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Abstract. Structural features and methods for the synthesis of
complex manganese oxides with the brownmillerite structure
A>MnB'Os. 5 (A = Ca, Sr; B’ = Ga, Al) and of their derivatives
are surveyed. Modern approaches to the description of crystal
structures containing various types of chains of tetrahedra are
considered and possible ordering patterns of these chains are
discussed. The effects of the electronic structure and crystal
chemical properties of the B’ cations on the possibility of for-
mation of a layered ordered structure is noted. The emphasis is
placed on the anion non-stoichiometry of the brownmillerite
phases and the influence of the excess oxygen (fluorine) on the
structure of the compounds. A comparative analysis of properties
of oxygen- and fluorine-doped brownmillerites is given. The data
on the magnetic structures, transport and magnetoresistive prop-
erties of Mn-containing brownmillerites are generalised. The
bibliography includes 74 references.

I. Introduction

Among complex manganese oxides, oxides with a general stoi-
chiometry Ln;_,A\MnOs3 (where Ln is a rare-earth cation and
A = Ca, Sr, Ba) are most thoroughly studied primarily due to the
fact that many representatives of this class manifest colossal
magnetoresistance T (see Refs 1—6). These compounds possess
perovskite-like structures (Fig. 1a) and are characterised by
complex correlations between their compositions, crystal struc-
tures and physical properties. The magnetic and electronic proper-
ties of manganites are usually interpreted within the double
exchange theory, which considers the electron transfer between
adjacent Mn3* (in the high-spin state tggeé) and Mn** (tggeg) ions
through the Mn—O—Mn bond chain.”-8 A specific type of
structural distortion of the perovskite lattice is realised owing to
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Figure 1. The crystal structures of Ln;_ A, MnOj3 (space group Pnma,

GdFeOs; structural type) (¢) and Lna— A+ Mn2O7 {[(Ln,A)MnOs],,.
[(Ln,A)O]} (b).
Manganese atoms are in the centres of octahedra.

cooperative tilts and rotations of the MnOg octahedra, which is
defined by the ratio of the radii of the cations in the sublattices A
and B. Additionally, a deformation of the MnOg octahedra due to
the Jahn —Teller effect (which is typical of Mn3* cations in the
high-spin electronic configuration) is superimposed on the coop-
erative distortion of the 3-dimensional framework. The situation
can be further complicated if the deformation is static, i.e., the

T Magnetoresistance is a change in the electrical resistance of a sample in
an external magnetic field. Quantitatively, it is described by the magneto-
resistive effect, which is given by the formula MR (%) = 100 [(Ro— Ru)/
Ru], where Ry and Ry are resistivities of the sample in the absence and in
the presence of the external magnetic field with a strength H at a certain
temperature, respectively. The term colossal magnetoresistance is applied
to situations when the electrical resistivity changes in a magnetic field by a
few orders of magnitude.



848

A M Abakumov, M G Rozova, E V Antipov

effect of orbital ordering takes place, and/or charge ordering
occurs, being mainly observed at a doping level corresponding to
the Mn3* to Mn*" ratio equal to unity (see Refs 9, 10). Never-
theless, a common feature of compounds Ln;_ AMnOj; is the
retention of the spatial perovskite framework formed by vertex-
sharing MnOg octahedra.

The discovery of colossal magnetoresistance in complex
oxides Lnz A+ xMnyO7 (Ln = La, Pr, Nd; A = Ca, Sr) stimu-
lated studies of this phenomenon in other manganites
with  anisotropic layered structures.!'~'> The oxides
Lno_ A;+Mn>O7 belong to the homologous series of the
Ruddlesden—Popper phases with a general stoichiometry
A, +1B;O3, +1; their crystal structures may be described as inter-
growth structures formed by regularly alternating perovskite and
rock salt motifs, i.e., [(Ln,A)MnOs],[(Ln,A)O] (Fig. 15b). In terms
of their electrical properties, the Ruddlesden — Popper phases are
quasi-two-dimensional since conducting perovskite units (formed
by vertex-sharing MnQg octahedra) are separted from each other
by insulating blocks with the rock salt structure. These phases are
convenient model objects for elucidation of the magnetic and
electronic properties of complex manganites as a function of the
dimensionality of the framework of the Mn—O—Mn bonds.
Furthermore, the two-dimensional layered manganites represent
a natural structural matrix suitable for the realisation of the
colossal magnetoresistance by the mechanism of tunnelling of
the conductivity electrons through the insulating blocks which
separate the conducting perovskite fragments.

Complex manganites are similar to a certain extent to high-
temperature superconducting (HTSC) cuprates as regards the
possible formation of layered structures owing to the similarity
in the crystal chemical properties of the cations Cu?* and Mn3 .
Indeed, both cations are of the Jahn—Teller type due to partial
filling of their e, orbitals and thus it is a distorted octahedral
environment (most often an axially elongated one) formed by
oxygen atoms that is typical of them. The radii of octahedrally
coordinated cations Cu?* and Mn3®™ (the latter being in the high-
spin state) are also similar: #(Mn3*t)=0.79 A while
H(Cu?*) =0.87 A. Some of the axial oxygen atoms can be
relatively easily removed from both the octahedrally coordinated
Cu?* and Mn3"* cations thus converting the coordination poly-
hedra into tetragonal pyramids. However, the square planar
environment, which is often encountered in the structures of
complex copper oxides, is not typical of manganese. Taking into
account this close similarity, it is of no surprise that some layered
perovskite-like complex manganese oxides have close analogues
among HTSC cuprates. Perovskite and rock salt fragments are the
major building blocks of layered cuprates as well. The known
high-temperature superconducting cuprates Lar_ A,CuOy4
(A = Sr, Ba) belong to the homologous series of the Ruddles-
den—Popper phases A, +1B,O3,+1 (n = 1) and have a structural
analogue among manganites (LaSrMnQ,).'%17 A series of man-
ganites including Bix_ Pb,SroMnQOg+ s (x = 0, 1; the so-called
2201 phases)'® 1 and Bi,_,Pb.,Sr;sCa; sMnyOq_s (the 2212
phase) have been synthesised by analogy with the HTSC cup-
rates.? Another series of compounds with the composition
BixSroMnOg + s (where 6 is varied over a wide range), which
correspond to an oxidation state of manganese in the range of
+2.7 < Vyvn < +3.3 (see Ref. 21), have been prepared under
high pressure.

The analogy between complex oxides of copper and manga-
nese can be extended even further. According to one of the crystal
chemical prerequisites to the formation of a layered perovskite-
like structure with two different cations in the sublattice B,
ordering of the cations is favoured by the difference in their
coordination of oxygen atoms. The structure of brownmillerite
A-BB'Os represents a possible version of such a perovskite-
derived layered structure. Formally, this anion-deficient structure
is formed as a result of ordering of the anion vacancies giving rise
to a regular alternation of the BO, and B'O layers, which are

Stoichiometric perovskite
ABO3

The Jahn — Teller effect l
(Mn3+, Cu2t)

Anion-deficient perovskite
ABOs_;

D

<

The structure of brownmillerite
A;MnBOs (B = Ga3t, AI*t)

Figure 2. A scheme of formation and bonding of the coordination
polyhedra BOs (an axially elongated octahedron) and B'O4 (a tetra-
hedron) in the brownmillerite structure.

characterised by the octahedral and tetrahedral coordination of
the B and B’ cations, respectively (Fig. 2).

Since complex copper oxides with this structure are known,
viz., LnACuGaOs (Ln = La, Pr, Nd; A = Ca, Sr),?>~ %> we have
suggested that the synthesis of analogous manganese compounds
is also possible. Taking into account different formal oxidation
states of copper and manganese, the stoichiometry of manganites
with the brownmillerite structure should be A>MnGaOs
(Vmn = +3). An Al-containing analogue, viz., Ca;MnAlOs, has
been reported but it was considered only as a cement component
rather than a potential magnetoresistant material.?® An attractive
feature of the brownmillerite structures as model objects in studies
of magnetic and transport properties of layered manganites as a
function of their composition and manganese oxidation state is its
broad capability of ‘tuning’ changes in the anion stoichiometry
and manganese valence. The preferable octahedral coordination
of manganese atoms in oxidation states from +3 to +4 ensures
retention of the perovskite-like MnO» layer whereas anion vacan-
cies within the tetrahedral B'O layers allow variations in the anion
stoichiometry. The present review surveys different aspects of the
synthesis of brownmillerites A;MnB'Os. 5 (A = Ca, Sr; B’ = Ga,
Al) and related compounds, their crystal structures and magnetic
properties.

