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The oxygen-deficient “cubic” perovskite phase SrFel-xVx02.S+r (0.05 5 x 5 0.10) quenched from 1473 
K has been investigated by electron microscopy. Samples show a microdomain structure composed of 
ordered grains less than 20 nm. Oxygen vacancies form a brownmillerite-type superlattice in each 
microdomain, while six orientation variants have been observed within a particle; the oxygen 
vacancies in one domain are stringed along one of the six possible (11O)c directions of the cubic host 
lattice. The domain size decreases as x or oxygen content increases. Vacancy arragements within the 
domains observed in high-resolution lattice images indicate that good structural coherence exists 
between microdomains and that a basic cubic perovskite skeleton is framed throughout a particle; they 
also suggest that vacancy content decreases in the boundary regions. o 1987 Academic press. II-G. 

Introduction 

The structure of oxygen-deficient per- 
ovskites, generally formulated as AB03-,, 
has been widely investigated. At lower con- 
centrations, vacancies tend to be randomly 
distributed at the oxide ion sites, while at 
higher concentrations, most of these oxides 
form superstructures because of vacancy 

ordering. Nevertheless, several highly de- 
ficient phases like SrV02.5 (2) that give 
powder X-ray diffraction (XRD) patterns of 
cubic symmetry suggesting randomized va- 
cancy distribution have been reported. 
More recently, short-range ordering in the 
form of microdomains has been reported by 
Alario-Franc0 et al. (2-7). 

SrFe02.5 or Sr2Fe205 is well known to 
have an orthorhombic, brownmillerite-type 
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in an ordered way (8, 9); however, Shin et 
al. (10) found that the ordering was de- 
stroyed at elevated temperatures. A cata- 
lytic activity to decompose NO into N:! and 
O2 found in the cubic phase (II), initiated 
by a step of adsorbing NO molecules at the 
vacancy sites, was assumed to be enhanced 
by the randomized vacancy distribution. 
We have attempted to stabilize this inter- 
esting phase for characterization by struc- 
tural and physical measurements. Although 
even a very rapid cooling at >106 K see-t 
from the molten state was of no use, we 
found that slight substitution of V5+ ions for 
the Fe3+ ions made it possible to quench a 
cubic phase rather easily. In this paper we 
describe the results of phase analysis and 
microstructural study of the “cubic” pe- 
rovskite system SrFeI-,V,Oz.s+, . 

Experimental 

Samples were prepared by the reaction of 
Sr2Fe205, Sr3V2Os, and VzOs powders. 
Sr2Fe205 was obtained by firing SrCO3 and 
Fez03 under evacuation to 0.1 Pa at 1273 K 
and firing the product again under the same 
conditions after grinding and mixing. The 
quenched brown powder was examined by 
XRD and Mossbauer spectroscopy. St-, 
V208 was obtained by the same method 
but in the air from SrC03 and VzOs. All the 
raw materials used SrCO3, FelO3, and 
V,O,, had nominal purities above 99.9% 
(Furuuchi Chemicals). Mixtures of Sr2Fez 
OS, Sr3V20sr and VZOS held in platinum 
containers were sealed in evacuated quartz 
tubes, heated for 16 hr at 1473 K, and 
subsequently quenched from 1473 K, 
grounded, and mixed. This reaction pro- 
cess was repeated three times to obtain 
homogeneous single-phase products. The 
nominal composition of SrFel-IVx02.S+x 
ranged from x = 0.0 to 0.2. The oxygen 
composition was determined by assuming 

trivalent iron atoms as confirmed by the 
Mossbauer spectra and pentavalent vana- 
dium atoms. 

Phase identification was performed 
mainly by powder X-ray diffraction (XRD). 
CuKa radiation from a rotating anode-type 
X-ray generator (Rigaku RU-200) was used 
for the measurements. The diffracted X-ray 
beams were monochromated with a pyroly- 
tic graphite crystal to reduce the fluo- 
rescent X-rays. Electron diffraction (ED) 
patterns and lattice images were obtained 
by using JEM- 1OOCX and JEM-200CX elec- 
tron microscopes. Samples were crushed 
and dispersed in ethyl alcohol, and thin 
crystalline fragments were collected on a 
holey microgrid coated with a thin carbon 
film. 

