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This review deals with the structural transitions arising in anion-deficient Mn-
and Cu-based perovskites when changing the anion content. Special attention is
devoted to the local structure of such materials, studied with electron diffraction
and high-resolution electron microscopy. Using examples of three-dimensional
or layered manganites and cuprates, it is shown that oxidation/reduction
reactions in such compounds are accompanied by the formation of domain
structures. Fragmentation into domains can have intrinsic reasons, related to the
loss of symmetry elements due to the ordering of anion vacancies, or because of
the simultaneous realization of several different anion ordering patterns with
close formation energies. When extra anions are inserted at low temperatures,
limited diffusion ability also results in the appearance of domains of different
structures arising from a local inhomogeneity in the anion distribution. The
relevance of the investigation of the local structure for a correct structure
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1. Introduction

Increasing technological demands inspire an extensive search
for new materials possessing a promising industrial value.
Modern solid-state chemistry constantly develops new syn-
thesis pathways resulting in numerous fascinating compounds,
where the complex oxides of transition metals occupy an
important place. Perovskite-based cuprates and manganites
receive great attention and are widely studied due to the
discovery of high-temperature superconductivity (cuprates)
and colossal magnetoresistive properties (manganites). Apart
from practical applications, these oxides are interesting from a
fundamental point of view because of their rich variety of
magnetic properties and the complex interplay between the
magnetic structure, transport properties, crystal structure,
chemical composition, charge and orbital ordering
phenomena. However, chemists have already realized that the
conventional synthesis techniques applicable for the
preparation of thermodynamically stable phases (e.g. long
time annealings at high temperatures for promoting cation
diffusion) provide only a limited range of new materials.
Modern approaches to the synthesis of inorganic materials,
aimed at the preparation of metastable phases (phases not in a
thermodynamic equilibrium with the environment) are
currently the subject of significant interest. Soft chemistry
techniques such as low-temperature intercalation/deinter-
calation, electrochemical oxidation/reduction, variation of
oxygen content or halogen doping, reduction with metal

interpretation is discussed.

hydrides efc. have resulted in a list of new compounds, often
looking highly unusual when their thermodynamic stability is
discussed. Superconducting YBa,Cu;O6F, (7. = 94 K) (Van
Tendeloo et al, 1997; Abakumov et al, 2002) and
Hg,sBa,Ca,Cus,0gFs (T, = 138 K) (Lokshin et al, 2001;
Abakumov et al, 2002) oxyfluorides synthesized by low-
temperature fluorination with XeF, are among such
compounds. The preparation of these materials using routine
ceramic techniques would result in the formation of BaF,
having an extremely high lattice energy. Another example is
the transition-metal oxide hydride LaSrCoOs;H,;, prepared
by a reaction of LaSrCoO, with CaH,, that adopts an unpre-
cedented structure in which oxide chains are bridged by
hydride anions to form a two-dimensional extended network
in which magnetic ordering is found up to at least 350 K
(Hayward et al., 2002; Blundell et al., 2003). This material is
unstable with respect to decomposition into a mixture of
oxides with the partial reduction of Co down to cobalt metal.
In addition to these examples, many other similar compounds
can be listed. Since in many cases the soft chemistry reactions
are carried out at temperatures that are too low for effective
cation migrations, the anion sublattice appears to be affected
first, leaving the cation sublattice roughly unaltered. This
matches with the requirement to keep the reaction within the
conditions of kinetic stability of the primary structure.

If the targeted compound can be prepared at equilibrium
conditions, good quality samples are usually available for the
subsequent investigation by different diffraction techniques:
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either small single crystals suitable for X-ray diffraction
experiments or large bulk samples for high-quality high-
resolution powder neutron diffraction. However, the samples
prepared by soft chemistry techniques often do not meet these
criteria. For instance, Reller e al. (1985) surmized that the
difficulties hampering the structural investigation of the
topotactically reduced CaMnO;_; and Ca,MnQO,_s phases
arise from the microcrystalline character of the initial material
necessary for the preparation of the homogeneous reduced
samples with defined stoichiometry and the lack of sufficiently
large crystalline domains in the final phase. Nevertheless, the
same questions always return: what is the true crystallographic
symmetry of the structure? Are the anions ordered or
randomly distributed? What is the local structure of the
material and is it chemically homogeneous? This paper aims to
show that transmission electron microscopy (TEM) is an
effective technique for such structural investigations, due to its
sensitivity to the lighter elements such as oxygen and its ability
to provide structural information at local level down to atomic
scale. In TEM, atomic scale real-space (high-resolution elec-
tron microscopy, HREM) and reciprocal-space (electron
diffraction, ED) investigations can be combined with
compositional analyses using energy-dispersive X-ray analysis
(EDX) and electron-energy-loss spectroscopy (EELS). Using
the latter, it is possible to map chemical and bonding infor-
mation at the atomic scale (Browning et al, 1993; Batson,
1993; Muller et al., 1993, 1995). Scanning transmission electron
microscopy (STEM) can, although not discussed in the present
paper, also directly be used for studying oxygen vacancy
ordering. Using this technique, Stemmer et al (2000) for
SrCo0O;_s, and Klie et al. (2001) and Klie & Browning (2002)
for (La,Sry_,)(Fe,Cr;_,)O3.5, StC0oO3 s and SrTiO; have used
Z contrast to determine the ordering of oxygen vacancies in
these materials. A review of TEM work on high-temperature
copper-based oxide superconductors can be found in Matsui &
Akimitsu (1995). Elaborate reviews of the general progress in
TEM/STEM can be found in Muller & Mills (1999), Spence
(1999) and Sinnott & Dickey (2003).

It is beyond the scope of this paper to provide a complete
review of anion-deficient perovskites and discuss all possible
defects and their ordering schemes, which can be partially
found in the references (Burdett & Kulkarni, 1988; Raveau et
al., 1989; Anderson et al., 1993; Karppinen & Yamauchi, 2000).
The present examples of Mn- or Cu-containing anion-deficient
perovskite-based materials are aimed to show the interplay
between anion content, crystal structure and local structure of
such compounds, with the help of TEM.

The aspect ‘structural phase transition’ can be considered in
a strict sense or in a broader sense. In the strict sense, a phase
transition is regarded as a structural modification of a
compound with fixed composition when changing temperature
or pressure. In that case, symmetry elements of the product
phase (low temperature) are already present in the parent
phase (high temperature). In other words, the low-symmetry
phase is characterized by a ‘broken symmetry’ of the high-
temperature phase (Salje, 1990). A lowering of symmetry
induces the possible appearance of orientation variants and

translation variants. Their number and their relationship can
be easily deduced considering either the point-group
symmetry (Van Tendeloo & Amelinckx, 1974) or the space-
group symmetry (Portier & Gratias, 1982). For example, when
a cubic crystal undergoes a phase transition to a tetragonal
structure with a doubled c axis, there will be three orientation
variants (the tetragonal c axis can be along any of the cubic
directions) and two translation variants (the origin can be at
either 0,0,0 or 0,0,1/2). Between the different variants,
domain boundaries will be created. Between orientation
variants, these domain boundaries are called twin boundaries
or inversion boundaries; between translation variants, they are
called out-of-phase boundaries (Van Tendeloo & Amelinckx,
1974).

