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The defect structure of polycrystalline calcium titanate with Ca/Ti = 0.998, 0.995, and 0.992 was
investigated by measuring the equilibrium electrical conductivity as a function of oxygen partial
pressure ( Py, = 10°-107* atm) at 950-1050°C. These data were similar to that obtained in the sample
with ideal cationic ratio. The deviation from ideal Ca-to-Ti ratio is found to be accommodated by the
formation of neutral vacancy pairs, (V¢, V). The results indicate that the single-phase field of calcium

titanate extends beyond 50.201 mole% TiO,.

Introduction

Calcium titanate has an orthorhombic
structure at room temperature (/), and the
structure becomes tetragonal at ~600°C
and cubic at ~1000°C (2). George and
Grace (3, 4) examined the electrical con-
ductivity, Seebeck coefficient, and diffusion
of point defects in single-crystal CaTiO; in
water-hydrogen atmospheres in the tem-
perature range 1100-1300°C. Cox and
Tredgold (5) measured the electrical con-
ductivity of single-crystal CaTiO; at 130°C
and reported it to be p-type, presumably
after exposure to oxidizing atmospheres.
Balachandran et al. (6, 7) studied the de-
fect structure of undoped and lanthanum-
added polycrystalline CaTiO;. The reported
studies on CaTiQ; indicate that there is an
extensive range of low oxygen partial pres-
sures (P,), where the conductivity in-
creases with decreasing P, characteristic
of n-type conduction related to oxygen defi-
ciency.
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The structural analog, BaTiO;, has been
studied in much detail in both polycrystal-
line (8-13) and single-crystal (/4) states.
The three polycrystalline samples of Ba-
TiO; used by Long and Blumenthal (10)
were found to be 2.1, 4.6, and 6.0 mole%
deficient in BaO by chemical analysis. They
noted no systematic variation of the equilib-
rium electrical conductivity among these
samples. A comparisen of the samples with
an ideal cationic ratio and a 0.1 mole% defi-
ciency in BaO showed no major differences
in the electrical conductivity values (/3).
Recently, Chan et al. (15) studied the de-
fect chemistry of strontium titanate with dif-
ferent Sr-to-Ti ratios by means of the high-
temperature electrical conductivity as a
function of Py,. They concluded that SrTiO,
saturates with TiO, at less than 50.1 mole%
and the defects formed due to the deviation
from ideal cationic ratio are unassociated.
In disagreement with the above results, the
present authors (/6) have found that the
single-phase field of strontium titanate ex-
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tends beyond 50.505 mole% TiO, and the
defects formed due to excess TiO, are asso-
ciated into neutral vacancy pairs, (Vg V).

In the present study, the electrical con-
ductivity in calcium titanate with different
Ca-to-Ti ratios was measured at 950 and
1050°C while in equilibrium with the oxygen
partial pressure of the surrounding atmo-
sphere. The Ca-to-Ti ratios selected were
0.998, 0.995, and 0.992, which correspond
to 50.05, 50.125, and 50.201 mole% TiO,,
respectively. The conductivity data ob-
tained in a sample with ideal cation—cation
ratio in our previous investigation (6) are
also given.

Experimental

The specimens employed in this investi-
gation were prepared by a liquid mix tech-
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nique (6, 17, 18). The powder samples
were pressed into thin circular disks at
40,000 psi and sintered in air at 1350°C for
12 hr. Electrical conductivity specimens
were cut from the sintered disks using an
airbrasive unit. The specimens were
wrapped with four 0.025-cm platinum wires
as described in the literature (/9, 20). Small
notches were cut in the edges of the sample
to aid in holding the platinum wires in
place. A conventional four-probe direct
current technique was employed for all
electrical conductivity measurements and
the experimental details have been de-
scribed previously (/7).

Results and Discussion

The measured electrical conductivity as a
function of oxygen partial pressure in cal-
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F1G. 1. The measured electrical conductivity as a function of Py, in calcium titanate with Ca/Ti =

1.000, 0.998, 0.995, and 0.992 at 950°C.



