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Structural characteristics of Sr i-x Lax Ti 3+6 as a function of oxygen partial 
pressure at 1400 °C 

s. A. Howard, J. K. Yau, and H. U. Anderson 
Department a/Ceramic Engineering, University 0/ Missouri-Rolla, Rolla, Missouri 65401 

(Received 22 June 1988; accepted for publication 17 October 1988) 

The structural characteristics ofSr1 __ x Lax TiOH.s (O<x<O.4) at 1400·C have been 
investigated as a function of ambient oxygen partial pressure. A modified Rietveld pattem
fitting structure-refinement program [H. M. Rietveld, J. Appl. Crystallogr. 2, 65 (1969)] was 
used to determine the nature of the distortions of the fundamental perovskite unit cell, the 
degree of lattice perfection, and the cation vacancy concentrations. Specimens equilibrated in 
forming gas displayed a linear relation between x, the lattice parameters, and the degree of 
lattice perfection while those samples annealed in air and oxygen deviated significantly from 
linearity. A monoclinic distortion oftlle perovskite structure was seen in the samples at low 
oxygen partial pressures while a second phase or layer type of distortion appeared in samples 
with x> 0.2 under oxidizing conditions. 

I. INTRODUCTION 

SrTi03 belongs to the class of AB03 perovskite com
pounds ideally having lattices with cubic symmetry but well 
known for their exhibition of structural distortions. These 
distortions may arise from the mismatch between ion and 
crystallographic site size, 1-3 distortion of the oxygen octahe
dra,4-6 or cation and/or anion sublattice vacancies. I

,7 The 
most common pseudocubic lattices are orthorhombic and 
rhombohedral, but hexagonal and monoclinic lattices are 
also found with some frequency, Prediction of the lattice 
symmetry is typically based on the Goldschmidt tolerance 
factor t, but these distortions are difficult to predict, particu
larly when partial covalent bonding is present in the com
pound. I Roth2 has indicated that the polarizability of the 
ions should also be taken into account in predicting the lat
tice type. GlazerS has systematically evaluated the possible 
crystallographic distortions based on the various modes of 
rotation of rigid oxygen octahedra and indicates the expect
ed space groups and relative pseuctocubic cell parameters. 

In the SrTi03 system investigated here, the excess 
charge introduced by the substitution ofLa3 + for Sr2 + can 
be compensated either by an increase in the oxygen content, 
(Sri x,Lax )Ti03 -f ,,/2' or by electronic charge compensa
tion through a change in valence, (Sri _ x ,Lax )( Tii :+: x' 

Ti! f )°3 , Studies by Eror and Smyth9 and Flandemeyer et 
al.1O have shown that SrI _ x Lax Ti03 + f> demonstrates re
versible oxidation-reduction behavior and, hence, charge 
compensation by change of Ti ion valence. 

A structural defect model had to be assumed in order to 
carry out the Rietveld 11 structure refinement. The two defect 
models considered were (1) vacancies on the A and/or B 
cation sublattices or (2) interstitial. oxygen on low electro~ 
static potential sites. Since interstitial oxygen is not common 
in perovskite structures, we focused our efforts on determin
ing the extent of point defects in the system. Vacancies on the 
A sites are preferred over B site vacancies due to the low 
electrostatic potential of the A site. While octahedral B site 
vacancies are relatively rare in perovskite systems, Hennings 
and Rosenstein 12 have concluded that the perovskite phases 

found in the PbO-Ti02 - LaO L5 system would form B site 
vacancies. Tilley 13 suggests that phases having a high static
dielectric constant support changes in stoichiometry not by 
the creation of point defects but rather by forming planar 
faults or intergrowths. 

