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Abstract 

This PhD thesis presents investigations of perovskite-related compounds in sys-

tems of interest for applications in components in solid oxide fuel cells. The com-

pound compositions derive from substitutions in the parent compounds LaCoO3, 

LaCrO3 and SrFeO3.  

Novel phases La2Co1+z(MgxTi1-x)1-zO6 were synthesized and investigated with re-

gard to structure, thermal expansion, electronic and magnetic properties. The study 

focused on the composition lines La2Co(MgxTi1-x)O6 (z=0), where the oxidation 

state of Co nominally changes from +2 (x=0.0) to +3 (x=0.5), and 

La2Co1+z(Mg0.5Ti0.5)1-zO6, with a varying fraction of Co
3+

 ions. XANES data show 

that the Co ions in the system have discrete oxidation states of +2 and +3. The TEC 

increases with increasing x due to an increasing contribution from spin state transi-

tions of the Co
3+

 ions. Novel compounds La2Cr(M2/3Nb1/3)O6 with M=Mg, Ni, Cu 

were synthesized and characterized with respect to structure and magnetic proper-

ties. XRPD and NPD data indicate Pbnm symmetry; however, SAED patterns and 

HREM images indicate a P21/n symmetry for M=Mg, and Cu. The magnetic meas-

urements results were rationalized using the Goodenough-Kanamori rules.  

Oxygen-deficient phases with x≥0.63 in SrxY1-xFeO3-δ and Sr0.75Y0.25Fe1-yMyO3-δ 

(M=Cr, Mn, Ni and y=0.2, 0.33, 0.5), were synthesized and characterized with re-

spect to structure, oxygen content, thermogravimetry, TEC, conductivity and mag-

netic properties. Powder patterns of phases agree with cubic mPm3  perovskite struc-

tures. NPD data for x=0.75 reveal anisotropic displacement for the O atom, related 

to local effects from Fe
3+

/Fe
4+

 ions. SAED patterns for x=0.75 reveal the presence of 

an incommensurate modulation. The compounds start to lose oxygen in air at ~ 

400°C. The TEC up to ~400°C for x=0.75 is ~10.5 ppm/K and increase to ~17.5 

ppm/K at higher temperatures. The conductivity for x=0.91 is 164 S/cm at 400°C. 

Partial substitution of Fe by Cr, Mn or Ni does not increase the conductivity or de-

crease TEC. 

 

Key words: Perovskite, XANES, XRPD, NPD, TEC, TEM, SEM, TGA, SAED, 

HREM, thermal expansion, Seebeck coefficient, electronic conductivity, SOFC ma-

terials, magnetic susceptibility 
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Introduction 

The driving force… 

 

Imagine a world fifty years from now… a world where cars are driven by 

hydrogen produced from solar energy and water. A world where the air is 

clean from particulate matter and toxic fumes from vehicles. A world where 

all the energy and the materials used are produced and recycled in a sustain-

able and clean way. This utopic picture of the future is probably several dec-

ades away for the developed countries and even further away for the rest of 

the world. It is therefore necessary to improve today’s technology with dis-

coveries that take the science and technology a big step forward in order to 

accelerate the process. Historically, many  discoveries such as the supercon-

ducting pnictides
1
, Teflon

®2
, vulcanized rubber

3
 and the cuprate supercon-

ductors
4
 have all been found primarily by chance. However, as a recent ex-

ample of an accidental discovery, the new blue pigments in the YIn1-

xMnxO3
5,6

 -system were found by investigating the solid solution for interest-

ing electronic properties. The discovery was made without the anticipation to 

discover the first, new and highly stable inorganic blue pigment in more than 

200 years since the discovery of cobalt blue.
7
 The knowledge from the dis-

covery was used to find other compositions with the same structure type and 

produce green, yellow, orange and red colors through careful control of the 

composition.
8,9

 The new pigments have become a big success and are now 

being investigated further by several large companies in order to commer-

cialize them. The discovery is therefore a very good example of why the 

systematic studies of different chemical systems are necessary in order to 

find correlations between composition, structure and properties that can be 

transferred to different areas of usage.  

Although numerous binary AOx and ternary ABOx oxide systems where 

A and B are two different cations have been studied throughout the years, 

plenty of work still remains, both to find new applications for old materials 

and to find new materials for current and new technologies based on more 

complex interplay between the composition, structure and properties in quar-

ternary and higher order systems. Especially for complex systems where 

simplified theories for magnetic interactions, conductivity, catalysis and 
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ionic conductivity stop working, additional investigations are necessary. At 

this point in time, predictions through computational simulations are still 

neither accurate enough nor fast enough to predict the structure and proper-

ties from only an initial input of the composition for complex systems. Thus, 

systematic investigations of compositional variations in, e.g., perovskite-

related systems, to understand the more complex compositions, are an essen-

tial first step. One of the goals will be to improve the computational models 

in order to find new materials with desired properties more efficiently in the 

future. One example of an idealized process of research can be simplified to 

the flow chart in Fig. 1. In Fig. 1, synthesis of new materials based on the 

initial research goals are complemented by the measurement of the proper-

ties in order to improve the computational models that are used to predict 

new materials. However, apart from the exploratory research that is driven 

by curiosity to explain different phenomena or to find new ones, most re-

search is often application driven and that type of research is mainly driven 

by the need to solve specific problems, e.g., increase efficiency, lower the 

price and decrease the impact on the environment. 

 

 

Fig. 1 An example of a flowchart that illustrates one type of an idealized process 
for finding new and improved materials.  
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Oxides in general 

Oxides are more or less present everywhere where oxygen is available 

nearby a surface of a material. Taking a look at the different electrochemical 

redox potentials for metals
10

, the oxygen reduction potential is higher than 

the oxidation potential for most of them. This implies that at room tempera-

ture and in air atmosphere, most metals below the reduction potential of 

oxygen will eventually form a thin layer of its corresponding oxide due to 

oxidation. This thin layer of oxide introduces property changes at the sur-

face, e.g., an insulating barrier, corrosion resistance, color changes, changes 

in surface magnetic properties, etc. Although oxides are a natural part of our 

lives, many technological applications are strongly dependent on oxide ma-

terials, e.g.,  photocatalysts
11,12

, electrochromic glasses
13

, fuel cells and bat-

teries
14

, gas separation membranes
15

 and catalysts for oxidation of hydrocar-

bons to alcohols
16

. The wide range of properties in transition metal oxides 

originates from the inherent properties of the electrons in their nd-orbitals. 

Depending on the electronic configuration and the neighboring atoms, the 

nd-electrons can give rise to an oxide that behaves either as a magnet, metal, 

insulator or something in between. 

 Many oxides, e.g., TiO2, Nb2O5 and Ta2O5 are stable in a wide range of 

temperatures and partial pressures of oxygen. However, the relative stability 

between the metal-oxides differ depending on the properties of the metal 

ions inside the structure, e.g., transition metal ions with variable oxidation 

states in an oxide can adjust to reducing atmospheres by releasing oxygen 

and hence decrease their oxidation states. Due to these tunable properties of 

oxide materials, a large variety of properties can be obtained and many more 

are still to be found in the future. 

Perovskites 

Among all the different structure types, the perovskite structure, named 

after the Russian mineralogist Lev A. Perovski
17

, has, since its discovery in 

1839 by Gustav Rose, been found to be one of the most versatile structures 

for the development of technologically very important applications, e.g., 

catalysts
18

, batteries
19

, thermoelectrics
20,21

, dielectrics
22

, superconductors
23

 

and colossal magnetoresistance (CMR) 
24

 devices. The unique ability of per-

ovskite-type structures to accommodate most of the elements in the periodic 

table makes them useful for many different types of studies.
25

 These are in-

vestigations into how different properties vary with composition. The com-

monly investigated parameters include structural changes, magnetic proper-

ties, electronic and ionic transport, in most cases to further develop today’s 

advanced technology. The following sections describe some general and 

important properties of perovskites relevant for this thesis. 
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1. Crystal structure 

The ideal ABX3 perovskite structure, (see Fig. 2a) with oxygen as the ani-

on, is composed of cubic close packed layers of AO3 (see Fig. 2b) along the 

[111] direction in the cubic unit cell. The larger A cation (usually an lantha-

noid, alkaline earth, or alkaline element) is coordinated by 12 oxygen ions. 

The smaller B cation (usually a transition metal, or s/p-block element) is 

positioned in the octahedral interstices formed by the oxygen-ions.  

 

 

Fig. 2 Illustrations of a) the simple cubic perovskite structure and b) the metal 
(B)/oxygen(O) layers with the A cation in cubic close packed ABO3 layers. 

 
As mentioned above, the large flexibility of the perovskite structure 

makes it ideal for systematic substitutions of the different ions in the struc-

ture. The most common substitutions are those of the A- and/or B-site cati-

ons by other cations of different charge, size and electronic structure. The 

ideal cubic perovskite structure ( mPm3 ) can therefore be tuned relatively 

easy if the difference in the ionic radius between the ions on the same site 

are kept below ~10-15%.
26

  

Structural changes upon substitution on the A-site, assuming rigid BO6 

octahedra, can be illustrated by the substitution of Sr
2+

 ions in SrTiO3 with 

the smaller Ca
2+

 ions (see Fig. 3a and b respectively).  
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Fig. 3 Illustration of the simple cubic perovskite unit along one of the main unit cell 
axes in a) an ideal cubic perovskite with a larger A-site cation and b) a smaller A-
site cation. 

The example illustrates how the perovskite structure adapts to changes in 

the ratio between the ionic radii of the A and B cations. The resulting tilt of 

the BO6 -octahedra is mainly a result of a minimization of electrostatic ion-

ion interactions. By treating the A and B site ions as hard spheres with dif-

ferent ionic radii, it is possible to estimate the distortion of the perovskite 

structure from the ideal cubic mPm3  symmetry.  

Goldschmidt
27

 recognized that if the B-O distance is twice the unit cell 

edge, ap and if twice the A-O distance equals the face diagonal of the unit 

cell, perfect cubic close packing would be obtained. The relationship was 

quantified in the form of  

 OB

OA

RR

RR
t






2
          ( 1 ) 

where t is now commonly known as the Goldschmidt tolerance factor. For 

more complex compositions with several different A/B cations on each site, 

the weighted cationic radii are used. It has been found that the perovskite 

structure is formed for compounds with 0.78 < t < 1.05.
28

 The tolerance fac-

tor can therefore be used to estimate the expected amount of octahedral tilt. 

For an ideal cubic perovskite the tolerance factor should be equal to 1. How-

ever, the cubic symmetry is also found for perovskites with t-values slightly 

deviating from the ideal one. Nevertheless, larger deviations of t from 1 are 

followed by changes in symmetry.  

The different distortions can be classified into different tilt schemes of the 

octahedra, based on the Glazer tilt system.
25

 Glazer found that there should 

exist 23 different types of tilt systems, based on the direction and magnitude 

of the octahedral rotation around the a, b and c axes in the ideal cubic perov-

skite. If the octahedra in adjacent layers along the axis of view tilt in the 

same direction (in-phase rotation) around the axis of view, a “+” sign is 

used. If the opposite occur (anti-phase rotation), then a “–“ sign is used (see 

Fig. 4). The most common tilt systems adopted by perovskites usually be-
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long to the a
0
a

0
a

0
 ( mPm3 ), a

-
a

-
a

-
( cR3 ), a

-
a

-
c

+
 (Pbnm) and a

-
a

-
c

+
 (P21/n) 

systems. The a
+
a

+
a

+
 notation indicates an in-phase tilt of the octahedra in 

adjacent layers around the a, b and c directions, all of the same magnitude. 

An a
+
a

+
c

- 
notation indicates, according to the two first letters, an in-phase 

rotation of the same magnitude in adjacent octahedral layers around the a 

and b directions. However, the third letter c indicates that an anti-phase rota-

tion of adjacent octahedral layers around the c direction, although with a 

different magnitude than for the first two rotations. 
 

 

Fig. 4 Illustration of the octahedral tilts around the c direction. The different Glaz-
er notations when no octahedral tilts exists, i.e., a

0
a

0
a

0
, in-phase tilts of the octahe-

dra in adjacent layers around the c direction, i.e., a
0
a

0
c

+
, and anti-phase tilts where 

the octahedra in adjacent layers tilt in opposite directions around the c-direction, 
i.e., a

0
a

0
c

-
. 

Double perovskites 

Compounds with the double perovskite structure A’A’’B’B’’O6 (see Fig. 5) 

are of importance in different applications, e.g., in electrodes for solid oxide 

fuel cells (SOFCs)
29–32

 and CMR devices
33,34

 . Double perovskite structures 

are usually classified according to their B cation sublattice arrangements, 

i.e., rock salt, columnar and layered (see Fig. 5a, b and c, respectively). Cati-

on ordering at the A-site is also reported
35

, although B cation ordering is 

more commonly observed among the double perovskites.
36
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Fig. 5 Illustration of the rock salt, columnar and layered ordering of B cations in 
double perovskites. 

The probability for ordering of the cations at the B (or A) -site largely de-

pends on the difference in charge between the ions (e.g., B’ and B’’) and 

also in the difference in their sizes. As a rule of thumb, a charge difference 

of  ≥2 and/or a size difference of ≥10% is usually needed to induce order-

ing.
35,36

 Some typical space groups are found to be predominant among the 

different double perovskites. These space groups can be classified according 

to whether the ordering on the B-site is accompanied by a tilting of the octa-

hedron or not. If there is no order of either B or A cations, the undistorted 

structure has the ideal mPm3 symmetry (Fig. 6a). The most common sym-

metry for a corresponding structure with tilted octahedral is Pbnm (Fig. 6c). 

For a double perovskite with a rock salt type ordering of the B cations, the 

corresponding space groups are mFm3  (Fig. 6b) and P21/n (Fig. 6d).
36
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Fig. 6 Comparison of the structures of a)  tilt-free simple ( mPm3 ) cubic perov-

skite, b) tilt-free rock salt ordered ( mFm3 ) cubic  double perovskite, c) tilted  

simple (Pbnm) orthorhombic perovskite  and d) tilted rock salt ordered (P21/n) 

monoclinic double perovskite. 

2. Band structure 

To understand materials properties, based on the electronic configuration, 

the knowledge of how the energy levels of the orbital in a crystalline solid 

changes with structure and composition is required. In principle, it is possi-

ble to qualitatively estimate the energy levels for the orbitals that form the 

valence and conduction bands for an ideal cubic perovskite (see Fig. 7b).  
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 Fig. 7 Schematic illustration of a) the approximate band energies in ABO3, that 
form b) the density of states (DOS) in a perovskite. 

The information needed for this type of drawing of the orbital energy lev-

els is mainly of knowledge of the composition and crystal structure of the 

compound of interest and ionization potentials and electronegativities of the 

elements. The DOS for a solid phase can often be tracked back to the molec-

ular orbital (MO) scheme for a molecule with the same polyhedron; the dif-

ference comes from the extension of the units in three dimensions for a solid. 

For a generic cubic perovskite, the band structure is based on the original 

molecular energies created primarily from the ligand field theory of an iso-

lated MO6-octahedron.  

The energy levels of the bands vary throughout the crystal, extended in 

three dimensions according to the topology and strength of the bonds. The 

band structure of a compound is therefore the link between the structure, 

bonding and properties such as the electronic conductivity, catalytic activity, 

and magnetic and optical properties in a material. A simple description of the 

energy levels of a cubic perovskite is drawn in Fig. 7a. The energy levels 

that correspond to the mixed metal and orbitals are typical for a metal atom 

surrounded by six oxygen atoms in Oh symmetry.  