I1. General information on the crystal structure of
brownmillerites A,BB'Os

Brownmillerite A>BB'Os is an anion-deficient analogue of per-
ovskite ABO3, which crystallises in the orthorhombic system and
has unit cell parameters related to the unit cell parameter ape, of
cubic perovskite as a =~ \/Eaper, bx4ape, cx ﬁape,-‘ The
structure of brownmillerite may be described as a result of regular
alternation of the layers AO, BO, and B'O along the unit cell axis
b giving rise to the following layer sequence: BO>—
AO-B'O-AO-BO, (which constitutes half a repeat period
along the b axis). The anion vacancies are ordered and localised
in the B'O layer, which can be formally produced from a
perovskite B'O, layer (Fig. 3a) by removal of half the oxygen
atoms so as to form chains of anion vacancies going along the a



Complex manganese oxides with the brownmillerite structure: synthesis, crystal chemistry and properties 849

a b

Figure 3. The structures of the BO, layers in the perovskite structure (a)
and B'O layers in the structure of brownmillerite AyBB'Os (b).

A cations are situated above and below the layer, the unit cell of perovskite
is marked with dashes.

axis or, alternatively, along the [110] crystallographic direction of
the parent perovskite (Fig. 3 b). The chains of vacant anion sites
alternate with chains of sites occupied by oxygen atoms along the
direction ¢ = [110]per. Owing to this ordered arrangement of
anion vacancies, the coordination environment of the B’ cations
is converted from octahedral to tetrahedral.

Thus, alternating layers of BOg octahedra and B'Oy tetrahedra
can be distinguished in the crystal structure of brownmillerite. The
B'Oy tetrahedra in the B'O layers are linked to each other through
shared vertices to form chains along the a axis. The oxygen atoms
in the B'O layers are shifted from their positions in the ideal cubic
perovskite structure due to cooperative rotations of the tetrahedra
in the chains around the b axis that is equivalent to the [001]
direction of the parent perovskite (Fig. 4). As a result of the
formation of the anion vacancies and cooperative shifts of oxygen
atoms, the coordination number of the cations A (that are located
between these layers) decreases from 12 to 8+ 2 (this notation
means that two out of ten A —O bond lengths are substantially
larger than the others).

The B'O, tetrahedra with opposite directions of rotation, i.e.,
clockwise (CW) and counterclockwise (CCW), alternate along the
chains of tetrahedra (see Fig. 4). These chains can adopt two
configurations, viz., left (L) and right (R), which are mirror
reflections of each other.2”-28 If the vector [110]per translates a
CW-tetrahedron of one chain into a CW-tetrahedron of another
chain, both chains possess the same configuration (either L or R).
On the contrary, if the vector [110]pe, translates a CW-tetrahedron
of one chain into a CCW-tetrahedron of another chain or vice
versa, these two chains possess different configurations. Mutual

Figure 4. Chains of tetrahedra in the brownmillerite structure.
The arrows show directions of rotation of the respective tetrahedra.

Figure 5. Crystal structures of two brownmillerite modifications with
the space groups I2mb (a) and Pnma (b).

conversions of the L- and R-chains change neither the coordina-
tion polyhedra of the cations A, B and B’ nor respective intera-
tomic distances since the space group of the parent perovskite
includes the symmetry operations realising such conversions.?7-28
Hence, the L- and R-chains should be energetically equivalent and
with similar probabilities of their formation.

For the majority of brownmillerites, three variants of space
symmetry, which correspond to different ways of ordering the
chains of tetrahedra belonging to the two configurations, are
considered. In the case of completely random arrangement of the
L- and R-chains, the structure belongs to the space symmetry
group Imma. If only one type of chain is present, the structure
belongs to the noncentrosymmetrical group 2mb (Fig. 5a).
Regular alternation of the B'O layers formed exclusively by either
L- or R-chains gives rise to the space group Pnma (Fig. 5b).
However, the pattern of ordering of the chains of tetrahedra can
be more complicated than the above three variants. Ordering of
the L- and R-chains of tetrahedra can occur within one B'O layer
thus increasing the repeat period along the ¢ axis. Superstructural
reflections corresponding to the regular alternation of the chains
of tetrahedra along this axis have indeed been observed for
brownmillerites such as Sro,CuGaOs,2° BayIn,Os30 as well as for
related phases LnSroGaCu,O7 (where Ln is a rare-earth element,
the so-called Gal212 phases), which contain GaO layers with
brownmillerite-like chains of tetrahedra.?”-28

A unified model encompassing all types of such superstruc-
tural ordering has been proposed by Lambert ez al 3! According to
this model, the brownmillerite structure may be regarded as a
lattice commensurately modulated with respect to the starting
orthorhombic unit cell (with the unit cell parameters a ~ \/Eaper,
b~ 4aper and ¢ \/Eaper) by a modulation vector ¢ = yc* giving
rise to the (3 + 1)-dimensional space group Imma(007)s00.% In this
case, the pattern of alternation of the chain of tetrahedra in the
structure can be unambiguously described by a step function of
the occupancy modulation. This function is defined in (3+ 1)-
dimensional space by an interval on the a4 axis with a width A(x4)
centred at x). An atom is assigned an occupancy of 1 if its x4
coordinate lies inside the interval A, while an occupancy of 0 is
assigned if the coordinate lies beyond it. In order to determine the
widths and centres of the intervals defining the step functions of
the occupancy modulation, it is necessary to apply the symmetry
operations of the (3 + 1)-dimensional space group fmma(00y)s00

1 Fundamentals of space groups with the dimensionality > 3 as applied to
description of modulated structures (supplied with a detailed reference
list) are given in the International Tables for Crystallography.32
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to all oxygen atoms in the B'O layer taking into account that the
change in the configuration of a chain of tetrahedra should not
change the composition of the layer or result in defects in the
sequential arrangement of tetrahedra along the chain. For a cross-
section of the brownmillerite structure on the (x, 1/4,z) plane,
which corresponds to the plane of the B'O layer, the sequence of
atoms Oa—Gal—Oc—Gal corresponds to the R-chain of tetra-
hedra, while the sequence Ga2 —Ob— Ga2— Od corresponds to the
L-chain (Fig. 6). Since only one chain can be present in a specific
point of the crystal lattice, the interval width A of the step function
is equal to 1/2 for all atoms in this layer. The atoms Oa and Oc¢
belong to the same chain of tetrahedra and thus they should be
present in the structure simultaneously. Phases of the step
function for these atoms should be equal, i.e., #(Oa) = (Oc).
This gives rise to the following relation between the coordinate ¢
of the centre of the step function domain and the y component of
the modulation vector (see Fig. 6 for the case of y = 1/2).
-y
t 7

Taking into account that ¢ = x4—gq ray (Where r,y is a vector
defining the position of an atom in the average structure), the
coordinate x of the domain centre for the chain
Oa—Gal -Oc—Gal is given by

11—y
XQ(R):THZ-
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Figure 6. Arrangements of atoms in the B'O layer (x, 1/4, z) for R- and
L-chains of tetrahedra.

The sequence Oa—Gal—-Oc—Gal (dashed line) corresponds to the
R-chain; the sequence Ga2—0b—Ga2—0d (solid line) corresponds to
the L-chain; for the oxygen atoms, four-dimensional coordinates (x, y, z, )
are given; the positions of domains of the step function of the occupancy
modulation are given for y = 1/2.

The chain Ga2—-0b—-Ga2—-0d is symmetrically related to the
chain Oa—Gal—-Oc—Gal through a mirror plane mg, which
shifts the modulation phase by 1/2

1 —
ML) = —F 172,

i.e., since A(x4) = 1/2, the two chains cannot be present at the
same point of the crystal structure simultaneously. A translation
by one repeat period of the parent structure along the ¢ axis (i.e.,
between two neighbouring chains in the layer) shifts the modu-
lation phase by y. Therefore, the sequence of alternation of the L-
and R-chains can be unambiguously defined by the y component
of the modulation vector. This model is applicable for any values
of the y component. The three-dimensional symmetry group of a
specific structure can be derived from the symmetry operations of
the (3+1)-dimensional space group Imma(00y)s00 for any
rational y and initial phase ¢ of the modulation (Table 1).3! As is
clearly seen from Table 1, the brownmillerite structures with the
space groups I2mb and Pnma correspond to two limiting cases,
viz.,y=0andy = 1.

