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A New 123" Family: LnBa,Fe;0,. {ll}. Ln = Nd, Sm, and Eu
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The microstructural characterization of Nd;;Ba,;FeO, gy material has been studied by means of electron
diffraction and high resolution electron microscopy. A structural model in which two square pyramids
alternate with three octahedra along the [001] direction is proposed. The material can be described
as the n = 2 term of the Ln ,Ba, FeO; 15,4, family. The same study developed on Smy,Ba,;FeQ, 34
and Euy;Ba,;Fe0, 5 reveals a more complex microstructure, exhibiting a short-range order situa-
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Introduction

In order to create anionic deficiency in
the ABQ, perovskite structure, it is possible
to modify the composition in the A (cationic)
sublattice. Much work has been devoted to
the AA'FeO,_, materials (/-3) and the an-
ionic vacancies distribution being governed,
among others, by two main factors: the rela-
tive stability of the different iron sites and
the A : A’ ratio. Gibb and Matsuo (4) have
studied the Ba,La,_ FeO, , system by
means of Méssbauer spectroscopy, observ-
ing a continuous decrease of the iron on
tetrahedral sites when the Ba content is in-
creased; for x = 0.5, the tetrahedral sites
almost disappear at the expense of the five-
fold site appearance.

In the LaFe0,-Ca,Fe,O; perovskite-
related system, compositional variations
lead to the LaCa,Fe Oy ordered phase
(1:2:3), where two octahedral layers alter-
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degree of Doctor of Chemistry by E.G.G., Universidad
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nate with a tetrahedral layer along the
c-axis, the stacking sequence being
... 00TOOT . .. (O, octahedron, T, tet-
rahedron) (/).

When Ca is substituted by Ba in the above
1:2:3 phase, two different situations can
occur depending on the Fe(1V) content, i.¢.,
on the oxygen content. When it contains
38% of Fe(IV) (Bay;l.a,,FeQ, 4} a simple
cubic phase is obtained (5); however, when
all iron is found in the IIl oxidation state
(Ba,,Las,Fe0, ¢), the material appears to
be formed by three-dimensional microdo-
mains (6): the unit cell corresponding to
each domain is related to the cubic perov-
skite structure by the expression a, X a, X
2a_ (a. being the cubic perovskite unit cell
parameter},

In a previous paper (7), we reported that
Dy(Ho)Ba,Fe,04 materials can also be de-
scribed as a threefold perovskite super-
structure, the stacking sequence being
.. . POPPOP . . . (P, square pyramid). The
substitution of dysprosium or holmium by
neodymium, samarium, or europium leads
to a different anionic vacancy rear-
rangement. Microstructural characteriza-
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TABLE 1

Aw1oNIC COMPOSITION OF THE
Lny;BaysFe;_, MATERIALS

Ln % Fe(lV) Composition

Nd 27 NdsBay FeO, gy
Sm 2t Smy;Ba,sFe0, 5
Eu 20 ELl”_;BﬂzBFCOZ.TG
Dy - Dy sBay;FeO; ¢
Ho - Ho,3Bay3Fe0, ¢

tion by means of selected area electron dif-
fraction (SAED) and high resolution
electron microscopy (HREM} has been car-
ried out to solve these differences.

Experimental

Samples of nominal composition Ba,s
LnzFeO,_, (Ln = Nd, Sm, and Eu) were
prepared by heating stoichiometric mixtures
of BaCO,, Ln,0,, and «-Fe,0; of annalaR
quality at 1300°C for 72 hr in air. The homo-
geneous black products were quenched to
room temperature in the platinum crucibles
used for synthesis.

The oxidation state of iron was deter-
mined by titration after dilution in 3 N HCI
with an excess of Mohr salt.

Powder X-ray diffraction was performed
on a Siemens D-5000 diffractometer with a
graphite monochromator and using CuKe
radiation.

Electron diffraction was carried out on a
JEOL 2000FX electron microscope, fitted
with a double tilting goniometer stage
(=45°). High resolution electron micros-
copy was performed on a JEOL 4000EX
electron microscope, fitted with a double
tilting goniometer stage (+25°) by working
at 400 kV. The samples were ultrasonically
dispersed in n-butanol and transferred to
carbon-ceated copper grids.

Results and Discussion

The average composition of the samples,
as deduced by chemical analysis, is shown
in Table I. It can be seen that the Fe(IV)

GARCIA-GONZALEZ ET AL.

amount decreases when the lanthanide ele-
ment becomes smaller. In fact, when the
lanthanide element 1s dysprosium or
holmium, all iron is found in the (IIT} oxida-
tion state (7).

