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Abstract. 
 
The present thesis deals with the investigation of some perovskite related 
complex cobaltates. The phases Sr2Co2-xGaxO5 (0.3 ≤ x ≤ 0.7), Sr2Co2-xAlxO5 
(0.3 ≤ x ≤ 0.5), Sr1-xBixCoO3-γ (0.1 ≤ x ≤ 0.2), Sr0.75Y0.25Co1-xGaxO2.625 

(0.125 ≤ x ≤ 0.375) and Sr0.75Y0.25Co1-xFexO2.625+δ (0.125 ≤ x ≤ 0.625) were 
synthesised and characterised. All these compounds crystallises with similar 
structures, they are all composed by altering layers of octahedra and tetrahedra 
although in the two former, the tetrahedra are organised in chains (the 
Brownmillerite structure), while in the latter three the tetrahedra arranges as 
segregated Co4O12 units (the 314 type structure). The techniques X-ray and 
neutron diffraction, transmission electron microscopy, thermal analysis and 
magnetic measurements were used to track structural and important 
physical properties. 
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It´s a perovskite material world. 
 
For technological development, and to meet new demands of tomorrow’s soci-
ety, there is a constant need for new materials with new or improved properties. 
The perovskite structure 1 has long attracted interest and continues to do so, 
because properties suitable for applications can be found in compounds with this 
or closely related structures. 
 

Description of the perovskite structure. 
In the ideal case, the composition of perovskite can be schematically described 
as ABX3. The A cation and the X anion together form a close-packed array, com-
prising AX and X2 rows. The B cations are located in the octahedral voids 
created by the X anions of adjacent layers. With cubic closest packing of the 
layers, the structure can also be regarded as a framework of corner-sharing BX6 
octahedra, with the A cation located in interstices surrounded by eight octahedra, 
leading to an AX12 polyhedron. Both models, the close packing and the frame-
work, are visualised in figure 1. The structure has been found for compounds in 
which the X ion is O2-, S2-, F-, Cl- and Br-, with the oxides most abundant. From 
these observations one can set up the following requirements for the cations: 
 

• The positive charges of the cations should counterbalance the negative 
charge of the anions, i.e. six for the chalcogenides and three for 
the halogenides.  

• To fit in the close-packed array, X and A must be of similar sizes. 
Perovskite compounds exist with alkali and alkaline earth metals, 
yttrium and the rare earths, and heavy main group elements such as 
Bi3+, Pb2+ and Tl+. 

• Assuming hard spheres, the requirement for the radius of the B ion (RB) 
compared to the radius of the X ion (RX) is RB = 0.414·RX in order to fit 
in the octahedral void. To meet this requirement, the ionic radius of 
possible B ions should thus range from approximately 0.5 Å (octahedral 
void in close packed F- array) to 0.8 Å (for Br-). The transition metals 
and also some main group elements fulfil this requirement.  

 
In the ideal case, the perovskite structure crystallises with cubic symmetry in 
space group Pm-3m. This is the case for SrTiO3. Sr2+ and O2- ions together form 
close-packed layers that are packed with cubic symmetry and with Ti4+ in the 
octahedral voids enclosed by oxygen ions. For this composition, the above-
mentioned requirements are met: the sum of the oxidation numbers of the cations 
equals the negative charge of the oxide ions, Sr2+ and O2- have approximately the 
same radius (r(Sr2+) = 1.44 Å, r(O2-) = 1.40 Å), and Ti4+ fits well into the octa-
hedral void (r(Ti4+) = 0.61 Å, 0.414·r(O2-) = 0.58 Å).2 In this so-called ideal 
perovskite the cubic cell axis (a) can be related to the ionic radii as follows: 
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The two relationships are explained in figure 2. The ratio of the two expressions 
is referred to as the tolerance factor for perovskites, t, and should obviously be 1 
in the ideal case:3 
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Descriptions based on hard spheres, as in the relationships above, are useful 
considering the high degree of ionicity in most perovskite compounds. That the 
tolerance factor is near 1 for a specific assembly of ions might serve as an indi-
cation that an ideal perovskite structure will form. For example, SrTiO3 

4
 with      

t = 1.00, KFeF3,5 t = 1.00 and CsSnCl3,6 t = 0.95 all crystallise with the        
ideal cubic perovskite type.  

 
 
Figure 1. The perovskite structure can be visualised both with the framework model 
(a) with an infinite network of BX6 octahedra with the A ions in the created, twelve 
co-ordinated interstitials or with the close packed model (b) with close packed arrays 
of A and X with B in the octahedral voids, indicated by arrows. 
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However, if t slightly deviates from 1, this might serve as an indication for the 
formation of a perovskite structure of non-ideal type. For t values below 1 
(t ≈ 0.85), superstructures of the cubic variant often form, while values above 
unity indicate formation of a hexagonal variant including units of face-sharing 
BX6 octahedra. When a smaller A cation than ideal is included in the close-
packed layers, the tolerance factor will be below 1. In these cases the A cation 
relaxes towards some of the surrounding X anions and, as a consequence, the 
BX6 octahedra will tilt in order to fill space. This process can be visualised 
following the chemically induced structure change in the compounds AZrS3, 
where A is Ca, Sr or Ba. The diminishing size of the A cation when going from 
Ba2+ to Ca2+ will induce increasing tilt of the ZrS6 octahedra.7 
 
Hexagonal variants of the perovskite structure are formed due to insertion of an 
A ion larger than ideal, or a small B ion, leading to contraction of the BX6 octa-
hedra. Face sharing among the octahedra leads to the formation of cavities where 
the larger A ions fits better. The structure of BaNiO3, with t = 1.10, can be said 
to be of ideal hexagonal type, with pure hexagonal stacking of the close-packed 
layers.8 Many compounds exist with different sequences of hexagonal and cubic 
close packing, see for example Müller.9 A larger t value will then lead to an 
increased number of hexagonally close-packed layers. The structural 
relationships between perovskite compounds, going from cubic packing to a 
mixture of cubic and hexagonal and eventually to purely hexagonal close 
packing, has been discussed by Katz and Ward.10 The face-sharing among octa-
hedra leads to shorter distances between the B ions. The authors of the article 
mentioned also that layers of hexagonal close packing may arise from attractive 
metal–metal interactions. For example, BaRuO3 forms a structure with a mixture 
of cubic and hexagonal layering.11 The t value is comparably low, 1.03, and 
therefore cubic variant should be expected. However, face sharing among the 
octahedra leads to formation of Ru3O12 clusters which are especially stable, and 

 
Figure 2. In the cubic perovskite ABX3, the unit cell axis can be described by the 
two expressions given in the picture. In the ideal case the ratio between the two 
expressions given should equal 1. 
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this is therefore the reason for the formation of hexagonal structure in 
this system. 
 
Another factor that may lead to lowering of the symmetry from cubic involves 
Jahn–Teller effects. Compounds involving ions having an odd number of 
electrons in the eg orbitals will experience this effect; these include perovskite 
compounds where B is high-spin Mn3+ Cr2+ and Fe4+, low spin Ni3+ and also 
Cu2+. In for example LnMnO3 (Ln = La,12 Pr or Nd 13) the Mn3+ ion in the octa-
hedral coordination field causes elongation of the MnO6 polyhedron. 
 
Thus the perovskite structure possesses high structural flexibility. A vast number 
of different but closely related structures can be prepared with the general 
chemistry ABX3 and the above-mentioned requirements. There is also a 
possibility of doping a specific composition, leading to compounds with two or 
more A, B or X ions. This opens up further possibilities of chemically inducing 
structural changes.  
 
Physical properties found for perovskites and possible applications of these. 
Probably because of the abundance of oxygen, much scientific work has been 
focused on perovskite oxides. Of general importance for this class of compounds 
is the chemistry of the BO6 octahedra. This is true since in a majority of the 
compounds the A ion is an alkali or alkaline earth metal or a rare-earth element, 
and these species will not contribute to electronic states that govern transport or 
magnetic properties, i.e. near the Fermi level. For example, the conduction 
properties can be explained by examining the electronic configuration of the B 
ion. Thus, SrTiO3 with Ti4+ ions (d0) is an insulator since it does not have any 
electrons in the conduction band, in contrast to LaNiO3 14 (Ni3+ d7) and 
LaCuO3 15 (Cu3+ d8). The conduction properties in LaCoO3 16 are especially 
interesting: the d6 configuration will cause a split in the conduction band between 
the filled t2g and the eg orbitals, leading to an insulator at the ground level. Thus, 
in most cases ABO3 perovskites can be said to be a class of transition metal 
oxides where A primarily acts as a spectator ion. However, it has been shown 
that LnNiO3 become less metallic when going from Ln = La to Pr, Nd and Sm, 
due to the lanthanide contraction that will lead to a wider band gap.17 For a more 
detailed description of conduction properties of perovskites and other metal 
oxides see Cox.18 
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Important materials with perovskite or perovskite related structures, possessing 
interesting properties can be found in table 1.  Some explanations and correla-
tions of the properties are given below: 
 

• In table 1 the compound BaTiO3 can be found.19 This compound is a 
ferroelectric. It can retain a residual electric polarization after an applied 
voltage has been switched off. For this compound the behaviour can be 
explained on the basis of the t factor. The t value for this compound is 
1.06 because the Ti4+ ion is somewhat too small for the octahedral void 
and will therefore relax towards five of the oxygens in the octahedron. 
Neighbouring Ti4+ ions can undergo a similar displacement, and there-
fore a permanent dipole will be formed in an electric field.20 
Ferroelectrics are interesting for the development of random access 
memories (RAM) that retain stored information without the need for 
applied power, as they work on the basis of the residual dipole. 

 
• Oxygen ion conduction is an important property in applications such as 

fuel cells and oxygen-permeable membranes. Generally, in traditionally 
used materials for fast oxygen conduction, temperatures near 1000˚C 
are needed. Research is being done to obtain materials that can be 
operated at lower temperatures, since this would facilitate the operation 
of the applications. The perovskite-related compound BaInO2.5 shows 
interesting behaviour in this field.21 The material contains oxygen 
vacancies, important for this specific property. The oxygen transport 

 
Table 1. Physical properties of some compounds exhibiting the perovskite type 
structure.   

Composition Physical Property Possible or present 
application. 