Table 1. Three-dimensional space groups corresponding to the brownmil-
lerite structures with the modulation vector ¢ = yc*, (3 + 1)-dimensional
space group Imma(00y)s00 and different possible combinations of y and ¢
(r, s, v, T, i are integers).

Y =r/s Space group at
(r<s

t=v/2s t=2v+1)/4s other ¢
y=0 2mb 2mb 2mb
r=2t,s=2u+1 12/m R2mb Im
r=2t+1l,s=2u+1 Pnma Pnmb Pnm2,
s =2 Pcmb Pcma Pcm?2,
y=1 Pnma Pnmb Pnm2,

The crystal structure of brownmillerite is a suitable matrix to
accomodate the Jahn—Teller cations in its octahedral sites. A
common feature of brownmillerites contaning transition metals is
the elongation of two axial B— O distances in the BOg octahedra
as compared to four equatorial distances. This distortion is due to
alternation of the vertex-sharing BOg octahedra and B'Og tetrahe-
dra along the b axis rather than to the electronic structure of the B
cation. Since the B'—O distances are shorter than the B—O
distances owing to the smaller coordination number, a decrease
in the B'—0,x bond length has to be compensated by the
respective elongation of the B— O, bond. In fact, axial distortions
of the BOg octahedra are observed not only for cations manifest-
ing the Jahn—Teller effect, such as Cu®*, but also for cations
devoid of this property (Table. 2). Brownmillerites contaning
Fe3* (electronic configuration d°) may serve as an example.
Filling an octahedral cavity with a Jahn—Teller cation favours
the formation of the brownmillerite structure owing to stabilisa-

Table 2. The B—O bond lengths (B = Cu, Fe) in copper- and iron-
containing brownmillerites.

Oxide d(B—0vq) /A d(B—0,) /A Ref.
LaCaCuGaOs 1.916-1.922 2.406 24,25
LaSrCuGaOs 1.888—1.934 2.436-2.478 22,23
PrSrCuGaOs 1.731-2.112 2.494 23
NdSrCuGaOs 1.913-1.930 2.407-2.409 23
CasFe,0s 1.957-1.970 2.114-2.130 33-35
Sr2Fe;0s 1.940-2.028 2.202-2.217 36,37
CasFeAlOs 1.942-1.954 2217 38
Ca,FeGaOs 1.954-1.959 2.128 39
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tion of a distorted octahedral environment. Therefore, possible
retention of the oxidation state +3 for the manganese cations
should be taken into account when selecting a method for the
synthesis of Mn-containing brownmillerites.

I11. Synthesis of Mn-containing brownmillerites

The ceramic method is typically applied for the synthesis of Mn-
containing brownmillerites A, MnB'Os (A = Ca, Sr; B’ = Ga,
Al). The temperature and partial pressure of oxygen at which the
solid-state reaction is performed strongly influence the phase
composition of the reaction products and degree of ordering of
the manganese and B’ cations over octahedral and tetrahedral
sites. Monophasic Ca;MnB'Os with fully ordered manganese and
B’ cations (according to the neutron diffraction data) is obtained
in a ceramic synthesis starting from CaCO3, manganese oxides
(Mn,03, MnO») or manganese oxalate and B,03 oxides con-
ducted at 1200—1250 °C in a flow of an inert gas (N,).40-#!
Synthesis of the same products in air requires higher temperatures
(13001350 °C) in order to stabilise the phase at elevated partial
oxygen pressure. An analysis of IR spectra of CaxMnAlOs
suggested that an increase in the temperature of the synthesis
favours partial disordering of the manganese and aluminium
cations.?® When the synthesis of CaxMnGaOs is performed in air
at 1300 °C, a perovskite phase (presumably with disordered
positions of manganese and gallium cations) is formed as an
admixture.*® Disordering of these cations (up to 5% of the Mn
cations occupy Ga positions) is also observed in the synthesis of
SroMnGaOs at 1350 °C in a flow of nitrogen.*!-4?> Meanwhile,
SrCaMnGaOs with the fully ordered structure can be prepared at
1200 °C in a flow of argon.*?

Taking all the above data into account, one may conclude that
the formation of the ordered layered brownmillerite structure is
favoured by a decrease in the temperature of the solid-state
reaction and in the partial oxygen pressure. The latter is necessary
to preserve the formal +3 oxidation state of the manganese
cations and the overall anion stoichiometry, which should be
identical or close to the nominal stoichiometry of brownmillerite,
i.e., A;MnB'Os [this makes it possible to utilise differences in the
coordination environment of the manganese (octahedral) and B’
(tetrahedral) cations to stabilise the ordered layered phase]. For
instance, an increase in the coordination number of the B’ cations
to 6 gives rise to disordered perovskite phases with a three-
dimensional framework of octahedra despite the retention of the
manganese oxidation state Vmn = + 3. In particular, the com-
pounds LnoMnGaOg (Ln = La, Nd) are characterised by an
orthorhombic structure (which belongs to the structural type of
GdFeOs3) with manganese and gallium cations statistically occu-
pying octahedral sites.***> A similar situation was revealed for
solid solutions with a common stoichiometry La,_ ,.Sr.MnGaOs
(x = 0.7), which crystallise in the monoclinic system (sp. gr. I2/c)
and are characterised by an oxidation state of manganese other
than +3.46:47 A change in the Mn/Ga stoichiometric ratio also
prevents formation of the layered brownmillerite structure. Solid
solutions SrMn;_,Ga,03_s (0 < x < 0.33) have a disordered
cubic perovskite structure whereas for 0.33 < x < 0.5, a two-
phase region was found.*8

We have suggested that the optimum conditions for the
formation of brownmillerites CaoMnGaOs and SroMnGaOs
could be achieved provided that the synthesis is performed in
evacuated sealed quartz tubes starting from CaO (SrO) preformed
by decomposition of the respective carbonates in a dynamic
vacuum (10~2 mbar, 900 °C), Mn,0O3; and Ga,Os3. The use of
highly reactive oxides of alkaline-earth metals at a low partial
oxygen pressure in the tube allows the preparation of monophasic
ordered brownmillerites at 1000 °C.#%-49-30 The samples contain-
ing alkali-metal oxides have to be handled in a glove box free of
water vapour and CO,.

Brownmillerites containing manganese in an oxidation state
slightly above + 3 can be prepared by the heterovalent substitu-

tion of a bivalent cation for a trivalent one in the B’ sublattice. A
series of solid solutions Ca,MnGa;_,Zn,Os+ 5, where x = 0.1
(0 =0.075, Vvn = +3.25) or x =0.2 (6 = 0.08, Vmn = +3.36)
have been synthesised; phases with an increased manganese
oxidation state are formed when the synthesis is performed at
1200 °C in air.*® The manganese atoms in the original brownmil-
lerite Ca,MnGaOs4s with 6 =0 can be further oxidised by
annealing at low temperature and high partial oxygen pressure.
Insertion of oxygen into this compound proceeds under drastic
conditions (T = 415 °C, po, = 80 atm); no complete oxidation of
manganese to ¥y, = + 4 occurs, the maximum reachable value of
6 is 0.39.40 Annealing Sr,MnGaOs. s under milder conditions
(T =415 °C, po, = 1-20 atm) gives rise to almost complete
oxidation to & = 0.47—0.505. Sr>MnGaOs ; s with an intermedi-
ate value of the oxygen overstoichiometry index 0 < ¢ < 0.5 can
be prepared by reduction of fully oxidised SroMnGaOss in a
closed circuit with a preset partial oxygen pressure.’! In this
method, the annealing is performed in a circulating flow of an
argon—oxygen mixture; the required partial oxygen pressure is
kept constant using a Cu/CuyO getter and controlled by an
electrochemical cell with a solid oxygen-ionic electrolyte. A series
of phases with 6=0.13 (logpo, = —5.19), =041
(logpo, = —4.04) and 6 = 0.46 (logpy, = —1.12) have been syn-
thesised at 415 °C using this method. A biphasic region corre-
sponding to a mixture of a reduced and an oxidised phase with
0 =0.13 and 0.41, respectively, was observed in the range of
0.13 <96 <041.

