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In order to elucidate the diffusion of oxide ion vacancies in perovskite-type oxides, we determined the 
tracer diffusion coefficient of oxide ions, D:, in Lai-,SrXCoOl-s (X = 0.1) and Lal-,SrXFeO,-G (x = 0.1, 
0.25, and 0.4) single crystals. The correlation factor, f ,  for a vacancy diffusion mechanism in a 
perovskite-type anion sublattice was calculated to bef= 0.69. Using this value and the nonstoichiome- 
try data, the diffusion coefficient of oxide ion vacancies, D v, was estimated. It was found that Dv in 
La1-,Sr,Zt40X-~ (M = Co, Fe) take similar values in their magnitude and activation energy. It was 
concluded that a point defect model holds for the vacancy diffusion in these oxides. The diffusivity of 
oxide ions in the perovskite-type oxides was comparable to that in fluorite-type oxides. o 1988 Academic 

Press, Inc. 

1. Introduction 

The oxides with perovskite-type and 
perovskite-related structures have been in- 
tensively investigated for applications as 
electrode materials, oxidation catalysts, 
disposals of radioactive waste matters, and 
high T, superconductors. It has been indi- 
cated that these oxides have large oxygen 
deficiencies, and that the deficiencies are 
related to their properties. In order to eluci- 
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date the behavior of oxide ion vacancies in 
perovskite-type oxides, Lal-,Sr,MO+s (M 
= Co, Fe), we have carried out diffusion 
studies (Z-3) and thermogravimetric mea- 
surements (4, 5). 

In a point defect model with a vacancy 
diffusion mechanism the self diffusion coef- 
ficient of oxide ions, DO, is proportional to 
the vacancy concentration, Cv , and the va- 
cancy diffusion coefficient, DV (6). 

Do = Dv (G/Co), (1) 

where Co is the oxide ion concentration. 
In the previous papers (I, 2), we demon- 

strated that tracer diffusion coefficient of 
oxide ions, 08, in LaCo03-6 and LaFe03-8 
is proportional to oxide ion vacancy con- 
centration. It was concluded that the point 
defect model holds for oxide ion vacancy 
on these oxides and diffusion proceeds by a 
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vacancy mechanism. It was also shown that 
Dv in these oxides take similar values. It 
should be noted again that this infers that 
the oxide ion vacancy diffusion is described 
by a point defect model, although there ex- 
ists an appreciable nonstoichiometry in the 
oxides (up to = 1.3 x low3 in LaCoOj-6 and 
5.8 x 10e6 in LaFeOjd8 in the oxygen atmo- 
sphere of diffusion measurement) (4, 5). 

When La in LaCo03-* and LaFeO3-& is 
substituted by Sr, the vacancy concen- 
tration increases and highly defective 
perovskite-type oxide is obtained (4, 5). 
The primary objective of this paper is to 
find out the validity of point defect model in 
these highly defective perovskite-type 
structures. To this end, we have measured 
the tracer diffusion coefficient of oxide ions 
in single crystals of Lal-XSr,CoO~-8 (X = 
0.1) and Lal-,SrXFe03-p (X = 0.1, 0.25, and 
0.4) by the gas phase analysis method and 
the depth profile measurement. The va- 
cancy diffusion coefficient is determined by 
using Eq. (1) and the following equation, 

06 = fDo, (2) 

where f is a correlation factor of diffusion. 

2. Experimental 

2.1 Material 

In the measurement of diffusion coeffi- 
cient, effects of grain boundaries and mi- 
crostructures may appreciably affect the 
results. It is, therefore, favorable to make 
diffusion experiments on single crystals. 
We have succeeded in the single crystal 
growth of both solid solutions La,-&-, 
MOjms (M = Co, Fe) by a floating zone 
method (7). 

As-grown single crystals were annealed 
in air at 1200-1300°C for 2 days and the 
specimens were fabricated in spheres of 3- 
5 mm in diameter and slabs of 0.7-0.8 mm 
thick. The surfaces of the slabs were finely 
nolished. 

