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Electrical conductivity of two types of lanthanum-doped barium titanate ceramics with dif-
ferent dopant levels was measured at temperatures between 900 and 1250° C and Pg, from
107° to 1 atm. The activation energies of the conduction for the two are interpreted in terms of
the formation energy of ionized oxygen vacancies even in such a high Py, region. This fact is
in contrast with a well-known controlled-valency model proposed for rare-earth-doped semi-
conducting perovskites. in a lightly lanthanum-doped specimen, semiconduction achieved at
elevated temperatures is retained on cooling the specimen to room temperature, whereas in a
heavily doped specimen, the resultant high-temperature semiconduction changed to insulation
on cooling. The former behaviour on cooling is successfully explained by a metastahilization
of oxygen vacancies accompanied by electrons formed at elevated temperatures.

1. Introduction

It is well known that n-type semiconduction can easily
be achieved by doping lanthanum into barium titanate
and then firing at temperatures above about 1300° C.
Saburi has previously proposed a hopping model in a
possible composition Ba’t Lal* Til* Ti{* O, for a
limited amount of lanthanum doping [1]. Many other
researchers believed that carriers in the doped material
essentially originate from donors yielded from La’*
replacing Ba’* [2, 3], Many difficulties have been
encountered in these two controlled valency models.
The former model is not in harmony with the fact that
no Ti’" ESR signal was detected in the doped semi-
conducting material [4], as well as in a hydrogen-
reduced undoped barium titanate even at liquid nitro-
gen temperature [5]. Moreover, if these two models are
the case, one cannot explain the experimental fact that
Ag™ doping into barium titanate also resulted in n-
type semiconduction [6]. A decisive difficulty is that
both models indicate that semiconduction is exhibited
just when lanthanum dissolves into barium sites in
barium titanate. This was not the case; although
lanthanum dissolved completely on firing the doped
specimen at ~ 1000°C, as far as could be detected by
X-ray diffraction, the resultant material exhibited
insulation [7].

In ap effort to remove these difficulties, we have
proposed a new semiconducting mechanism at high
temperatures of doped barium titanate [8, 9]. This can
be summarized as follows: the extra plus charge
carried due to replacing Ba** by La* is essentially
compensated by the formation of cation vacancies in
barium and/or titanum sites. The occurrence of

0022-2461/87 $03.00 + .12 © 1987 Chapman and Hall Lid.

barium site vacancies may weaken the bond strength
of the oxygen sublattice with respect to cations. As a
result, when the doped material is fired at elevated
temperatures, thermal dissociation of the oxygen sub-
lattice readily occurs, by which oxygen vacancies with
electrons or ionized oxygen vacancies form. The
resultant electrons cause n-type semiconduction. One
of the purposes of the present study is to acquire a
greater understanding of the semiconducting behav-
iour of lanthanum-doped materials at elevated tem-
peratures.

A lightly lanthanum-doped semiconductor has been
used widely as a thermistor with a positive tempera-
ture coefficient of resistivity (PTCR), and as the host
of a barrier layer-type of capacitor. It is important
that the doped semiconductor is generally useful
around room temperature. Therefore, a knowledge of
both structural and conductivity changes in the semi-
conducting material formed at elevated temperatures
on cooling to room temperature, is also necessary for
a thorough understanding of the conduction behav-
iour of doped materials.

In the research and development of functional
ceramics in general, however, it is important to note
the reproducibility and reliability of the function, as
well as the grade of it. We can generally say that lack
of reproducibility and reliability is closely related to
the occurrence of structures with nonequilibrium
character. A knowledge of such metastable structures
formed during the course of ceramic preparation is
therefore important. Emphasis in this study is placed
on the formation of metastable oxygen vacancies
during cooling of the doped semiconductor formed at
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high temperatures. For those purposes, electrical con-
ductivity as functions of Py, and temperature, and
oxygen self-diffusion coefficient as a function of tem-
perature of the doped ceramics, were measured and
discussed.

2. Experimental methods

2.1. Preparation of specimens

Powders of guaranteed reagents of BaCO, (Wako
Junyaku Co.) and TiO, (Kishida Kagaku Co.) and
99.9% pure La,0; (Rare Metals Co.) were used as
starting materials. They were intimately mixed wet for
20 h with a ball mill and ethanol as the medium with
compositions of x = 0.001 and 0.01in Ba, _La, TiO, ,,
and then calcined at 1100° C for 2 h in air. The result-
ant powdered materials were pressed hydrostatically
at about 1 ton cm~2 and then sintered at 1400° C for
4h in air. The two types of sintered specimens I
(x = 0.001) and II (x = 0.01) were cooled slowly
(cooling rate = 180°Ch~") or quenched to room
temperature.