CaTiO3 Dielectric Microwave 
applications 

BaTiO3 Ferroelectric Non-volatile computer 
memories 

PbZr1-xTixO3 Piezoelectric Sensors 
Ba1-xLaxTiO3 Semiconductor Semiconductor 

applications 
Y0.33Ba0.67CuO3-x Superconductor Detectors of magnetic 

signals 
(Ln,Sr)CoO3-x  Mixed ionic and 

electronic conductor 
Gas diffusion 
membranes 

BaInO2.5 Ionic conductor Electrolyte in solid 
oxide fuel cells 

AMnO3-x Giant magneto 
resistance 

Read heads for hard 
disks 
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mechanism is vacancy hopping, and therefore for good conduction the 
vacancies need to be disordered. Much effort is being done via doping 
of BaInO2.5 to obtain a compound with a low-temperature order–
disorder transition. 

 
• In 1986 it was discovered that some perovskite-related cuprates become 

superconductors at higher temperatures that had been obtained for any 
other materials. This finding boosted the science in the whole field of 
perovskite-related oxides. The example compound in table 1, 
La2-xBaxCuO4 was the first so-called high-temperature superconductor 
found.22 As can be seen, the chemistry deviates from the ideal ABO3. 
Many of the superconducting cuprates can be regarded as intergrowths 
between ACuO3 perovskite and AO rock salt type structure layers. 
Despite the complex nature of the superconducting effect, Attfield has 
showed that the tolerance factor can also be applied when correlating 
properties in superconducting materials.23 In addition to zero resistance, 
the superconducting state also includes the effect of perfect 
diamagnetism, i.e. the Meissner effect, which means that the material 
will be repelled by a magnetic field. Because of this property, the high-
temperature superconductors are useful as detectors of magnetic signals 
in so-called superconducting quantum interference devices, most 
important in medical magnetic resonance tomography equipment.  

 
Deficiency. 
As discussed above, materials that deviate from the ideal ABX3 chemistry both 
in terms of cation and anion deficiency can often be regarded as perovskite-
related compounds. Deficiency at either the A, B or X position is 
discussed below. 
 
The above-mentioned stacking of ABO3 and AO entities, as in La2-xBaxCuO4, is 
characteristic for a class known as the Ruddledsen–Popper compounds.24 The 
chemical formula of this layered type of compound indicates B site deficiency, 
but in the perovskite slabs all B sites will be occupied. Examples of A ion defi-
cient perovskites are the family of bronzes with general chemistry AxBO3, x < 1, 
were A is an alkaline, alkaline earth or rare earth metal, and B may be W, Re or 
Mo. One important consequence of this can, for example, be found in NaxWO3 
where the electronic conductivity can be tuned by changing x.25 In this specific 
compound an increased amount of Na+ will increase the quantity of five-valent 
W. This will lead to increased conductivity since this adds electrons to the 
otherwise empty conduction band. If the chemistry of a perovskite compound 
differs from the ideal ABX3 chemistry at the X position, the term used is anion-
deficient perovskites, i.e. for oxides, oxygen deficient perovskites. The forming 
of vacancies is the result of either replacement of an A or B ion with one in a 
lower valence state, i.e. hetero-valent doping, or reduction of a B ion present in 
an ABX3 perovskite. The latter is the case for the homologous series of SrFeO3-x. 
It has been shown that different compounds with oxygen stoichiometry 3, 2.875, 
2.75 and 2.5 can be prepared, and hence the oxidation state of Fe varies between 
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4 and 3.26 If the B cation can be present with other coordinations than octahedral, 
then vacancy-ordered structures may form. This is the case for the above-
mentioned homologous series. The structures of SrFeO2.875, SrFeO2.75 and 
SrFeO2.5 (= Sr8Fe8O23, Sr4Fe4O11 and Sr2Fe2O5 respectively) are built up by 
different arrangements of FeO6 octahedra, FeO5 square pyramids and FeO4 tetra-
hedra. As can be seen, the chemistry of these compounds can be schematically 
described by the formula AnBnO3n-1. Oxygen deficient compounds are important 
for oxygen ion conduction, since the process of vacancy hopping is the 
mechanism that governs this property. The above-mentioned oxygen ion 
conductor BaInO2.5 (= Ba2In2O5) has the same type of vacancy ordering as 
SrFeO2.5. These two compounds represent an important structure type found for 
many compounds with ABO2.5 (= A2B2O5) stoichiometry, namely the 
Brownmillerite structure. It is composed of alternating layers of octahedra and 
tetrahedra. The present thesis will to a great extent deal with these types of 
structures; more of this in later chapters.  
 
Magnetism in perovskites, super-exchange, double-exchange. 
In perovskite materials were the B site is occupied by an ion with unpaired 
d electrons, such as Fe3+, Mn3+, Cr3+, Co3+ or Co2+, magnetic ordering can occur. 
Magnetic properties frequently found in perovskite materials, other than the 
above-mentioned diamagnetism in superconducting cuprates, are anti-ferro- and 
ferromagnetism. In perovskite oxides these effects have been explained to be due 
to the effects of super- and double-exchange, respectively.18 In anti-
ferromagnetics the system lowers its energy via anti-parallel alignment of the 
spins. The unpaired d electrons of pairs of B ions will couple through a covalent 
interaction with electrons in p orbitals of the intervening O2- ion, see figure 3a. 
The possible ordering anti-ferromagnetic schemes for perovskites, and the 
effects of the magnetic unit cell, have been discussed by Wollan and Koehler.27 
Because of the anti-parallel alignment, at least one of the perovskite subcell axes 
will be doubled in the magnetic structure. Wollan and Koehler named the 
different arrangements: A-type where the atoms in adjacent layers have opposite 
moments, C-type where neighbouring atoms in the layers have opposite spins, 
and G-type where all neighbouring B ions have opposite spins. The different 
schemes are shown in figure 3b.  
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The ferromagnetism in mixed-valence compounds such as La1-xCaxMn(III)1-xMn(IV)xO3 
have been explained to be due to an effect referred to as double-exchange. The 
so-to-say extra electron at Mn3+ will be mobile, and when it is transferred to an 
intervening oxygen ion the oxygen ion will in turn transfer an electron of same 
spin to a neighbouring Mn4+. The net result will thus be parallel spins of the Mn 
ions. The mobility of the electron is indicated by an increase in conductivity in 
the mixed-valence compound and destruction of the Jahn–Teller distortion found 
in MnO6 octahedra in the compound containing only Mn3+ (Goodenough et al. 
quoted in 18). 

 
Interesting magnetic features have been observed in perovskite cobaltates. For 
example, the energy difference between the t2g and eg orbitals of octahedrally 
coordinated cobalt ions is small, and as a consequence transitions between the 
three different possible spin states, low spin (LS, t2g

6eg
0), intermediate spin 

(IS, t2g
5eg

1) and high spin (HS, t2g
4eg

2) can readily occur for the Co3+ ion. In 
LaCoO3 such transitions have been used to explain neutron diffraction and 
magnetic susceptibility data.28 Maignan et al., who investigated the magnetic 

 
 

 
Figure 3. a) Super-exchange, two metals with unpaired d electrons will couple 
over an oxygen p orbital. The net result will be anti-parallel alignment of the 
spins. b) Three different ordering schemes in anti-ferromagnetic perovskite 
related substances. 
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response to putting in extra oxygens into the crystal structure of 
Sr2/3Y1/3CoO8/3+δ, showed that only a minor insertion of δ = 0.04 leads to a 
chemically induced transition from an anti-ferromagnetic insulator to a metallic 
ferromagnet.29 Due to the oxygen insertion, the network of super-exchange Co3+ 
ions will be partly destroyed in favour of ferro-magnetic arrangements of the 
spins. Because the excess oxygen is distributed inhomogeneously throughout the 
structure, small ferromagnetic islands will be created. These will be too small to 
be seen with neutron diffraction but the ferromagnetism will be detected in 
magnetic measurements. This kind of magnetic phase separation has also been 
seen in perovskites containing other B ions, such as Mn and Ru, and has been 
extensively reviewed by Dagotto et al.30 31  
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That’s solid-state chemistry. 
 
Solid-state chemistry deals with the structure of solid materials and aims at a 
unified way of describing them and their existence. These factors are then used 
to correlate the physical properties of the materials. This definition can be 
summarised as a triangle with structure, chemistry and properties at the corners. 
Thus, for a specific solid-state chemistry project the aim should be to get detailed 
knowledge of how the three factors are related, how the chemistry affects the 
structure and how this in turn affects the physical properties. A nice example of 
such project in the field of perovskite-related oxides can be found in the litera-
ture.32 It deals with the correlation between anti-ferromagnetic Néel temperature 
and structural distortion in the series of rare-earth ortho-ferrites 
(LnFeO3, Ln = La – Lu). For all LnFeO3 compounds the t value is well below 1, 
leading to a perovskite superstructure due to tilting of octahedra. As an effect of 
decreasing A cation radius down the lanthanide series, the crystal structure will 
experience increasing tilt of the octahedra. Anti-ferromagnetism is due to 
interactions between B ions that couple with the aid of intervening oxygen ions. 
The effect of super-exchange leads, in the case of interaction with a bond angle 
near 180˚, to anti-parallel alignment of the spins, see figure 3a. The Néel 
temperature will become lower as the structure experiences increased distortion. 
More accurately, the Néel temperature can be correlated with the tilt of the 
octahedra. The so-called solid-state chemistry triangle is thus fulfilled; there is a 
chemically induced structural displacement, and the structural displacement can 
be shown to govern the change of a physical property. For the solid-state chemist 
these kinds of models are most useful. Many solid-state chemistry projects do 
not aim at an ab initio explanation of a specific physical property. In the above-
mentioned case the sole knowledge of the trend of distortion-induced decrease is 
necessary to get a clear picture of the property. 
 
Methods in solid-state chemistry. 
A solid-state chemistry project usually involves the three steps synthesis, 
characterisation and measurement of properties. Below, I briefly describe these 
three steps in correlation the work in solid-state chemistry and, specifically, I 
will give examples from the articles that this thesis is based on.  
 
