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ABSTRACT

This thesis consists of eight publications and a summary of the obtained experimental results,

reviewed together with the most essential literature related to the topic. The work deals with

ways of tuning and analyzing the transition metal oxidation states in the superconductive

Cu(Ba,Sr)2(Yb,Ca)Cu2O6+z triple perovskite and the BaRE(Fe,Cu)O5+δ double perovskite,

which has aroused interest as a structure potentially exhibiting both superconductivity and

magnetoresistivity. These triple- and double-perovskite oxides are compared with regard to

their charge distribution at different cation and oxygen stoichiometries. Complementary

methods of analysis, including both chemical and physical techniques, are utilized for the

determination of the charge distribution in these layered oxide structures with several

transition metal ions. Multivariate data analysis is introduced as a novel way for examining

the structure-property correlations of complex oxide structures based on the crystallographic

data obtained by neutron diffraction.

The Ca(II)-for-RE(III) substituted and oxygen-doped Cu(Ba0.8Sr0.2)2(Yb1-xCax)Cu2O6+z triple

perovskites (0 ≤ x ≤ 0.35 with z ≈ 0 and 0 < z < 1 with x = 0) are described for their fine

structures and the charge distribution over the unit cell is determined by two different

methods. Bond-valence-sum (BVS) calculations based on structural data obtained by neutron

diffraction are shown to be a convenient means to study small gradual changes in the fine

structure and the charge distribution. O K-edge and Cu L2,3-edge XANES results

independently showed same trends in the charge distribution as did the BVS calculations, i.e.

stronger oxidation of the superconductive part of the structure by Ca(II)-for-RE(III)

substitution than by oxygen doping.

The oxygen stoichiometry of the BaRE(Fe0.5Cu0.5)2O5+δ double perovskite is shown to depend

on the size of the RE3+ ion and on the oxygen partial pressure during the final heat treatment

of the synthesis. Under ambient pressure, the excess oxygen atom δ can be inserted only in

the structures with largest REs (Nd and Pr) whereas high-pressure treatment (p = 5 GPa) was

found to stabilize δ also in the structures with smaller REs. The charge distribution between

copper and iron is studied by means of coulometric titration and 57Fe Mössbauer

spectroscopy. In the normal-pressure oxygenated samples only Fe(III) is oxidized to higher

oxidation states, but high-pressure heat treatment enables oxidation of Cu(II) to Cu(III) as

well. The excess oxygen can be removed from all compounds by deoxidative post-annealing

performed in a controlled way in a thermobalance.
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1. INTRODUCTION

Perovskite-type oxides have attracted considerable attention as they display a rich diversity of

chemical compositions and fascinating electrical, magnetic, optical and catalytic properties.

The versatility of properties is demonstrated for example by the electrical conductivity which

varies in a wide range from highly insulating to semiconductive, metallic and even

superconductive properties depending on the chemical composition of the perovskite

structure. Additionally, some perovskites exhibit ionic conductivity or mixed electronic and

ionic conductivity. The discovery of high-temperature superconductivity in perovskite-related

copper oxides in 1986 soon lead to enormous research efforts in different fields of materials

science in order to develop and prepare even better superconductive materials. More recently,

magnetoresistivity (MR) was observed in some perovskites and part of the attention in the

perovskite research was turned to this interesting phenomenon. Superconductivity and

magnetoresisitivity are both material properties related to the dependence of electrical

resistivity on temperature and external magnetic field strength. Besides structural similarity,

occurrence of a transition metal in a mixed oxidation state is common to superconductive and

magnetoresistive perovskites. Understanding the role of the mixed oxidation state and the

ways of controlling it in these structures is considered vitally important for tailoring new

materials with desired properties. The present thesis deals with the control and determination

of the transition metal mixed oxidation state in perovskite-related oxides.

This work is part of a research collaboration project between Helsinki University of

Technology and Tokyo Institute of Technology. The main aim of the research is to understand

the structure-property relations of perovskite-type transition metal oxides and, based on this

understanding, to develop new superconductive and magnetoresistive materials. Generally,

the knowledge of perovskite chemistry obtained in the research of copper oxide

superconductors is now being utilized in the research of other perovskite oxides for a variety

of applications.
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1.1 A-site ordered triple- and double-perovskite structures

The variety of different properties observed for perovskite-related oxides is explained by the

flexibility of the perovskite structure ABO3-w which allows for distortions, oxygen non-

stoichiometry and cation substitutions. Ordering of cations is probable when the A or B site in

ABO3-w is co-occupied by two or several cations with different ionic radii, oxidation states

and/or coordination properties.1 A-site ordering is observed e.g. with a divalent alkaline earth

metal and a trivalent rare earth element (RE) and it leads to the formation of a double-

perovskite or a triple-perovskite structure depending on the ratio of cations. Ordering of the A-

site cations usually results in oxygen vacancies around the smaller of the cations, i.e. RE3+,

which generally prefers coordination numbers (CN) lower than 12. As the oxygen vacancies

are produced, the coordination polyhedron of the transition metal cation in the B site changes

from an octahedron (CN = 6) to a square pyramid (CN = 5).

Of the A-site ordered perovskites, high-temperature superconductive CuBa2RECu2O6+z triple

perovskite is the best-known example.2 In its layered CuOz-BaO-CuO2-RE-CuO2-BaO

structure, the RE layer is oxygen free and copper has two different environments in the square

pyramidal CuO5 and square planar CuOz units. The oxygen content in CuOz can be tuned

continuously in the range of 0 ≤ z ≤ 1 with a tetragonal to orthorhombic transition at z ≈ 0.45.

Superconductivity appears at z ≈ 0.45 and the critical temperature (Tc) increases

monotonically with the oxygen content.3 The unit cell of CuBa2RECu2O6+z (RE = Y) and the

notation system used for the atoms are presented in Figure 1a. The oxygen-deficient triple-

perovskite structure is formed with several cation stoichiometries both at the A and the B site,

and different compositions have been frequently studied in order to reach a better

understanding of the mechanism of high-Tc superconductivity. The triple-perovskite structures

of iron, e.g. FeBa2YFe2O8
4, and cobalt, e.g. CoK0.5Ba1.5YCo2O8

5, are otherwise similar to

CuBa2YCu2O6+z but instead of the square planar coordination observed for copper in the CuOz

unit, iron and cobalt have an octahedral coordination. Furthermore, in these structures the

probability of an excess oxygen atom in the RE layer is increased.

The CuBa2RECu2O6+z triple perovskite belongs to the group of superconductive copper oxide

phases which have all layered perovskite-related structures. These structures are built up of

alternating MmOm±z blocks (oxygen-deficient perovskite or rock-salt type structure; M = e.g.