Observations and Interpretation 

X-ray Powder Diffraction Pattern 

Figure 1 shows the variation of the pow- 
der XRD patterns near the (220)~ or (282)~ 
reflection with composition x. Hereafter, 
the subscript “c” refers to the cubic pe- 
rovskite cell and subscript “B” to the 
brownmillerite-type orthorhombic cell with 
Zbm2 symmetry (9). These cells are related 
to each other as aa, ca = 2”2ac and ba = 
4ac, [lOO]a and [OOl]a being almost parallel 
to [l lO]c and [ liO]c, respectively. The oxy- 
gen vacancies are stringed along [OOlla in 
the orthorhombic structure. Sample x = 
0.01 shows a pattern quite similar to that of 
SrtFezOy and the lattice parameters remain 
almost the same, whereas samples x = 
0.016 and 0.03 show broadened diffraction 
lines manifesting serious effects of the sub- 
stitution on the structure. With increasing 
x, the basic reflections become sharper and 
stronger, while superlattice reflections be- 
come broader. The full width at half-maxi- 
mum (FWHM) of the basic reflections al- 
most reaches the instrumental resolution 
for x > 0.05. The appearance of weak 
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FIG. 1. Variations in the powder X-ray diffraction patterns with composition x. Peaks near the (282)s 
and (22O)c reflections are shown. 

reflections from an impurity phase gave the superlattice reflections of Sr2Fe205 appear. 
upper compositional limit of x = 0.10. Those corresponding to (121)B, (116)B, 
Thus, we could obtain the cubic perovskite (222/062)~, and (361/163)a remain strong 
phase for 0.05 i x 5 0.10. The lattice enough to be observable. Their FWHM 
constant is ac = 3.934 A for x = 0.05 and ac 
= 3.938 w for x = 0.10, which are very near 

increases as x increases. The crystallo- 
graphic coherence length calculated from 

the corresponding, pseudo-cubic cell con- the FWHM of the latter peak by using the 
stant of ac = 3.91 A for x = 0.0. This Scherrer formula is about 50 hi for x = 0.05 
“cubic” perovskite phase, however, is and 20 A for x = 0.075. Finally, at x = 0.10 
characterized by broad peaks as a result of these diffuse peaks become too broad to be 
short-range order at positions where the observed. 
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FIG. 2. Typical EDPs of sample x = 0.05: (a) [lOO]c, (b) [liO],-, (c) [lTO]c (d) [22i]c. Note the 
appearance of many superlattice reflections. Some fundamental reflections are indexed. 

Electron Diffraction Patterns can be seen. The superlattice reflections 
and Lattice Images have been located in the reciprocal space as 

shown in Fig. 3 from about 10 EDPs with 
Several typical electron diffraction pat- different electron beam incidences. Figure 

terns (EDPs) of sample x = 0.05 are shown 4 shows some typical EDPs of sample x = 
in Fig. 2. In addition to the fundamental 0.10. These also show superlattice reflec- 
reflections expected from the cubic per- tions at the same positions as those for 
ovskite cell, many superlattice reflections sample x = 0.05, though the superlattice 
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FIG. 2-Continued. 

reflections from x = 0.10 are weaker and 
broader. These results are consistent with 
the XRD observation described in the pre- 
vious section. It should be noted that the 
intensities of superlattice reflections are 
enhanced in these EDPs by using a selected 
area aperture of about 20 pm. 

Low-magnification lattice images for 

these two samples are shown in Fig. 5. The 
incident electron beam is along the [lOO]c 
direction. The corresponding EDPs (Figs. 
2a and 4a) indicate a periodicity of 2ac (7.9 
A) along both [OlO]c and [OO1]c directions. 
Indeed, the observed images for x = 0.05 in 
Figs. Sa and b consist of lattice fringes with 
a spacing of 8 A, but, instead of the crossed 
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FIG. 3. Positions of the superlattice reflections in the 
reciprocal space determined from about 10 EDPs with 
different zone axes. 