Synthesis 
The nature of the materials most often investigated in solid-state chemistry 
makes the synthesis routes quite general. In the majority of synthesis projects in 
this field, the aim is to mix constituents on the atomic scale in order to obtain 
new phases. This is because the reaction to solid-state compounds involves 
complete disruption of the precursors and the formation of a totally new material. 
This in contrast to other fields of chemistry, such as the synthesis of organic or 
coordination compounds, which aims at adding or altering a functional group or 
ligand in an already present molecule. In the field of perovskite compounds 
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solid-state synthesis can normally be used. Here, solid precursors of the different 
constituents are mixed to obtain the desired product. Because of the slow 
diffusion rates of solid materials, high temperatures are needed – as a rule of 
thumb temperatures should be 75% of the melting point of the precursors. Often, 
for synthesis of oxides the temperature should exceed 1000˚C. This technique is 
ideal for the synthesis of solid-solution series for the investigation of chemistry-
induced structural changes and for the detection of stability ranges of a specific 
structure type. Stoichiometric mixtures are readily prepared simply by weighting 
the solid precursors. The drawback of this method is that the above-mentioned 
slow diffusion rate makes it time-consuming and that it requires high 
temperatures. There can be a problem of achieving phase-pure samples, either 
because the reaction is not complete or due to stable intermediates. This method 
was used for the synthesis of the compounds dealt with in this thesis, 
Sr2Co2-xGaxO5, Sr2Co2-xAlxO5 and Sr1-xBiCoO3-γ, see paper I, II and III.33 34 35 
 
The solution to the difficulties arising because of the slow diffusion rates in 
solids may sometimes be to mix the precursors in a liquid phase instead. These 
techniques are often referred to as soft chemistry or chimie-douce methods. The 
starting point of a soft-chemistry route should be a stoichiometric liquid mixture 
of the ions of the desired product. In the synthesis of a perovskite-related 
compound, easily dissolved compounds of the A and B ions should be used. The 
homogeneous mixture allows the ions to be mixed at the atomic scale. This will 
reduce the problem of slow diffusion rates encountered when mixing powders in 
the solid state. The mixture is either co-precipitated or, as in the sol–gel method, 
first polymerised, then dried and calcined in order to obtain the final product. In 
the synthesis of Sr0.75Y0.25Co1-xMxO2.625, paper IV,36 precursors were dissolved in 
a melt of citric acid which was dried and thereafter sintered 1000˚C. 
 
Characterisation 
Phase purity and unit cell deduction. In the field of synthetic solid-state chem-
istry, fast methods for routinely checking phase purity and crystalinity are 
needed. The first stage of such a project usually involves the recording of an X-
ray powder diffraction pattern. For a crystalline compound the spacing of 
powder pattern lines are dependent on the unit cell parameters. Phase purity is 
checked by consulting databases that contain powder patterns of known phases. 
If the produced compound is a new crystalline phase, the unit cell can be 
calculated from the lines by solving the equation how line positions 
(= d spacings) are dependent on cell axis lengths and the angles between them. 
This is by no means an easy task; however automated routines implemented in 
computer programs like TREOR 37 or DICVOL 38 might be of assistance. The 
problem of indexing is greatly eased when working with compounds that have 
known structural relations to other compounds. Then the powder pattern can be 
fitted to known structures, using a refinement procedure. For example, in the 
work in paper I, the orthorhombic cell parameters of Sr2Co2-xGaxO5 where 
initially refined starting from those of Sr2Fe2O5 which crystallises with a similar 
structure, using the computer program PIRUM.39 For an extensive introduction 
to the powder method see Giacovazzo.40 
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Elemental analysis. Ideal for the elemental analysis of inorganic materials are 
the spectroscopic techniques energy dispersive X-ray spectroscopy (EDS) or X-
ray fluorescence spectroscopy (XRF). In these methods the investigated material 
is irradiated with either high-energy electrons or X-rays. This will cause 
electrons to be ejected from the inner-core shells of the atoms in the investigated 
material. When electrons from outer shells are transferred to fill the created 
holes, characteristic X-rays for the element in question are emitted. By scanning 
the energy of these X-rays, an estimate of the composition can be done from the 
created spectra. Because of the low energy of the characteristic X-rays for light 
elements, atoms lighter than Na are hard to quantify, and thus these techniques 
are most useful for heavier elements. In the papers I, II, III and IV, EDS was 
used for the analysis of the cation composition of the materials described. For 
reference to the methods, see for example West.20 
 
For checking the oxygen stoichiometry other methods were employed. In a water 
solution of potassium iodide Co3+ and Co4+ will be reduced to Co2+. The amount 
of produced I2 can be measured by titration with Na2S2O3, and thus the oxidation 
state of cobalt can be determined. In the compounds Sr2Co2-xGaxO5, 
Sr2Co2-xAlxO5 and Sr1-xBixCoO3-γ this method, referred to as iodometric titration 
was used to determine the oxygen content. For these compounds the oxygen 
content is only dependent on the oxidation state of cobalt. Because the small 
difference between the redox couples Fe3+/Fe2+ and 2I-/I2, the results when 
applying this technique for substances including iron will not be satisfactorily 
accurate.41 For Sr0.75Y0.25Co1-xFexO2.625+δ the oxygen content was deduced from 
Rietveld refinements, using neutron diffraction data, see below.  
 
Structural determination and refinement. Prior to the recognition of the 
Rietveld method in the late 60´s, powder diffraction was not considered as a tool 
for structural refinement.42 However, the use of full-profile fitting of powder 
diffraction data (i.e. the Rietveld method) has been very useful in the field of 
materials and solid-state science. This is so, since for many functional materials 
single crystals for crystallographic analysis cannot be readily prepared. The 
Rietveld method involves refinement of structural parameters so that the match 
between the measured data and those calculated from the refined model is 
maximised. The diffraction data might be collected using X-rays or neutrons. 
Because of the low cross section of oxygen for X-rays, superstructures 
dependent on oxygen vacancy ordering might not be recognised in X-ray 
diffraction experiments. This is because X-ray form factors are proportional to 
the number of electrons of the scattering species, and therefore the intensity 
originating from light elements may be concealed by that from heavier atoms. 
The intensity of neutron scattering does not increase with increasing atomic 
number as for X-rays. The usefulness of neutron scattering experiments arises 
since light elements such as oxygen contribute to a higher degree to the scattered 
intensity. Because the scattering depends on nucleus properties that can greatly 
differ between atoms of similar weight it can also be used to deduce for example 
the chemistry of mixed-occupancy crystallographic sites. This property was used 
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in the work on Sr2Co2-xGaxO5 were the distribution of Co and Ga could be 
determined. However, the opposite situation might also be true; because of the 
similar scattering lengths of Bi and Sr, the distribution at mixed sites of these in 
Sr1-xBixCoO3- γ could not be determined. Site preference has been shown for the 
isostructural compound Sr0.7Dy0.3CoO3-δ, and it has been argued for the 
Sr1-xLnxCoO3-δ (x ≈ 0.3) group of compounds with the 314 type of structure that 
this is the reason for the specific oxygen vacancy ordering.43 In this specific case, 
the contrast between Sr and Bi can be increased by using X-rays instead of 
neutrons. When this was done for the crystal structure of Sr0.9Bi0.1CoO3-γ no sign 
of cation ordering could be seen (unpublished results). This raises interesting 
questions of why this compound adopts this structure type.  
 
While diffraction techniques such as X-ray and neutron diffraction show very 
high accuracy in determining atomic positions, unit cell axes and bond lengths, 
they do not provide information concerning local features, e.g. dislocations, 
lattice defects and grain boundaries. The methods are considered as average 
techniques; the lengths of the structural correlations obtainable from such 
experiment should exceed the dimension of the radiation beam. The possibility 
of focusing electrons with electric lenses makes them an ideal probe for 
detecting information with higher spatial resolution. For example, due to the 
small crystallite domain size in Sr2Co2-xAlxO5 (paper II) and very similar 
perovskite subcell axis, the orthorhombic superstructure of this compound could 
not be detected by X-ray diffraction. With the aid of the more local information 
obtained from transmission electron microscopy studies, it became clear that this 
compound crystallizes with the Brownmillerite structure. From fast Fourier 
transforms (FFT´s) calculated from high-resolution electron microscopy 
(HREM) micrographs, it could be deduced that the differently ordered domains 
always share the same perovskite subcell zone axis. Domains down to 100 Å in 
diameter could be detected, see figure 4. Selected-area electron diffraction 
(SAED) patterns could be indexed by considering three different zone-axis 
patterns coming from a Brownmillerite structure. 
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By focusing the electron beam so that it becomes narrower than the size of the 
domains, the specific zone-axis can be detected in so called micro-diffraction 
patterns. This was done for the compound Sr0.75Y0.25Co2Fe2O2.625+δ (paper IV), 
which yielded SAED patterns that were not possible to index according to a 
single zone-axis pattern. Micro-diffraction patterns recorded with a focused 
beam yielded single zone-axis patterns, and when the beam was moved across 
the crystal, the three patterns shown in figure 5 could be recorded from 
neighbouring domains. The SAED patterns could then be indexed using three 
different zone-axis patterns.  
 
The combination of the above-mentioned techniques: elemental analysis, 
diffraction methods and electron microscopy provide full coverage of the 
chemistry–structure relation. While average structural features will be covered with 
good accuracy by X-ray and neutron diffraction, electron microscopy techniques 
are ideal for detecting local effects. Detailed knowledge of the structure and 
chemistry is essential when deducing the relation to specific physical properties. 

 
 
Figure 4. HREM micrograph recorded from Sr2Co1.5Al0.5O5. FFT´s recorded from 
the three different regions (a), (b) and (c) are shown in the right part of the figure. 
The simulated pictures where calculated using the structural parameters of the 
Brownmillerite Sr2Co1.3Ga0.7O5.  
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Magnetism. Magnetic measurements in order to obtain information concerning 
the magneto-chemistry, i.e. spin state and magnetic interactions between B ions, 
where made in the work concerning the compounds Sr2Co2-xGaxO5, Sr1-xBiCoO3-γ 
and Sr0.75Y0.25Co2-xMxO2.625+δ (M = Ga or Fe), described in paper I, III and IV 
respectively. Experiments were performed both with a fixed field and changing 
temperature, and also iso-thermally with a changing field (Paper III and IV). The 
former procedure will detect transition temperatures, and the latter measures 
saturation fields.  
 
In Sr2Co2-xGaxO5 it could be concluded that the anti-ferromagnetic Néel 
temperature decreases when the amount of Ga is increased. This follows from 
the simple interpretation that the super-exchange between Co3+ will be disrupted 
when the nonmagnetic Ga3+ is put in its place. However, it is also interesting to 
note that even such a high doping level as 40% Ga3+ does not destroy the 
exchange completely.  
 
