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An electron microscopy and diffraction study of several samples of the system Ca/la, FeO, .,
shows these solids to be formed by the disordered intergrowth of two out of three of the ordered terms
corresponding to x = 0, x = %, and x = 1 (i.e., LaFeO,, Ca,LaFe,04, and Ca,Fe,0s). The relative
amounts of the intergrowing individuals vary with x and may extend down to unit cell thickness;i.e., to

the level of isolated extended defects.

Introduction

Among the various ways that solids use
to accommodate compositional variations
(1), the intergrowth of simple structures (2)
is relatively frequent. That is indeed the
case for some anion-deficient perovskites
(3) where the close analogy (4) that exists
between A,M,0s brownmillerite (5) and
AMO; perovskite (6) structures allows an
intermediate composition AMQOyg; to exist
(7, 8) with a structure which derives indeed
from the limiting structures (9, /0).

As it is well known (11, 12) the brown-
millerite structure can be described with an
ordered sequence of alternating octahedral
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and tetrahedral ‘‘layers,”” while in the
perovskite structure only octahedra are
present. The AM O, ¢; family of phases (13)
is believed to have a structure formed by an
alternating sequence of two octahedral and
one tetrahedral layers (9, 10). Such a se-
quence can in fact be considered as an or-
dered intergrowth between a perovskite
cell and half a brownmillerite unit cell.

Other sequences are indeed possible and
the compound Ca,YFesO,3, corresponding
to a composition AMO; 4, has been shown
(14) to present a related, although more
complex sequence of octahedral and tetra-
hedral layers including twinning at the unit
cell level.

Although these phases can all be consid-
ered as members of a common structural
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Fi1G. 1. Electron diffraction pattern of the x = 0.2
sample along [001], showing the apparent doubling of
the perovskite cell in both a* and b* directions.

series of general formulation A, M,0;,-, in
which they are the members corresponding
ton = 2, %, 3, and %, no other member
seems to occur. In order to clarify the situa-
tion, we have performed a study by elec-
tron microscopy and diffraction of a num-
ber of samples having various compositions
within the system ‘““‘Ca,La;_,FeO;_,».""!

We describe and discuss below the
results of this study.

Experimental

Samples were prepared from a stoichio-
metric mixture of La,0,, CaCO,;, and
Fe(NOs); - 9H,0 dissolved in dilute nitric
acid. The corresponding nitrates were de-
composed at low temperature and refired in
air for 3 days at 1350°C. All samples were
then annealed at 1100°C under low oxygen
pressure (pO, < 107¢ atm). Chemical analy-
ses indicated that iron was exclusively in a
+1II oxidation state. Powder X-ray charac-
terization was performed on a Guinier-
Higg-type camera. Full details of these
procedures have been given earlier (7, 8,
15).

Electron microscopy and diffraction
were performed on a Siemens Elmiskop
102. The samples were ultrasonically dis-

! For this notation see final discussion and Fig. 8.
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persed in n-butanol and then transferred to
carbon-coated copper grids.

Results

According to a previous X-ray study, the
x = 0.2 sample was orthorhombic and has a
cell volume slightly smaller than that 9f
LaFeQ; (x = ¢(LaFeO)y: V = 243.02 A’
(16); x = 0.2: V = 237.08 AY).

By electron diffraction both samples
gave patterns that at first sight, could be
indexed in a doubled perovskite cell. Figure
1 shows an example along the [001], axis.?
However, electron microscopy showed
that the situation corresponded actually to
multitwinned crystals. In each of the indi-
viduals the doubled perovskite axis charac-
teristic of the a,V2 - a;V?2 - 2a. LaFeO;-
like cell (16) was at random in one of the
three space directions. Figure 2a shows a
micrograph of an area of a crystal in which
three individuals coexist. Regions marked
X, Y, and Z correspond to the individuals
giving the diffraction patterns shown in
Figs. 2b, ¢, and d, respectively. It is clear
that a selected area diaphragm covering the
region of contact of the three types of do-
mains will give patterns similar to that
shown in Fig. 1. It is worth pointing out that
the slight distortion (@ = 35.553(Q2), b =
5.563(2), ¢ = 7.867(3)) (16) is not obvious in
powder X-ray diffraction patterns (16-20)
or in electron diffraction patterns. Thus, it
is really because this orthorhombic distor-
tion is so small, that three-dimensional
twinning is observed.

A final point worth of note in those sam-
ples is the lack of regularity of the composi-
tional boundaries Cxy, Cxz, and Cyz in Fig.
2a. The kind of multitwinning observed in
the x = 0 and x = 0.2 compositions is simi-
lar to that optically observed for YAIO;
(17), but at a much finer scale.

