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The analysis by TEM and electron diffraction of the anion-deficient perovskite Ca2LaFe30s confirms 
the model previously proposed by J. C. Grenier et al. (Mater. Res. Bull. 11, 1219 (1976)) with a 
structure intermediate between perovskite and brownmillerite. The unit cell parameters are -fia,, 
3a,, X&z, (where a, is the cubic perovskite unit cell parameter). However, the unit cell is sometimes 
doubled along the b axis. When the sample is treated in air at temperatures around 14oo”C, an 
oxidation process is observed and the unit cell becomes cubic (a, = 3.848(3) A). Nevertheless, 
electron d&Traction investigations suggest the existence of a much more complex situation in which 
three-dimensional microdomains intergrow within one crystal. Each of these microdomains appears to 
have a structure clearly related to the low-temperature sample, but the superstructure is randomly 
found along each of the three cubic subcell directions (i.e., the unit cell @a,, fia,, 3a, alternates 
randomly with 3a,, fiat, aa, and with fiuc, 3n,, *a,). High-resolution electron microscopy 
allows one to ascertain this microdomain texture of the real crystal. 

Introduction 
UOz+X and other fluorite-type oxides (2). 
Crystallographic shear planes, as in TiOzeX 

There are several ways for a metal oxide (3), W03-, (4), or in its two-dimensional 
to change its composition. One may men- manifestation in so-called column struc- 
tion, for instance, the following: Point de- tures (5), formerly denominated “block 
fects, probably operative when the compo- structures” (6). Intergrowth of two or more 
sitional variations are small, as, for basic structural motifs in various propor- 
example, in the alkaline-earth metal oxides tions, as observed in phases intermediate 
(I). Defect complexes, as, for example, in between the perovskite and brownmillerite 

structural types. Such phases have recently 
* Author to whom correspondence should be ad- been discovered by Grenier et al. (7, 8). In 

dressed. these materials, perovskite-like octahedra 
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layers form an intergrowth with tetrahedra 
layers in ordered sequences whose general 
formula is 

&M,03.-1 @ AMO3-,, with y = l/n. 

The two extreme terms of the series are: 
-for n = 2 brownmillerite (9, ZO), where 

the sequence of octahedra (0) and tetrahe- 
dra (T) layers is . . .OTOT’OTOT’. . .I; 

-for IZ = m, where no tetrahedra layers 
are present, the sequence is then 
. . . 000. . .) corresponding to the cubic 
perovskite structure. 

Idealized polyhedral models of these 
structures are represented in Figs. la and b. 

Within the structural family, other 
known terms correspond to n = 5/2 or 4 
(II). The present paper is devoted to mate- 
rials whose compositions are close to II = 3, 
i.e., to CazLaFe30g. 

It came out from a previous work (12) 
that this compound has an orthorhombic 
unit cell whose parameters can be ex- 
pressed as a function of the cubic 
perovskite cell parameter a, by cl0 = a,fi, 
b, = 3ac, and co = ace.2 It is character- 
ized by a . . .OOTOOT. . . sequence 
(Fig. lc). 

It was also observed that the mixed cal- 
cium-lanthanum ferrite CazLaFe308, when 
heated in air at 14OO”C, did gain a slight 
oxygen excess over the stoichiometric for- 
mula and, instead of orthorhombic, it was 
cubic according to its powder X-ray diffrac- 
tion pattern (12). Taking into account the 
general characteristics of such an ordered 
intergrowth (8, II), it could be expected 
that an oxygen excess was accommodated 
by a simple rearrangement and change in 
the separation between the tetrahedra lay- 
ers. However, as reported below, an elec- 

1 For an explanation of the difference between T and 
T’ see below and Fig. 1. 

2 Subindexes o and c refer to the orthorhombic and 
cubic unit cells, respectively. Subindex B refers to the 
brownmillerite-type unit cell. 

tron microscopy and diffraction study of 
the oxidized materials shows that under 
these circumstances compositional varia- 
tions are accommodated by means of the 
formation of three-dimensional microdo- 
mains. 