2.2 Diffusion Annealing and 
Measurements 

(a) Preannealing. The annealing of speci- 
mens was carried out in the apparatus de- 
scribed elsewhere (I). The specimens were 
preannealed at the same oxygen pressure as 
that for the succeeding diffusion anneal. 
The purpose of the preannealing is to equili- 
brate the defect concentration with the de- 
sired oxygen partial pressure and to elimi- 
nate the surface damage formed during 
cutting and polishing procedures. 

(6) Gas phase analysis method. Spherical 
specimens were annealed in an ‘*O 73.5% 
enriched oxygen gas (Prochem, Cat. No. 
00-409, B. 0. C. Limited, UK), and the 
decrease in r80/r60 ratio was monitored by 
a mass spectrometer. The details were pre- 
viously given (I). 

(c) Depth profile measurement. Slab 
specimens were annealed in an r80-en- 
riched oxygen gas for a predetermined time 
and the IgO depth profile was measured by a 
secondary ion mass spectrometer (SIMS) 
(IMA-IIAH, Hitachi, Tokyo). Using the 
sample with a uniform concentration of 
4.2% r8O, the intensity of mass spectra was 
calibrated in situ on every measurement. 
The depth of an ion-etched crater was mea- 
sured by a Talystep profilometer. The de- 
tailed description on the secondary ion 
mass spectrometry is given elsewhere (8). 

3. Results and Discussion 

3.1 Gas Phase Analysis Method 

The ratio of the diffused amounts of igO 
into specimens, M,IM, , were determined 
by measuring the ratio of isotopic composi- 
tion of I60 and 180 in the gas phase, where 
MI and A& are the total I80 amounts diffus- 
ing into the solid for a time t and infinite 
time, respectively. The observed time de- 
pendences of A4,IA4, are shown in Figs. 1 
and 2. The present experimental condition 
can be stated bv a model of solute diffusing 
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from a well-stirred solution. The isotopic 
exchange reaction was affected by surface 
reaction and it was necessary to analyze the 
data using the following equations (9), 

-=,-2 M, 
M, n=-1 

6aMZ (1 + ac) 

a2q4, + aM{a(M - 1) - 6}gt, 
+ 9(1 + a)M2 

exp i- q] (3) 

tan qn = 
3M4, - ad 

aq: (M - 1) + 3M’ 

(M = kalD6) (4) 

where k is the rate constant of surface reac- 
tion, (Y the ratio of oxygen atoms in the gas 
phase and the solid phase, a the radius of 
the sphere specimen, q,, the nonzero roots 
of Eq. (4). 

The data shown in Figs. 1 and 2 were 
fitted to Eq. (3) to determine 06 and k by a 
nonlinear least-squares analysis using 
SALS program package at the Computer 
Center of the University of Tokyo. The 
results of the calculation are shown in Ta- 
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FIG. 1. Diffused amounts of oxygen against time in 
the gas phase analysis method for Lao.9Sr0 ,CoOj-8: 
P(0,) = 4.5 kPa. 

TABLE I 

TRACER DIFFUSION COEFFICIENT OF OXIDE IONS, 

Di, AND DIFFUSION COEFFICIENT OF OXIDE ION 

VACANCIES, Dv. BY THE GAS PHASE ANALYSIS 

METHOD 

LawSra ,CoOs-8; P(Oz) = 4.5 kPa 

rb 
Dt, k cv” DV 

(cm’ set-I) (cm set-‘) (mole) (cm* set-‘) 

1000 2.05 x 10-E 2.31 x lO-6 9.12 x W3 9.76 x lO-6 
950 7.60 x 10-q 2.39 x W6 4.37 x 10-j 7.56 x lO-6 

900 2.61 x IO@ 1.18 x 10-6 2.04 x 10-3 5.55 x 10-G 
850 8.99 x lo-‘0 7.81 x IO-’ 9.12 x lO-d 4.28 x IO@ 

La-,Sr,FeO,-6; P(Oz) = 6.5 kPa 
0.1 1100 2.86 x lo-* 8.15 x 10-C 1.11 x 10-Z 1.12 x 10-S 

1050 2.34 x lo-@ 3.62 x 10m6 8.40 x 10m3 1.21 x 10m5 
1.55 x 10-E 1.27 x lO-6 8.02 x lO-6 

IWO 1.10 x IO-~ 1.85 X lO-6 6.44 x 10-j 7.41 x lO-6 
950 4.89 x IO@ I.01 X lO-6 4.63 x lO-3 4.59 x lO-6 
900 3.22 x lO-9 5.28 X IO-’ 3.12 x IO-’ 4.49 x lO-6 