fringes expected from the EDP, local 
fringes running parallel to either [OlOlc or 
[OO1]c can be distinguished. Moreover, 
even open areas without fringes can be 
seen. This indicates that crystals are com- 
posed of small domains that crystallize in a 
certain superstructure on the basis of the 
cubic perovskite structure but with differ- 
ent orientations. It is reasonable to assume 
that the domains marked II and III in Fig. 
5a give superlattice reflections at g(0, 0, & 
and g(0, i, O)c, respectively, and that do- 
main I does not contribute any superlattice 
reflections. The domain size varies locally 
from 50 to 200 A in the case of x = 0.05 as 
compared in Figs. 5a and b. Regions con- 
sisting of smaller domains are dominant, 
and the estimated average domain size of 
about 60 A is in good agreement with the 
coherent length of 50 A estimated from 
XRD. The domain size tends to decrease as 
composition x increases. Although the im- 
age for x = 0.10 in Fig. 5c also shows lattice 
fringes with a spacing of 8 A, they appear 
wavy and single domains cannot be distin- 
guished. 

Interpretation of EDPs 

The preceding observations indicate that 
the samples of SrFel-xVx02.5+x (0.05 I x 5 
0.10) are composed of microdomains with a 

certain superstructure based on the cubic 
perovskite. The superstructure has been 
deduced to be of the brownmillerite t_pe 
from the following points. In the [llO]c 
zone EDP shown in Fig. 2b, the superlat- 
tice reflections appear at the same positions 
as those in the [OOl]a zone EDP of Sr2Fe205 
crystallizing in space group Zbm2. Also, the 
[lOO]c zone EDP can be obtained by over- 
writing two [lOlla zone EDPs with mutu- 
ally orthogonal [OlO]$ axes. As for the 
orientation of domains, it is clear from the 
[lOO]c zone EDP and the corresponding 
lattice image that the bB axes for two types 
of domains are orthogonal to each other; 
however, the highly symmetric structure of 
the parent perovskite leads us to assume 
the existence of the following orientations: 

Domain I r0101,m001c, wll,li[o~ll, 
Domain I’ [0101a/41001,, [OO1lBN[Olllc 
Domain II [0101,//[0101c, [0011,//[~011c 
Domain II’ [010]~//[010]c, [001]~//[1011c 
Domain III [OlO]a//[OOl]c, [OO1]B//[llO]c 
Domain III’ [OlO],//[OOl]c, [OOl],//[ilO]c 

The observed reciprocal lattice diagram 
shown in Fig. 3 can be reconstructed by 
overwriting the superlattice reflections 
from these six kinds of domains. The super- 
lattice reflections arising from each domain 
and their sum are shown in Fig. 6. The 
above orientational relation among micro- 
domains in real space can be understood if 
we return to the cubic perovskite structure 
and remove the oxide ions to transform it to 
the brownmillerite structure. As there are 
six equivalent (1 lO)c directions in the cu- 
bic system along which vacancies may be 
stringed, local changes in the string direc- 
tion from one to another can lead to the 
above microdomains. All the observed 
EDPs can be indexed using this microdo- 
main model. The indexing of the EDPs in 
Fig. 2 is shown in Fig. 7, where superlattice 
reflections contributed by different do- 
mains are differentiated. For example, the 
[IOOlc zone EDP shows superlattice reflec- 
tions from domains II, II’, III, and III’. 
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Domains II and II’ contribute the superlat- between domains with and without primes 
tice reflections at g(0 , 4 + II, m)c, while do- cannot be distinguished for this zone axis. 
mains III and III’ contribute those at g(0, 
m, d + 0)~ (n, m = integers). Domains I and High-Resolution Lattice tmages 

I’ do not contribute. The corresponding To confirm the microdomain model and 
lattice image shown in Fig. 5 reveal only to clarify the vacancy ordering scheme 
three kinds of domains as the difference within a microdomain, crystallographic co- 

FIG. 4. Typical EDPs of sample x = 0.10: (a) [lOC&, (b) [llOl~. Note the weak and diffuse 
superlattice reflections. 
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FIG. 5. Low-magnification lattice images of sample x = 0.05 (a and b) and x = 0.10 (c). The incident 
electron beam is along the [lOOJc direction. 