IV. The crystal structure of A;MnB'Os . ;
(A = Ca, Sr; B = Ga, Al; 6 ~ 0)

Unit cell parameters and space groups of Mn-contaning brown-
millerites corresponding to different oxygen overstoichiometry
indices are listed in Table 3. Based on X-ray powder diffraction
data,?® a primitive orthorhombic unit cell was suggested for
Ca;MnAlOs. A subsequent low-temperature neutron diffraction
study of this phase has given the space group I2mb.*! For the Ga-
containing analogue, i.e., CaaMnGaOs 45, formation of the Pnma
modification of brownmillerite was unambiguously established by
electron diffraction and X-ray powder diffraction.4? Refinement
of the crystal structure of Ca;MnGaOs g45 within the Prnma model
using the Rietveld method resulted in a good correspondence
between the experimental and calculated X-ray powder diffrac-
tion patterns.

Nevertheless, the real structure of Ca,MnGaOs o45 proved to
be much more complicated than the idealised Pnma model, as
evidenced by neutron diffraction and high-resolution electron
microscopy (HREM). While the Pnma model provides a reason-
able description of the experimental X-ray diffraction pattern, the
neutron diffraction pattern can be fitted within this model only
with large reliability factors. Systematic underestimation of the
calculated intensities of reflections with &2+ k + /= 2n and a
nonmonotonic dependence of the FWHM:s of reflections on the
interplanar distance indicate the co-existence of two brownmiller-
ite polymorph modifications with the space groups Pnma and
I2mb in the sample. If the 12mb phase is taken into account in the
fitting procedure, the fit quality is significantly improved. How-
ever, the Fourier difference maps for the Pnma phase still reveal
extra maxima corresponding to incomplete ordering of the chains
of tetrahedra (89% of one type of chain and 11% of another type
within one layer instead of 100% of a certain type of chain, which
has to be observed in the case of the ideal Pnma model). These
results of structure refinement using neutron diffraction data can
be interpreted as indicating the simultaneous presence of the Pnma
and I2mb domains in the crystal structure of CaaMnGaOs g45. The
HREM data fully support this model.*® Figure 7 shows two
HREM micrographs of Ca;MnGaOs 45 along the crystallo-
graphic direction [101] and their Fourier images corresponding
to the Pnma and I2mb phases. Reflections of the hkl, k # 2n type
are clearly resolvable in Fig. 7 a but absent in Fig. 7 ¢, so that the
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Table 3. The crystallographic data for brownmillerites A;,MnB'Os 5 (A = Ca, Sr; B’ = Ga, Al).

Composition Unit cell parameters /A Space group Oxygen overstoichiometry index T/K Ref.
a b c value method #
Ca;MnAIOs + 5 5.244(2) 14.904(2)  5.465(1) see - 293 26
5.23135(8) 14.9533(3) 5.46258(9) 2mb 0 TGA, ND 2 41
Ca,MnGaOs+ s 5.2685(4)  15.301(1)  5.4686(5) Pnma 0.045 CA,ND 293 40
5.2712(7)  15.267(1)  5.4722(6) Pnma 0.09 CA 293 40
5.302(1) 14.940(4)  5.428(2) Pnma 0.39 CA 293 40
Ca,MnGagoZng 0s+s5 5.278(1) 15.216(4)  5.479(1) Pnma 0.075 CA 293 40
Ca,MnGagsZng20s+5  5.278(1) 15.163(5)  5.486(1) Pnma 0.08 CA 293 40
SrCaMnGaOs + 5 5.3196(2)  15.7817(6) 5.4925(2) 2mb 0.035 CA,ND 290 43
5.30562(6) 15.7705(2) 5.48090(7) Rmb 0.035 CA,ND 2 43
Sr-MnGaOs + 5 5.4023(5) 16.130(2)  5.5645(7) 2mb, Imma —0.03 CA 293 51
5.3717(6)  16.234(2)  5.5033(6) Imma 0 TGA 293 42
5.35450(2) 16.2256(6) 5.4888(2) Imma 0 TGA, ND 2 41
5.3863(1)  16.1971(3) 5.5257(1) R2mb, Imma 0.01 CA,ND 293 52
5.3894(4)  16.193(1)  5.5348(4) Imma 0.025 CA 293 51
5.3700(5)  16.240(2)  5.4976(4) Imma 0.13 CA 293 51
5.3628(3)  8.0193(8)  5.4066(3) Bmmm 0.41 CA 293 51
5.3666(6)  7.959(2) 5.3861(5) Bmmm 0.46 CA 293 51
3.7995(1) — 7.9209(3) P4/mmm 0.505 CA 293 51
5.3834(2)  5.3652(2)  7.9448(2) Cmmm 0.5 TGA, ND 293 48

2 TGA stands for thermogravimetric analysis, ND stands for neutron diffraction, CA stands for chemical analysis. P Primitive orthorhombic lattice.

apparent repetition period along the b axis for the I2mb phase
appears half as long as that for the Pnma phase (b = 15.3 A).

In addition to crystallites strictly corresponding to one of the
two variants (either Pnma or I2mb), the HREM data revealed
crystallites with narrow extended domains of the I2mb phase
embedded into the Pnma matrix. Thus, the real structure of
Ca;MnGaOs g45 represents a mixture of the polymorph modifica-
tions Pnma and I2mb, both at the level of separate crystallites
(which manifests itself in the structure refinement using neutron
diffraction data as a contribution from the /2mb phase) and
narrow domains within one crystallite (which manifests itself in
the neutron diffraction data as the presence of differently oriented
chains within the Pnma phase).

Substitution of strontium atoms for calcium in
Ca,MnGaO:s ;5 suppresses formation of the Prnma modification.
The crystal structure of StCaMnGaOs o35 was successfully refined

Figure 7. HREM micrographs («, ¢) and respective Fourier images for
CarMnGaOs o45 along the crystallographic direction [101] (b, d) showing
domains of the Pnma (a, b) and I2mb (¢, d) phases.

using neutron diffraction data within the fully ordered I2mb
model.** A similar model was applied to refine the structure of
Sr;MnGaOs+ 5 (6 < 0) from X-ray*® and neutron powder dif-
fraction data.’?33 However, it was found that it is the Imma
structural model with a disordered arrangement of the L- and R-
chains of tetrahedra that better reproduces the neutron diffraction
pattern for SraMnGaOs. The difference between the fit qualities
obtained for this compound within the I2mb and Imma models is
not as significant as in the case of Ca;MnAlOs.41-32 This can be
seen from a comparison of the corresponding integral discrepancy
factors y2 (see Ref. 41):

Oxide SroMnGaOs SroMnGaOs Ca,MnAlOs Ca,MnAIOs
Sp. gr. Imma 2mb Imma 2mb
Ve 3.30 5.28 27.5 2.99

Actually, the ordering of the chains of tetrahedra in
SroMnGaOs has a more complicated character as compared with
the idealised I2mb and Imma models. An electron diffraction
study of SroMnGaOs has revealed superstructural reflections
corresponding to ordering of the L- and R-chains in the GaO
layers along the axis ¢.>* These reflections can be indexed assum-
ing a modulation vector of ¢ = (1/2)c*, which corresponds to a
sequence of alternating chains of tetrahedra L-R—-L-R-L
along the ¢ axis according to the Labmert model (see section II).
Alternatively, this structure can be described in the orthorhombic
space group Pcmb with a doubled ¢ parameter (Fig. 8). This
model was confirmed using HREM..>* In addition to the regularly
ordered fragments of the Pcmb phase, domains with another type
of shift of the ordered layers of tetrahedra, which corresponded to
a monoclinic unit cell (a = 17.100 A, b = 5.406 A, c = 11.118 A,
p =108.97°, sp. gr. P2/c) (Fig. 9), were revealed together with
numerous defects due to disturbed alternation sequences of the L-
and R-chains of tetrahedra.

These two examples, viz., CaaMnGaOs + s and StaMnGaOs 4 5
demonstrate that structural analysis of brownmillerite phases can
become very complicated due to the multitude of ordering
patterns of the chains of tetrahedra. Even neutron powder
diffraction, which is quite sensitive to the positions of oxygen
atoms, is often insufficient to determine the real structure of
brownmillerites and thus it should be applied in a combination
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Figure 8. A model of the crystal structure of Sr,MnGaOs with the chains
of tetrahedra ordered according to the L— R—L—R pattern.

The two different projections of the GaOy tetrahedra correspond to the
two chain types.