198

cium titanate with Ca/Ti 1.000, 0.998,
0.995, and 0.992 at 950 and 1050°C are given
in Figs. 1 and 2. In all the cases, the electri-
cal conductivity changes from p- to n-type
as the oxygen partial pressure is decreased.
The log o vs log P,, data are linear with a
slope of ~—4%in the P, region < 107'¢ atm
for all the samples investigated. As the oxy-
gen activity is increased further, the P, de-
pendence of conductivity changes and the
new values of the slopes are ~—1% for the
P,, range 107*-1078 atm.

For P,, > 107* atm, the conductivity in-
creases with oxygen pressure, characteris-
tic of p-type or oxygen excess conduction.
The region of linearity in the p-type region
increases in width with decreasing tempera-
ture (from 1050 to 950°C) as the p-n transi-
tion moves to lower P,,. The conductivity
minima occur almost at the same Py, for all
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the samples. This is in disagreement with
the prediction of Chan et al. (15) in SrTiO,
that the conductivity minima move to lower
P,, by two orders of magnitude for each
order of magnitude increase in the extrinsic
V, concentration present as unassociated
defect in the samples with excess TiO,. The
three regions observed in the log o vs log
Py, plots are discussed separately.

Region I (P, < 107 atm)

The slopes observed (~—%) for the log o
vs log P, plots in this region are similar to
that found for BaTiO; (//-/4) and SrTiC,
(16, 17) as well as the results obtained in
polycrystalline calcium titanate with Ca/Ti
1.000 (6). Excess TiO,; in the system
must be accommodated by the formation of
point defects in the lattice. The following
mechanisms can be envisioned for the in-

T T T T T T
o' b TEMPERATURE: 1050°C i
_y . CCITi03
{ sm o Cap.g9aTiO3
& CapgysTiOz
10° - o Cogg92TiO3 |
(Va Slope)
n -1
oo {+Ya Stope)
p-3
o
]
2 ]
S 102t .
b
03k 4
0 7
i 1 i | 1 {
10724 10°20 1078 1072 1078 to~¢ 109
Po, (ATM.)

F1G. 2. The measured electrical conductivity as a function of P, in calcium titanate with Ca/Ti =

1.000, 0.998, 0.995, and 0.992 at 1050°C.
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corporation of excess TiO, into CaTiQ; of
ideal composition to make Ca-to-Ti ratio
less than unity:

TiO, = Tif* + 207, (1)

TiO, = Ti}* + O, + 4¢', (2)

2TiO, = Ti&, + Ti%, + 30 + O, (3)
2TiO, = TiZ, + Ti%
+ 30§ + 2¢' + 30,, (4
TiO,=Ti% + 20§ + Vi, + Vo, )
TiO; + $0, =
Ti% + 30§ + Vi, + 2h. (6)

The reactions [Egs. (2), (4), and (6)] which
generate electronic defects can be excluded
because of the observed lack of influence of
the Ca/Ti ratio on the electronic conductiv-
ity (Figs. 1 and 2). Both Tift and O} are
unfavorable defects in the close-packed
perovskite structure, so Eq. (5), involving
the formation of (Vg, and V3), is the most
probable choice. This is in accord with the
electrical conductivity measurements in
CaTiO; (3, 6) which showed that Vj is the
preferred defect for oxygen deficiency in
CaTiQj3, and they appear to be the dominant
ionic defect in the closely related BaTiQ,
(10, 11, 14) and SrTiO; (15, 17) in the oxy-
gen-deficient region.

The chemical mass action expression for
reaction (5) is given by

[Veal [Vi] = Ksam,, )

where aqy, is the activity of TiO,. One
should also consider the formation of a dou-
bly 1omzed oxygen vacancy, [V;], and two
electrons available for conduction by the
removal of an oxygen from a normal lattice
site into the gas phase in TiO,-excess
CaTiQ; . The reaction is

F=30, + Vi + 2e. ®

The equilibrium constant for reaction (8) is
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where [n] = e¢’. The Gibbs standard free
energy change for reaction (8) is repre-
sented by AG, If the built-in CaO defi-
ciency exceeds the disorder from the oxy-
gen loss described in Eq. (8), the charge
neutrality condition will then read

[Vea] = [Vil = K§*ad, . (10)
From Egs. (9) and (10) we can then obtain

K2

_ 8

[n] = I:Kélﬂla’lljl‘lojl P,
2

The data in Figs. 1 and 2 indicate that in
the Py, region <107'¢ atm the conductivity
varies as Pgl®. This indicates that at low

