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Abstract. In a recent study of the defect chemistry of undoped polycrystalline and acceptor-doped single crys-
talline BaTiO3, an attempt was made to obtain defect and thermodynamic parameters without any a priori assump-
tions, e.g. about the magnitude and temperature dependence of the carrier mobilities. The parameters found for the
undoped sample differ significantly from those obtained from the acceptor-doped sample, and even more substan-
tially from those reported from several earlier studies. It is suggested that these discrepancies result from the lack of
sufficient data in certain critical regions of temperature and oxygen activity. As a result, the attempt to extract pa-
rameters from the equilibrium conductivity by multiparameter curve-fitting has considerable uncertainty. However,
the electron and hole mobility products and ratios, µnµp and µn/µp, were determined by linear extrapolation of the
well-established log-log slopes of +1/4 and −1/4 for the equilibrium conductivities and oxygen diffusivities to their
intersection. Both the products and the ratios were found to be independent of temperature, indicating that both
mobilities are also independent of temperature. This important conclusion validates the thermodynamic parameters
obtained in earlier studies in which it was assumed that the mobilities are temperature independent or nearly so,
and that the carrier concentrations are proportional to the conductivities.
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1. Introduction

Yoo, Song, and Lee (YSL) have recently revisited
the defect chemistry of undoped and acceptor-doped
BaTiO3 and have reported their analysis in this journal
[1]. Their admirable goal was to obtain enough exper-
imental data under equilibrium conditions so that the
mass-action constants and their enthalpies, and the var-
ious defect concentrations could be obtained without
any a priori assumptions. As they point out, much of the
earlier work has been based primarily on analysis of the
equilibrium electrical conductivity with assumptions
about the electron and hole mobilities, particularly that
they have little or no temperature dependence over
the usual experimental range. However, YSL found
quite different values for some parameters when re-
sults for undoped, polycrystalline BaTiO3 and a 1.8%
Al-doped single crystal were compared, even for pa-
rameters that are normally expected to be independent
of the dopant concentration. While the results obtained

for the acceptor-doped sample differ somewhat from
previously reported values, they are at least similar.
However, results from the undoped sample differ sig-
nificantly from those published previously. Some of
these discrepancies are as follows:
1. The apparent background concentration of acceptor

centers in the undoped sample was found to be ther-
mally activated with an activation energy of 1.5 eV.
No such temperature dependence has been previ-
ously reported.

2. The activation energy of ionic conductivity was also
found to be 1.5 eV. Since this is the same value as
that found for the extrinsic oxygen vacancy con-
centration, that implies that the mobility of oxygen
vacancies is also independent of temperature.

3. The enthalpy of oxidation (the filling of extrinsic
oxygen vacancies) was calculated from the enthalpy
of reduction and the band gap. This gave a value of
−1.0 eV for the undoped sample, while the tempera-
ture dependence of the p-type conduction indicates
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a positive enthalpy. Others have found values in the
+0.9–1.3 eV range [2–4].

4. The presence of trapped holes was not taken into ac-
count by YSL. It has been previously reported that
the holes generated by the oxidation reaction are
mostly trapped, even at the equilibration tempera-
tures [5–7].

5. The equilibrium constants for intrinsic electronic
disorder (ionization across the band gap) obtained
from two different sets of data obtained by YSL for
the undoped sample differed by more than two or-
ders of magnitude.

6. When the oxygen activities for the condition σn =
σp (the electron and hole conductivities) were cal-
culated from two different kinds of data for the un-
doped sample, the agreement was very poor.

The mathematical analysis used by YSL appears to
be valid. Thus it is of interest to determine why their
results differ so much from those obtained by earlier
investigators.

2. Background

Most of those who have investigated undoped and
acceptor-doped BaTiO3 (and SrTiO3) agree that the
important defects at the equilibration temperatures are
the acceptor centers, A/, whether deliberately added or
due to naturally-occurring impurities, doubly-ionized
oxygen vacancies, V ••

O , electrons, e/, and holes, h•. It
is also possible that Schottky disorder, quenched in
from the processing conditions, might contribute to
the background acceptor content [8, 9]. More recently,
holes trapped by the acceptor centers, Ax , have been
added to the mix [5–7], such that the concentration
hierarchy is [A/] > [Ax ] > p, where p = [h•].
The equilibrium reactions and their mass-action
expressions are:

Reduction:

OO ⇔ 1

2
O2 + V ••

O + 2e/ (1)

KRe = [V ••
O ]n2 P(O2)

1
2 (2)

where n = [e/]

Oxidation:

V ••
O + 1

2
O2 ⇔ OO + 2h• (3)

Kox = p2

[V ••
O ]

P(O2)−
1
2 (4)

Intrinsic electronic disorder:

nil ⇔ e/ + h• (5)

Ki = np (6)

Schottky disorder

nil ⇔ V //

Ba + V ////

Ti + 3V ••
O (7)

KS = [V //

Ba ][V ////

Ti ][V ••
O ]3 (8)

“nil” refers to the defect-free standard state. The im-
portance of Schottky disorder is not entirely clear.

