of many materials, in which the Seebeck
coefficient decreases and electrical conductivity increases with increasing carrier retiocersio tha and

o vary inversely with p@ For this reason, the simultaneous increase of daifd« with pO, observed here

for undoped BiFeg) is surprising.

The unique behaviour reported here for undoped BiFs@urther emphasised on comparing our
data with those reported earlier for undoped, isovalent-doped and acceptor-dopeg Bif@® 3. Thus,
the conductivity reported by Brinkman et al. [8] for nominally undoped Bike€eases linearly with pO
with similar values to those measured by us andBia.0FeQ_s. One may speculate that the defect structure
of their samples is dominated by Bi-vacancies, created during synthesis, causedhightvolatility of

Bi»Os3 [25], which leads to effectively acceptor-doped samples.

For overall-isovalent (BisKosT1O3)-doped BiFe@ the conductivity passes through a minimum at

~10? atm on increasing pCand, therefore, the conduction mechanism changes from n-type to p-type in a

narrow pQ range; in the n-type regioa,« p0,~** whereas, in the p-type regionx p0,**/*. This is



further confirmed by a change of sign of the Seebeck coefficient, from negafesitive values [9]. The

point defect model proposed to account for such behaj@unvolves the presence of both bismuth and

oxygen vacancies',l/g/i/ andvy, related to the volatility of BOs. Thus, in overall-isovalent (B#osTiO3)-

doped BiFe@® ionic species dominate the defect structure, although electronic minority speeid¢ke
majority charge carriers; plots of lagvs log pQ around the p-n-transition exhibit ast{ape with “ideal”
slopes of +% and —% in the p- and n-regions, respectively; the jp@nge of the transition is small,
independently of material specific parameters and in the absence of an eleamiyic associated with

oxide ion conduction.
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Figure 3. Comparison of the conductivity reported here with data from the literature [8, 9].

Our measurements on nominally undoped BiFe@e significantly less sensitive to H§Che
conductivity does not pass through a minimum in the entire na@ge investigated and the Seebeck
coefficient remains positive. A p@ndependent behaviour conductivity is commonly an indication of ionic
conduction. Oxide lon conductors with blocking electrodes show in the impedance spectra an inclined
Warburg spike at low frequency associated with charge transfer impedantbes ssimple-electrode-air
interface. This is not the case for undoped Bif-efported here since impedance measurements at different
temperatures and atmospheres, Figure 3S, show no evidence of such feature at low frequency. Ggnsequentl

we discard ionic conductivity as a possible origin of the-ip@ependent conductivity of undoped BiReO



An alternative explanation is that materials in which intrinsic atros of electrons across the band

gap controls their electrical properties also exhibit-p@ependece of both and a. However, intrinsic
ionisation of electrons cannot solely explain the electrical properties eddwete since both and « show

some dependency on pQNe believe that the majority of defects are electronic in nature and the sample

should be close to a transition from p- to n-type behaviou

We have investigated two possible defect models to account quantitatively foghtheour ofo

and¢, as discussed next.
Initial defect mode

We first qualitativelyasses a defect model founded on intrinsic ionisation of electrons across the
band gap, which accounts for some of our observations on undopeds:BiReOtransport coefficients
indicate proximity to a transition from p- to n-type behaviour, and therebath electrons and holes have to
be considered in the charge neutrality expression:

n=_2[vg]+p
(6)

wheren = [e/].

The weak dependency afon pQ further indicates that the sample is close to intrinsic behaviour,
i.e. equal concentration of electrons and holes, n = p. As the transport ientffistill show some
dependency on pOthe electron and hole charge carrier concentration can vary depending on the oxygen

stoichiometry, equation (2), which, thereby, perturbs the intrinsic balance obeteatrd holes.
The concentrations of holes and electrons are interrelated via the charge disproporticactan re

nil s h* + e/
(7)

with the equilibrium constari{;, = n - p. Equation (7) corresponds to thermal excitation of an electron-hole

pair across the band gap of the material.

The charge neutrality condition for undoped Bigg®©an thus be written as:

Kp .
— =2[vgl+p

).