A chemically induced magnetic state transition between anti-ferromagnetic and 
ferromagnetic was observed in Sr1-xBixCoO3-γ. When the sample is annealed in 
oxygen it will take up oxygen and partly oxidise the cobalt ions to Co4+. In this 
phase the ferromagnetic interaction is attributed to double-exchange between 
Co3+ and Co4+. The detected ferromagnetism in Sr0.75Y0.25Co0.75Ga0.25O2.625 is 
harder to explain, for the sample did not contain any Co4+, as deduced from 
neutron diffraction. Since the cusp indicating the ferromagnetic Curie 
temperature occurs at the transition to the anti-ferromagnetic state (seen from the 
zero-field cooled curve) a spin canted anti-ferromagnetic state could be suspected. 
 
Thermal analysis. When samples of Sr1-xBixCoO3-γ, paper III, are heated in 
oxygen the vacancy pattern is changed from the ordered 314 structure to a 
disordered one with overall cubic symmetry, as detected by neutron diffraction 
and electron microscopy. The structural change was accompanied by a 

 
 
Figure 5. Electron microdiffraction patterns of Sr0.75Y0.25Co0.5Fe0.5O2.625+δ, 
recorded from the same crystal with constant orientation, by moving the focused 
beam across a crystallite. The patterns can be indexed according to the zone-axis 
patterns (a) [100], (b) [001] and (c) [100]. 
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contraction of the unit cell consistent with oxidation of cobalt from Co3+ to Co4+. 
To follow the oxygen uptake, the samples were subjected to thermo-gravimetric 
analysis (TGA). The sample is put in an oven and heated at a constant rate while 
the mass change is observed. In the specific instrument used, the differential 
thermal (DTA) response can also be monitored as the temperature of the sample 
is compared with the temperature of another, empty sample holder. By this 
means, the enthalpy of the transformation can be detected. The TGA and DTA 
responses are shown in figure 6a and b for the samples with x = 0.1 and 0.2. As 
seen, the sample weight increased prior to the exothermic DTA peak, which 
indicates the temperature of the structural change. An explanation is that the 
oxygen vacancies are filled up to the stability limit of the perovskite super-
structure, where the structure is transformed to the lower energy cubic substructure.  
 
TGA in a hydrogen atmosphere is often used to deduce the oxygen content of 
perovskite cobaltates.41 In this process cobalt ions in the material will be reduced 
to the elemental state, while the A ions will remain with their original oxidation 
state. The weight loss can thus be attributed to the cobalt oxide, and the 
stoichiometry can be determined. This was successfully done by Istomin et al. 
for the materials Sr0.9Ho0.1CoO2.52 and Sr0.5Eu0.5CoO2.75.43 Attempts to do the 
same experiment in the course of the work of Paper IV for deduction of the 
stoichiometries of Sr0.75Y0.25Co1-xFexO2.625+δ and Sr0.75Y0.25Co1-xGaxO2.625+δ failed. 
The kinetics of the reduction of Fe3+ and Ga3+ are slow, and the TGA curve end-
point therefore difficult to determine. 
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Figure 6. TGA and DTA responses of a) Sr0.9Bi0.1CoO3-γ and b) Sr0.8Bi0.2CoO3-γ in 
O2 atmosphere. Exothermic reactions are indicated by maxima in the DTA signal. 
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Where are (or where are not) the oxygens. 
As mentioned above, the composition of oxygen-deficient perovskites can be 
described with the general formula AnBnO3n-1. This representation focuses on the 
deficiency of the compound, the vacancy percentage at the oxygen site is 
(1/3n)·100. The reason for the deficiency can be reduction at the B site, as in the 
family of compounds SrnFenO3n-1 (n = 2, 4, 8 and ∞),26 or hetero-valent doping at 
either one or both A and B sites. In SrnFenO3n-1 the oxidation state of Fe varies 
from 4+ in the n = ∞ to 3+ in the n = 2 compound. The A ions will in most cases 
not be easily oxidized or reduced, and therefore hetero-valent doping must be 
employed to induce oxygen deficiency, as for example in the family of 
compounds Sr1-xLnxCoO3-y.43 84 Generally, perovskites and oxygen-deficient 
perovskite superstructures can occur from ABO3 (n = ∞) to ABO2 (n = 1). An 
example of an n = 1 perovskite is LaNiO2, where the oxygen deficiency leads to 
infinite sheets of square planar NiO4 entities.44 One important functional oxygen-
deficient perovskite compound is Ba2In2O5, which has been studied because of 
the oxygen-ion conduction properties.21 At room temperature Ba2In2O5 has the 
Brownmillerite type perovskite superstructure. In this structure the oxygen 
vacancies are located along the [110]p perovskite subcell axis in such manner 
that chains of InO4 tetrahedra will form in alternate layers (the subscript p will 
hereafter indicate that the notation represents a direction or plane in the 
perovskite subcell). Since oxygen ion transport relies on vacancy hopping, the 
conductivity of the vacancy-ordered structure will be moderate. If the 
temperature is raised above 800˚C the vacancy ordering will start to disappear, 
and the resulting structure will have disordered vacancies and an improved ionic 
conductivity.21 45 Thus, vacancies can either be ordered, forming a specific 
arrangement of different BOx polyhedra, or random with a network of BO6-x 
oxygen-deficient octahedra. The latter usually occurs at elevated temperatures. A 
full coverage of the temperature-induced structure change in Ba2In2O5 is given 
by Speakerman et al.,45 who used neutron diffraction data to monitor the transi-
tions. At the first transition, at approximately 900˚C, the above-mentioned 
layered structure transforms to one that is still layered, but with the vacancies 
disordered, so that every other layer contains oxygen-deficient octahedra instead 
of the tetrahedral network present in the Brownmillerite. Finally, above 1040˚C, 
the vacancies become completely disordered, resulting in an oxygen-deficient 
cubic structure.  
 
Intrinsic and extrinsic vacancies are two terms often used for vacancies in 
perovskite superstructures and in perovskites with disordered vacancies, respec-
tively.21 The disordered extrinsic vacancies are clearly important for oxygen ion 
conductivity, as seen from the Ba2In2O5 case. For structures with intrinsic 
vacancy ordering schemes, the hopping will be disrupted at the empty 
crystallographic sites. The description of the ionic conductivity in the system of 
Sr3(Sr1+xNb2-x)O9-3x/2 by Norby clearly displays the importance of this property.46 
When x = 0.5, there are equal amounts of Sr2+ and Nb5+ at the B site. The 
structure will be ordered so that the Nb5+ ions cross-link via an oxygen ion or a 
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vacancy to a Sr2+ ion and vice versa. This causes all oxygen sites to become 
equal, and there will be no large energy barrier for the vacancy hopping. When x 
deviates from 0.5 there will be some cross-links between Nb5+ and Nb5+ or Sr2+ 
and Sr2+. The oxygen sites will no longer be symmetry equivalent, the vacancies 
will be intrinsic to the structure, and the oxygen ions will have a higher 
preference for some sites than for others. This will trap the vacancies and cause a 
lowered conductivity. 
 
In structures with ordered vacancies, the oxygen sites will typically be vacant in 
[100]p or [110]p rows or (001)p planes. For example, the crystal structures of 
Ca2Mn2O5 

47 and La2Ni2O5 48 can be described as having vacancies in rows 
ordered parallel to one of the [001]p axes. This lowers the coordination number 
for all or part of the B ions. In the case of Ca2Mn2O5, Mn3+ will be situated in 
MnO5 square pyramids, while in La2Ni2O5 an arrangement of NiO6 octahedra 
and NiO4 square planar entities will be the result. As mentioned in chapter 1, the 
perovskite structure can be described either by a framework model with a net-
work of corner-sharing BO6 octahedra having the A ion in a twelve-fold 
coordinated site, or by a model that focuses on the building up of the structure by 
close packed arrays of AO3 layers with B in six-fold interstices created by the O2- 
ions. The former representation focuses on the crystal symmetry and the local 
environment of the A and B ions. The latter, as pointed out by Anderson et al., is 
more useful for picturing relations between compounds with the same AnBnO3n-1 
stoichiometry.49 For example, the four compounds Ca2Mn2O5,47 LaSrCuGaO5,50 
La2Ni2O5 

48 and LaSrCuAlO5,51 which can all be represented by the general 
composition A2B2O5, have fundamentally different BOx arrangements of poly-
hedra, see figure 7. However, when inspecting the close packed AO3 arrays, a 
close similarity becomes apparent. All the above-mentioned compounds are built 
up with the same AO-O[]-AO-O2 vacancy scheme in the close packed AO3-x 
layers.49 When applying this analysis to the homologous series SrnFenO3n-1 (n = 
2, 4, 8 and ∞), it is interesting to note that, while the two compounds with mixed 
valence for the Fe ions (n = 4 or 8) have the deficiency in the AO rows, the n = 2 
compound is similar to the other A2B2O5 compounds described above, see figure 
8. Charge clustering of higher valence ions near some of the Sr2+ ions will result 
in a lowering of the coordination for these ions. This is not possible in the n = 2 
compound, since Fe is present in only one valence state. Therefore, there will be 
only one possible site for Sr2+. This equality requires the vacancies to be placed 
in the O2 rows instead of the AO rows. Thus a transformation from the n = 2 to 
either of the structures with lower concentrations of oxygen vacancies would 
require major rearrangements of oxygen positions. Therefore, a large energy 
barrier for the transformations between the structures should be present. 
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Figure 7. Polyhedral representation of the different oxygen-deficient perovskite 
structures for the A2B2O5 compounds LaSrCuGaO5, LaSrCuAlO5, Ca2Mn2O5 and 
La2Ni2O5. 
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Figure 8. Upper part, polyhedral models of the three compounds in the 
homologous series SrnFenO3n-1, and in the lower part the build-up of the oxygen-
deficient AO3-x layers. When going from the n = 2 samples to the two less deficient, 
the vacancy scheme will be fundamentally different. The layers of Sr2Fe2O5 are 
similar to those found in the other A2B2O5 compounds in figure 7. 
 