The sintered and then slowly cooled specimens were
also crushed, and the resulting particles were screened
by sieves to collect 14 to 16 (1.19 to 1.00 mm opening),
32 to 48 (0.50 to 0.297mm), 60 to 100 (0.25 to
0.149 mm) and 200 to 325 (0.074 to 0.044 mm) mesh
particles. To remove ultrafine particles attached to the
surfaces of these mesh particles during crushing, they
were washed in ethanol with the aid of an ultrasonic
generator. The two resultant types of specimens with
different particle sizes were used for oxygen diffusion
measurements. The average grain sizes of these poly-
crystalline particles was determined by SEM and
found to be 25.6 um (specimen I) and 0.48 um (speci-
men II), respectively.

2.2. Measurement of electrical conductivity
The electrical conductivity specimens were cut from
the sintered tablets to rectangular slabs of approxi-
mate size 0.6mm x 9mm x 20mm. The electrical
contacts for the four-probe conductivity specimens
were made by wrapping the specimens with thin plati-
num wires. The electrical conductivity was measured
at room temperature and also as a function of Py, in
the temperature range 900 to 1250°C. The oxygen
partial pressure was regulated between 1 and 10 °atm
using Ar—O, mixtures. The details of the experimental
apparatus and procedure have often been described
elsewhere [4].

2.3. Measurement of oxygen diffusion
coefficients

The self-diffusion coefficients of oxygen were deter-
mined by measuring the exchange rate of oxygen
between an oxygen gas phase and the heated polycrys-
talline mesh particles over the temperature range 917
to 1375° C. Oxygen gas enriched with about 20% '*O
was used as the tracer. The reaction chamber used for
the exchange was made of transparent silica glass
whose outer surfaces were cooled by circulating water
to minimize the exchange between the constituent
oxygen of the chamber and the enriched oxygen gas.
All diffusion anneals were undertaken with about
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TABLE 1 Resistivity of specimens I and II at room temperature

Specimen Resistivity (Q " 'em™!)

Quenched Cooled slowly
Specimen I Several tens Several tens
Specimen II ~ 100 = 10°

Py, = 50mm Hg. The amount of O in the gas phase
was traced as a function of diffusion annealing time
using a mass-spectrometer.

The Crank relation was used to calculate D [10],

Mo i 6a(x + 1) exp (— Dgyt/a’®)
M, 9 + 9a + g2

0 n=1

(M

where ¢ is the nonzero roots of tan g, = 3¢,/
(3 + ag2), ais the solid sphere radius, o is the gram
atom ratio of oxygen present in the solid particles to
that in the gas phase, and M,/M , is the total amount
of solute in the sphere after time ¢ as a function of the
corresponding quantity after infinite time.

3. Results
3.1. Electrical conductivity at room
temperature

Two types of specimen with x = 0.001 (specimen T)
and x = 0.01 (specimen II) sintered at 1400°C for 4h
were slowly cooled and quenched to room tempera-
ture, respectively. The resistivities at room tempera-
ture of the four resultant specimens whose relative
densities were above 96.0%, are shown in Table 1. As
seen there, both quenched specimens exhibit semicon-
duction whereas on slowly cooling them, specimen I
remains semiconductive but specimen II changes to an
insulator. It is quite important to clarify the origin of
such a difference for a thorough understanding of the
conductivity behaviour of lanthanum-doped materials.

3.2. Electrical conductivity as a function of

P, at elevated temperatures
Fig. 1 shows the P, dependence of electrical conduc-

0 —0

Specimen [ Specimen II

log o~ (Ohrﬁ1 Cm_1 )
!