Tofie1d and Scott4 scrutinized several defect models in 
their investigation of the perovskite lanthanum manganite 
system using the Rietveld technique. The authors indicated 
that better results were obtained by constraining the A and B 
site vacancies to be equal rather than aHowing for only A site 
vacancies. While their best results were obtained by fixing 
the B site vacancies at 2 % and allowing the A site vacancy 
concentration to vary, they constrained the A and B site va
cancies to be equal. In the present study, we also assumed 
vacancies on both the A and B sites, an assumption that be
comes increasingly valid as the defect concentration esca
lates. Due to the mathematics involved in the Rietveld refin
ement, we were required to assume the existence of a 
complete oxygen sublattice which would not be expected 
when the cation defect concentration is large. However, the 
low x-ray scattering ability of oxygen precluded the refine
ment of the oxygen site occupancies; refinement of x-ray 
data typically results in large values for the estimated stan
dard deviations of oxygen site occupancies. 

The x-ray patterns collected in this study were analyzed 
with the Rietveld program of Young and Wiles 14 modified 
by Howard and Snyder15 to separate the instrumental and 
specimen contributions to the broadening of the diffraction 
line profiles. This algorithm has been successfully applied by 
Yau and Howard 16 to Al and Si systems and has shown to be 
a powerful method for the analysis of strain in the lattice. 
Prior to the use of this algorithm, the measurement and pro
file fitting of diffraction lines from defect-free specimens was 
required. Ca!ibration curves produced from the refined line 
parameters are used to calculate the instrumental contribu
tions at any angle. A specimen-related profile function is 
convoluted with the instrumental contributions and the inte
gral breadth fJ of the specimen profile is adjusted until the 
error between the calculated and observed lines is mini-
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mized. The value of f3 for each line may be used to determine 
the size and strain in the specimen. Crystallite size broaden
ing is constrained to foHow: 

(1) 

where r is the crystalli.te size and Ok is the Bragg diffraction 
angle for the line. Broadening due to strain was modeled by 

(2) 

where the strain E = b.d Id. When both size and strain con
tributions are active, the breadth of the specimen profile is 
constrained to follow f3 = {J, + f3 € • 

This separation of the specimen contributions allowed 
us to quantify specimen defects on an absolute basis. In addi
tion to allowing for crystallite size and strain analysis, the 
convolute profile generated by this algorithm fits the ob
served profiles more closely than the traditional profile mod
els employed. The better profile fit allows for better esti
mates of atom parameters including the thermal and 
positional parameters. This algorithm also employs a cali
bration curve to compensate for the angular error of the in~ 
strument thus allowing for more accurate determination of 
the lattice parameters. 

II. EXPERIMENT 

A. Specimen preparation 

The compositions were prepared using a liquid-mix 
technique I 7 to ensure control of stoichiometry and to maxi~ 
mize homogeneous mixing at the atomic leveL Each compo
sition was calcined at 800 ·C in air for 8 h, divided into three 
parts and pressed into bars, One bar from each composition 
was simultaneously placed into a tube furnace through 
which flowed either pure oxygen, air, or forming gas (90% 
N2 + 10% H2 ) 0 The bars were annealed at 1400·C for 17 h 
before being pulled to the cold end of the tube while the gas 
flow around the bars was maintained. The parameter matrix 
and designations of the samples are given in Table L The 
physical characteristics after the annealing of the samples 
are listed in Table II. 

The annealed bars were ground with a mortar and pestle 
and passed through a 400 mesh sieve (30 pm nominal open
ing size). X-ray data were collected using an automated 
Scintag PAD V powder diffractometer. Each pattern was 
collected throughout an angular range of 20°-120.20 with 
an angular increment of 0,02° and a 2-s count time per step, 
These data were transferred to an IBM 4381 mainframe 
computer for subsequent processing. 