2.31 x lO-9 6.40 x IO-’ 3.22 x lO-6 
0.25 1050 2.70 x IO-’ 1.03 x lO-5 4.98 x lO-2 2.36 x lO-5 

loo0 1.25 x IO-’ 4.06 x 10m6 4.12 x lo-* 1.32 x lO-5 
950 6.70 x IO-~ 3.08 x 10m6 3.25 x IO-* 6.18 x lO-6 
900 3.37 x 10-E 1.04 x IO-h 2.41 x IO-* 6.08 x lo-” 

0.4 loo0 5.88 x IO-’ 1.21 x 10-S 1.31 x 10-I 1.95 x 10-x 

a Determined by thermogravimetry (4, 5). 

ble 1. The solid lines in Figs. 1 and 2 are 
those calculated utilizing the determined 
06 and k. Standard deviations, (T(D:) and 
a(k), in 06 and k, respectively, are 

(+(D?J c(k) 
<lO% -50% 
lo-25% lo-20%. 

3.2 Depth Profile Measurement 

The depth profile measurements were 
carried out on L~.$Sr0.1Co03-s at 850 and 
800°C and Lao.sSro.lFe03-s at 900 and 
850°C. The **O depth profiles obtained by 
SIMS are given in Fig. 3. As is shown in the 
figure, the 180 concentrations at surfaces 
are much less than that in the gas phase, 
73.5%. This indicates that the isotopic ex- 
change is largely affected by the surface ex- 
change reaction. 

The solution of the diffusion equation for 
the present boundary condition is repre- 
sented as follows (10): 
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FIG. 2. Diffused amounts of oxygen against time in the gas phase analysis method for La,+, 
Sr,Fe03-8: P(0,) = 6.5 kPa. (a) x = 0.1; (b) x = 0.25; (c) x = 0.4. 

C(x) - co 
cg - co 

= erfc i, &I -exp(hx + h2DGt) 

erfc 
X 

2v5$ 

(h = k/D;) (5) 

where C(x) is the IsO concentration of a 
distance x from the surface for a diffusion 
time t and Co the natural abundance of r8O, 
0.204%. 

We have previously determined 08 and k 
by fitting the depth profile data to Eq. (5) by 
a least-squares analysis (2, 3). However, it 
is difficult to analyze the data in Fig. 4, 
where profiles have very low IsO concen- 
trations at the surface with a linear depen- 
dence of a small slope. The slope of the 
depth profile for a longer annealing time 
was too small to determine 06. The short- 
est time that we could control accurately 
with our heating apparatus was 10 min. 
Therefore, we had to treat the profile data 
of IO-min annealing. For a similar depth 
profile data, Tannhauser and his co-investi- 
gators (II) have tried a method to estimate 
the rough value of 06. We have treated the 

depth profile data carefully to determine the 
more precise values of 0; and k (7). The 
estimated errors in 08 and k are IO-20%. 
The results are given in Table 2. 

3.3 Tracer Diffusion CoefJicient 

In Fig. 4, the tracer diffusion coefficient 
of oxide ions determined in this work are 
shown. 05 in LaCo03-s (I), LaFe03.+ (2), 
and CSZ(ZrO.858C~.14201.858) (12) are also 

shown for comparison. 

60. 

po- 

e 

20- 

FIG. 3. Concentration profiles of I80 obtained by 
SIMS. (a) La,,$rO,,CoO~-~: P(O2) = 4.5 kPa; annealing 
time = 10 min. (b) La&ro.,FeOl-~: P(0,) = 6.5 kPa; 
annealing time = 10 min. 
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FIG. 4. Tracer diffusion coefficient of oxide ions, 
DG, in La,-,Sr,Co03-s [x = 0 (0, l ), x = 0.1 (0, H)] 
and La1+‘3r,Fe03-s [x = 0 (* ), x = 0.1 (A, A), x = 
0.25 (V), x = 0.4 (D)]. Open and solid symbols denote 
0: determined by the gas phase analysis method and 
that by the depth profile measurement, respectively. 
For comparison, 0: in CSZ(Zr0.858C~.14201 & (13) is 
also shown. 