The number of available energy levels between an energy E and dE 

(DOS) depends on how the bands run in the crystal. These can be either nar-

row or broad depending on the degree of orbital overlaps in the different 

directions of the crystal. The bands that forms the DOS are thus affected by 

chemical and structural changes.
37

 In general, some simple ways to manipu-

late the bands in the perovskite structure can be used and include 
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 Isovalent or aliovalent A/B-site substitution for ions of different size 

and/or chargetilting of the octahedrasdecrease/increase of the 

M-O-M orbital overlapnarrowing/broadening of the correspond-

ing bands. 

 Substitution for more/less polarizing (electronegative) ionsmore/less 

orbital overlapbroader/narrower bands.  

 

It is important to note that in order to get a “more” realistic picture of the 

energy levels of a compound it is necessary to use more advance modeling, 

e.g., DFT calculations.
38

 Even then it is very difficult to estimate the exact 

electronic structure for more complex systems. The difficulties arise from 

the influences of defects, local distortions, impurities, strains, spin-orbit cou-

plings, mixtures of spin-states and so on. Therefore, the only reliable way to 

discover the properties in a complex material at this time is through experi-

mental investigations. 

3. Thermodynamic valence stability of the transition metal 

oxides 

The properties of the perovskites primarily depend on the electronic struc-

ture of the constituting ions and their interactions through bonds. However, 

properties such as the electronic and/or the ionic conductivity can deliberate-

ly be changed by taking advantage of the thermodynamic stability of differ-

ent transition metal ions in their different oxidation states. 

In general, the thermodynamic driving force for a reaction is to minimize 

the Gibbs free energy, ∆rG towards zero to reach equilibrium. For a sponta-

neous reaction the ∆rG is lower than zero, i.e., ∆rG < 0 and ∆rG>0 for a non-

spontaneous reaction. The equation: 

 

∆rG = ∆rH -T∆rS                                             (2) 

 
Here ∆rG is the Gibbs free energy of reaction, ∆rH the enthalpy of reac-

tion, ∆rS the entropy change of reaction and T the actual temperature. It is 

clear that metals with a large negative ∆rG for the reaction with oxygen to 

form an oxide also form the oxide much more easily. Hence, oxides with the 

least negative ∆rG, are reduced more easily. In general, the trend among the 

3d transition-metal elements can roughly be approximated to the following 

order, where the oxide form of the first element is the easiest to reduce to 

metal at 1000°C: TiCrVMnFeCoNi  ~ .
39

  

However, although this trend is true for the binary BxOy-oxides, it is im-

portant to emphasize that the same trend is also observed for e.g. the corre-

sponding LaBO3 perovskites.  
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To estimate the oxygen partial pressure, Peq. in (5) to withhold a valence 

change as in reaction (3) in a binary oxide, the ∆rG for reaction (4) that is 

needed in (5) can be calculated from the free energy of formation, ∆fG.  
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As an additional difference between the perovskite oxides and the simple 

binary oxides, the higher valence for transition metal ions of varying oxida-

tion states in perovskites are further stabilized through the lanthanide ion; 

therefore an additional term called the stabilization energy δ(ABO3) needs to 

be reduced from (4). However, it is observed that the stabilization of higher 

oxidation states in the LaMO3 decreases with a decrease in the Goldschmidt 

tolerance factor, t.
39

 This implies that a higher oxidation state of the transi-

tion metal ion is better stabilized for structures with high symmetry. 

4. An important application for perovskite-based materials 

Fuel cells 

Fuel cells (FCs) are devices that directly convert chemically stored energy 

into electric energy. Instead of recharging for hours with electricity as with 

batteries, the fuel, e.g., methane, hydrogen, carbon-monoxide, etc. can be 

provided continuously. The limitation of the FC efficiency is not restricted 

by the Carnot limit (6) 

 

h

ch

T

TT 
                                                    (6) 

 

where η is the Carnot efficiency, Th the higher temperature, i.e., operating 

temperature and Tc the lower temperature ,i.e., the temperature of the re-

leased gas. It is instead restricted by the thermodynamic efficiency for the 

overall reaction e.g. formation of either water or carbon dioxide: 

 



 

 12 

dH

TdS

dH

TdSdH

dH

dG



 1                                  (7) 

 

where ξ is the maximum thermodynamic efficiency possible at the operat-

ing temperature, T. The efficiency of a fuel cell is in general around 40-60% 

compared to ~25% for a combustion engine.
40

 

Many different types of fuel cells exists today
14

.  The most established 

ones at the moment are based on a proton exchange membrane (PEM), a 

solid oxide ion conducting electrolyte membrane, or an alkaline aqueous-

solution-based electrolyte. There are different advantages and disadvantages 

to these three types of FCs. For FCs based on the PEM and alkaline electro-

lyte, the necessity for costly precious metal catalysts at the electrodes make 

them economically unviable in the long term. The main advantages of the 

PEM and alkaline electrolyte-based cells are their low working temperatures 

and fast startup times. However, the degradation of the polymer membrane 

in the PEM and the alkaline solution in the alkaline electrolyte-based FC 

(due to formation of carbonates) makes them difficult to implement com-

mercially.
14

 In addition, the solid oxide fuel cell (SOFC) does not require 

any use of expensive precious metal catalysts due to the high working tem-

perature of 700-1000°C. The operating principle seen in Fig. 8 illustrates 

how the fuel i.e. hydrogen is oxidized at the anode side to form water. The 

electrons released after oxidation of the fuel at the anode are transported 

through an outer circuit to produce mechanical work. These electrons will 

reduce the oxygen gas at the cathode to oxygen anion species which contin-

uously diffuse through the electrolyte to react with the hydrogen ions.  

 

 

Fig. 8 Operating principle of an SOFC. The fuel that is fed to the anode is oxidized 
to produce electrons. The electrons travel through the outer circuit to perform work 
and combine with oxygen at the cathode side. The reduced oxygen species, i.e., O

2-
 

diffuse through the electrolyte to react with the formed hydrogen ions at the anode 
(if hydrogen is used as the fuel). 
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One obstacle for the use of SOFCs in vehicles is the high operating tem-

perature, imposing problems such as long startup times, thermal expansion 

mismatches between components, and reactions at interfaces between the 

materials. These problems degrade the performance of the fuel cell over time 

and make the SOFCs impractical as a replacement for the combustion en-

gine. It is therefore of highest importance to decrease the operating tempera-

ture of the SOFC while maintaining the long term performance. The interest 

in using perovskite-based oxides for FC applications is based on their ability 

to display mixed ionic and electronic conduction.  

In order to decrease the working temperature, highly active materials for 

the electrode reactions are necessary in addition to a high mixed ionic and 

electronic conductivity. It has been proposed that a high oxygen ionic con-

ductivity of >0.1Scm
-1

 and high electronic conductivity >100Scm
-1

 in com-

bination with a thermal expansion that matches the electrolyte is desirable at 

the working temperature for a highly efficient electrode material. The tuna-

ble properties of perovskites through precise substitution and their low cost 

compared to precious metals makes them suited for electrodes and electro-

lytes. However, at the moment the slow oxygen reduction reaction at the 

cathode side tends to be one of the major obstacles for decreasing the operat-

ing temperature with maintained efficiency.
41

 Therefore, there is a large driv-

ing force around the world to find new and hopefully cheaper oxide-based 

materials, to decrease the operating temperature of the SOFC <500°C. A 

lower temperature would make it practical to use stainless steel as intercon-

nect material
42

 between the cells in the fuel cell stack instead of the frequent-

ly used, highly reactive chromium-containing oxides (mainly due to the 

volatility of the chromium). The use of steel would also make the manufac-

turing of the SOFCs easier and cheaper to produce. 

Aim of the thesis 

In today’s modern society where technology plays a major role in our 

lives, it is necessary to continue the development further through discoveries 

of new technology and/or improve existing ones. For technologies such as 

solid oxide fuel cells (SOFCs) and thermoelectric devices, the importance of 

the ability to control the properties is crucial in order to maintain high effi-

ciency while avoiding material degradation at higher temperatures.  

The main motivation for this thesis has therefore been to investigate the 

relations between the composition, structure and properties of some perov-

skite-related materials of interest for SOFC components. The first two parts 

of the thesis involves the investigation of the double substituted LaCoO3 

with Mg
2+

 and Ti
4+

 on the B-site.  

This has been done first to change the formal oxidation state of Co be-

tween 2+ to 3+ and 4+ and second, to vary the Co content while the 
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Mg
2+

:Ti
4+

 ratio is kept constant to fix valence of the Co. In the first report in 

the thesis, the system, referred to as La2Co1+z(MgxTi1-x)1-zO6 with 0 x 1 

and 0 z 0.6, has been investigated regarding the composition, structure 

and corresponding magnetic and spectroscopic properties. The second part 

involves the study of the thermal expansion, electronic conductivity, magnet-

ic and thermoelectric properties important for, e.g., SOFCs. The third study 

presented in the thesis involves a system composed of LaCrM2/3Nb1/3O3 with 

M = Mg, Ni and Cu that aims at describing the connection between the struc-

tural, composition and magnetic properties. The fourth part involves the 

composition, structural and property characterization of the SrxY1-xFeO3-δ for 

0.63≤x≤1.0 and Sr0.75Y0.25Fe1-xMxO3-δ with M = Cr, Mn and Ni for x = 0.2, 

0.33 and 0.5 as a potential SOFC cathode material.  

The final overall aim of the thesis is to shed light on the importance of in-

vestigations of interrelations between composition, structure and properties 

in solid state chemistry. Systematic studies of this kind on perovskite-related 

materials are especially important in these strongly correlated systems where 

the collective behavior of individual contributions can lead to unexpected 

properties. 
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Characterization 

Structural 

 

5. Diffraction 

The interaction or interference of electromagnetic waves or particles in 

the form of photons, e.g., x-rays or by neutrons or electrons with a material 

can give rise to many different effects. However, one particular effect has 

probably become the most popular in materials science and related areas 

over the last 100 years for determining the atomic arrangement in solids. 

Interference of waves or diffraction, which results when the wave interferes 

with many point-like objects as in a crystal, was described by Max von Laue 

in 1912. He argued from a light optics approach that the path difference be-

tween neighboring scattering points should equal a multiple of a whole 

wavelength, nλ where n is an integer that belongs to the imaginary lattice 

plane (see a). To account for diffraction in all three dimensions, additional 

equations are required. They became known as the Laue equations: 

 

     ha  )cos(cos 21                                         (8) 

 kb  )cos(cos 43                                         (9) 

 lc  )cos(cos 65                                        (10) 

 

where, h, k and l are the indices of the reflection.  

From a, the distance between the vectors AB - CD must equal a multiple 

of the wavelength of the incident wave in three dimensions for constructive 

interference to occur, or else destructive interference will lead to weakening 

or even absence of the observed diffraction from the lattice plane. The angles 

θn, θm are the angles for the incident and scattered waves (see a). 
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Fig. 9 Illustration of a) Laue diffraction and b) Bragg’s law. Lattice points are 
illustrated with green spheres. 

The Laue equations are described in a more simplified way through the 

well-known Bragg equation: 

 

 ndhkl sin2                                            (11) 

 

where dhkl is the lattice spacing for a certain hkl plane. The Bragg equa-

tion, found by W. L. Bragg, describes the Laue equations in a more simpli-

fied way by assuming that the waves are “reflected” off imaginary lattice 

planes formed by arrays of scattering centers (b). In this description, the 

incident wave must travel a distance AB + BC equal to a multiple of the 

wavelength in order to constructively interfere with the other diffracted 

waves. It is thus imperative to understand that the waves can interact more 

strongly or weakly with each other (depending on the phase shift between 

the waves), resulting in a stronger or weaker diffraction.  

The resulting intensity arising from a specific lattice plane (hkl) will be 

proportional to the square of the structure factor modulus,  

 
2|)(|)( hklFhklI                                          (12) 

 

where I(hkl) is the resulting intensity for a lattice plane and F(hkl) the 

structure factor (13). 

The resulting intensity of a diffraction pattern is well described for the 

purpose of solving crystallographical problems with the structure factor: 
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Here the structure factor F(hkl) is a measure of the scattered wave ampli-

tude for the content of a whole unit cell of a certain crystal structure and 

constitutes of the contribution from the type of atoms i.e. the atomic form 

factor fj, the position of the atoms (xj,yj,zj) and the specific lattice planes (hkl) 

as a function of the scattering angle. In the case of neutron diffraction and 

electron diffraction, different atomic form factors for the two cases are used 

due to the different properties of the neutrons and electrons compared to 

electromagnetic waves (photons).  

6. Powder diffraction and structure refinement 

One of the most utilized methods for characterization of crystalline solids 

has been powder diffraction. Unlike the single crystal diffraction methods 

where information from the crystal in three dimensions is obtained, the pow-

der diffraction methods are hampered by the collapse of 3D information of 

the crystal into 1D data. The difference comes from data obtained from 

~10
5
-10

6
 randomly oriented crystallites in the size range <5μm rather than a 

single crystal in the size range >40μm. In powder diffraction, diffraction 

from all crystallites at the same time, results in the loss of information about 

the specific contribution from each crystallite and its exact orientation in the 

powder. Hence, this will lead to the superposition of all diffracted waves on 

the detector with the superimposed intensity of all diffracted waves as a 

function of the Bragg angle. Naturally this complicates the analysis of the 

diffraction patterns, as the directional information is lost, and the overlap of 

diffracted peaks makes the estimation of the relative integrated peak intensi-

ties more difficult.  

The Rietveld method, which today is standard for structural refinement 

using powder patterns, was originally developed by Hugo Rietveld in 1966.
43

 

It requires a structural model to start with. The determination and refinement 

of a structure starts with determining the unit cell. Usually, if not known, the 

unit cell is obtained through indexing, e.g., if the pattern is unknown in order 

to elucidate a space group symmetry and unit cell to start with. The next step 

is then to find approximate atomic positions by either looking at similar 

compounds with known structures in a structural database or by using, e.g., 

direct methods
44

, charge flipping
45

 or simulated annealing
46

 approach-based 

softwares along with other methods for this purpose. The Rietveld analysis is 

done by through the minimization of the following function: 

 

  
i iOici yywS

2

,,                                            (14) 

 
Where yC,i and yO,i are the calculated (from the model) and observed in-

tensities at a specific 2θi value, respectively. The weight, wi is defined as 
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][1 ,

2

iOy , where σ is the average standard uncertainty of yO,i in relation to 

the true value of y. The process is iterative and is mainly based on trying to 

vary the different parameters in e.g. the structure factor, F(hkl) (see (13)) 

such as the unit cell edges, atomic positions, occupancies etc. and recalculate 

the pattern from the structure factor and evaluate the match by visual inspec-

tion and through the value of a couple of different figure of merit values. The 

most commonly used figures of merit in publications are the χ
2
, Rwp and 

RBragg/RF.  

The weighted profile R-factor Rwp is the square root of the quantity in (14) 

scaled by the weighted intensities. The expected weighted R-factor Rexp is the 

Rwp scaled by the number of data points, N, where N is the number of data 

points minus the number of varied parameters. 

The χ
2
 value is defined as: 
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To simplify it further (18) can be rewritten as 
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Expressed in plain language, the χ
2
 decreases towards one when the dif-

ference between the calculated intensity and the observed intensity is mini-

mized to the same range as the standard deviation. This can sometimes be 

misleading and can in some circumstances be close to the value of one even 

when the model is bad, only because the standard deviations are large due to 

bad counting statistics. In some cases, e.g., when the data has been corrected 

through conversion from divergence slit(constant irradiation area) to fixed 

slit(fixed irradiation area) measurement or from removal of the Kα2 lines 

without correcting the standard uncertainties, values of χ
2
 below 1 can be 

obtained.  

Often the quality of the refinement of the structural model is better judged 

from two other R-factors, i.e., the RF and RBragg. The RF is a factor deter-

mined from the difference of the observed and calculated structure factors 

for each reflection. However, the observed values cannot be directly meas-
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ured in powder diffraction and are thus calculated from the structural model, 

which makes it biased towards the chosen model. The RBragg is similar; how-

ever, instead of the structure factor it utilizes the intensity for each point 

related to a specific Bragg reflection. These R factors present another way of 

evaluating the quality of the refinement by the exclusion of the profile pa-

rameters.  