In the present contribution, we will use the term ‘phase
transition’ in a broader sense. In perovskite-based materials,
we have a framework of cations and anions with an ideal
composition ABO;. We will leave the cation sublattice un-
altered but allow slight deviations in composition of the anion
framework. This will also introduce symmetry changes, but
neighboring ‘domains’ might have a different anion arrange-
ment and/or composition. Nevertheless, we will continue
calling these boundaries ‘domain boundaries’.

2. Mn- and Cu-containing anion-deficient perovskite-
based materials

In complex oxides, Mn®* and Cu** cations show similar crystal
chemistry behavior. To some extent, the size factor is
important: the ionic radii of these cations in an octahedral
oxygen environment are close [F(Mn**) = 0.79 A, r(Cu®*) =
0.87 A] However, the main feature that determines this
similarity is the ability to adopt distorted oxygen coordination
due to a Jahn-Teller effect. Mn®" in a high-spin state (t3,e})
and Cu** (tggeg) surrounded by an octahedron of O atoms in
many cases tend to form four short strong equatorial metal —
oxygen bonds and two much longer weak apical ones. A
progressive apical elongation of the BOg (B = Mn, Cu) octa-
hedron can lead to the removal of one apical O atom with the
formation of a tetragonal pyramid BOs. If both apical O atoms
are removed, the B cation adopts a square-planar coordina-
tion, which is often observed for Cu®* but is not found in the
complex oxides containing Mn**. For the Cu atoms, further
reduction of the coordination number is possible and is related
to decreasing the oxidation state down to +1 at which Cu
usually has a dumbbell coordination. Owing to these features,
the Cu- and Mn-containing perovskites easily adopt an anion
deficiency, and at a significant concentration of anion vacan-
cies form new anion-deficient structures with an ordered
arrangement of O atoms and vacancies. Such ABO;_; (B =
Mn, Cu) perovskites contain BO,_s layers of metal-oxygen
polyhedra where the coordination number for some metal
atoms is less than 6. This approach has several limitations. For
example, anion-deficient hexagonal perovskites are more
conveniently described as the insertion of hexagonal AO;_;
layers between the close-packed AOj; ones. BaMnO;_g has a
hexagonal 2H close-packed structure of BaOj; layers with Mn

78 Joke Hadermann et al. + Anion-deficient perovskite-based oxides

Acta Cryst. (2005). A61, 77-92



phase transitions

cations in the octahedral interstices, and upon reducing the
oxygen content this structure transforms into different
stacking variants by a replacement of ‘hexagonal’ BaO; layers
by anion-deficient BaO,s ‘cubic’-type ones. The anion
vacancies in the BaO, s layers are arranged in such a way that
part of the MnOg octahedra are transformed into MnOs
square pyramids. For 0 <§ < 0.1, the oxygen deficiency is
accommodated by the formation of ordered 15R and 21R
rhombohedral phases; at 0.22 <§ <0.25, the disordered
intergrowths of hexagonal polytypes are found, and § = 0.25
corresponds to an ordered 4H phase (Parras et al., 1995). A
virtual separation of the anion-deficient BO,_ s layers
perpendicular to the fourfold axis of the perovskite subcell
provides a transparent description of the anion ordering in a
large group of cuprates and manganites of alkali-earth and
rare-earth metals. Anion deficiency in the BO,_; layers is
associated with a formation of rows of O-atom vacancies
passing perpendicular to the layer. If the ratio between the
amounts of O-atom rows and vacant rows is n/m, the § value in
BO,_s can be expressed as § = 2/(1+n/m). An additional ability
to reduce the number of O atoms in the structure (whenever
required by synthesis conditions stabilizing a certain oxidation
state of Mn or Cu) arises from the possibility to introduce
anion vacancies into the AO,_, layers positioned above and
below the BO,_; layers. The exact pattern of metal-oxygen
polyhedra (octahedra, tetragonal pyramids, tetrahedra,
squares and dumbbells) is governed by the amount and
distribution of O-atom vacancies in such anion-deficient
layers. These polyhedra form two-dimensional sheets, chains
or clusters being linked through common O atoms. Repre-
sentative examples of such ordering patterns are given below
in order of subsequent decrease of the § and y values in the
general AO,_,, + BO,_s= ABO;_;_,, formula. Symmetry trees
will be provided to clarify the relationships between the space
groups of the ordered anion-deficient structures and the space
symmetry of the parent perovskite aristotype.

Removal of one quarter of the O atoms from the BO, layer
(6 =0.5, y =0, n/m = 3) results in a decrease of the average
coordination number of the B cations down to 5. If all the BOgq
octahedra are transformed into BOs tetragonal pyramids
linked by common corners, the crystal structure of Ca,Mn,0s5
(Poeppelmeier et al., 1982) is formed (Fig. 1a). Along with this
structure, the Sr,Mn,Os (Caignaert et al, 1985),
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Figure 1

(a) Arrangement of metal-oxygen polyhedra in the anion-deficient
BO,_; layer of Ca,Mn,0Os. The hexagonal channel is indicated with a
black outline. Mn is at the center of the MnOs pyramids, O at the corners,
Ca is indicated as spheres. The rectangle indicates the borders of the unit
cell. (b) Ordering pattern of the vacant oxygen chains in this structure.

Sr,Mn,_,Ti,Os,,» (Caignaert et al, 1986), (La,Sr),CusOqg
(Otzschi & Ueda, 1993) and Lag g1651¢.184CuO, 5 (Hiroi, 1996)
compounds can be mentioned as having the same ordering
pattern of tetragonal pyramids. The ordering pattern of the
vacant oxygen chains is presented schematically in Fig. 1(b);
these structures all have Pbam space symmetry. The trans-
formation from the ideal perovskite structure to this anion-
deficient structure follows the maximal group-subgroup
symmetry tree: Pm3m (a,b,¢) — P4/mmm (a,b,c) — P4/mbm
(2(—a + b),2(a + b),¢) —> Pbam (2(—a + b),(a + b),c). BO; 5
layers in the Ca,Mn,Os structure do not provide a unique way
to form an ordered arrangement of vacant oxygen rows
keeping a tetragonal pyramidal coordination environment for
the B cations. Another type of structure containing B cations
uniquely in BOs pyramids is Sr,MnOs s (Fig. 8) (Gillie et al.,
2002) and Sr3Mn,Og,, (Gillie et al., 2003); both compounds
will be discussed in detail in §3 of this paper.