TABLE I. Sample designation in terms of composition and annealing atmo
spheres for the Sr, xLax TiO, t h specimens. 

x 

Atmosphere 000 0.1 0.2 0.3 0.4 

Forming gas lOP 9F SF 7F 6F 
Air lOA 9A SA 7A 6A 
Oxygen lUX 9X 8X 7X 6X 

1493 J. Appl. Phys., Vol. 65. No.4. 15 February 1989 

TABLE II. Physical characteristics and cubic lattice parameters of the La-
substituted SrTi03 specimens, 

Lattice 
Crystal parameter 

Sample Color aystem (A) 

IOF Gray Cubic 3.9050 
9F Dark gray Cubic 3.9111 
8F Black Pseudocubic 3.9148 
7F Black Pseudocubic 3.9187 
6F Shiny black Pseudocubic 3.9056 

lOA Brown Cubic 3,9048 
9A Yellow Cubic 3,9061 
SA Yellow Cubic 3,9072 
7A Whiteyel!ow Cubic 3.9082 
6A Whiteyel!ow Cubic 3.9090 

lOX Light brown Cubic 3.9046 
9X Light yellow Cubic 3,9061 
8X Light yellow Cubic 3.9070 
7X WhiteyeUow Cubic 3,9077 
6X WhiteyeUow Cubic 3,9081 

B. Determination of crystal system 

The initial crystal structure refinement was performed 
using the cubic space group Pm3m (221) with atom posi
tions corresponding to the ideal perovskite unit. The speci
mens annealed in air and oxygen showed line broadening 
that increased as the amount of La substitution increased, 
Figure 1 shows the results of fitting the patterns obtained 
from the specimens with the Rietveld program using the cu~ 
bie Pm3m space group. Figure 1 (a) illustrates how the rela
tively sharp profile of the (200) line in the pure specimen 
broadened as the lanthanum concentration increased for the 
series of specimens annealed in oxygeno Figure 1 (b) shows 

A 

B 

20 

FIG. L Thedistortioll of tile (200) diffractiolllinefrom the SrI x Lax TiO, 
specimens as a function of La content where x = 0.0, 0.2, and 0.4 moving 
left to right across the figure, The dotted lines are the result of using a single 
Ka doublet to lit the diffraction line. (a) The line broadening observed in 
the specimens annealed in 02' (b) The line splitting observed in the speci
mens annealed in forming gas, 
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the results obtained in fitting the diffraction lines from the 
specimens annealed in forming gas. As the lanthanum con
centration increased in the reduced specimens, the (200) 
line broadened and showed signs of splitting reminiscent of a 
change in crystal system. 

The refined cubic lattice parameters for all the speci
mens are given in Table II and the trends are shown in Fig. 2. 
The lattice parameters are seen to increase uniformly as a 
function of x regardless of the atmosphere in which the 
specimens were annealed. The lattice parameter for those 
specimens annealed in forming gas showed the greatest de
pendence on the La content. Since the specimens annealed in 
forming gas with larger La contents showed structural dis
tortions their lattice parameters should be regarded as pseu
docubic values. The specimens annealed in air and oxygen 
showed monotonically increasing lattice parameters with in
creasing La content but with a diminishing rate of increase. 

In order to determine the crystal structure of the speci
mens annealed in forming gas, a pseudocell having edge 
lengths equal to twice the primitive cubic cell edge lengths 
was utilized in the initial refinement process. This technique 
allowed for changes from cubic symmetry which would rc
suIt in tetragonal, orthorhombic, and monoclinic distor
tions. Symmetry constraints in effect during the structure 
refinement process forced the trial structures into the 
Pmmm, P 4mm, and A 2m space groups which would be ex
pected based on systematic rotation of the oxygen octahe
dra. R Results from these refinements indicated that the space 
group A 2m yielded the best results. The quality of fit ob
tained using theA 2m space group is illustrated in Fig. 3. The 
refined lattice parameters for the monoclinic specimens are 
given in Table III. 