However, the values of RF and RBragg become unreliable when significant 

unmodelled asymmetry or tails exists in the pattern. It is therefore important 

to check if the suggested structure is chemically reasonable by drawing the 

structure, comparing bond length and bond-valence sums, etc.  

7.  X-ray and neutron powder diffraction  

 

Neutrons, discovered by James Chadwick in 1932 were found to be useful 

for diffraction simultaneously in 1936 by von Halban and Preiswerk and by 

Mitchell and Powers. In contrast to the interference of x-rays with electrons, 

the scattering process for neutrons is mainly through interaction with the 

atomic nucleus and the unpaired electrons, e.g., from magnetic ordering in a 

material.  

These properties of neutrons arise from its nuclear spin (giving it a net 

magnetic moment of ~-0.001 Bohr Magnetons). The scattering power for 

neutrons varies non-linearly with the atomic numbers and very largely be-

tween isotopes of the same element compared with x-ray diffraction where 

the scattering power is proportional to the atomic number, Z for a specific 

atom. These properties of neutrons make neutron powder diffraction (NPD) 

very useful to complement measurements made with XRD. The two methods 

are therefore complementary, especially as the scattering power for deuteri-

um and oxygen is much higher in relation to the rest of the elements on the 

periodic table compared to XRD. This makes NPD very useful for the de-

termination of the oxygen or hydrogen positions.  

The different ways to generate the neutron flux varies and can be based 

on radioactive sources, nuclear reactors or spallation sources. The latter is 

the method used at ISIS Rutherford Appleton Laboratory in UK, a method 

where a flux of neutrons is created through the acceleration of a proton pulse 

with an energy of approximately 800 MeV into a target station in which a 

heavy metal, e.g., tungsten, absorbs the proton followed by the production of 

20-40 neutrons.
47

 Because the neutrons that are created have various ener-

gies, 0.1-500meV (depending on the moderator temperature), they travel at 

different velocities from the pulse source. In fact, this is no problem because 

the time that the neutron takes to cover the distance from the source to the 

detector can be converted into a wavelength through the de Broglie relation 
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where t is the time of flight and L the length of the neutron flight path and 

the rest have their usual meaning. The neutrons are detected in different 

banks (stationary detectors covering specific 2θ angles) and the diffraction 

pattern is often plotted with time of flight (T.O.F) instead of 2θ as with x-

rays.
48

  

8. Transmission electron microscopy  

Apart from bulk average methods like x- ray powder diffraction (XRPD) 

and NPD for obtaining structural information, ordering, defects and strains, 

it is necessary to complement the structural information in dubious cases 

when only polycrystalline material is available. For this purpose, the trans-

mission electron microscope (TEM) provides an excellent way of locally 

probing areas down to the ångstrom scale. In the TEM, a beam of electrons 

accelerates with commonly 200kV from either a heated tungsten or LaB6 

filament (hot source) or through field emission from a special tungsten fila-

ment (cold source). The beam of electrons is, in contrast to the photons in an 

optical microscope, focused with a number of different magnetic lenses ra-

ther than by glass lenses as in an optical microscope.  

In a TEM the electrons are transmitted through the material, at the same 

time interacting both elastically and inelastically with the atoms in it. The 

transmitted beam can then be analyzed after passing through several addi-

tional lenses in order to project either an image or a diffraction pattern of it 

on a fluorescent screen for direct observation or a CCD camera to analyze 

the information further on a computer. Complementary techniques like elec-

tron energy loss spectroscopy (EELS), energy dispersive x-ray spectroscopy 

(EDS) can be used to obtain electronic structure and compositional infor-

mation. Because of the negative charge of the electron and the short wave-

length (0.025Å for 200kV), the electrons are very sensitive to ordering due 

to atomic number or charge differences. The scattering is slightly modified 

from the x-rays due to an extra contribution from elastic scattering of the 

electron cloud and the charge of the nucleus.
49

 

9. Scanning electron microscopy  

 

The scanning electron microscope (SEM) is, in contrast to the transmis-

sion electron microscope (TEM), utilizing the electron beam as a probe to 

scan the surface of an object, e.g., a crystal or a particle. The electrons, pro-

duced by a tungsten filament, are accelerated with a voltage of up to 20kV.  
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In the process of hitting the surface of the investigated material, the elec-

trons interact at different depth, creating various useful effects for the analy-

sis of the material. Electrons that hit the surface will at first generate second-

ary electrons from a volume corresponding to the probe size and a depth of 

5-50nm. These electrons can be detected and used to create an image of the 

material under investigation. The observed image primarily shows the sam-

ple morphology and surface structure and is the most common mode to op-

erate SEM in.  

In this mode high magnifications (~200kX) due to the high resolution of 

the small probe size and probe current can be obtained. In the process of 

having electrons interacting with the material, some electrons elastically 

scatter back towards the same direction as the electron source. These 

backscattered electrons can be used for investigating sample homogeneity 

because of the atomic number dependency of the backscattering process. 

Areas with unreacted reactants of high atomic mass number can quickly be 

distinguished from areas with reactants of low atomic mass as high and low 

intensity areas, respectively.  

Energy-dispersive x-ray spectroscopy (EDS), can be used to collect the 

elemental-specific x-rays for elemental information. These x-rays are sent 

out from inelastic processes of electron transitions from higher states to low-

er states when electrons in different core shells, e.g., K, L, M are knocked 

out by the incoming electrons and replaced by electrons from shells higher 

up in energy.  

Property related 

10. Electronic conductivity 

Electronic conduction in perovskite-related materials is one of the main 

properties that governs the feasibility of the material for many applications, 

e.g., catalysts
50

, thermoelectrics
51

, spintronic devices
52,53

 and SOFC elec-

trodes
54

. It is therefore important to know if a material is metallic, semicon-

ductive or insulating in order to know its applicability. In 3d, 4d or 5d transi-

tion metal-based perovskites, different types of bonding to the oxygens 

should be expected. In general, the nuclear charge is more efficiently 

screened by the closed shells when moving down in the periodic table. It is 

therefore expected that the outer electrons are more loosely bonded for 5d 

elements relative to 3d elements. Therefore, the hybridization of the d-

orbitals with the oxygen 2p orbitals should be larger for 5d-elements. The 

orbital overlap of the metal-oxygen (M-O) bond governs a large part of the 

localization of the electrons. Using a band picture this can be described with 
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the large overlap of the M-O orbitals that lead to broader bands, and hence 

higher electronic conductivity.  

The behavior of the electrons can be generalized into two types, itinerant 

and localized. The itinerant picture approximates the electron as a “cloud” 

and hence electrons that travel through the material without any major re-

sistance. This type of behavior is typical for metallic oxides such as CaVO3, 

SrCoO3 and SrMoO3.
55

 For the localized picture, it is assumed that the or-

bital overlap is not large enough for the electrons to move freely, i.e., the 

inter-atomic distances are larger than in the itinerant electron case.  

This results in particle-like electrons “jumping” from one cation to anoth-

er, and hence the conductivity will be activated by thermal energy, which 

increases the probability for a successful “jump” as the thermal vibrations 

increase. These types of materials behave as semiconductors for which the 

conductivity increases with increasing temperature. The conductivity follows 

the Arrhenius relation 

 
TkE Be  0                                            (17) 

 

where σ is the total electronic conductivity at a given temperature T, kB the 

Boltzmann constant and σ0 a pre-exponential term including different pa-

rameter such as the jump-frequency, jump-distance, mobility and the number 

of charge carriers.
56

 The activation energy Eσ therefore gives an estimation 

of the energy needed for an electron to move from one transition metal site 

to another. However, it does not give any information about the majority 

type of carrier, i.e., electrons/holes and will therefore need to be comple-

mented by measurements of the Seebeck coefficient. 

11. Polarons 

When the lattice phonons (lattice vibrations) are small enough (appropri-

ate wavelength) to match the local deformations caused by the electron when 

moving through the lattice, a potential well is formed. The electron is there-

fore trapped by the lattice deformation caused by the local dielectric polari-

zation of the lattice. The electron and its lattice distortion behave as one unit, 

which is most often classified as a polaron.  

When the wave function and the corresponding lattice distortions cover 

many lattice sites, a so-called large polaron is formed. The large polaron 

moves as a free electron through the lattice and is not entirely trapped, hence 

the metallic behavior of transition metal oxides when electronic conduction 

is dominated by large polarons. 
57,58

  In cases where the interaction of the 

electron with the lattice is large enough, i.e., polaron-binding energy is larger 

than half the band width of the electron, the electron will be classified as a 

small polaron.
57

 The conduction through small polaron-hopping is thermally 
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activated and will often lead to a semi-conductive behavior of the transition 

metal oxide. The activation energy for the hopping process or the electronic 

conduction
56

 is for transition metal oxides approximated to 

 

TkE Be
T






 0                                           (18) 

 

where the γ is a constant adjusted for the type of polaron, e.g., 1 for adiabatic 

polarons, i.e,. when the carrier can jump to an unoccupied site. For small 

non-adiabatic polarons, i.e., when the carrier only occasionally can jump to 

an unoccupied site due to strong interactions with the lattice, γ is set to 3/2. 

A model with γ = 1 is often used for the Arrhenius relation for calculating 

approximate values for the apparent activation energies due to the difficulty 

of distinguishing between the two cases.
59

 

12. The Seebeck coefficient 

When a part of a material is exposed to heat, charge carriers, i.e., elec-

trons and holes will start to diffuse to the cold part. The accumulation of one 

type of charge carriers at the colder part will give a difference in chemical 

potential that corresponds to an electric potential difference ∆V, i.e., the 

Seebeck voltage. The created potential difference will depend on the materi-

al’s ability to separate the two different “heat carriers,” mainly the negative 

electrons, e, and the positive holes, h. Hence, the build-up of the Seebeck 

voltage will depend on the mobility of the two types of carriers and will thus 

be different from one material to another. This effect arises from the entropy 

change induced per charge carrier, e.g., spin-, mixing- and vibrational con-

tributions. The calculation of the Seebeck coefficient can be defined in dif-

ferent ways depending on the type of material and effects that dominate. In 

general, S (μV/K) can be expressed as: 
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The first term is a general formula
60

 describing the strong dependence of 

S from the number of carriers (




e
n  ), the electron charge (e), the carrier 

mobility (μ), Boltzmann’s constant (kB), the absolute temperature (T), the 

electronic conductivity (σ), Planck’s constant (h) and the effective charge 

carrier mass, m*. The middle expression, which is equivalent to the right 

one, contains an entropy term A similar to (
*

/ ehS ) in the right expression. 
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These are associated with the charge transfer of holes and electrons usually 

<10μV/K. However, the second formula known as Heikes formula
61

 is most 

often applied to transition metal oxides in which the conduction of the 

charge carriers is assumed to take place through hopping between transition 

metal ions of different charges. The energy ES is the energy needed to create 

a carrier.  

In the modified Heikes formula (the third formula in (19)) c denotes the 

fraction of ions with lower charge M
n+

, and 1-c denotes those with higher 

charge, M
n+1

. Equation (19) shows that a large effective carrier mass, m*, 

i.e., narrow bands together with a small number of charge carriers and a 

large energy ES, will give a large Seebeck coefficient. It is thus possible to 

calculate the energy for the jumps
57,62,63

; in other words the heat of charge 

carrier jumps H± in the following equation: 

 

 HEE S                                               (20) 

 

where Eσ is the activation energy for the total electronic conduction. It 

therefore becomes apparent from this equation that if H± is ~0, the conduc-

tion mainly occurs without any loss from the carrier jumps, meaning that the 

electrons behave itinerant and can be classified as large polarons. When 

H±>0 there is an additional loss from the jumping of the charge carriers from 

one site to the other, behaving as localized charges that interact strongly with 

the surrounding and can therefore serve as criteria for conduction through 

small polaron hopping.
63

 It is therefore possible to obtain more information 

about the charge carrier behavior in a material through the Seebeck coeffi-

cient than just the type of majority charge carrier, be it holes (positive S) or 

electrons (negative S).  

In narrow band gap semiconductors, there most often are defects or do-

pants (that creates extra dopant levels) that can act as scattering centers for 

the charge carriers. The narrower the bands, the easier it is for the charge 

carriers to scatter from dopants or defects, causing the mobility for the 

charge carrier to decrease. Narrow bands also increase the effective carrier 

mass, m*, due to the slower velocity of the carriers obtained when the bands 

get flatter, i.e., decreasing slope according to  

 

dk

dE



1
                                                 (21) 

 

where dE is the number of allowed energy states varying with the wave 

vector, k in, e.g., the unit cell
57

 which, in other words, translates to charge 

carriers being able to move very freely if dE is high, i.e., in broad bands.  
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13. Thermal expansion 

All materials are vibrating at all temperatures, even at absolute zero the 

atoms still vibrate inside a material. As the temperature increases, the ther-

mal energy of the system increases, which in turn gives the atoms more ki-

netic energy to increase their vibrating motion anharmonically and thus oc-

cupy a larger volume. The thermal energy not only increases the volume of 

the atoms but can also induce more drastic changes in the atomic volume in 

the crystal. This includes the reduction of the transition metal ion through the 

formation of anion or cation vacancies or changes in the electronic structure 

from thermal excitation of one spin-state to a higher spin-state as in Co
3+

, 

i.e., LS(r = 0.545Å)HS(r = 0.61Å).
64

 In other cases, the thermal energy 

will at some point induce a phase transition that can be either a change in the 

state, e.g., solidliquidgas phase or a structural change within the same, 

e.g., solid  solid state. If such transition occurs, it will, if the change in the 

unit cell volume is large enough, be seen in the thermal expansion of the 

material. For solids, it is common to measure the average linear expansion of 

a pressed and sintered powder along one direction by a dilatometer. Typical-

ly, the sintered cylindrical pellet that is to be measured is polished to a size 

close to the sapphire reference used for calibrating the instrument. The linear 

thermal expansion is measured as a function of temperature in one dimen-

sion and can be roughly calculated over a temperature range using the fol-

lowing expression: 
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where αL is the average linear thermal expansion coefficient (TEC) for a 

material between the temperatures T and T0. A more detailed investigation of 

the thermal expansion involves the use of XRPD or NPD to obtain structural 

changes as a function of temperature. It is possible to obtain detailed infor-

mation on the changes in the unit cell parameters as a function of tempera-

ture and hence the TEC. In addition, the calculation of the thermal expansion 

from XRD/NPD powder diffraction data will include detailed information 

about the atomic displacements as a function of temperature. 

14. Magnetic properties 

When a material is put in a magnetic field, H, it gains a molar magnetiza-

tion, M, that together can be described as the magnetic induction, B, in (23) 

using the centimeter-gram-system with electromagnetic units (c.g.s. e.m.u.) 

 

MHB 4                                                    (23) 



 

 26 

 

The magnetic susceptibility can be expressed as: 
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Here χm is the molar magnetic susceptibility in the linear response region, 

i.e., where the magnetization changes linearly with the field, m is the mass in 

grams and Mw the formula weight per magnetic ion. This type of linear be-

havior is also referred to as the Curie law, where C is the Curie constant.  

From the Curie constant it is possible to deduce the average magnetic 

moment per magnetic ion through the following expression: 
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where kB is Boltzmanns constant, T the actual temperature, NA Avogadros 

constant, χm the molar magnetic susceptibility and μB the Bohr magneton. All 

materials interact with a magnetic field by responding with a force opposite 

to the applied field. This is called diamagnetism and is an inherent additive 

property caused by the interaction of the magnetic field with the motion of 

the electrons in their orbits. The effect is independent of the applied field and 

temperature. The diamagnetic susceptibility is approximately in the order 10
-

6
 emu and negative. The opposite effect with an attractive force from the 

magnetization of unpaired electrons is called paramagnetism and is several 

magnitudes larger, e.g., 10
-4

-0.1 emu and overrides the diamagnetic signal. 