More recently, the oxidation reaction to form
trapped holes has been added

V ••
O + 2A/ + 1

2
O2 ⇔ OO + 2Ax (9)

KAp =
(

[Ax ]

[A/]

)2 1

[VO
••]P(O2)1/2

(10)

where Ax is an acceptor center with a trapped hole.
Equations (3) and (9) are linked by the ionization re-
action for trapped holes.

Ax ⇔ A/ + h• (11)

K A = [A/]

[Ax ]
p (12)

Trapped holes, Eqs. (9)–(12), were not considered by
YSL. Finally, there is the expression for bulk charge
neutrality

n + [A/] = p + 2[V ••
O ] (13)

It will be assumed that cation vacancies are either not a
major defect or are quenched-in and temperature inde-
pendent for the undoped and acceptor-doped materials.
The n-type behavior of undoped and acceptor-doped
BaTiO3 can be divided into two limiting approxima-
tions to charge neutrality

For high P(O2) 2[V ••
O ] = [A/] (14)

For very low P(O2) 2[V ••
O ] = n (15)

Simultaneous solution of these relationships leads to
the classic Kröger-Vink type of diagram shown in
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Fig. 1. A Kröger-Vink diagram for a hypothetical acceptor-doped oxide, MO, in which the mass-action constant for Schottky disorder exceeds
that of intrinsic electronic disorder by a factor of 106. The oxygen vacancy concentration has been increased by a factor of ten over the intrinsic
level as a result of the added acceptor content. Adapted from Fig. 3 in [16].

Fig. 1, which is a log-log plot of defect concentrations
against oxygen activity at constant temperature under
conditions of oxygen equilibrium. It is assumed that
the temperature dependences arise from a characteris-
tic enthalpy, �H, for each of the mass-action constants,
which take the form

K j = K o
j exp −

(
�Hj

kT

)
(16)

A quantitative defect model involves the determination
of all of the mass-action constants and their enthalpies,
and the concentrations of the various defect species as
a function of temperature, oxygen activity, and dopant
concentration.

3. The Equilibrium Conductivity

YSL measured the equilibrium conductivity of un-
doped and acceptor-doped BaTiO3 as a function of
oxygen activity at 800, 900, 1000, and 1100◦C [1].
Their results for the undoped, polycrystalline sample
are shown in Fig. 2. As shown in their paper, their
data are very similar to those obtained by several other
groups. In the region where Eq. (14) is valid, the log-

log slopes are +1/4 (p-type) and −1/4 (n-type), which
must be separated by a minimum in the conductivity.
Under the most reducing conditions, Eq. (15) becomes
the approximation to charge neutrality and the log-log

Fig. 2. The equilibrium conductivity of undoped BaTiO3 as mea-
sured by YSL and used by them to derive the values of the defect
concentrations and reaction enthalpies [1].
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slope has been shown to change to the expected value
of −1/6.

The conductivity is primarily electronic but there
is a detectable ionic contribution from the oxygen va-
cancies that compensate for the charge of the acceptor
content. Where Eq. (14) is valid, the oxygen vacancy
concentration, and its contribution to the total conduc-
tivity, should be nearly independent of the oxygen ac-
tivity. The ionic component is then most apparent near
the conductivity minima. It is possible to obtain the
ionic conductivity by deconvoluting the curvature of
the conductivity data near the minima [2, 10]. Another
critical point is the intersection of the regions with log-
log slopes of −1/4 and −1/6. This occurs where the
electron concentration equals the acceptor concentra-
tion, and can be used to determine the latter if the elec-
tron mobility is known.

4. The Ionic Conductivity

While the ionic conductivity is a relatively minor com-
ponent of the equilibrium electrical conductivity of un-
doped BaTiO3, its value and temperature dependence
are crucial to the defect analysis offered by YSL, be-
cause it appears in the derivations of several other
parameters. The only information in the equilibrium
conductivity on the magnitude of the ionic component
is in the deviation of the total conductivity from the sum
of the ideal electronic components due to electrons and
holes. This deviation is most apparent for the range of
oxygen activities near the conductivity minima.

YSL derive an expression for the total equilibrium
conductivity in the region where Eq. (14) is valid by
combination of Eqs. (2), (6), and (14).

σ = σel,m cosh

[
1

4
ln

a(O2)

a(O2)∗

]
+ σion (17)

(We shall now use the form a(O2), rather than P(O2),
in order to correspond to the convention used by YSL.)
The first term on the right-hand-side is the contribu-
tion by electrons and holes. σel,m is the total electronic
conductivity at the conductivity minimum, a(O2) is
the oxygen activity, and a(O2)∗ is the oxygen activ-
ity at the minimum. This equation was then fit to the
data at each temperature in Fig. 2 by a nonlinear-least-
squares (NLLS) technique; the fit is indicated by the
solid lines in that figure. This process yielded values of
σel,m, a(O2)∗, and σion as fitting parameters.