Experimental 

The calcium lanthanum ferrite was pre- 
pared from the stoichiometric mixture 
(4CaC03, La203, 6Fe(N03)3, 9H@), but in 
order to obtain homogeneous samples the 
starting materials were dissolved in dilute 
nitric acid. The nitrates were then decom- 
posed at 8OO-1000°C. Finally, after grind- 
ing several times, they were fired at 1300°C. 

The low-temperature sample (L.T.) was 
annealed at 1100°C under controlled oxy- 
gen pressure in an argon atmosphere ( po2 = 
10e7 atm) in order to prevent the formation 
of iron( 

The high-temperature sample (H.T.) was 
obtained by annealing at 1400°C in air for 1 
day followed by quick-quenching down to 
room temperature. 

The samples were characterized by pow- 
der X-ray diffraction (Guinier-H&g pattern 
with CuKcx radiation) and chemical analy- 
sis (determination of the average oxidation 
state of iron by K2Cr207 after dilution in 3 N 
HCl with an excess of Mohr’s salt). 

Electron microscopy and diffraction 
were performed on a Siemens Elmiskop 
102. The samples were ultrasonically dis- 
persed in n-butanol and then transferred to 
carbon-coated copper grids. 

Results 

Low-Temperature Sample: Ca2 LaFe3 OS 
(L.T.) 

According to the X-ray diffraction work 
(8), this reduced sample appears to have an 
orthorhombic cell related to a perovskite 
cell. The unit cell parameters are a, = 
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FIG. 1. Idealized polyhedral models of the following structures: (a) brownmillerite; (b) perovskite; 
(cc) polytype I of Ca2LaFe308; and (d) polytype II of Cq,LaFe308. 
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FIG. 2. Electron diffraction pattern of the low-temperature orthorhombic sample. Zone axis [OlOl, f ,  
[OlO], (o = orthorhombic cell of Grenier et al. (12); c = cubic perovskite cell). 

5.464(3), b, = 11.29(l), and co = 5.563(3) A, 
i.e., approximately a,V’?, 3ac, and a,fi, 
where a, is the cubic perovskite cell param- 
eter. Moreover, the chemical analysis of 
this sample does not reveal the presence of 
tetravelent iron. 

Electron diffraction work corroborated 
that the majority of the crystals did con- 
form to the model of Grenier et al. (8). In 
Fig. 2, the electron diffraction pattern can 
be indexed as [OlO],, equivalent to [OlO],, 
and clearly shows the orthorhombic distor- 
tion. By electron diffraction c/a = 1.01, in 
agreement with the ratio obtained by X-ray 
diffraction (c/a = 1.018). On the other 
hand, Figs. 3 to 6 show a series of recipro- 
cal lattice sections containing the -6, axis. 
Figure 3, corresponding to the [103], zone 
axis, equivalent to the [lo% zon_e axis, and 
Fig. 4, corresponding to the [102],, equiva- 
lent to [103],, show that the b,* axis presents 
a threefold superlattice with respect to the 
cubic perovskite a? axis. Some crystals, 
however, did show a marked streaking 

along the b,* axis, suggesting the existence 
of some disorder in the stacking of the 
atomic planes along the real b, direction. 
Figure 5a gives a clear example of the 
streaking, and the corresponding disorder 
is observed in Fig. 5b; both pictures corre- 
spond to the [loll, zone axis, equivalent to 
the [lOOI, zone axis. Fi@ly, Fig. 6 shows 
[lOO],, equivalent to [loll,. 

Within the streaking the presence of an 
extra spot was often observed, as indicated 
by an arrow in Fig. 5a. However, such ex- 
tra spots were sometimes absent: a clear 
example is shown in Fig. 7a corresponding 
to a well-ordered crystal, as confirmed in 
Fig. 7b. The occasional presence of the ex- 
tra spots, presumably due to multiple dif- 
fraction, suggests that, along the b, axis, 
the unit cell may be the double of that given 
in the structural model of Grenier et al. 
(8, II). Consequently, Figs. 2 to 7 were in- 
dexed on the basis of the larger cell, whose 
parameters are a,fi x 6a, x a,fi. On the 
assumption that the doubling of the unit cell 
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FIG. 3. Electron diffraction pattern of the L.T. orthorhombic sample. Zone axis [lo?], ++ [lo!&. 