-5 -5
Iog%z(atm ) logPOZ(atm)
Figure I Electrical conductivity of specimens I and II ceramics at
high temperatures as a function of P,. (©) 1250°C, (m) 1200°C,
(0) 1100°C, (@) 1000°C, (a) 900°C.
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Figure 2 Typical plots of Dtja* against time for particles of speci-
mens I (0) and 11 (@).

tivity, o, at elevated temperatures for specimens I and
IT which were cooled slowly after sintering. The aver-
age slope of the log—log plots for specimen II was
found to be —1/4.1. In this specimen the two data
points of o at a P, measured after measurements at a
higher P, and at a lower Po,, respectively, agreed
well, indicating the ¢ to be attained at a complete
equilibrium between temperature and Py, .
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Figure 3 Temperature dependence of D, of oxygen for polycrystal-
line particles of specimens I with different sizes. The calculations of
D, were made as (——) a = a,and (--~) a = a,, respectively. (O)
14 to 16, (M) 32 to 48, (0) 60 to 100, (@) 200 to 325 mesh.
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Figure 4 An Arrhenius plot of volume diffusion coefficient of oxy-
gen for polycrystalline particles of specimen II. The calculations of
D were made as a = a,. () 14 to 16, (a) 32 to 48, (0) 60 to 100,
(®) 200 to 325 mesh.

In specimen I, on the other hand, the Py, depen-
dence of o shows a peculiar behaviour. It is noted that
the log—-log plots do not show straight lines in the runs
at 1000 and 1100° C. The straight line plots result in
the runs at 1200 and 1250° C, and their average slope
was — 1/6.9. It should be noted that the constancy of
o with time in all runs studied, was attained within
10 h in specimen IT whereas a prolonged time of more
than 40h was necessary for achieving a rough con-
stancy of ¢ with time in specimen I

3.3. Volume diffusion coefficients of oxygen

Oxygen volume diffusion coefficients of polycrystal-
line specimens I and II were measured in an effort to
obtain some knowledge of their oxygen vacancy levels.
Fig. 2 shows typical plots of time, 7, against the dimen-
sionless quantity, Dt/a* determined by using Equation
1. The plots show straight lines passing through the
origin. This suggests that the surface exchange reaction
is not important. One can tentatively calculate apparent
diffusivities, D,, by using either the grain radius, a,, or
the particle radius, a,, for the value of @ in Equation
1. Fig. 3 illustrates Arrhenius plots of D, for specimen
I with different particle sizes; D, was calculated in two
ways by taking both the grain radius (= 12.8 um) and
particle radius for the a value. As seen there, the dif-
fusion data vary considerably with particle size as well
as the choice of g = grain radius or a = particle
radius in the calculations. This fact indicates that the
oxygen exchange is influenced by the grain-boundary
diffusion in addition to volume diffusion in this speci-
men. Fig. 4 illustrates an Arrhenius plot of D, for
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Figure 5 Schematic illustration of the relations between log D (D,
and D;) against log (particle radius) for the two extreme cases of
(-=-) Dy » Dy and (——) D, = D,, where D, is the volume dif-
fusion coefficient and D, is the grain-boundary diffusion coefficient.

specimen II with different particle sizes. In this case
data points can be adjusted by a single straight line as
long as the calculations were made using @ = particle
radius.

The relative magnitude of grain-boundary diffusion
coefficient, D,, with respect to volume diffusion coef-
ficient, D), in polycrystalline particles may be divided
into three categories [11], D, > D, D, > D, and
D, = D,. In the case of D, > D,, D, is so large that
the concentration of O along grain boundaries is
nearly equal to that in an oxygen gas phase through-
out a diffusion anneal [12, 13]. Equation 2 holds at a
considered temperature in this case, independent of
the particle sizes used, if the capacity of the bound-
aries is negligibly small with respect to that of the
volume.

Dija} = C (2)

where C is a constant. If the calculations of D, are
tentatively done in this case by taking g, instead of q,
in Equation 2, one can obtain the following equation
including a,

D, = aC or logD, = 2log(a,) + C" (3)

In the case of D, = D, on the other hand, Equation
4 holds for particles with different sizes [14]

Dijay = f(a,) 4)

In this case, if the calculations of D, are tentatively
made by taking g, instead of g, in Equation 4, D, is
expressed by

D, = fla,)al = Daljai = C’la;

or
log (D,) = C" — 2log(a,) 5

In these two extreme cases linear relations always hold
between log (D,) and log (particle radius). This situ-
ation is schematically shown in Fig. 5.

