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phase (1 : 2 : 3), where two octahedral layers alternate with
The microstructural characterization of La1/3 Sr2/3 FeO32y a tetrahedral layer along the b axis, the stacking sequence

(y 5 0.15 and y 5 0.33) materials has been studied by means being . . . OOT . . . (T, tetrahedron) (6), which in the follow-
of electron diffraction and high-resolution electron microscopy. ing we will call the G phase. This is the only ordered phase
A new unit cell of parameters 2acÏ2 3 3ac 3 Ï2c has been isolated for the cationic ratio 1 : 2 : 3, La : Ca : Fe. Anionic
observed for the highly reduced material La1/3 Sr2/3 FeO2.67 (or compositions higher than O8 led to microdomain forma-
LaSr2Fe3O8 ) as a consequence of the anionic vacancy order. tion (7). Most of the rare earth elements lead to the G
This cell seems to avoid any ordered distribution of Sr and

phase in the Ca system (8). When Ca is replaced by BaLa in the A sublattice, which is only possible for a random
in the above 1 : 2 : 3 phase, two different situationsdistribution of oxygen vacancies (y 5 0.15).  1996 Academic Press, Inc.
can occur depending on the Fe(IV) content. When the
material contains 38% Fe(IV), a simple cubic phase is ob-
tained (9); however, when all iron is in the three oxidationINTRODUCTION
state (La1/3Ba2/3FeO2.67 //LaBa2Fe3O8), the material ap-
pears to consist of three-dimensional microdomains (10).Much work has been devoted to AFeO32y perovskite-

like materials, in which the anionic vacancy distribution The occurrence of the OOT sequence in LaCa2Fe3O8

has been verified by TEM (7); a similar OOT stackingand the final symmetry of the phases are strongly influ-
enced by the A cations. In such oxygen-deficient phases, sequence in the Ca–Fe–Mn–O and Ca–Fe–Ti–O systems

has been reported (11, 12) and a partial structural refine-the stabilization energy of the different oxygen polyhedra
found in dependence of the accommodated B cations has ment was obtained from X-ray powder diffraction data.

When Ca is replaced by Sr, only the presence of La,not been quantified but is obviously important for the type
of structural framework. among the RE elements, gives rise to the layer sequence

. . . OOT . . . (6, 13). By increasing the oxygen content inIn the RE–Ba–Cu–O (RE 5 rare earth) system, the
1 : 2 : 3 ratio has been the most widely studied. The different the material, thus leading to the O8.5 composition, Battle

et al. (14) formulated an intuitive structural model on theanionic coordinations that can be adopted by the copper
atoms have allowed several oxygen-deficient perovskites basis of layers of Fe41 in five-coordinated sites, separated

by two layers of Fe31 in octahedral sites.(1, 2). Full replacement of Cu by Co has been achieved,
the resulting compound having two Co atoms in square The study of the accommodation of compositional varia-

tions in the La1/3Sr2/3FeO32y system has shown (15) thatpyramidal coordination and one Co atom octahedrally co-
ordinated (3). When copper is substituted by iron main- for the y 5 0.1 composition, La and Sr are ordered in small

domains preserving the 1 : 2 ratio and following a sinusoidaltaining the 1 : 2 : 3 ratio, the differences in stability at the
metallic sites lead to other results in the RE–Ba–Fe–O modulation. Continuing this microstructural study, we re-

port here the results concerning the microstructural aspectssystem. In a previous paper (4), we reported that Dy(Ho)
Ba2Fe3O8 can also be described as a threefold perovskite of La1/3Sr2/3FeO32y for y 5 0.15 and y 5 0.33. The electron

diffraction and microscopy investigation has led to a bettersuperstructure, the stacking sequence being . . . POP . . .
(P, square pyramid; O, octahedron) isostructural with understanding of the crystal chemistry of the La1/3Sr2/3

FeO32y phases.YBa2Fe3O8 (5).
In the LaFeO3–Ca2Fe2O5 perovskite-related system,

EXPERIMENTAL
compositional variations lead to the LaCa2Fe3O8 ordered

Stoichiometric amounts of SrCO3 , La2O3 , and a-Fe2O3

of AnnalaR quality were mixed and heated at 13008C for1 To whom correspondence should be addressed.
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FIG. 1. SAED patterns corresponding to La1/3Sr2/3FeO2.67 along (a) [001]c and (b) [101]c zone axes.