FIG. 4. Electron diffraction pattern of the L.T. orthorhombic sample. Zone axis (lO& - [lo?& 
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FIG. 5. (a) Electron diffraction pattern of the L.T. orthorhombic sample. Zone axis [lOi], c, [lOOI,. 
Arrow signals the spots doubling the unit cell. Notice the streaking along the br cf b$ axis. (b) 
Corresponding electron micrograph. The streaking shown in Fig. 5a is due to disordering (see text). 

is due to an alternation in the orientation of 
the [FeO,] tetrahedra along the b, axis, the 
idealized unit cell of this solid is shown in 
Fig. Id. In this connection, it is worthwhile 
recalling that in the case of the brownmil- 
lerite-type structure (9, 10) (Fig. la), al- 
though the sequence of the polyhedra lay- 
ers is . . .OTOTOT. . ., the ba parameter 
is four times the perovskite cubic cell pa- 
rameter, since the relative orientations of 
the tetrahedra alternate along this axis. The 
real sequence of the polyhedra layers may 
then be written . . .OTOT’OTOT’ . . . , 
and the unit cell is approximately a,* x 
4a, X a,*. 

In a similar way, Bando et al. (13, 14) 
have indexed the closely related CQY 
FesOn, another member of the Grenier er 
al. series of phases (it = 5) with an approxi- 
mate cell a,A6 X lOa, x a,fi correspond- 

a 
%oGo. . . . 

sequence . . .OTOOTO 

Other explanations are, however, possi- 

ble; to confirm this point, a HREM study of 
samples showing the extra spots will be 
useful. 

Moreover, it is quite clear that, with such 
a structural building principle, an infinite 
number of different sequences and conse- 
quently of different structures and stoi- 
chiometries is “a priori” possible. Some of 
them have already been shown to exist by 
Grenier et al. When the intergrowths of the 
end members of the series are perfectly or- 
dered, they give rise to new compositions 
and structures; when they are disordered 
they allow compositional variations to hap- 
pen. Evidence of the last phenomenon ap- 
pears in Fig. Sb, where one can measure 
interplanar spacings between 7.8 and 30.5 
A. 

High-Temperature Sample (H.T.) 

The chemical analysis of the sample 
treated at 1400°C in air indicated a composi- 
tion CGaFe308.235 e Cao.67Lao.33Fe02.745 
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FIG. 6. Electron diffraction pattern of the L.T. orthorhombic sample. Zone axis [lOOI, c + [ioil,. 

(i.e., 15.6% Fe’“). X-Ray powder diffrac- 
tion data only showed interplanar spacings 
corresponding to a cubic perovskite-type 
cell with a = 3.848(3) A. 

Electron diffraction, however, shows the 
existence of a much more complex situa- 
tion. 

Figure 8 shows an electron diffraction 
pattern along the [OOl], zone axis indicat- 
ing, besides the cubic perovskite reciprocal 
lattice, the presence of an additional spot at 
the center of the reciprocal cell. Even more 
interesting is the existence of threefold su- 
perlattices along both the a: and b,* direc- 
tions. Each of these two threefold superlat- 
tices is reminiscent of that found in the 
reduced low-temperature sample. Never- 
theless, for this last sample, a threefold su- 

perlattice was present in only one direction 
(b,*, see Figs. 2 to 7). 