Combining Equations (3) and (8), the hole concentration can be calculated as a functiphyof@@ing:

10



6p2 KD _

pt———————
p? + Koxy/PO, P
(9)

Kox and I are free parameters, fixed at constant temperature. Once p is determined, theatiomcehthe
other considered species, i.e. electrons and oxygen vacancies, can be calcsilgtedieg equation (8)
The total conductivity is given byro. = 0, + 0 = upep + upen, wherey,, andu, are the mobility of
holes and electrons, respectively. The total Seebeck coefficient is related gomhef the individual
Seebeck coefficients of holes and electrafsand «,,, calculated using equation (5), and weighted by their
contribution to the total conductivitytro = (0pap + 0,a,)/01or. Blue lines in Figure 4 show the defect
concentration, conductivity, and Seebeck coefficient vs.fpOselected parameters obKKo anduy, /iy, .

To simulate the effect of an increase in temperature, the equilibrium constahafge disproportionation,

Kb, is increased.

We now discuss the qualitative p@ependence of transport properties for this model, and compare it
with our experimental data. At high p@he concentration of oxygen vacancies is small compared to that of
electronic defects, so that n = p in equation (6). On decreasingop@en vacancies are formed, the
concentration of holes decreases, i.e. reaction (2) is shifted to the left, and, consequently, thatcamodéntr
electrons increases. If the mobility of holes is higher than that cfrets,u,, > u,, the total conductivity
decreases somewhat first on decreasing @@ then increases. On increasing the temperatunereases
but the overall behaviour remains similar. We note that the functional depgrafemon pQ and the span
in pO. before o reaches its minimum are determined by the mobility ratio and the vall@xpofi.e.
parameters specific to the material, thereby allowing the flatdePendency observed experimentally. This
contrasts with a defect structure dominated by ionic defects, where #ftepéndency and the width in pO
of the p-n-transition is essentially independent of the material. Thus, the agvdets qualitatively with the
experimentally-observed conductivity of undoped BikeOdependence of on pQ is almost flat, but
shows a strong increase with temperature. By contasttially decreases somewhat on decreasinga
then decreases almost linearly. On increasing the temperatdezreases, the slope in the linear behaviour
increases and even negative values (n-type behaviour) are expected at the lowdgée pOte that the
temperature dependence afKu,, andu, has been neglected since, as discussed earlier, these appear to be
small compared to that ofpK

11
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1y /un = 3. Anincrease of temperature is simulated by a tenfold increasefodid 107 (solid
line) to 10° (dashed line).

This model can be easily extended to acceptor-doped compositions, by adding the specific accepto
concentration on the left side of equation (6):
Z[ACCZ/] +n=2[vy]l+p
(20).
Here, z indicates the effective charge of the acceptorze=gl for Ca—dopantsCaéi, orz = 3 for Bi
vacanciess/é/i/. Combining equations (3), ),7and (10) then provides a general expression for both the doped

and undoped cases:

6p2 KD /T
P Koy O

(12).
If the acceptor concentration is larger than that of thermally exciitaye carriers, this model is equivalent

to the one presented earlier foriBCaFeQ s (equations (1)(4)). To illustrate this, we calculate the
transport coefficients for a sample with an acceptor concentratibrObfand the same values afKKp,

and p,/p, as used for undoped BiFeQ: In this caseog «x p(0;)**/* and a « —kp/4e-In10-

log p(0,); neithero nor « vary significantly with temperature, in good agreement with the experimental

observation.

This initial defect model can qualitatively account for the experimentally-obsdegshdences of
and «a on temperature and p@r both doped and undoped Bire®lowever, all attempts to quantitatively
fit the data were unsuccessful since the predicted variation of the Semdmdftikient with pQ is much
larger than observed experimentally. Different defect chemical models, whichncpaiai defects such as
metal vacancies or Frenkel defects, were also unable to fit the data for ¢heesaon. This could be related
to equation (% of the Seebeck coefficient which may be too simple for quantitative anal@ivever, since
the functional dependency efon p and pg is as expected for BiCaFeO_s, it is unclear why it is unable

to describe the behaviour of undoped BikgO

Two region defect model

13



Recently, Rojac et al. [14] provided atomic-scale chemical and structural @ideaccumulation
of bismuth vacancies at domain walls in BikesDd further showed that the local domain wall conductivity
can be tuned on annealing BiFeld different pQ at 700 °C. These results highlight that the chemical
composition-and thus the defect chemistrgf BiFeQ ceramics may not be homogeneous throughout and

in particular, the bulk (gras) and domain walls may well show different electronic behaviour.

Inspired by this finding, we hypothesise that the total conductivity of nominally-undopedBikeO
two contributions: one from regions of effectively-undoped Bifedich is almost independent @0,, and

another from regions of acceptor-doped Bike®ith a defect structure similar to that found for_Bi

CaFeQ s 1.e.

o1ot(p02) = 01 + 7, (p0,)
(12).