AAAlA
v

ﬂ vm‘

©Sr

V

Figure 9. HREM micrographs of defects in the structure of Sr,MnGaOs
(a) and a model of this structure in the monoclinic space group P2/c (b).

with local diffraction methods, e.g., electron diffraction as imple-
mented in transmission electron microscopes and HREM. High-
temperature electron diffraction makes it possible to determine
the influence exerted by the synthesis and annealing conditions on
the character of ordering of the chains of tetrahedra. The electron
diffraction patterns for the [010]* zone of SroMnGaOs in the
temperature range from room temperature to ~900 °C are shown
in Fig. 10.>* It is clearly seen that at 620 °C, the intensity of
satellite reflections corresponding to the superstructure
q = (1/2)c* decreases and stripes of diffuse scattering oriented
along the ¢* axis appear. At 665 °C, the satellites completely
disappear while the stripes of diffuse scattering remain, which
suggests the loss of long-range ordering in the arrangement of the
chains of tetrahedra at this temperature. Ordering is completely
destroyed at ~900 °C (Fig. 10d). This temperature is lower than
the minimum temperature required for the synthesis of Mn-
containing brownmillerites (1000 °C). This means that specific
ordering of the chains of tetrahedra is realised not at the temper-
ature of the synthesis of the sample but rather during its sub-

zone of

for the
SroMnGaOs at room temperature (@), 620 °C (b), 665 °C (¢) and
905 °C (d).

Figure 10. Electron diffraction patterns [0107*

sequent cooling. Hence, the exact character of the ordering should
depend on the cooling rate.

All brownmillerites A;MnB'Os. 5 (A = Ca, Sr; B’ = Ga, Al;
0 ~ 0) are characterised by strong distortions of the MnQOs
octahedra. The lengths of the equatorial and axial Mn—O bonds
for various members of this family, as determined by neutron
diffraction, are listed in Table 4. A direct comparison of the bond
lengths would not be informative since the respective values were
determined for compounds with different oxygen content at
different temperatures. However, a tendency that two axial
Mn -0 bonds are substantially longer than four equatorial ones
is apparent for all the structures. Such a deformation of the
coordination polyhedron is typical of the Jahn—Teller high-spin
Mn3 ™ cation with the electronic configuration tggeé. It is of note
that the length of an axial Mn—O bond depends on the mean
radius of cations in the sublattice A: it increases from 2.239 A for
A =Ca to 2.308A for A = Sr, Ca and further to 2.368 A for
A = Sr. As will be shown below, the bond length is also dependent
on the oxidation state of manganese.

Table 4. The Mn—O bond lengths in the structures of brownmillerites
A MnB'Os. 5 (A = Ca, Sr; B’ = Ga, Al) with § ~ 0.

Composition dMn-0)eq  dMn-0O)x 6 T/K  Ref.
/A /A

CaMnAlOs:s  1.888(2)x2  2249(1)x2 0 2 41

1.909(2) x 2

Ca,MnGaOs; s  1.899(4)x2  2.239(3)x2  0.045 293 40
1.918(4) x 2

SrCaMnGaOs+;s 1.890(6)x2  2.308(2)x2  0.035 290 43
1.941(6) x 2
1.888(6)x2  2.2992)x2  0.035 2 43
1.932(6) x 2

SroMnGaOs. s 1.9302(1) x4 2.368(3)x2  0.01 293 52
1.91872(7) x4 2.375(1)x2 0 2 41
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V. Specific pattern of the oxidation of
brownmillerites A,MnGaOs 5 (A = Ca, Sr)

An increase in the formal oxidation state of manganese in
A,MnGaOs . s as a result of a heterovalent substitution in the
cation sublattice or insertion of oxygen atoms converts the
electronic configuration of Mn from tggeé to tggeg and is accom-
panied by a suppression of the Jahn —Teller effect and decrease in
the axial Mn— O bond lengths in the MnOg octahedra. In the case
of CaoMnGaOs.+s and solid solutions based on it, these bond
lengths decrease monotonically with an increase in the oxidation
state of manganese (Vyy ).40-%°

Oxide Cale’lG’dOs_o45 CazMnGao_an0_205_03 Cale’lGaO5_39
V'Mn +3.09 +3.36 +3.78
dMn-0) /A 2.239(3) 2.221(9) 1.873(9)

In the latter compound, the MnOg octahedra are axially
compressed (i.e., the axial Mn—O bonds are shorter than the
equatorial ones). Since the axial Mn — O bonds are oriented nearly
parallel to the b axis, their contraction results in a decrease in the b
parameter of the unit cell. In the case of Ca,MnGaOs, s and
Ca,MnGa; _Zn,Os+ s, the b vs. Vmn function is nearly linear
(Fig. 11). Therefore, the b parameter is sensitive to changes in the
oxidation state of manganese. The range of oxygen nonstoichi-
ometry possible for Ca,MnAlOs has not been studied, however,
one may assume that this compound can be characterised by
variable oxygen content, since the » parameter for a sample
prepared in air 2¢ is significantly smaller than the respective value
for a sample prepared in an inert atmosphere,*! which assumes
that the oxidation state is higher for the products synthesised in
air.

bJA

15.25

15.15

15.05

14.95

3.1 33 3.5 Vmn

Figure 11. Changes in the b parameter as a function of Vu, for
Ca,MnGaOs s and CapMnGa; . Zn,Os+ 5.

A heterovalent substitution of Zn for Ga leads to a substantial
change in the b parameter alone while the a, ¢ parameters and the
degree of the orthorhombic distortion of the unit cell change
insignificantly, mainly due to variation of the mean radii of
cations occupying B and B’ positions. On the contrary, insertion
of excess oxygen (i.e., an increase in the index J) gives rise to a
significant decrease in the degree of the orthorhombic distortion,
which is reflected in an increase in the a parameter coupled with a
decrease in the ¢ parameter (see Table 3). This occurs because the
geometry of a part of the anion-deficient GaO + s layers changes
when extra oxygen atoms appear. An electron diffraction and
HREM study has shown that insertion of oxygen into the
CaMnGaOs 4 5 structure proceeds inhomogeneously.*® Oxida-
tion affects only half of the anion-deficient GaO layers giving rise
to an ordered arrangement of GaO, and GaO[] (] is the anion
vacancy) (Fig. 12). The idealised structure of the oxidised material
can be represented by the following layer sequence:

Ga0,-Ca0O—-MnO,—-CaO-GaO[]-CaO—-MnO,-CaO-GaO,,

33 [101]

<«<— GaO
-~ GaOz

1.49 nm

Figure 12. HREM micrographs of Ca,MnGaOs 39 along the crystallo-
graphic direction [101].

The square bracket shows a domain of the starting reduced phase with the
I2mb structure, the inset in the centre shows an image calculated
theoretically for the Pmc2; model.

two adjacent Ga layers are not symmetrically related to each
other. Such a structure can be described in the noncentrosym-
metrical space group Pmc2;, which is actually a noncentrosym-
metrical subgroup of the group Pnma. The resultant unit cell
parameters relate to the unit cell parameters of the original cubic
perovskite as @ & 4dper, b & ¢ & V2aper . The ordered disposition
of the GaO[J and GaO, layers is violated by the slabs of the
starting reduced phase with the 2mb structure. The structure of a
completely oxidised compound is described by an idealised
formula CaxMnGaOs s [Cas(Mn,Ga)GaOy,], which corresponds
to the third member of the homologous series of the brownmiller-
ite structures A, + 1B,B'O3,+2 (n = 3, Fig. 13). In this structure,
triple layers of BOg octahedra (B = Mn, Ga) are separated by a
layer of B'O, tetrahedra (B’ = Ga). According to the above
stoichiometry, the oxidation state of manganese in these frag-
ments should be +4, however the mean oxidation state of
manganese was +3.78 in a sample oxidised at po, = 80 atm due
to the presence of areas with the original I2mb structure corre-
sponding to Vmn & +3. Probably, the phase with the ideal

<«— GaO

<— MnO»

- GaOz

- MIlOz

<«— GaO

Figure 13. A model of the crystal structure of a completely oxidised phase
CarMnGaOs:s.
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Figure 14. Changes in the unit cell parameters a (1), b (2) and ¢ (3) as a
function of the manganese oxidation state in SroMnGaOs 5.

stoichiometry Ca,MnGaOs s can be prepared at a higher partial
oxygen pressure and longer duration of annealing.