A possible interpretation of the recipro- 
cal lattice section appearing in Fig. 8 is that, 
within the same crystal, two different orien- 
tations of the . . .OOTOOTOOT. . . se- 
quence are present. These two orientations 
would be perpendicular, as could be seen, 
for example, in a 90” twin. However, an 
electron micrograph of the same crystal in 
one of those orientations (Fig. 9) shows a 
much more complicated situation. It can be 
seen that the crystal is not really twinned; it 
is in fact formed by intergrowth of small 
domains, where the unit cell is tripled in 
one of the two perpendicular directions: ei- 
ther a, or b,, according to the indexing 
given in Fig. 8. The size of these regions is 
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FIG. 7. (a) Electron diffraction pattern of a well-ordered crystal of the CazLaFeJOs sample. Zone axis 
[ lOi], c) [ 1001,. Notice the systematic absence of the spots (Mf) with k = 2n + 1. Compare with Fig. 
5a. (b) Corresponding electron micrograph. Compare with Fig. Sb. 

difficult to estimate accurately, but they are 
of the order of -60 to - 100 A in an approx- 
imately square block. In any case, given 
this order of magnitude of size, one can 
speak of these regions as microdomains. A 
set of microdomains, say, set a, will have 
the unit cell tripled in the a, direction, while 
the other one, set p, has the unit cell tripled 
in the 6, direction. From the information so 
far available, these microdomains would 
appear to be two-dimensional, i.e., their 
third dimension is hitherto unknown and 
can be supposed as infinite. 

In an attempt to understand more fully 
such an uncommon structural situation, a 
series of tilts were performed, on the same 
crystal, around the perovskite reciprocal bZ 
axis. 

Figure 10 shows the [lOi], zone axis, ob- 
tained after a tilt of 45”. This pattern can be 
fully indexed on the basis of the orthorhom- 
bit cell a,fi x 3~2, x a,fi (or with the 
double cell obtained for the low-tempera- 
ture sample; the smaller cell has in fact 
been used here for simplicity). Along this 
orientation both L.T. and H.T. samples 
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FIG. 8. Electron diffraction pattern of the H.T., X-ray cubic sample. Zone axis [OOl],. Notice the spot 
at the center of the reciprocal cubic cell (compare with Fig. 2) and the presence of two threefold 
superlattices along both go,,, and &,,,. 

FIG. 9. Electron micrograph of the H.T., X-ray cubic sample, in the [Ool], orientation of Fig. 8. The 
presence of microdomains, in which the perovskite cell is trebled in one of two perpendicular direc- 
tions. is evident. 
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FIG. 10. Electron diffraction pattern of H.T., X-ray cubic sample; zone axis [lOi], t f  [lOOI,. Com- 
pare with Fig. 6 of the L.T. sample. 

give geometrically similar diffraction pat- 
terns, but the intensities of the spots are 
clearly different. However, the [lOTI, zone 
axis (Fig. 1 la) obtained after a tilt of 11 S” 
around the br reciprocal cubic axis, from 
the [OOll, zone axis, is much more com- 
plex. The abundance of diffracted spots 
suggests that the reciprocal lattice is more 
complicated than that which could be de- 
duced previously from Fig. 8. In particular 
the presence of the spots marked by the 
letters A and B, which can be indexed as 
[l 0 & and [2 0 $13, in the cubic perovskite 
cell, indicates that the cubic perovskite axis 
c,* also shows a threefold superstructure. 
This in itself implies that there exists a third 
group of microdomains in which the tripling 
of the unit cell happens in a direction per- 
pendicular to that observed on the two sets 
whose existence was deduced from Figs. 8 
and 9. 

Coming back to Fig. lla, the group of 
four spots forming a cross, marked by an 

arrow, corresponds to the intersection of 
the two threefold superstructures, parallel 
to a,* and b$, within the reciprocal unit cell 
centered at (4 1& as schematically shown 
in Fig. 12a. All the spots present in Fig. 1 la 
can then be indexed in the perovskite cubic 
cell as shown in Fig. llb. 