YSL found that the ionic conductivity is thermally
activated with an activation energy of 1.52 eV for the
undoped, polycrystalline sample and 0.84 eV for the
1.8% Al-doped single crystal. These values not only
differ from each other; they are not very close to the
range of values, 1.0–1.1 eV, found by other investiga-
tors for BaTiO3, SrTiO3, and other similar perovskites
[2, 11]. No such dependence of the activation energy on
the acceptor concentration has been previously noted.
Using more complete sets of data of this type, we
have previously determined the ionic conductivity of
undoped and acceptor-doped BaTiO3 by three differ-
ent techniques [2, 10]. In one case, the extrapolated
electronic conductivity at the minimum was subtracted
from the total measured conductivity at the minimum
[2]. This gave an activation energy for the ionic com-
ponent of 1.1 eV for both undoped samples and and
for samples with added acceptor concentrations up to
0.15% (% substitution on the B-sites), and a value of
logσion for the undoped material at 1000◦C of −3.96.
The second technique involved deconvoluting the cur-
vature on either side of the minima by use of the fol-
lowing approximations [10]

σt = σion + σ o
pa(O2)1/4 (18)

where σt is the total, measured conductivity and σ o
p is

the p-type conductivity at a(O2) = 1 atm. This is a
good approximation for oxygen activities greater than
that at the minimum such that σp > σn . For oxygen
activities below that at the minimum, such that σn >

σp, the approximation is

σt = σion + σ o
n a(O2)−1/4 (19)

where σ o
n is the n-type conductivity at a(O2) = 1 atm.

Thus plots of the total, measured conductivity in the ap-
propriate regions against a(O2)1/4 and a(O2)−1/4 give
straight lines with the same intercept, which is σion, as
shown in Fig. 3. This gave a value of log σion for un-
doped BaTiO3 at 1000◦C of −4.05, in excellent agree-
ment with the value found by the first technique as
quoted above. It was found that the ionic transport num-
bers derived from these measurements are in excellent
agreement with those obtained from oxygen concentra-
tion cells, the third technique [10]. Thus the absolute
value of the ionic conductivity and the ionic transport
numbers can both be derived from just the measured
equilibrium conductivity as a function of oxygen ac-
tivity. Why do the results of YSL differ so much from
these earlier results?
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Fig. 3. The total equilibrium conductivity of undoped and 1% acceptor-doped BaTiO3 at 1000◦C plotted according to Eqs. (18) and (19). The
solid symbols refer to the p-type side, Eq. (18), and the upper abscissa, while the open symbols refer to the n-type side, Eq. (19), and the lower
abscissa. The ionic conductivity is given by the intercepts to the ordinate. Adapted from Fig. 4 of [6].

YSL present sufficient data to establish quite accu-
rately the log-log slopes of+1/4 and−1/4 on either side
of the minima. Since σel,m and a(O2)∗ are determined
by linear extrapolation of these log-log slopes to their
intersection point, these parameters can be obtained
with considerable accuracy. However, σion will depend
on an accurate determination of the total conductiv-
ity near the minimum. Unfortunately, the experimental
data of YSL show the commonly observed data gap
between the regions of high and low oxygen activities.
Thus there are very little data in the most critical region
for the determination of the ionic component. This gap
arises from the use of metered gas flows to determine
the oxygen activities. At high activities pure oxygen is

gradually diluted with argon. As the ratio of the flow
rates drops to 1:104 or 1:105, it becomes increasingly
difficult and eventually impossible to measure the flow
rate of the more dilute gas accurately. Similarly, in the
mixtures of CO and CO2 used to fix the oxygen ac-
tivities at very low values, the flow rate of CO even-
tually becomes too small to measure. The result is a
data gap between the lowest O2 flow rate in Ar, and
the lowest flow rate of CO in CO2. As shown in Fig. 2,
this gap becomes wider with decreasing equilibration
temperatures. At 800◦C, the data of YSL show a gap
of 8 orders of magnitude, with the conductivity mini-
mum approximately in the center. The deviation from
the ideal electronic slopes of +1/4 and −1/4 increases
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toward the minimum, so the most important informa-
tion is found in the last data points adjacent to the gap.
The data of YSL show almost no such deviation, and
the last data point at the high activity boundary of the
gap at 800◦C actually deviates in the wrong direction.
The same is true of the last data points at the low activity
boundary of the gaps at 1000 and 1100◦C. The inaccu-
racies of these most important data points must result
in considerable uncertainty in the extrapolated shape of
the conductivity minima and the resulting value of the
ionic conductivity. In general, the data give very little
guidance for the curve-fitting which is trying to find the
correct path for the conductivity across the wide gap. As
a result, whenever the determination of the precise cur-
vature near the minimum enters into the derivation of
a defect parameter, the values derived from the 800◦C
data deviate from the Arrhenius slope established by
the data at the three higher temperatures and are dis-
carded from the analysis. The ionic contribution to the
total equilibrium conductivity decreases with increas-
ing temperature, since the minimum electronic conduc-
tivity is rising faster than the ionic component. Thus the
data at the lower temperatures are the most valuable. As
shown in Fig. 4, techniques have been developed that
make it possible to obtain conductivity data across the
gap [2, 12]. These involve the use of electrochemical