The magnetic susceptibility is therefore mainly based on two components: 

 

PDtot                                               (26) 

 

where D  and P  are the diamagnetic and paramagnetic contributions, 

respectively.  

As a consequence of the lower thermal energy, kBT with lower tempera-

ture, an increase of the magnetic susceptibility is observed for a paramagnet-

ic material as more and more electrons align in the direction of the field. The 

type of paramagnetism that contains some type of cooperative orientation of 

the moments is better described by the Curie-Weiss law: 
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Here θ is the Weiss constant and describes the strength of the magnetic 

interactions, which is either negative (anti-parallel interactions) or positive 

(parallel interactions). In some cases the magnetic interactions between the 

electrons in a material can interact strongly and couple below a critical tem-

perature. The interactions/couplings between the magnetic centras (unpaired 

electrons and orbital angular moments) are mainly classified into two major 

groups, those where the majority of the electrons are coupled antiparallel 

(antiferromagnetic (AFM) interactions/ordering) and those with the majority 

of the electrons coupled in parallel (ferromagnetic (FM) interac-

tion/coupling). In between these two groups many different types of magnet-

ic effects/orderings can exist. In general, the type of interactions between 

electrons can be described by the exchange energy, Hex between atoms i and 

j separated with a distance rij with the total spins Si and Sj: 

 

jiijex SSrJH  )(                                      (28) 

 

In this expression the effective exchange parameter J(rij) describes the 

type of interaction between the atoms, as a function of the distance between 

them. A positive value indicates that parallel alignment of the moments is 

favored and a negative value that an antiparallel alignment is favorable. The 

exchange coupling can be divided into two different classes. The direct ex-

change, where inter-atomic exchanges of electrons occur through atoms that 

are close enough for their orbitals to overlap significantly, and indirect ex-

change, which couples the magnetic moments over larger distances through 

intermediate ions such as oxygen ions in oxides. The latter is commonly 

referred to as super-exchange. It follows that a material in which the magnet-

ic moments are spontaneously aligned in the field direction below a defined 

temperature, i.e., the Curie temperature, TC, is a FM. In this type of material 

the magnetization increases rapidly and saturates quickly with M as the larg-

er magnetic domains grows at the expense of the smaller.  

As opposed to FMs with one magnetic cell, the magnetic moments of two 

identical sub-lattices can align oppositely with identical magnetic moments 

below a certain temperature, i.e., the Neel temperature, TN. The material is 

referred to as an AFM. Hence, it is not possible to have an AFM ordering in 

non-crystalline solids. A special case of AFM ordering called ferrimag-

netism occur when the two sublattices are chemically different although 

ferromagnetically ordered in each sub-lattice, that results in a residual net 

magnetic moment. Hence, ferrimagnetic ordering can exist in amorphous 

materials as the oppositely aligned magnetic moments are not required to be 

of the exact same size.  

Due to local variations in a material that cause anisotropical variations in 

the crystal field strength, metamagnetism can occur, which is typically an 

AFM below the TN but undergoes a magnetic transition at high field 
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strengths that causes the magnetization to increase. This can be observed as a 

change in the slope in the M vs. H curve at fields exceeding the saturation of 

the magnetization.  

Another type of magnetic behavior of solids is the so-called speromag-

netism, which involves randomly ordered localized magnetic moments with 

no significant net magnetization or ordering beyond the nearest neighbors, 

except for randomly coupled spins locally. These systems are usually re-

ferred to as spin glasses and behave mainly as a paramagnet above the 

“freezing” temperature TSG.  

Above a certain concentration of magnetic ions, clustering can occur, 

where the material is classified as a mictomagnet which essentially is a 

“cluster glass”.
65

 Spin glass behavior can be characterized by using A.C. 

magnetic measurement instead of D.C. that only measures the equilibrium 

value of the magnetization. The A.C. susceptibility measures the susceptibil-

ity as a function of the variation of the field, H and frequency ω that varies 

sinusoidally. This will provide a high sensitivity to the change of magnetiza-

tion at a given time and frequency. For spin glasses the freezing temperature 

will show a shift in the temperature of the “cusp” with changing frequency 

of the field due to relaxations and irreversible ordering at non-equilibrium 

conditions.
66

  

In transition metal compounds the measured effective magnetic moment, 

ueff can often deviate significantly from the calculated value given by the 

expression: 

 

 ½)1(4)1(  SSLL B.M.                            (29) 

 

where L is the maximum value of the orbital quantum number, 


l

l

l || , 

and S the total spin quantum number, 
i

ism
0

||  for the electrons outside 

closed shells. The total angular momentum J = |L + S| is conserved and the 

degeneracy of the energy levels for a specific J value will be either (2S + 1) 

or (2L + 1), depending on which one has the smallest value. With a “spin-

orbit” coupling new quantum states are created for each J with a degeneracy 

of 2J + 1. Adjacent energy levels, e.g., J and J + 1 will then be separated by 

an energy corresponding to (J + 1)λ, for which λ is the spin-orbit coupling 

constant with the unit of cm
-1

. For strong spin orbit couplings, the energy 

separation will be relatively large and can thus be seen clearly by spectro-

scopic methods, e.g., XANES.  

For many of the 3d transition metal compounds, the observed magnetic 

moment frequently deviates from the values that includes spin-orbit cou-
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pling, and are therefore closer to the spin-only value of the effective magnet-

ic moment: 
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where n is the number of unpaired electrons responsible for the magnetic 

moment. In these cases, the orbital angular momentum is either very small or 

negligible; hence the orbital contribution is “quenched.” 
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15. Spin transitions 

 

For transition metal ions with d
4
 to d

7 
electron configuration in octahedral 

coordination, more than one spin state is possible, e.g., d
4 

in Fig. 10. Differ-

ent reasons for the stabilization mechanisms of a specific spin state are used. 

One explanation is that the electron pairing energy is similar to or lower than 

the octahedral cubic crystal field splitting, ∆O for low spin compounds and 

higher for high-spin compounds (see Fig. 10).  

 

Fig. 10 Schematic illustration of the a) low-spin and b) high spin configurations of an 
octahedral d

4
 complex with different crystal field splittings. 

Typically the ligands coordinated around the transition metal can be ap-

proximated as point-like electrostatic charges. The ligands can be close to 

the eg orbitals of the transition metal as, e.g., O
2-

, thus forcing the energy 

levels between the t2g and eg orbitals to increase, thereby stabilizing a low 

spin-state of the d metal. The ligands can also be further away as for the F
-
  

ion, which interacts weakly with the eg orbitals, hence a decrease in the crys-

tal field splitting that stabilizes a higher spin state. Typically, 3d elements 

are highly localized in nature due to the low screening of the nuclear charge, 

which “shrinks” the orbitals and thus forces the electrons to be more tightly 

bonded to the atom. Due to the smaller nuclear charge experienced by the d 

electrons of the 4d and 5d transition metals, the d orbitals are larger. These 

electrons are therefore more loosely bonded, which in turn also give rise to 



 

 30 

the d
0
 configuration for many of the 4d , and 5d elements. This property will 

also lead to low spin configurations for 4d and 5d elements with 4-7 d elec-

trons as the electrons will interact more strongly with the ligands.  

Another factor that causes spin transitions from a thermodynamic point of 

view is an increase in the configurational entropy (the number of different 

configurations in which the unpaired d electrons can exist in all the d-

orbitals), which increases with the number of unpaired spins, ∆S. The higher 

configurational entropy is typical for higher spin states. Therefore the transi-

tion from a low spin state to a spin state with higher entropy will occur at 

some critical transition temperature Tcrit (see (31)): 

 

STHGGG LSHS                               (31) 

 

where ∆H = HHS - HLS and ∆S = SHS - SLS and the critical temperature Tcrit 

= ∆H / ∆S when ∆G = 0. It is clear from (31) that the entropy term (T∆S) 

will dominate at higher temperatures and, hence, will stabilize higher spin 

states. A transition metal ion that commonly displays a spin-state transition 

is Co
3+ 

in perovskites.  

16. The Goodenough-Kanamori rules 

Transition metal oxides are in general very interesting for their magnetic 

properties due to the many different variations of d-electron configurations 

for the 3, 4, and 5d elements in the periodic table. According to the Pauli 

exclusion principle, two electrons of parallel spin tend to repel each other, 

although when localized on an atom, their energy will be lower than a pair of 

electrons with antiparallel spins. The difference in energy is called the intra-

atomic exchange energy, and due to this effect, a statistical correlation (in-

teraction) will exist between unpaired electrons in the absence of parallel 

spin electrons.
68

  

This effect is called the exchange coupling and can be divided into two 

classes: direct exchange, which occurs between atoms that are close enough 

to have overlapping orbitals, and indirect exchange, which occurs between 

two atoms at larger distances with intermediate nonmagnetic ions in be-

tween. Especially in perovskites, the 180° angle between the M-O-M bonds 

can facilitate strong magnetic interactions or couplings between the adjacent 

cations through the intermediate oxygen ion. For insulating oxides this is 

called a super-exchange which involves a virtual transfer of electrons be-

tween the two transition metal ions.  

A set of “rules” for the effect of the different magnetic couplings were 

created mainly by Goodenough and Kanamori (G-K)
69,70

, hence in general 

referred to as the Goodenough-Kanamori rules. Because the dominating 

interactions in the e.g. perovskite structure is between the (180-ϕ) M(nd)-
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O(2p)-M(nd) bonds, the focus here will be to qualitatively describe the gen-

eral factors governing the different types of magnetic interactions. Consider-

ing Fig. 11a, the transition metal ion in octahedral coordination with cubic 

field splitting will have its eg orbitals pointing towards the ligands (oxygen) 

and hence will mix with the oxygen pσ orbitals. The electrostatic repulsion 

will raise the energy levels of the eg orbitals above the orthogonal t2g orbitals 

that point in between the ligands and will mix slightly with the pπ orbitals of 

the oxygen and consequently have a lower energy. The strength of the inter-

action will mainly be proportional to the orbital overlap (the delocalization 

effect) and will be highly dependent on two general factors, the 180-ϕ angle 

and the ionicity of the bonds.
70

 A decreasing angle due to tilting of the octa-

hedra will decrease the orbital overlap and will weaken the magnetic interac-

tions and electronic conduction. A more ionic bonding will decrease the 

covalence of the bonds and consequently decrease the orbital overlap with 

the same effect as a decrease of the M-O-M bond angle.  

The effective Heisenberg exchange integral (see equation (28)), which is 

an energy function for the exchange interaction, can be approximated rough-

ly as:  

 

 1122   ECTUbJ ijex                                  (32) 

 

Here bij is the transfer integral between the adjacent metal ions i and j, i.e., 

the orbital overlap, U, the electrostatic energy and ECT, the charge transfer 

energy for an electron from the valence band of O2p to an empty d level. 

The different magnetic interactions for the 180° M-O-M case (see Fig. 11) 

can be summarized in three main situations (see Table 1). 

 

 

Fig. 11 Illustration of the different orbitals that overlap with a) strong eg-pσ and b) 
t2g-pπ overlaps between two transition metals with d

n
 configuration and an oxygen, 

i.e., the M-O-M bonds. 
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For the first situation the interactions between two d
5
 cations e.g. Fe in 

LaFeO3 with oxygen in between is considered. In this situation the Fe
3+

 ion 

is assumed to be high spin with a half-filled eg orbital directed towards the 

oxygen pσ orbital that connects to the adjacent Fe
3+

. The virtual transfer of 

electrons will therefore move electrons from one of the d
5
 ions to the other 

and back (hence the number 2 in (32)). Because of the Pauli exclusion prin-

ciple, the electrons have to align antiparallel during the exchange. This will 

result in a strong AFM interaction between the eg-pσ bonds and a weak AFM 

interaction between the t2g and pπ orbitals. However, the t2g orbitals interact 

less with the pπ orbitals and are not contributing significantly to the overall 

result. In total, these interactions will lead to a strong AFM interaction.  

In the second situation a d
3
 metal ion, e.g., Cr

3+
 in LaCrO3 with empty eg 

orbitals interacts with another adjacent d
3
 element through the intermediate 

oxygen. In this case the eg orbitals are empty and contribute very little. The 

main contributions to the magnetic interactions come from half-filled t2g 

orbitals, where the electrons are interacting weakly with the electrons in the 

adjacent t2g orbitals antiferromagnetically. The overall magnetic interaction 

from this type of configuration will lead to a relatively weak AFM interac-

tion.  

The third situation involves the interactions between an element with 

half-filled t2g and eg orbitals, d
5
, and one with empty eg orbitals, d

3
, as in Fe

3+
 

and Cr
3+

 for a hypothetical compound of LaCr0.5Fe0.5O3. In this case the vir-

tual electron transfer of half-filled eg orbitals to empty eg orbitals will main-

tain the parallel alignment of the electrons and will therefore give a FM in-

teraction which is stronger and overrides the AFM interaction between the 

half-filled t2g orbitals of the d
5
 and d

3
 ions. The overall result will be a domi-

nating FM interaction. 

Table 1 Coupling scheme for the three possible 180° cation-anion-cation interac-
tions in a perovskite. Strength of interactions are denoted S(strong), M(moderate), 
and W(weak). The correlation effect can be described as the strength of the simulta-
neous partial bond formation on both sides of the anion, and the delocalization can 
be described as the amount of electron transfer from the orbitals overlapping.  
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Situ-

ation 
d electrons 

Correlation Delocalization 
Sum Strength, °C 

pσ pπ pσ pπ 

#1 d
5
-O-d

5
 

S 

↑↓ 

W 

↑↓ 

S 

↑↓ 

W 

↑↓ 
↑↓ ~477 

#2 d
3
-O-d

3
 

W/M 

↑↓ 

W 

↑↓ 
- 

W 

↑↓ 
↑↓ ~≥27 

#3 d
5
-O-d

3
 

M 

↑↑ 

W 

↑↓ 

M 

↑↑ 

W 

↑↓ 
↑↑ 127 
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17. X-ray absorption near edge spectroscopy  

It is in many cases necessary to investigate the local electronic structure 

and coordination in a non-intrusive manner. For this purpose, x-ray absorp-

tion spectroscopy (XAS) is a powerful method. The general principle of the 

method includes the usage of a high-intensity x-ray source, i.e., synchrotron 

radiation to record the absorption of the photon energy through a material as 

a function of the incoming monochromatic photon beam. The general ex-

pression can be written as: 

 
deII  0                                                  (33) 

 

where I0 and I are the intensities for the incoming and outgoing photon, μ, 

the absorption coefficient and d, the sample thickness. This general expres-

sion is more or less identical to the well-known Beer-Lamberts law for ab-

sorbance of light from molecules in, e.g., a solution. It is a powerful tech-

nique to probe the electronic structure and local coordination of any element. 

This is done by using a wavelength of the same magnitude as the interatomic 

distances and an energy in the order of the binding energies of the core elec-

trons to create local interference in the material that can be traced back to its 

electronic structure and coordination. The monotonically increase in the core 

electron binding energy with increasing atomic number, i.e., Moseley’s law 

(see Fig. 12)
71

 makes it possible to investigate particular elements in a mate-

rial. The actual process of the absorption can be described qualitatively using 

Fig. 13.  
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Fig. 12 Moseley’s law showing how the x-ray absorption energy for a specific spec-
tral line changes with the atomic number. The figure is redrawn from ref.

71
. 