On the basis of all this information, it can 
be concluded that the high-temperature oxi- 
dized form Ca2LaFe308+Z is composed of 
three sets of microdomains, which we can 
denote OL, p, and y, homogeneously inter- 
grown within the same crystal. Each of 
these microdomains is actually related to, 
but not identical with, the low-temperature 
sample described in the previous section. 
That the low- and high-temperature sam- 
ples are not structurally identical can be de- 
duced from a comparison of Fig. 2 and Fig. 
8: the L.T. sample is orthorhombic, and 
a, # co (Fig. 2), while the H.T. sample is, at 
least geometrically, tetragonal with two 
equal axes (Fig. 8) either at = ct , at = bt , or 
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FIG. Il. (a) Electron diffraction pattern of the H.T. sample; zone axis [lo?],. The presence of the 
spots indicated by the letters A and B suggests that the unit cell is also trebled in the c direction. A = 
[l 0 &, B = [2 0 jll, and equivalent. (b) Enlargement of the previous pattern, indexed on the basis of 
the perovskite cell (see Fig. 12a). 

b, = ct depending on the domain selected. As a consequence of this microdomain 
This situation is perhaps due to the very intergrowth, the reciprocal space corre- 
presence of a microdomain texture.3 sponding to the high-temperature oxidized 

3 The word texture -arrangement of the parts that 
phase of Ca2LaFe30s.235, shown in Fig. 12a, 

make up something-is used here instead of structure is formed by the juxtaposition of three re- 
to distinguish the structural arrangement of the whole ciprocal spaces, given in Figs. 12b, c, and 
solid from that of each microdomain. d, each of them corresponding to one set of 
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b C d 
FIG. 12. (a) Schematic representation of a part of the reciprocal lattice of the H.T., X-ray cubic 

sample as observed by electron diffraction. Indexation is made on the basis of the cubic perovskite 
cell. The shadowed plane corresponds to the pattern pictured in Fig. 11. This reciprocal lattice results, 
in fact, from the juxtaposition of three reciprocal lattices, each corresponding to one set of domains 
represented in: (b) set CL: 3a, x a,V? x a,V?; (c) set p: a,16 x 3a, x a,V?; (d) set y: a,fi x a,2 x 
3a,. 

domains and having as unit cell parameters: 
set a: 3a, X a,ti X aCti; set l3: a,* X 

entation, no fringes can be seen on the set 
of microdomains in which the unit cell is 

3a, X a,fi; and set y: a,fi x a,X6 x 3a,. trebled in the cc direction. 
It should be emphasized that the real sit- 

uation does not correspond to a simple 
perovskite structure trebled in the three 
space dimensions, but rather to a crystal in 
which some tridimensional domains have a 
perovskite cell tripled in the a, direction, in 
other domains it is tripled in the b, direc- 
tion, and in the remaining ones the unit cell 
is tripled in the cc direction. These microdo- 
mains are randomly intergrown, as sche- 
matically shown in Fig. 13. 

Discussion 

Figure 14 shows another electron micro- 
graph, in the same orientation [Ool],, in 
which the microdomains are clearly seen to 
be of three kinds. Obviously, along this ori- 

The results obtained confirm that the 
low-temperature reduced phase of the cal- 
cium-lanthanum ferrite, Cao.67Lao.~~Fe02.67, 
is the n = 3 member of a series of anion- 
deficient perovskites of general formulation 
A,,M,03.-I (8). In this particular case A = 
(#Ca + fLa), A4 = Fe, and x = S in the 
CaxLal-.Fe03-, solid solution, y = l/n. 
Streaking in the electron diffraction dia- 
grams and electron microscopic observa- 
tion of this sample showed the occurrence 
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FIG. 13. Schematic representation of the intergrowth of three sets of domains which form the texture of 
the H.T. sample. 

of some disorder along the b, axis, parallel existence of fringe spacings larger than re- 
to the cubic perovskite b, axis. As clearly quired by the b, = 11.29-w dimension ,was 
shown in Fig. 6 by electron microscopy, the often observed. The appearance of such a 

FIG. 14. Electron micrograph of the H.T. sampie along the [OOl], orientation showing the three sets 
of microdomains. 
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disorder supposes that the crystal is not in 
an equilibrium situation. 

