It´s a perovskite material world.
For technological development and to meet new demands of the tomorrows society there is a constant need for new materials with new or improved properties. The perovskite structure have and continues to attract interest, this since properties suitable for applications can be found for compounds with this or closely related structures.
· Description of the perovskite structure and how it can be affected. 
The chemistry of perovskite can in the ideal case be schematically described as ABX3. The A cation and the X anion form together a close packed array. The B cations are located in the octahedral voids created by the X anions of subsequent layers. With cubic packing of the layers it can also be regarded as a framework structure of corner sharing BX6 octahedra and with the A cation located in interstices surrounded by eight octahedral leading to a AX12 polyhedron. In figure 1 both models, the close packing and the framework, are visualised. The structure has been found for compounds where the X ion is O2-, S2-, F-, Cl- and Br- with the oxides as most abundant. From this one can set up requirements for the cations:

· The positive charge of the cations should counteract the negative charge from the anion. In the case for the chalcogenides six and for the halogenides three. 

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

· If considering hard spheres the requirement for the radius of the B ion (RB) compared to the radius of the X ions (RX) is RB = 0.414RX in order to fit in the octahedral void. Thus, to meet this requirement the ionic radius of possible B ions should range from approximately 0.5Å (octahedral void in close packed F-) to 0.8Å (for Br-). The transition metals and also some main group elements meet 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 forms together close packed layers that are subsequently packed in a cubic manner and with Ti4+ in the octahedral voids. For this composition the above mentioned requirements are met; the sum of the oxidation numbers of the cations equals the negative charge of the oxides, Sr2+ and O2- have approximately the same radius (r(Sr2+) = 1.44Å, r(O2-) = 1.40Å) and Ti4+ fits well into the octahedral void (r(Ti4+) = 0.61Å, 0.414r(O2-) = 0.58Å). 
 In this so called ideal perovskite the cubic cell axis (a) can be related to the ionic radius:
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The two relationships are explained in figure 2. The ratio of the two expressions is refereed to as the tolerance factor for perovskites, t, and should obviously be 1 in the ideal case: 
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Descriptions based on hard spheres such as in the above mentioned relationships are useful considering the high degree of ionicity in mayor part of perovskite compounds. That the tolerance factor is near 1 for a specific assembly of ions might serve as an indication that an ideal perovskite structure will form. For example SrTiO3 with t = 1.00, KFeF3, t = 1.00 and CsGeCl3, t = 1.03 all crystallises in the ideal cubic perovskite type. 
However, if t shows deviation from 1 this might serve as an indication for the formation of a perovskite structure of non-ideal type. For t values slightly 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 than ideal A cation is situated in the close packed layers the tolerance factor will be below 1. In these cases the A cation relax towards a part 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 chemical induced structure change in the compounds AZrS3 where A is Ca, Sr or Ba. The smaller size of the A cation when going from Ba2+ to Ca2+ will induce increased octahedral tilt, see figure 3.