For La&Sro.lCoO~-s and La&r,-,, 
FeOsps, 06 determined by both methods 
agree well with each other. This agreement 
assures that 08 can be determined by either 
method even when an isotopic exchange re- 
action is affected by a surface reaction. 

La1-,SrXCo03-p x = 0: 

The temperature dependences of 06 in 
L*.$Sr0.1C003-s at an oxygen pressure of 
4.5 kPa and La,-,Sr,Fe03+ at 6.5 kPa are 
expressed as follows, 

Lao.9Sr0.C003-6: 

06 = 1.77 X IO3 exp(-(270 ? 38)kJ 
mol-r/RT) cm2 set-r (6) 

x = 0.1: 06 = 5.28 x low2 exp 
(-(164 + 25)kJ mol-l/RT) cm2 set-r (7) 

x = 0.25: 0; = 2.45 
X exp(-(177 2 17) 

kJ mol-l/RT) cm2 set-l, (8) 

where the figures after + denotes 2~. 
The substitution of La3+ by Sr2+ leads to 

an increase in 06 in both solid solutions. It 
should be noted that 06 in L~,,5Sro.25 
Fe03+ and La&Sro.4Fe03-s are compara- 
ble to that in CSZ, which is one of the best 
oxide ion conductors. The activation ener- 
gies of 06 in the oxides including Sr are 
smaller than that of LaCoOs-6, 310 kJ 
mol-* and that of LaFeOjms, 214 kJ mol-I, 
respectively. 

In both solid solutions, oxide ions are 
considered to diffuse via oxide ion vacan- 
cies, as in LaCo03-s and LaFe03-s. There- 
fore, the activation energy, Q, of 08 is a 
sum of the formation energy, AH,, and the 
migration energy, AH,, of oxide ion vacan- 
cies (13). AHr estimated by utilizing the 
nonstoichiometric data (4, 5) decreases 
with the increase in Sr content. 

AHrlkJ mol-’ = 215 
x = 0.1: 184 

Lal-,SrXFe03-s x = 0: 137 
x = 0.1: 85 
x = 0.25: 62. 

3.4 Vacancy Diffusion Coefficient tracer diffusion coefficient, Dg, and va- 

As has been described earlier, the point 
cancy diffusion coefficient, DV , by 

defect model leads to equation relating 0;s = f(CvlCo)Dv = f(S/(3 - S))Dv. (9) 
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TABLE II 
TRACER DIFFUSION COEFFICIENT OF OXIDE IONS, 
D:, AND DIFFUSION COEFFICIENT OF OXIDE ION 

VACANCIES, Dv, BY THE DEPTH PROFILE 
MEASUREMENT 

L.~&~o.~COO+~; P(Oz) = 4.5 kPa: annealing time = IO min 

co’0 
D& k CV” DV 

(cm2 set-‘) (cm sex-‘) mole) (cm2 sect’) 

850 4.34 x lo-” 1.55 x 10-7 9.12 x 10-d 2.07 x lO-6 
800 1.99 x 10-10 1.54 x 10-8 3.55 x 10-q 2.43 x W6 

Lao& ,FeOx-6; P(Oz) = 6.5 kPa; annealing time = 10 min 
904 2.65 x lO-9 3.60 x 10-7 3.12 x 10-j 3.69 x lO-6 
850 8.51 x lo-lo 2.92 x 10-E 2.17 X IO-’ 1.70 x 10-G 

a Determined by thermogravimetry (4, 5). 

The correlation factor, f, of diffusion of ox- 
ide ions via vacancies in a perovskite-type 
oxide has not been reported yet. We ap- 
plied the resistor lattice method proposed 
by Compaan and Haven (24) to the anion 
sublattice of a perovskite-type structure 
and obtained the value off = 0.69. Details 
are given under Appendix A. 

Mizusaki and his co-investigators have 
determined the nonstoichiometry in the 
solid solutions by a thermogravimetry (4, 
5). They are cited in Tables 1 and 2. The 6 
increases with the increase in Sr content 
and that in temperature. Lao.,&o.4Fe03-8 
has a value as large as 0.131 at 1000°C and 
6.5 kPa, which infers that 4.4% of oxide ion 
lattice is vacant. 