Electron diffraction, on the other hand, 
shows that the unit cell corresponding to 
this phase can sometimes be doubled com- 
pared to that predicted by the model of Gre- 
nier et al. (8, II). This seems to suggest the 
existence of two polymorphic forms. The 
corresponding sequences of “polyhedra 
layers” would be: 

I . . . OOTOOT’OOTOOT’. . . , 
with a unit cell a,fi x 6a, x a,V?, 

and 

II. . .00TOOTOOTOOT. . . , 
with a unit cell a,fl x 3a, x a,lh. 

As both species correspond to the same 
composition and as their respective struc- 
tures are formed by the same structural ele- 
ments stacked in different ways along one 
direction (the b, perovskite axis), they 
could actually be polytypes. Idealized 
structural models of both polytypes appear 
in Figs. lc and d. 

The most interesting situation is found, 
however, in the high-temperautre oxidized 
sample, whose “average structure” as ob- 
served by powder X-ray diffraction appears 
to have a cubic cell with a = 3.848(3) A. 

Nevertheless, as clearly demonstrated by 
the combination of both electron micros- 
copy and diffraction, the real structure of 
such a material is formed by intergrowth of 
three families of microdomains. 

Although three-dimensional microdo- 
main intergrowth within a perovskite-like 
phase have recently been found in the 
closely related Sr,Ndi-,Fe03-y system 
(15), the structure within each domain was 
not established unambiguously. Neverthe- 
less, the available diffraction evidence sug- 
gested, in that case, a perovskite unit cell 
doubled in one of the three axes alternating 
at random in each domain. In the present 
case, however, there exists a close analogy 

between the structure of the low-tempera- 
ture phase and that observed for each set of 
domains, so that each of the microdomains 
appears to be a kind of tetragonal low-tem- 
perature polymorph. The existence of a ma- 
terial having a microdomain texture raises a 
number of problems regarding the definition 
of a phase and also concerning the ways in 
which nonstoichiometry can be accommo- 
dated. Some of these problems have re- 
cently been discussed (16) and reviewed 
(17). 

It appears that the concept of microdo- 
mains was first used by Ariya and Moro- 
zova (18) to explain physicochemical and, 
in particular, thermodynamic properties of 
titanium, vanadium, or iron monoxides. In 
one of their first contributions to the sub- 
ject, regarding wtistite, Ariya and Moro- 
zova suggested the existence of microdo- 
mains of a structure type, say, OL, within the 
structure of a parent solid, say, B. Ariya 
and Morozova described a “Fe0 lattice in 
which islands of agglomerates of Fe”’ are 
disseminated . . . .” Such a situation im- 
plied the existence of a “submicroinho- 
mogeneous structure.” Later, however, 
Ariya and Popov (19) considered that the 
nonstoichiometric solid, say, A, was com- 
posed of coexisting microdomains of two 
phases, say, B and C, both of which are 
adjacent to A in the phase diagram. As for 
the reason why B and C have a different 
composition, the compositional variation of 
the A phase will actually be a reflection of 
the evolution of the relative amounts of B 
and C: in this respect, the thermodynamic 
behavior of A will be univariant. The ab- 
sence of superlattice lines in the X-ray dif- 
fraction diagrams of those solids indicated, 
according to Ariya and Popov (19), “the 
statistically random distribution of the do- 
mains with compositions B and C in the 
lattice of this oxide.” 

As already pointed out by Banks (20), 
the problem raised by this interpretation is 
that, near each side of the homogeneity 
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range, one should see on the X-ray diffrac- 
tion pattern the lines corresponding to the 
predominating B or C phase superimposed 
on those of the matrix; those lines are, how- 
ever, not visible. 