96 h in air to achieve the La1/3Sr2/3FeO2.90 composition. before they were slow cooled in Ar to room temperature;
after such treatment the La1/3Sr2/3FeO2.85 composition wasAliquots of this material were then treated in two differ-

ent ways: obtained, as determined by thermogravimetric analysis on
a CAHN D-200 electrobalance.—Aliquots were annealed in argon for 36 h at 11508C

FIG. 2. SAED patterns for La1/3Sr2/3FeO2.67 along (a) [010]c , (b) [301]c , and (c) [111]c zone axes. Arrows in the patterns indicate extra spots
with respect to the G phase.
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FIG. 3. High-resolution electron micrograph for La1/3Sr2/3FeO2.67 . Domains 1 and 2 correspond to the [001]c and [010]c projections, respectively.
The corresponding SAED pattern is shown in the inset.

—Aliquots were annealed in 10% H2/Ar at 3008C for value obtained closely coincides with the nominal compo-
sition.12 h before they were cooled to room temperature in the

reducing atmosphere; the homogeneous brown product Powder X-ray diffraction (XRD) was performed on a
Siemens D-5000 diffractometer with a graphite monochro-obtained corresponded to La1/3Sr2/3FeO2.67 . The oxygen

content was established as stated above. mator and using CuKa radiation.
The samples for electron microscopy were ultrasonicalyThe oxidation state of iron was also determined by titra-

tion after dilution in 3 N HCl with an excess of Mohr dispersed in n-butanol and transferred to carbon-coated
copper grids. Selected area electron diffraction (SAED)salt. The average cationic composition was determined by

inductive coupling plasma (ICP). In both cases, the average was carried out on a JEOL 2000FX electron microscope.
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FIG. 4. (a and b) High-resolution electron micrographs for La1/3Sr2/3FeO2.67 taken with a difference of 50 s to show the vanishing of the fourfold
superstructure with electron beam irradiation.

High-resolution electron microscopy (HREM) was per- be assigned as reciprocal planes of the well known G phase.
At this point, it is important to mention that the occurrenceformed on a JEOL 4000EX electron microscope.
of the threefold superstructure along bc in this phase has
been attributed to anionic vacancy ordering and no evi-RESULTS AND DISCUSSION
dence for La/Ca associated order has been found.

La1/3Sr2/3FeO2.67 (5 LaSr2Fe3O8 ) When tilting around a*c from the [001]c projection, the
[010]c zone axis (Fig. 2a) shows two extra spots markedThe annealing of the O2.90 sample in reducing atmo-

sphere, as previously detailed, gives rise to a material with
all iron in the (III) oxidation state, that is, the La1/3Sr2/3

FeO2.67 composition. From XRD, an orthorhombic distor-
tion of the simple cubic subcell is clearly appreciated. The
maxima can be indexed on the basis of an orthorhombic
unit cell (6) related to the cubic perovskite subcell by
acÏ2 3 3ac 3 acÏ2 in agreement with the structural re-
finement reported by Battle et al. (13) on a sample with
the same nominal composition.2 Figures 1a and 1b corre-
spond to the SAED patterns of this material along the