It is not a necessary requirement to keep the same coor-
dination environment for all cations in the BO,5(§ =0.5, y=0,
n/m = 3) layer. In Lag_,Sr,CugO,_s5 (1.28 <x <1.92) (Er-
Rakho et al., 1988), the major part of the B cations stays in
tetragonal pyramidal oxygen coordination, since only one out
of four nearest neighboring oxygen rows is vacant for the B
cations of this type (B’). Half of the remaining B cations (B")
have no vacant oxygen rows in the neighborhood whereas, for
the other half (B”’), two oxygen rows are missing, thus keeping
the BO;s composition of the layer (Fig. 2). The ordering
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Figure 2

Structure of (a) Lag_,Sr,CugO,y_s; (¢) and (d) (La,Sr)gCugO1g; (e) and
(f) La,SrgCugOy4. Cu is found at the centers of the polyhedra, O at the
corners, the circles represent the positions of La and Sr. (b) The ordering
pattern of the vacant oxygen chains in the anion-deficient BO,_s layer,
common for the three compounds.
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pattern of vacant oxygen chains is presented schematically in
Fig. 2(b). The B” and B”’ cations adopt octahedral and square-
planar coordination, respectively. In this structure, the B” and
B" cations form a chess-board pattern. The same ordering as
for this compound can also be found in Lag 4Sr; (Cug_,Fe O,
(0<x<120) and Las4 ,Sri6,Cug Fe,Oy (0=<x<2)
(Genouel et al., 1995), (RE;_,Sr,)sCugO,, with RE = Pr (x =
0.35) and RE = Nd (x = 0.40) (Amamoto et al., 1996) and
Lag_,Ca,Cug_,Ni,O,, (Roberts et al, 1996). Compounds
belonging to this type have space group P4/mbm. The unit cell
is related to that of the perovskite basic structure as a =~
2ap2” 2 e~ a,, with a maximal group-subgroup symmetry tree
of Pm3m (a,b,c) — P4/mmm (a,b,c) — P4/mbm (2(—a + b),
2(a + b),c). LagBaYCugO, (Cava et al., 1994) (Fig. 3) is built
according to the same principles, but with a different ordering
pattern of the B” and B” cations. Lag_,Sr,CugO,,_s provides
the basis for a series of structure types of further reduced
compounds through the removal of O atoms from the AO
layers (increasing y). The missing O atoms in the AO,_,
layers are located below and above the B” and B” cations,
transforming their coordination polyhedra from octahedra
and squares to squares and dumbbells, respectively.
(La,Sr)gCugO,g (Otzschi et al., 1995) (Figs. 2¢, d) (y = 0.25)
consists of a combination of B”O, and B”O, squares and B'Os
pyramids. The square plane for the B” cation is aligned
parallel to the BO 5 layer, and for the B”’ cations the squares
are perpendicular to the layer. La,SrsCugO;4 (Fujishita et al.,
1991; Fu et al., 1992) (Figs. 2e, f) (y = 0.5) is progressively
derived from (La,Sr)gCugO,g by removing two O atoms from
the B” O, squares, resulting in B”’O, dumbbells. To make the
difference clear between the two structures, a clinographic
view of the unit cell is shown for both materials, in Figs. 2(d)
and 2(f), respectively. So far this ordering pattern has only
been reported for cuprates and not for manganites.
Decreasing § causes the appearance of octahedra in the
array of tetragonal pyramids. (La,Ba)sCusO;5 (Michel et al.,
1985, 1987) (6 = 0.4, y = 0, n/m = 4) consists of clusters of four
corner-linked B'Os pyramids linked through single B”Og
octahedra (Fig. 4a), its ordering pattern of vacant oxygen rows
is shown in Fig. 4(b). This type of ordering can be found for
the compounds La,, Ba;_,CusOy3,, (—0.05<z <0.05)
(Michel et al., 1985, 1987), StMnO,¢ (Leligny et al., 2003),
LasBaCus_ M,Oq3,5s (M = Fe, Co, Ni) (Shivakumara et al.,
1998; Anderson et al., 2003), (La,Sr)sCusO;3 (Otzschi et al.,
1993) and La,BaCuyCo00Oy; 35 (Shivakumara et al., 2000). The
structure of LaysBaCusO;, (Rangavittal ef al., 1995) is derived
from that of (La,Ba)sCusO,3 by increasing y up to 0.2, which
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Figure 3
Structure of LagBaYCugOy.

removes the apical O atom from the B”"O4 octahedron
resulting in a B”O, square-planar coordination (Fig. 4c). The
symmetry for compounds with this type of ordering pattern is
P4/m. The relation of these compounds to the perovskite
structure is given by the maximal group—subgroup tree Pm3m
(a,b,¢) > P4/mmm (a,b,c) — P4/m (a’ =2a —b,b’' =a + 2b,¢
=c¢),witha' >~a,, b ~ ap51/2, ¢ >~ a,. Only Las;BaCusO, has a
lower symmetry (P2/m) due to small distortions and tilting of
the pyramids. In the CaMnO, g structure (Reller et al., 1984)
(6 =02, y =0, n/m = 9), the B"Og4 octahedra are linked into
zigzag chains which are connected by single B’'O, tetragonal
pyramids (Fig. 4d). In comparison with the (La,Ba)sCusO3
structure, the point symmetry for CaMnO, g is lowered to 2/m
due to the filling of two out of four equivalent vacant oxygen
rows, indicated on the structure by x.

An example of the anion-deficient structure with § = 0 and
y=1 is given by the ‘infinite layer’ compounds ACuO,
(A = Ca, Sr, Ba) (Siegrist et al., 1988; Takano et al., 1991) (Fig.
5). In this compound, the Cu atoms reside in square-planar
coordination due to complete removal of apical vertexes of
the octahedra so that the layer sequence along the fourfold
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Figure 4

Structure of (a) (La,Ba)sCusO;3; (¢) LayBaCusO;; and (d) CaMnO, g, the
crosses indicate the positions of difference in the BO,_; layer of the third
structure compared to the first two; the ordering pattern of the vacant
oxygen chains is given in (b) for the first two structures and in (e) for the
third. These patterns have been rotated in comparison to the structures to
allow better comparison with the previous ordering patterns. The unit cell
is indicated by a large square.

Figure 5
Structural drawing of ACuO, (A = Ca, Sr, Ba) with Cu at the center of the
CuO, square and A at the corners of the unit cell.
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axis of the perovskite subcell is represented as —-CuO,—A0-
CuO,-.

The perovskite-like anion-deficient layers, organized in a
similar way, can also be part of intergrowth structures, such as
the Ruddlesden—Popper homologous series where they alter-
nate with the slabs having the rock-salt-type structure. Square
coordination of the B cation can be found in Sr,CuOj; (Teske
& Mueller-Buschbaum, 1969). In this compound, the O atoms
and vacancies in the (CuOn0) (o-anion vacancy) layer are
ordered according to a chessboard pattern. Two O atoms from
the (CuOno) layer form two vertices of the CuO, squares,

-« [401]*

Figure 6
ED patterns for the main zones of Sr,MnO; 5

whereas two other vertices are formed by O atoms located in
the SrO layers positioned above and below the (CuOxD) ones.
Another structure is found in Nd,CuOjs (Pederzolli &
Attfield, 1998), where the infinite Cu—O chains are linked by
bridging O atoms, through the filling of half of the vacancies in
the (CuOn) layer of the Sr,CuOj; structure so that these layers
acquire (CuO 5005) composition (Fig. 12a).