Hexagonal variants of the perovskite structure are formed due to insertion of larger than ideal A ion or a small B ion, leading to contraction of the BX6 octahedra. Face sharing of the octahedra lead to the formation of cavities where the A ions fits better. The structure of BaNiO3 can be said to be of ideal hexagonal type with only hexagonal stacking of the close packing layers. Many compounds exist with different sequences of hexagonal and cubic close packing. A larger t value will lead to an increased number of hexagonal close packing layers, see figure 4. The structural relationships between perovskite compounds, going from cubic packing to a mixture between cubic and hexagonal and eventually to only hexagonal close packing, was covered by Katz and Ward. 
 The face sharing of octahedra leads to closer distance between the B ions. Katz and Ward did also state that layers of hexagonal close packing may because of attractive metal-metal interactions. For example BaRuO3 forms a structure with a mixture of cubic and hexagonal layers. Face sharing of the octahedra leads to formation of Ru3O12 clusters which are especially stable and therefore the reason for the formation of hexagonal structure in this system.
Another factor that may lead to lowering of the symmetry compared to the cubic involves Jahn Teller effects. In compounds involving ions having an odd number of electrons in the eg orbital will experience this effect, this includes perovskite compounds where B is high spin Mn3+ Cr2+ and Fe4+, low spin Ni3+ and also Cu2+. In for example LnMnO3 the Mn3+ in the octahedrally 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 possible of doping a specific composition leading compounds with two or more A, B or X ions. This leads to further ways to chemically tune structural and physical properties. 
· Physical properties found for perovskites and theirof posible applications. 
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, alkaline earth or a rare earth element and these species will not contribute to electronic states that governs transport or magnetic properties. Thus, in most cases ABO3 perovskites can be said to be a class of transition metal oxides where A primary acts as a spectator ion. For example the conducting 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 conducting band in contrast to LaNiO3 (Ni3+ d7) and LaCuO3 (Cu3+ d8). The conduction properties in LaCoO3 is especially interesting, the d6 configuration will cause a split in the conduction band between the filled t2g and the eg orbital leading to an insulator at the ground level. Important materials with the perovskite or perovskite related structure with interesting properties can be found in table 1, some explanations and correlations of the found properties are given below. 
	Composition
	Physical Property
	Possible or present application.

	CaTiO3
	Dielectric
	

	BaTiO3
	Ferroelectric
	Non volatile computer memories

	PbZr1-xTixO3
	Piezoelectric
	

	Ba1-xLaxTiO3
	Semiconductor
	

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

	LnCoO3-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 in hard disks


· In table 1 the compound BaTiO3 can be found. This compound is a ferro-electric, it can retain a residual electric polarization after an applied voltage has been switched of. For this compound the behaviour can be explained on the basis of the t factor. The t value for this compound is 1.06 due to that the Ti4+ ion is slightly too small for the octahedral void and will therefore relax towards five of the oxygens in the octahedra. Neighbouring Ti4+ ions will undergo similar displacement and therefore a permanent dipole will be formed. Ferro-electrics are interesting for the development of random access memories (RAM) that retains the stored information without the need for applied power as they work on the basis of the remnant dipole.
· Oxygen ion conduction is an important property important in applications such as fuel cells and oxygen permeable membranes. Generally for high 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 ease the operation of the applications. The perovskite related compound BaInO2.5 show interesting behaviour in this field. The materials contain ordered oxygen vacancies, important for this specific property. The oxygen transport mechanism is vacancy hopping and therefore for high conduction the vacancies need to be disordered. Much effort is being done to via doping of BaInO2.5 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 found so called high temperature superconductor.
 As can be seen the chemistry deviates from the ideal ABO3, generally the superconducting cuprates can be regarded as intergrowths between ACuO3 perovskite and AO rock salt type structure layers. Although the complex nature of the superconducting effect, Attfield has showed that the tolerance factor also can be applied when correlating these materials properties. 
 Additional to zero resistance the superconducting state also includes the effect of perfect diamagnetism, i.e. the Meissner effect that means that the material will repel from a magnetic field. For this property the high temperature superconductors are potential for the use as detectors of magnetic signal in so called superconducting quantum interference devices, most important for the use associated with magnetic resonance tomography in medicine. 

· Deficiency. 