2 Subindex ¢ refers to the cubic perovskite unit cell.
Subindexes o and G refer to the LaFeO; and Ca,La
Fe,0s-type unit cells, respectively.
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FIG. 2. (a) Electron micrograph showing multitwinning in the x = 0 sample (LaFeO,). (b, ¢, and d)
Electron diffraction patterns corresponding to individuals X, Y, and Z, respectively. Indexes refer to
the LaFeQ;-type unit cell.

Introducing more calcium in LaFeO;,
considerably diminishes the intensity of the
X-ray superstructure lines and only rela-
tively broad peaks corresponding to a sim-
ple ¢ubic subcell were observed in the X-
ray diffraction pattern of the x = 0.4
sample, i.e., ‘‘CagqlapeFeO;5,” whose
unit cell parameter was a. = 3.882(2) A. By
electron microscopy and diffraction the real
situation appeared much more complex and

two types of solids were observed to exist.
They were both formed by a disordered in-
tergrowth and, although the intergrowing
individuals were in both cases the same,
their relative amounts were different.
Figure 3a shows an electron diffraction
pattern characteristic of one of the two
types of intergrowth; three kinds of diffrac-
tion maxima can be recognized: (a) a set of
strong reflexions, corresponding to a simple



254

- il
o
i
: &
i @

VALLET-REGI ET AL.

* v oy g HrEed
D30 I3 . e .. . ;O"'3 o
; ;'IO ; *® . ® . @ o
I 4 es s w o
P L e

FiG. 3. (a) Electron diffraction pattern of one of the x = 0.4 samples (see text). It is characterized by
the superposition of two patterns which can be indexed as [101]g as in (b) and [001], as in (c). Marked
streaking is apparent. (d) Corresponding electron micrograph showing the intergrowth of regions
characterized by a dyo; = 11.3 A spacing with other regions characterized by the dpy;, = 7.8 A spacing

of the LaFeOs-type cell.

cubic perovskite substructure along the
[001]. axis (unit cell = a, X a. X a.); (b)
another set of maxima which can be in-
dexed in the [101]g zone axis of the Casl.a
Fe;0s unit cell (ag = a;V'2; bg = 3ac; cg =
a,V'2) schematically shown in Fig. 3b. In
the following, this cell will be referred to by
subindex G; (¢) a third group of maxima

which can be indexed as in Fig. 1 above,
schematically shown in Fig. 3c.

The corresponding electron micrograph,
in Fig. 3d, shows that these crystals are
formed by a disordered intergrowth be-
tween regions characterized by the =11.3 A
= dpiog spacing of Ca;LaFe;0g and other
regions where the fringe periodicity corre-
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F1G. 4. Relative orientation of the axes of the four reciprocal cells corresponding to the x = 0.4

sample.

sponds to the dyo, = 7.8 A spacing of the
LaFeO;-type cell. A closer observation of
Figs. 3a, b, and c reveals that the strong
subcell reflexions appear at the reciprocal
positions where the diffraction maxima of
sets (b) and (c) coincide. This is certainly
due to the fact that those two structures are
superstructures of the basic perovskite cell.
The ensemble of these observations suggests
then that the relative orientation of the axes
of the four reciprocal cells of the crystal can
be schematized as in Fig. 4.

The other type of samples having the
same nominal composition, x = 0.4,
showed diffraction patterns that were geo-
metrically analogous to those just de-
scribed. However, the relative intensities
differed markedly from the above patterns.
Figure 5a gives a typical example. It can be
seen that besides the predominant substruc-
ture spots, the diffraction maxima belong-
ing to the Ca;L.aFe10g reciprocal cell are far
less intense than those corresponding to the
doubled pervoskite reciprocal cell. The
electron micrograph relative to such a sam-
ple in this orientation (Fig. 5b), explains the

origin of the intensity differences. It can be
observed that, dispersed within a set of
fringes of spacing =3.9 A there appear iso-
lated fringes with a width of =11.3 A.
These thicker fringes correspond to iso-
lated lamellae of the Ca,LaFe;0O; structure
aperiodically dispersed within the doubled
perovskite structure in which they are co-
herently intergrown. They are examples of
Wadsley defects (21) (see the discussion
below). It is worthwhile to mention that,
although most of these defects start at the
crystal edge and end within the crystal,
some of them, like those indicated by ar-
rows in Fig. 5b, start and end within the
crystal.

It is also worth pointing out that the true
periodicity along the ¢, axis of the LaFeO;
type matrix (7.8 A), is only imaged in the
thicker regions of the crystals (22). Some of
these regions have been indicated in Fig.
Sb.

Yet another group of crystals of the same
analytical composition showed the inter-
growth along [110],/bg, so that the corre-
sponding micrographs showed the LaFeOs-
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FIG. 5. (a) Electron diffraction pattern of another x = 0.4 sample (see text) along the [001], zone axis.
(b) Corresponding micrograph. The presence of isolated extended defects is apparent (compare with
Fig. 3d). (c) Electron micrograph corresponding to a third type of x = 0.4 crystals where the inter-

growth is along [110).

type domains along [001],. An example is
given in Fig. 5c.