Cu, Bi, Pb, Tl, Hg; m = 0-3), AO layers (rock-salt structure; A = Sr, Ba, La) and Qn-1CunO2n
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blocks (oxygen-deficient perovskite structure; Q = Ca, RE; n = 1-7). Based on the stacking of

these blocks the structures can be classified as members of different MmA2Qn-1CunO2+2n±z or

M-m2(n-1)n homologous series.6,7 Common to all these structures are the CuO2 planes which

are needed for the electric transport.

BaY(Fe0.5Cu0.5)2O5+δ with alternating BaO and YOδ layers was the first well-characterized

copper oxide with an A-site ordered double-perovskite structure (Figure 1b).8 Later the

BaRE(Fe0.5Cu0.5)2O5+δ double perovskite was shown to be formed with several other rare

earths and oxygen stoichiometries.9 The structure is also known with the B site containing

other transition metals than Fe and Cu as in BaRE(Co1-xCux)2O5+δ (RE = Y; 0 < x ≤ 0,5)10,

BaRE(Fe0.5Co0.5)2O5+δ (RE = Y, La)11,12, BaREFe2O5+δ (RE = Sm, Nd)13,14, BaRECo2O5+δ (RE

= Y, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho)15-17 and BaREMn2O5+δ (RE = Y, La)18-21. In the double-

perovskite structure the oxygen content can be varied in the REOδ layer if the B metal can be

oxidized and if the coordination numbers higher than 8 are prefered by the RE, meaning the

larger RE ions.22 Even though the double- and triple-perovskite structures are otherwise

similar, the lack of the MmOm±z block in the double-perovskite structure causes significant

differences in the charge balance and the material properties. Unlike the CuBa2RECu2O6+z

triple perovskite, the BaREB2O5+δ double perovskite has not shown superconductivity since

its stabilization with solely copper in the B site has not been successful.23,24

a) b)

b)

Figure 1. a) Triple-perovskite structure, e.g. CuBa2YCu2O6+z, and b) double-perovskite

structure, e.g. BaY(Fe0.5Cu0.5)2O5+δ.
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1.2 Role of the transition metal oxidation state and coordination number in perovskites

Structural distortions and non-stoichiometry are common in perovskite-type structures. Due to

the versatile coordination and reduction-oxidation (redox) chemistry of transition metals in the

B site, the perovskite structure allows cation or oxygen non-stoichiometry within certain limits.

The B-site cation has a prominent role in determining the electrical, magnetic and catalytic25,26

properties of the perovskite-type materials. The appearance of superconductivity in the copper

oxide structures is related to a partial oxidation of copper to the trivalent state in the CuO2

planes. When a CuO2 plane is oxidized, the Tc increases in the under-doped region to the level

of optimal doping above which the material is over-doped and the Tc starts to drop. At optimal

doping the oxidation state of copper in the CuO2 planes has empirically been determined to be

∼ +2.15.6 Distribution of the total oxidation over the unit cell is also essential and, in addition

to the Tc, it also influences other superconductivity properties such as the critical current

characteristics.6

The important role of the copper mixed Cu(II)/(III) oxidation state for superconductivity in

copper oxides is well established but magnetoresistivity in some manganese (Mn(III/IV))27,28,

cobalt (Co(II/III/IV))15,28 and iron (Fe(II/III/IV/V))29,30 oxides is also related to the mixed

oxidation state of the transition metal. Magnetoresistivity effect has been observed in both

simple and ordered perovskite structures. In the A-site ordered double-perovskite structure, the

MR effect was observed for the first time for cobalt oxides16 whose magnetic and electrical

properties are controlled by the oxygen content and ordering of oxygen atoms, both of which

depend on the size of the RE constituent.16,31,32 Also the iron-based BaSmFe2O5+δ double

perovskite14 and the La1/3Sr2/3FeO3-w perovskite30 have been found to possess magnetoresistive

properties. In BaSmFe2O5+δ, the MR effect is related to the mixed-valence state of iron Fe2.5+

which is demonstrated by the fact that the MR possesses a peak at the temperature where Fe2.5+

separates to Fe(II) and Fe(III).29 Increasing the oxygen content from δ ≈ 0 decreases both the

strength of the MR effect and the temperature at which it is observed. Similarly in

La1/3Sr2/3FeO3-w, the MR peak appears at the temperature where tetravalent iron

disproportionates to tri- and pentavalent iron. This disproportionation leads to charge ordering

and to a magnetic transition from paramagnetic to antiferromagnetic state.30

Varying the oxygen non-stoichiometry in a perovskite-type structure is a straightforward way

to control the transition metal oxidation state but substituting a cation by a lower or a higher
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valent cation also forces the transition metal to change the oxidation state. Tuning the oxygen

stoichiometry in the A-site ordered triple- and double-perovskite structures has a different

effect on the charge distribution due to the differing location of the excess oxygen in these

structures. In the BaREB2O5+δ double perovskite, the possible excess oxygen atom is located

in the RE layer between two BO2 planes thus destroying the square pyramidal coordination of

the transition metal. From the superconductivity point of view an excess oxygen atom in the

RE layer would most probably be detrimental. Therefore, oxidation of divalent copper and

appearance of superconductivity in the double-perovskite structure is supposed to be achieved

only by suitable cation substitutions at δ = 0.6 On the other hand, superconductive properties

of the CuBa2RECu2O6+z triple perovskite can be controlled by tuning the valence of copper in

the CuO2 plane either by cation substitutions or by varying the oxygen content in the CuOz

layer.

1.3 Scope of the present thesis

The aim of the present work was to establish the ways of tuning and analyzing the charge

distribution in CuA2RECu2O6+z triple-perovskite and BaREB2O5+δ double-perovskite structures.