 
The Brownmillerite structure.  
The compounds Sr2Co2-xGaxO5 and Sr2Co2-xAlxO5 synthesised and investigated in 
papers I and II are isostructural with the above-mentioned Ba2In2O5, since they 
are built up of alternating layers of octahedra and tetrahedra. Compared to the 
perovskite substructure, oxygens are removed in rows along [110]p, leading to 
zigzag chains of tetrahedra along the same direction, see figure 9 were the whole 
polyhedral model and the vacancy scheme in the layers of tetrahedra are shown. 
The unit cell parameters of the Brownmillerite structure are related to those of 
the parent perovskite subcell as a ≈ c ≈ √2·ap and b ≈ 4·ap. In strict terms, 
Brownmillerite is the name of the mineral Ca2[Fe,Al]2O5, which was named for 
Lorrin Thomas Brownmiller who found it when investigating the ternary phase 
diagram of CaO, Fe2O3 and Al2O3.52 The crystal structure was deduced by 
Bertaut et al.53 and later by Colville et al.54 In these two works there are some 
contradictory results concerning the symmetry, Bertaut et al. used the space 
group Pcmn to describe the structure, while Colville et al. used the non-
centrosymmetric space group Ibm2. The two arrangements differ in the ordering 
of the chains of tetrahedra. While the layers of tetrahedra are related to each 
other by a twofold axis along [001] (=[110]p) in Ibm2, they are related by an 
inversion centre in Pcmn. This is shown in figure 10 where also a third possible 
symmetry is added, namely space group Icmm. In the latter symmetry, the chains 
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of tetrahedra will be related randomly by either a two-fold axis or an inversion. 
There is in every unit cell a fifty–fifty chance of either arrangement. This will 
lead to oxygen sites in the equatorial plane of the tetrahedra of statistically 50 
percent occupancy. However, every chain of tetrahedra will have a definite 
arrangement. The randomness will not lead to increased vacancy hopping, 
pictured by the relatively moderate conduction in the above-mentioned Ba2In2O5, 
which crystallises in this space group at room temperature.45 The Brownmillerite 
structure type often occurs for compounds with A2B2O5 composition. Frequently 
it is found among the complex first-row transition metal oxides, for example for 
manganates (Sr2GaMnO5,55 56 Ca2GaMnO5 57), ferrates (Ca2(Fe,Al)2O5,58 54 
Ca2GaFeO5,59 Sr2Fe2O5,60 Ca2Fe2O5 61), cobaltates (La2Co2O5,62 Sr2Co2O5,63 
Ca2(Co,Al)2O5 64) and cuprates (LaSrCuGaO5 

50). As can be seen, Ga3+ and Al3+ 
often take part in the formation of the Brownmillerite structure. These ions 
preferentially occupy positions with tetrahedral structure and therefore will lead 
to stabilisation of the structure. 
 
 

 
 
Figure 9. The Brownmillerite structure, polyhedral model and vacancy scheme 
in the layers of tetrahedra.    
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Figure 10. a) Polyhedral models of the three possible arrangements of the 
Brownmillerite structure. b) Orientation of the chains of tetrahedra for the three 
space groups. In Icmm, the atomic sites related by the mirror plane parallel to the ab 
plane are 50% occupied. 
 
 
Chemically induced structure change among Brownmillerites.  
Why a Brownmillerite structured substance adopts one or another symmetry 
variant of the three possible has been discussed. A. Wright et al. who 
investigated the crystal structures of Sr2MnGaO5 (space group Icmm) and 
Ca2MnAlO5 (Ibm2) proposed that the shorter distance between the layers of 
tetrahedra in Ca2MnAlO5 compared to Sr2MnGaO5 could be one reason for the 
lower symmetry in the Al3+ compound.56 The authors of this article also claim 
that Mn3+ occupying tetrahedral sites lead to disruption of the chains and there-
fore explain disorder found for Sr2MnGaO5. In another article Abakumov et al. 
concluded that Sr2MnGaO5 crystallises in space group Ibm2.65 This shows the 
general difficulty to draw definite conclusions from powder diffraction data 
especially as synthesis conditions also are believed to influence the structural 
properties. However, when comparing some of the known compound that 
crystallises with the Brownmillerite structure interesting trends, although not 
unambiguously, can be noticed. Data obtained from Brownmillerites collected 
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from literature is shown in table 2. As can be seen Ca containing substances 
predominantly order in space groups Pcnm or Ibm2 while Sr containing has a 
preference for Icmm. An analysis of known Brownmillerite compounds reveals a 
correlation between the orientation of the tetrahedral chains and the ionic radius 
of the included ions. The tolerance factor for perovskites described in chapter 1 
is used because it is a well-known measure for describing how the ionic radiuses 
of ions in a perovskite and structural distortions are related. The t factor 
calculated as for perovskites, with the ionic radius of the B ion weighted when 
occupied by different ions, and the tilt of the octahedra around the [101] axis are 
presented in table 3. It can be seen that the size effects applies also for 
Brownmillerites, a smaller t value will give a larger tilt of the octahedra. The 
tilting of the octahedra and size the ionic sizes also seem to be responsible for the 
symmetry of the structure. A larger tilt angle puts the structure to either Pcnm or 
Ibm2. The highest values of the tilt angle give rise to centrosymmetry with space 
group Pcmn, although no sharp border between Ibm2 and Pcmn can be defined 
from literature data. As can be seen in table 3 there is an overlap regarding space 
group and t value, for example Ca2Co1.4Ga0.6O5 66 and Ca2Fe1.4Al0.6O5 54 have the 
same t value but different space groups although in most cases Pcmn substances 
have a smaller calculated t factor. When comparing the Ca-containing substances 
with Al or Ga, it can be seen that the larger Ga3+ ion at the B position (giving a 
smaller t value) favours Pcmn while the smaller Al3+ (larger t value) leads to 
non-centrosymmetric Ibm2. This can be understood when looking at the 
distances and shapes of the BO6 octahedra. Due to size mismatch between the 
ions in the Ga-including Brownmillerites with Ca acting as A ion, these 
substances will have low t values and therefore highly tilted octahedra. The two 
axial oxygen atoms will be located on opposite sides of the ab plane as can be 
seen in figure 11a. However, the mean size of the B ion will fit well in the octa-
hedra. leading to a central placement. In the Ibm2 case, a smaller B ion, such as 
Al3+, will relax towards two of the equatorial oxygen atoms, as indicated in 
figure 11b, and therefore the octahedra will be more distorted. The axial oxygen 
ions will be located on the same side of the ab plane breaking the 
centrosymmetry. In an article by Redhammer et al.67 the synthesis and single-
crystal structural studies of the solid solution series Ca2Fe2-xAlxO5, 0 ≤ x ≤ 1.356, 
were presented. A chemically induced symmetry change from Pcmn to Ibm2 was 
detected when x ≤ 0.55. This corresponds to a t value of about 0.96, which 
agrees with the other data obtained from the literature. When the sizes of the ions 
result in t values near 1, as for the compositions with space group Icmm, the tilt 
will be small and the B ion located at the centre of the octahedron, the axial 
oxygen ions will be located in the ab plane, and therefore both arrangements of 
tetrahedra have the same probability. A diagram indicating the relationship 
between the t factor and the tilt of the octahedra around the [101] axis is shown 
in figure 12. Areas in the graph where points coming from substances having one 
of the three space group symmetries are indicated. It can be seen that the stability 
area for space group Icmm is well isolated, whereas the areas for the two others 
overlap somewhat. 
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Figure 11. a) When t is small, the octahedra will be highly distorted and the axial 
oxygens will be located on opposite sides of the ab plane. This will result in 
space group Pcmn. b) If the mean radius of the B cation is smaller than ideal, it 
will relax towards one of the equatorial sides of the octahedra, as indicated by 
the arrows, and therefore the axial oxygens will be located on the same side of 
the ab plane, resulting in the non-centrosymmetric space group Ibm2. c) When t 
is close to 1 the distortions will be small. The axial oxygens will be located in the 
ab plane, and therefore both orientations of the chains of tetrahedra will have the 
same probability. The structure can be described with the statistically disordered 
structure in space group Icmm. 
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Figure 12. Relation between the t factor and the octahedral tilt for the 
Brownmillerites listed in table 2 and 3. Space groups of the compounds are 
indicated, diamonds Icmm, squares Ibm2 and triangles Pcmn. 
 
All listed Brownmillerite compounds are elongated along the b unit cell axis. 
This axial elongation leads to two longer and four shorter distances in the BO6 
octahedra and one larger angle in the BO4 tetrahedra. This can be explained by 
the close relation between perovskite and Brownmillerite structures. When trans-
forming the perovskite substructure to Brownmillerite, every second layer of 
octahedra is replaced by one of tetrahedra, and since the height of an octahedron 
is larger than the distance between the axial oxygens of a tetrahedron, the 
structure needs to be stretched. This is a usual feature of Brownmillerites, for 
example in Sr2Fe2O5 60 and Sr2MnGaO5,56 where the axial distances are 2.21 and 
2.38 Å respectively, whereas the equatorial are significantly less: 1.91 - 1.98 Å. 
For substances including Jahn–Teller cations, such as Sr2MnGaO5, 
Ca2MnAlO5 56 (both with the d4 ion Mn3+), La2Co2O5 62 (d7 Co2+) and 
LaSrCuGaO5 50 (d9 Cu2+) this leads to stabilisation of the structure. In substances 
including one Jahn–Teller active ion plus another non-active at the B positions 
there will be a larger degree of separation of the different B species. In 
Ca2MnAlO5 and LaSrCuGaO5, for example, 100% of the Al3+ or Ga2+ ions 
occupy tetrahedral positions, whereas in Ca2FeAlO5 and Ca2Co1.25Al0.75O5 64 the 
values are less: 77 and 76 %, respectively. 



 32

                                                 
i First value: axial metal–oxygen bond; second (and third) value: equatorial. 
ii First value: axial in tetrahedra; second and third value: equatorial in tertahedra. 
iii First: angle axial oxygen–metal ion in tetrahedron-axial oxygen; second: angle equatorial oxygen-metal-equatorial oxygen; and third: angle axial–metal ion–equatorial.   
iv 4D dimensional refinement (space group Icmm(α00)0s0); a range of different equatorial distances can be defined. 
v Main phase of sample. 
vi Microscopy study, lattice parameters refined from powder diffraction data, in the case of Sr2Co1.5Al0.5O5 orthorhombic parameters are approximated from the tetragonal that were obtained 
from the powder pattern. 
vii HRTEM, ED and XRD phase analysis; no refined atom positions available from reference. 
viii A series of compounds exists with general formula ReSrCuGaO5, Re = Y, Nd and La, all with similar parameters. 