Another way to introduce anion vacancies into Mn- and Cu-
based perovskites is a partial replacement of the transition-
metal cations by small cations having a stable tetrahedral
environment, such as Ga** or AI**. In these compounds, B
cations of different type are ordered forming layers, and the
anion vacancies are concentrated within the layer of tetra-
hedrally coordinated cations. Examples of such structures are
the brownmillerites Sr,MnGaOs.s (Abakumov, Rozova,
Pavlyuk, Lobanov, Antipov, Lebedev, Van Tendeloo,
Ignatchik et al., 2001; Wright et al., 2001, 2002; Abakumov,
Alekseeva et al., 2003; Abakumov, Rozova et al., 2003) and
Ca,MnGaOs,s (Abakumov, Rozova, Pavlyuk, Lobanov,
Antipov, Lebedev, Van Tendeloo, Sheptyakov et al, 2001),
which will be discussed in this paper, RACuGaOs (R = La, Pr,
Nd; A = Ca, Sr) (Vaughey et al, 1991; Roth et al, 1992),
SrCaMnGaOs,s (Battle et al, 2002), Y(gSr;,Mn,GaOg_s
(Gillie et al., 2004), (Sr,_.Ca,),FeMnO, (x = 0.8-1.0) (Kato et
al., 1997) and Ca,Sr,Cu3;GaOy (Khasanova et al., 1996).

The anion-deficient perovskite phases can be prepared from
their oxidized analogs by a topotactic low-temperature
reduction. In the reverse direction, the anion-deficient phases
can be doped with O or halogen atoms, like fluorine, which can
be performed under soft conditions. The structural and
microstructural consequences of anion intercalation/deinter-
calation reactions are illustrated below using the examples of
the Sr,MnOj5 and SrsMn,Og,, Ruddlesden—Popper phases,
the fluorinated Nd,CuO; 5 cuprate, and A,MnGaOs, s (A = Ca,
Sr) brownmillerites with variable oxygen content.

3. Topotactic reduction of the n = 1 and n = 2
Ruddlesden—Popper (RP) Sr,.1Mn,O3,.; phases:
Sr,MnO3; 5 and SrsMn,0g. 5

The anion-deficient derivatives of the Sr,MnO, (n =1) and
SrsMn,O; (n = 2) phases were prepared by a solid-state
reaction in N, flow to stabilize the Mn** cations. Nevertheless,
a subsequent soft reduction with an H,/N, mixture at 823-
833 K was necessary to produce the stoichiometric Sr;MnOs; 5
and Sr3;Mn,Og phases with an Mn-atom formal oxidation state
equal to +3. The O-atom non-stoichiometry in the n =1 and
n =2 RP materials Sr,MnO, and Sr;Mn,0O- has been studied
before, but only phases with a disordered array of oxygen
vacancies were reported (Kriegel & Feltz, 1992; Mitchell et al.,
1999).Transmission electron microscopy revealed that the
reduced phases show oxygen—vacancy ordering, whereas this
was not obvious on the X-ray powder diffraction patterns.
For Sr;MnO; 5 and SrzsMn,Og, s, X-ray powder diffraction
is consistent with a structure with space group [4/mmm and
cell parameters a = 3.81829 (6), ¢ =12.58165 (19) A and a=
3.8565 (1), ¢=20.2796 (7) A, respectively. With such unit cells
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and space symmetry, only a random distribution of the O
atoms and vacancies in the MnOj 5 layers is possible. However,
the Rietveld refinement from neutron diffraction data with a
disordered model resulted in unreasonably large reliability
factors. Electron diffraction, however, showed for both
compounds very bright and sharp superstructure reflections.
The ED patterns of the main zones for Sr,MnO;s and
Sr3Mn,0q, 5 are shown in Fig. 6 and Fig. 7, respectively. The
ED tilt series for Sr,MnO; 5 revealed this compound to have
space group P2,/c and cell parameters a >~ 6.85, b >~ 10.8, ¢ =~
108 A, B =~ 113.2°. This is related to the body-centered
tetragonal subcell by a = 1/2(—a,— b, + ¢;),b=2(—a, + b,), ¢ =
2(a; + by). This transformation follows the maximal group-
subgroup symmetry tree: I4/mmm (a,b,¢) — P4/mmm
(2(—a+b),2(a+b),¢c) > P4/mbm (2(—a +b),2(a+b), c) —>
Pbam (2(—a+b),2(a+b),¢) > P2i/c (1/2(—a—b +¢),2(—a
+ b), 2(a + b)). New refinements from the powder neutron
diffraction data, taking into account the space group and cell
deduced from ED data, resulted in the model shown in Fig. 8.

When comparing this structure to that of Ca,Mn,O5 (Fig.
1), it is clear that for the current compound the hexagonal
channels found in StMnO,s and Ca,Mn,0Os are elongated.
The structure can also be described as consisting of clusters of
four corner-sharing pyramids, which are linked by the corners
to neighboring clusters. Note that there is no difference
between the pattern of the ordering of the vacant O-atom
rows for this compound, as shown at the right side of Fig. 8,
and the pattern as shown in Fig. 2. However, this compound
contains only pyramids as opposed to the mixed polyhedra of
the structures in Fig. 2, which is because this pattern of vacant
O-atom rows is at a different position relative to the Mn
cations for both structural types.

The reduced compound Sr,MnOs 5 exhibits numerous twins,
due to the loss of mirror planes and the fourfold axis. An
appearance of such twins, obviously related to a decrease of
symmetry from /4/mmm down to P2,/c, allows one to assume
that the anion ordering to which the twins are related occur
either upon cooling of the compound from the temperature of
the solid-state reaction or upon the subsequent reduction in
the Hy/N, gas flow. An ED pattern taken from a twinned
domain is shown as the last pattern of Fig. 6. The reflections at
hi2,k,k with h = 2n+1, k = 2n+1 are induced by a twin with a

[110] *

Figure 7
ED patterns for the main zones of SrsMn,Og,s

(100) = (001)t twin plane (T stands for the tetragonal body-
centered subcell). This twin occurs due to the loss of the
mirror plane perpendicular to the fourfold axis. In the [401]" =
[001]; ED pattern twinning is also observed. The twin plane is
(144) = (100), and occurs as a result of the loss of the mirror
plane perpendicular to the ar axis. The SrsMn,0Oq,5 phase
shows a close relationship with Sr,MnO;s. Clear super-
structure reflections are observed on the ED patterns of
Sr3;Mn,Og, s related to oxygen—vacancy ordering which are not
detected by X-ray powder diffraction. The supercell has a
10.8 x 10.8 A maze with a ¢ parameter of 20.3 A, in agree-
ment with the ¢ parameter for a structure derived from the n =
2 member of the Ruddlesden—Popper series. However, the
symmetry of the reduced phase is tetragonal instead of
monoclinic as was found for Sr,MnO;s. To avoid ambiguity
because of possible twinning, symmetry analysis on nano-
metre-sized single domains was performed with micro-
diffraction (Fig. 9). The extinction symbol was determined to
be P-b-, giving three possible space groups: P4bm, P4b2 and
P4/mbm.