FIG. 5. (a) Schematic representation of the tetrahedral layers for[001]c and [101]c zone axes. Effectively, these patterns can
the G and B structures seen along the [010] ([101]c ) direction. Only
oxygen atoms are represented for simplicity. (b) Hypothetical distribution
of the tetrahedral rows in the tetrahedral layers for La1/3Sr2/3FeO2.67 .2 Subindex c refers to the basic perovskite subcell.
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FIG. 6. HREM image for La1/3Sr2/3FeO2.67 along the [010] zone axis. The simulated image is shown in the inset.

with arrows, with respect to the G phase along [101]c*, tice of the perovskite structure, and they are also compati-
ble with the existence of order between La and Sr cations.i.e., a fourfold superstructure along this direction. This

feature can also be observed in the [301]c zone axis (Fig. The last polyhedra arrangement would give rise to a unit
cell of parameters ac 3 3ac 3 ac (4), which is not in2b), where two extra rows of spots are seen at (1/4 k

3/4)c and (3/4 k 9/4)c . Figure 2c corresponds to the agreement with the reciprocal lattice obtained by SAED.
In the second distribution . . . POP . . . , the vacancy order[111]c projection, where the fourfold superstructure is

clearly seen along [101]c . in two of every three (010) BO2 planes of cubic perovskite
with alternate [101]c strings of oxygen atoms that are miss-From the above results, a new cell of parameters

acÏ2 3 3ac 3 acÏ2 can be proposed; that is, the a axis is ing every other oxygen would lead to the 2acÏ2 3 3ac 3
acÏ2 periodicity. Then if the . . . OOT . . . sequence alongdoubled with respect to the G phase. The image in Fig. 3

corresponds to the HREM micrograph of one crystal of bc is preserved, the fourfold superstructure observed must
be caused by a structural modification that does not implyLa1/3Sr2/3FeO2.67 . Two domains intergrown at 458 are visi-

ble: number 1 corresponds to the [001]c zone axis and any change in composition.
To continue the discussion, it is worth mentioning thatnumber 2 to the [010]c projection. The inset shows the

corresponding SAED pattern. this superstructure tends to disappear under electron beam
irradiation, although the transformation is relatively slowAccording to the oxygen composition determined by

chemical and thermogravimetrical analysis, and taking into (see Figs. 4a and 4b). According to this fact, the structural
change can be imagined as a consequence of a re-account the ability of iron to adopt tetrahedral, square

pyramidal, and octahedral coordination, three vacancy dis- arrangement in the oxygen sublattice, since the oxygen
atoms are the lightest.tributions would lead to a threefold superstructure:

—a sequence constituted by two octahedral layers and Figure 5a is a schematic drawing of the tetrahedral layers
of the G and B (brownmillerite (17)) structures seen alongone tetrahedral layer alternating along the [010]c direction,

like in the G phase, the [010] direction. The tetrahedral layers in the G struc-
ture all have the same orientation, while in the B structure—a stacking sequence formed by two square pyramidal

layers and one octahedral layer along the [010]c direction they are related by a rotation of 1808 along the b axis. The
figure shows the tilt of the tetrahedra when the oxygen(. . . POP . . .), where the square base of the pyramids is

parallel to the bc axis, like the Ca2Mn2O5 (16), and rows along the [101]c direction are empty. The G-type
material can be obtained either with two different cations—the last sequence (. . . POP . . .) with the square base

of the pyramids perpendicular to the bc axis. occupying the A positions of the perovskite substructure,
as in LaCa2Fe3O8 , or with two cations in the M sites, asThese situations are able to produce a threefold superlat-
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FIG. 7. SAED patterns for La1/3Sr2/3FeO2.85 along the (a) [110]c and (b) [112]c zone axes.