herence between microdomains, and do- that the EDP contains superlattice reflec- 
main boundary structure, high-resolution tions from only two types of domains, III 
lattice images were observed. Figure 8 and III’. Both domains III and III’ contri- 
shows a high-resolution lattice image of bute the superlattice reflections at g(O0, &. 
sample x = 0.05. The electron beam inci- The observed lattice image indeed shows 
dence is [l 101~. It is notable that this direc- domains with a lattice fringe spacing of 8 A 
tion is parallel to the vacancy string in along [OOl]c. As the superlattice reflections 
domain III. The reciprocal lattice and the at g(b, ), & arise only from domain III, 
EDP shown in the Figs. 6 and 7 indicate white dots with a spacing of 5.6 A appear 



ELECTRON MICROSCOPY OF SrFel-xVx02.S+x 411 

FIG. S-Continued. 

along [1~Olc of domain III only. These dots in a microdomain has been confirmed to be 
form a planar body-centered lattice and of the brownmillerite type. 
correspond to the arrangement of the va- It is notable that the basic lattice fringes 
cancy strings. Thus, the vacancy ordering with a spacing of 2.8 A along [liOlc run 

4 

100 

FIG. 6. Reciprocal lattice diagram expected for the brownmillerite-type microdomain texture with 
the six orientation variants. Superlattice reflections contributed by different domains are differenti- 
ated. 
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FIG. 7. Indexing of EDPs in Fig. 2 using the recipro- 
cal lattice diagram shown in Fig. 6. 

without bending from domain to domain. 
This indicates that the crystallographic co- 
herence between microdomains is fairly 
good, and can be expected when the va- 
cancy ordering gives atomic shifts (or struc- 
tural relaxation) much smaller in microdo- 
mains than those in Sr2Fe205, Another 
important point is that the domain bound- 
aries are neither plane nor stepwise; that is, 
there are no well-defined twin planes at the 
boundaries. 

Figure 9 shows images of sample x = 0.05 
taken with the incident electron beam along 
11201~. The EDP contains superlattice re- 
flections from four types of domains, I, I’, 
III, and III’, as shown in Fig. 7. Domains 
III and III’ contribute superlattice reflec- 
tions at g(2m, m, t + n)c; domain I’, those 
at g(m, irn, n)c and g(b + m, f + m/2, d + 
n)c; and domain I, only those at g(m, d + m, 
n)c (m, n = integers). In the observed 
images, domains III and III’ can be seen as 
regions marked with 8-A-spaced lattice 
fringes, and domain I’, as regions showing a 
fine contrast with a periodicity of 3.5 A 
along [21O]c. On the other hand, domains I,’ 
and II’ show fringes with a spacing of 3.9 A 
along [OOl]c. Thus, these images are also 
consistent with the microdomain model. 

Good crystallographic coherence and the 
absence of twin planes at the boundaries 
can be observed. 

Images for sample x = 0.10 are shown in 
Fig. 10. The electron beam incidence is 
[ lOO]c. Although the low-magnification im- 
age shows 8-A-spaced fringes along both 
[OIO]c and [OOl],-, these fringes are not 
localized in separate regions even in the 
thinnest part of the crystal, making it im- 
possible to identify single domains. In the 
high-magnification micrograph, however, 
the basic contrast revealing the perovskite 
unit cell is modulated by dark or bright 
8-A-spaced fringes running parallel to ei- 
ther [OlO]c or [OOl]c. Outstanding dark or 
bright fringes are marked in the enlarged 
image (Fig. lob). To interpret this interest- 
ing image, a computer simulation was made 
by using the multislice method (12). For 
simplicity, the composition Sr2Fe205 was 
used instead of the real one, SrFe0.sVo.102.6. 
Lattice constants of a = 2”2ac, b = 4ac, 
and c = 2”*ac were used, where ac is the 

TABLE I 

PARAMETERS USED IN THE LATTICE IMAGE 
SIMULATION OF Sr,Fe,05-TYPE MICRODOMAINS 

SHOWN IN FIG. 11 

SrZFe205 lattice constants 
a = 5.564 ii 
b = 15.736 8, 
c = 5.564 A 

Atomic positions in the space group Ibm2 
x 

Sr @cl 0.5 0.2y5 0.0; 
Fe1 (4a) 0.0 0.0 0.0 
Fe2 (4b) 0.0 0.25 0.0 
01 (8~) 0.25 0.0 0.25 
02 @cl 0.0 0.125 0.0 
03 (46) 0.875 0.25 0.625 