For SrsMn,0g,s5 the same type of intralayer vacancy
ordering is proposed as for Sr,MnO;s. However, within the
restrictions imposed by symmetry and cell dimensions, it is not
possible to build a fully ordered model. The ordering scheme
suggests a shift of each second anion-deficient bilayer over
1/4[100], as occurs also in Sr,MnQOjs. However, this would
require a doubling of the ¢ parameter for Sr;3Mn,Og, s, but this
was seen neither on the ED patterns nor on the HREM image
(Fig. 10). A model that does agree with the cell dimensions
and with the symmetry has a random shift of each second
bilayer by one of the four equivalent translations, +1/4[100]
and £1/4[010]. This model is shown in Fig. 11. Owing to the
random distribution of the translations, the O-atom occu-
pancies at the z = 1/2 layers are equal to g =1, 0.75 and 0.5 at
the positions shown in Fig. 11. This model is compatible with
the P4/mbm space group, one of the three possibilities found
from ED patterns. In this material, no evidence of twinning
was found, in agreement with a symmetry reduction from
14/mmm to P4/mbm, which maintains the point group 4/mmm.
This random shift model was used for the subsequent refine-
ment of the structure from neutron powder diffraction data.
Details of this refinement and the physical properties can be

found in Gillie et al. (2003).

ordering of O atoms and
vacancies, but differ by the
stacking of the anion-defi-
cient layers. In Sr,MnOss,

The refinement confirmed
- - - the proposed model but
: . ¢ revealed a slightly larger
. . . . oxygen content introduced
. . L] L] . . . .
i . . ' by a minor aerial oxidation,
: b : : ? resulting in the SrsMn,Ogq;
- * H 9* 2 composition.
* .
‘ : . In summary, both
: ; : : » SroMnO;5 and  SrsMn,Og
. L] * L .
: ' have the same intralayer
. £ 28 Y
L] . . .
. L ] . .
. . . .
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the anion-deficient MnO 5 layers are arranged in an ordered
manner whereas in SrsMn,QOg 1, there is a statistical distribu-
tion of the translations connecting one bilayer to the next.
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Figure 8

Projection of the model for Sr,MnO; 5 with at the right side the ordering
pattern of the vacant oxygen chains. The triangles represent MnOs
pyramids, the circles are Sr atoms. An elongated channel is indicated with
a black outline.

Figure 9

Microdiffraction patterns of the main zones of Sr;Mn,Og,s5. At the right
side of the experimental patterns, indexing schemes corresponding to the
case found in each pattern are given according to Morniroli & Steeds
(1992).

Both investigations show the efficiency of TEM to detect
anion ordering. Also, in many of the anion-deficient
compounds described in the previous paragraph, TEM has
been used to help to determine the superstructure or the
correct space group for the first reported compound of a
certain structural type, e.g. in the case of Lag_,Sr,CugOyo_;
(1.28 < x <1.92) (Er-Rakho er al., 1988) and (La,Ba)sCusO,3
(Michel et al., 1985).

ol 44

& 4
e NS

Figure 10

HREM image of Sr;Mn,Og,s along the [100]r direction indicating the
same cation stacking as in the parent compound. No doubling of the ¢
parameter is observed.

AMn

00(g=1) @ O(g=0.75) © O(g=0.5)

() ()

Figure 11

(a) Model for Sr3Mn,0Og, s, showing the proposed arrangement of MnOs
square pyramids near z = 0; (b) the positions of the Mn and O atoms near
z = 0; (¢) positions and occupancies of the Mn and O atoms at z =~ 1/2.
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4. Fluorine incorporation into anion-deficient
perovskite-like complex cuprates

Fluorine doping has proven to be an effective way to modify
the crystal structure of complex oxides and tune the physical
properties, e.g. superconductivity can be induced or T, altered
by fluorination. In cuprates, superconductivity occurs due to
the presence of nearly flat infinite (CuO,) sheets. The buckling
degree of these sheets and the formal Cu oxidation state are
among the most important parameters influencing the 7,
value. The ordering of O atoms and vacancies is one of the
parameters inducing structural distortions affecting the
(Cu0,) layers and the T.. The difference in formal charge
between O and F atoms can be used to control the amount of
anion vacancies and their ordering, roughly independent of
the Cu oxidation state.

An important problem of fluorinated cuprates obtained by
a low-temperature fluorination reaction with soft fluorinating
agents (XeF,, NH,F, NF; efc.) is the inhomogeneity of the
fluorine distribution over the sample, which causes structural
differences on a local level. Examples of elaborate TEM
studies showing the presence of complicated microstructures
can be found for fluorinated YBa,Cu3;O4F, (Antipov et
al., 1997, Shpanchenko et al., 1997), Y,Ba,Cu,0.4F;
(Abakumov et al., 1998), REBa,Cu;(0,F)¢,s (RE = Dy, Ho,

Tm) (OleinikOV et al., 2001), La0A313Sr0Alg7Cu(O,F)3,5
(Abakumov et al, 2000), Nd,Cu(O,F)s; (Hadermann,
Van Tendeloo et al, 2001), LaHo(,5Srg7Cu(O,F),.s

(Hadermann et al., 1999), La,CuO;¢Fos (Abakumov et al.,
1999), Bi,Sr; ¢Lay4CuOg¢33_,F,,, (Hadermann, Khasanova et
al., 2001).

4.1. Fluorination of Nd,CuO; 5

The structure of Nd,CuO; 5 was described by Pederzolli &
Attfield (1998), and is shown in Fig. 12(a). This compound was
fluorinated at temperatures ranging from 473 up to 673 K

9A

O Nd

Figure 12

e Cu o

using XeF,. The electron diffraction patterns of the sample
fluorinated at 473 K with Nd,CuO;s/XeF, = 1/1.3 show the
presence of a main phase with a body-centered tetragonal unit
cell (Fig. 13). The HREM images of the main phase exhibit a
contrast similar to that observed for the 7’ (Nd,CuO,)
structure, and the electron diffraction patterns of this phase
can be indexed using a tetragonal unit cell with cell param-
eters ar >~ 3.8 and cr >~ 12.2 A. However, ED patterns with a
larger cr parameter were also found. Analysis of a large
number of ED patterns reveals that the variation in the cr
parameter for the phases in this sample occurs in a discrete
manner. The cr values can be grouped in three distinct
regions: cr = 12.2-12.4, ¢y = 12.6-12.7 and ¢t = 13.1-13.3 A.
The presence of these three discrete phases is evident from the
inserted enlargement of the 00/ row on the [100]* ED pattern
(Fig. 13): the reflections are elongated along ¢} and a splitting
into three separate spots is observed at large / values. The
areas with different ¢t parameters exhibit a laminar appear-
ance as shown on the low-magnification [100] image (Fig. 14).
The areas with ¢ > 13 A are typically present as narrow bands
one or two unit cells wide in a matrix of the main phase (Fig.
15).