As discussed above often materials that deviate from the ideal ABX3 chemistry both in terms of cation and anion deficiency can be regarded as perovskite related oxides. 
The stacking of ABO3 and AO entities as for La2-xBaxCuO4 is characteristic for a class known as the Ruddleson-Popper compounds. 
 Another family of layered perovskites is the Aurivillius phases which in comparison with the Ruddelson Popper compounds have the AO layer exchanged for Bi2O2 layers resulting in the general composition [Bi2O2][An-1BnO3n+1] where n indicate the number of perovskite layers. 
 One example of A ion deficient perovskites are the family of bronzes with general chemistry AxBO3 where A is a alkaline, alkali earth or rare earth and B for example is W, Re or Mo. In NaxWO3 the conductivity can be tuned by changing x. Increased amount of Na+ will in turn increase quantity of W5+. This will lead to an increased conductivity since it will add 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 oxides. The forming of vacancies is the result of either replacement of A or B ions with one with a lower valence state, i.e. aliovalent doping, or by reduction of a B ion present in a 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 4 and 3.  
 If the B cation can be present in other co-ordinations than octahedral 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 are built up by different arrangements of FeO6 octahedra, FeO5 square pyramids and FeO4 tetrahedra. As can be seen the chemistry of these compounds can be schematically described with the formula AnBnO3n-1. These types of compounds are important for oxygen ion conduction since the process of vacancy hopping is the most common mechanism for this property. The above mentioned oxygen ion conductor BaInO2.5 is iso-structural to SrFeO2.5. These two compounds represents an important structure type found for many compounds with ABO2.5 (= A2B2O5) stoichiometry namely the Brownmillerite structure which is composed of altering 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. 
Kap2. That’s solid state chemistry.
· Vad är solid state chemistry? Vilka angreppspunkter? Vad är vi intresserade av?
· Exempel av ett perovskit-projekt som relaterar kemi-struktur-egenskaper (kanske ändring av Neél temp, superexchange hos LnFeO3
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 materials physical properties. This definition can be summarized with a triangle built up by structure, chemistry and properties in 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 effects the structure and how the structure effects the physical properties. A nice example of such project in the field of perovskite related oxides can be found in the literature. 
 This deals with the correlation between anti-ferromagnetic Néel temperature and structural distortion of 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 octahedral tilting. As an effect of lowering the A cation radius down the lanthanide series the crystal structure will experience increased octahedral tilting. Anti-ferromagnetism is due to interactions between B ions that will couple with the aid of intervening oxygen ions. The effect is called super-exchange and leads in the case of interaction with bond angle near 180˚ to anti-parallel alignment of the spins, see figure 5a. However, this will only be the case below a certain temperature; above the spins will point at random direction due to thermal vibrations. The material above this so called Néel temperature paramagnetic (the spins can be aligned by an external field). The Néel temperature will be lower when the structure experience an increased distortion, more accurate the Néel temperature can be correlated to the octahedral tilting, see figure 5b. The solid state chemistry triangle is thus fulfilled; there is a chemical induced structural displacement and the structural displacement can be shown to govern the change of a physical property. 
The above mentioned also reflects an important restriction in the field of solid state chemistry; the structure-property relationship does not have to be known ab initio meaning that it is not needed to be possible to be able to exact property from a specific crystal structure. Only the knowledge of the distortion induced decrease is necessary.   

· Methods in Solid State Chemistry. Syntes, strukturanaly och mätning av egenskaper. Relatera till arbete med perovskiter.
A solid state chemistry project usually involves the three steps synthesis, characterisation and measuring of properties.  Below I briefly describe these three steps in correlation with works that deals with perovskite structured materials and more 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 research makes the synthesis routes quite general. Most often the aim for the synthesis is to mix constituents at atomic scale in order to obtain new phases, this since the reaction for solid state compounds involves complete disruption of the precursors and the formation of a totally new material. This is 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 on an already present molecule. In the field of perovskite compounds solid state chemistry can often be employed. 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 for a specific structure type. Stoichiometry mixtures are readily prepared solely by weighting the solid precursors. The drawback of this method is because the above mentioned slow diffusion rates that it is slow and requires high temperatures. There can be a problem of achieving phase pure samples, either because that 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. 
, 
, 
 