The effectiveness of cation substitution and oxygen doping in creating positive holes and

increasing the Tc were studied in the Cu(Ba0.8Sr0.2)2(Yb1-xCax)Cu2O6+z system.I,II In order to

independently study the different ways of creating holes, two sample series, i.e. a series of Ca-

for-Yb substituted (0 ≤ x ≤ 0.35, z ≈ 0) samples and a series of samples with different oxygen

contents (0 < z < 1, x = 0), were prepared and characterized for their fine structures and

superconductivity properties.I Bond-valence-sum calculations based on powder neutron

diffraction data and O K-edge and Cu L2,3-edge XANES (X-ray Absorption Near Edge

Structure) spectroscopy measurements were utilized for studying the charge distribution in the

structure.I,II Applicability of multivariate data analysis methods for studying structure-property

relations of ionic compounds was explored by analyzing the Tc values and the structural data of

CuA2QCu2O6+z triple perovskites with varying combinations of A, Q and z as multivariate

data.III

Unlike in CuA2RECu2O6+z triple perovskites, oxygen stoichiometry in BaREB2O5+δ double

perovskites can be varied under normal pressure in the structures with certain cation

compositions only. In order to study ways of tuning the transition metal oxidation states in the
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BaRE(Fe0.5Cu0.5)2O5+δ double perovskite, samples with different REs were exposed to heat

treatments under normal- and ultra high-pressure conditions.IV-VI The resulting charge

distribution between copper and iron was established by combining the results of wet-

chemical methods, thermogravimetry and 57Fe Mössbauer spectroscopy.IV,V,VII The magnetic

properties of the BaRE(Fe0.5Cu0.5)2O5+δ double-perovskite samples were also considered.VIII

2. DETERMINATION OF Cu AND Fe OXIDATION STATES

Since oxidation state and coordination number of the transition metal constituent have a

crucial role in governing the electrical and magnetic properties of the perovskite-type oxides,

it is important to have accurate methods for their determination. The absolute oxygen content,

i.e. the degree of total oxidation, can most conveniently be analyzed by chemical methods,

most of which are redox titrations carried out in a liquid phase.33 Chemical methods give

highly accurate results provided that impurity phases are not present in the samples. In

addition to wet-chemical methods, thermogravimetric reduction has been widely used for the

oxygen content analysis of transition metal oxides.34

In oxide structures where the same element is located in different atomic positions, oxidation

state and coordination at a distinct position may be an important factor. This is particularly

essential with cuprate superconductors where the distribution of positive holes among the

different copper-oxide layers is likely to affect the superconductivity properties.6 Since

chemical methods only give the average oxidation state of the metals, other methods are

needed to obtain information on the oxidation states of distinct metal atoms in the structure.

Element-specific methods such as XANES35-43 and Mössbauer spectroscopies44-49 are of great

advantage owing to the possibility to selectively examine the chemical environment of a

distinct element. Furthermore, oxygen positions and their occupancies in the crystal structure

can be directly determined by structure refinement using neutron diffraction data (see e.g.

Refs. 3 and 50). X-ray photoelectron spectroscopy, which is known to be a convenient

technique for analyzing different oxidation states of metals, has only been of limited use in

studying mixed oxidation states of copper due to the close 2p3/2 binding energies of Cu(II) and

Cu(III).51,52
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2.1 Chemical methods for the oxygen content analysis

In wet-chemical methods, the redox chemistry characteristic of transition metals is utilized.

As a general procedure, the high-valent transition metal ions in the sample are reduced by a

suitable reductant present in excess in the solution. The amount of unreacted reductant or the

amount of a product formed in the reduction reaction is a measure of the “total average

oxidation state” of the metals in the sample and is determined by titration. The most

commonly used wet-chemical methods for the analysis of transition metal oxidation states are

iodometric, cerimetric and coulometric titrations whose applicabilities depend on the sample

studied.

Iodometric titration is probably the most widely used chemical method for the oxygen content

analysis of transition metal oxides.33 It is based on the reduction of high-valent ions in an

acidic solution by KI, which reduces transition metal ions to their low-valent iodides. Iodine

formed in the reactions is titrated by a thiosulphate solution using starch as an indicator.

Iodometric titration is suitable for oxides of cobalt, copper and/or manganese but is not

suitable for iron containing oxides.15,16,18,19,53,54 In the cerimetric titration the high-valent ions

of iron or cobalt are reduced by a known excess of Fe2+ ions and the unreacted Fe2+ ions are

titrated by a cerium sulphate solution using ferroin as an indicator.13,29,54 On the other hand,

the reduction of high-valent copper by water rather than by Fe2+ disturbs the cerimetric

analysis of copper oxides.54

Coulometric titration is the most versatile wet-chemical method for the analysis of the higher

oxidation states of transition metals in their oxides.33,54 It is based on the reduction of high-

valent cations or peroxide-type oxygen with a known excess of monovalent copper (Cu(I)/(II)

titration) or divalent iron (Fe(II)/(III) titration) in an acidic solution.33 The unreacted part of

Cu(I) or Fe(II) is oxidized by constant current and the amount of the species titrated is

calculated from the time required for the oxidation according to Faraday's law. The

coulometric titration system is presented in Figure 2. Coulometric titration method has also

been successfully applied for the determination of the oxidation state of a metal in a structure

with two different mixed-oxidation-state metals, e.g. for the determination of the oxidation

state of lead in the presence of mixed-valent copper.55 Due to its accuracy and versatility

coulometric Cu(I)/(II) titration was used in the present study for the determination of the

oxygen contents in the Cu(Ba0.8Sr0.2)2(Yb1-xCax)Cu2O6+z (0 ≤ x ≤ 0.35, 0 < z < 1) triple

perovskitesI,II and the BaRE(Fe0.5Cu0.5)2O5+δ double perovskites.IV,V
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Figure 2. Coulometric titration cell.33

Thermogravimetry is a technique often used in studying oxygen non-stoichiometry and

absolute oxygen contents in perovskite-type transition metal oxides. For the absolute oxygen

content the sample is reduced in a thermobalance by a 5 % H2/Ar gas mixture at a temperature

of ∼ 950 °C.34 In a step-wise reduction process, transition metal is reduced to metallic, e.g.

Cu, or to a low-valent oxide, e.g. FeO, whereas alkaline earth and rare earth elements stay as

binary oxides.IV,V,54 If the reduction products are known, the oxygen content can be calculated

from the total weight loss. Furthermore, thermogravimetric heat treatments under argon or

oxygen atmosphere can be used to study reversible changes in the oxygen content as also

shown in the present work.IV-VI
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2.2 Site-specific methods

2.2.1 Neutron diffraction

As the X-ray diffraction process depends on the number of electrons contributing to a (Bragg)

reflection and varies with the angle of diffraction, light elements are difficult to detect in the

presence of heavy elements. Therefore, X-ray diffraction is of limited use in studying the fine

structure of perovskite oxides with small variations in oxygen stoichiometry. While X-rays

are scattered by electrons, neutrons are scattered by the atomic nuclei. The scattering power of

a nucleus for neutrons varies erratically in the periodic table and is independent of the angle.

