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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 ( P4 = loo-lo-” 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, (If:, Vi). The results indicate that the single-phase field of calcium 
titanate extends beyond 50.201 mole% TiOz. 

Introduction 

Calcium titanate has an orthorhombic 
structure at room temperature (I), 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 1 lOO- 1300°C. Cox and 
Tredgold (5) measured the electrical con- 
ductivity of single-crystal CaTiOs at 130°C 
and reported it to be ptype, 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 CaTiO, indicate that there is an 
extensive range of low oxygen partial pres- 
sures (P,), where the conductivity in- 
creases with decreasing Pa, characteristic 
of n-type conduction related to oxygen defi- 
ciency. 

The structural analog, BaTiOl, has been 
studied in much detail in both polycrystal- 
line (8-13) and single-crystal (14) states. 
The three polycrystalline samples of Ba- 
TiOs used by Long and Blumenthal (20) 
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 comparison 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 (13). 
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 P,. They concluded that SrTiOs 
saturates with TiOa 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 (16) have found that the 
single-phase field of strontium titanate ex- 
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tends beyond 50.505 mole% TiOz and the 
defects formed due to excess TiOz are asso- 
ciated into neutral vacancy pairs, (Vi, 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% TiOz, 
respectively. The conductivity data ob- 
tained in a sample with ideal cation-cation 
ratio in our previous investigation (6) are 
also given. 

Experimental Results and Discussion 

The specimens employed in this investi- 
gation were prepared by a liquid mix tech- 

The measured electrical conductivity as a 
function of oxygen partial pressure in cal- 
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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 (19, 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 (17). 
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FIG. 1. The measured electrical conductivity as a function of PO, in calcium titanate with Ca/Ti = 
1.000, 0.998, 0.995, and 0.992 at 950°C. 
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cium titanate with Ca/Ti = 1.000, 0.998, the samples. This is in disagreement with 
0.995, and 0.992 at 950 and 1050°C are given the prediction of Chan et al. (15) in SrTiOs 
in Figs. 1 and 2. In all the cases, the electri- that the conductivity minima move to lower 
cal conductivity changes from p- to n-type PO, by two orders of magnitude for each 
as the oxygen partial pressure is decreased. order of magnitude increase in the extrinsic 
The log u vs log P,, data are linear with a Vi concentration present as unassociated 
slope of --& in the P,, region < lo-l6 atm defect in the samples with excess TiOz. The 
for all the samples investigated. As the oxy- three regions observed in the log u vs log 
gen activity is increased further, the PO, de- P, plots are discussed separately. 
pendence of conductivity changes and the 
new values of the slopes are ---a for the Region Z (P,, < lo-l6 arm) 

P,, range 10-15- lOPa atm. The slopes observed (- -4) for the log u 
For P, > 10m4 atm, the conductivity in- vs log P, plots in this region are similar to 

creases with oxygen pressure, characteris- that found for BaTi03 (II -14) and SrTi03 
tic of p-type or oxygen excess conduction. (16, 17) as well as the results obtained in 
The region of linearity in the p-type region polycrystalline calcium titanate with Ca/Ti 
increases in width with decreasing tempera- = 1.000 (6). Excess TiOz in the system 
ture (from 1050 to 950°C) as thep-n transi- must be accommodated by the formation of 
tion moves to lower PO*. The conductivity point defects in the lattice. The following 
minima occur almost at the same P, for all mechanisms can be envisioned for the in- 
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FIG. 2. The measured electrical conductivity as a function of PO, in calcium titanate with CaITi = 
1.000, 0.998, 0.995, and 0.992 at 1050°C. 



corporation of excess TiOz into CaTi03 of 
ideal composition to make Ca-to-Ti ratio K, = [Vg] [n12Pbr = exp 9 (9) 

less than unity: where [n] = e’ . The Gibbs standard free 
TiO 2 S Tif+ + 2Of-, (1) energy change for reaction (8) is repre- 

sented by AGP If the built-in CaO defi- 
TiO 2 z$ Tit+ + O2 + 4e’, (2) ciency exceeds the disorder from the oxy- 