At 473 K, the main fluorinated phase adopts the T'-type
tetragonal structure. Since the material is found to be super-
conducting after this treatment, it is reasonable to suppose
that the fluorine insertion occurs in the fluorite-type Nd,O,
blocks of Nd,CuOss, replacing O atoms in the tetrahedral
interstices followed by a migration of the O atoms into the
vacant anion sites located in the (CuO;s0ps) planes. The
mechanism of anion rearrangement resulting in a transfor-
mation of the monoclinic Nd,CuO;s into a tetragonal 7’
structure is similar to that observed in fluorinated Sr,CuO;
(Al-Mamouri et al., 1994) (Figs. 12a, b). Calculations of the
electrostatic energies for different O- and F-atom distributions
between the Nd,(O,F), blocks and the Cu layers reveal that
the driving force of this rearrangement is a gain in the elec-

(a) Structure of Nd,CuOs 5 and the process of fluorine insertion into this structure; (b) fluorine insertion into the tetragonal main phase found at 473 K
fluorination; (c¢) monoclinic phase found after 573 K fluorination. The arrows show the direction of the anion rearrangement in the structure.
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trostatic energy when fluorine is located in the Nd,(O,F),
block and oxygen is located in the Cu layers, creating (CuO5,)
planes (Corbel et al., 2003) (Fig. 12b). The extra anions expand
the copper coordination environment to tetragonal pyramids
and, ultimately, to octahedra. The Jahn-Teller effect leads to
the elongation of the Cu—F apical bonds and an expansion of
the unit cell along the cr axis. From the ED patterns taken
from bands with different ¢y parameters, three different
discrete ct/3ar ratios can be calculated: 1.03, 1.07 and 1.11.
These values are very close to the typical cr/3ar ratios
observed for the T’, T* and T phases of 1.02, 1.07 and 1.15,
respectively (Abakumov et al., 1995). The 7', T* and T phases
are three related structure types that can be adopted by
RE,CuO, oxides (RE is a rare-earth element): the K,NiF,-
type structure (7) with octahedrally coordinated Cu**
(La,CuOQ,), the Nd,CuOy-type structure (7”), where the Cu
ion resides in a square plane, and the T*-type structure with
square-based pyramids of CuOs as found in (Nd, Ce,Sr),CuO,.
The discrete values of ct for the fluorinated tetragonal phase
correspond to regions showing the three types of copper

Figure 13

coordination found in 7’ (square), T* (square pyramid) and T
(octahedron) structures.

The fluorination of Nd,CuO;s at 573 K with Nd,CuO; s/
XeF, = 1/1 and 1/1.3 leads to the formation of two fluorinated
phases. The first one corresponds to the fluorinated tetragonal
T’-type phase, already observed in the sample fluorinated at
473 K, and a second to a monoclinic phase with lattice
parameters ay ~ 132, by ~ 5.5, ey =~ 5.8 A, f ~ 92°, and
space group C2/c (Fig. 16). The tetragonal and monoclinic
fluorinated phases coexist in the same crystallites, but in the
sample treated at 573 K with Nd,CuO;3s/XeF, = 1/1 the
monoclinic phase often forms separate crystallites. The
HREM image of the monoclinic phase exhibits twins with the
alternation of [001]y; and [010]y; oriented domains along ay
(Fig. 17). These twins appear due to the elimination of the
(100) mirror plane upon the transformation from the tetrag-
onal to the monoclinic phase.

The structure model of the monoclinic phase derived from
the TEM data is shown in Fig. 12(c). It involves the insertion
of additional F atoms into the octahedrally coordinated
interstices of the Nd,(O,F),
block, with the formation of
apical bonds with the Cu
atoms. When both the tetra-
hedral and octahedral inter-
stices in the Nd,(O,F),.s
block are occupied by a
significant amount of anions,
the anion-anion distances
become close to 2-2.15 A
and strong repulsive forces
lead to a structural phase
transition from the tetrag-
onal to the monoclinic

ED patterns of the main zones for the main phase present in Nd,CuOs 5 fluorinated at 473 K. The enlargement in

the [100] pattern shows the splitting of the 00/ reflections due to the presence of three phases with different

degrees of fluorination.

Figure 14
Low-magnification image along [100] of fluorinated Nd,CuOj 5, showing
bands of phases with different fluorine content.

Nd,Cu(O,F)s  phase. It
involves an ordered occupa-

Figure 15
[100]r HREM image of the main phase in Nd,CuOs 5 fluorinated at 473 K
showing areas with different ¢y parameters.
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tion of the anion sites between two adjacent Nd layers by
anions and anion vacancies and the partial migration of the
anions from these tetrahedrally coordinated positions to the
octahedral interstices forming the apical vertexes of the
Cu(O,F)¢ octahedra. Chains of filled and vacant tetrahedral
positions run along the by, axis and alternate along cy;. The
Cu(O,F)s octahedra are tilted around by; to maximize the
distances between neighboring anions.

The transition from tetragonal to monoclinic follows the
symmetry tree I4/mmm (a, b, ¢) — Immm (a, b, ¢) - Fmmm
(a+b,a—b,¢c) > Bbmm (a+b,a—b,¢) > C2/c(c,a+b,a—
b). The transition from I4/mmm to Immm occurs due to the
removal of rows of anions lying along the [110] direction,
resulting in an alternation of occupied and vacant sites along
[110]. The tilting of the octahedra leads to a further decrease
of the symmetry to monoclinic.

These examples demonstrate how decreasing the amount of
anion vacancies eliminates their ordering and the structural
distortions related to this ordering. Nevertheless, in spite of
the formation of the phases of higher symmetry with a smaller
amount of anion vacancies, electron microscopy reveals a
domain structure related to inhomogeneity in the anion
distribution even within a single crystallite. The formation of
such domains is not an intrinsic feature related to the
symmetry properties of the anion-deficient and the anion-
doped phases, but strongly depends on the sample prepara-
tion, limiting the diffusion ability of the anions.

5. Anion ordering in the A;MnGaOs,;5 (A = Ca, Sr)
brownmillerites

In the A,MnGaOs,s (A = Ca, Sr) brownmillerites, a variation
of oxygen stoichiometry does not significantly affect the
(MnQO,) layers and mainly involves anion-deficient (GaO)
layers where Ga atoms adopt a tetrahedral coordination. The
specific feature determining the diversity and complexity of
the brownmillerite structures is the presence of infinite chains
of vertex-sharing GaO, tetrahedra in the (GaO) layers. These
chains can be derived from the perovskite (BO,) layers by an
ordered elimination of half of the O atoms, so that the rows of
filled anion positions run along [110], and alternate with rows
of vacant positions along [110]p (Fig. 19). The tetrahedral

Figure 16

ED patterns of the main zones of the monoclinic Nd,Cu(O,F)s phase obtained at 573 K fluorination.

chains are significantly distorted due to a cooperative rotation
of the tetrahedra around [001],. Tetrahedra rotated in oppo-
site directions [clockwise (CW) and counterclockwise (CCW)]
alternate along the direction of the chain propagation (Fig.
18). The tetrahedral chains can adopt two mirror-related
orientations (or related by a 180° rotation), arbitrarily called
left (L) and right (R). If a shift along [110]p transforms CW-
rotated tetrahedra of one chain into CW-rotated tetrahedra of
the neighboring chain, the chains are of the same sign, if the
CW tetrahedra transform into CCW ones and vice versa, the
two neighboring chains are of a different sign (L and R)
(Krekels et al., 1993; Milat et al., 1993). In the majority of the
studies, three possible arrangements of the tetrahedral chains
were considered. Within the same a >~ ap21/2, b >~ 4ay, ¢ ~
apzl/z orthorhombic unit cell, the Imma space group corre-
sponds to a random arrangement of L and R chains, the I2mb
space group describes a structure with only one type of chain
(either L or R) whereas in the Pnma space group layers of L
chains alternate with layers of R chains along the b axis (Fig.
19). However, the ordering of the tetrahedral chains can be
much more complex than the three cases described here.