Nevertheless, by dark-field electron mi- 
croscopy microdomains have been ob- 
served in a few examples. In particular, 
both TiO, and VO, have been shown to at 
least partly fulfill what is usually referred to 
as the “Ariya hypothesis” (21). Watanabe 
et al., (22) were able to image interesting 
microstructural features and, in particular, 
two-dimensional domains in the form of 
parallel plates, of -300-1000 A thickness, 
in several samples of “titanium monoxide” 
(22). On the other hand, Bell and Lewis 
have observed in “vanadium monoxide” 
domains of a tetragonal superlattice where 
the tetragonal axis may be selected from 
one of the three cubic unit cell axes of the 
matrix (23). 

The case that we are referring to, how- 
ever, appears to be somewhat different in 
that there is no evidence of the matrix. That 
we can really observe simultaneously the 
diffraction patterns of both the parent and 
the domain structures is only due to the fact 
that the latter is a superstructure of the 
former. However, in the electron micro- 
scope images, the whole observation field is 
fully occupied by the three sets of microdo- 
mains (see Figs. 9 and 14). These facts 
bring us to a second worthwhile point. It 
concerns the size of the domains and, in 
close connection with it, the amount of or- 
der within them. With respect to the first 
aspect, simple calculations by Ariya and 
Popov (19) suggested a domain side of the 
order of 3 and 9 unit cells in the case of TiO, 
which means -30 to 1000 unit cells within a 
domain, depending on the composition. A 
more elaborate treatment of the problem 
within the thermodynamic criteria for small 
systems allowed Anderson (17) to obtain a 
much smaller figure: 5 to 7 unit cells/do- 
main in the case of Ce01.94, while in the 

case of UOZ+~ the domain size could be as 
small as one unit cell, i.e., disordered Willis 
clusters. As measured in Fig. 9, we can ob- 
tain an approximate domain size of the or- 
der of 6 to 10 times b,, i.e., 6 to 10 unit cells 
on one side, which in the supposition of the 
domains being isometric blocks or islands- 
something which is not totally evident in 
Fig. 9-could mean a microdomain volume 
of the magnitude of 200 to 1000 unit cells. 
The agreement with Ariya’s value is likely 
to be fortuitous. However, an interesting 
point concerning the three-dimensional do- 
mains observed in the calcium-lanthanum 
ferrite is that the absence of the matrix indi- 
cates that each domain tends to occupy the 
maximum available volume. This in itself 
implies, on the one hand, that the observed 
microdomain individual volume is as big as 
possible, which is compatible with the 
homogeneity of the domain size. But this 
also indicates that the microdomains result 
in this case from a “randomization” of the 
oxygen excess. It is worthwhile to stress in 
this connection that microdomains appear 
in the calcium-lanthanum ferrite as a result 
of a high-temperature (T - 1400°C) oxida- 
tion process, while in the other known 
cases (22, 23) they occur in the process of 
relatively low temperature annealing (e.g., 
6OO-700°C in VO,). That the microdomain 
textured solid is a quenched high-tempera- 
ture solid is confirmed by the fact that an- 
nealing in air at low temperatures produces 
mixed crystals of the L.T. and H.T. materi- 
als (24). 

Closely related with the question of the 
domain size is the problem of ordering 
within the domains (17). In view of the dif- 
fraction properties of the high-temperature 
oxidized phase we can speak of these mi- 
crodomains as long-range ordered. On the 
contrary, where short-range ordering pre- 
dominates, diffuse scattering is observed. 
A typical case of such a situation concerns 
the CqAu alloys, where Moss (25) de- 
duced from the diffuse scattering a domain 
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size of about 6 x 3 x 3 unit cells. It must be 
noticed, however, that Moss’s analysis re- 
fers to an order-disorder phenomenon 
where no global compositional variations 
are observed. 

A more interesting and related case con- 
cerns the anion-deficient fluorite-type 
phases based on zirconia and hafnia studied 
by Allpress and Rossell (26). In this case, 
diffuse scattering was shown to be due to 
small domains embedded coherently in a 
number of specific orientations within the 
cubic matrix. After long annealing times the 
ordering process originates a superlattice 
(26). 