The solution of the difficulties arising because of the slow diffusion rates in solids may sometimes be to conduct the mixing of the precursors in a liquid phase instead. These techniques are often referred to as soft chemistry or chemie douce methods. The starting point at a soft chemistry route should be a stoichiometry liquid mixture of the ions of the desired product. In the synthesis for a perovskite related compound easily dissolved compounds of the A and B ions should be used. The homogeneous mixture allows for the ions to be mixed at atomic scale. This will reduce the problem of slow diffusion rates encountered when mixing powders in the solid state. The mixture is either dried or the A and B ions are co-precipitated as hydroxides and thereafter the so called gel can be further sintered to produce a crystalline compound. In the synthesis of Sr0.75Y0.25Co1-xMxO2.625, paper IV, 
 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 chemistry fast methods for routinely check of phase purity and crystallinity are needed. The first stage of such project usually involves the recording of a X-ray powder pattern. For a crystalline compound the spacing of powder pattern lines are dependent of the unit cell parameters. Phase purity is checked by consulting data bases that contains powder patterns of the synthesis precursors. 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 angle between them. This is by no means an easy task; however automated routines implemented in computer programs like TREOR or DICVOL might be of assistance. 
, 
 The problem of indexing is greatly eased when working with compounds with known structural relations with other compounds. Then the powder pattern can be fit to known structures using a refinement procedure. For example, in the work with compound in paper I initially the orthorhombic cell parameters of Sr2Co2-xGaxO5 where refined using data from Sr2Fe2O5 which crystallises in with a similar structure using the computer program PIRUM. 

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 by either high energy electrons or x-rays. This will cause the electrons to be ejected from the inner core shells. 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 and by model the created spectra with a fitting procedure the composition of the investigated sample can be deduced. 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 element. In the papers I, II, III and IV EDS was used for the analysis of the cation composition on the materials described. 
For the checking of the oxygen stoichiometry other methods were employed. In a water solution of potassium iodine 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 since for these compounds this is only dependent on the oxidation state of cobalt. Because iodine forms complexes with iron this method could not be employed for Sr0.75Y0.25Co1-xFexO2.625+d. Here the oxygen content was deduced from Rietveld refinements using neutron diffraction data, see below.
Structure 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. However the use of full profile fitting of powder diffraction (i.e. the Rietveld method) data has been very useful for the field of material and solid state science. This since for many functional materials single crystals is not readily prepared. The Rietveld method involves refinement of structural parameters and diffractometer constants so that the likeness of the measured data and that calculated from the refined model is maximised. The diffraction data might be collected using X-rays or neutrons. Because of the low cross section for oxygen when using X-rays superstructures dependent on oxygen vacancy ordering might not be recognised in X-ray diffraction experiments. This since X-ray form-factors are proportional to the numbers of electrons of the scattering specie. The intensity originating from light elements might be diminished by that from heavy elements. 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 the scattered intensity. Also, as 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 on mixed occupancy crystallographic sites. This property was used in the work regarding Sr2Co2-xGaxO5 were the distribution of Co and Ga could be determined. However, the opposite situation might 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 iso-structural compound Sr0.7Dy0.3CoO3-δ and has in this compound been argued to be the       
· även methoder för analys av data, BVS. Hur skiljer sig informationen mellan olika metoder (olika glasögon i solid state chemistry), t.ex. TEM och pulver, röntgen och neutroner.

· Description of crystal structures.
Kap3. Where are (or where are not) the oxygens.
· Syrefattiga perovskiter, reduktion av ABO3 till AnBnO3n-1, aliovalent dopning , lagerstrukturer, översikt. Ordning av vakanser. 
· Hur de kan beskrivas, basera på ”Structural Similarities of Oxygen Deficient Perovskites”. Hur man kan beskriva oordning, (delbesatta positioner, kommenserata strukturer, Kroger-Vink och annat(?))  Här skulle man kunna beröra n ågot av Svein Stölen. Vakanser bekrivna med Kroger-Vink för att relatera till jonlednig...?

· Symmeti hos Brownmilleriter beroende på komposition.  
Kap4. Magnetism.

· Magnetsim in perovskites, superexchange.

· Ferromagnetic clusters, spin canting, spatially inhomogeneous systems.
Kap5. Sammanfattning av artiklarna. 
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Table 1. Physical properties for some compounds exhibiting the perovskite type structure. 
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