Neutron diffraction is a valuable method for examining a structure for the location and

occupancy of oxygen atoms since the neutron scattering power of oxygen is relatively

strong.56 Structure refinement of neutron diffraction data gives phase-specific information

about the location and the amount of the excess oxygen. Precise structural data obtained from

the structure refinement can further be used for the estimation of the oxidation state of each

ion with the bond-valence-sum (BVS) method.57,58

The present neutron powder diffraction (NPD) measurements of the Cu(Ba0.8Sr0.2)2(Yb1-xCax)

Cu2O6+z samples were carried out at the R2 reactor in Studsvik, Sweden.I The neutron powder

diffractometer consisting of a double Cu (220) monochromator system (λ = 1.470 Å) and 35
3He detectors spaced 4.00° apart from each other, was used for the precise structure

determination by scanning in steps of 0.08° over the 2θ range of 4.00-139.92°. The neutron

scattering lengths for the elements in the Cu(Ba0.8Sr0.2)2(Yb1-xCax)Cu2O6+z system are

collected in Table 1.56

Table 1. Neutron scattering lengths used in the refinements of the Cu(Ba0.8Sr0.2)2(Yb1-xCax)

Cu2O6+z samples.56

Element Cu Ba Sr Yb Ca O

Neutron scattering length [fm] 7.718 5.07 7.02 12.430 4.70 5.803
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2.2.1.1 Rietveld method for structure refinement

In the Rietveld method the entire diffraction profile, i.e. intensities of both diffraction peaks

and the background, are utilized for the structure refinement of powder diffraction data.59,60

The calculated powder diffraction pattern is compared point by point to the experimental

diffraction pattern and selected parameters defining the structural model and describing the

profile are adjusted by a least-squares method to give the best fit.59 The quantity minimized in

refinement is the residual sum

� −=
i

ciiiy yywS 2)( (1)

where wi is the corresponding weight, yi is the observed intensity at step i and yci is the

calculated intensity at step i.59 Each intensity value in a measurement can be calculated by

summing contributions of all Bragg reflections and background at step i as

� +−=
hkl

cbhklhklihklhklci IAPFLSy ))22Φ((
2 θθ (2)

where S is the scale factor,

Lhkl contains the Lorenz correction and multiplicity factors,

Fhkl is the structure factor,

Φ(2θi - 2θhkl) is the reflection profile function,

Phkl is the preferred orientation function,

A is an absorption factor and

Icb is the background intensity.

In the structure refinement, the powder diffraction pattern is calculated taking into account

instrument-related factors, i.e. the instrumental profile function, zero position, background,

wave length and sample holder, and the sample-related factors, which include atomic

coordinates, occupancies, temperature factors, lattice parameters, absorption and crystallite

size. The peak shape is usually fitted with a simple Gaussian function or with a pseudo-Voigt

function, which allows flexible variation of the Gaussian and Lorenzian character of the peak

shape.60 Several criteria can be used to describe the agreement between the measured and the

calculated powder diffraction patterns. The definitions of the commonly used agreement
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factors are shown in Table 2. Rwp is the most meaningful parameter because the numerator is

the residual which is minimized in the refinement while χ2 is considered a measure of the fit

and convergence.61

The present structure refinements were carried out using either the tetragonal P4/mmm or the

orthorhombic Pmmm space group for the triple perovskites of the Cu(Ba0.8Sr0.2)2(Yb1-xCax)

Cu2O6+z system.I The Rietveld program FullProf62 was used for the refinements. Starting

values for the cell parameters were taken from the X-ray refinement, and were refined

together with the total scaling factor, the zero position and the background as first parameters.

Atomic coordinates were first refined for the metal and then for the oxygen atoms. The same

starting values for the coordinates of all atoms were used throughout both sample series. The

shape of the peaks was refined using a Pseudo-Voigt function. Isotropic thermal displacement

parameters, initially set at 1.5 Å2, were refined for the metal atoms and for the oxygen atoms

with full occupancy. For the partially occupied O(1) site the temperature factor was fixed at

0.3 in order to obtain a reliable estimation of the amount of excess oxygen. Refinement of the

partial occupancies of the Q and A sites was found not to improve the fit and therefore the

occupancies were fixed to their nominal values. Scale factor and cell parameters were in some

cases refined for the impurity phase Yb2BaCuO5 but the contribution was less than 1 % and

was thus not taken into account in the final refinements.I

Table 2. Definitions of the most commonly used agreement factors (%) in the Rietveld

refinement.61 N is the number of data points in the experimental powder diffraction profile

and P is the number of parameters in the refinement.
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2.2.1.2 Bond-valence-sum method

The bond-valence-sum rule developed by Brown and Altermatt57,58 describes the correlation

between the bond length and the bond valence. The bond valence sij of an i-j bond is

calculated from an empirically determined parameter 0
ijR , specific for each i-j pair, and from

the experimental bond length Rij (in Å) as

sij = exp[(Rij
0 - Rij)/0.37] . (3)

Summing over the bond valences from all the nearest-neighbouring counter ions j gives the

bond-valence sum of an ion i as

Vi = ±�
j

ijs . (4)

The calculated bond-valence sum Vi reflects the oxidation state of ion i and is usually given as

a positive value for the metal atoms and as a negative value for the oxygen atoms. The 0
ijR

value depends on the oxidation states of the i and j ions and is best obtained for an ion with an

intermediate oxidation state by iterating63 between the limit values tabulated by Brown and

Altermatt.57

The BVS method allows for an estimation of the oxidation state of an ion based on the

structural environment, i.e. the coordination sphere and the nearest-neighbouring atoms. BVS

calculations can also be used for indicating tensile or compressive strain directed to an atom

in a structure and further, for estimating compatibility of structural layers, e.g. in layered

perovskite-type structures. Structural strains are indicative of the tendency of a structure to

bind more oxygen or to release an oxygen atom since the strain can be discharged by changes

in bond lengths.58

In the study of cuprate superconductors the BVS method has been of valuable use since it

provides a tool to estimate the oxidation state of copper in different crystallographical

positions based on the bond lengths calculated from the results of neutron diffraction

refinement.58,63,64 The appearance of superconductivity is often related to high-valent copper

in the superconductive CuO2 planes but the positive holes may also reside on oxygen or be
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smoothly distributed in the metal-oxygen bond. Thus, to estimate the concentration of positive

holes in the CuO2 planes it is preferable to consider the bond-valence sums of both copper and

oxygen atoms of the plane and sum them as6,63

p(CuO2) = VCu(2) + VO(2) + VO(3) + 2 . (5)