in Ca3Fe2TiO8 (12). Since no detailed crystal structure is coordinates generated from the atomic parameters in Ref.
(13) for LaSr2Fe3O8 and without any restriction in symme-available for LaCa2Fe3O8 , data from the structural re-

finement of Ca3Fe2TiO8 have been used in Fig. 4. There try (S.G. P1). The corresponding calculated image has been
included as an inset in Fig. 6 (the agreement between theare no major differences between the M coordination poly-

hedra of the G and B structures. experimental and calculated images is satisfactory for
D f 5 270 nm and t 5 6.0 nm). As can be observed, theIf we imagine now that one of every two of the tetrahedra

rows inside a tetrahedral layer is tilted 1808 around [010], change in contrast along [100]c leads to doubling of the aG

axis, in agreement with the experimental image. Differ-the arrangement drawn in Fig. 5b is achieved, and thus
doubling of the a axis occurs. This operation would imply ences in contrast are not appreciable when Sr and La are

ordered or are not ordered in the A sublattice. Therefore,only the movement of some oxygen atoms and would not
affect either the c or the b axis. This tetrahedra disposition a random distribution for the A atoms has been considered

in the input data.was previously postulated by Harder and Müller-Busch-
baum (18) when studying by X-ray single crystal methods At this point, it is worth recalling that a similar transfor-

mation without composition change has been found toSr2Fe2O5 in comparison with other A2B2O5 compounds.
The occurrence of such a structural rearrangement would occur in Sr2Co2O5 (20) in a reversible way as a function

of irradiation time under the electron beam.be in agreement with the results obtained by SAED.
Lets consider now the . . . POP . . . distribution we men- Further structural analysis by means of neutron diffrac-

tion is in progress to confirm the structural features pre-tioned before to be responsible for the found periodicity.
Its disappearance under electron beam irradiation would sented.
imply, given the structural refinement reported by Battle
et al. (13) and taking into account that all iron is in the

La1/3Sr2/3FeO2.85 (5 LaSr2Fe3O8.55 )
three oxidation state, a change in the iron(III) coordination
environment in two of the three layers, changing the se- As previously mentioned, this sample was obtained from

the O2.90 composition by controlled reduction under Ar.quence from . . . POPPOP . . . to . . .OOTOOT . . . . Such a
change should be distinguishable also along the b axis The XRD pattern showed only reflections corresponding

to a pseudocubic perovskite-type unit cell. However, theof the structure, i.e., along the layer stacking direction.
However, the contrast remains unchanged along b during electron microscopy study indicated that this sample was

more complex.the transformation, as can be observed in Fig. 4.
Therefore, it seems reasonable to think of the . . . OOT From the electron diffraction study, no extra feature

with respect to the cubic subcell is observed along the. . . sequence of the G phase as being preserved in the
material under discussion. [001]c and [111]c zone axes. However, by tilting 458 around

a*c (Fig. 7a) an extra reflection is observed, doubling theIn order to confirm this structural model, image simula-
tion has been carried out (19) using as input data the atomic [111]c direction. This feature is also observed in the [112]c
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FIG. 8. HREM image for La1/3Sr2/3FeO2.85 taken along the [110]c zone axis.

zone axis (Fig. 7b). The fact that this extra reflection is ordered, preserving the 1 : 2 ratio (see the zone marked
with the arrow). In this sense, some areas remain whereobserved only with SAED and not with XRD indicates

that the material has a cubic unit cell of parameter 2ac a triple contrast along [110]c is observed and others where
[001]c is doubled. These domains are responsible for theonly in some domains inside the crystals. A similar situation

has been already observed in the La–Ba–Fe–O system diffuse diffraction maxima observed at (1/31/31/2)c and
(2/32/31/2)c and at (001/2)c (see Fig. 7a).(9). Figure 8 corresponds to the HREM image taken along

the [110]c zone axis. Effectively, areas with double contrast An ordered distribution of oxygen vacancies and/or
La–Sr atoms in the A sublattice could be responsible foralong the two orthogonal directions are observed and are

responsible for the double unit cell found by electron dif- the doubling of the unit cell. Taking into account the aver-
age anionic composition of this sample, the most favorablefraction. Small regions are still visible, as previously stated

for the O2.90 composition (15), where La and Sr must be oxygen vacancy distribution would lead to the . . . OPOP
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