2TiO 2 z$ Tit: + Ti?& + 3Of + O:-, (3) 
gen loss described in Eq. (8), the charge 
neutrality condition will then read 

2Ti0 2 GS Tigz + Ti+i [V&J = [Vi] = K:‘2a&. (10) 
+ 30f + 2e’ + *O,, (4) From Eqs. (9) and (10) we can then obtain 

TiOzeTi+, + 20; + Vi& + V,‘, (5) KQ’2 

TiOz + 302 * 
hl = K13/4al& Po;'4. [ 1 (11) 

Ti& + 308 + V& + 2h. (6) The data in Figs. 1 and 2 indicate that in 
the PO, region < lo-l6 atm the conductivity 

The reactions [Eqs. (2), (4), and (6)] which varies as Pz16. This indicates that at low 

generate electronic defects can be excluded PO, the charge neutrality condition should 

because of the observed lack of influence of be 

the Ca/Ti ratio on the electronic conductiv- [nl = 2 [Vi]. (12) 
ity (Figs. 1 and 2). Both Tit+ and Of- are 
unfavorable defects in the close-packed 

Expressing the free energy change in terms 

perovskite structure, so Eq. (5), involving 
of the enthalpy change, AH,, and entropy 

the formation of (V’& and Vi), is the most 
change, A&, and substituting Eq. (12) into 

probable choice. This is in accord with the 
Eq. (9), the result for the electron concen- 
tration is 

electrical conductivity measurements in 
CaTiOs (3, 6) which showed that Vi is the [n] = 21’3 &f-5 

preferred defect for oxygen deficiency in 
CaTiO,, and they appear to be the dominant ew [!$$I exp [s] (13) 

ionic defect in the closely related BaTiOB 
(10, II, 14) and SrTiOs (15, 17) in the oxy- 

and the electrical conductivity, (T, is given 

gen-deficient region. by 

The chemical mass action expression for 
(+ = 21’3&$6, p 

-a 

reaction (5) is given by exP [s] exp [$$I, (14) 

Wllal W,l = &%o*, (7) 
where e is the electronic charge and p is the 

where aTi& is the activity of TiOz. One mobility of the conduction electrons. For 
should also consider the formation of a dou- Eq. (12) to hold, the oxygen deficiency cre- 
bly ionized oxygen vacancy, [Vi], and two ated by Eq. (8) must greatly exceed the 
electrons available for conduction by the built-in CaO deficiency. 
removal of an oxygen from a normal lattice Thermogravimetric measurements on un- 
site into the gas phase in TiO,-excess doped CaTi03 (21) indicate that for Eq. (12) 
CaTiOS . The reaction is to be a valid expression for the dominant 

Oge *O, + Vi’ + 2e’. 03) 
charged defects, no other charged defect 
can be present in excess of about 450 ppm 

The equilibrium constant for reaction (8) is (atomic). For the samples under consider- 
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ation, the CaO deficiency amounts to 2000- 
8000 ppm. From the known amounts of 
CaO deficiency in the samples, the ob- 
served -&th dependence for conductivity 
on Paz 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 [Vi’] at low oxygen pressures and 

. . 
the relationship o 0~ Pa, l/6 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 

vg + v, c (VC, V,), (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 (13, 14) that the de- 
fects formed due to excess TiOz in BaTi03 
are associated into neutral vacancy pairs 
( v;, V(y). 