X-Ray diffraction work on the x = 0.5
and x = 0.6 samples provided complex pat-
terns that were difficult to index in terms of
either LaFeO; (0)—or Ca,LaFe;Og (G)
cells.

The electron diffraction patterns corre-
sponding to x = 0.6, were again geometri-
cally similar but the more intense spots,
besides those of the substructure, cor-
responded to the Ca)l.aFe;Og structure.
Figure 6a shows a typical electron diffrac-

tion pattern which can be indexed as
(001).//(101)i;. Marked streaking of the dif-
fraction spots, suggesting the existence of
disorder can be observed in this diagram
along both b¥ and c¥. Figure 6b shows the
corresponding electron micrograph. Again,
two types of fringes are seen, with fringe
spacings mostly equal to 11.3 A= doiog» but
sometimes of =3.9 A = dop,. An interesting
point regarding this x = 0.6 sample is that
the fringe periodicity extends in relatively
large areas for each of the individual com-
ponents.
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FiG. 6. (a) Electron diffraction pattern of the x = 0.6 sample indexed along the [001]. zone axis. (b)
Corresponding micrograph: an intergrowth is ohvious.

When x = 0.67, no disordered inter-
growth is present. As Figs. 7a and b show
clearly by electron diffraction and electron
microscopy, only one phase is present:
Ca().67La()v33F602.67, i.e., CazLaFC30g. Nei-
ther streaking in the diffraction pattern nor
faults in the periodicity are visible. There
are, however, noticeable differences in
constrast all over the picture; they certainly
result from differences in crystal thickness
and the consequent variations in focusing
conditions over the different crystal regions
(23). As expected from the diffraction pat-
tern, fringe periodicities correspond to
=11.30 A x 3.9 A. In order to-keep a con-

sistent orientation in all the images given in
this paper, Figs. 7a and b, corresponding to
CaLaFe;0q, are in the [101]g zone axis.
However, this projection is less illustrative
of the sequence of octahedral and tetrahe-
dral layers characteristic of the Ca;LaFe;Oq
structure than the more usual [100]g projec-
tion, parallel to the [101]. axis of the subcell
(10).

For the samples corresponding to § < x <
1, a previous detailed study has given evi-
dence of disordered intergrowth between
Ca,Fe,Os (brownmillerite) and Ca,LaFe;0q
(G phase) (see Fig. 2 of Ref. (10)). The rela-
tive amounts of the end members change
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FiG. 7. (a) Electron diffraction pattern of the x = %
= 0.67 sample. (b) Corresponding micrograph.

according to the nominal composition.
Moreover, it was given evidence of two
types of intergrowth boundaries.

A previous study of the Mdssbauer spec-
tra of these samples (15) indicated that, ex-
cept for low calcium concentration, i.e., x
< 0.1, there appear two Zeeman splittings
with chemical shifts of =0.37 and =0.19
mm/sec, respectively, with hyperfine fields
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of the order of 510 and 420 kOe. These val-
ues are analogous to those observed for
Ca,Fe,0s5 (24) and Ca,LaFe;05 (8) and can
be attributed to Fe(3+) ions in octahedral
and tetrahedral sites. For x = 0.1 however
only a sextuplet could be observed; this is
also the case for LaFeO; (25). According to
the relative intensities in the spectra, the
(FeMQ,) sextuplet vanishes as x decreases,
indicating a diminishing number of tetrahe-
drally surrounded Fe(3+) ions with increas-
ing lanthanum content.

Discussion

The above results show that, although
CayLaFe;03 can be considered as an or-
dered intermediate phase existing between
perovskite and brownmillerite a possibility
of forming other ordered sequences of
octahedral and tetrahedral layers in the
A, M,0;,_; series is difficult to meet in
practice. In this way, the annealed samples
corresponding to compositions other than x
= 0, % or 1, within the so-called solid solu-
tion ‘‘Ca,La;_.FeOs;_,"" are actually con-
stituted by an intergrowth of two out of
three of the oxides: LaFeQO;, Ca;LaFe;0s,
and Ca,Fe,0s, whose chemical formula can
be expressed, in terms of perovskite com-
positions, as AMOs;, AMO,¢;, and AMO; 5,
respectively.