Table 2. Comparison between some known compounds with the Brownmillerite structure 
 

Composition Space group a, b, c (/Å) Distances in octahedrai (/Å) Distances in tetrahedraii (/Å) Angles in tetrahedraiii (/°) Ref 
Ca2Fe1.4Al0.6O5 Ibm2 5.588, 14.61, 5.380 2.13, 1.97, 1.93 1.79, 1.85, 1.87 121, 107, 108, 106 54 58 

Ca2Co1.25Al0.75O5
iv

 “Ibm2” 5.509, 14.70, 5.278 2.13, 1.92, 1.90 1.75, 1.84-1.99  64 

Ca2MnAlO5 Ibm2 5.463, 14.95, 5.231 2.25, 1.91, 1.89 1.74, 1.79, 1.80 122, 107, 107, 107 56 

Ca2Fe1.44Ga0.56O5 Pcmn 5.599, 14.72, 5.420 2.13, 1.97, 1.96 1.83, 1.90, 1.92 122, 106, 107, 107 66 

Ca2Fe2O5 Pcmn 5.594, 14.83, 5.431 2.13, 1.96, 1.96 1.84, 1.91, 1.92 123, 106, 106, 107 61 

Ca2Co1.4Ga0.6O5 Pcmn 5.528, 14.88, 5.302 2.15, 1.97, 1.88 1.81, 1.88, 1.92 126, 105, 104, 108 68 
Ca2MnGaO5

v Pcmn 5.467, 15.30, 5.269 2.24, 1.92, 1.90 1.82, 1.87, 1.94 126, 104, 105, 107 57 

Sr2Co1.5Al0.5O5
vi  5.49, 15.6, 5.49    34 

Sr2Fe2O5 Icmm 5.672, 15.59, 5.527 2.21, 1.98 1.85, 1.87, 1.90 134, 107, 102, 104 60 

Sr2CoFeO5 Icmm 5.624, 15.65, 5.502 2.22, 1.97 1.83, 1.88, 1.92 138, 107, 101, 104 69 
Sr2Co1.7Ga0.3O5 Icmm 5.613, 15.73, 5.456 2.27, 1.96 1.82, 1.87, 1.88 137, 108, 101, 104 33 

Sr2Co1.58Fe0.42O5  Icmm 5.598, 15.78, 5.469 2.25, 1.96 1.82, 1.89, 1.90 140, 106, 98, 105 70 
Sr2MnGaO5 Icmm 5.489, 16.23, 5.355 2.38, 1.92 1.82, 1.86, 1.88 138, 107, 102, 105 55 56 

Sr2CuGaO5
vii  5.522, 16.71, 5.331    71 

Sr2In2O5 Ibm2 6.049, 15.84, 5.810 2.28, 2.14, 2.08 2.00, 1.97, 2.10 122, 103, 109, 107 72 
Ba2In2O5 Icmm 6.099, 16.74, 5.962 2.32, 2.14 2.07, 2.11, 2.02 139, 105, 100, 105 45 

La2Co2O5 Pcnm 5.692, 15.87, 5.445 2.28, 2.03, 1.94 1.88, 1.94, 2.05 132, 102, 98, 110 62 

LaSrCuGaO5
viii Ibm2 5.510, 16.51, 5.369 2.44, 1.93, 1.93 1.87, 1.89, 1.83 133, 105, 106, 103 50 
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The 314-type structure. 
The other structure type dealt with in this thesis, formed for the compounds 
Sr0.75Y0.25Co1-xMxO2.625+δ (M = Fe or Ga) and Sr1-xBixCoO3-γ is closely related to 
the Brownmillerite structure. Both are arranged with alternating layers of octa-
hedra and tetrahedra, but while the tetrahedra in Brownmillerite form chains, in 
this structure B4O12 units are formed. The formation of these is probably due to 
ordering of the different A ions in the structure. Neutron diffraction studies on 
the compound Sr0.7Dy0.3CoO2.65 revealed three different sites for the A ions, 
among them one with doubled multiplicity. It was found that Dy preferentially 
occupies one of the sites with single multiplicity.43 An idealised description of 
the chemistry could then be A3A´1B4O12-γ, and therefore the structure is referred 
to as the 314-structure. In a theoretical work by Mohn et al. it was calculated that 
the 314 type structure would be highly unstable for a Ba2In2O5 composition.73 If 
this is true for other compositions, a stabilisation factor must be present for com-
pounds that crystallise with this structure. The A site ordering could be one such 
factor, but also the additional oxygen content compared to the Brownmillerite 
chemistry must be taken into account.  
 

Table 3. Calculated t factor, calculated as for perovskites, and the observed 
octahedral tilt. When A or B sites are occupied by more than one ion a weighted 
value is used. 
 

Composition Space 
group 

t Tilt of octahedra 
around [101] (/°) 

Ref 

Ca2Fe1.4Al0.6O5 Ibm2 0.96 6.20 54 58 
Ca2Co1.25Al0.75O5 “Ibm2” 0.98 5.44 64 

Ca2MnAlO5 Ibm2 0.97 5.21 56 

Ca2Fe1.44Ga0.56O5 Pcmn 0.95 7.17 66 

Ca2Fe2O5 Pcmn 0.95 7.35 61 

Ca2Co1.4Ga0.6O5 Pcmn 0.96 6.41 68 

Ca2MnGaO5 Pcmn 0.95 5.99 57 

Sr2Co1.5Al0.5O5  1.01  34 

Sr2Fe2O5 Icmm 0.98 3.61 60 

Sr2CoFeO5 Icmm 0.99 2.74 69 

Sr2Co1.7Ga0.3O5 Icmm 1.00 2.31 33 

Sr2Co1.58Fe0.42O5  Icmm 1.00 2.87 70 

Sr2MnGaO5 Icmm 0.99 2.37 55 56 
Sr2CuGaO5  1.01  71 

Sr2In2O5 Ibm2 0.91 6.34 72 

Ba2In2O5 Icmm 0.97 2.86 45 

La2Co2O5 Pcnm 0.91 6.88 62 

LaSrCuGaO5 Ibm2 1.00 4.9 50 
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Figure 13. The 314 type structure, polyhedral model and vacancy scheme in the 
layers of tetrahedra. 
 
In figure 13 is shown a similar representation as for the Brownmillerite structure 
in figure 9. Vacancies are ordered along [100]p and [010]p rows in the 314 
structure instead of along [110]p found for Brownmillerite. The extra oxygens in 
the 314 structure are statistically distributed at the oxygen vacancy sites, with an 
occupancy of 25 percent. This leads to local formations of five-coordination 
polyhedra. The 314 structure is tetragonal, with space group I4/mmm and the cell 
axis a ≈ 2 · ap and c ≈ 4 · ap. In addition to the above-mentioned compounds, the 
314 structure is found for Y0.8Sr2.2Mn2GaO8-δ and various other Sr1-xLnxCoO3-δ 
compounds (Ln = lanthanides from Eu to Yb and x ranging from 0.1 to 0.33).43 74 75 
While the polyhedral models of Brownmillerite and the 314-type structure seem 
to be fundamentally different, a higher degree of similarity is seen when 
inspecting the close packed AO3-x layers of the 314-type structure and the 
Brownmillerite. Both structure types have vacancies ordered in the O2 rows, i.e. 
similarly to Sr2Fe2O5 in figure 8. It can be seen why vacancy hopping is 
generally hindered in the 314 phase and in Brownmillerite, leading to low ionic 
conductivity. The rows of vacancies are disrupted by intervening fully occupied 
oxygen sites. However, analysis of neutron diffraction data for Sr1-xBixCoO3-γ 
revealed that the oxygen vacancies are distributed over an one more site than 
found in e.g. Sr0.7Y0.3CoO2.62 .76 This position is the intervening site between the 
vacancies, as seen for Sr2Fe2O5 in figure 8, resulting in the whole O2 row being 
partly vacant. This could be the explanation for the higher degree of O2 uptake in 
Sr1-xBixCoO3-γ, i.e. compared to that for Sr0.7Y0.3CoO2.62.76 The partly vacant O2 
channels could act as a transport path for oxygen into the structure. A more even 
distribution of Bi3+ at the A cation site compared to Ln3+ in the isostructural 
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compounds Sr1-xLnxCoO3-δ 43 might also lower the energy barrier for vacancy 
hopping.  
 
A more detailed, and at the same time bolder interpretation of the TGA data 
obtained from Sr1-xBixCoO3-γ could be made, assuming that the vacancy schemes 
found for the compounds with high and low vacancy concentrations in the 
SrnFenO3n-1 family also apply for Sr1-xBixCoO3-γ. The two-step process seen in the 
gravimetric response could then be interpreted as follows:  

 
In the first step vacancies in the partly vacant O2 rows are filled, as seen by 
the increased mass and the almost linear endothermic response in the DTA 
signal. The gravimetric plateau could then be due to the need to overcome an 
energy barrier to form the low-concentration vacancy scheme, and finally, the 
formation of the new vacancy scheme and the formation of new bonds is 
followed by an increase of the mass and an exothermic response in the DTA 
signal. 
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Based on What? 
 
Paper I. 
Among the complex cobalt oxides, compounds with perovskite-related structures 
and ABO3 chemistry can be found with the lanthanides (La, Pr, Nd, Sm, Tb, Dy 
and Ho) acting as the A ion. Fully stoichiometric cubic SrCoO3 can be prepared 
by electrochemical oxidation.77 If mixtures of SrCO3 and Co3O4 are sintered at 
ambient O2 pressure, multiple phases with different Co valences will be 
produced. One of them has been shown to be of composition Sr6Co5O15, with a 
structure related to hexagonal BaNiO3.78 Another phase can be isolated by 
quenching such a mixture. In this case a compound containing only three-valent 
Co appears, and early on it was shown to crystallise with an oxygen-deficient 
perovskite-related Brownmillerite type structure.79 Thus, the tetrahedral 
coordination of Co3+ is stabilised at elevated temperatures, but at ambient 
conditions the compound will break down to the hexagonal phase and Co3O4.79 
The aim of the work described in Paper I was to stabilise the Brownmillerite 
phase for this cobaltate by doping with a species that has a known preference for 
tetrahedral coordination.  
 
For the synthesis of the compounds Sr2Co2-xGaxO5, 0 ≤ x ≤ 1, the solid-state 
route was utilised. Stoichiometric mixtures of SrCO3, Co3O4 and Ga2O3 were 
carefully ground and thereafter repeatedly sintered in air at 1373 K and then left 
to cool slowly down to ambient temperature. After phase analysis it could be 
concluded that phase-pure compounds could be obtained for the compositions 
0.3 ≤ x ≤ 0.7. Below that stability range, the hexagonal strontium cobaltate phase 
was formed in addition to the Brownmillerite, whereas above that range a 
strontium gallate phase, Sr3Ga4O9,80 started to appear. From oxygen content 
analysis it was found that Co was exclusively present in the 3+ valence state. 
Elemental analysis was in agreement with the nominal composition. 
 