Distortions were evident in the diffraction patterns ob~ 
tained from the oxidized specimens which could not be at
tributed to a change in crystal system. Those specimens hav
ing larger values of x exhibited artifacts close to the 
background level in the 21°-22° and 27°-32° ranges. The arti
facts present in the pattern of specimen 6X are shown in Fig< 
4. The diffuseness of the Jines and their relatively small num
ber precluded identification of any specific phase. 

•. 3.92 
Q) 

Q) 
E 2 3.91 
o 

0.. 

25 J.90 
~ 

-0 
~ 3.89 
on 

OJ 

0 .. ·0 Oxygen 0-0 forming Gas 
! 

0---0 Halachandran & Erar I f\.-f\ Air 
u 3.88 L ... __. ___ ..... .-L ............ _._ ~_~_. __ .• __ -.-J 

5 15 7S 35 45 50; 65 

Mole % La (x) 

FIG. 2< The refined cubic lattice parameters of the specimens as a function 
of La content and annealing atmosphere. The values for the reduced 
Sf 07 Lao.3 Ti03 and Sfo.6 La".4 Ti03 specimens are pseudocubic values since 
their actnal structure is monoclinic. 
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~~ 0 ) ~Jo..) 1100 ~ 
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28 

FIG. 3. The good quality of lit to the reduced SrO.7 La"., TiOJ pattern based 
on the refined A 2m monoclinic space group is clearly shown in these results< 

Co Structure refinement 

The structure related parameters varied during the re
finements included the cation site occupancies and the iso
tropic thermal parameters for the cations. Following Tofield 
and Scott,4 we constrained the adjustments in the A and B 
site occupancies to be the same during refinement. The atom 
positions were constrained to those corresponding to the cu
bic system: the lattice was assumed to simply tilt according 
to the tilting of the oxygen octahedra. A fourth-order poly
nomial was used to approximate the background and a coef
ficient related to specimen displacement was refined in addi
tion to the lattice parameters for the phase. The angular 
dependence of the specimen profile function was constrained 
to follow the relationship {J = fJT + {JE thus allowing for 
small crystallite size and strain broadening simultaneously. 
However, the contributions due to size broadening were so 
small in all the specimens that the size term was dropped 
from the refinement. 

Table IV lists the refined values of the thermal param
eters for each of the specimens. Figure 5 shows the depen
dence of both the A and B site occupancies on the La content 
and annealing atmosphere. The site occupancies were ob
tained from the refinement of the structure using their pre
viously determined space groups. Again, the trend demon
strated by the specimens annealed in forming gas differed 
from those specimens annealed in the oxidizing environ
ments. The site occupancies remained nearly constant for 
the specimens annealed in forming gas whereas the occupan-

TABLE III. Refined lattice parameters for the specimens having mono
clinic symmetry< 

Sample 

6F 
7F 

a 

7<847 
7.831 

b 

7.823 
7.820 

c 

7<841 
7.838 

Howard. Yau, and Anderson 

90.19 
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200 

UJ 
CL 

100 () 

30 40 50 

28 
FIG. 4. Artifacts lying close to the background were found in the pattcrns 
obtained from specimens annealed in oxygen and air. These artifacts were 
more evident in specimens with larger La contents. The pattern shown was 
taken from the Sr"6 La,,.. TiO, specimen annealed in oxygen. 

des for the others varied approximately linearly with x for 
x;,O.lO. 

The refined values for the strain in the specimens is 
shown graphically in Fig. 6. The strain in the specimens an
nealed in the oxidizing atmospheres apparently goes 
through a minimum at x;::::;:;O. 10 and then begins to increase 
rapidly. The rapid increase in strain when the value of x 
exceeds 0.30 coincides with the appearance of the artifacts in 
the background. The specimens annealed in forming gas 
showed a nearly linear dependence of the strain on the La 
content. 

m. DISCUSSION OF RESULTS 

A. Structural characterization of the reduced 
specimens 

At 1400 °C, the forming gas used in this study (;::::;:; 10% 
Hz in N 2) had an estimated oxygen activity of 10 - 17 atm. 
Thus, an the specimens annealed in the forming gas were 

TABLE IV. Refined thermal parameters from the La-doped SrTiO, speci-

mens obtained via the Rietveld program. 