We note that such scenario requires that conduction through both regions should occur inlp&isie
charge transport in both regions can itself have contributions from both eleatrdrtsoles. To test our

hypothesis, we proceeded as follows:

14
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Figure 5. Transport coefficientss and « of undoped BiFe€) assuming the two individual
contributions specified in equatiqt?) and(13). o» (a) and & (b) show typical behaviour of
acceptor-doped BiFeOwhile o1 (c) andaa (d) correspond to undoped behaviour.

Initially, as a first approximation, wehoseseor =euin{pO:)+e.close tdhe conductivity minimum

of the pQ curve, for each temperature and subtracted it fsanto obtaino(pO;). Then,o» at high pQis

extrapolated to low pOto refine the value ob:. Figure 5 (a) shows that indeed exhibits a clear Ya-

dependency on pGat all temperatures, resembling the behaviour of an acceptor-doped region. This indicates

therefore that our approach to separatando is reasonable.

As well as the conductivity, in this scenario, the Seebeck coefficient slatsdd contain two

contributions, weighted by their relative conductivity, i.e.

a; - 01 + ay(p0y) - 0,(p03)
o1ot(002)

arot(p02) =

(13).
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By adjusting a1, a» can thus be calculated. At 450°C, the obtaine(O;,) is proportional to
—kg/4e -In10 - log pO,, which is again the fingerprint of an acceptor-doped defect structure. $his re

further supports our analysis.

At higher temperatures, the assumption of contribution 1 with n = p, intire pQ-range studied,
no longer holds since the tendency towards oxygen loss increases andesbifisethof the p- to n-transition
to higher pQ@ on increasing temperature (see Figures 4 (b) and (c)). Deviations from n =npotae
pronounced in the Seebeck coefficient, as compared to the conductivity. Therefore, we iglhbow sl
adjustments ofx in order to obtain sensible values fe(pO.). Figure 5 (a)-(d) shows the deconvoluted
values ofarot and aror for contributions 1 and 2. Summarising, is pQ-independent at all temperatures
whereasm is almost p@independent at the lowest temperatures but, at the highest temperaffiest,
increases on increasing pénd then flattens out, approaching a constant value at higlBp@©ontrast, both
o» and oz depend strongly on pOa. appears to be temperatunglependent, whereas exhibits a large
temperature-dependanwith activation energy ~0.7 eV. This activation energydois greater than that of
Bi,xCaFeQ_s; which indicates that charge carriers are electrostatically trappedlacger extentWe
speculate that acceptor bismuth vacancies (effectivige charged in comparison with singly charged Ca
dopants) created during sintering may account for the difference in activation eneotjyerfexplanation of
the relatively high activation energy within region 2 could be due to cdraipping at oxygen vacancy
clusters, as suggested by Farokhipoor et al. [26]. Similar values of malgilit\ation energies and spatial

variations across the sample have been reported earlier [13, 27].

Next, by allowing variation of K Kox, 1, 1n, We simultaneouslyit the conductivity and Seebeck

coefficient for the undoped model, equation (9), to the derived valugsanid o, indicated as dashed lines
in Figure 5. Details of the optimization procedure are given in the supplesnarftaamation. Due to the
number of independent parameters, in principle, several sets of parameter values niby tlesaata
equally well. However, we note thatindependent of the chosen starting valugke fitted parameters are
self-consistent for the temperatures investigated and their values are phys&ahingful, Figure 6. For
example, we obtain a temperature-dependence ofitk activation energy 1.3 eV, whichiigenticalto the

reportedvalue ofthe band gap obulk BiFeGs, By = 2.5-2.81.3eV [28]. We note that band gaps of BiF£O

thin film samples are often significantly largery £2.5-2.8 eV[4, 29, 30] which has been assigned to

16



changes in the orbital overlap due to substrate induced strain andFuartiser, the activation energy for the

mobility of holes, 0.3 eVis similar to our results for BikCaFeQ sand in agreement with earlier reported
values [27, 31-33]. The activation energy of electron mobility is higher, 0.5 @Vhamobility ratiou, /u,

decreases from ~5.5 at 450°C to ~2.7 at €50 °
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Figure 6. Optimized parameters describing the bulk properties of BIH&PThe equilibrium
constants Kx and K show thermally activated behaviogb) Both hole and electron mobility
show an activated behaviour, with> x4, in the investigated temperature range. The mobility
ratiou, /u, (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 tdtgtiaelly describe the
data of both contributions using the defect chemical model outlined above, where contfimets@mbles
virtually undoped material and contribution 2 follows the behaviour of an @cesgped defect structure.
Figure 7 illustrates as an example how the two contributions influence the amishdrt coefficients at

550°C. Dashed lines in Figure 1(g) and (h) obtained by combining the calcubatedart parameters of

contributions 1 and 2 using equations (12) and (13) reproduce the experimental data to a high degree.
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Figure 7. Deconvolution of the total transport coefficients of nominally-undoped Bif&0
contributions 1 and 2, as explained in the text.