2.2.2 O K-edge and Cu L2,3-edge XANES spectroscopy

The energy region just below an absorption edge in the X-ray absorption spectrum contains

information about the excitations of the inner-core electrons to the empty states in outer

orbitals. In the XANES technique this pre-edge absorption region is used to extract

information on the local electronic structure of individual atoms in the structure. XANES has

shown to be a valuable method for the investigation of the concentration of unoccupied states

at the copper and oxygen sites in superconductive copper-oxide structures.35,36 This was

successfully demonstrated by Nücker et al.35 who showed that the multiple pre-edge peaks in

the O K-edge spectrum of the CuBa2YCu2O6+z structure originate from the different binding

energies of O 1s levels of the unequivalent oxygen sites. In the XANES studies of mixed

copper oxides, the absorption spectra on Cu L2,3- and O K-edges are most commonly analyzed

but some Cu K-edge XANES studies have also been reported.42,43 Quantitative information

about the distribution of positive holes in the CuA2QCu2O6+z triple perovskite can be obtained

by O K-edge XANES.II In the present work, the Cu L2,3-edge and O K-edge XANES results of

the Cu(Ba0.8Sr0.2)2(Yb1-xCax)Cu2O6+z system are compared to the results obtained by the bond-

valence sum calculations based on neutron diffraction data.I,II The analysis of the XANES

spectra was performed in a way parallel to that reported in Refs. 35-41.

The O K-edge and Cu L2,3-edge XANES measurements were carried out on the 6-m High-

Energy Spherical Grating Monochromator beam-line at Synchrotron Radiation Research

Center in Hsinchu, Taiwan. Details of the experiments are given in Publication II.
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Interpretation of the O K-edge and Cu L2,3-edge spectra

The O K-edge spectrum is obtained in the energy range of about 525-555 eV where the

transition of the O 1s core electrons to holes with 2p character occurs below about 532 eV.39

When the crystal structure of the studied material is known, the differences in the binding

energies of electrons can be estimated using local-density-approximation (LDA) band-

structure calculations.35,65 In the CuA2QCu2O6+z triple perovskite the relative O 1s binding

energies are highest for O(2) and decrease relative to O(2) by 0.1 – 0.7 eV in the order O(3),

O(1) and O(4) (see Figure 1a for the notation of atomic sites).35 In practice, the contributions

of the in-plane oxygen atoms O(2) and O(3) are superimposed as well as the contributions of

O(1) and O(4). Intensities of these two peaks, obtained by fitting Gaussian functions to each

spectrum, are supposed to reflect the hole concentrations in the CuOz chain and the two CuO2

planes.

The Cu L2,3-edge spectrum is obtained in the energy range of about 925-960 eV. The L3 peaks

have higher intensities than the L2 peaks and consequently the L3 peaks were used in the

analysis. The contribution from divalent copper is seen at 931 eV whereas the absorption peak

at 934 eV results from monovalent copper. Trivalent copper is seen as a shoulder on the high-

energy side of the peak at 931 eV. In the present analyses, Cu L2,3-edge XANES was mainly

used for qualitative examination of the changes in the copper oxidation state in the Ca-

substitution and O-doping sample series of the Cu(Ba0.8Sr0.2)2(Yb1-xCax)Cu2O6+z system.II

2.2.3 57Fe Mössbauer spectroscopy

Mössbauer spectroscopy is based on emission and absorption of recoilless γ radiation by a

Mössbauer active nucleus, e.g. 57Fe.44 It provides information on the local environment of the

Mössbauer active nucleus in the structure since the energy levels of a nucleus depend on the

surrounding lattice. The changes in the interaction between the nucleus and its environment

are seen as small changes in the energies absorbed by the nucleus. The types of interaction are

i) chemical interaction, ii) electric quadrupole interaction and iii) magnetic hyperfine

interaction. As a consequence of a change in the binding or oxidation state of the nucleus, the

chemical interaction is changed and the peak positions are shifted in the spectrum.

Quadrupole interaction is related to the symmetry of the nucleus and therefore is indicative of

the coordination of the nucleus. Interaction between the magnetic moment of the nucleus and
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the external magnetic field effective at the nucleus is seen as splitting of the energy states

which thus provides information on magnetic ordering of the material.44

Among the elements having a Mössbauer active nucleus, 57Fe and 151Eu are the most widely

utilized in studying superconductive and related perovskite oxides.44-49 The usefulness of

Mössbauer spectroscopy is due to the possibility of substituting a cation in a superconductive

structure by a Mössbauer active nucleus, e.g. 57Fe-for-Cu substitution, which thereby allows

the analysis of the environment of the cation position. If iron is present in different

crystallographical positions, the proportion of each can be determined by analyzing the

intensity of each spectral component. In the present work, 57Fe Mössbauer spectroscopy was

utilized in studying the oxidation states of Fe and Cu in the normal- and high-pressure heat-

treated BaRE(Fe0.5Cu0.5)2O5+δ double perovskite with varying RE and δ.VII
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3. MULTIVARIATE DATA ANALYSIS

The crystallographic fine structure of superconductive copper oxides determines the amount

of positive holes in the CuO2 planes and the charge distribution over the unit cell which are

factors strongly believed to define the superconductivity properties. The fine structure can be

described by several structural variables, such as metal-oxygen bond lengths, cation-cation

distances and bond angles, all of which are strongly correlated to each other. Consequently,

the appearance of superconductivity can be considered a multivariate problem.

Multivariate problems can be approached by so-called projection methods which allow both

qualitative and quantitative examination of correlations between variables. The “principal

component analysis” (PCA) method provides us with a qualitative means of examining

correlations in a multivariate data set containing N observations and K variables.66 “Principal

components” (PC) are linear combinations of the initial variables and the first PC is the line

which best approximates the group of data points. The second PC is orthogonal to the first PC

and is determined to improve the approximation of the data variation as much as possible.

Two PCs define a plane which can be considered a window into the K-dimensional space and,

by projecting all the points onto the plane, the structure of the original data set is visualized in

two dimensions. PC analysis can be used for searching trends, outliers, dominating variables,

groups and clusters among the data. The “Projections to Latent Structures by means of partial

least squares” (PLS) method is an extension of the PC analysis and is used when information

on the dependence between x and y variables is desired. The relative importance of each

variable on a selected y can be evaluated and furthermore, quantitative prediction of y is

possible for a new observation. A detailed description of PCA and PLS is found in Ref. 66.