Fig. 4. The equilibrium conductivity of undoped BaTiO3 as a function of oxygen activity as obtained in our laboratory. The isotherms are at
intervals of 50◦C.

oxygen pumps and leaks based on the oxygen conduc-
tivity of acceptor-doped zirconia, and the use of the
same material as an electrochemical oxygen activity
sensor. It was these types of data that were used to de-
termine the ionic conductivity as described above. It
is probable that the type of curve-fitting attempted by
YSL would have been much more successful if it had
been applied to such a complete set of data.

Curve-fitting the equilibrium conductivity data for
the 1.8% acceptor-doped single crystal seems to have
been more successful. First of all, there are more data
points in the critical areas adjacent to the gaps, and
the points adjacent to the gaps appear to fall nicely on
the fitted curve. The ionic conductivity of this sam-
ple should be much higher than that of the undoped
sample. Thus much more curvature is apparent near
the gaps and this enhances the accuracy of the curve-
fitting. The data obtained at 800◦C are not anomalous,
and the resulting activation energy for ionic conduc-
tion is much closer to previously reported values. This
carries through to the other parameters derived for the
acceptor-doped sample, which are mostly similar to
those obtained from earlier studies, whereas for the
undoped sample the agreement is poor. It is proposed
that the results of the analysis of the equilibrium con-
ductivity of the undoped sample are strongly affected
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by the absence of sufficient data in the most critical
regions.

So far, all of the analysis has involved only con-
ductivities, and it has not been necessary to make any
assumptions about the electron and hole mobilities.

5. The Defect Parameters

The following parameters were obtained by YSL by a
mathematical fit to their total conductivity isotherms:
σn, σp, σion, σel,m , and a(O2)∗ (the oxygen activity
where σn = σp).

The authors also measured the chemical diffusivity
of oxygen as a function of oxygen activity at the same
four temperatures by means of a conductivity relax-
ation technique. There are sufficient diffusion data at
high and low oxygen activities to extrapolate the posi-
tive and negative slopes, respectively, to their intersec-
tion point. This allowed the accurate determination of
a(O2)o, the oxygen activity where n = p. They then
state ”By combining these pieces of information, one
can evaluate the defect parameters without using any ad
hoc assumptions regarding, e.g., the densities of states
and carrier mobilities, contrary to the previous works.”
Their results are compared with those of earlier inves-
tigations in Table 1.

�Hµ is the activation energy for the electron and
hole mobilities. The values of the various parameters
for the acceptor-doped single crystal are in the vicin-
ity of those reported previously, while those for the
undoped polycrystalline sample deviate substantially,
with the exception of the band gap and the temperature
dependence of the electron and hole mobilities.

The band gap, Eo
g , for the undoped sample was ob-

tained from the temperature dependence of the mass-
action constant for intrinsic electronic disorder, Eq. (6).

Table 1. Comparison of defect parameters obtained by YSI,
Ref. [1], with those reported previously

YSL YSL, Previously
Parameter undoped acceptor-doped reported

Eo
g 3.15 eV – 2.9–3.4 eV

�HRe 7.3 5.88 5.7–6.1
�Hox −1.0 +0.42 +0.8–1.3
[A/] 1.52 0 ∼0
σion 1.52 0.84 1.0–1.1
�Hµ ∼0 – small or 0

The latter was obtained by fitting the diffusivity data
according to the relationship

Ki =
(

kT σionte
2e2 D̃

)2

cosh−2

[
1

4
ln

a(O2)

a(O2)o

]
(20)

with the fitting parameters Ki and a(O2)o, using the
derived values for σion and tel, and the experimental
values for D̃, the diffusivity. This analysis gave a band
gap of 3.15 eV, in quite good agreement with previously
determined values. Once again the value of Ki at 800◦C
was anomalous and was disregarded. Ki can also be
determined, more directly, from the relationship

Ki

µnµp
= σ 2

el,m

4e2
(21)