According to the powder X-ray diffraction pattern, the
Sr,MnGaOs, s phase crystallizes in a body-centered ortho-
rhombic unit cell with lattice parameters a = 5.4056 (8), b =
16.171 (3), ¢ = 5.5592 (7) A (Abakumov, Rozova, Pavlyuk,
Lobanov, Antipov, Lebedev, Van Tendeloo, Ignatchik et al.,
2001; Abakumov, Alekseeva et al., 2003). However, the elec-
tron diffraction patterns show additional superlattice reflec-
tions that arise from anion ordering (Fig. 20). The brighter
reflections can be indexed on a body-centered orthorhombic
unit cell with the cell parameters determined from the X-ray
diffraction data. Weaker spots that show up on the [010]* and
[102]* patterns are satellites, which can be indexed with four
hkim indexes given by the diffraction vectors g = ha™ + kb* +
I +mq with q=1/2¢* and the superspace group
Imma(00y)s00. According to the (3 + 1)D model proposed by
Lambert et al. (2002), the chains in the same (GaO) layers are
ordered according to the ...LRLR... sequence that is
consistent with the conventional 3D a,b,2¢ supercell with
Pcmb space symmetry (Fig. 21).

This ordering of the tetrahedral chains can be detected on
the [102] HREM images, where the (GaO) layers appear as
rows of bright dots, whereas
other layers are represented
by almost continuous white
lines for this particular
thickness and defocus value
(Fig. 22). The (GaO) layer,
consisting of chains of the
same type, produces a repeat
period along the layer of
~0.24 nm, whereas a
doubled repeat period of
~0.48 nm is related to layers
with an ...LRLR... alter-
nation of chains along the ¢
axis within the layer plane.
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The arrays of 0.48 nm separated dots in two neighboring
(GaO) layers are shifted with respect to each other by
approximately 1/4 of the interdot distance. This results in a
staggered stacking of the layers, which is better visualized
along the vertical line. The computer-simulated HREM image,
calculated using the derived model (Af = —20 nm, ¢ = 14 nm),
is shown in the inset.

The structural reasons for the different kinds of ordering of
the tetrahedral chains in brownmillerites are not completely
clear. Electron diffraction investigation of Sr,MnGaOs at
temperatures up to 1173 K in situ inside the electron micro-
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Figure 17
HREM image of the monoclinic Nd,Cu(O, F)s phase exhibiting twins with
the alternation of [001]y and [010]y; oriented domains along ay

Figure 18
Two different types of tetrahedral chains (R and L) in the brownmillerite
structure. Arrows show the direction of rotation of the BO, tetrahedra.

scope revealed that this ordering occurs well below the
temperature of formation of the brownmillerite structure (Fig.
23). Around 893 K, the intensity of the satellites decreases and
diffuse intensity lines appear along ¢, passing through the
basic spots. The satellites almost disappear at 938 K, but the
diffuse intensity is still present. It indicates that at this
temperature the long-range order of R and L chains is
destroyed. At 1178 K, only the main reflections remain, and
one may assume that a completely disordered structure is
formed. The conditions of this experiment are close to the
conditions for the preparation of Sr,MnGaOs (1273 K,
evacuated sealed silica tube). This allows us to deduce that the
ordering of the tetrahedral chains does not take place during
the solid-state reaction at 1273 K, but appears upon cooling,
probably passing through a stage of short-range order.
Changing the rotation sign of the tetrahedra in the chain
does not alter the interatomic distances or coordination
numbers of cations within the closest coordination spheres.
The L and R chains have close configurational energy, and
domains with different kinds of tetrahedral chain ordering can
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MnO, - ‘ng
Ga0,; - " /
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Crystal structures of A,MnGaOs (A = Ca, Sr) brownmillerites with (a)
I2mb and (b) Pnma space symmetry. Mn atoms are situated in octahedra,
Ga atoms in tetrahedra, A cations are shown as spheres.

Figure 20

Electron diffraction patterns of Sr,MnGaOs. The rows of satellite
reflections in the [102]* zone are marked by arrows. The indexing is
performed with four hkim indexes.
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be present in the structure. The samples of Ca,MnGaOs s
consist of two closely intermixed brownmillerite-type phases
with Pnma or I2mb space symmetry that differ mainly by the
orientation of the tetrahedral chains. Fig. 24 shows [101]
HREM images and the corresponding computer-simulated
Fourier transforms of the crystallites exhibiting the Pnma
(Figs. 24a, b) and the I2mb (Figs. 24c, d) structure, respectively.
The Fourier transform corresponding to the Pnma symmetry
(Fig. 24a) clearly demonstrates hkl, k # 2n, spots, which are
forbidden by the I2mb symmetry and which are absent on the
corresponding Fourier transform pattern (Fig. 24c). In
HREM, the Pnma structure shows a periodicity of 15.3 A
along the b axis (Fig. 24b), whereas the visible repeat period of
the I2mb phase is half this (Fig. 24d).

It often occurs for complex oxides including the CMR
manganites that crystal structure refinement by means of
X-ray powder data only yields an average representation of
the actual structure. In the case of Ca,MnGaOs s, X-ray
diffraction patterns can be adequately fitted assuming a simple
Pnma model and further details are only unveiled by electron
diffraction and high-resolution electron microscopy. The
reason is that the corresponding structural features involve
almost exclusively the O-atom position.

Increasing the oxygen content in the Sr,MnGaOs,s
brownmillerite causes a sequence of structural changes
(Abakumov, Rozova et al, 2003). The increase of § is
accompanied by a gradual decrease of the orthorhombic
distortion and a symmetry change from Imma (0.03 < § <0.13,
a=~c~2"a, b~ 4a,) to Bmmm (0.41 < § < 0.46,a ~ ¢ ~
21/2ap, b ~ 2a,) and to tetragonal P4/mmm (§ = 0.505, a = a,
¢~ 2a,). Oxygen insertion in the (GaO, ;) layers results in the

Figure 21

The crystal structure of Sr,MnGaOs with an ...LRLR... type of chain
alternation (Pcmb space symmetry). Two different projections of the
GaO, tetrahedra correspond to two different kinds of tetrahedral chains.

increase of the Mn oxidation state from +3 to +4 and the
compression of the Mn—O apical bonds due to the suppres-
sion of the Jahn-Teller distortion of the MnOg octahedra. For
6 = 0.41, ordering of the O atoms was observed by electron
diffraction, which decreases the symmetry to monoclinic P2/m
(a ~ 10.813, b ~ 8.019, ¢ ~ 8.486 A, f ~ 108.57°). The re-
ciprocal lattice for Sr,MnGaOs4, was reconstructed using a
large number of ED patterns, the most representative of them
are shown in Fig. 25. All the brighter reflections on these
patterns can be indexed with the Bmmm sublattice, whereas
the weaker reflections correspond to the superstructure.