The absorption of x-rays can occur in any type of element and is charac-

terized as a sharp increase in the absorption at a specific energy required to 

eject a core electron to the lowest lying unoccupied orbitals (conduction 

band (CB) in solids) or the continuum (see Fig. 13). In this process inner 

core electrons are excited from different levels depending on the incoming 

energy of the photon. Electrons closest to the nucleus will naturally need 

much more energy for the transitions. The so-called K edge arises from tran-

sition that starts from electrons in the 1s orbital to the CB states and beyond 

to empty orbitals. The K-edge transitions start from the n = 1 and the L and 

M edges arise from the n + 1 and n + 2.  
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Fig. 13 A qualitative illustration of the relative energy levels involved in XANES 
and EXAFS. The figure is redrawn from ref.

72
. 

The energy required for these transitions to occur will mainly depend on 

the oxidation state of the examined atom and the coordination symmetry 

around it together with other effects such as spin-orbit coupling. Because of 

the higher effective nucleus charge sensed by the electrons in the different 

shells due to less shielding of the nucleus at higher oxidation states, the elec-

trons will need more energy for the absorption, and therefore the absorption 

edge will move to higher energies correspondingly. The intensities of the 

different features will depend on the occupation of the different energy lev-

els and can therefore be used to obtain information about possible spin states 

of the atom.  

The energies where the absorptions occur are typically around the rising 

edge and up to ~50 eV higher in energy, the so-called  x-ray absorption near 

edge spectroscopy (XANES) region. It is very often used to obtain infor-

mation about the oxidation state of different transition metals through the 

comparison of the energies for the absorption edge with well characterized 

substances of the same metal in a similar environment. At higher energies of 

the x-rays, the electrons in the different core levels can be ejected out to the 

continuum (see Fig. 13) and thus leave as a photoelectron as described by 

the photoelectric effect, where the excess of the absorbed energy will be 

converted to kinetic energy for the photoelectron, and thus reflected in the 

wavelength: 
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where E is the incoming photon energy and E0 the energy required to ion-

ize the atom, i.e., work function, me, the electron mass and υ, the velocity of 

the photoelectron. During this process the ejected photoelectron will escape 

the atom and start diffracting with the surrounding atoms. At this stage the 

electron can be viewed as a wave that interferes forwardly and backwardly 

against all its neighboring atoms. The resulting interference of all the scat-

tered photoelectrons will oscillate at different frequencies depending on the 

distance to neighboring atoms, charge of the atoms and geometry. These 

oscillating electrons will in turn interfere differently with the incoming x-

rays depending on the energy of these x-rays as the kinetic energy of the 

photoelectron changes and thus will affect the absorption, giving rise to 

modulations in the so-called x-ray absorption fine structure (EXAFS) region 

at energies above the XANES region. This region is of importance for the 

investigations of the number of neighbors, types of neighbors, and distances 

to neighboring ligands and atoms in a molecule or crystal. 

18. Thermogravimetric analysis 

For the analysis of the weight change as a function of temperature, a 

thermogravimetrical analysis (TGA) apparatus is used. Starting materials 

that contain water-soluble transition metal salts or complexes contain differ-

ent amounts of crystal water and additional absorbed water. In order to get a 

more accurate molecular weight, typically 20-30 mg of the reactant e.g. co-

balt acetate, is placed in, e.g., a platinum cup and heated under air flow from 

room temperature to 1000°C in order to form CoO, which forms above 

~950°C. The effective CoO mass per gram of cobalt acetate can subsequent-

ly be calculated from the weight loss. Another use of the TGA is to follow 

the weight change of the materials in different atmospheres as a function of 

temperature. This is important in order to understand the properties at higher 

temperatures in cases where the material starts to lose/take up oxygen.  
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Experimental 

19. X-ray powder diffraction 

XRPD patterns were collected with PANalytical X’pert PRO MPD dif-

fractometer using Cu-Kα radiation, variable slits with a constant area of 4 

cm
2
 irradiated, and a step-size of 0.01671, in the 2θ range 10–80°. The pat-

terns were converted to corresponding fixed-slit data and Kα2 peaks stripped 

using the PANalytical X’Pert HighScore Plus software. Structure refine-

ments were made with the FULLPROF software package.
73

 

20. Neutron powder diffraction 

Time-of-flight NPD data were collected on the GEM diffractometer at the 

spallation source at ISIS, Rutherford Appleton Laboratory, U.K. Rietveld 

structure refinements were made with the GSAS program.
74

 

21. X-ray absorption near edge spectroscopy 

XANES spectra were recorded at National Synchrotron Radiation 

Research Center (NSRRC), Hsinchu, Taiwan. Ti–L, Co–L and O–K edges 

were collected at BL20A beamline, Ti–Kedges at BL16A beamline and Co–

K edges at BL01C beam line.  

22. Transmission electron microscopy 

Electron diffraction (ED) patterns were recorded with both a JEOL 

JEM2000FX TEM and a JEOL JEM2100 with a LaB6 filament, equipped 

with a double tilt sample holder, operating at 200 kV. High resolution imag-

es were taken on a JEOL JEM2100F with a field emission gun operating at 

200kV. The sample was crushed in ethanol and fixed on a copper grid with 

holey carbon by dipping the grid through an ethanol suspension of the sam-

ple. 

23.  Scanning electron microscopy 

Cation compositions were determined by energy-dispersive spectroscopy 

(EDS) micro-analysis with a JEOL 7000F SEM operated at 20 kV with an 

Oxford Inca Energy EDS system, using a special sample holder for TEM 

grids. The data were evaluated with fixed oxygen stoichiometry for the ZAF 

correction. The EDS analyses were carried out for selected samples to rule 

out significant element losses during the syntheses. They were made using 

TEM grids in order to have well dispersed particles with sizes >2 μm. Sam-
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ples in a conductive carbon based polymer matrix polished to a flat surface 

were also used to obtain reliable EDS data. The oxygen stoichiometry was 

fixed by stoichiometry in order to get a good approximation of the element 

matrix for the ZAF correction.  

24. Electronic conductivity and Seebeck coefficient 

The high- temperature Seebeck coefficient and electronic conductivity 

were measured in synthetic air atmosphere from RT up to 900°C with an 

Ozawa Science RZ2001i measurement system. The presented measurements 

were restricted to the reliable measurement range of electrical resistivity 

between 10
-7 

and 10
-4

 Ω m. The electronic conductivity was measured using 

the four-point probe method, while the Seebeck coefficient was measured in 

steady-state mode. Samples were prepared in the form of rectangular bars 

with the dimensions 2mm x 2mm x 13mm and sintered again using the same 

program as with the initial synthesis. 

25. Thermal expansion 

Linear thermal expansion measurements were made on a Netzsch DIL 

402C dilatometer calibrated with a sapphire sample as a standard. Oxide 

powders were pressed into pellets of 8 mm diameter and 5–5.5 mm height 

and sintered at 1350°C for 24 h in air and polished to approximately the 

same size as the sapphire standard. Measurements were performed in air 

from room temperature (RT) up to 1000°C, at a heating rate of 5 °C/min. 

26. Thermogravimetric analysis 

Thermogravimetric analyses of the starting materials were made with a 

Perkin Elmer TGA7 thermogravimetric analyzer in order to control the water 

content in starting materials and weight changes in the products arising from 

loss of oxygen. 

27. Magnetic measurements 

Magnetic susceptibility was recorded with a Quantum design 

physical property measurement system (PPMS) equipped with a vibrating 

sample magnetometer (VSM) with the D.C magnetization. Zero-field cooled 

(ZFC) and field cooled (FC) measurements, with an applied field of 1000 

Oe, were made between 32°C (305K) and -269°C (4 K). Temperature-

dependence measurements of the magnetic moment in the temperature range 

from RT to 527°C at an applied magnetic field of 1 T of the pressed powder 

samples of La2Co1+z(Ti1-xMgx)1-zO6 were performed using a MPMS SQUID 

magnetometer (Quantum Design). 
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Syntheses 

Historically, inorganic solid state chemistry has been a very central 

branch of chemistry industrially. Especially for the development of different 

technologically important materials such as functional glasses, photocata-

lysts, batteries, lasers, magnetic materials, metals and alloys, it has been and 

will continue to be important. The conventional “shake and bake” solid state 

synthesis method is usually enough for standard characterization methods 

such as XRPD, NPD and electron microscopy, although it is sometimes 

more beneficial to use other routes to produce the same material, but with 

different morphological characteristics to change the size/shape dependent 

properties. These can be, e.g., electronic and magnetic properties in low di-

mensional materials or conductivity/catalytic properties from particle size or 

surface mediated effects.  

The following parts will briefly describe the synthesis procedures used in 

this work for the unconversant reader in this field. 

Conventional inorganic solid state synthesis 

The traditional synthesis route in inorganic solid state chemistry has been 

through grinding of the reactants, usually the oxides, carbonates or nitrates 

of the desired elements in stoichiometrically right proportions in a mortar 

with a pestle. The corresponding mixture is then pressed with a hydraulic 

press into a pellet in a dye. The pellet is then placed in a furnace with the 

desired temperature programmed, in order to form the desired product. Due 

to the long diffusion lengths in the particles of the starting materials (if ox-

ides are used) >1μm, it is usually necessary to regrind and press a new pellet 

with subsequent heating until a single phase material (less than <1wt% sec-

ondary phases) is observed by powder x-ray diffraction.  

Solution-based synthesis methods 

In some cases it is more desirable to use a solution-based route to produce 

the products, e.g., when there are difficulties in obtaining single-phase mate-

rials due to unreactive starting materials, large diffusion distances with slow 

diffusion rates at the desired annealing temperature, and the need to have a 
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high surface area and nano-sized particles of the material for applications. 

Typically, the salts, e.g., nitrates, oxalates, carbonates or oxides are dis-

solved in a water solution together with acid citric acid in the desired ratio to 

the cation content at 70-90°C. If necessary, e.g., when alkaline oxides are 

used, nitric acid needs to be used in order to dissolve the starting materials. 

The next step is to raise the pH of the solution with ammonia in order to 

deprotonate the citrate molecules with pKa  values of ~3.13, 4.76 and 6.4 in 

order to chelate - bind to the metal - ions in the solution. If any acidic oxides 

are used, these will dissolve at this step.  

In the next step the solution is kept at a higher temperature ~300°C to in-

crease the solubility, while most of the water and ammonia is boiled off. 

This step will also speed up the gelation process while avoiding precipitation 

of any metal salts as the pH decreases when the ammonia evaporates. The 

final step is to combust the citrate at a temperature above ~350°C in order to 

form a nano-powder of the product. The resulting voluminous powder can 

then be regrinded, pressed and annealed at higher temperatures.  
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Results and discussion 

The results and discussions presented in this thesis cover the main parts of 

those given in papers I-IV. However, alternative interpretations of some of 

the results found in papers I and II are additionally presented.  

These are based on new insights into the results that were gained during 

the writing of this thesis. 

Paper I 

28. The La2Co1+z(MgxTi1-x)1-zO6 system; Synthesis and structural 

and magnetic properties 

LaCoO3 

Among the rare earth-based cobaltates, LaCoO3 (LCO) has drawn signifi-

cant attention over the last two decades due to its many exotic properties. 
61,75–78

 Among these the high electronic and ionic conduction at elevated 

temperatures have contributed much to the major interests in using it as an 

electrode material for solid oxide fuel cells.
79

 Much effort has been put on 

different types of substitutions on both the lanthanum and cobalt sites.
54,79

  

However, to the author of this thesis’s knowledge, no study has been con-

cerned with a systematic investigation of the materials properties as a func-

tion of the oxidation state of cobalt and its content separately for the same 

system. In many studies, the lanthanum is substituted by comparatively larg-

er alkaline earth ions, e.g., Sr
2+

, in order to enhance the electro-catalytic ac-

tivity for the oxygen reduction reaction by keeping the oxygen content con-

stant and forming Co
3+/4+

 couples and/or possibly, holes at the oxygen ions
80

  

However, in many cases, the enhanced mixed ionic and electronic con-

ductivity (MIEC) in the substituted phases also increases the reactivity of the 

materials, which is detrimental, e.g., for SOFC applications. Another effect 

of having Co
3+

 and Co
4+

 in the materials is an additional large increase in the 

coefficient of linear thermal expansion, αL. This increase is due to spin state 

transitions of Co
3+

 taking place upon heating, from lower spin states to high-

er ones, which increase the ionic radius of Co
3+

 (low-spin (0.545Å), inter-
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mediate-spin (0.56Å) and high spin (0.61Å)).
81

 A formation of oxygen va-

cancies at elevated temperatures, and thereby a reduction of Co
4+

 to Co
3+

, 

contributes in addition to a larger thermal expansion by the comparatively 

larger size of the Co
3+

 ions, which may with increasing temperature succes-

sively excite into higher spin states. 

The undesired effect of Co
3+

 spin state excitations on the thermal expan-

sion can be reduced by substitution of some of the Co for Fe. However, the 

electronic conductivity decreases upon the substitution
15

, while the activity 

for the oxygen reduction reaction is maintained through the formation of 

oxygen vacancies rather than an increase in the oxidation state of Fe
3+

.
15,82

  

In other studies, lanthanum has been substituted by smaller rare earth 

ions, e.g., Y
3+

, in order to decrease the Co3d-O2p hybridization by octahe-

dral tilting and hence narrowing the bands, consequently shifting the spin-

state transitions to higher temperatures and thus decreasing the effects of 

spin-state transitions on the thermal expansion.
82,83

 Due to the close correla-

tion of the TEC with the ionic conductivity and the reactivity, it is necessary 

to find an optimal compromise between the TEC and the conductivity prop-

erties of a material.
83,84

 While many studies have been conducted on La1-

yAyCo1-xBxO3 systems, with respect to TEC, MIEC and magnetic 

properties
50,54,79,82,85–91

, they have been confined to single substitutions at the 

Co site (see e.g. ref. 
92,93

). No thorough systematic studies have been made to 

this date on double substitution at the B-site in LaCoO3 .  

It is therefore interesting from a fundamental perspective to investigate 

the LaCoO3 system systematically through double substitution at the Co site 

by two ions with different and fixed valences, i.e., Ti
4+ 

and Mg
2+

. In this 

way, the formal oxidation state of cobalt can be varied while the cobalt con-

tent is fixed. It is also possible to fix the oxidation state of cobalt and have 

the cobalt content varied.  

Phase analysis 

In the first paper, phases in the La2Co1+z(MgxTi1-x)1-zO6 system, hereafter 

named LCMT, were synthesized by the citric acid route at temperatures 

600°C, 900°C, 1100°C and 1350°C with intermediate grindings and pressing 

to ensure maximum homogeneity in the samples. However, only samples 

annealed at 1350°C were used for the final characterizations, as they con-

tained the least amount of impurities. The investigations were focused on the 

composition lines La2Co(MgxTi1-x)O6 (z = 0), hereafter named the LCMTX 

series, for which the oxidation state of Co nominally changes from 2+ for 

x=0.0 to 3+ for x = 0.5, and La2Co1+z(Mg0.5Ti0.5)1-zO6, hereafter named the 

LCMTZ series, with a varying fraction of Co
3+

 ions. Typical XRPD patterns 

of samples made at the different annealing temperatures during synthesis are 

shown in Fig. 14. They clearly show that the perovskite phases are formed at 

a temperature as low as 600°C when the citrate route is used. For phases 

prepared at 600°C the peak widths of the reflections are very broad, typically 
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associated with either nanometer-sized crystallites or compositional distribu-

tions. Broad reflections are typical for materials synthesized by the citrate 

route at low temperature, where a fast combustion in combination to gas 

formation leads to nanometer sized grains or crystallites.
94

  

 

Fig. 14 Typical XRPD patterns for samples synthesized at 600°C, 900°C, 1100°C 
and 1350°C .The rhombohedral splitting of the cubic 220p reflection is indicated. 
The splitting becomes progressively clearer with increasing synthesis temperature. 