While the mobility product µnµp is as yet unknown, an
Arrhenius plot of Ki/(µnµp) gave a slope of 3.25 eV
which agrees quite well with the value derived from
Eq. (20), and is in even better agreement with values
obtained by other investigators. This indicates that the
mobility product is quite insensitive to temperature, a
very important point. The mobility ratio, µn/µp can be
obtained from

µn

µp
=

[
a(O2)∗

a(O2)o

]1/2

(22)

The ratio thus depends on the separation between
a(O2)∗, the oxygen activity where σn = σp as obtained
from the conductivity data, and a(O2)o, the oxygen ac-
tivity where n = p as determined from the diffusivity
data. The mobility ratio turns out to be temperature in-
dependent, and since the mobility product is also tem-
perature independent, the electron and hole mobilities
must each be temperature independent (if the value at
800◦C is neglected). The values determined by YSL
for the temperature range 900–1100◦C are

µn = 0.13 cm2/v.sec
(23)

µp = 0.08

These values are close to those determined for sin-
gle crystal Ba0.03 Sr0.97TiO3 by Choi, Tuller, and
Goldschmidt, who also found them to be temperature
independent [13]. Thus the earlier intuitive guess that
the hole mobility should be about one half of the elec-
tron mobility has proven to be quite close to reality
[2, 12].
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The electron and hole concentrations, n and p, can
now be obtained from the conductivity and the mobili-
ties just determined. Then the mass-action constant for
the reduction reaction, KRe [Eqs. (1) and (2)], and the
apparent acceptor concentration, [A/], can be obtained
from the expression

a(O2)1/2 = 2KRe

n2

(
n + [A/] + Ki

n

)−1

(24)

Since [A/] and KRe are both fitting parameters for
Eq. (24), their values are linked. For the undoped sam-
ple, KRe was found to be thermally activated with an
enthalpy of 7.3 eV, which is substantially higher than
previously reported values, as shown in Table 1. The
acceptor concentration was also found to be thermally
activated with an activation energy of 1.52 eV. In both
cases the results at 800◦C were excluded. No such
temperature dependence for the acceptor concentration
has been found previously. For the acceptor-doped sin-
gle crystal the enthalpy of reduction was found to be
5.88 eV and the acceptor content was independent of
temperature, both in excellent agreement with previous
reports. So why are the results for the undoped sample
so different? It is suggested that once again the problem
is related to the lack of data in a critical region.

The acceptor concentration is equal to the electron
concentration at the point where the log-log slopes of
−1/4 and −1/6 intersect. The conductivity data for the
undoped sample cut off at oxygen activities of about
10−14–10−16 atm, and there is little evidence of the
region with slope −1/6, particularly at the lower tem-
peratures, since the intersection point moves rapidly to
lower oxygen activities with decreasing temperature.
Moreover, the change in slope defined by the last two
data points at 1100◦C is much more abrupt than ex-
pected. The ideal transition between the two slopes has
been shown to be much more gradual [7]. As shown
in Fig. 4, some of the earlier data extend to lower oxy-
gen activities by five or six orders of magnitude, and
therefore contain more information about the intersec-
tion point. Thus it is suggested that the apparent ther-
mal activation of the acceptor results from insufficient
data, and is incorrect. If the apparent acceptor content is
thermally activated, then the compensating oxygen va-
cancies must also be thermally activated with the same
activation energy, 1.52 eV. But the ionic conductivity
also appeared to have an activation energy of 1.52 eV,
which means that the vacancy mobility would have to
be independent of temperature, which would conflict

with all previous work, as well as the normal expecta-
tion for an ionic mobility.

The more fundamental point would be that the ex-
trinsic oxygen vacancy concentration is thermally ac-
tivated, since it is [V ••

O ] that appears in the mass-action
expression, Eq. (2). For the model used by YSL, as
exemplified by the approximation to charge neutrality
shown in Eq. (14), the oxygen vacancy and acceptor
concentrations are linked so that the latter also appears
to be thermally activated. It will be shown later that
there are cases where the extrinsic oxygen vacancy
concentration can be thermally activated even when
the total acceptor concentration is independent of tem-
perature.

If one makes an Arrhenius plot of the conductivity
data of YSL at an oxygen activity of 10−12 atm, the
slope is 2.65 eV, which indicates an enthalpy of reduc-
tion, KRe, of 5.3 eV, much closer to generally accepted
values. This should be a true enthalpy since YSL have
determined that the electron mobility is temperature in-
dependent. Also, the conductivity at 800◦C falls right
on the linear Arrhenius plot. This indicates that there is
no problem with the data measured at 800◦C; the prob-
lem is in trying to extrapolate the conductivity across
the data gap. Let us assume that the true value of the
apparent enthalpy just derived is that determined for
the acceptor-doped single crystal, 5.9 eV, in agreement
with previously reported values. (The value of 5.3 eV
reported above depends on our rather crude attempt to
read the conductivities from Fig. 2.) The only way for
the activation enthalpy in the impurity-controlled re-
gion to be 5.9 eV, while the true enthalpy of reduction
is 7.3 eV, is for the apparent acceptor content to also be
thermally activated. For the latter to be true, Eq. (14)
can no longer be used as a temperature-independent ap-
proximation to charge neutrality and must be replaced
by