P,, the charge neutrality condition should
be

Ky =[V3] [n]2P§2 = exp (

(11

[n] = 2 [V;5]. (12)

Expressing the free energy change in terms
of the enthalpy change, AH;, and entropy
change, AS,, and substituting Eq. (12) into
Eq. (9), the result for the electron concen-
tration is

[n] = 21/3 Pazlls
ASf _AHf
eXp TR" eXp —RT

and the electrical conductivity, o, is given
by

o= 21/3P(-)21/66 7

(13)

AS —AH,
exp [3—1{] exp [TT‘], (14)

where e is the electronic charge and u is the
mobility of the conduction electrons. For
Eq. (12) to hold, the oxygen deficiency cre-
ated by Eq. (8) must greatly exceed the
built-in CaO deficiency.
Thermogravimetric measurements on un-
doped CaTiO; (21) indicate that for Eq. (12)
to be a valid expression for the dominant
charged defects, no other charged defect
can be present in excess of about 450 ppm
(atomic). For the samples under consider-



200

ation, the CaQ deficiency amounts to 2000-
8000 ppm. From the known amounts of
CaQ deficiency in the samples, the ob-
served —3th dependence for conductivity
on P, is possible only when the defects re-
lated to CaO deficiency are associated into
neutral complexes, such as vacancy pairs,
to such an extent that the residual, isolated,
charged defects from this source do not af-
fect the condition of charge neutrality, Eq.
(12), and thus have no influence on the oxy-
gen-deficient defect chemistry. Otherwise,
reaction (8) could not become the dominant
source of [Vy'] at low oxygen pressures and
the relationship o « Pg}'® would not be ob-
served. If the defects formed due to the
CaO deficiency are unassociated, then the
measured conductivity should change sig-
nificantly as the Ca-to-Ti ratios are
changed. There is no significant change in
conductivity between the samples with dif-
ferent Ca-to-Ti ratios (see Figs. 1 and 2).
The association reaction can be represented
as

cat Vo= (Vga Vo), (15)
where the parentheses indicate that the en-
closed species are electrostatically bound
to adjacent lattice sites. It has been re-
ported in the literature (/3, /4) that the de-
fects formed due to excess TiO, in BaTiO;
are associated into neutral vacancy pairs
(Via¥5).

The phase information available to date
for the CaO-TiO, system (22) shows that
there is a definite phase width for CaTiO;
on the CaO-rich side and a single-phase re-
gion from the ideal composition of CaTiO;
up to ~2-3 mole% excess CaO at 1200°C,
but no indication of any solubility for ex-
cess TiO, in CaTiOj3. The phase diagram for
the structural analog BaO-TiQO, shows that
there is a definite phase width (~1 mole%
excess TiO,) on the TiO,-rich side of Ba-
TiO; at 1400°C (23). In disagreement with
the above results, Sharma et al. (24) re-
ported that the solubility of TiO, in BaTiO3
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is less than 0.1 mole%. The available phase
study in the system CaO-TiQ, (22) sug-
gests that the second phase formed for ex-
cess TiO, in CaTiO4 should be TiO,. The
presence of second phase in the polycrys-
talline samples should have some effect on
transport properties, such as electrical con-
ductivity or oxygen self-diffusion. In the
electrical conductivity studies of samples
with Ca/Ti = 0.998, 0.995, and 0.992, equi-
librium was established as fast as it was ob-
tained in the sample with ideal cationic ra-
tio. Also, in the sample with 50.201 mole%
TiO, (Ca/Ti = 0.992) no second phase was
observed optically or by X-ray diffraction
technique. This indicates that for the condi-
tions under which the present samples are
sintered, the CaTiO; does not saturate with
TiO; even at 50.201 mole%. This suggests
that BaTiO, (22), SrTiO; (15, 16), and Ca-
TiO; all have a definite phase width on the
TiOzrich side of the phase diagram. The
actual width of the phase boundary, how-
ever, may be different in each of these alka-
line earth titanates.