Data of specimen I in Fig. 3 can be used to plot
log (D,) against log (particle radius). Fig. 6 shows the
resultant linear plots; the upper plot is for the calcu-
lations of D, as a = aq,, and the lower one, D, as
a = a,.In comparing these plots with those in the two
extreme cases (Fig. 5), we can say that diffusion in
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Figure 6 Plots of log (D,) against log (a,) for particles of specimen
I at high temperatures. The calculations of D, were made using (®)
a = a,and (O) a = a, respectively.

specimen [ falls between the two extremes, D, > D,
and D, = D;, now denoted as a category where
D, > D,. If the respective two straight lines using a,
and a, in Fig. 6 can be extrapolated down to the value
of grain radius in the horizontal axis, D, at this point
should correspond to D, [15]. It is emphasized that
these two extrapolated lines do intersect to a grain
radius that is identical to that of the experimentally
measured grain radius (=12.8). This fact indicates
this way of calculating D, using polycrystalline par-
ticles, to be plausible. The details of the reliability of
this method were discussed in our previous paper [11].
One can thus make Arrhenius plots of oxygen volume
diffusion coefficients for specimen I (Fig. 7). As seen
there, two diffusion regions can be scen and they are
respectively expressed by,

429.0(kJmol ™)
= 24 x10° —_—_—
D X exp |: RT R
1128°C < T = 1375°C (6)
153.2(kJmol™")
= 24 x10°° _——
B = 2010 g 122 mOY]
920°C £ T < 1128°C 7

On the other hand, no particle-size dependence of D,
was observed in specimen IT when the calculations of
D, were done by taking a = a,. This fact indicates
that D, = D,, and the resultant D, can be regarded as
D,. The volume diffusion data are also shown in
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Figure 7 Arrhenius plots of volume diffusion coefficient of oxygen
in particles of specimens I and II. Numbers on curves show acti-
vation energies in kJmol™".

Fig. 7 together with the data of specimen I. They can
be expressed by

D =

-1
6.0 x 10° exp [_ 452.0(kJ mol )],

RT
917°C < T < 1247°C (8)

4. Discussion

4.1. Semiconducting behaviour at elevated
temperatures

Many researchers in their electrical conductivity studies

of rare-carth-doped perovskites such as barium tita-

nate and strontium titanate under a high P,, range

(~latm < P, < ~10%atm) at elevated tempera-

tures have considered an equation such as

Lag, + +Baj, + Tif., + 10,
= 1(Ba0) + 1Vg, + Tifl.," + Lag, (9)

where the expression follows Verwey’s notation. This
indicates that the extra plus charge La,, is compen-
sated by the preferential formation of Ti’* (electronic
compensation) with decreasing Py, and of Vg, (ionic
compensation) with increasing Py, . Equation 9 results
in

[n) oc P = Pg'" (10)

where [n] is the concentration of electrons. Actually
Balachandran and Error [16] in their electrical con-
ductivity study of lanthanum-doped strontium tita-
nate reported m = to be 4.0 to 4.7, and Daniels and
Hardtl [3] in their lanthanum-doped barium titanate
study, m = 3.7, in a rough accordance with Equation
10. There is, however, no direct evidence as to the
occurrence of defect structures in Equation 9.

Other probable equations in the high P, region can
also be considered as,

0Oy = 10,4+ Vo + 2¢ (12)

The mass action expression for Reaction 11 is
Vollnl = K,P5'? = K{P5'?exp(—AH;/RT)
(13)

where A H, is the standard enthalpy change of Reaction
11. One can obtain the following equation by giving
two conditions, [n] = [V5], and the mobility, y, being
constant with temperature

o = eu[n] = K/P5" exp (—AH,2RT) (14)

In a similar way, Reaction 12 results in
6 = K,Py"Sexp (—AH{/3RT) {(15)

where AH/{ is the standard enthalpy change of Reaction
12.

The experimentally measured ¢ for specimen IT was
n-type with — 1/4.1 dependence of Py, in the high Py,
region cited (Fig. 1). This suggests a singly ionized
oxygen vacancy also to be probable for the interpre-
tation of the behaviour. However, the reported possi-
bility of Equation 9 is not ruled out as far as only the
numerical value of m is considered.

To examine the possibility of Reactions 11 or 12,
oxygen volume diffusion data of the specimens may be
useful. It was reported that oxygen diffusion in lantha-
num-doped barium titanates progresses by an oxygen
vacancy mechanism [9] as expected from a close-packed
structure of the perovskites. Therefore, the oxygen
volume diffusion coefficient can be taken as a measure
of oxygen vacancy level. We have indicated in our
oxygen diffusion study of lanthanum-doped barium
titanates that a high-temperature oxygen diffusion
with an activation energy of about 400kJ mol ™' relates
to thermal dissociation of the oxygen sublattice. The
two activation energies, 429.0 kJ mol ™' for specimen I
and 452.0kJmol ™' for specimen IT in this study are
believed to be the case. One can generally obtain a
formation energy of oxygen vacancies by subtracting
the corresponding migration energy from the present
activation energy. The migration energy of specimen |
(x = 0.001) can be taken as 153.2 kI mol~' (Equation
7). No extrinsic diffusion associated with the migra-
tion energy appeared for specimen II (x = 0.01).
Fortunately the migration energy of a lanthanum-
doped specimen with x = 0.1 had already been
reported to be 65.3kJmol™" [9]. It is likely that the
migration energy for specimen I may fall between the
foregoing two migration energies. Thus one can calcu-
late values of AH,/2 in Equation 14 to be 1494 to
193.3kJmol ™' for specimen II, because Reaction 11
should also be established in the temperature and 7,
(=50mm Hg) conditions in diffusion annealings of
the specimen.