[A/] = [A/]o exp

(−�Ha

kT

)
= 2[VO

••] (25)

where �Ha is the activation energy for the apparent ac-
ceptor content. When this value of [V ••

O ] is substituted
into Eq. (2), the mass-action expression for the reduc-
tion reaction, expanded to show the enthalpy term, one
gets

n =
(

2K o
Re

[A/]o

)1/2

a(O2)−1/4 exp −
(

�HRe − �Ha

2kT

)

(26)
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We have just determined that �HRe − �Ha = 5.9 eV,
so if �Ha = 1.5 eV, then �HRe is 7.4 eV, as proposed
by YSL. The latter authors point out this relationship
but its origin was not clear. If the acceptor concen-
tration, and hence the extrinsic oxygen vacancy con-
centration, is thermally activated, the enthalpy of the
reduction reaction must be larger than the activation
enthalpy found in the acceptor-controlled region. The
difference will be the enthalpy of activation of the ac-
ceptor content. This interdependence results from the
linkage between the apparent acceptor concentration
and the mass-action constant for the reduction reac-
tion, since they are both fitting parameters for Eq. (24).
It is also required by the simple plane geometry of the
corresponding Kröger-Vink diagrams. If the acceptor
content is temperature independent, as found by all
other groups, then the true value of �HRe is 5.9 eV.

YSL obtained the enthalpy of the oxidation reaction
by using the relationship [5]

Kox = K 2
i

KRe
(27)

which indicates that

�Hox = 2Eo
g − �HRe (28)

This resulted in a negative value for �Hox, −1.00 eV,
for the undoped sample which is counter to the ob-
served sign of the temperature dependence of the p-
type equilibrium conductivity (Fig. 2). Since YSL show
that the hole mobility is independent of temperature, the
temperature dependence of the conductivity accurately
represents the temperature dependence of the hole con-
centration, and �Hox must be positive. Equations (27)
and (28) are valid only for the case that the acceptor
content is independent of temperature, and cannot be
used for the defect model proposed for the undoped
sample by YSL. These relationships are valid for their
model for the acceptor-doped single crystal, where the
acceptor content is not activated. Thus they obtain an
oxidation enthalpy of +0.42 eV for the latter sample,
smaller than found previously, but at least a positive
value. If �HRe for the undoped sample is taken to
be 5.9 eV instead of 7.3 eV, then �Hox would also
be +0.4 eV. Equation (28) has previously been found
to be in excellent agreement with experimental results
[2, 5, 7], which indicates that the acceptor content is
not thermally activated.

6. An Activated Acceptor Content?

What could result in a thermally activated acceptor con-
tent? While this author believes that the thermal acti-
vation reported by YSL is an artifact due to a lack of
critical data, it is interesting to speculate about a spe-
cific model, and to see how it affects the analysis. Three
possibilities come to mind. The first would require that
the acceptor content be in excess of the solubility limit
so that there is a reservoir of acceptors in the grain
boundaries. This would require that the solubility limit
for all of the acceptors present be exceedingly low,
and that they be able to diffuse in and out of the lat-
tice over the entire experimental temperature range.
However, the fact that samples can be prepared with
acceptor concentrations in excess of 1%, e.g. the 1.8%
acceptor-doped single crystal used by YSL, makes this
possibility extremely unlikely. Another possibility is
that intrinsic Schottky disorder be able to stay in equi-
librium over the entire temperature range. Since repro-
ducible equilibrium conductivities have been measured
down to 600◦C, this also seems unlikely. Finally, the
acceptors could be strongly attached to the compensat-
ing oxygen vacancies in the form of defect complexes.
While there is no evidence for a significant concentra-
tion of such complexes under equilibration conditions,
this model will be used to explore the consequences
of a thermally activated acceptor content. For the sake
of simplicity, we will ignore the trapping of holes by
the acceptor centers. Since this results in an uncharged
species, the effect on the other equilibrium defect con-
centrations is negligible.

