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An electron diffraction and microscopy study of the BaXLa,-,Fe0,-X,2 (B 5 x 5 B) system shows these 
samples to be formed by three-dimensional microdomains. The unit cell corresponding to each domain 
is related to the cubic perovskite structure by the expression a, x u, x Za,, a, being the cubic 
perovskite unit cell parameter. A structural model in which octahedral and square pyramidal layers 
intergrow in an ordered way following the double axis is proposed. o 1991 Academic press, IX. 

Introduction 

Several studies devoted to compositional 
variations in perovskite-related materials 
have shown that the intergrowth of two or 
more basic structural motifs in various pro- 
portions can originate new materials, as ob- 
served in phases intermediate between the 
perovskite and the brownmillerite (Ca, 
Fe,O,) structural types (1-4). 

In these materials, perovskite-like octa- 
hedra layers form an intergrowth with tetra- 
hedra layers in ordered sequences whose 
general formula is A,M,O,,-l. Between 
brownmillerite (n = 2) and perovskite 

(n = w), two more ordered terms have been 
isolated up to now: 

-n = 3, with AMO,,,, composition, in 
Ca,LaFe,O,, whose stacking sequence is 

.OOTOOT. . . 
tetrahedra) (5). 

(0 = octahedra, T = 

-n = 4, i.e., the AMO,,,, material (Ca, 
Fe,Ti,O,,), in which three octahedral layers 
alternate with one tetrahedral layer, follow- 
ing the . . .OOOTOOOT’. . . stacking se- 
quence due to the relative orientation of the 
tetrahedra along the b axis (6). 

In a previous paper (7), we have under- 
taken a study of the system formed between 
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TABLE I 

CHEMICAL ANALYSIS AND UNITCELLPARAMETERS 

OF BaILal-,Fe03_, MATERIALS 

x % Fe4+ Nominal composition a,(A) 

Oxidized & 41 %LatFeOm 3.942 
samples % 38 Ba~L~Fe%s, 3.948 

Reduced + 0 W-@e%5 3.956 
samples f 0 Ba@Fe%67 3.981 

LaFeO, and Ba,Fe,O,. When Ba,La,-. 
FeOjpy materials are fired in air, a mixed 
oxidation state of iron (Fe4+, Fe3+) is ob- 
tained, compositional variations being ac- 
commodated in a different way than in other 
perovskite-related ferrites (8, 9). This is 
probably due to the bigger size of barium, 
which is probably responsible for the origi- 
nal way of the oxygen vacancy ordering ob- 
served in Ba,Fe20S; its structure has a unit 
cell different from the brownmillerite struc- 
ture of Ca,Fe,O,, although their parameters 
are still multiples of the cubic perovskite 
cell (10, II). 

We describe in this paper the microstruc- 
tural aspects of the Ba,La,-,FeO,-,,, (f 5 
x % $) samples prepared under reducing con- 
ditions, i.e., when all iron is in the III oxida- 
tion state. 

Experimental 

Oxidized Ba,La, -xFe3+.4+03-y samples, 
prepared as described in Ref. (7) were an- 
nealed at 1100°C for 24 hr, in flowing Ar-5% 
H,. Chemical analysis [also described in 
Ref. (7)] indicates that all iron is found in 
the III oxidation state. Table I shows the 
chemical composition of both oxidized and 
reduced samples for x = g and x = 3. 

Powder X-ray diffraction was performed 
on a Siemens D-500 diffractometer equipped 
with a secondary graphite monocromator 
and using Cu& radiation. 

Electron diffraction was carried out on a 

JEOL 2000FX electron microscope, fitted 
with a double tilting goniometer stage 
(245’“). High resolution electron micros- 
copy was performed on a JEOL 4000 EX 
electron microscope fitted with a double- 
tilting goniometer stage (2 2.5”)) by working 
at 400 Kv. The samples were ultrasonically 
dispersed in n-butanol and transferred to 
carbon-coated copper grids. 

Results and Discussion 

Powder X-ray diffraction data can be in- 
dexed on the basis of a cubic single perov- 
skite unit cell as previously observed in oxi- 
dized samples. Unit cell parameters are 
listed in Table I. It can be seen that in both 
series of samples the cubic parameter in- 
creases as a function of the barium content, 
due to the bigger size of this cation. Never- 
theless, the smaller size of Fe4+ with respect 
to Fe3+ seems to be responsible for the 
expansion observed in the unit cell parame- 
ter of the reduced samples. 

This unit cell is confirmed by electron dif- 
fraction for the oxidized samples, which in- 
dicates that the small concentration of an- 
ionic vacancies (y 5 0.15) is randomly 
distributed along the crystal. However, 
electron diffraction and microscopy results 
corresponding to the reduced samples show 
a more complex situation. 

Figure 1 shows the electron diffraction 
pattern (EDP) of the x = 4 sample along the 
[OOl], zone axis, indexed on the basis of a 
single cubic perovskite. Very weak extra 
spots are doubling both a” and 6’” axes, but 
no extra reflexions are seen on the (f f 0): 
and equivalent positions. 

By tilting 45” around the a” axis, the [Oil], 
zone axis is observed (Fig. 2), where only 
the a* direction is doubled. In fact, if both 
a” and b* axes were doubled, extra spots on 
(4 4 0): and (4 $ t)*, and equivalent reflexions 
should appear. 

The [0x2], zone axis is seen in Fig. 3, 
showing again doubling along the a* direc- 
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FIG. 1. EDP of Ba4La4Fe02.75 along the [OOll, zone 
axis. 

tion but also doubling following (021): and 
equivalent directions, which suggests dou- 
bling of the c* axis. 