Why this is so, or in other words, why
Ca,l.aFe;05 is apparently the only stable
intermediate term in these series at least in
annealed samples, is not clear. It is proba-
ble that computer simulation techniques
like those developed by Catlow et al. (26)
or Parker (27) will help to understand this
point. However, independently from the
reasons of such a behavior, their implica-
tions are that compositional variations in
the samples of a system containing only tri-
valent iron are governed by the Ca/La ratio
and reflected in the relative amounts of the
corresponding end members intergrown in
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a disordered way within each crystal. The
electron micrographs reflect nicely the
nominal compositions. Although there was
no attempt to make a quantitative estima-
tion, it is clear that the x = 0.6 sample
should be richer for instance in the Ca,la
Fe;Og component, as its nominal or analyti-
cal composition ‘‘CagglagsFe0,7" is
equivalent to (LaFeO; + 3Ca,LaFe;0s);
Fig. 6b approximately shows such relative
amounts. On the contrary, the x = 0.2 sam-
ple should contain a larger proportion of the
LaFeO; component, since it has a nominal
composition ‘‘Cagaollag gFeO,99’" equiva-
lent to (7LaFeO; + Ca;LaFe303); for this
reason, pictures such as Fig. 2 correspond-
ing to this sample will essentially show
LaFeO;-type images. It is however to be
noticed that we have not observed any
CayLaFe;05-type region in the x = 0.2 crys-
tals. This formal composition implies about
3% of oxygen vacancies and it has been
previously shown (13) that the oxygen va-
cancies are arranged into finite files which
are randomly dispersed within the network.
It is then not surprising that Cal.aFe;Oq
regions do not appear in the microscope im-
ages for this composition.

For intermediate samples such as x = 0.4
whose composition ‘‘Cay 4glag sFe0; 40" is
equivalent to (2LaFeO; + Ca,LaFe;03) an
intermediate, albeit heterogeneous, situa-
tion occurs in fact. We have found in this
sample two types of crystals: some of
them, as exemplified in Fig. 5b, show an
intergrowth of Wadsley defects within a
LaFeOs-type matrix; others, however,
present a more balanced intergrowth be-
tween both limiting phases. As both types
of crystals were detected in the same batch
one is tempted to attribute its existence to
kinetic reasons.

When the composition of the ‘‘solid solu-
tion’’ approaches x = % the Ca,l.aFe;03
phase increases and this is indeed the only
phase observed for this value. However,
we did not observe in any case isolated la-
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mellae of LaFeQO; within a Ca,LaFe;0z ma-
trix.

In the # < x < 1 range we have previously
shown the existence of a disordered inter-
growth between Ca,Fe,0s and Ca,LaFe;0q
phases.

The Mdssbauer spectra corresponding to
all these samples have been fully discussed
elsewhere by Grenier et al. {8, 15). They
illustrate clearly the evolution of the system
in terms of local environment of the iron
ions as far as both oxidation state and coor-
dination number are concerned. However,
they do not provide information about the
way in which these local environments are
distributed all over the crystal. In this con-
text, it is obvious that the use of electron
diffraction and even more of electron mi-
croscopy may be recommended for study-
ing this type of systems.

In the light of the above observations and
others previously made (I, 2, 10) it is clear
that phase mixtures of materials that are
structurally related and have close compo-
sitions will seldom appear. Under such cir-
cumstances a structural intergrowth is ob-
viously a more appropriate situation.

The phenomenon of intergrowth is in-
deed not new and under different denomi-
nations has more or less explicitly been
used to explain either compositional varia-
tions or the presence of defects or even
both together. In this way Sato (28) called
Syntatic Intergrowth the “’intergrowth in
narrow bands’’ and reserved the term Mi-
crosyntaxy or Microsyntactic Intergrowth
to the case where intergrowth came ‘‘down
to the unit cell scale’” (29, 30). In the last
eventuality other terms like sequence fault
(31) or sequential faults (32) have also been
used. We suggest that the term Wadsley de-
fect, although corresponding specifically to
an isolated lamella of unit cell thickness of a
crystallographic shear phase intergrown
within a crystal matrix (21, 23) should be
extended to the more general case of any
structural intergrowth of unit cell thick-
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Fig. 8. Tentative phase diagram for the Ca,
La,_FeO,_,, system at 1100°C as deduced from
the electron microscopy investigations.

ness. In this way, the isolated extended de-
fects observed in Fig. 5b should be consid-
ered as Wadsley defects (WD).

In the present ‘‘Ca,La,_,FeOs_,»"" sys-
tem under reducing conditions instead of
having ‘‘compounds’ (34), ‘‘phase mix-
tures’’ (35), or “simple solid solution’’ we
have observed disordered intergrowths be-
tween the ‘‘line phases’’: CaFe)Os, Ca;
LaFe;04, and LaFeQ;. Figure 8 schemati-
cally shows a tentative phase diagram at
1100°C for these ferrites (I1I).

This certainly does not mean that such
oxides are incapable to show nonstoi-
chiometry. This actually happens under ap-
propriate conditions for at least the first two
of them in a quite sophisticated way by
means of microdomain formation (36, 37).
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