It will be assumed that almost all of the compensat-
ing oxygen vacancies are attached to an acceptor center
in the form (A/V ••

O )•. Since there will be only half as
many extrinsic oxygen vacancies as singly-charged ac-
ceptor centers, there will then be nearly equal numbers
of acceptors in complexes and free acceptors

[A/] = [(A/V ••
O )•] (29)

To the usual set of equilibrium relationships repre-
sented by Eqs. (1)–(6), we will add the dissociation
reaction for the complexes

(A/V ••
O )• ⇔ A/ + V ••

O (30)

[A/][V ••
O ]

[(A/V ••
O )•]

= K o
D exp −

(
�HD

kT

)
(31)



98 Smyth

It will be assumed that the change in oxygen content is
small compared with the concentrations of complexes
and free acceptors. Thus Eq. (29) can serve as the
approximation to charge neutrality over most of the
impurity-controlled region. Combination of Eqs. (29)
and (31) gives

[V ••
O ] = K o

D exp −
(

�HD

kT

)
(32)

This gives a thermally-activated concentration of un-
bound oxygen vacancies as suggested by YSL. It
should also be noted that this is a case where the free va-
cancy concentration is thermally activated while the to-
tal acceptor content remains temperature independent.
The concentration of compensating oxygen vacancies
is invariant with the oxygen activity in this region. As
vacancies are created or consumed as the oxygen ac-
tivity decreases or increases, the complex increases or
dissociates to the small extent necessary to maintain the
constant vacancy concentration specified by Eq. (32).
When Eq. (32) is substituted for the extrinsic oxygen
vacancy concentration in the mass-action expression
for the reduction reaction, Eq. (2), expanded accord-
ing to Eq. (16) to show the enthalpy of reduction, the
electron concentration becomes

n =
(

K o
Re

K o
D

)1/2

a(O2)−1/4 exp −
(

�HRe − �HD

2kT

)

(33)

This is a more model-specific version of Eq. (26), and
the discussion following that equation is also valid
for this specific model. It shows that if the com-
bined enthalpy term in the impurity-controlled region
is 5.9 eV, then �HRe must be 7.4 eV, as proposed by
YSL.

Since the extrinsic oxygen vacancy concentration
depends only on the temperature, the oxidation reaction
is better described as the filling of the vacancies in the
complex

(A/V ••
O )• + 1

2
O2 ⇔ OO + A/ + 2h• (34)

with an enthalpy �Hox. The relationships between the
enthalpies can then be shown to be

�HRe − 2Eo
g = �HD − �Hox (35)

since Eq. (1) minus twice the reverse of Eq. (5) equals
Eq. (30) minus Eq. (34). Thus

�Hox = 2Eo
g + �HD − �HRe = 6.5 + 1.5 − 7.3

= +0.7eV (36)

This is close to the usually determined experimental
values near +1 eV [2–4] and is in accord with the ob-
served increase of the p-type equilibrium conductivity
with temperature. The negative value for �Hox pro-
posed by YSL resulted from the absence of �HD in
their version of Eq. (35).

This hypothetical model of complex formation be-
tween the acceptor centers and the oxygen vacancies
is, however, inconsistent with the experimental data.
In this model the free oxygen vacancy concentration is
suppressed by complex formation and is liberated from
the complexes with an activation energy of 1.52 eV.
This will result in an increase in the free vacancy con-
centration by a factor of 36 as the temperature increases
from 800 to 1100◦C. Since there is no evidence of sat-
uration, i.e. that a significant fraction of the remain-
ing free acceptors have become complexed, it would
appear that the free oxygen vacancy concentration has
been suppressed below the total acceptor concentration
by at least three orders of magnitude. As the electron
concentration increases with reduction with a log-log
slope of −1/4, it will rise above the free oxygen va-
cancy concentration, which is constrained by Eq. (32)
to remain independent of the oxygen activity. The ad-
ditional oxygen vacancies formed by reduction will be
consumed by complex formation with the remaining
free acceptors. However, when the electron concen-
tration reaches the total acceptor concentration, essen-
tially all of the acceptors will have been complexed.
With further reduction, the free acceptor concentration
will fall away with a log-log slope of +1/2, while the
free oxygen vacancies rise with a slope of −1/2. The
electron concentration is constrained to stay at the level
of the complexed acceptors in order to maintain charge
neutrality and the approximation to charge neutrality
in this region is then

n = [(A/V ••
O )•] (37)

The width of this plateau in the electron concentra-
tion must be twice the number of orders of magni-
tude by which the free oxygen vacancy concentration
was suppressed by the complex formation, in other
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words, at least six orders of magnitude. When the free
oxygen vacancy concentration finally reaches the to-
tal acceptor concentration, the n-type conductivity can
then rise with the familiar −1/6 slope that is charac-
teristic of intrinsic nonstoichiometry. No such plateau
has been observed separating the transition between
the log-log slopes of −1/4 and −1/6. In fact the con-
ductivity data in this region have been successfully fit
by several groups as a direct transition between the
two slopes [2–4]. Thus any attempt to justify an ap-
parent thermal activation of the extrinsic oxygen va-
cancy concentration as being due to complex formation
with the acceptor centers is refuted by the experimental
evidence.