In specimen I, on the other hand, the P, depen-
dence of ¢ in the runs at 1200 and 1250°C gave ¢ «
Py, % This numerical value suggests a doubly ionized
oxygen vacancy mechanism for the cited conditions.
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Figure 8 Arrhenius plots of electrical conductivity for specimens I
and I1. Numbers on curves show activation energies in kJ mol~".

Thus one can calculate AH{/3 in Equation 15 using the
two activation energies, 429.0kJmol™' in the high-
temperature diffusion and 153.2kJ mol~! in the low-
temperature one to be 92.0kJmol~' for specimen I.

On the other hand, one can also make Arrhenius
plots of ¢ for the two specimens at Py, = 50mm Hg
at which diffusion data were also obtained, using data
of Fig. 1 and some additional data, and the results are
shown in Fig. 8. One can see two regions of ¢ in
specimen I and a single region in specimen II. On
comparing Figs 7 and 8, a qualitative relation of D,
between the two specimens is very similar to that of ¢
between the two. It should be noted that the two
temperatures at which the respective two Arrhenius
plots of diffusion and of ¢ intersect, are very close
{~ 1000° C). These facts strongly suggest possible inter-
pretation of ¢ in terms of oxygen vacancies over the
whole temperature range studied. The two activation
energies of ¢ at the high temperatures were 155.3kJ
mol ' (specimen II) and 105.0 kJ mol ' (specimen I),
respectively. These two activation energies of ¢ for
specimens I and I are close to those calculated from
oxygen diffusion data using Equations 14 and 15. In
summary, semiconducting behaviour at elevated tem-
peratures of specimens I and II can successfully be
interpreted in terms of ionized oxygen vacancy models
in a Py, range 1 to 107° atm. This fact is in contrast
with a controlled valency mechanism proposed for
doped semiconducting perovskites.

Remarks may be necessary concerning the magni-
tude of ¢ for these two specimens and doped perov-
skites in general. Fig. 8 show that the level of ¢ at
elevated temperatures above about 1000°C in speci-
men I is at most 3.3 times larger than that of specimen
I, although the lanthanum-dopant level of the former
is one order of magnitude larger than that of the latter.
Such a disagreement has often been observed in many
donor- [16, 17] and acceptor- [18] doped perovskites.
Balachandran and Error [16], for an example, have
reported in their study of lanthanum-doped strontium
titanate that the measured o value, in a plateau region
appearing at a low P, where ¢ becomes independent
of Py,, is considerably lower than the value calculated
assuming u = O.lem’sec”' V™' and [n] = [Lagy,]
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where p is the mobility and [n] is the concentration of
electrons. Such a situation was also observed for a
lightly lanthanum-doped barium titanate [7].

These facts also cast doubt on the controlled
valency model of doped perovskites. Such a dis-
crepancy is readily understandable if our model is
considered. The value of ¢ is essentially associated
with thermally formed ionized oxygen vacancies
which form as a result of thermal dissociation of the
oxygen sublattice. The degree of formation is depen-
dent on the nature of oxygen-—-cation bonding of the
perovskites. Qur previous papers [8, 9] have shown
that the existence of barium site vacancies in the
doped material may play a decisive role in weakening
the bond strength, even if other minor factors are also
implicated. The lanthanum-doping in the form of over-
stoichiometric composition “Bay,La,TiO;, ;" (x = 0.1)
gave rise to a formula (Ba, La, 0, ., )(Ti, O, .)O,
in the calculations with two assumptions of states of
+3 for lanthanum and +4 for titanium, where O
denotes the cation vacancies, and the calculated and
observed densities agreed well over the x values
studied. One can therefore calculate defect structure
formulae,  (Bay ggs3 Lao.oos9s To.0017)(Tio o934 Fo.00166 )O3
for specimen II and  (Baggssss Lag 0099 To0017)
(Tig.99083 g 00017 )05 for specimen I, respectively. The
existence of barium-site vacancies with a large size
may weaken the bond strength of the oxygen sublat-
tice in the doped perovskites, which can accelerate the
formation of ionized oxygen vacancies and electrons
on firing the specimens. This idea was supported on
the basis of oxygen diffusion data as a measure of
oxygen vacancy level for the doped materials contain-
ing barium-site vacancies [8, 9]. According to such a
model, there is no reason for [n] = [Lag,] to hold
even if [n] is proportional to [Lag,].