The EDP along the [013], zone axis (Fig. 
4) shows again doubling of the a* axis, but 
no extra spots are seen on (0 9 4): and 
(g f +J*, and equivalent reflexions. 

FIG. 3. EDP corresponding to x = 4 along [Oi2], zone 
axis. 

The above results suggest that, although 
the three perovskite axes seem to be dou- 
bled, the unit cell does not correspond to a 
double cubic cell. A schematic representa- 
tion of the above EDP within a reciprocal 
net corresponding to the perovskite sub- 
structure is shown in Fig. 5. According to 
that, the true reciprocal lattice of Ba, 

FIG. 2. EDP of the x = 4 material along the [Oil], 
zone axis. 

FIG. 4. EDP corresponding to x = 4 along the [013] 
zone axis. 
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FIG. 5. Schematic representation of the different re- 
ciprocal planes recorded by electron diffraction within 
a reciprocal net corresponding to the cubic perovskite 
sublattice. 

LaiFe0,,75 is formed by the juxtaposition of 
three reciprocal spaces (Fig. 6a), each of 
them corresponding to one set of domains 
whose double axis is randomly distributed 
along the three space directions: Set A for 
the domains having the double axis parallel 

to a: (Fig. 6b), set B for those domains hav- 
ing unit cell parameters a, x 24 x a, (Fig. 
6c), and set C for the microdomain set with 
a, X a, x 24 (Fig. 6d). 

The presence of these kinds of micro- 
domains, previously observed in the 
Sr,Nd, -,FeOs_y system (12), is confirmed 
by high resolution electron microscopy (Fig. 
7). The image along the [OOl], direction re- 
veals the existence of a microdomain tex- 
ture formed by three sets of domains: Do- 
main A and B are clearly rotated 90” as can 
be seen following both [llO] directions 
(marked by dark arrows). Image contrast 
shows lattice fringes at 7.8 A but electron 
diffraction patterns indicate that only one 
axis is doubled in each domain. Finally, do- 
main C, where perpendicular fringes of 
3.9 A can be observed, indicating that the 
double axis is in the c direction. 

These reduced samples have been studied 
by Gibb and Matsuo (13) by means of Moss- 
bauer spectroscopy. According to these au- 
thors no evidence of tetrahedral sites was 
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FIG. 6. (a) Complete reciprocal lattice of Ba4La4Fe0,,,5 composed by the juxtaposition of the three 
reciprocal nets shown in (b) 24~~ a,x a,; (c) as 24~ n,; and (d) a& a,x 2a,. 
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FIG. HREM of BaiLaaFe02,75 taken with [OOl], beam incidence showing a microdomain texture. 

observed for x = 0.5. At this point, it is 
worth mentioning that in the Ca,La, --x 
FeO,-,,z system only octahedra and tetrahe- 
dra sites were detected by Mossbatter spec- 
troscopy (14), where 25% of tetrahedra sites 
were observed for x = 0.50 composition. 
However, Gibb and Matsuo (15) concluded 
that the behavior for the BaXLa,-,FeO,-,,z 
system is similar to that observed for the 
cubic phases of Sr,MFe,O, (13), the va- 
cancy ordering to give tetrahedral sites be- 
coming less favorable with increasing the 
lanthanum content in the Ba/La system. 
Thus, the concentration of anionic vacan- 
cies for x = 0.5, i.e., y = 0.25, produces 
around 50% of the five-fold coordinated 
sites. 

A stacking sequence of 50% octahedra 
and 50% square pyramidal sites, as deduced 

from Mossbauer spectroscopy results, cor- 
respond to an AMO,,,, composition. If, as 
observed in the electron diffraction pat- 
terns, only one axis is doubled within each 
domain, an ordered model of octahedral lay- 
ers alternating along one axis with square 
pyramidal layers can be proposed for Ba; 
La$FeO,,,, . However, if the ordering of an- 
ionic vacancies is as in the structural model 
shown in Fig. 8, at least two axes should be 
double to justify the unit cell. 

Since only one axis seems to be double 
inside each domain, the most likely model 
for this sample is that in which one octahe- 
dral layer alternates in an ordered way with 
one FeO,.,O,,, layer in which iron shows 
square pyramidal coordination but oxygen 
vacancies are disordered along the ab plane 
(Fig. 9), giving the unit cell parameter a, x 
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FIG. 8. Structural model for BatLa;Fe0,,,5 showing 
ordering of anionic vacancies. 

a, x 2a,. If this kind of disorder alternates 
at random in different parts of crystals along 
both the ac and the bc planes, a three-dimen- 
sional microdomain texture solid, exhibiting 
the reciprocal lattice proposed in Fig. 5a, is 
obtained. 

Similar EDP were obtained for the x = f 
reduced sample. According to the structural 
model proposed for the A,M,03,-l series 
when rz = 3 and sites A are occupied by 
Ca and La, the concentration of tetrahedral 
sites is 33%. However, Gibb and Matsuo 
(13) only found some 18% tetrahedra in the 
Ba/La sample with x = 8, while 54% sites 
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0 
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FIG. 9. Structural model proposed for a domain 
showing Ba;LqFe02,,5 composition and anionic vacan- 
cies disordered along the ab plane. 

were in octahedral position and 28% in pyra- 
midal coordination, leading also to the 
AMO2.67 composition. Regarding these re- 
sults and taking into account that electron 
diffraction pattern shows random distribu- 
tion of a double perovskite axis, the same 
structural model shown in Fig. 9 can be as- 
sumed for this sample if random distribution 
of tetrahedral sites is included. 
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