Sample Sr Ti 0 

Isotropic /3" /322 

IOF 0.3094 0.1008 0.0215 0.0149 
lOA 0.3426 0.1821 0.0569 0.0168 
lOX 0.3350 0.1786 0.0546 0.0102 

9F 0.3621 0.1270 0.0121 0.0176 
9A 0.4502 0.1247 0.0238 0.0141 
9X 0.4348 0.1909 0.0514 0.0166 

8F 0.5989 0.3782 0.0534 0.0263 
SA 0.6609 0.3116 0.0950 0.0290 
8X 0.7419 0.3575 0.0918 0.0258 

7F 0.5931 0.3258 0.0515 0.0316 
7A 0.8084 0.3196 0.1718 0.0421 
7X 0.7281 0.1155 0.1941 0.0407 

6F 0.5475 0.2306 0.0370 O.Q3Sl 
6A 1.0652 0.3126 0.3250 0.0669 
6X 0.9715 0.1408 0.3797 O'()715 
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FIG. 5. The fractional occupancies of the A and B cation sites as a function 
of La substitution and annealing atmosphere. Both site occupancies were 
constrained to be equal during the structure refillement. 

expected to be completely reduced, Le., their oxygen content 
was at a minimum. 18 The charge compensation mechanism 
activated in response to the introduction of the La3 + ion into 
the reduced systems would be assumed to be electronic, i.e., 
Ti4 + -> TiJ + . The alternative charge compensation mecha
nism, the uptake of oxygen and creation of cation site vacan
cies, would not be possible since the low oxygen activity 
would have precluded the expansion of the oxygen lattice. 

The results obtained from the analyses of the specimens 
annealed in forming gas support the electronic charge com
pensation hypothesis at low oxygen activities. The values of 
the cation site occupancies, Fig. 5, are virtually constant for 
all reduced specimens, regardless of the degree of La substi
tution. The value of the cation site occupancy factor is the 
same for aU specimens and is independent of oxygen activity 
when the value of x is 0.0. This reflects the fact that there is 
no compensation mechanism to equalize the charge imbal
ance that would occur as a result of the loss of oxygen. 

The nearly linear dependence ofthe strain and pseudo
cubic lattice parameter on x was also consistent with the 
hypothesis that the La substitution did not result in the cre
ation of cation defects in the reduced systems. The creation 
of cation defects would be expected to lead to interplanar d 

2.40 

2.00 0-0 Oxygen 
0 

n t:"-t:,, Air 

I/' 0 1.60 D-:J Forming Gas 

x 
1.20 c ~#o c 
0.80 '--

+' 
(f) 

0.40 ~~~:::::::~::::--6 
0.00 

0 5 10 15 20 25 30 35 40 45 

Mole % La (x) 

FIG. 6. The dependence of the strain in the specimens on the annealing 
atmosphere and La concentration. 
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spacings with less regularity since the ions in the vicinity of 
vacancies would probably tend to relax. Such irregularity in 
the d spacings manifests itself through diffraction line broad
ening and, in this study, would be interpreted as strain. Thus, 
the observed, nearly linear dependence of the strain on the 
amount of La substitution is intuitively acceptable. The lin
ear dependance of the pseudocubic lattice parameter simply 
follows Vegard's law which states that the lattice parameters 
in a solid solution will vary linearly with composition 
between the two end members. 