In the present work, PCA was used for the qualitative evaluation of relations between

structural variables (such as the metal-oxygen bond lengths, bond angles and oxygen content

z) and the Tc, of MA2QCu2O6+z phases with various compositions.III The data were adopted

from a number of neutron diffraction studies published for these phases. The results are

discussed together with the neutron diffraction refinement results of the Cu(Ba0.8Sr0.2)2(Yb1-x

Cax)Cu2O6+z system in Chapter 4.2. Quantitative modeling of the value of Tc in the

CuA2QCu2O6+z system was performed by PLS.III
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4. CONTROL OF CHARGE DISTRIBUTION IN CuA2QCu2O6+z

TRIPLE PEROVSKITES

4.1 Principles of hole-doping routes

In layered structures, the concentration of positive or negative carriers within each layer can

be estimated by summing the bond-valence sums of cations and anions of the layer as in

Equation (5). When considering the ways of controlling the carrier concentration within one

layer, the in-plane bonds are found to counteract as an anion and a cation bonded to each

other get the same bond-valence values with opposite signs.67 Based on this fact, the carrier

concentration of each layer can only be affected by changing the off-plane bonds with

stoichiometry modifications. In superconductive copper oxides with a two-CuO2-plane unit

cell, the positive holes can be produced by three different mechanisms, i.e. by shortening the

Cu(2)-O(4) bond or by lengthening the effective A-O(2,3) or Q-O(2,3) distance (Figure 3).67,68

In the effective A/Q-O distance not only the bond length but also the corresponding R0 value is

taken into account, which means that both the oxidation state and the size of the A/Q

substitute are considered. These three different ways, which were defined as hole-doping

routes Π(1), Π(2) and Π(3), respectively, may work either individually or simultaneously in a

structure.67,68 Thus, the hole concentration of a CuO2 plane, defined in Equation (5), can be

expressed by individual bond valences as67

p(CuO2) = sCu(2)-O(4) + 4sCu(2)-O(2,3) – 2(2sCu(2)-O(2,3) + 2sA-O(2,3) + 2sQ-O(2,3)) + 2

= sCu(2)-O(4) – 4sA-O(2,3) – 4sQ-O(2,3) + 2 (6)

Note that, for an orthorhombic unit cell O(2) and O(3) are different. The net hole

concentration value p(CuO2) can be divided to partial hole concentrations Π(1), Π(2) and

Π(3) as67

p(CuO2) = Π(1) + Π(2) + Π(3) (7)

Π(1) = sCu(2)-O(4) (8)

Π(2) = -4sA-O(2,3) + 1 (9)

Π(3) = -4sQ-O(2,3) + 1. (10)
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The Π values have no meaning as absolute values but they provide us with a means of

examining quantitatively the contribution of each hole-doping route on the total hole doping.

For studying the functioning of hole-doping routes, the Cu(Ba0.8Sr0.2)2(Yb1-xCax)Cu2O6+z

triple-perovskite system was found advantageous since hole doping by different routes is

achieved in the same structure by modifying either the oxygen or cation stoichiometry.69

Without calcium substitution (i.e. x = 0), the Cu(Ba0.8Sr0.2)2(Yb1-xCax)Cu2O6+z structure

becomes superconductive when z exceeds 0.45 and the Tc reaches the maximum value of 82 K

near z ≈ 1. In the structure with no excess oxygen (i.e. z = 0) substitution of Yb by Ca leads to

superconductivity when x exceeds 0.2, thus leaving a wide superconductive region 0.2 ≤ x ≤

0.35 for investigation.69 In this substitution range, the Tc value increases to 43 K when x

reaches 0.35. In the CuBa2(Y1-xCax)Cu2O6+z system, examination of the hole-doping routes is

more limited due to the narrow solid-solubility range of Ca for Y (0 ≤ x ≤ 0.2).70-72 It should

be noted that, for the superconductive copper-oxide structures with more than two CuO2

planes the hole doping routes for the outer and inner planes are different as described in Ref 6.

Figure 3. Hole-doping routes Π(1), Π(2) and Π(3) into a CuO2 plane of CuA2QCu2O6+z.
69
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4.2 Structural changes in CuA2QCu2O6+z via oxygen doping and Ca substitution

According to the neutron diffraction refinements of the Cu(Ba0.8Sr0.2)2YbCu2O6+z samples

with oxygen contents 0< z < 1, incorporation of oxygen into the CuOz chain results in a shift

of apical oxygen O(4) towards the CuO2 plane (route Π(1)) and Ba/Sr away from the in-plane

oxygen atoms O(2) and O(3) (route Π(2)) as the oxidation proceeds.I As expected, the

mechanism is similar to that found in the early studies of the CuBa2YCu2O6+z system.3,48 The

finding is further in accordance with the result of the present principal component analysis of

the CuA2QCu2O6+z structure with various compositions which showed strong correlation

among the oxygen content z, the Tc and the distances A-O(2), A-O(3) and Cu(2)-O(4).III

Substitution of trivalent Yb by divalent Ca in the Cu(Ba0.8Sr0.2)2(Yb1-xCax)Cu2O6+z series (z ≈

0) increases the hole concentration in the CuO2 plane by lengthening the effective (Yb,Ca)-

O(2,3) bond according to route Π(3).I In the principal component analysis, the effects of

Ca(II)-for-RE(III) substitution at the Q site are explained mainly by the parameter VQ (V(Q)

in Publication III) which is the average valence of the Q cation. VQ has a negative correlation

with the Tc, while the Q-O(2,3) bond length, which increases not only with Ca substitution but

also with the size of the trivalent Q cation, does not directly correlate with the Tc.
III

4.3 Distribution of holes in the Cu(Ba0.8Sr0.2)2(Yb,Ca)Cu2O6+z lattice

Based on the bond-valence-sum calculations and XANES measurements, the holes created by

oxygen doping and calcium substitution are distributed in a different way between the CuO2

plane in the CuO2-Yb/Ca-CuO2 block and the CuOz chain.I,II Hole doping by oxygen oxidizes

mostly the CuOz chain and directs only a part of the holes to the CuO2 plane as judged from

the Cu L2,3-edge XANES spectrum (Figure 2 in Publication II). Calcium substitution increases

the amount of holes in the CuO2 plane with an efficiency higher than that of oxygen doping

which is explained by the location of calcium between the two CuO2 planes apart from the

CuOz chain. However, the CuOz chain is also to some extent oxidized by Ca substitution as

judged from the changes in the p(CuO2) values (∆p(CuO2) values obtained from neutron

diffraction refinements and O K-edge XANES measurements in Publications I and II) which

are smaller than the values calculated from the chemically analyzed oxygen content.I,II
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The Tc is more efficiently increased as a function of ∆p(CuO2) when the holes are doped by

Ca substitution than by O doping. Furthermore, the two different hole-doping routes result in

different relations between ∆p(CuO2) or Tc and the in-plane Cu-O bond. This is an indication

of other important factors in determining the Tc besides the hole concentration of the CuO2

plane. One possible factor could be the distribution of holes in the Cu-O bond.73 From the R0

values of Cu(+III)-O(-II) (R0 = 1.73 Å) and Cu(+II)-O(-I) (R0 = 1.59 Å) bonds57 it is

concluded that the shorter the Cu-O bond is the smaller the R0 value should be and the more

the bond would have Cu(+II)-O(-I) character.67,68 At a certain ∆p(CuO2) value the in-plane