Although X-ray diffraction patterns can
be indexed on the basis of a pseudocubic
perovskite phase, the microstructural stud-
ies developed by means of electron micros-
copy show a more complex situation. Fig-
ures 1A, 1B, and 1C show the SAED
patterns along the [001)., [011]., and
V[T11]| zone axes, respectively, for Nd,,
Ba,;Fe(, g - All maxima can be indexed as
corresponding to the simple cubic perov-
skite. However, the SAED patterns along
the [010], and [1T0]. zone axes (Figs. 2A and
2B), show a fivefold superstructure along
the ¢* cubic axis. This is reflected on the
corresponding high resolution images (Figs.
3A and 3B), which reveal the presence of
lattice fringes at 1.95 nm (=54_) along the
[001], direction in a well ordered material.

The above results lead to a reciprocal lat-
tice corresponding to a tetragonal symmetry
real space cell of parameters a, X g, X Sa_,
and P4/mmm as a possible space group.

The cation occupying the A positions in
the perovskite celt highly influences the rela-
tive stability of the different iron environ-
ments. The stability of tetrahedral and
octahedral coordination of iron in the
Ca,_;La FeO, and Sr,_,La,FeO, systems
has been established (8-10). However,
when Ca or Sr are replaced by Ba, iron can
also adopt fivefold coordination (¢, 1/, {2).

According to the oxygen composition de-
termined by chemical analysis and taking
into account the ability of iron to adopt tetra-
hedral, square-pyramidal, and octahedral
coordinations, the two following vacancy
distributions would lead to a fivefold super-
structure:

-—a sequence constituted by four octahe-
dra and one tetrahedron along the [001], di-
rection,

|| Subindex ¢ refers to the basic perovskite cubic
subcell.
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FiG. 1. Electron diffraction patterns corresponding
to the Nd,sBa;;FeO; 5, material along the (A) [001],
{B) [0T1],, and (C) [T11], zone axes.
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——a stacking sequence formed by three
octahedra and two square pyramids along
the [001], direction.

The first possibility would give the hypo-
thetical n = 5 term of the homologous series
A,B,O;,_, (I). The ordering of the anionic
vacancies along [110]_ giving rise to tetrahe-
dral sites, and the relative orientation of the
tetrahedra along the ¢ axis would lead to an
orthorhombic unit cell of parameters =
ac\/f X ac\/f x 10a, (space group Prma
(13)). However, the lack of systematic ab-
sences and diffraction maxima doubling
both the [110], and [170]. directions, allow
us to reject this model.
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FiG. 2. Electron diffraction patterns for Ndyp
Ba,;FeO, g along the (A) [010], and (B) [1T0], zone

dxXCS.
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Fig. 3. High resolution images for the Nd,sBa,;FeQ, 3, material and corresponding calculated images

along the (A) [010], and (B) [1T0]. zone axes.

The relative order of the [Fe(Os] and
[FeQg] polyhedra can give rise to two differ-
ent stacking sequences along the [001], di-
rection, ... |PPOOO|PPOOO] ... and

. |OPOPO|OPOPO| . . . . The interpre-
tation of the image contrast in the high reso-

lution images obtained has also been made
with the help of a simulation program using
the multislice method ({4). The image calcu-
lation leads to the best fitting for the sec-
ond sequence.

The ensemble of these results allows us
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FiG. 4. Structural model for Nd;;Ba,;FeO, g
vacancy distribution.

to propose the structure model represented
in Fig. 4A. It is constituted by the alterna-
tion of [FeO.] and [FeO,] polyhedra in such
away that the oxygen vacancies are ordered
along the [010], and [100], direction in one
of each two (003) pianes. However, such a
distribution would imply order in the rela-
tive orientation of the square pyramidal sites
and thus, the doubling of either the [010] or
(100] direction.

Attempts to interpret the structure based
on completc ordering of O vacancies have
been unsuccessful, with discrepancies be-
tween the observed and calculated intensi-
ties of particular superstructure reflexions,
indicating, to some extent, that the O va-
cancy distributionis statistical. The absence
of diffraction spots at (4 0 0) or {0 £ 0) sug-
gests that, probably, the oxygen vacancies
are disordered in the ab plane. Thus, the
vacancy distribution in the five FeOQ, layers
along the ¢ axis is statistical but an oxygen
defective layer always alternates with one
filled layer in the ¢ direction. According to
that, the proposed structural model is repre-
sented in Fig. 4B. The superstructure re-
flexions can then be attributed, first, to an
ordered distribution of O vacancies along
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: (A) ordered vacancy distribution and (B) random

the ¢ axis and, secondly, to a displacement
of oxygens and metal atoms from their posi-
tions in the fundamental perovskite-type
structure.