Parameters of the electron microscope 
Objective aperture radius 0.5 A-' 
Spherical aberration coefficient 1.2 mm 
Beam divergence 1 .O milliradian 
Half-width for depth of focus 50 A 
Gaussian 
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FIG. 8. High-resolution lattice images of sample x = 0.05. The electron beam incidence is [l lo],. 
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FIG. 9. High-resolution lattice images of sample x = 0.05. The electron beam incidence is [IzbJc. 
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FIG. 10. High-resolution lattice images of sample x = 0.10. The electron beam incidence is [IOOJc. 
The enlarged micrograph (b) was taken from the enclosed region in (a) but under a different defocus 
condition. 
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perovskite cell dimension determined by 
XRD for sample x = 0.10. The atomic 
positions used are listed in Table I. These 
were deduced by assuming that the oxygen 
vacancies are formed in the cubic per- 
ovskite structure without affecting the sur- 
roundings as suggested from the electron 
micrographs. The simulated images ([lOlla 
projection) shown in Fig. 11 reproduce the 
basic perovskite contrast, with modulating 
contrasts located’at the lattice planes con- 
taining vacancies. The modulating con- 
trasts are dark or bright depending on the 
defocus value. In the experimental micro- 
graph the g-A-spaced contrast terminates 
rather abruptly, indicating that the vacancy 
ordering is extremely short ranged. This 

1 1 
*Fe00 

11011 
-B 

OSr VW 
00 

4010,~ 1 
Af=-8OOtZ 

Afz-loooA 

thickness 78.7 A 

FIG. 11. Calculated images for a brownmillerite-like 
domain with composition SrzFezOS and the electron 
beam incidence along the [loll8 direction. Note the 
contrast at the lattice planes containing oxygen vacan- 
cies marked by arrows. These are to be compared with 
the experimental image in Fig. lob. The parameters 
used in the image simulation by the multislice method 
are shown in Table I. 

suggests that a considerable amount of va- 
cancies are disordered. Therefore, the va- 
cancy ordering scheme in this sample may 
better be considered as clustering. 

Discussion 

An underdeveloped vacancy ordering of 
the brownmillerite type has been observed 
in the range 0.05 5 x 5 0.10. The extent of 
ordering strongly depends upon x; well- 
defined microdomains with an average vol- 
ume of 2 x IO5 A3 appear for x = 0.05, while 
“vacancy clustering” is appropriate to the 
state for x = 0.10. The good crystallo- 
graphic coherence among microdomains in- 
dicates that underdeveloped ordering 
causes a structural relaxation of a level 
much lower than that in Sr2Fe205. This may 
be related to the absence of twin planes 
in the domain boundary regions. The 
brownmillerite-type ordering within do- 
mains, which spares the excess oxygen, 
and the composition dependence of the 
domain size strongly suggest that VSf and 
02- ions are enriched in the domain 
boundaries. 

Microdomain structure in an oxygen- 
deficient perovskite has recently been re- 
ported for SrTi02.5 (2), St--,Nd,FeOj-, (3), 
Cat -,La,Fe03-y (4-6), and CaFe,Mn, --x 
0~~~ (7). In comparison with these, the 
present work shows that the degree of 
vacancy ordering can be systematically 
controlled by chemical composition and 
that the microscopic structure can be ob- 
served in great detail. 

The oxygen-deficient cubic perovskite 
phases showing microdomain structure 
have the following common features. 
Samples are all rapidly quenched from high 
temperatures and are microscopically inho- 
mogeneous or two-phase mixtures. In the 
cases of SrFel-,V,02.s+, and CazLaFe3 
08.273 (4), the oxygen concentration at do- 
main boundaries has been suggested to be 
higher than that in the ordered microdo- 
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mains. In the cases of Cao.sLao.2Fe2.M5 (5) of V*’ and excess 02- ions in the bound- 
and CaMnl-,FeXO~-y (7), two completely aries inhibit the growth of Sr2Fe205 do- 
different kinds of ordered domains were mains throughout the crystals. 
observed; CazFe205-type + Ca2LaFe10s- 
type in the former and CaMn03-type +Ca, 
Fe20s-type in the latter. These facts indi- Acknowledgments 
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low temperatures. In fact, in the present 
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