The oxide Sr_MnGaOs + s is characterised by a more complex
dependence of the unit cell parameters on the oxidation state of
manganese Vy, and oxygen content.’'-3¢ The unit cell volume,
degree of its orthorhombic distortion and ¢ parameter decrease
regularly with an increase in ¢ (Fig. 14, see Table. 3). The a and b
parameters behave differently in two ranges of the manganese
oxidation state, viz., +2.94 < Vmn < + 3.26 (the weakly oxidised
range) and +3.82 < Vmn < +4.01 (the strongly oxidised range).
In the weakly oxidised range, the a parameter decreases whereas
the b parameter increases. Conversely, in the strongly oxidised
range, the a parameter increases whereas the b parameter
decreases. The unit cell vectors and the space group also undergo
changes. In the weakly oxidised range, the brownmillerite struc-
ture is retained. In the strongly oxidised range, the intensity of the
hkl reflections with k& # 2n becomes zero, which corresponds to a
transition to a new unit cell with the following parameters:
arcr \/iapcr, b ~ 2aper and space group Bmmm. A progressive
decrease in the degree of the orthorhombic distortion for
SroMnGaOs 505 ultimately gives rise to a tetragonal unit cell with
a & dper, ¢ X 2aper and space group P4/mmm (Fig. 15). For the
oxidised phase SroMnGaOss, an orthorhombic structure was
established*® based on the neutron diffraction data (see
Table 3). It is likely that discrepancies in the crystallographic
symmetry suggested for this compound by different authors (see
Refs 48,51, 52, 56) arise due to different procedures used for the
preparation of different samples or variable oxygen content in
these samples, which lies within the accuracy limits of the available
determination methods.

Figure 15. The crystal structure of SroMnGaOs s.

The character of structural changes that occur upon oxidation
of CaxMnGaOs + 5 and StoMnGaOs + 5 1s similar to that induced
by insertion of fluorine atoms into the structure of brownmillerite
LaACuGaOs (A = Ca, Sr).%’ In the case of A = Sr, fluorination
of LaACuGaOs yields a tetragonal phase with a = aper,
¢ & 2aper, wWhereas in the case of A = Ca, the orthorhombic
symmetry is retained although the degree of the orthorhombic
distortion substantially decreases. Similarly, oxidation of Mn-
containing brownmillerites gives rise to a tetragonal structure only
for A = Sr. According to X-ray diffraction, the structure of the
tetragonal phase SroMnGaOs s is similar to that of oxofluoride
LaSrCuGa(O,F)¢_s (see Refs 53, 57). Probably, the differences in
the oxidation of the Ca- and Sr-containing phases are due to steric
hindrance associated with insertion of overstoichiometric oxygen
atoms. The coordination number of the A cation in the tetragonal
structure P4/mmm should be equal to 12 provided all anion sites
are fully occupied or 11 if 1/4 of the oxygen atoms in the Ga layer
are absent as in the case of SrMnGaOs s. Realisation of large
coordination numbers is difficult in the case of a Ca system (the
ionic radius of Ca2* is 1.35 A) but possible for the larger Sr?* ion
(the ionic radius is 1.44 A). Meanwhile, fluorination of
LaACuGaOs can be represented as anion exchange O>~ —
2 F~, which does not affect the oxidation state of copper. As a
result, strong Jahn — Teller distortions of the CuOg¢ octahedra are
retained in the structure of oxofluorides LaACuGa(O,F)¢_ ;s and
the perovskite subcell undergoes elongation in the direction
perpendicular to the CuO, layers owing to orbital ordering.
Insertion of oxygen into manganites with the brownmillerite
structure proceeds oxidatively and results in suppression of the
Jahn—Teller deformation.

In the case of Sr-MnGaOs s, oxygen is inserted into every
GaoO layer, in contrast to the case of Ca,MnGaOs . 5. According
to a refinement of the crystal structure of SroMnGaOs 46, the
coordination number of gallium atoms increases from 4 to 5 and
their coordination polyhedron is a distorted trigonal bipyramid,
although oxygen atoms are not completely ordered in the GaO; +
layer. Ordering of oxygen atoms and anion vacancies at certain
values of 0 can be observed by electron diffraction. For
SroMnGaOs 45, such ordering lowers the symmetry to the mono-
clinic space group P2/m (a=10813 A, b=28.019A,
c=8.486 A, f = 108.57°). A structural model of this oxide has
been developed based on the analogy between the GaO + 5 layers
and anion-deficient MnO; s layers in the compounds A,B,Os
(A = Ca,Sr,La; B = Mn, Cu),*® % Ca,MnOs3 52 and Sr,MnOs 5
(see Ref. 63). The Mn(Cu)O; 5 layers consist of vertex-sharing
Mn(Cu)Os tetragonal pyramids (Fig. 16a,b). A probable
arrangement of the GaOs polyhedra, which agrees with the unit
cell parameters and space group symmetry of SroMnGaOs 41, is
shown in Fig. 16 ¢. In order to convert tetragonal pyramids into
GaOs trigonal bipyramids, both gallium and oxygen atoms have
to be slightly shifted (Fig. 16 d).

The observed changes in the unit cell parameters of
SroMnGaOs ;. 5 as a function of the oxygen overstoichiometry &
can be rationalised taking into account the following trends:

— the mean radius of manganese cations decreases with an
increase in the oxidation state from +3 to +4
[F(Mn3*) = 0.79 A, r(Mn**) = 0.68 A;

— the Jahn—Teller distortions of the MnOg octahedra are
suppressed;

— the degree of distortion of the MnO: layers is decreased
owing to a smaller tilt angle of the MnOg octahedra with respect to
the a axis;

— the mean Ga—O bond length increases with an increase in
the coordination number of gallium atoms due to the appearance
of additional oxygen atoms in the Ga layer.

A decrease in the degree of the orthorhombic distortion with
an increase in 0 occurs as a result of interactions between gallium
and inserted oxygen atoms. When the latter occupy vacant anion
sites within the GaO; ;s layer, the distance between two nearest
gallium atoms and the additional oxygen atom from neighbouring
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Figure 16. Arrangement of layers composed of the MnOs tetragonal
pyramids in the structures of CaMn,Os, Ca;MnO3 5 (a) and Sr:MnOs 5
() and of the GaOs tetragonal pyramids in the structures of
SroMnGaOs 41 (¢) (d shows the conversion of a GaOs tetragonal pyramid
into a trigonal bipyramid).

chains of tetrahedra becomes too large. In order to decrease this
distance, the gallium atoms from the neighbouring chains shift
towards the positions of the B cations in the original perovskite
structure thus giving rise to a decrease in the distance between the
chains of tetrahedra and the unit cell parameter c, the latter being
almost linearly dependent on Vmn and, consequently, on d. The
two opposite trends contribute to the change in the parameter a.
With an increase in the manganese oxidation state in
SroMnGaOs 4 5, the equatorial Mn — O bond length decreases.

5 —0.003 0.025  0.13 0.46 0.47
d(Mn—-0)eq /A 1.945(20) 1.9243(5) 1.9222(4) 1.9010(1) 1.8998(1)

In the weakly oxidised range, this leads to a decrease in the «
parameter and is accompanied by an increase in the degree of
distortion of the chains of tetrahedra owing to cooperative
rotation of the GaQy4 tetrahedra around the b axis by a larger
angle, which is reflected in the change in the Ga—O—Ga bond
angle from 134.4(5)° in SraMnGaOs97 to 131.4(5)° in
SroMnGaOs 925 . However, further decrease in the degree of the
orthorhombic distortion and formation of the tetragonal struc-
ture in the strongly oxidised range requires an increase in the
Ga—0O-Ga angle [e.g., this angle is 165.8(4)° in SraMnGaOs 46],
which finally leads to an increase in the @ parameter in this range.

With an increase in the manganese oxidation state, axial
distortions of the MnOg octahedra progressively decrease affect-
ing the axial Mn— O bond lengths

B —0.03
dMn-0). /A 2.411(4)

0025  0.13 0.46 0.5
2.372(5) 2.225(88) 1.983(6)  1.956(3)

Since the axial Mn —O bonds are oriented along the b axis, a
decrease in the respective unit cell parameter might be expected.
Notwithstanding, the b parameter increases in the weakly oxidised
range. The reason for this is a decrease in the degree of distortions
of the MnO, layers due to a smaller tilt angle of the MnOs
octahedra around the a axis. The Mn—O — Mn bond angle in the
MnO; plane increases from 169.5(10)° (6 = —0.03) to 173.7(3)°

(6 = 0.025), 176.8(5)° (6 = 0.13) and becomes equal to 180° for
0 =0.46, 0.47, 0.505. Simultaneously, the axial Ga—O bond
clongates: 1.816(5) A (6 = —0.03), 1.847(5) A (9 = 0.025),
1.977(9) A (0 = 0.13). As a result of this elongation and subse-
quent orientation of the axial Mn — O bond lengths parallel to the
b axis, the b parameter in the weakly oxidised range increases
despite shortening of the axial Mn— O bond.