Cu-O bond was found to be shorter in the Ca-substituted samples than in the O-doped

samples.I Another possible meaningful parameter for the superconductivity properties may be

buckling of the CuO2 plane which was found to diminish by Ca substitution and to increase

by O doping. The principal component analysis of the literature data on the CuA2QCu2O6+z

phases showed negative correlation between the Tc and the flatness of the CuO2 plane.III

4.4 Quantitative modeling of Tc and the fine structure of CuA2QCu2O6+z

Structure-property relations modeling by PLS has so far been applied mainly to organic

compounds, see e.g. Refs 74-77, but the method was found to be feasible for modeling

structure-property relations of inorganic oxide structures as well.III Extending the multivariate

data set to cover structural data and the values of different superconductivity properties of a

variety of superconductive copper-oxide structures could allow evaluation of the structural

parameters of the overall optimum superconductive compound. As the present study

demonstrates, the data collected with different neutron diffraction instruments and analyzed

by different research groups can be treated as a single data set. The possibility of using all

available structural data in multivariate modeling is a prerequisite to creating a structure-

property model for a large group of compounds.III

In general, the predictive power of a PLS model is determined by three factors, i.e. by the

choice of the variables and the training set, and by the accuracy of the data used for training

the model. In the present study, the Tc values for the under-doped CuA2QCu2O6+z samples are

well predicted by the PLS model obtained but the values predicted for the over-doped samples

are not reliable (Figure 4). This is quite understandable, since the Tc cannot be explained just

by the crystallographical variables used in the present analysis. Consequently, the fully-
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oxygenated Ca(II)-for-Q(III) substituted samples were clearly recognized over-doped with the

predicted Tc values higher than the observed ones. Some inaccuracy in the modeling may be

due to inexactness in the oxygen content values reported in different studies since the amount

of excess oxygen in the structure is the most crucial variable affecting the value of Tc. The Tc

values reported may also contain some variation depending on the measurement technique

used. Furthermore, an important factor to be considered in the future studies is how to treat

the data of compositionally different non-superconductive samples for which the Tc value was

set at 0 K in the present analysis.III
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Figure 4. Predicting Tc of CuA2QCu2O6+z superconductors with a PLS model.III



30

5. CONTROL OF CHARGE DISTRIBUTION IN BaRE(Fe,Cu)2O5+δδδδ
DOUBLE PEROVSKITES

The double perovskites in the BaRE(Fe1-xCux)2O5+δ system have been a subject of research

due to their electrical and magnetic properties which can be controlled by changing the Fe-to-

Cu ratio and the oxygen stoichiometry. The iron-free phase would resemble closely the

superconductive copper oxide structures and has been predicted to be superconductive with

suitable tailoring.7 The double-perovskite structure is more isotropic than the complicated

layer structures of copper oxide superconductors which would be beneficial from the point of

view of practical applications of high-Tc superconductivity. However, the oxygen excess in

the RE layer in between the basal planes of the (Fe,Cu)O5 pyramids would most probably

destroy the superconductive properties and it has also been shown to weaken the

magnetoresistive effect observed in the Cu-free phase.7

5.1 Formation of BaRE(Fe,Cu)2O5+δδδδ double perovskites

In the BaRE(Fe,Cu)2O5+δ system, only the BaRE(Fe0.5Cu0.5)2O5+δ stoichiometry leads to the

formation of a double-perovskite structure under ambient conditions. According to the latest

neutron and electron diffraction studies of BaRE(Fe0.5Cu0.5)2O5+δ, iron and copper are

disordered within the (Fe,Cu)O2 planes and the tetragonal structure possesses the space group

P4/mmm.78-81 However, the atomic positions of Fe and Cu are slightly different since the

position of Fe is shifted towards the apical oxygen while Cu is located on the basal plane of

the (Fe,Cu)O5 pyramid.78 Consequently, a CuO5 pyramid is connected to a FeO5 pyramid via

the apical oxygen over the BaO layer. On the other hand, the two pyramids facing each other

over the RE layer may contain any combination of Fe and Cu (Fe-Fe, Fe-Cu or Cu-Cu). From

the rare earths, only scandium, lanthanum and cerium were found not to form the double-

perovskite structure with the BaRE(Fe0.5Cu0.5)2O5+δ stoichiometry.IV-VI

Difficulties in synthesising BaRE(Fe1-xCux)2O5+δ double perovskites with x ≠ 0.5 are due to

the redox and coordination characteristics of iron and copper.7,13 Divalent iron in square

pyramidal coordination is stabilized under reducing conditions only, while formation of

trivalent copper requires high external pressure. The iron-rich BaSm(Fe1-xCux)2O5+δ double

perovskites with x = 0, 0.05, 0.1 and 0.4 have been synthesized with the so-called
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encapsulation technique in which the oxygen partial pressure is controlled with a metal

getter.14 Recently, the totally Cu-free double perovskite has been synthesized in reducing

conditions also with other rare earths.13,82 The BaREFe2O5+δ samples with δ ≈ 0 accommodate

oxygen when kept in air since divalent iron tends to be oxidized. Furthermore, the range of

oxygen content variation is wide due to the possibility of iron to get oxidized to oxidation

states higher than +III in the structure. The structure is either tetragonal P4/mmm or distorted

to orthorhombic Pmmm except with the δ = 0.5 stoichiometry which leads to ordering of

oxygen and the space group Pmna.13

The formation of copper-rich double perovskites is limited by the strong preference of copper

to occur as divalent rather than trivalent in the square pyramidal coordination. In the

hypothetic iron-free “BaRECu2O5.0“ double perovskite, copper would have an average

oxidation number of +2.5 which is higher than usually observed for copper in the square

pyramidal coordination.6 Thus, a charge-compensating substitution of divalent Ba by trivalent

La is necessary to increase the relative amount of Cu from 50 %, and to tune the copper

oxidation state in the square pyramids of the structure.23 However, attempts to substitute

La(III)-for-Ba(II) or Ca(II)-for-RE(III) in the BaRE(Fe,Cu)2O5+δ double perovskite have so far

been of limited success due to the formation of impurity phases in the synthesis.83

Since the square pyramidal coordination is favorable for Cu(II), Fe(III), Co(II) and Co(III),

the BaREB2O5 double perovskite is readily formed with combinations of these cations as long

as the average oxidation state of the B site is at least +2.5. The range of oxygen content

variation depends on the type of the B-site metal and the size of RE. Like high-valent iron in