The phase information available to date 
for the CaO-Ti02 system (22) shows that 
there is a definite phase width for CaTiOa 
on the CaO-rich side and a single-phase re- 
gion from the ideal composition of CaTiOs 
up to -2-3 mole% excess CaO at 1200°C 
but no indication of any solubility for ex- 
cess TiOz in CaTi03. The phase diagram for 
the structural analog BaO-TiOz shows that 
there is a definite phase width (-1 mole% 
excess TiOs) on the TiO,-rich side of Ba- 
TiOs at 1400°C (23). In disagreement with 
the above results, Sharma et al. (24) re- 
ported that the solubility of TiOz in BaTiOs 

is less than 0.1 mole%. The available phase 
study in the system CaO-TiOz (22) sug- 
gests that the second phase formed for ex- 
cess TiOz in CaTi03 should be TiOz. 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% 
TiOz (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 
TiOz even at 50.201 mole%. This suggests 
that BaTi03 (22), SrTi03 (15, 16), and Ca- 
TiOa all have a definite phase width on the 
TiO*-rich 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 ZZ (PO2 = 10-15-10-* atm) 

A slope of --a is found for the log u vs 
log P,, data (see Figs. 1 and 2). Balachan- 
dran et al. (6) attributed the observed slope 
of approximately -4 in the sample with Ca/ 
Ti = 1 .OOO 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 (17) 
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 ABO3 with an acceptor impu- 
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LOG PO2 - 

FIG. 3. Defect concentration vs the oxygen pressure 
in the ternary oxide ABOs 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 AB03 with both A and B site vacan- 
cies. The familiar [n] CC P,lls region with 
charge neutrality condition, [n] = 2 [Vi.], is 
illustrated in Fig. 3. In Fig. 4, an acceptor 
impurity I, that is always fully ionized to ZL 
is added to the ternary oxide AB03. Note in 
Fig. 4 that for sufficient departures from 
stoichiometry it may be possible for the 
electrical conductivity to be controlled by 
[n] = 2[Vg] and to thereby mask the effect 
of the acceptor impurity. 

In Fig. 4, there is a region with electrical 
neutrality condition, [ZJ = 2 [Vi], in which 
the electron concentration varies as the 
-$th power and the electron hole concen- 
tration increases as the ++th 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 -&h dependence on 
P Oz. As the oxygen partial pressure in- 

eventually becomes greater than the elec- 
tron concentration and the material be- 
comes p-type with a ++th 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, [ZAI = [pl, as 
shown in Fig. 4. 

The observed slope of --a from the log 
u vs log P,, data (see Figs. 1 and 2) in this 
region of P,, ( 1O-15-1O-s 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 

[ZA] = 2 [Vi.]. (16) 

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

u = 21’2 [& P,“*e p 

exp [$I exp [$I . (17) 

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

L 

LOG PO2 - 

FIG. 4. Defect concentration for the ternary oxide 
ABOr with a fully ionized acceptor impurity, IL, and 
Schottky-Wagner disorder as a function of oxygen 

creases, the electron hole concentration pressure. 
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with the value predicted by the above impu- 
rity model. 

Region ZZZ (PO* > 10m4 arm) 

The electrical conductivity in this region 
is p-type with a -+$th 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, 24, 17). The CaO deficiency makes 
available systematic oxygen vacancies 
which might accommodate a stoichiometric 
excess of oxygen according to 

(V;,Vd’) + +O, &OS + V&, + h., (18) 

mal[P1 _ m - J&q 

= K,$g exp +5 , 
[ I (19) 

where b] = h’. [(V’&Vi.)] 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 +f oxygen partial pres- 
sure dependence of the electrical conduc- 
tivity data when Eq. (19) is combined with 
the corresponding charge neutrality condi- 
tion, 

Kal = [PI. (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’&V;.)]““. No such variation 
in the electrical conductivity was observed 
(Figs. 1 and 2), which suggests that the 
bound Vi 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 (13) compared barium 

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 (14). 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 observedp-type behavior, therefore, 
is due to the incorporation of oxygen into 
the impurity-related oxygen vacancies and 
the reaction is 

[Vi.] + + 02 G O$ + 2h’ (21) 

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

[Z&l = 2[&]. (16) 

The chemical mass action expression for 
Eq. (21) is 

& = KZIP$ 

= K;I,P$ exp * [ 1 (22) 

Combination of Eqs. (16) and (22) gives 

bl = ( G$Gl )1/Z 

P$ exp -2E * 
( p> (23) 

This yields 

(+dcP% (24) 
as long as only a minor fraction of the impu- 
rity-related Vi. is filled. This model fits the 
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observed oxygen pressure dependence of 
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% 
TiOz, 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’&Vi’), and 
this conclusion is similar to that obtained 
for the structural analogs BaTi03 and Sr- 
TiOs with excess TiOz by earlier investiga- 
tors (13, 14, 16). The experimental results 
indicate that doubly ionized oxygen vacan- 
cies, Eq. (8), are the dominant defect 
present for Paz < IO-l6 atm. 