Image calculations were carried out under
the following imaging conditions: sample
thickness between 1.7 and 5.5 nm; Af = —30
to =70 nm; Cs = 1.0 nm; C¢ = 1.7 nm;
beam divergence angle = 0.8 107° rad; and
accelerating voltage = 400 kV.

The structure model used for simulating
images is the one represented on Fig. 4B,
along the [010], and [170], projections. The
agreement is satisfactory for the following
conditions:

—[010], projection: Af = —60 nm and
sample thickness of 4.0 nm.

—{110). projection: Af = —60 nm and
sample thickness of 3.0 nm.

Both images are inset on Figs. 3A and
3B, respectively.

For the Sm;Ba,;FeQ,, and Euj,
Ba,,FeO, 5, materials (see Table I), only a
small percentage of crystals presented the
fivefold superstructure, the others showing
a short range order situation probably due to
the lower oxygen content of these materials.
Effectively, Figs. 5A and 5B show the high
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F1G. 5. High resolution images for Sm(Eu),;Ba,;Fe0;_, along the (A) [001], and (B) [110], zone
axes. The corresponding electron diffraction patterns are shown as insets: arrows indicate the position

of satellite reflections.

resolution images along the [001], and [170],
“zone axes, respectively, for Sm ;Ba.s
FeO, 45. The corresponding SAED patterns
are inset on each image.

The electron diffraction pattern along the
[001], zone axis (inset on Fig. 5A), is domi-
nated by a set of strong matrix reflections
G,y corresponding to the perovskite sub-
structure and a weaker set of inconmensur-
ate satellite reflections at G = mq, m being
an integer and q =Za*. These satellite re-

flections appear also along the b* direction.
Besides, the corresponding image reveals
the crystals as being formed by three-
dimensional microdomains. By tilting
around a* (see inset on Fig. 5B) the electron
diffraction pattern along the [110) zone axis
shows the same satellite reflections along
a*, with the same value of the modulation
vector q.

High resolution images of Figs. 5A and
5B show contrast variations along a that cor-
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F1G. 5—Continued

respond to twice and triple the perovskite
subcell parameter a.. The 1: | ratio of both
types of spacing in the crystal would lead
to the appearance of satellite reflections at
exactly q = ia*. Careful mesurements of the
g value on several crystals indicate smooth
variations from crystal to crystal (in the
0.39-0.40 range) probably due to the disor-
dered distribution of both types of spacing
along a.

When the anionic composition corre-
sponds to 3 — y = 2.80, and the two types
of spacing are in a 1 : 1 ratio and distributed
in an ordered way, the satellite reflections
become superlattice (conmensurate) reflec-
tions {see Figs. 2 and 3), and it can be as-
sumed that the modulation occurs as an ‘‘in-
termediate state’” previous to this well
ordered composition.

Taking into account the above results for
the Nd,;Ba,,FeO,, material, and ac-
cording to the previously reported structural
model proposed for the Dy(Ho);
Ba,;FeO, ¢; material (7) (alternation of two
square pyramids [FeOs] and one octahedron

[FeQ¢] along the ¢ axis), it can be assumed
the formation of two different terms of the
Ln;Bay,FeOy_ 4 family, where the n =
I term is constituted by the Dy(Ho),,
Ba,;FeO, (; material and the n = 2 term is
the Nd,;;Ba,;FeO, 4, phase. Higher n values
would correspond to terms of composition
closer to the ABO, stoichiometry, which
would constitute the n = = term.

It is worth mentioning that each anionic
composition is associated with the lantha-
nide element considered at the above syn-
thesis conditions. This fact does not exclude
the possibility of preparing different anionic
compositions for the same lanthanide cle-
ment varying the experimental method and
thus leading to other terms of this family.
Although the A cations are disordered, the
1:2 ratio seems to be necessary. Different
A : A’ ratios would lead to LnFeO,-type or-
thorhombic phases (for low barium con-
tents) or to biphasic compositions {for high
barium contents) (15). Moreover, several in-
vestigations concerning to various A : A’ ra-
tios in the La-Ba-Fe—O system seem to
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indicate that the presence of barium is highly
connected with the apperance of fivefold
sites for iron (4, 5).

More studies to elucidate whether or not
these hypotheses are true are in progress
and will be reported in due course.
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