The refinement of the compounds with x = 0.3 and 0.8 could be made with the 
Brownmillerite structure. All three possible space groups were tested in the 
Rietveld refinements. It was not possible to fit the data with the Pcmn model. 
Also, the diffraction data revealed systematic absences indicating a body-centred 
space group. When comparing the fits obtained from refinements using Icmm 
and Ibm2, the centrosymmetric Icmm symmetry yielded a significantly lower 
figure of merit. The two species Co and Ga have significantly different neutron 
scattering powers, and therefore a detailed compositional analysis could be 
made. The composition obtained was in excellent agreement with the nominal 
one for x = 0.3, but it was slightly lower, x = 0.7, for the compound with nominal 
value x = 0.8. Thereby the impurity phase was concluded to be the strontium 
gallate phase, and the stability range of the structure was deduced to have this 
compositional value. The occupancies of the two B sites were refined with a 
mixed composition, but Ga showed a clear preference for the tetrahedral site. In 



 37 

the x = 0.3 compound, 90 % of the gallium is situated at the tetrahedral site, 
whereas this value is 83 % for the other composition. 
 
From TEM diffraction studies, the body centred symmetry could be confirmed. 
SAED and HREM frequently revealed that the crystallites contain differently 
ordered domains, although always sharing the same perovskite subcell axis. In 
micrographs and diffraction patterns aligned along perovskite subcell axis 
<110>p, all three possible supercell zone-axis patterns or domains could be seen, 
namely [100], [001] and [212]. Diffuse scattering in the diffraction patterns 
revealed deviation from the fifty–fifty chance of the two-fold rotation or 
inversion relation between two adjacent layers of tetrahedra.  
 
Anti-ferromagnetism could be concluded from magnetic susceptibility data for 
the samples with nominal compositions x = 0.3, 0.5 and 0.8. The Néel tempera-
ture is lowered with increasing gallium content. Considering the value of 570 K 
for the Néel temperature of the unsubstituted compound, obtained from the 
literature,81 and also the fact that the x = 0.8 sample was concluded to be of 
composition SrCo1.3Ga0.7O5, a linear trend can be concluded, see figure 14. By 
fitting the susceptibility data above the Néel temperatures, the effective moment 
could be determined to vary from 5.6 to 4.4 μBM in the stability range x = 0.3 to 
0.7. Peaks coming from a magnetic structure could be seen in the neutron 
diffraction data. Rietveld refinement was done according to a G-type anti-
ferromagnetic structure with the spins of the Co3+ ions ordered along the c axis. 
The refined values of the magnetic moments are low compared to what should be 
expected from high-spin Co3+ (d6, S = 4). The presence of spin states with a 
lower number of unpaired electrons, as observed for LaCoO3,28 could explain 
this finding. It could be noted that the discussed general axial elongation of the 
BO6 octahedra in Brownmillerite, would stabilize an intermediate spin state of 
the Co3+ ion. This electronic structure would lead to a Jahn-Teller active ion due 
to an odd number of electrons in the eg orbital (t2g

5eg
1). Non-magnetic gallium in 

the structure would probably also lower the values of the moments, since they 
interrupt anti-ferromagnetic interactions between the Co3+ ions. 
 



 38 

 
Paper II. 
The second paper that this thesis is based on follows up the work of paper I. 
Instead of Ga, the prepared compounds were made by doping Sr2Co2O5 with Al. 
 
The syntheses of these compounds were also made using the solid-state synthesis 
route. Phase-pure samples could be made in the compositional range 
0.3 ≤ x ≤ 0.5. The lower upper limit compared to Sr2Co2-xGaxO5 probably reflects 
the smaller ionic radius of Al3+ compared to Ga3+. Also here, elemental analysis 
by EDS and iodometric titration indicated compositions close to the nominal.  
 
Powder diffraction data could be indexed with a tetragonal unit cell related to the 
ideal cubic perovskite as a = ap, and c = 2 · ap. However, when carefully 
examining the diffraction peaks it could be noted that broadening of a part of the 
peaks indicated a lowering of the symmetry to an orthorhombic cell.  
The orthorhombic symmetry became apparent in the TEM investigation. ED 
patterns and micrographs indicated that the compound crystallised with the 
Brownmillerite structure, although severe micro twinning complicated the 
picture. The investigated crystals where composed of differently ordered 
domains. As for the system Sr2Co2-xGaxO5, these domains always share the same 
sub-zone axis. By diffraction tilting experiments it could be shown that all three 
possible super-zone axes were intergrown.  
 
 
Paper III. 
As mentioned above, heterovalent doping at the A site is one route that can alter 
the oxygen composition. This is used in the vastly studied perovskite-related 
manganites such as Ln1-xSrxMnO3-y, interesting because of their giant magneto-
resistance.31 82 Doping perovskite cobaltates in order to alter the cobalt 

 
Figure 14. Anti-ferromagnetic Néel temperature. Open squares indicate the 
measured compositions (the value for the sample with x = 0 is taken from the 
literature 81).  
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coordination or valence is one way to reveal many new interesting features. The 
property of magnetoresistance has also been detected in cobaltates, for example 
from the family of compounds LnBaCo2O5.4, Ln = Eu and Gd.83  
 
Recently, a new oxygen-deficient structure was reported almost simultaneously 
by the two groups Withers 84 and Istomin et al.76 The groups concluded, 
respectively, that the compounds Sr0.33Ln0.67CoO3-δ  (Ln = Y, Ho and Dy) and 
Y0.3Sr0.7CoO2.26 crystallise with the above-mentioned 314 structure, comprising 
alternating layers of tetrahedra and octahedra. In this structure the tetrahedra are 
arranged as segregated tetracyclic Co4O12 units. Because the oxygen-vacancy site 
is statistically occupied to 25 % locally, the tetrahedra will be expanded to five-
coordination polyhedra. Later, the manganite Sr0.73Y0.27Mn0.67Ga0.33O2.7-δ was 
also concluded to represent this structure type.85 The cobaltates have been seen 
to possess interesting magnetic properties. In addition to the anti-ferromagnetic 
ordering seen from neutron diffraction, magnetic measurements have revealed 
intricate ferromagnetism. Goosens et al. explained the ferromagnetic response to 
be due to localised compositional inhomogeneities in Sr0.67Y0.33CoO2.79,86 while 
another group, Maignan et al., detected an extreme sensibility towards oxidation 
in their sample Sr2/3Y1/3CoO2.66+δ.29 A very small change from Sr2/3Y1/3CoO2.66 to 
Sr2/3Y1/3CoO2.70 leads to a transition from an anti-ferromagnetic to a 
ferromagnetic state. 
 
Tolochko et al. reported a phase similar to Sr1-xLnxCoO3-δ but with Ln replaced 
by Bi.87 The group stated that in the compositional range Sr1-xBixCoOγ forms a 
phase-pure cubic perovskite phase, as deduced from X-ray diffraction. Paper III 
is a reinvestigation of the phase. Interesting information concerning super-
structure, phase transitions and magnetism could be reported. 
 
Sr1-xBixCoO3-γ was synthesised in the compositional range 0.05 ≤ x ≤ 0.25 with 
Δx = 0.05, with the solid-state routine. Due to the relatively low melting point of 
Bi2O3, lower annealing temperatures had to be used in comparison to the other 
phases dealt with in this thesis. Reactants were fired at a maximum of 950°C, 
with intermediate regrindings. Parts of the samples were subjected to treatments 
in O2 atmosphere at 900°C, in order to see if it oxidation was possible. From    
X-ray diffraction it could be concluded that phase-pure samples can be prepared 
in the compositional range 0.1 ≤ x ≤ 0.2. Below the range, the hexagonal 
perovskite Sr6Co5O15 

77 could be detected, whereas traces of the bismuth-rich 
phase Bi2Sr3Co2Oy 

88
 could be detected above that range. The oxidation 

experiments lead to contraction of the unit cell in accordance with oxidation of 
Co3+, which was expected to be present in the as-prepared sample, to the smaller 
Co4+. Elemental analysis with TEM–EDS resulted in values close to nominal for 
the phase-pure samples. Oxygen content analysis resulted in the compositions 
Sr0.9Bi0.1CoO2.7, Sr0.85Bi0.15CoO2.7 and Sr0.8Bi0.2CoO2.6 for the as-prepared 
samples, and Sr0.85Bi0.15CoO2.9 for the oxygen-annealed sample with x = 0.15.  
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Transmission electron microscopy studies made it apparent that the as-prepared 
samples crystallise with a superstructure of the cubic perovskite type. Electron 
diffraction patterns could be indexed using the same type of cell as for the 
above-mentioned 314-phases with the tetragonal cell parameters a ≈ √2 · ap and  
c ≈  4 · ap. However, as for Sr2Co2-xAlxO5, the diffraction patterns could only be 
indexed with the assumption of twinning of differently oriented domains, see 
figure 15, where simulated components of the experimental pattern are shown, 
using the said structure and cell. With this information, neutron diffraction data 
could successfully be used to refine the structure. The refinements gave similar 
structure information as for the structures of Sr1-xLnxCoO3-δ 

43
 
76

 
84 except for two 

important points, namely the A cation ordering and the oxygen occupancy value 
at the partly vacant sites. In reference 43 Istomin et al. deduced A cation ordering 
for the phase Sr0.7Dy0.3CoO2.62. The Sr ion preferentially occupies the sites 
coordinated by the Co4O12 units, see figure 13. This situation has been argued to 
be what causes the specific oxygen vacancy ordering. However, this ordering 
could not be detected in Sr1-xBixCoO3-γ. Concerning the oxygen vacancies, it was 
shown that they were present at two crystallographic sites instead of the single 
one found in the crystal structures of Sr1-xLnxCoO3-δ.43 These two findings are 
probably linked: in Sr1-xLnxCoO3-δ the lanthanide can be said to coordinate to the 
vacant site; a more even distribution of Bi in Sr1-xBixCoO3-y will in turn lead to a 
more smeared-out oxygen vacancy scheme.   
 
The oxygen treatment induced a transition to an overall cubic structure, detected 
from both thermal gravimetric analysis and diffraction studies. A weight increase 
could be seen the thermal analysis. As seen above in figure 6, the incorporation 
of oxygen is a two-stage process. This is explained by the vacancies first partly 
being filled until a point where the 314 structure is unstable. Further incorpora-
tion leads to an exothermic transition to a new structure. A cubic perovskite 
structure was successfully refined, using neutron data. However, vacancies still 
remain after the O2 treatment, as seen from both the refined oxygen occupancies 
and iodometric titration. Diffuse streaking seen in ED patterns also indicates 
partial vacancy ordering.  
 