On the other hand, and against what has 
been observed in A-cation-deficient perov- 
skites showing two-dimensional domains 
(23, no ordering between domains has 
been observed in the calcium-lanthanum 
ferrite. The distribution of domains, i.e., 
the orientation of the long b, axis, is ran- 
dom. It is possible that long annealing times 
at 1400°C could order the domains. 

Perhaps the more crucial question re- 
garding the microdomain textured materials 
concerns their classification as a phase. Ac- 
cording to the usual definition (28), a phase 
is a region of matter within which all micro- 
scopic properties vary continuously as a 
function of position, while a uniform phase 
is a region within which all properties are 
independent of position. It would then ap- 
pear that each of the observed microdo- 
mains, excluding the domain walls, can be 
considered as a uniform phase; however, 
the global, textured solid is not a uniform 
phase, nor even a phase in the sense indi- 
cated above. Such a microdomain ensemble 
is perhaps more akin to the hybrid crystal 
concept postulated by Ubbelohde (29) in 
the case of phase transformations, or to the 
otherwise probably equivalent (30) concept 
of pseudophase (32) postulated by Hyde et 
al. to explain the thermodynamic behavior 
of the Pr-O2 system. 

Nevertheless, the concept of phase can 

alternatively be considered, at least in oper- 
ational terms, on the basis of two criteria, 
proposed long ago by Anderson (32) in the 
context of nonstoichiometry. Such criteria 
concern a phase within the broader scope 
of compositional variations, and can be 
summarized as follows: a nonstoichiome- 
tric phase has to be structurally monopha- 
sic-as determined by a diffraction tech- 
nique, usually powder X-ray diffrac- 
tion-and thermodynamically bivariant. 
As suggested in the model of Grenier et al. 
(8, II), the ratio of octahedra to tetrahedra 
controls the compositional variations of 
these AM03-, ferrites: when the sequence 
is ordered, it leads to different terms of the 
series; if it is disordered, it originates local 
compositional variations. The low-temper- 
ature phase described above gives an exam- 
ple of the last type. However, the nature of 
the high-temperature oxidized phase indi- 
cates that this is not the way in which non- 
stoichiometry is accommodated in air at 
1400°C in the mixed-calcium-lanthanum 
ferrite, since in no case have we observed 
at that temperature any interplanar spacing 
longer than the expected b, = 11.29 A 
within the microdomains. This seems to im- 
ply that in this case the domain walls play a 
decisive role in accommodating the oxygen 
excess. If this reasoning is correct, the 
greater the domains the smaller will be the 
oxygen excess. 

Concluding Remarks 

The results shown above indicate that 
three-dimensional microdomain formation 
is yet another way of accommodating com- 
positional variations in solids. In this par- 
ticular example, an excess of oxygen ap- 
pears to be accommodated in the domain 
walls, suggesting that different composi- 
tions may give rise to different domain 
sizes. 

Although the observation of three-dimen- 
sional microdomains constitutes a new de- 
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velopment in nonstoichiometry, it actually 
raises more questions than it provides an- 
swers for. Some of these problems have al- 
ready been discussed by Cowley in theoret- 
ical terms (33) and a new theoretical 
approach to the microdomain model has re- 
cently been put forward by Manes (34). 
One of the most critical issues to be ex- 
plained is the true origin of the microdo- 
mains and, in a more general way, why 
some materials accept changes in composi- 
tion by accommodating point defects, some 
by defect complexes, others by an extended 
defect mechanism, others by ordered or 
disordered intergrowths, and others by mi- 
crodomain formation. Even more so, the 
calcium-lanthanum ferrite appears to con- 
form to one or the other of the last two 
types depending on the temperature at a 
given oxygen pressure. 

It is also clear that the presence of micro- 
domain walls will have a strong influence 
on the physicochemical properties, and in 
particular on the transport features of this 
type of solid. Whether this goes as postu- 
lated by Van Go01 and Bottelberghs (35) 
some years ago, in a model that is in some 
respects an extension of the Ariya hypothe- 
sis, remains to be tested. 
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