The Dv values determined by using Eq. 
(9) are given in Tables 1 and 2. The temper- 
ature dependences of Dv are 

X= 

x= 

0: Dv = 2.30 x 1O-2 
exp(-(77 + 21)kJ mol-‘/RT) 

cm2 set-’ (10) 

0.1: Dv = 3.92 x 1O-2 
exp(-(79 + 25)kJ mol-*/RT) 

cm2 set-’ (11) 

Lal-,SrXFe03-a 
x = 0: Dv = 1.01 x 1O-2 

exp( - (74 & 24)kJ mol-‘/RT) 
cm2 set-’ (12) 

x = 0.1: Dv = 1.23 x 1O-2 
exp(-(79 t 25)kJ mol-‘/RT) 

cm2 set-’ (13) 

x = 0.25: Dv = 6.83 x lO-2 
exp(-(114 t 23)kJ mol-‘/RT) 

cm2 set-’ (14) 

Dv in LaCo03-s and LaFeOj-8 have been 
tentatively reported using the value off = 1 
(1, 2) and the present ones are recalculated 
usingf = 0.69. 

The magnitude of Dv seems almost inde- 
pendent of the Sr content in both solid solu- 
tions, although the vacancy concentration 
increases with the increase in Sr content, 
and reaches to several percentage of oxide 
ion sublattice when the Sr content is high. 

The activation energy, AH,,, , of Dv is 75- 
85 kJ mol-* independent of metal composi- 
tion, except for L~.7&0.25Fe03-6 with a 
large value of 114 kJ mol-I. The magnitude 
of Dv in L~.75Sro.25FeOj-s is similar to 
those in the other oxides, although some 
difference is seen in the activation energy. 
The large activation energy of DV may be 
attributed to the comparatively poor accu- 
racy in 08. As is shown by Nanba and his 
co-investigators (15), when the magnitude 
of 06 is relatively large and an isotopic ex- 
change reaction is largely affected by a sur- 
face reaction, the accuracy in 0: de- 
creases. 

Summarizing the above considerations, 
Dv in Lal-,Sr,Co03-s and Lat-,Sr,Fe03-6 
studied in this work falls in a range of 

Dv = (1 - 2) x 1O-2 
x exp(-(75 - 85)kJ mol-‘/RT) 

cm2 set-1 . (15) 

DV can also be calculated from the chem- 
ical diffusion coefficient, Ij, by the follow- 
ing equation, when the diffusion proceeds 
by a vacancy mechanism (16), 

6-1 ’ &,. 
2 / dlnCv \ (16) 

\alnP(O,)) 
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The present results are compared with 
those calculated from fi in La,-,SrXCo03-, 
(X = 0, 0.1) (3) in Fig. 5. The agreement 
between Dv values determined by both 
methods is excellent and this is considered 
to prove the vacancy mechanism in a point 
defect model. 

It is noteworthy that Dv remains almost 
unvaried and it seems that the point defect 
model still holds even at these high vacancy 
concentration. This implies that interaction 
between vacancies is weak in these oxides. 
It is well known that electronic conductiv- 
ity in these oxides is very large and in a 
range of semi-metals (17). It is possible that 
coulombic interactions between ionic de- 
fects are shielded by highly populated free 
electrons. 

As is shown under Appendix B, there ex- 
ists a large discrepancy in the estimated 
values of Dv in perovskite-type oxides. The 
reliable defect diffusion coefficients from 
the data in the literature are those only for 
fluorite-type oxides. 

Dv in fluorite-type oxides are given in 
Fig. 6. It is found that Dv in the fluorite- 

t/-c 
1100 1000 900 80C 

I 80 9.0 
T-'/10-4K-' 

FIG. 5. Diffusion coefficient of oxide ion vacancies, 
Dv, in Lal-,Sr,Co0,-8 (x = 0 (0, O), 0.1 (0, 0)) and 
La,-,Sr,Fe03-8 (x = 0 (0), 0.1 (A), 0.25 (V), 0.4 (D)). 
Symbols 0 and El denote Dv derived from fi (3). 