In the neutron data collected from the as-prepared samples, scattering due to 
magnetism could be detected. A G-type anti-ferromagnetic structure, similar to 
that found for the 314 phase Sr0.7Dy0.3CoO2.62 43 and also to the Brownmillerite 
compound Sr2Co2-xGaxO5 in paper I, could be successfully refined. Most likely, 
Co3+ is present in its intermediate spin state.  
 
The structural transition upon oxidation seems to be accompanied by a change of 
the magnetic features. As seen from magnetic measurements, no or very little 
magnetisation for the as-prepared compounds can be found, consistent with the 
anti-ferromagnetism seen from neutron diffraction. When the sample was 
oxidised, a ferromagnetic contribution became apparent. This is probably an 
effect of oxidation of a part of the Co3+ to Co4+ leading to double exchange 
instead of the super-exchange present in the as-prepared compound. 
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Figure 15. a) Experimental ED pattern of Sr0.8Bi0.2CoO3-γ recorded along the 
<100>p perovskite subcell axis. The pattern can be explained as being a 
superimposition of three differently ordered domains with the 314 structure, 
namely two domains aligned along [100] at right angles to each other, plus one 
aligned along [001]. Simulated patterns of these three are given in b) (indices 
according to the 314 structure). 
 
 
Paper IV. 
This paper was a follow-up of the results described in references 43 and 76  to 
investigate how the structural and magnetic features could be altered by B site 
doping of the Sr0.75Y0.25CoO2.625 composition. The recent interest in the magnetic 
and transport properties of this and isostructural compounds calls for an 
investigation of the effects of introducing another magnetic or non-magnetic ion 
at the B site. In this work Co was partly replaced with either Fe or Ga.  
  
The compounds Sr0.75Y0.25Co1-xGaxO2.625+δ, 0.125 ≤ x ≤ 0.5 Sr0.75Y0.25Co1-xFexO2.625+δ, 
0.125 ≤ x ≤ 1 where synthesised using the citrate method. This method was used 
because experience had shown that numerous intermediate re-grindings are 
needed to get single-phase 314 type samples. Stoichiometric amounts of the 
precursors of the sought products, SrCO3, Y2O3, FeC15H2O6, Ga(NO3)3·8H2O and 
Co(NO3)3·6H2O where dissolved in melted citric acid. The mixtures where 
thereafter heated to decomposition and thereafter fired in air, first at 650°C, and 
later pressed into pellets and further annealed at 1100°C. Phase-pure samples 
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could be obtained in the compositional range x ≤ 0.375 for M = Ga and x ≤ 0.875 
for M = Fe. Elemental analysis by EDS confirmed the nominal metal 
stoichiometry.  
 
Structural studies showed that Sr0.75Y0.25Co1-xFexO2.625+δ forms the 314-type 
phase for compositions up to x ≤ 0.625. Above this range, when 
0.75 ≤ x ≤ 0.875, a cubic perovskite structure appears. Rietveld refinements of 
Sr0.75Y0.25Co0.5Fe0.5O2.625+δ using neutron diffraction data revealed an oxygen 
excess of δ = 0.065. This led to an unphysical picture of the vacancy distribution 
– in order to accommodate this excess an additional oxygen site had to be 
introduced in the refinements. An adequate picture with a partial occupation of 
oxygen sites is given in figure 16. The partly vacant oxygens sites in these layers 
will lead to formation of more or less distorted five-coordination polyhedra. This 
situation occurs because of the higher susceptibility of Fe to oxidation compared 
to the un-doped compound, and the Ga substituted. The refined oxygen occupancy 
for Sr0.75Y0.25Co0.75Ga0.25O2.625 did not reveal any excess oxygen content. 
 
From transmission electron microscopy studies it could be concluded that, 
whereas the Ga-substituted compounds form large single domains, the 
crystallites of Sr0.75Y0.25Co1-xFexO2.625+δ in the compositional range of the 314 
phase (0.125 ≤ x ≤ 0.625) are built up of multi-domains, similar to those found in 
the compounds discussed in paper II & III, Sr2Co2-xAlxO5 and Sr1-xBixCoO3-γ. 
The close similarity between the perovskite subcell parameters in 
Sr0.75Y0.25Co1-xFexO2.625+δ and the concomitant ease of forming twins between 
different domains could be one reason for this behaviour. The preference of Ga 
for the tetrahedral position will probably lead to the more ordered superstructure 
in this case.  

 
 
Figure 16. Distribution of oxygen atoms in the layer of tetrahedra for 
Sr0.75Y0.25Co0.5Fe0.5O2.625+δ, with the extra oxygen O5 (grey circles) added. 
Possible arrangements of 5-coordinated Co/Fe polyhedra are indicated. 
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In electron diffraction patterns recorded from the Sr0.75Y0.25Co1-xFexO2.625+δ, extra 
reflections were frequently observed, which could not be accounted for by the 
314 structure. One explanation could be a decrease in symmetry at the grain 
boundaries, resulting from a slight mismatch of the <012> and <110> directions 
that meet due to the micro twinning, see figure 17.  
 
Whereas a G-type anti-ferromagnetic structure for Sr0.75Y0.25Co0.5Fe0.5O2.625+δ 
could be used to explain peaks additional to those from the nucleus structure, no 
magnetic structure could be found in Sr0.75Y0.25Co0.75Ga0.25O2.625 from room-tem-
perature neutron diffraction data. Comparing with the Sr2Co2-xGaxO5 Brownmil-
lerites, it is apparent that the specific ordering due to doping with Y leads to 
disruption of the super-exchange between Co3+ ions. However, low- temperature 
magnetisation measurements revealed the appearance of anti-ferromagnetic 
ordering. This finding was also supported by low-temperature neutron diffraction 
(unpublished). The presence of ferromagnetism could be deduced from a split of 
the zero field and the field cooled magnetic susceptibility curves. It could be 
seen that the bifurcation occurs at the magnetic ordering temperature. This indi-
cates that the ferromagnetism originates from a canting of the anti-
ferromagnetically ordered spins. Substitution with Fe leads to suppression of the 
ferromagnetic response compared to the Sr0.7Y0.3CoO2.62 compound.  
 

 
 
Figure 17. In a tetragonal system, the angle between <1-10> and <110> is 90°  
by definition, while it differs from 90°  between <0-12> and <012>. All these 
directions correspond to the same direction in the perovskite subcell, namely 
<110>. Therefore, to match the two domains structurally, the symmetry must be 
lowered, which could give rise to the superstructure reflections observed in the 
ED patterns. 
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To summarise. 
The cobaltates dealt with in the work of this thesis are closely related among 
themselves and also to the perovskite substructure. All of them seem to favour a 
structure with layers of octahedra and tetrahedra. In some of the samples 
severely micro-twinned crystallites form because of the close similarity to the 
parent perovskite structure. Interesting magnetic features and trends in the 
changes of these features have been observed. The most valuable conclusions 
that can be drawn from the four presented articles are: 
 

• Doping Sr2Co2O5 with Ga3+ stabilises the Brownmillerite structure in the 
compositional range 0.3 ≤ x ≤ 0.7. The structure could best be described 
with the symmetry of space group Icmm. From TEM investigations it 
could be concluded that crystallites are built up of domains, and diffuse 
scattering also indicates long range ordering of the chains of tetrahedra, 
which deviates from the concluded symmetry in which the chains are 
statistically disordered. Magnetic susceptibility measurement and neu-
tron diffraction indicate anti-ferromagnetism and that increasing the 
amount of gallium leads to linear lowering of the Néel temperature. 

 
• Sr2Co2-xAlxO5 crystallises with the Brownmillerite structure in the 

compositional range 0.3 ≤ x ≤ 0.5. Because of the close similarity 
between the supercell parameters and the high degree of microstructure, 
powder diffraction was unsuccessful in revealing detailed structural 
properties. The iso-oriented domains were as small as 40 Å, but due to 
the generally higher spatial resolution when using transmission 
electron microscopy, it was possible with this technique to reveal the 
structural properties. 

 
• The 314 phase reported by Withers 89 and Istomin et al.76 for the com-

pounds Sr0.33Ln0.67CoO3-δ  (Ln = Y, Ho and Dy) and Y0.3Sr0.7CoO2.26 can 
also be prepared with Bi3+ instead of Ln, however only with lower 
doping levels. It is interesting to note that, whereas the A cation 
ordering is present in the previously found compounds within this 
structure type, Bi seems to be distributed over all A sites in the 
compounds found. This is also the situation for the oxygen vacancies, 
which might explain the higher level of O2 uptake. 

 
• Homo-valent doping with Ga or Fe is possible in the 314 cobaltate 

phase while still preserving the tetragonal perovskite superstructure. 
Due to preferential Ga occupation at the tetrahedral site, doping with 
this ion will lead to well-ordered crystallites, contrary to the case for 
Sr0.75Y0.25Co2-xFexO2.625+δ. 

 
The work also raises some interesting question that remains to be answered. 
Future research in this field should focus on the magnetic and transport 
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properties in the compounds. For example, investigations concerning the spin 
state transitions for the cobalt ion are of fundamental interest. The large O2 
uptake and the specific vacancy ordering found in the Sr1-xBixCoO3-γ system calls 
for interesting oxygen transport features. A deeper insight of the phase 
transformations during the oxygen uptake process would also be valuable. From 
the combined knowledge concerning the 314 phases a conclusion could be drawn 
that the A site ordering is governed by size and not charge difference. This opens 
for the possibility to dope the structure hetero-valent at the site for Ln, e.g. in 
Sr1-xLnxBO3-δ. This could be used to alter the oxygen content in the structure. 
Also, the present work indicates that the oxygen content and the distortion of the 
superstructure could be altered via doping the 314 type structure with Fe at the B 
position. The possibility of spatially heterogenic magnetic system is also a field 
that could promote interesting findings. 
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Last words. 
In this thesis I have tried to condense my experimental experience obtained 
during my Ph.D. studies, and also to give a more general view of the field and 
why it is interesting to conduct this kind of research. I hope that my efforts will 
be recognised as a “hard days work” in the workshop of solid-state chemistry 
and that it will provide important knowledge, chemical and structural, of the 
investigated phases to the scientific community. 
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