The [010] pattern shows a much denser array of reflections
than could be expected from the proposed unit cell. The
appearance of additional reflections is caused by a mirror twin
with the (001) twin plane. The scheme of the formation of the
[010] ED patterns as a result of two mirror-related overlapping
patterns is shown in Fig. 25. Multiple diffraction results in the
appearance of A0l reflections with h=2n, I=n/2. It is
reasonable to propose that oxygen insertion into the (GaOy_s)
layers changes the coordination number of the Ga cations. A
tentative structure of the (GaO,,s) layers can be built
compared to the structures of anion-deficient layers in the
A,B,05 (A = Ca, Sr, La, B = Mn, Cu), Ca,MnO35 and
Sro,MnOs 5 structures (see §2) and taking into account the
compatibility with the monoclinic supercell and the P2/m

Figure 22

[102] HREM image of Sr,MnGaOs reproducing the staggered stacking of
the tetrahedral layers. A white vertical line is given for comparison. The
theoretical HREM image calculated using the Pcmb structure model is
shown in the inset (Af = —20 nm, ¢ = 14 nm).
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space group (Fig. 26a). However, a tetragonal pyramid is not a
typical coordination environment for the Ga®* cation which is
usually surrounded by 4 or 6 O atoms. In the few cases of CN =
5, Ga>" cations are located in trigonal bipyramids rather than
tetragonal pyramids. Hence, appropriate displacements of O
and Ga atoms can be introduced to transform the coordination

environment of Ga into trigonal bipyramids, as shown in Fig.
26(b). The obtained model corresponds to a composition
Sr;MnGaOss, ie. it represents a compound with (GaO;s)

Figure 23

[010]" ED patterns of Sr,MnGaOs taken at different temperatures. The
intensity of the satellite reflections decreases upon increasing tempera-
ture.

Figure 24

[101] HREM images and corresponding Fourier transform patterns of
domains of well ordered (a), (b) Pnma and (c), (d) I2mb phases in
Ca,MnGaOs g45. The visible repeat period for the Pnma phase is twice
that for the I2mb phase.

layers. The experimentally determined oxygen content is
lower though and corresponds to (GaOj ;) layers. For the
given cell dimensions and the P2/m space symmetry, this leads
to a partial occupation of at least one anion position in the Ga
layer by O atoms and vacancies, so that some of the Ga atoms
have tetrahedral coordination. The proposed model is in
agreement with the experimental ED patterns, but observa-
tions in direct space by HREM are hindered by the instability
of the superstructure under an intense electron beam.
Oxygen insertion into the Ca,MnGaOs,s brownmillerite
differs from that in the Sr-containing compound (Abakumov,
Rozova, Pavlyuk, Lobanov, Antipov, Lebedev, Van Tendeloo,
Ignatchik ef al.,2001). The [101] HREM image of the oxidized
Ca,MnGaOs 39 phase (Fig. 27) shows that each second Ga-
containing layer exhibits a contrast, which is nearly identical to
the contrast produced by the two neighboring MnO, layers. It
is reasonable to assume that only half of the (GaO) layers
adopts extra O atoms transforming into a (GaO,) layer
whereas the other (GaO) layers remain unaffected. The
(GaO) and (Ga0,) layers alternate in an ordered manner but
the perfect stacking is occasionally violated by slabs with the
initial I2mb structure (marked by a bracket in Fig. 27). The
idealized structure of the oxygenated material can be repre-
sented by the stacking sequence —GaO,-CaO-MnO,-CaO-
Ga0O-CaO-MnO,-Ca0O-GaO,- as shown in Fig. 28. The two
successive Ga—O layers are no longer symmetrically
connected in this structure. It can be described within the a =~
cx~ ape,2” 2~ 4ay,, unit cell with P2,ma space group which is
a non-centrosymmetric subgroup of Pnma. The Ga atoms in
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Figure 25

Electron diffraction patterns of the Sr,MnGaOs 4, sample. The scheme
illustrating an overlap of [010] (reflections are marked as black dots) and
[010] (reflections are marked as open circles) oriented patterns is shown.
The reflections arising from multiple diffraction are marked as open
squares.
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the (GaO,) layers are octahedrally coordinated by six O
atoms. The structure of the oxygenated Ca,MnGaOss=
Cay(Mn,Ga)GaO,; compound may be considered as the third
member of the brownmillerite A,B,_;B'Os,_; (n=4)
homologous series, in which three layers of BOg (B; = Mn,Ga)

Figure 26

The model of Sr,MnGaOs 4, structure: (a) the structure of the Ga layer;
(b) three-dimensional view. Mn atoms are situated in octahedra, Ga
atoms in trigonal bipyramids, O atoms are at the corners of the polyhedra,
Sr cations are shown as spheres.

Figure 27

[101] HREM image of Ca,MnGaOs 39 material. The (GaO) and (GaO,)
layers are marked. The slab of I2mb structure is marked by a bracket. The
image, calculated using Ca,MnGaOs s model (Af = —600 A, t=30 A), is
shown in the insert.

octahedra form blocks separated by single layers of B'O,4 (B’ =
Ga) tetrahedra. This idealized oxygenated phase has the
Ca,MnGaOss composition, which agrees with the oxygen
non-stoichiometry § = 0.39 if the presence of some reduced
I2mb blocks is taken into account. The HREM simulated
image shown as inset in Fig. 27 and calculated using this model
(Af=—-600 A, =30 A) shows remarkable agreement with the
experimental image.

6. Conclusions

Several examples of structural transformations due to a
variation of the anion content in perovskite-like complex Mn-
and Cu-containing oxides show that such materials can have a
complicated microstructure which has to be taken into
account for a complete structural characterization. The
compounds prepared using oxidation, reduction at low
temperature or fluorine insertion are fragmented into
domains. The domain structure arises as a consequence of the
decrease of symmetry due to the ordering of anions and
vacancies in the anion-deficient phase in comparison with the
parent compound with filled anion positions. Also the inser-
tion of extra anions is accompanied by the formation of
domains due to local inhomogeneity in the anion distribution
over the sample. In the stoichiometric brownmillerite struc-
ture there is more than one possibility for an ordered
arrangement of O atoms and vacancies, and the free energy of
these ordered variants can be estimated as very close. The final
stage of the thermal treatment during the preparation of such
phases plays a key role in the resulting microstructure which
consists of domains with structures that differ by anion
ordering. Owing to the low sensitivity of conventional
laboratory powder X-ray diffraction to such light scatterers as

<— GaO

<— MnO,

«— @Ga0,

<«— MnO,

<— (Gao

Figure 28

Structure model of the oxidized Ca,MnGaOs 5 phase. Ga and Mn atoms
are at the centers of the polyhedra, O atoms are at the corners, Ca cations
are shown as spheres.
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O (or F) atoms, the ability of this technique to detect the
superstructure arising from anion ordering is rather limited. In
some cases, as was shown for Sro,MnQOs s, the deformation of
the subcell is also below the resolution limit of the laboratory
diffractometer, so that the monoclinic distorted structure of
S1r,MnO; 5 was initially interpreted as being tetragonal. Frag-
mentation of the structure into domains of a small size makes
the situation even more complicated. In such cases, electron
diffraction and high-resolution electron microscopy investi-
gation play a key role for building an initial structure model
for the Rietveld refinement from X-ray and neutron powder
diffraction data.
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