Region Il (Py, = 107°-10"8 atm)

A slope of ~—1%is found for the log o vs
log P,, data (see Figs. 1 and 2). Balachan-
dran et al. (6) attributed the observed slope
of approximately —1 in the sample with Ca/
Ti = 1.000 to the presence of small amounts
of unknown acceptor impurities in the un-
doped samples. For the case of undoped
SrTiO; prepared by the same technique as
that used here, the present authors (/7)
have estimated an unknown acceptor im-
purity concentration of about 170 ppm. Po-
tential acceptor elements are naturally
much more abundant than potential donor
elements. We believe that the present sam-
ples also contain some unknown acceptor
impurities.

In order to discuss the concept of the im-
purity effect, it is helpful to consider a Kro-
ger-Vink (25) diagram for a ternary oxide
of the type ABO; with an acceptor impu-
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F1G. 3. Defect concentration vs the oxygen pressure
in the ternary oxide ABQO; with Schottky-Wagner dis-
order.

rity. We will, for the purpose of illustration,
consider Schottky—Wagner disorder to de-
scribe the nonstoichiometry. Figure 3 illus-
trates the variation of defect concentrations
as a function of oxygen partial pressure for
the case of fully ionized atomic defects,
electrons, [n], and electron holes, [p], in
pure ABO; with both A and B site vacan-
cies. The familiar [n] = Pgl® region with
charge neutrality condition, [n] = 2 [V ], is
illustrated in Fig. 3. In Fig. 4, an acceptor
impurity I, that is always fully ionized to
is added to the ternary oxide ABO,. Note in
Fig. 4 that for sufficient departures from
stoichiometry it may be possible for the
electrical conductivity to be controlled by
{n] = 2[Vy] and to thereby mask the effect
of the acceptor impurity.

In Fig. 4, there is a region with electrical
neutrality condition, [/,;] = 2 [V;], in which
the electron concentration varies as the
—4th power and the electron hole concen-
tration increases as the +ith power of oxy-
gen partial pressure. In this region, for
certain values of P, the electron
concentration is greater than the electron
hole concentration and, hence, the conduc-
tivity is n-type with a —4th dependence on
P,,. As the oxygen partial pressure in-
creases, the electron hole concentration
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eventually becomes greater than the elec-
tron concentration and the material be-
comes p-type with a +ith dependence for
conductivity on P,,. When the P,, value is
increased further, the electron hole concen-
tration becomes equal to the acceptor con-
centration, which is constant, and hence the
conductivity is independent of P,,, with the
charge neutrality condition, [I,] = [p], as
shown in Fig. 4.

The observed slope of ~—4 from the log
o vs log P,, data (see Figs. 1 and 2) in this
region of Py, (1071°-107% atm) is interpreted
in terms of the presence of accidental ac-
ceptor impurities, such as Fe, Al, or Cr on
Ti sites. The condition of charge neutrality
in this region is

(Um} = 2[V5]. (16)

With this neutrality condition and Eqgs. (8)
and (9), the electrical conductivity varies
with oxygen partial pressure as shown in

o= 21/2[1_';l1]ﬂE P(_,zl“e u
AS —-AH
exp [71-?-‘] exp [ ZRTf] - (17

The observed P,, dependence of conductiv-
ity in all the samples are in good agreement

[n)~2(vg") | [u}=~2(v5]) L1~ [P)
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Fi16. 4. Defect concentration for the ternary oxide
ABOj, with a fully ionized acceptor impurity, I,,, and
Schottky—Wagner disorder as a function of oxygen
pressure.
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with the value predicted by the above impu-
rity model.

Region III (Po, > 107* atm)

The electrical conductivity in this region
is p-type with a ~+4th dependence on P,,.
The p-type behavior is due to the incorpo-
ration of oxygen atoms into the calcium ti-
tanate lattice. Stoichiometric excess of oxy-
gen (more than enough oxygen to satisfy
the maximum oxidation states of the cat-
ionic content) can be incorporated into cal-
cium titanate by a favorable process
(6, 14, 17). The CaO deficiency makes
available systematic oxygen vacancies
which might accommodate a stoichiometric
excess of oxygen according to