For Ps > lo-l5 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 --$th power 
of oxygen partial pressure is observed. 

The p-type conductivity observed in the 
region P, > 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 
P,, for the samples with different Ca-to-Ti 
ratios. The results indicate that for the con- 
ditions under which the present samples 
were sintered, CaTi03 does not saturate 
with TiO, even at 50.201 mole%. The effect 
on the defect chemistry of CaTiO, with ex- 
cess CaO is currently under investigation. 

Acknowledgment 

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

References 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 
9. 

IO. 

II. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 
19. 
20. 

21. 

22. 

23. 

24. 

25. 

H. F. KAY AND P. C. BAILEY, Acta Crystallogr. 
10, 219 (1957). 
H. F. KAY, Rept. Brit. Elec. Res. Assoc. Ref. LT, 
257 (1951). 
W. L. GEORGE AND R. E. GRACE, J. Phys. Chem. 
Solids 30, 881 (1969). 
W. L. GEORGE AND R. E. GRACE, J. Phys. Chem. 
Solids 30, 889 (1969). 
G. A. Cox AND R. H. TREDGOLD, Wt. J. Appl. 
Phys. 18, 37 (1967). 
U. BALACHANDRAN, B. ODEKIRK, AND N. G. 
EROR, J. Solid State Chem. 41, 185 (1982). 
U. BALACHANDRAN, AND N. G. EROR, Submit- 
ted. 
H. VEITH, Z. Angew. Phys. 20, 16 (1965). 
F. FOSEK AND H. AREND, Phys. Status Solidi 24, 
K69 (1967). 
S. A. LANG AND R. N. BLUMENTHAL, J. Amer. 
Ceram. Sac. 54, 515 (1971). 
S. A. LANG AND R. N. BLUMENTHAL, J. Amer. 
Ceram. Sot. 54, 577 (1971). 
A. M. J. H. SEUTER, Philips Res. Rep., Suppl. 
No. 3 (1974). 
N. H. CHAN AND D. M. SMYTH, J. Electrochem. 
Sot. 123, 1584 (1976). 
N. G. EROR AND D. M. SMYTH, J. Solid State 
Chem. 24, 235 (1978). 
N. H. CHAN, R. K. SHARMA, AND D. M. SMYTH, 
J. Electrochem. Sot. 128, 1762 (1981). 
N. G. EROR AND U. BALACHANDRAN, J. Solid 
State Chem ., in press. 
U. BALACHANDRAN AND N. G. EROR, J. Solid 
State Chem. 39, 351 (1981). 
M. PECHINI, U.S. Patent 3,330,697, July 11, 1967. 
S. P. MITOFF, J. Chem. Phys. 35, 882 (1961). 
J. B. PRICE AND J. B. WAGNER, Z. Phys. Chem. 
49, 257 (1966). 
U. BALACHANDRAN AND N. G. EROR, J. Mater. 
Sci. 17, No. 5 (1982). 
R. C. DEVRIES, R. ROY, AND E. F. OSBORN, J. 
Phys. Chem. 58, 1069 (1954). 
D. E. RASE AND R. ROY, J. Amer. Ceram. Sot. 
38, 102 (1955). 
R. K. SHARMA, N. H. CHAN, AND D. M. SMYTH, 
J. Amer. Ceram. Sot. 64, 448 (1981). 
F. A. KRUGER AND J. H. VINK, in “Solid State 
Physics” (F. Seitz and D. Turnbull, Eds.), Vol. 3, 
p. 307, Academic Press, New York (1956). 