4.2. Electrical behaviour on cooling

Both specimens I and II exhibit semiconduction at
elevated temperatures, as described. However, it is
noticeable that the former remains semiconductive
whereas the latter becomes insulative on cooling slowly
to room temperature (Table I). The difference in ¢ at
room temperature between the two is about eight
orders of magnitude. It is necessary to clarify the
origin of this behaviour to obtain a thorough under-
standing of the conducting behaviour of doped perov-
skites.

We can generally say that Reactions 11 and 12 go
towards the left-hand side on cooling the doped
materials, thus decreasing ionized oxygen vacancies.
Care should be taken because preferential oxygen
diffusion along grain boundaries occurred in specimen
I whereas D, = D; for specimen II, as described.
Therefore such a preferential change from semicon-
duction to insulation on cooling specimen II cannot
be explained in terms of preferential grain-boundary
oxygen diffusion by which a decrease of oxygen vacan-
cies and electrons progresses preferentially. Accord-
ingly this phenomenon of interest should be under-
stood by taking note of a structural change in the
volume on the cooling.

One can see two regions of high and low tempera-



tures in the conductivity data of specimen I (Fig. 8). It
is expected that such a high level of o at the low
temperature region for the specimen may be main-
tained down to considerably low temperatures, by
which semiconduction can be exhibited even at room
temperature. In specimen II, on the other hand, ¢
decreases appreciably with decreasing temperature
(Fig. 8), enabling insulation to occur at room
temperature.

It is emphasized again that a qualitative relation in
the two diffusion curves in Fig. 7 is very similar to that
in the two conductivity curves in Fig. 8. Therefore, the
low-temperature conductivity in specimen I should
also be explained in relation to oxygen vacancies. The
maintenance of such a high ¢ down to room tempera-
ture in the specimen can be understood if ionized
oxygen vacancies and electrons formed at elevated
temperatures can exist metastably on cooling, by
which their concentrations can hold roughly constant
to room temperature. Generally the oxidation in
Reactions 11 and 12 can progress to equilibrium in an
oxygen atmosphere on cooling if both oxygen vacan-
cies and electrons can move freely, by which their
concentrations decrease. However, if movement of
oxygen through oxygen vacancies is restricted, such a
stabilization of oxygen vacancies and electrons can be
expected. It is noted that the migration energy of
oxygen increases with decreasing lanthanum dopant
level, as was shown. The migration energies of speci-
men I with x = 0.001 and a specimen with x = 0.1
were 153.2 and 65.3 kJmol ™}, respectively. The lower
migration energy in the latter specimen compared
with that in the former seems to be based on its open
structure containing a higher level of cation vacancies
in barium sites. Thus it seems that such a meta-
stabilization seen in specimen [ may be caused by
difficulty in oxygen migration at lower temperatures.
Further studies seem necessary for clarification of the
origin of the metastabilization.

Let us again take note of Fig. 1 giving ¢ as a
function of P, for the two specimens. As seen there,
log ¢ against log P, plots for specimen II exhibit a
normal behaviour as variation of o, as well as the level
of ionized oxygen vacancies, with both P, and tem-
perature occur equilibriumly down to a considerably
low temperature. A peculiar feature of log o against
log Po, plots for specimen I can be seen at runs at

lower temperatures. ¢ at 1000 and 1100°C is insen-
sitive to Py,. Such a behaviour in lightly lanthanum-
doped materials has also been reported by Chan and
Smyth [17]. They interpreted the region insensitive to
Py, at temperatures between 700 and 1000°C to be
due to a pure controlled vacancy mechanism. It should
be noted that no region insensitive to Pg, was detected
in runs at temperatures above 1200°C in this study.
Therefore, interpretation of the P, -insensitive region
in terms of a controlled valency model may be ruled
out. This peculiar behaviour insensitive to Py, is readily
understandable if the above stabilization of oxygen
vacancies and electrons occurs.
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