-71 1 
0.5 0.6 0.7 0.8 0.9 1.0 l., 

T-' /10-4K-' 

1 

185 

FIG. 6. Comparison of diffusion coefficient of oxide 
ion vacancies, Dv. between the perovskite-type ox- 
ides (La1-,Sr,MOj-8 ; M = Co and Fe) and some fluo- 
rite-tYPe oxides; Zro.88Mg,.,,0,.88(D~) (18), zr0.85 

‘%,&s(D?J (181, UhdD;) (191, WJW%,d~) 
G’O), PuO~dd) (20, CeOdD@ (2.3, CaO doped 

Ce02 (ao) (23), and Y203 doped Ce02 (“0 NMR, ex- 
trapolated from 400 to 110°C) (24). Symbols for the 
perovskite-type oxides are the same as those in Fig. 5. 

type oxides is almost the same and the acti- 
vation energy of Dv is 45-60 kJ mol-‘, irre- 
spective of the method of measurement. In 
Fig. 6, Dv in perovskite-type oxides ob- 
tained in this work are also given. Com- 
pared with Dv in fluorite-type oxides, Dv in 
perovskite-type oxides is nearly the same, 
although AH,,, is slightly larger. That is, the 
diffusivities of oxide ions in both oxides are 
nearly equal. 

Appendix A 

Using the method proposed by Compaan 
and Haven (M), we calculated the correla- 
tion factor of a tracer oxide ion diffusion via 
vacancies in a perovskite-type oxide. 

The correlation factor, f, for a vacancy 
mechanism is represented by 

f= 
1 + (COS ei,i+I) 

1 - (COS 8i,i+i) ’ (Al) 
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where ei,i+i denotes the angle between two 
successive jump vectors i and i + 1, and the 
brackets denote the averaging overall pos- 
sibilities. In order to estimate the value of 
(cos Bi,i+i), Compaan and Haven (24) pro- 
posed a calculation method with occupa- 
tion probability, and the alternative method 
of a potential measurement using an electri- 
cal network of resistors, isomorphous to 
the crystal lattice. 

Although Compaan and Haven actually 
constructed a resistor network and made 
the potential measurement, we adopted a 
purely computational work and simulated 
the network. Using Kirchihoff s rule, a set 
of first-order linear equations was deter- 
mined and directly solved via a matrix cal- 
culation. 

The results of our calculation gave the 
values off, 0.70213, 0.69231, and 0.69117 
for the network with the number of steps, 2, 
3, and 4, away from the origin, respec- 
tively. Compaan and Haven showed that 
the number of 4 steps seems to be sufficient 
for a rough estimation. We approximated 
the value off as 0.69. 

Appendix B 

We tried to elucidate Dv in perovskite- 
type oxides from the existing data. To this 
end, the data of the chemical diffusion coef- 
ficient and ionic conductivity can be uti- 
lized (25-36). For the electronic conduc- 
tors, such as CaTi03 and SrTi03, Dv can be 
calculated by using Eq. (16) ((alnCv/ 
elnP(O,)) = -l/6; CaTi03 (37), SrTiOj 
(38)). For solid electrolytes, such as 
LaA103, the ionic conductivity of oxide 
ions, cro , has the following relation with Dv 
using the Nernst-Einstein equation and 
Eq. (11, 

cro = 22F2Cv(DvlRT). (B1) 

The vacancy diffusion coefficient calcu- 
lated by Eqs. (16) and (Bl) are represented 
in Fig. 7. The calculated values are seen to 

5 6 7 ‘O * 

FIG. 7. Diffusion coefficient of oxide ion vacancies, 
Dv, in some perovskite-type oxides. La,+,Ca,AIOz 
(~0) (25); Ca : LaAIO,(Lrq, &aoo5A101)(rro) (26); Ca : 
DYA~~~(DY~.~sC~~.~~~AIO~)(UO) (26); CaTiO4fi) (27); 
SrTiO, @ (d) (28), @ (d) (29), @ (8) (30); Ca 
Til~,Al,Ol(ao) (31); CaTiI+,Mg,O,(uo) (32); SrTi,+, 
Al,O,(uo) (33); BaTi03 (0) (34); and La,,,$ro5CoOj 
(fi, extrapolated from 100 to 20°C) (35). 

largely scatter in both magnitude and acti- 
vation energy. A typical example is Dv in 
titanates. Although many studies have been 
reported, we could not find a reliable one, 
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