BaRE(Fe0.5Cu0.5)2O5+δ, high-valent cobalt in BaRECo2O5+δ double perovskites has proven to

be formed only in the structures with a large-sized RE, i.e. Nd an Pr15, whereas manganese

may exist as Mn(II), Mn(III) and Mn(IV) even in BaYMn2O5+δ.
19 The formation of a simple

perovskite structure is favoured with stoichiometries of Ba0.5La0.5Fe0.5Co0.5O3-w and

Ba0.5La0.5MnO3-w but annealing these perovskites under reducing conditions has been found to

lead to the ordering of La and Ba and to the formation of a double-perovskite structure.12,18
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5.2 Normal- and high-pressure treatment of BaRE(Fe0.5Cu0.5)2O5+δδδδ double perovskites

Under normal pressure, the stabilization of an excess oxygen atom in the RE layer of

BaRE(Fe0.5Cu0.5)2O5+δ double perovskites is possible in the structures with RE = Nd or Pr

only.IV,V Heat treatment under an ultra-high pressure of 5 GPa stabilizes the excess oxygen (δ

= 0.05 ∼ 0.20) also in the structures with smaller-sized REs (Figure 5). The excess oxygen

content can be tuned continuously by heat treatments under a deoxidative atmosphere. The

oxygen evolution characteristics are similar to those observed for the CuBa2RECu2O6+z triple

perovskite, even though the chemical environment of the excess oxygen atom in the two

structures is different. The distribution of the “total oxidation” between copper and iron in

BaRE(Fe0.5Cu0.5)2O5+δ was determined by comparing the changes in the 57Fe Mössbauer

spectra to those observed in the chemically analyzed oxygen content values. In the normal-

pressure oxygenation of BaRE(Fe0.5Cu0.5)2O5+δ (RE = Nd, Pr), the excess oxygen atom enters

the position between two FeO5 pyramids (Fe-Fe) or a FeO5 and a CuO5 pyramid (Fe-Cu)

whereas high-pressure heat treatment directs the excess oxygen atom with equal probability to

the positions between Fe-Fe, Fe-Cu and Cu-Cu. Consequently, in the normal-pressure

oxygenation iron is oxidized to higher oxidation states while under high pressure part of

copper is oxidized to the trivalent state as well.VII

0
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0.2

0.3

0.4

0.977 0.985 1.019 1.066 1.079 1.109 1.126

Ionic radius of RE / Å

high pressure

normal pressure

Figure 5. Oxygen stoichiometry variations in the BaRE(Fe0.5Cu0.5)2O5+δ series upon normal-

pressure and high-pressure heat treatments.V

δ
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Magnetic properties of BaRE(Fe0.5Cu0.5)2O5+δ double perovskites are greatly affected by the

oxidation states of iron and copper. The stoichiometric BaRE(Fe0.5Cu0.5)2O5 is

antiferromagnetic, independent of the RE constituent, while the normal-pressure oxygenated

structures (RE = Nd or Pr) are paramagnetic at room temperature.VIII In the samples

synthesized under normal pressure, the Néel temperature decreases with increasing amount of

excess oxygen in the lattice. Besides the antiferromagnetic-to-paramagnetic transition, a weak

spontaneous magnetization at T2 was observed, which is probably due to reordering of iron

magnetic moments in the direction of the c axis.VIII,24 The complex ordering results from

slightly different positions of copper and iron within the (Fe,Cu)O2 plane which prevents

ordering of the magnetic moments parallel to the c axis. Similar ordering has also been found

in the BaRE(Co1-xCux)2O5 double perovskites (0.38 < x < 0.5).84 The high-pressure heat-

treated BaRE(Fe0.5Cu0.5)2O5+δ double perovskites are antiferromagnetic at room temperature

although the oxygen content is higher than in the samples oxygenated under normal

pressure.VIII This supports the finding that under high pressure, copper accepts part of the

oxidation and the antiferromagnetic coupling of high-spin trivalent iron spins is less affected

by the excess oxygen. Furthermore, no magnetic transition at T2 was found to occur in the

high-pressure heat treated BaY(Fe0.5Cu0.5)2O5+δ. This was proposed to be due to iron and

copper positions becoming identical as the high-pressure treatment directs excess oxygen to

the coordination sphere of copper as well.VIII,24
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6. CONCLUSIONS

Understanding the relationship between the fine structure and charge distribution is required

for controlling material properties and tailoring new materials with perovskite-type structures.

In the present work, a systematic approach was taken to evaluate the different ways of tuning

the oxidation states of iron and copper in distinct atomic sites in the CuA2RECu2O6+z triple-

perovskite and the BaRE(Fe0.5Cu0.5)2O5+δ double-perovskite structures. In conclusion, control

of the transition metal oxidation states is achieved i) by tuning the oxygen stoichiometry, ii)

by making cation substitutions and/or iii) by applying external pressure in the synthesis.

The present work demonstrates how the information obtained by different methods of analysis

can be combined to determine the charge distribution over the unit cell of layered multi-metal

oxides. Coulometric titration was applied for the analysis of the "total average oxidation" of

iron and/or copper in the structures while the distribution of charge between unequivalent

transition metal sites was determined by site-specific methods such as neutron diffraction, Cu

L2,3- and O K-edge XANES and 57Fe Mössbauer spectroscopy. The different methods used in

the present work are summarized in Figure 6.

Figure 6. Methods used for the determination of iron and copper oxidation states in the

CuA2RECu2O6+z triple perovskite and the BaRE(Fe0.5Cu0.5)2O5+δ double perovskite. The

arrows point to the location of the excess oxygen atom and the transition metal atoms sharing

the positive holes in the structures.
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XANES results of the charge distribution in the CuO2 plane and in the CuOz chain of the

Ca(II)-for-Yb(III) substituted and O-doped Cu(Ba0.8Sr0.2)2(Yb1-xCax)Cu2O6+z triple perovskites

were in good agreement with the bond-valence-sum calculations based on neutron diffraction

refinement. In the CuA2RECu2O6+z triple perovskite, the two ways of doping have a different

effect on the fine structure, and consequently the distribution of positive holes between the

two copper positions of the unit cell becomes different. In the BaRE(Fe0.5Cu0.5)2O5+δ double

perovskite, oxygen doping by normal-pressure oxygenation oxidizes iron only, while after

high-pressure heat treatment both iron and copper are oxidized, as judged from the results of
57Fe Mössbauer spectroscopy. Multivariate data analysis was applied for the first time to

illustrate correlations between fine structure and properties of oxide materials.
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