(VeaVe) + 30, =05+ Vi, + /7,

V’
VRV = KuPle

= KuPif exp | Re2], (19

(18)

where [p] = h. [(VE,Vy)] can be taken as
constant in Eq. (19) for a given composi-
tion. The unassociated calcium vacancies
that result when the oxygen vacancy in the
neutral calcium vacancy-oxygen vacancy
complex is filled must be singly ionized in
order to lead to the +% oxygen partial pres-
sure dependence of the electrical conduc-
tivity data when Eq. (19) is combined with
the corresponding charge neutrality condi-
tion,

[Vea] = [p]. (20)

The combination of Eqs. (19) and (20), how-
ever, indicates that [p] and, therefore, the
conductivity in this region should be pro-
portional to [(V, V5)1'2. No such variation
in the electrical conductivity was observed
(Figs. 1 and 2), which suggests that the
bound V related to the CaO deficiency
does not offer the sites for the incorporation
of oxygen atoms to lead to the observed p-
type behavior. It is to be pointed out here
that Chan and Smyth (/3) compared barium
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titanate samples with Ba-to-Ti ratios of
0.995 and 1.000 whereby the concentration
of the divacancy complex should have dif-
fered by at least two orders of magnitude
and found that the conductivity for the lat-
ter samples was higher by only about 30%,
which is even in the wrong direction ac-
cording to the above model (/4). If one as-
sumes that the defects formed due to the
CaO deficiency are unassociated, then one
would expect the conductivity in the p-type
region to increase as the CaO deficiency in-
creases. This is because a greater number
of oxygen atoms can be incorporated into
the oxygen vacancies from the unassoci-
ated defects. No such systematic variation
in the absolute values of the conductivity
was observed (see Figs. 1 and 2) for the
wide range of CaO deficiency introduced
into the samples used in the present study.

The observed p-type behavior, therefore,
is due to the incorporation of oxygen into
the impurity-related oxygen vacancies and
the reaction is

[Vol+ 30, =0§ + 2k (21)

The charge neutrality condition in this re-
gion is given by

Im] = 2[V5].

The chemical mass action expression for
Eq. (21) is
2
= K}, Pl2 exp ["ﬁf”] (22)

(16)

Combination of Eqs. (16) and (22) gives
_ ( Kaullns] )”2
[p] = (Kodlnl
Py exp(%RAI—;ﬂ)- (23)
This yields
(24)

as long as only a minor fraction of the impu-
rity-related Vy is filled. This model fits the

o« Py}
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observed oxygen pressure dependence of Acknowledgment

electrical conductivity in this region.

Conclusions

The oxygen pressure dependence of elec-
trical conductivity in the samples with Ca-
to-Ti ratios 0.998, 0.995, and 0.992 (corre-
sponds to 50.05, 50.125, and 50.201 mole%
TiO,, respectively) was found to be similar
to that observed in calcium titanate with
ideal cation—cation ratio. The absolute val-
ues of the conductivity did not change sig-
nificantly as the Ca/Ti ratio was changed in
all the three regions. These observations in-
dicate that the defects related to the devia-
tion from ideal cationic ratio are associated
into neutral vacancy pairs, (V¢,Vy), and
this conclusion is similar to that obtained
for the structural analogs BaTiOz; and Sr-
TiO; with excess TiO, by earlier investiga-
tors (/3, 14, 16). The experimental results
indicate that doubly ionized oxygen vacan-
cies, Eq. (8), are the dominant defect
present for P,, < 1076 atm.

For P,, > 107" atm, the defect chemistry
of calcium titanate is dominated by acciden-
tal acceptor impurities and their related ox-
ygen vacancies, Eq. (16). Because of these
acceptor impurities, a region in which the
conductivity changes as the ~—4th power
of oxygen partial pressure is observed.

The p-type conductivity observed in the
region Py, > 10 atm is due to fractional
filling of the impurity-related oxygen vacan-
cies, Eq. (21), and the defects present due
to the deviation from ideal cationic ratio
have no significant role in influencing the
observed electrical conductivity. The con-
ductivity minima occur almost at the same
Py, for the samples with different Ca-to-Ti
ratios. The results indicate that for the con-
ditions under which the present samples
were sintered, CaTiO; does not saturate
with TiO, even at 50.201 mole%. The effect
on the defect chemistry of CaTiO; with ex-
cess Ca0 is currently under investigation.

We wish to thank the Gas Research Institute for the
financial support in carrying out this investigation.
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