VI. Complex oxofluorides SryMnGaOs_ Fj 4

In addition to oxygen atoms, fluorine atoms can also be used to
modify the composition of the anion sublattice and the manganese
oxidation state in brownmillerite SroMnGaOs. Oxygen and
fluorine atoms are similar in terms of their crystal chemical
properties. Their anions have similar ionic radii (rp- = 1.29 A,
roe- = 1.35 A for the coordination number of 2). Several exam-
ples of successful insertion of fluorine into the structures of
complex manganese oxides resulting in respective oxofluorides
have been reported, including StoMn,Os_ (Fy 4,9 LaSrMnO4F
(Ref. 65) and Laj,Sr;sMn,O7F,.% As has been shown
recently,’” fluorine-derivatives of copper-contaning brownmiller-
ites LaACuGaOs (A = Ca, Sr) can be synthesised using XeF> as a
fluorinating agent. A similar method was applied to the synthesis
of oxofluorides Sr,MnGaOs_ Fy . . A detailed discussion of the
utilisation of xenon difluoride for the fluorination of complex
oxides and analysis of the processes accompanying fluorination
may be found in a recent review.®” Oxofluorides
SroMnGaOs_ F 4 were synthesised starting from completely
oxidised Sr_MnGaOs s at 500—600 °C using an anion exchange
reaction, which gives rise to a decrease in the formal oxidation
state of manganese.>% 68

1+x

SroMnGaOs s + XeF, —

— > SiMnGaOs_.F 4 x + <%+ x) o]+ Jz” Xe.

Chemical reduction in the reaction with xenon difluoride is
achieved owing to involvement of the walls of the copper tube that
is used as the reactor. Oxygen evolved upon anion exchange is
adsorbed by the walls giving rise to the Cu/Cu,O getter, which
regulates the partial oxygen pressure in the course of the reaction.
Oxofluorides SroMnGaOs_ (F; . crystallise in the tetragonal
system (sp. gr. P4/mmm) with the following unit cell parameters:
a & Aper, ¢ X 2aper (Table 5). According to a calculation of the
bond valence sum and crystal lattice energy, partial substitution of
fluorine for oxygen and insertion of excess fluorine atoms takes
place in the Ga layers. Consequently, all vacancies in these layers
become filled giving rise to the stoichiometry GaO; _  F; 4. It is
of interest to analyse changes in the behaviour of the compound
SroMnGaOs doped with either fluorine or oxygen as a function of
the manganese oxidation state. The changes in the Mn—O bond
lengths for the fluorinated and oxidised phases are plotted in
Fig. 17 a. In both cases, the equatorial Mn — O bonds in the MnOg
octahedra elongate with a decrease in V'mn (Which is equivalent to
a decrease in 0 or an increase in the fluorine content) from
1.8998 A (Wmn = +4) to 1.9222 A (Vyn = +3.26, 6 = 0.13) 5!

Table 5. The crystallographic data for oxofluorides St,MnGaOs — Fy 4 .

Fluorination conditions Unit cell parameters /A VMn
a C
Starting oxide 3.8003(7) 7.948(3) +4.00
(without XeF>)
1:1XeF>, 500 °C, 10 h 3.8557(3) 7.7843(8) +3.78
1:1XeF>, 600 °C, 20 h 3.865(1) 7.779(3) +3.54
1:3 XeF», 600 °C, 20 h 3.8794(3) 7.7328(6) +3.39




Complex manganese oxides with the brownmillerite structure: synthesis, crystal chemistry and properties 857

d/A a
24

22

2.0

1.8 1 1 1 1 1
30 32 34 36 38 Vmm
E /kJ mol—1 b
—21000 [ Axial
elongation o]
*2
—23000 Axial
compression
—25000 1 1 1 1
3.4 3.6 3.8 VMn

Figure 17. Changes in the (Mn—0)cq (/, 2) and (Mn—O0)ax (3, 4) bond
lengths in SroMnGaOs 4 5 (1, 3) and SroMnGaOs_— Fi+ « (2, 4) (a) and in
the crystal lattice energy for Sr-MnGaOs_ (F; 4 in the case of axially
compressed (/) and axially elongated (2) MnOg octahedra (b) as a function
of the manganese oxidation state.

and further to 1.9411 A (Wuma = +3.39, x¢ = 0.61) owing to an
increase in the ionic radius of manganese upon reduction.

In the case of SraMnGaOs s (6 ~ 0.5), reduction is also
accompanied by an elongation of the axial Mn—O bonds due to
the Jahn —Teller effect. Conversely, a progressive compression of
the MnOg octahedra with a decrease in the manganese oxidation
state is observed for solid solutions SroMnGaOs_F; .. The
axial Mn—O bonds in StoaMnGaOy.78F 1 22 [viz., 1.876(8) A] are
significantly shorter than in Sr;MnGaOs s [1.956(3) A]. Thus, the
reductive fluorination leads to a change in the type of Jahn—Teller
effect from axially elongated to axially compressed. Presumably,
this is due to competitive changes in the lattice energy and
stabilisation energy associated with the Jahn—Teller distortion
of the octahedral environment of manganese atoms.

In manganites SroMnGaOs . s doped with oxygen, the axial
elongation of the MnOg octahedra is partly compensated by
shortening of the axial Ga—O bonds due to a decrease in the
coordination number of gallium to 4. For solid solutions
SroMnGaOs_ (Fy 4, the axial Ga—O bond lengths remain con-
stant upon variation of the composition of the solid solution since
all anion sites in the Ga layer are already occupied and thus the
coordination number of gallium atoms does not change. There-
fore, in this case, the elongation of the axial Ga— O bond coupled
with the lack of a compensating contraction should result in too
long Sr— O bonds and thus in inevitable losses in the crystal lattice
energy (Fig. 17b).

The change in the type of Jahn—Teller distortion on going
from SroMnGaOs s to SraMnGaOs_ (Fy + . should give rise to a
change in the type of orbital ordering, as it was established for
solid solutions Nd;_,SryMnO3.% A change in the strontium/
neodymium stoichiometric ratio and, consequently, in the man-
ganese oxidation state results, at x = 0.6, in a change in the type of
Jahn —Teller distortion from axially compressed [0.55 < x < 0.6,
dMn—0)eq = 1.948 A, d(Mn—0),, = 1.906 A] to axially elon-
gated [x > 0.6, dMn—0).q = 1.894 A, d(Mn—0),, = 1.955 A].

The reason for the change in the type of Jahn—Teller distortion is
the change of the type of orbital ordering from d(x?—y?) to d(z?),
which, in turn, is accompanied by a change in the magnetic
structure from type A (antiferromagnetically ordered ferromag-
netic planes) to type C (ferromagnetically ordered antiferromag-
netic planes) and a metal — dielectric transition at x = 0.6.

VII. Magnetic and transport properties of
brownmillerites A;MnB'Os+ 5 (A = Ca, Sr;
B’ = Ga, Al) and their derivatives

Despite differences in the crystal structures of brownmillerites
A>MnB'Os.. 5 (A = Ca, Sr; B’ = Ga, Al) with § ~ 0 due to differ-
ent ordering patterns of the chains of tetrahedra, their magnetic
structures are essentially similar. These phases convert into an
antiferromagnetic state at 7y = 150— 180 K. The respective satu-
rated magnetic moments (u) and the Néel temperatures (7n), as
determined by neutron diffraction for several compositions, are
listed in Table 6. The magnitudes of the magnetic moments are in
good agreement with the theoretical values for Mn3* (which is
characterised by the electronic configuration 3d*, t%ge}g). The
magnetic moments of manganese atoms are oriented perpendicu-
lar to the MnO, layers. All reduced brownmillerites reveal the
G-type antiferromagnetic structure, which implies that the mag-
netic unit cell conforms to the crystallographic one and the
magnetic moments of adjacent manganese atoms are antiparallel
not only in the MnO, layers but between the layers as well
(Fig. 18 a).

The magnetic interaction in the brownmillerite structure has a
three-dimensional character despite the fact that the distances
between adjacent Mn atoms along the b axis are approximately
twice as large as in the ac plane. The three-dimensional character
of the magnetic ordering assumes significant superexchange
interactions between consecutive MnO; layers along the » direc-

Table 6. The magnetic characteristics of brownmillerites A,MnB'Os . 5
(A = Ca, Sr; B’ = Ga, Al).