In a previous study19 of Bal _ x Lux Ti03 specimens an
nealed in flowing H 2 , the lattice parameters were observed 
to decrease as the value ofx increased for x up to 0.85. (The 
lattice parameters of BaTi03 , pseudocubic LaTi03 , and 
SrTi03 are 4.02, 3.957, and 3.905 A, respectively.) Since 
Sr 1 _ x Lax Ti03 is a member of the solid solution series 
formed between LaTi03 and SrTi03 , extrapolation of the 
lattice parameters from our reduced specimens would be ex
pected to yield an end-point value close to that expected for 
the pseudocubic LaTi03• Figure 7 is a comparison of the 
extrapolated lattice parameters based on our reduced speci
mens and those from the study by Johnston and Sestrich. 
The lattice parameters taken from t~e latter study are half of 
the true value so the effects of the defect ordering could be 
canceled. In addition, only the three points in the middle of 
the composition region were used in the extrapolation since 
the authors indicated there was a deviation from cubic sym
metry outside of this region. Our results are contrary to 
those obtained in a previous study by Eror and Balachan
dran20 where the lattice parameters were reported to de
crease as the value of x increased. 

B. Structural characterization of the oxidized 
specimens 

According to the defect chemistry in the oxidized sys
tems, one would expect the number of cation defects to be 
linearly dependent on x. This trend seems to be verified by 
the cation site occupancy factors as shown in Fig. 5. How
ever, this linear relationship did not manifest itself until the 
value of x was approximately 0.10. This slow development in 

'- 4.00 
v 

-+-' 
Q) 

E 3.98 
0 
L 
0 

3.96 (L 

(j) 0 Sr1_xLox03 Forming gas 
u 

:.;:; 3.94 \I Bo 1_ xLox03 H2 .... 
0 

.....l 
u 3.92 

:.0 
::J 
u 

3.90 
5 15 25 35 45 55 65 75 85 95 

Mole % La (x) 

FIG. 7. A comparison of the linear extrapolations based on the lattice pa
rameters obtained from the reduced specimens prepared in this study and 
those obtained from reduced Lax Ba, x TiO, by Johnston and Sestrich (see 
Ref. 19). 
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the reduction of the cation site occupancies was accompa
nied by a decreasing strain value which reached a minimum 
for x::::O.lO. Evidently, the introduction of the La ions al
lowed the lattice to relax and lower the apparent strain. As 
the value of x increased beyond 0.10, the strain appears to 
increase and the cation site occupancies decrease. The fact 
that the cation site occupancies are not observed to decrease 
at x = 0.10, particularly since the reduction in the occupan
cy values for x > 0.10 is so evident, remains an enigma. Con
straining the A and B site occupancies to take the same value 
may have influenced the result: one of the site occupancies 
may have dropped, e.g., the Sr site, but its correlation with 
the Ti site occupancies acted to keep the overall site occu
pancies relatively constant. The alternative would be a 
change in the valence of the Ti ion, i.e., Ti4 + -+ TP +, to 
compensate for the added charge carried by the La3 + ion. 

In the range of 0.1 O.;;;x.;;;0.40, the cation site occupancies 
dropped from approximately 95% to 65%. If the occupan
cies are interpreted on an absolute scale then one may be led 
to conclude that one cation vacancy was created for each La 
ion introduced into the system. To create a cation vacancy 
on both the A and B sites, three oxygen atoms are required to 
extend the lattice the equivalent of one unit cell. Based solely 
on ionic charge compensation, six La3 + ions would be nec
essary to cause the uptake of enough oxygen to create the A 
and B site vacancies. Thus, the expected ratio of La3 + ion 
substitution to vacancy creation should be 6: 1 and not the 
observed 1: 1 ratio. 

The observed decrease in the cation site occupancies 
cannot be explained in a straightforward manner. However, 
we must acknowledge that the refinement model used in our 
Rietveld analysis was not a literal representation of the prob
lem. The mathematics behind the refinement algorithm 
would not allow for refining all the occupancy and thermal 
parameters for the atoms as well as the overall scale factor 
simultaneously. As stated earlier, we elected to fix the value 
of the oxygen site occupancies at unity since x rays are not 
effectively scattered by the oxygen atom. Attempts to man
ually adjustment the oxygen site occupancies were not effec
tive due to the negligible effect of the perturbations on the 
residual errors. 