Typical peak widths at full width at half maximum height (FWHM) for 

samples synthesized at 600°C at 900°C ranged between 0.36-0.52° and 0.21-

0.39°, respectively. For low temperatures, the patterns resemble those of a 

cubic perovskite, while, with increasing annealing temperature, they become 

sharper and show more distinct features. For 1100°C, peaks are discerned 

that are typical for a symmetry lower than cubic, e.g., the rhombohedral 

splitting of the 220p peak at ~67-68°.  

Complementing TEM studies indicated that the phases observed at 

1350°C are already formed at 600°C. However, their compositions could not 

be readily confirmed by EDS in the TEM due to high standard deviations.  

Long term stability of samples with compositions La2Co(Mg0.5Ti0.5)O6, 

La2Co(Mg0.2Ti0.8)O6 and La2CoTiO6 was investigated by annealing at 

1350°C for 300h (see Fig. 15).  The samples with only Co
2+

 (x = 0.0), and 

low amounts of Co
3+

 (x = 0.2), show no signs of changes upon the prolonged 

heating. However, for the composition with formally 100% Co
3+

, some extra 

impurity lines appear. The relative intensities for the rhombohedrally split 
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reflections also change, which may be interpreted as due to a formation of an 

additional pseudo-cubic phase at the expense of the rhombohedral one. 

 

 

Fig. 15 Overlaid XRPD patterns of samples with a) x=0.5, b) x=0.2 and c) x=0.0 
before and after heat treatment at 1350°C for 300h. 

The sample x=0.2 was further annealed at 1500°C for 24h without show-

ing any further changes (see Fig. 15). For all the samples investigated XRPD 

patterns were recorded after a final annealing at 1350°C.  
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Fig. 16 Comparison of the XRPD pattern for x=0.2 after annealing at 1350°C and 
1500°C for 24h. 

The observed space group symmetries for samples in the LCMT system 

are shown in the compositional diagram in Fig. 17. The diagram displays, 

with increasing x, a continuous change from monoclinic (P21/n) to ortho-

rhombic (Pbnm) and rhombohedral ( cR3 ) symmetry, where the rhombohe-

dral phases are found together with secondary phases with a pseudo-cubic 

symmetry. Secondary pseudo-cubic phases were also observed for composi-

tions neighboring the sample with x = 0.5, and for samples with z > 0, up to z 

= 0.4(see Fig. 17).  
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Fig. 17 Compositional phase diagram showing the compositions that were synthe-
sized and their respective space group symmetries. 

The symmetries obtained from XRPD studies of the compositions where 

x changes from 0 to 0.5 were confirmed by SAED(see ref.
95

). Rietveld re-

finements using NPD data for the samples with x = 0.0, 0.2 and 0.5 also 

confirmed the symmetries and showed a nearly complete ordering of Co and 

Ti for x = 0.0 and no significant amounts of oxygen vacancies in the struc-

tures.
95

 The absence of oxygen vacancies at elevated temperatures verified 

by thermogravimetric analyses in air for samples with x = 0.0, 0.3 and x = 

0.5 with z = 0.4 showed no significant weight losses (<< 0.5%) up to 900°C.  

Furthermore, the sample with x=0.5 and z=0 showed no significant weight 

loss up to 1000°C when subjected to a dynamic vacuum of 10
-3

 bar.  

However, it was observed that samples were reduced and oxygen vacan-

cies formed when the samples were heat-treated up to 627°C at 10
-8

 bar in a 

physical property measurement system (PPMS). This was confirmed by 

XRPD patterns of a sample with x=0.5 and z=0.2, recorded before and after 

the heat treatment and also after subsequent heat treatment at 700°C in air. 

The original cell volume 344.47 Å
3
 increased to 349.04 Å

3
 after vacuum 

treatment and then a return to its original volume after heating in air. 
96

 

These findings indicate that the formation of oxygen vacancies is possible 

only at very reducing conditions. The property of the samples to retain a full 

oxygen stoichiometry is notable, allowing for a full control of Co oxidation 
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states, and is also observed in the similar La2-xSrxCoTiO6 system investigated 

by Yuste et. al.
97

  

The LCMT system shows overall a gradual decrease in the perovskite 

sub-cell volume with increasing amounts of formed Co
3+

, i.e., increasing x 

(see Fig. 18a and b), since the ionic radius of Mg
2+

(0.72Å) is larger than 

Ti
4+

(0.605Å).  

 

 

Fig. 18 Perovskite sub-cell volume dependence upon a) x and b) z for La2Co1-

z(MgxTi1-x)1-zO6. 

In the LCMTX series, the average B-O distances decrease from ~2.00 Å 

for x = 0 to ~1.96 Å for x = 0.5, with a concomitant increase of the average 

B-O-B angles of ~156.6° to ~160.0°. In the LCMTZ series, the B-O distanc-

es decrease further from ~1.95Å for z = 0.2 to ~1.93 Å for z = 0.6, with a 

parallel increase of the average B-O-B angles of ~162.7° to ~165.0°.
95

  For 

LaCoO3 at room temperature(RT) the Co-O distance is ~1.93Å with a B-O-B 

angle of 163.7°. 
81

 The observed average B-O distances can be compared 

with average ones calculated from the nominal compositions, using an ionic 

radius for either a LS or HS state of Co
3+

 and a chosen ionic radius for O
2-

 of 

1.342 Å(see Fig. 19). For compositions with z = 0 and 0  x  0.2, the varia-

tion of the observed average B-O distances with x seems to agree with the 

variation calculated for Co
3+

 in a HS state (the upper line), whereas the var-

iation for the other compositions lies in between those calculated for LS and 

HS Co
3+

.The data were interpreted accordingly in papers I and II (see ref. 
95,96

). However, an alternative view of the data is that the B-O distances de-

crease essentially in a linear way in the LCMTX series and that a stabiliza-

tion of a Co
3+

 HS thus does not occur. The compositional dependence of the 

observed B-O distances is thus indicative of a nearly equal mixture of LS 

and HS Co
3+

 at room temperature in both the LCMTX and the LCMTZ se-

ries (except then possibly for x  0.2 in the LCMTX series). This was origi-

nally proposed to be the case for LaCoO3 by Se ar  s- odr  guez and Goode-

nough.
77,98
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Fig. 19 Variation of the average weighted B-O distances as a function of x and z. 
Upper and lower solid  lines correspond to calculated B-O distances for all Co

3+
  

in a  HS  and LS state, respectively. Black and red symbols correspond to data from 
XRPD and NPD, respectively. 

XANES and magnetic properties 

Magnetic susceptibility and XANES data were both acquired for the 

LCTMX series 0 ≤ x ≤ 0.6 and the LCTMZ series with 0.2 ≤ z ≤ 0.6 to fol-

low the changes in the oxidation state of Co while maintaining the absolute 

Co content and to follow changes related to increasing Co content when the 

oxidation state of Co is fixed, respectively. For samples with z = 0 and x = 

0.0, 0.1 and 0.2 and z = 0.0, AFM transitions are observed at ~ -258°C 

(15K), ~ -258°C (15K) and ~ -265°C (8K), respectively. A similar behavior 

was observed by Yuste et. al. for the La2-xSrxCoTiO6 system and attributed to 

a decreasing degree of B cation ordering upon substitution with Sr.
97

 The 

AFM interactions can be explained through Co
2+

-O-Ti
4+

-O-Co
2+

 bridges in 

which the two next nearest neighbor Co
2+

 d
7 

(
25

2 gget ) ions interact through 

AFM super-superexchange interactions (see the G-K rules above) mediated 

by the d
0
 Ti

4+ 
ions.  

The long range AFM coupling is broken for x > 0.2. The statistical site-

percolation limit for a cubic lattice is ~31%. 
99

 The site percolation limit for 

disconnecting the ordered arrays of Co-O-Ti-Co is half of the value for a 

network with only Co-O-Co due to the Ti ions and, hence, corresponds to 

~15.5%. The breakup of B-site ordering is also observed as a change in 

symmetry from monoclinic to orthorhombic. These findings agree well with 

those for the system La2-xSrxCoTiO6, for which the B-site ordering disap-
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pears at precisely 15% La substitution by Sr.
97

 The percolation threshold has 

been pointed out as a possible a cause for changes in the conductivity and 

magnetic properties in other systems.
100,101

  

The average magnetic moment μeff per Co
2+

 ion, determined using equa-

tion (27), is found to be ~4.6 B.M. and is close to the expected one of 4.5-5.2 

B.M.
67

 The magnetic moment decreases linearly with increasing x, i.e. in-

creasing Co
3+

 content, down to 2.1 B.M. for x = 0.5. This value is close to 

that for a spin-only value for a 15:85 mixture of HS and LS Co
3+

. The spin-

only value for a 50:50 HS:LS mixture, i.e. the maximum HS content possible 

according to the Boltzmann distribution, is ~2.83 B.M., which is also identi-

cal to the spin-only value for an IS Co
3+

 ion in octahedral coordination. The 

observed increase of the magnetic moment at higher temperatures for com-

positions with high Co
3+

 contents is most likely caused by a thermal excita-

tion of LS Co
3+

 to HS/IS Co
3+

.
102

  

Room temperature XANES measurements show also that the average spin 

state of the Co ions decreases with increasing x. This is quantified through 

the so-called branching ratio i.e. I(L3) / (I(L2) + I(L3)), where I denotes the 

intensity for the specific edge.
103,104

 The fact that the average spin state of Co 

decreases linearly with an increasing amount of Co
3+

 is clear from a Ve-

gard’s law perspective, i.e., HS Co
2+

 is substituted by Co
3+

 with an “effec-

tively” lower spin state, depending on the LS:HS ratio. A linear decrease 

with increasing x is also observed for the μeff
2
 values (see Fig. 20). 

 

 

Fig. 20 Observed μeff values for samples with different x-values (circles) and corre-
sponding theoretical spin-only values shown with other symbols (square, triangle 
and star). 

From the TiK-edge the oxidation state of Ti is found stable at ~4+. How-

ever, the average oxidation state of Co shifts towards higher values as the 

corresponding Co L2,3 edges shifts towards higher energies with increasing 

x, i.e. Co
2+ 

is replaced by Co
3+

.
95

 Since the intensity of the absorption edges 
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is related to the occupation of, e.g., the M3d-O2p hybrid orbitals, the OK 

edge can be used to obtain information about the orbital filling during a 

change in the oxidation state of Co. It is concluded from the two features (E 

and F) observed in the OK edge (see Fig. 21a, b and c) that the ratio between 

these peaks, i.e., (I(E)/(I(E) + I(F)))/(1 + z) changes linearly with an increas-

ing fraction of Co
3+

, and  suggests together with the “small polaron hopping” 

behavior described further in paper II, suggests that the formal oxidation 

state of Co in this system is a compositional average of the two discrete oxi-

dation states of 3+ and 2+.  

 

 

Fig. 21 Observed a) OK edge spectra and b) features E and F together with the c) 
change in E/(E + F) ratio for the LCMTX and the LCMTZ series. 

However, it is possible to extract additional qualitative information about 

the system from the XANES spectra. Notably, information on the local 

structure of the absorbing element can be extracted, which is not otherwise 

detected by XRD.
105–110

 To start with, the TiK pre-edge and TiL3,L2 edges 

contain information on the local distortion or displacement of the absorbing 

Ti ion and Ti-O bond lengths, respectively.
105,110
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In Fig. 22a, some features in the TiK edge and the pre-edge have been 

marked by A, B, C, D, E, F, G and H. The A, B and C features belong to the 

pre-edge and should for centro-symmetric structures be very small or non-

existent. However, they are commonly observed for ferroelectric materials 

containing Ti, e.g., PbTiO3 and related phases, with structures in which the 

Ti atoms have been displaced from the centers of the octahedra.
105

  

 

 

Fig. 22 Observed a) TiK edge and b) the TiL3,2 edge for the  LCMTX and the LCMTZ 
series. 

Of most importance is the feature B, which arises from transitions related 

to the hybridization of p- and d-symmetry states related to the oxygen and 

transition metal ions that are directly influenced by the neighboring oxygen 

atoms. A high intensity of this peak is a qualitative spectroscopic indication 

of ferroelectricity in the perovskite structure.
105

 The XANES data in Fig. 22a 

shows that the intensity of B increases slightly with increasing x and is for x 

= 0.5 equal in intensity to feature C.  

This increase in intensity indicates an increasing displacement of the Ti 

atom as the Ti:Mg ratio decreases and the formal oxidation state of Co in-

creases. The post-edge features D, E, F, G and H are more complex to ana-

lyze, as they are related to the second- and third-nearest neighbors up to a 

distance of ~8Å.
105
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However, an increased broadening of the peaks following D, and a lower 

relative intensity of these features compared to D, might indicate an in-

creased delocalization of the states involved in those transitions. Fig. 22b 

illustrates the TiL3,2 edges, where the pre-edge features marked with a* and 

b* are related to spin-orbit interactions and do not change significantly in 

energy position or intensity with composition.
105

  

The TiL3 edge is split into two sub-bands, t2g (A) and eg (B). Since the 

lobes of the of the t2g orbitals, i.e. 3dxy, 3dyz and 3dxz, point in between the 

ligands, the effect of displacements from the oxygen atoms is not observed. 

The eg orbitals in B splits into 3dx2-y2 and 3dz2 due to variations in the Ti-O 

bond lengths and also due to a proposed long-range band structure effect on 

a length scale of 1nm.
105

   

It is clearly seen from Fig. 22b that peak B broadens in the LCMTX series 

with increasing x, while the height relative to peak A simultaneously de-

creases. The broadening also slightly increases with increasing z in the 

LCMTZ series. The splitting in energy of the eg orbitals is found to decrease 

for compounds for which the degree of displacement and subsequent distor-

tion of the TiO6 octahedra decreases as a result of substitution, e.g., Pb1-

xLaTiO3, Pb1-xCaxTiO3 and Ba1-xSrxTiO3.
111,112

 These present findings agree 

well with the indications of a displacement of the Ti atom from the center of 

the TiO6 octahedra from the TiK-edges in Fig. 22a.  
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Fig. 23 Observed CoK edge and its corresponding chemical shift (see inset) with 
different x in the LCMTX series and different z in the LCMTZ series. 

Fig. 23 shows the CoK edge, where some noteworthy features are marked 

with A, B for the pre-edge and C, D and E for the post-edge features. The 

pre-edge features for LaCoO3 are attributed to Co 1seg↑ and eg↓ transi-

tions.
107

 The post edge features are related to Co 1s 4p transitions hybrid-

ized with different orbitals. It is expected that the intensities of the pre-edge 

features increase with increasing bond-lengths due to, e.g., local distortion of 

the octahedra. This increase is a result of a decrease in the eg hybridization 

with O2p that increases the atomic character of the state.
107

 Based on Fig. 23, 

feature B, related to the transitions to eg↓, increases in intensity with increas-

ing x and reaches its maximum relative to A for x = 0.5. This intensity is 

maintained for the LCMTZ series, which implies that a maximum ortho-

rhombic distortion of the CoO6 octahedra is reached somewhere between z = 

0.0 and z = 0.2 with x = 0.5. However, whether the distortion arises from an 

increased stabilization of IS Co
3+

, as proposed for LaCoO3, or an increase of 
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the number of local LS:HS clusters of Co
3+

 with a ratio approaching 50:50, 

which has by some authors been proposed to be the most stable configura-

tion,
77,113

 is not possible to tell. However, it is further indicated from feature 

E in Fig. 23 that the local distortion in the present system increases with 

increasing x and is maintained for compositions with varying z. This feature 

arises from the Co 4p and O2p hybridization, which is expected to should 

increase in intensity with increasing orthorhombic distortion of the octahe-

dra.
107

 From the additional XANES interpretations one could assume that the 

local distortion of the octahedrons due to different neighboring atoms might 

be a possible effect that additionally affects the spin-state transition tempera-

tures to some extent. 