7. The Carrier Mobilities

In order to translate conductivity data into carrier con-
centrations, the carrier mobilities must be known. In
order to obtain reaction enthalpies only the tempera-
ture dependence of the mobilities is needed. One of
the major goals of YSL was to obtain mass-action con-
stants and reaction enthalpies for various defect reac-
tions without making any assumptions about the car-
rier mobilities. The earlier investigators have generally
assumed that the mobilities have either very little or
no temperature dependence, such that enthalpies can
be obtained directly from conductivity measurements.
In our own early work, the Hall mobility obtained by
Seuter was used for the electrons [7, 14, 15]. This work
indicated a T−3/2 dependence for the electron mobility
which was factored into the treatment of the experi-
mental data. No such information was available for the
holes, and it was assumed that their mobilities have
the same temperature dependence as the electrons. In
any case, these temperature dependences had very little
effect on the derived enthalpies.

Ironically, YSL have found that both the elec-
tron and hole mobilities have negligible temperature
dependences, in agreement with earlier findings for
Ba0.03Sr0.97TiO3 [13]. This justifies the assumptions
made in the earlier work and indicates that the en-
thalpies reported from those studies are reliable. It may
seem perverse to question the validity of most of the
results obtained by YSL for undoped BaTiO3, and then
stress the importance of one specific finding. However,
examination of the derivation of their mobilities sug-
gests that these results are valid. YSL obtained the band
gap from Arrhenius plots of the mass-action constants

for intrinsic electronic disorder, Ki . The latter values
were obtained in two ways. The first approach involved
a detailed relationship that involves the ionic conductiv-
ity, electronic transport number, and chemical diffusiv-
ity of oxygen, Eq. (20). This gave a band gap of 3.15 eV.
The second approach involved Eq. (21) in which the
only experimental value is the minimum electronic con-
ductivity, σel,m . The latter can be accurately obtained
by extrapolation of the log-log slopes of +1/4 and −1/4
for the p-type and n-type conductivities to their point
of intersection. This gave a band gap of 3.25 eV, in rea-
sonable agreement with the value obtained by the other
approach, and well within the range of previously re-
ported values. Thus the band gap determined by YSL
is accurate, and this implies, from Eq. (21) that the mo-
bility product, µnµp, is temperature independent. The
mobility ratio, µn/µp, can be obtained from the sepa-
ration of a(O2)∗, the oxygen activity at the conductiv-
ity minimum, from a(O2)o, the oxygen activity where
n = p, according to Eq. (22). a(O2)∗ can be accurately
obtained by extrapolation of the log-log slopes of +1/4
and −1/4 for the p-type and n-type conductivities to
their intersection, and a(O2)o can be determined by ex-
trapolation of the log-log slopes of +1/4 and −1/4 for
the chemical diffusivity of oxygen in the p-type and
n-type regions to their intersection. From these results,
Eq. (22) shows that the mobility ratio is also tempera-
ture independent. If the product and the ratio are both
temperature independent, then µn and µp must each
be temperature independent. This detailed analysis is
only possible because of the extensive set of chemi-
cal diffusivity data obtained by YSL. The important
point is that the claim by YSL that both µn and µp

are temperature independent is well-supported. This
means that the thermodynamic parameters obtained by
earlier investigators by a more direct analysis of the
conductivity data are reliable. The only parameter that
depends on detailed information about the curvature
of the equilibrium conductivity near the minima is the
ionic conductivity.

8. Summary

YSL have attempted to obtain an accurate, self-
consistent set of defect parameters, i.e. mass-action
constants, reaction enthalpies, and mobilities for
BaTiO3 by analysis of the equilibrium electrical con-
ductivity, the deviations from stoichiometry, and the
chemical diffusivity of oxygen. In principle this will
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yield the desired parameters without any a priori as-
sumptions about the carrier mobilities and their tem-
perature dependences. Previous analyses have assumed
that the mobilities have negligible temperature depen-
dences so that the thermodynamic parameters can be
obtained directly from the temperature dependence of
the equilibrium conductivity. For absolute values, the
Hall mobilities measured for electrons by Seuter have
been used [2, 12, 14, 15].

The thermodynamic parameters obtained by the
analysis of YSL differ markedly from those reported
previously, particularly for the case of the undoped ma-
terial. This is attributed to the lack of sufficient data in
the most critical experimental regions such that the re-
liability of the curve-fitting is seriously impaired. In
particular, accurate determination of the contribution
made by ionic conduction is crucial in the derivation of
the values of the other defect parameters. This contri-
bution is evidenced only in the amount of curvature of
the log-log plots of the equilibrium conductivity as a
function of oxygen activity near the conductivity min-
ima. That is precisely the region where the data are
missing. It does appear that YSL are able to obtain
valid values for the electron and hole mobilities. Both
prove to be temperature independent. This supports the
earlier approaches and indicates that the defect param-
eters can be accurately obtained from the temperature
dependence of the equilibrium conductivity alone. It is

thus suggested that the true values are those given in
the right-hand column of Table 1 above.
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