There was also a moderate degree of correlation 
between the site occupancy factors and the Debye-Waller 
factors for the atoms. A slight decrease in an atom's site 
occupancy could have been offset by a decrease in its thermal 
parameter. However, this mechanism could only account for 
a relatively small uncertainty in either parameter. A larger 
uncertainty may have been introduced by our use of isotrop
ic rather than anisotropic thermal parameters for the ca
tions. The packing in these perovskites may have allowed 
atoms on certain sites to have larger vibrational amplitudes 
in preferred directions21 which, in turn, may have been man
ifested in our refinements as a decrease in site occupancies. 
Due to the limited number of observations (reflections), we 
were unable to extend the number of variables to include the 
anisotropic thermal parameters. In addition, the evolution 
of interlayer phases may have influenced the occupancies 
and are discussed in the next section. 

The thermoelectric power study of Lax Ba l _ x Ti03 by 
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Johnston and Sestrich J9 showed that TP + was never the 
stable valence state. When the value of x was close to 1 the 
compound showed metallic behavior. The authors indicated 
that the Ti3 + ion always tended to become Ti4 + + e
which resulted in good electrical conductivity. Similar char
acteristics are found in the reduced Sr I _ x Lax Ti03 systems. 
We must then assume that Ti will be found in its most oxi
dized state and that the oxygen content of the lattice is at its 
maximum under a given oxygen activity. This, in turn, 
would tend to drive the cation vacancy concentration to its 
maximum. If the relatively high cation vacancy concentra
tions observed in the oxidized specimens were representative 
of the specimen's true state, we must assume there are oxy
gen site vacancies in the system in order to maintain charge 
neutrality. Again, further deliberation of this point is re
served for the discussion regarding structure models below. 

The lattice parameters in the oxidized systems were ob
served to increase and were nearly linearly dependent on x 
up to x;::::; 0.20. A close examination of the lattice parameters 
for specimens with x> 0.20 show the rate of increase to di
minish. These data, i.n conjunction with the rapid increase in 
strain in the systems for x> 0.30, may indicate that the 
Bragg planes are becoming increasingly "puckered" or oth
erwise distorted. This distortion may have acted to prevent 
the fullest expansion the unit cell edge lengths and could 
possibly explain the fact that the lattice parameters from the 
oxidized specimens were smaller than those from the re
duced specimens. 

c. The structure of Sr1 _ x Lalt T!Oa annealed In an 
oxidizing environment 

The strain in the oxidized systems increased very rapid
ly when x exceeded approximately 0.30. This is consistent 
with the hypothesis that the vacancy concentration in the 
lattice was increasing rapidly as x increased: the strain would 
also be expected to increase since the regularity of the Bragg 
planes would be diminishing. The defects in the oxidized 
specimens, i.e., the Lasrand VSr on the Sr2 I sites and the 
Vo . " as well as the strain resulting from these defects, con
tribute to the overall entropy of the system, Apparently, a 
limit is reached beyond which it is thermodynamically pre
ferable to (1) precipitate a second phase, (2) cause planar 
faulting, or (3) promote lamellar intergrowths in the lattice. 
Both the faulting or intergrowth postulates are consistent 
with the artifacts found in the x-ray patterns: the artifacts are 
reminiscent of two-dimensional scattering. The presence of a 
second phase, even with an extremely fine crystallite size, 
would have shown more lines: particularly in the concentra
tion necessary to cause the observed artifacts. 