Paper II 

29. The La2Co1+z(MgxTi1-x)1-zO6 system; Correlating 

composition, structure and properties 

 

Thermal expansion and magnetic properties above room temperature 

 

In the second study, linear thermal expansion measurements were meas-

ured in order to understand how the thermal expansion of this system can be 

controlled through substitution. The purely linear thermal expansion for the 

sample in the LCMTX series with x = 0.0 (see Fig. 24a), assumed to contain 

only high-spin Co
2+

, can be assigned to an expansion originating from in-

creasing thermal vibrations in the material arising mainly from lattice vibra-

tions that cause a larger average separation.  

 

 

 

 

 

 

 



 

 55 

 

Fig. 24 Thermal expansion curves for the a) LCMTX and b) LCMTZ compositions 
and their c) average TEC values. 

This composition can be referred to as the “baseline” in the thermal ex-

pansion for the LCMT system. For x = 0.1, the thermal expansion follows 

the baseline up to ~700°C  before it starts to deviate towards higher values. 

The positive deviation increases with increasing x, i.e. with increasing Co
3+

 

content and is due to spin-state transitions of Co
3+

 ions. This is supported by 

high-temperature magnetic susceptibility measurements for compositions 

with x = 0.0, 0.2 and 0.5(see Fig. 25), which indicate an increase in the frac-

tion of Co
3+

 in high(er) spin state(s) at elevated temperatures. The average 

linear thermal expansion coefficient therefore increases significantly with 

increasing x up to x = 0.5 as more Co
3+

 is formed. The thermal expansion 

increases more drastically from x = 0.1 to 0.2. This is not reflected in the 

high-temperature magnetic susceptibility data (see Fig. 25), due to the fact 

that the increase starts well above ~400-500°C, i.e., outside the temperature 

range for the magnetic susceptibility data.  
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Fig. 25 Inverse magnetic susceptibility data for samples in the LCMTX series in the 
temperature range 27 to 527°C. Samples with x=0.1 and 0.2 exhibit a Curie-Weiss 
behavior,  while the sample with  x=0.5shows  typical behavior for a Co

3+67
. 

Apart from the contribution of spin-state transitions of Co
3+

 to the total 

thermal expansion, the curves also indicate a significant shift in the onset 

temperature for the deviation from a linear curve i.e. the temperature when 

the curve starts to deviate strongly from the “baseline.” By visual inspection, 

it is observed that the onset temperature decreases as the amount of Co
3+

 in 

the system increases. However, the cause of this can be debated. From a 

structural perspective, the average symmetry of the crystal structures in-

creases with an increase of the amount of Co
3+

, i.e., the symmetry changes 

from monoclinic to orthorhombic and then to rhombohedral. Simultaneously 

there is a continuous increase in the Goldschmidt tolerance factor (0.941 to 

0.991 from x = 0.0 to x = 0.5 with z = 0.6) and B-O-B angles (156.6° to 

165.0° from x = 0 to x = 0.5 with z = 0.6). These structural changes suggests 

that the crystal field splitting on the average decreases
114

 with an increasing 

Co
3+

 content, leading to the stabilization of a higher spin state of Co
3+

.  

However, this is not reflected in the XANES data, for which the branch-

ing ratio shows that  with increasing x, there is a linear decrease of the 

weighted average spin state of cobalt, i.e., the weighted spin state of the 

Co
2+

HS:Co
3+

(LS:HS) mixture. However, it should be noted that the XANES 

data were recorded at room temperature and that the thermal expansion data 

indicates a stabilization of a higher spin state Co
3+ 

at elevated temperatures. 

Furthermore, effects from “chemical pressure” can be expected to exist in 

the structures, i.e.,  the larger Mg
2+

 (0.72Å) locally push nearby oxygen ions 

closer to the smaller Co
2+/3+

 and Ti
4+

 ions in the structure and thus raise the 
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energy levels of the eg orbitals for the latter ions. Such a “chemical pressure” 

effect can be expected to increase with an increasing amount of Mg
2+

, i.e. 

increasing x, and to be followed by an increase in the onset temperature for 

the thermal expansion (see Fig. 24a).  

However, the opposite trend is observed, suggesting that other effects 

dominate at a local level (c.f. XANES part). Considering individual Co ions, 

the result of substituting Ti
4+

 by Mg
2+

 will have diverse effects on the crystal 

field around each cobalt ion on a local level. In Fig. 26, the B cations sur-

rounding a BO6 octahedron have been qualitatively depicted to illustrate that 

they may be either one of HS Co
2+

, (HS,LS,IS) Co
3+

 and either Ti
4+

 or Mg
2+

, 

all with different charges and ionic radius, i.e., different effective nuclear 

charges.  

Possible local-scale effects may be envisaged, even if the complexity of 

the system prohibits quantifications, which might cause or influence, with 

increasing x, the observed decrease in onset temperature for the thermal ex-

pansion and also the increase in conductivity that occurs at similar tempera-

tures. For simplicity, one may consider as a starting point a Co
2+

 ion with a 

regular octahedral surrounding of oxygen ions and only Ti
4+

 on neighboring 

B-sites. This coordination corresponds roughly to that for Co
2+

 ions for x = 0 

in the LCMTX series. A substitution of Ti
4+

 by Mg
2+

, i.e. an increase in x, 

still progressively perturbs the local ligand field around individual Co
2+

 ions 

in ways that depend on the number and type of possible neighboring B-site 

ions, e.g., each MO6 is locally surrounded by 2Co
2+

(HS),1Co
3+

(HS),2Ti
4+

 

and 1Mg
2+

 or  1Co
2+

(HS),2Co
3+

(HS),1Ti
4+

 and 2Mg
2+

, etc. (see Fig. 26a).  

 

 

Fig. 26 Schematic picture of the a) local coordination effects that decrease the 
ligand field symmetry of a BO6 octahedron, which leads to b) a breakup of the 
degeneracy of the different d-electron energy levels. 
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This is arbitrarily illustrated in Fig. 26b, where no spin-orbit coupling
67

 is 

taken into account. The crystal field splitting and the corresponding energy 

bands can be expected to be affected in three ways upon increasing x in the 

LCMTX series: 

 

 a decreased energy gap between t2g and eg bands, due a broadening of 

these bands by an increasing orbital overlap caused by both the in-

crease in average symmetry and the decrease in B-O bond length. 

 an increased splitting of the average t2g and eg levels as a result of the 

electrostatic repulsion.  

 an increased splitting of degenerate orbital energy levels, due to in-

creased local variations of the octahedral coordination, leading in 

turn to an increased probability of excitation of electrons from the 

valence band to the conduction band. 

 

The last effect may, to some extent, be responsible for the observed evolu-

tion of the thermal expansion and the electronic conductivity with x in the 

LCMTX series. As already stated, the XANES data were recorded at room 

temperature and, therefore, mainly give information about the fraction of 

Co
3+

 ions at this temperature, but not about the energy levels that the elec-

trons populate at elevated temperatures. However, a slight broadening can be 

observed in XANES peaks with increasing x and z in the LCTMX and 

LCTMZ series, respectively, attributable to an increasing delocalization of 

the energy levels and increasing crystal field strength.  

In the LCMTZ series the average thermal expansion coefficient is found to 

vary little with z and to have values close to that of pure LaCoO3 (~21-

22ppm/K). Speculatively, this may be due to a sufficiently high fraction of 

Co
3+

 ions to establish a “percolating” network of Co
3+

 ions
115

, that collective-

ly behaves similar to the matrix of the parent compound LaCoO3. A stabili-

zation of the IS Co
3+

 may then, with increasing z, proceed through the in-

creasing average B-O-B angles. The stabilization is believed to favor elec-

tron hopping and occur through a charge disproportionation. The latter has 

been proposed to proceed through 1) LSCo
3+ 

+ HSCo
3+
LSCo

4+ 
+ HSCo

2+
, 

which at higher temperatures increases the electron exchange and leads to 

the recombination 2) LSCo
4+ 

+ HSCo
2+
2ISCo

3+
 that is responsible for the 

high conductivity at temperatures >227°C for LaCoO3 (see 
102,113,115

 and ref-

erences therein). 
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Electronic conductivity and Seebeck measurements 

The electronic conductivity for the LCTMX and LCTMZ series (see Fig. 

27a) increases gradually with the temperature up to 900°C.  

 

Fig. 27 Illustrations of a) the electronic conductivity and b) the conductivity at 
900°C and the activation energy, Eσ (for the nearly linear middle portions of the 
log(σT) vs. 1/T curves in a)) for the LCMTX and LCMTZ series. 

 

In the LCMTX series, the behavior for x = 0.0 and 0.1 with monoclinic 

structures is typical of a thermally activated semiconductor. It is also clear 

from the temperature dependence of the electronic conductivity (Fig. 27a) 

and the activation energies for the conductivity Eσ and Seebeck coefficient Es 

(see Fig. 27b and Fig. 28b, respectively), that for these two compositions the 

number of charge carriers increases as more Co
3+

 is formed.  

 

a)                                                                         b) 

 

Fig. 28 Measured a)Seebeck coefficients and their corresponding b) activation 
energy, ES for the LCTMX and LCTMZ series. 

However, for x = 0.2, also with a monoclinic structure, significant chang-

es in conductivity, Seebeck coefficient and thermal expansion are observed. 
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The behaviors of the properties resemble more the behaviors of the proper-

ties for samples with orthorhombic structures, i.e. with x = 0.3 and 0.4. Inter-

estingly, at the x = 0.2 composition, the AFM transition temperature TN de-

creases significantly, from ~ -258°C (15K) for x = 0.0 and 0.1 to ~ -265°C 

(8K).
95

  

The heat of charge carrier jump, H± (see Fig. 29) related to the energy loss 

of the small polarons upon jumping from one site to another also shows a 

significant increase at x = 0.2.  

The distinct changes in the properties between x = 0.1 and x = 0.2 can be 

associated with a “semi-ordered” arrangement of the B cations (c.f. ED pat-

tern in ref.
95

) in the ordered monoclinic structures. When the insulating Mg
2+

 

is substituting the Ti
4+

, the Mg/Ti-O distances increase, which may lower the 

probability for successful jumps of the small polarons. It should be noted 

here that the polaron jump distance is included in the σ0 constant in equation 

(21) (for more details see e.g. ref. 
59,116

).  

It is therefore reasonable to say that substitution by Mg
2+

 has two major 

effects on the properties for the B-cation-ordered compositions, i.e., those 

with monoclinic structures; first, it disrupts the conduction path of the polar-

ons (charge carriers) and, second, it breaks the strong AFM super-exchange 

between next-nearest neighbor Co
2+

 ions when the ordered arrangement is 

broken and Co
3+

 ions are formed that do not participate in the strong AFM 

exchange interactions with Co
2+

 (see G-K rules).  

With further increase in x up to x = 0.5 the average TEC values continue 

to increase as a result of the increasing Co
3+

 content. The chemical 

pressure
81,83,102

 (see above) should then increase the number of LS Co
3+

 at 

 

Fig. 29 Heat of charge carrier jump values for compositions in the LCTMX and the 
LCTMZ series. 



 

 61 

room temperature that can contribute to the TEC, due to spin-state transi-

tions (see Fig. 24c).  

The electronic conductivity Arrhenius curves (see Fig. 27a) appear to 

show, at lower temperatures and with increasing temperature, transitions 

towards higher conductivity values, i.e., higher activation energies.  The 

temperature where these transitions occur appear furthermore to decrease 

with increasing x. This may possibly be due to the local distortions created 

by the increasing Mg
2+

 content lowering the energy gap to the conduction 

band. However, it is apparent that the average TEC values in the LCMTZ 

series only increase from z = 0.0 to z = 0.2, mainly due to a threshold that is 

reached in the stabilization of IS Co
3+

 in this system. The electronic conduc-

tivity increases in the LCMTX series with x and in the LCMTZ series with z  

together with a lowering of the activation energy (see Fig. 27a and b) mainly 

as a result of a larger concentration of hole carriers (lower Seebeck coeffi-

cient values) but also of a more percolating network of conducting Co
3+

-O-

Co
3+

 pathways.  

The decrease in the Seebeck coefficient at temperatures <27°C towards 

higher z values resembles the results from Knizek et al.
75

 for slightly n-type 

doped (slightly reduced LaCoO3 and Ti
4+

 doped (La, Dy)Co1-xTixO3 with x = 

0.05 and 0.02).  

Similar results where conductivity type changes from pnp-type with 

small changes in Ti content from 0.00.1>0.1 have also been observed 

by other groups for the LaCo1-xTixO3 system.
114,117

 It has been attributed to a 

lower relative mobility of hole carriers than the electrons below ~27°C rather 

than the electrons. The contribution of hole carriers to the Seebeck coeffi-

cient accordingly start to dominate as more IS Co
3+

 forms, causing an in-

crease in the Seebeck coefficient (see Fig. 28a). 

Paper III 

30. LaCrM2/3Nb1/3O3 with M = Mg
2+

, Ni
2+

 and Cu
2+

; Crystal 

structure and magnetic properties 

LaCrO3 

 

In this study, LaCrO3 was substituted on the B-site to form the com-

pounds La2Cr(M2/3Nb1/3)O6 system with M = Mg
2+

, Ni
2+

 and Cu
2+

. Com-

pounds based on LaCrO3 can be used as an interconnect material ) in high 

temperature SOFC stacks, i.e., a material that connect one single cell to an-

other and which should ideally be a pure electronic conductor.
118

 LaCrO3-
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based materials can be used for this purpose due to their stablity in a broad 

range of oxygen partial pressures. Because of its stability, LaCrO3 has been 

substituted at the B-site, i.e LaCr1-xBxO3 with B = Mg, Ni, Cu, Cr, Co, Fe, 

Mn and Ti, in order to increase the catalytic activity and ionic conductivity 

for use as an anode material.
119,120

  

However, LaCrO3 shows a strong AFM G-type ordering at TN = 17°C.
121

 

Since the magnetic super-exchange interactions occur through the t2g-O- t2g 

orbitals (Cr
3+

 is a d
3
 ion), the magnetic interactions are expected to be rela-

tively  weak compared to a d
5
 ion from the G-K rules.

70
 The interactions are 

strongly influenced by dilution of the Cr
3+

 ions by magnetic or non-magnetic 

ions. In some systems, e.g., for compounds A2CrBO6 with A = Ca
2+

 and Sr
2+

, 

B = Nb
5+

 or Ta
5+

, the B-site cations are ordered.
122

 It is therefore of interest 

to investigate this type of compounds further, both from a structural and 

magnetic point of view, by an addition of a third cation on the B-site e.g. for 

the present La2CrM2/3Nb1/3O6 compounds. 

 

Experimental and structural properties 

All La2Cr(M1/3Nb2/3)O6 compounds with M = Mg
2+

, Ni
2+

 and Cu
2+

, here-

after denoted as the Mg, Ni and Cu samples, were synthesized by the citrate 

route
123

 (see synthesis section). From the investigations by SAED patterns, it 

was found that for M = Ni there is no long-range ordering of the B-site cati-

ons and that the structure is of the orthorhombic GdFeO3 type with space 

group Pbnm. However, for M = Mg, SAED patterns showed additional weak 

reflections along the perovskite [110]p direction, characteristic of the space 

group P21/n, which allows for a B-site cation ordering(see Fig. 30a and c. 
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Fig. 30 Observed <110>p zone axis SAED patterns of the a) Mg-, b) Ni-, and c) Cu-
compounds. 

 

The additional reflections were only clearly observed for the Mg com-

pound but with contrast enhancement also for the Cu compound. They can 

be assumed to arise from either a very weak degree of ordering of the B cati-

ons or a compositional variation on a local level. No distinct domain areas 

could be observed by using fast Fourier transforms (FFTs) of HREM images 

to monitor local changes in the diffraction pattern. However, one may specu-

late that some type of preference for ordering of the B
2+

 ions and Nb
5+

 ions 

should exist, due to the large differences in charge and size on a short range 

scale, e.g. several unit cells, and cause the monoclinic superstructure. How-

ever, no evidence for a monoclinic symmetry could be observed for any of 

the compounds in XRPD and NPD patterns, and the final Rietveld refine-

ments using NPD data were made using the orthorhombic Pbnm symmetry 

for all three compounds.    