Using the above procedymse have successfully disentangled ttamsport properties of nhominally-
undoped BiFe®into two contributions, a dominant part close to intrinsic behaviour, n = p, andoa
contribution, which resembles our measurement€agtacceptor)-doped BiFeQOSo far,this treatmenis
purely phenomenological, and no physical interpretation was involved or necessaryerpeetnthese
findings, we consider that agglomerationRifvacancies within ferroelectric domain walls (DW), as has
been reported recently by Rojac et al.[1d] plausible scenario, Figure 8. The domain walls would provide
a parallel rail for electra transport, with distinctidg different pQ-dependence to that of effectively
undoped BiFe@ If this is the case, the charge compensation mechanism at the domain walls suggested her
i.e. Bi vacancies compensated with oxygen vacancies, differs froroftlBatvacancies compensated with

holes proposed by Rojac et al.[14], in which the DW conductivity should beng€pendent since the
charge neutrality is given bg/[vé/i/] = p. Rojac et al. [14] shoed that the DW conductivity could indeed

be tuned with p@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 occursalieedostates
associated with Fe, i.e. electrons a% lBad holes as Et our results indicate that the oxidation state of Fe at

the domain walls should be equal to or slightly greater thamwBereasRojac et al. proposeée**. 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 BiFe©atoms are
omitted for clarity. The defect structure of bulk and domain walls isreifit, so that transport
coefficients show different behaviour with temperature angl pO

Moreover, the formation of domain walls at Ilocations with enriched
agglomeration/accumulation of charged, ionic defects not only explains ous esiithose of Rojac
et al., but also previous findings such as g@nsitivity of the DW conduction [13, 34] as well as
decoupling of conductive footprints and DW position upon poling [35]. Relating DWsraefectrics
with an accumulation of charged defects may further provide a qualitatiV@nastipn 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 DWSs in Bikefa localized hopping conduction contrasts with
that observed in other ferroelectric materials such as YbMar@ BaTiQ, which show greater carrier
mobility at DWs, comparable to conventional semiconductors [38, 39] and thus a idetbaziarge
transport. This underlines the notion that DW conduction in multiferroic matergglfiane several different
origins and characteristics, which makes further investigation both necasdagycitingln future, it would
be interesting to investigate the spatial variation of both transport ceetfidn BiFe® at different pQ and
temperature. Increasing the temperature or decreasiaguptDer, may eventually lead to the peculiar
situation of bulk (n-type) and domain walls (p-type) with different nigj@harge carriers, which may lead

to interesting, new effects.

Conclusion
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We have investigated the defect chemistry of high quality, polycrystalline, ngmimaloped and
cation stoichiometric BiFe£and acceptor-dopdsi, CaFeQ s ceramics by measuring both ithelectrical
conductivity and Seebeck coefficient simultaneously at different temperatutescggen partial pressures
In both BiFe@ and Bi_CaFeO_s; the Seebeck coefficient is positive for all samples and experimental
conditions, indicating that electron holes are the major contributor ®lébtonic conduction. Our analysis
shows thatCa(acceptor)-doped BiFeQ is charge-compensated by the formation of oxygen vacancies.
Nominally undoped BiFe® shows a clearly different behaviour, with an almost.-pdependent
conductivity and a small p@lependency of the Seebeck coefficient, which is indicative of a defect structure
with a small concentration of ionic defects asalose to intrinsic behaviour with equal concentrations of
electrons and holes. &\Vationalize these observations quantitatively by visualising the sample adingnsis
of two regions with different composition that contribute to the ttarge transport in nominally undoped
BiFe(0;. Bi-vacancy agglomeration at domain walls and essentially, defect-free unudgeste discussed
as a possible identification of these regions. These results demortsttate gitu measurements of charge
transport under well-defined experimental conditions can be a powerfubtoolderstand multifunctional
materials. We finally show that this scenario can qualitatively explain & raihgrevious observations in

BiFeOs.
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