In nearly pure SrTiO; , oxygen vacancies are always ob
served as the defects in either single crystal or ceramic sam
ples.2224 In the La-doped SrTiO] system, Flandermeyer et 
al.,18 and Eror et al.,25 presented similar models for the re
duction and oxidation mechanisms. When samples are an
nealed in a very reducing environment, only a limited num
ber of V 0 .. may form and the compensation mechanism for 
the extra electrons from La 3 + is the valence change of Ti" + 

to Ti3 + . On the other hand, the samples equilibrated in an 
oxidizing environment wiiI have ionic compensation, i.e., 

1497 J. AppL Phys., Vol. 65, No.4, 15 February 1989 

the creation of cation vacancies, especially V"r' Between 
these two extreme states both mechanisms may coexist de
pending on the oxygen activity. This hypothesis seems to be 
reinforced by comparing the characteristics of the 10 at. % 
La-doped and undoped samples. A more perfect anion 
network would be expected in the first case because of the 
elimination of oxygen vacancies due to the presence of La3 

! 

ions. We observed less strain in the doped case which may be 
taken to imply that the contributions to strain from the im
perfect anion network are greater than the contributions 
from the cation defects at such low dopant concentrations. 

The free Sr resulting from the in;orporation of La3 + 

may combine with oxygen to form a layer or two-dimension
al structure in the regular SrTi03 lattice. Ruddleson and 
Popper26 and TiHeyl3, among others, have investigated the 
phases found in the SrO-TiOz system and have enumerated 
upon the formation of phases having other than the SrTi03 

stoichiometry. Tilley, has suggested that the lamellae, or or
dered intergrowths, may tend to have a composition of 
Sr n + I Ti" 0}I1 + 1 and reported not finding ordered composi
tions with a value of n > 2. The Sr rich phases Sr 3 Ti.2 0 7 and 
Sr2 Ti04 have been reported as stable phases at the tempera
ture at which our study was conducted. In particular, 
SrTiO] was shown in Tilley's TEM study to show both 
planar faulting and the inter growth of the Sr 3 Ti07 phase. 

The phases that were considered in attempting to identi
fy the cause of the artifacts in the backgrounds of the pat
terns from the oxidized specimens are listed in Table v. 
Based on the positions oftheir lines and the preference for a 
Sr-rich phase, the Sr 3 Ti20 7 phase was considered as the 
prime candidate. The similarity in the structures of SrTi03 

and Sf3 TiO?, in addition to the intergrowth of the latter 
phase in the former, may have influenced the cation occu
pancy values obtained from the structure refinement. In ad
dition, such an intergrowth may account for the increasing 
strain found for x > 0.10 in our quenched specimens, par
ticularly if the thermal expansion of the phases were dissimi
lar. 

Tilley has suggested that phases with a high static di
electric constant, such as SrTiO], would accommodate 
changes in stoichiometry through the formation of planar 
faults or intergrowths rather than through point defects. 
However, the lack of point defects in his study may have 
been influenced by the lack of impurities in his material. An 

TABLE V. Phases suspect ill causing the artifacts ill the patterns from the 
oxidized specimens. 

Lattice parameters 20 values of the 
Crystal (I, b, c(A) three strongest 

Compound system a, /3, y(deg) peaks (CuKa) 

srO Cubic a~' 5.160 34.77,29.98,50.12 
Sr,Tiz0 7 Tetragonal a = 3.90. c = 20.36 31.61,32.57,46.57 
LazTi20 7 Monoclinic a = 7.80, b = 13.01, 29.98,33.05.27.70 

c = 5.55, r = 98.60 
La2O, Monoclinic II = 14.60, b = 3.72, 30.72,30.94.47.34 

c = 9.28, /3 = 99.85 
La.SrO, 29.88,28.79,29.28 
La2Sr05 28.70,29.68,25.90 
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unpublished TEM study done by one of the current authors 
(Anderson) has shown the presence of point defect cluster
ing in Sr! _ x Lax TiO). The presence of point defects is con
sistent with the observed drop in the cation occupancy val
ues and may have preceded or accompanied the faulting or 
intergrowths in our La-substituted specimens. 
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