Oxide I /B Tn /K Ref.
Ca,MnAlOs 3.53(2) 152 41
Ca,MnGaOs 3.61(5) 160 52
SrCaMnGaOs 3.30(2) 180 43
SroMnGaOs 3.16(6) 183 52

3.26(3) 180 41
Sr,MnGaOs s 2.1(1) 110 52

a b

TR
7
NVAAVAVY
Figure 18. The magnetic structure of SroMnGaOs (G-type) (a) and
SroMnGaOs s (C-type) (b).

@ Mg, Ga
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tion of the orthorhombic unit cell. The involvement of the super-
exchange interactions is directly supported by the NQR data.>
The frequency of the local magnetic field on a gallium atom
exceeds the calculated frequency of a dipole field by two orders of
magnitude. This suggests that the experimentally observed local
field has a dominant contact character and is induced by the
superexchange interactions between manganese ions through a
‘nonmagnetic’ GaOy tetrahedron. The magnetic structure of
SroMnGaOs s, although also antiferromagnetic, is different
from that of the reduced compound. In this structure, the MnO,
layers (in which manganese atoms are ordered antiferromagneti-
cally) are coupled ferromagnetically, which corresponds to type C
of the perovskite magnetic structures (Fig. 18 »). The magnetic
unit cell remains tetragonal although its volume is twice as large as
that of the crystallographic cell. The parameters of the magnetic
and crystallographic unit cells relate to each other by the following
equations: am = V2dac, ¢m = ¢.. The changes in the magnetic
structure type on going from SroMnGaOs to SroMnGaOs s
occur due to the appearance of extra oxygen atoms in the Ga
layers, which additionally stabilise the type C magnetic structure
due to more distant ‘diagonal’ superexchange interactions
through the GaOg octahedra.’> Interactions through the
Ga(O,F)s octahedra in SroMnGaOs_.Fi+, [Tn=70K,
1= 1.5(1) pg] also give rise to ferromagnetic ordering of anti-
ferromagnetic planes.”® Nevertheless, in contrast to SroMnGaOs
and Sro>MnGaOs s, the orientation of the magnetic moments in
oxofluorides is parallel to the MnO» layers rather than perpendic-
ular to them, which can be explained assuming the change in the
orbital ordering type. This was suggested based on the analysis of
interatomic distances in the structures of oxofluorides.®®

According to neutron diffraction and muon resonance spec-
troscopy, SroMnGaOs s is characterised by an inhomogeneous
magnetic structure below 180 K. This manifests itself in the
appearance of small domains (~40 A) with the type G magnetic
structure embedded into a matrix with the type C structure.>?
When the oxygen overstoichiometry index ¢ is decreased to 0.41,
the local magnetic order of the type G is replaced by co-existence
of two regular magnetic structures: an antiferromagnetic type G
structure is formed at 7= 140 K while an admixture of a type C
phase appearsat T = 110 K.”! The co-existence of these two long-
range magnetic structures was observed for Sr_MnGaOs s as well
(see Ref. 48). It is the local ordering of oxygen atoms in the
GaO;+; layer giving rise to differences in the character of
interactions between adjacent MnO; layers that should be con-
sidered as the most probable reason for this phenomenon. Indeed,
such an ordering, which results in the symmetry lowering to
monoclinic  system, was experimentally established for
SroMnGaOs 4 (see Refs 51, 56).

Complex oxides CaxMnGaOsg4s, CaMnGa;_,Zn,Os
(x = 0.1-0.2) % and SrCaMnGaOs (see Ref. 43) are insulators.
Their electrical resistance as a function of temperature follows the
normal activation law with sufficient accuracy. SrCaMnGaOs
manifests magnetoresistance that amounts to 85% in a field of 6 T
and up to 90% in a field of 13 T at 159 K.*3

VIII. The oxide Ca; 5Sr¢.sGaMn,Og as the second
member of the homologous series of
brownmillerite-like structures

The homologous series of brownmillerite structures
A, +1B,B'O3,+2 is formally constructed by adding a certain
number of octahedral layers to the brownmillerite structure. The
nth member of the series contains blocks composed of n layers of
BOg octahedra separated from each other by a layer of B'Oy
tetrahedra. The second member of the manganese-containing
homologous series, which corresponds to stoichiometry
Ca, sSrg.sGaMn,0g, was synthesised at 1100 °C in air.”? Since
the formal oxidation state of manganese in this compound is
+3.5, the synthesis does not require an inert atmosphere. This

<«— GaO

< MH02

<— MnO»

<—Gao @ Ca, Sr

Figure 19. The crystal structure of Ca sSro sGaMn,Os.

oxide crystallises in the orthorhombic system [sp. gr. Pcm2;,
a=54294(1) A, b=11.3722(3) A, ¢=5.2983(1) A] (Fig. 19).
In this structure, the MnOg octahedra are distorted but the
character of the distortion differs from that in brownmillerite.
An MnOg octahedron is characterised by five shorter
[1.857(10)—1.950(4) A] and one longer [2.163(5) A] Mn—O
bonds. The elongated axial Mn—O bond is directed towards the
layer of tetrahedra whereas the short axial bond is responsible for
the Mn—O—Mn bonding between the layers of octahedra.
Apparently, such an atomic arrangement provides the optimum
coordination of the A cations located between the octahedral
layers. This oxide converts between 150 K and 125 K into an
antiferromagnetically ordered state with the magnetic moments
oriented perpendicular to the MnO, layers [u = 3.09(1) ug].
Within the MnO, layer, the neighbouring manganese atoms
interact antiferromagnetically whereas adjacent octahedral layers
and their pairs separated from each other by a GaO layer interact
ferromagnetically. The transition into the magnetically ordered
state is accompanied by an abrupt decrease in the electrical
resistance (which, notwithstanding, remains too high to refer this
transition to a dielectric—metal transition) with the magneto-
resistance effect being about 50% in a field of 80 k(E.">

Reduction of manganese in Cas sSrg sGaMn>Og by means of
partial substitution of trivalent cations for bivalent cations of
alkaline-earth metals gives rise to a structural transformation
resulting in a new type of anion ordering, which has been observed
for the first time in the crystal structure of Sro7Y0.3C002.62 (see
Ref. 73). The oxide YsSr>2,GaMn;079 is characterised by a
tetragonal unit cell with the following parameters:
a = 7.6373(3) A and ¢ = 15.6636(10) A, sp. gr. I4/mmm.’* This
structure is composed of alternating octahedral and tetrahedral
layers; the B sites are statistically occupied by manganese and
gallium atoms with manganese atoms preferably occupying the
octahedral sites. The structure of Y gSr;,GaMn,079 contains
isolated squares of vertex-sharing tetradera instead of chains of
tetrahedra typical of the brownmillerite structure. The coordina-
tion environment of the B cations within this layer is supple-
mented by additional oxygen atoms situated between the squares
of tetrahedra giving rise to a total coordination number of 5.74
Presumably, the driving force for the formation of this structure is
ordering of crystallographically non-equivalent Sr>* and Y37
cations.

IX. Conclusion

It is the differences in the ionic radii, electronic structures and
typical coordination polyhedra of various cations differing in their
crystal chemical properties that can be deliberately exploited in
the design and synthesis of layered perovskite-like compounds.
This idea is demonstrated in the present review by the example of
complex oxides A>MnB'Os- 5 (A = Ca, Sr; B’ = Ga, Al) having
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the brownmillerite structure. A method for the synthesis of such
complex oxides has to provide the optimum conditions (including
a proper choice of composition, temperature and partial oxygen
pressure) for ordering of cations. The presence of anion vacancies
in the brownmillerite structure enables chemical modifications of
the structure and adjustments of properties by variations of the
anion stoichiometry under mild conditions not affecting the
initially achieved ordered arrangement of cations. The brownmil-
lerite structure is capable of adapting to changes in the anion
composition (owing to the anion-deficient B'O layers); it is
characterised by stable octahedral environment of manganese
atoms in the oxidation states +3 and +4; it allows preparation
of various members of the homologous series A, +1B,B O3, >
manifesting magnetoresistance (for n = 1, 2). Thanks to all these
features, browmillerite-like complex oxides of manganese should
be considered as highly promising objects for the synthesis of
novel magnetoresistive materials.
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