Magnetic properties 

From the magnetic susceptibility (see Fig. 31), different transitions can be 

observed at -193°C (80K), -148°C (125K) and -133°C (140K) for the Mg, Cu 

and Ni compounds, respectively. The negative Cure-Weiss constants for all 

compounds indicate that AFM interactions are dominating. The experimental 

μ
2
eff values of 15 and 20 B.M.

2 
for the Mg and Ni samples, respectively, 

agree well with the theoretical ones at 14.4 and 19.6 B.M.
2
, respectively.  

The susceptibility curves show, as often observed for ferrimagnetic com-

pounds with AFM coupled sub-lattices, a deviation from the Curie-Weiss 

behavior, i.e. non-linear behavior of the inverse susceptibility (see Fig. 31) 

above the transition temperature TN.  

The magnetic interaction between Cr
3+

 ions is AFM for all Cr
3+

-O-Cr
3+

 

angles. The other magnetic interactions in the compounds can be summa-

rized according to expected type and strength of 180° M-O-M'  oxygen-

mediated super-exchange for the different M/M’ elements on the B-sites in 
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the compounds. Accordingly, the different oxygen-mediated interactions are 

for the pairs Cr-Nb, Cr-(Cu,Ni), Nb-(Cu,Ni), Cu-Cu and Ni-Ni,, weighted by 

the site occupation factor for the atoms on the B-site (see ref.
123

). The frac-

tions pMM' of the different cation neighbor pairs can be calculated according 

to: 

 

M'MMM' xxp                        (34) 

 

where xM and xM' is the fractional B-site occupancy of the M and M' at-

oms, respectively, and pMM' is the probability of having two adjacent MO6-

M´O6 octahedra for a magnetic super-exchange to be possible. The calcula-

tions imply that there is a totally random distribution of the different cations 

on the B-site. For the parent compound LaCrO3, a strong AFM oxygen me-

diated Cr
3+

-Cr
3+

 super-exchange is expected (see G-K rules). Dilution at the 

B-site of Cr
3+

 by Nb
5+

 is expected to result in a Cr
3+

-Nb
5+ 

FM double-

exchange interaction. The interaction is probably mediated by partly itiner-

ant (delocalized) electrons on Cr. This kind of interaction is more common 

in metallic oxides and implies that there is a real movement of electrons 

from the Cr
3+

 ions to the empty d
0
 orbitals of Nb. Dilution of the Cr

3+
 ions by 

the non-magnetic Mg
2+

 ions is similarly expected to result in a FM Cr
3+

-

Mg
2+

 double-exchange interaction, although slightly weaker than the Cr
3+

-

Nb
5+

 interaction.  

For the Cu and Ni compounds, the number of present M-M' interactions 

increases (see ref.
123

).  
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Fig. 31 Observed temperature dependence of the magnetization M for the Mg, Cu 
and Ni compounds for a magnetic field H of 0.1 T. Field-cooled and zero-field-
cooled curves are shown by solid and dashed lines, respectively. The temperature 
dependence of the inverse magnetic susceptibility, χ

-1
=H/M, is shown in the inset. 

 

The expected oxygen-mediated super-exchanges for Cr
3+

-Ni
2+

 and Cr
3+

-

Cu
2+

 are moderately and weakly FM, respectively. The oxygen-mediated 

double-exchanges Ni
2+

-Nb
5+

 and Cu
2+

-Nb
5+

 interactions are expected to be 

FM. The differences between the zero-field-cooled and field-cooled curves 

(see Fig. 31) are attributable to spin glass or cluster glass effects. These ef-

fects might be caused by locally ordered FM, M
2+

-Nb
5+

 clusters, which also 

might cause the weak monoclinic reflections observed in the SAED patterns.   

For mono-oxides of transition metals, the Neel temperature increases with 

increasing polarization power of the cations; MnO (116K), FeO(186K), 

CoO(292K) and NiO(523K)
70

 The transition temperatures for the present 

compounds follow the same trend, i.e., the transition temperatures increase 

with the effective polarization power of the involved magnetic cations, 

which in turn increases the strength of the magnetic interaction (see G-K 

rules). Assuming a complete disorder at the B-site, similar crystal structures 

for the compounds, and negligible distortions of the octahedra, the polariza-

tion power should increase in proportion to the charge per size of cations. It 

would accordingly increase in the order Cu
2+

 (r = 0.73 Å), Ni
2+

 (r = 0.69 Å) 

(for which the super-exchange interactions strongly interact through the 

highly hybridized eg orbitals) and Cr
3+

 (r = 0.615 Å). The Mg
2+

 and Nb
5+ 

ions can be regarded as magnetically non-active ions. However, Nb
5+

 medi-

ates FM double-exchange interactions through the less hybridized t2g orbit-

als.  

The present compounds exemplify cases for which the G-K rules can be 

applied to complex systems, taking into account various possible magnetic 
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couplings and their relative strengths, as determined by the polarization 

power of the magnetic ions and the fractions of interacting ion pairs.  

Paper IV 

31. SrxY1-xFeO3-δ (0.63  x < 1.0) and Sr0.75Y0.25Fe1-yMyO3-δ (M = 

Cr, Mn, Ni and y = 0.2, 0.33, 0.5) 

 

Background 

In this study, the cubic perovskite solid solution SrxY1-xFeO3-, formed 

upon substitution of the Sr
2+

 ions in SrFeO3 by smaller Y
3+

 ions, was investi-

gated. In addition, Fe was substituted by M = Cr, Mn, Ni for compositions 

Sr0.75Y0.25Fe1-yMyO3- with y = 0.2, 0.33 and 0.5. The study was done to find 

out if the phases are suitable in SOFC applications as a cathode material. 

Determined relevant properties include thermal expansion, electronic con-

ductivity and oxygen content, the latter expected to considerably influence 

the ionic conductivity.
79

  

Many Co- and Fe-based perovskites exhibit high oxide-ion conductivities, 

due to the relative low energy difference between different coordination 

polyhedra, in turn as a result of relatively weak metal-oxygen bonds. The 

electronic conductivities are usually also high and arise from the relatively 

low energy differences between different oxidation states of Co and Fe in 

perovskites. For use as a SOFC cathode material, electronic conductivities of 

Fe-based perovskites are found to be high enough, although inferior to those 

of Co-based ones; e.g. La0.8Sr0.2CoO3 shows at 800°C an electronic conduc-

tivity of 1300S/cm
124

 in comparison with ~110S/cm for the Fe analogue 

La0.8Sr0.2FeO3
125

. Apart from conductivity properties, the compatibility be-

tween the components of the SOFC with the cathode is a major issue; for 

this reason new potential materials often have to be discarded for use in sin-

gle phase cathodes. In standard high-temperature SOFCs, the electrolyte is 

often made of yttrium-stabilized zirconia (YSZ), which most often reacts at 

the interface with La- and Sr-based cathode materials to form badly conduct-

ing La- and Sr-zirconates.
126

 The detrimental formation of secondary phases 

can be overcome by using a composite cathode, i.e., mixing the YSZ with 

doped ceria, or inserting a protective layer of doped ceria in between the 

electrolyte and the cathode.  

     Severe degradations in SOFCs may also take place through, e.g., cracks 

and delamination caused by a thermal expansion mismatch between different 

components. Cathode materials containing Co
3+

 and Co
4+

 are in this respect 
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ill-suited as they suffer from large thermal expansions at elevated tempera-

tures, caused by both reduction of cobalt and thermal spin-state excitations 

in Co
3+

 ions. The present SrxY1-xFeO3- phases could here be better candi-

dates, considering  that they contain significant amounts of Y, which might 

reduce the chemical driving force to react with the YSZ electrolyte and do 

not contain any Co
3+

 ions that are susceptible to thermal spin excitations. A 

significant contribution to the thermal expansion of the SrxY1-xFeO3-δ phases 

can, however, be expected to arise from the reduction of Fe
4+

 to Fe
3+

 at ele-

vated temperatures, with a simultaneous formation of oxygen. 

Synthesis and powder diffraction 

Samples were prepared by ball-milling mixtures of SrCO3, Y2O3 and 

Fe2O3, followed by grinding in a mortar, pressing into pellets and annealing. 

Samples were synthesized both in both air and in N2 gas atmosphere, at 

1300°C for 12h (for additional information see ref. 
127

). XRPD patterns 

showed for SrxY1-xFeO3- samples prepared in air a cubic perovskite solid 

solution for 0.71<x<0.91. For lower x values, x = 0.63 and 0.67, YFeO3 was 

observed as a secondary phase, and for higher x values, SrFeO3. For samples 

prepared in N2, single-phase cubic perovskite was only observed for x = 0.75 

and 0.79. Compositions with x<0.75 contained an additional orthorhombic 

phase and for x > 0.79 brownmillerite-type Sr2Fe2O5. The cation stoichiome-

try and the oxygen content were, for samples prepared in air, analyzed using 

EDS and cerimetric analyses, respectively. The determined cation composi-

tions were found to agree with the nominal ones and the oxygen content to 

only increase slightly with x, from 3-δ = 2.79(2) for x = 0.75 to 3-δ = 2.83(2) 

for x = 0.91. The structure of Sr0.75Y0.25O2.79 was refined by the Rietveld 

method from TOF NPD data. The refinement revealed large and markedly 

anisotropic displacement parameters for the O atom (see Fig. 34), clearly 

attributable to local atom arrangements, with, e.g., Fe ions in polyhedra other 

than octahedra and/or tilted octahedra.  
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Fig. 32 Illustration of the notably large and anisotropic displacement parameters 
(the blue ellipsoids) for the O atom in the cubic perovskite structure of 
Sr0.75Y0.25O2.79. 

 

For the compositions Sr0.75Y0.25Fe1-yMyO3-, with M = Cr, Mn, Ni and y = 

0.2, 0.33, 0.5, single phase samples were obtained in the case of Mn for all y 

values when annealed in air, and for y = 0.2 when annealed in N2. For the 

samples prepared in air, the unit cell parameter is found to be smaller than 

for the pure Fe phase and to decrease with increasing y. This can be attribut-

ed to Mn being present as Mn
4+

, which has a smaller ionic radius, r = 0.54 Å, 

than Fe
4+

, r = 0.585 Å. Samples containing M = Cr and Ni were found to 

contain significant amounts of secondary phases, both when prepared in air 

and when prepared in N2, in amounts that increases with increasing y. Com-

paratively pure Cr and Ni phases, containing less than ca. 5 wt% of second-

ary phases, were, however, obtained for y = 0.2 when prepared in air.  

Electron diffraction and high resolution transmission electron 

microscopy 

The SAED patterns and HREM images for Sr0.75Y0.25O2.79  (see Fig. 33 and, 

Fig. 34 respectively) were recorded along <100>p and <110>p (see Fig. 33a 

and b, respectively). The strong Bragg reflections related to the primitive 

cubic perovskite ( mPm3 ) structure agrees well with the refined structure 

from powder data. However, additional diffuse reflections are observed 

along the <100>p directions; these can be described with a modulation vector 

G±~0.4<100>p similar to that reported for Sr0.8Y0.2Co0.5Fe0.5O2.77.
128
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Fig. 33 Observed SAED patterns for Sr0.75Y0.25O2.79  with x=0.75 along a) <100>p 
and b) <110>p directions. The additional reflections from the modulation are 
marked with arrows.  

A corresponding HREM image along <100>p is shown in Fig. 34 . The di-

rections of the cubic perovskite unit cell axes are for clarity marked in the 

main image. The two enlarged images a) and b) are from a thin and a thick 

part of the crystallite, respectively. Modulation reflections were more clearly 

seen in FFTs of images from thicker crystallite parts, in which features relat-

ed to the modulation reflections can be seen as darker bands (marked with 

arrows in the enlarged image b) in Fig. 34) with thicknesses less than that of 

a unit cell.  

The distance between such darker bands is typically ~2-3 perovskite unit 

cells, corresponding to ~7.8-11.4 Å. The periodicity of these bands, although 

not perfectly regular, gives rise to the diffuse additional reflections in the 

FFTs of the HREM images and the SAED patterns. It can be speculated that 

the local ordering arises from local variations of the oxygen content and 

forming of structural units of, e.g, Sr0.75Y0.25FeO2.625 
129

 type structures or 

Sr0.67Y0.33FeO2.662 
130

 phases with coupled ordering of Sr/Y and oxygen va-

cancies.  
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Fig. 34 A HREM micrograph of a Sr0.75Y0.25O2.79  crystallite with magnifications of 
a) a thin and b) thick part  showing the contrast variations that give rise to the 
reflections with modulation vector G±~0.4<100>p in the SAED patterns. 
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A correlation between this type of modulation and the oxygen content has 

been reported earlier for Sr0.8Y0.2Co0.5Fe0.5O3-δ, for which modulation reflec-

tions were observed for a δ of 0.23, but not for a δ of 0.33.
128

 During the 

observation in the TEM, the modulation along the <100>p in the SAED pat-

tern obtained along the <110>p viewing direction disappears. At the same 

time, new reflections corresponding to G±0.5<111>p appear in the FFT of 

the thicker part of the crystal (see insets in Fig. 35a(thinner)and b(thicker)), 

most probably due to reduction of the sample under the beam. 

 

Fig. 35 A high-resolution electron micrograph of a crystallite along <110>p. Areas 
with a) thinner and b) thicker parts of the crystal are marked. The corresponding 
part in the crystal for the marked reflection in the FFT of is marked in the image. 

Thermal expansion, thermogravimetry and electronic conductivity 

 A connection between the thermal expansion and the loss of oxygen of 

theSrxY1-xFeO3-, phase at elevated temperatures is clearly demonstrated by 

the thermal expansion curve for Sr0.75Y0.25O3- in air shown in Fig. 36. A 

clear breakpoint is observed at ~400°C, associated with the start of a loss of 

oxygen (c.f. Fig. 37) and a reduction of Fe
4+

 to Fe
3+

. The average TEC values 

for the two temperature ranges of the curve, before and after the breakpoint, 

are ~10.5 ppm/°C to ~17.2 ppm/°C, respectively.  
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Fig. 36 Linear thermal expansion for Sr0.75Y0.25O3-  in air.  

All measured samples showed a breakpoint in their thermal expansion 

curves near 400°C.  For compositions SrxY1-xFeO3-, the average TEC de-

creases in both temperature ranges with increasing Y content. A partial sub-

stitution of Fe for M = Cr, Mn, Ni, in compositions Sr0.75Y0.25Fe0.8M0.2O3-, is 

furthermore found not to decrease the TEC. Arrhenius plots of the conduc-

tivity are shown in Fig. 38. For compositions SrxY1-xFeO3-, the conductivity 

increases clearly with increasing x, i.e., increasing fraction of Fe
4+

. At lower 

temperatures the conductivities are thermally activated. However, with in-

creasing temperatures, the conductivities exhibit maxima and then decrease 

upon further increase in temperature. The decrease is associated with a loss 

of oxygen and thereby decreasing fraction of Fe
4+

. At 400°C the conductivity 

for Sr0.91Y0.09FeO3- is 164 S/cm. For the compositions Sr0.75Y0.25Fe0.8M0.2O3- 

with M = Cr, Mn, Ni, only the Ni compound shows an approximately equal 

conductivity, 68 S/cm at 400°C, than the corresponding pure Fe compound, 

63 S/cm at 400°C, whereas the substitutions of Fe by Cr or Mn decrease the 

conductivity.  
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Fig. 37 Thermogravimetric analyses of Sr0.75Y0.25FeO3-  made in a) air and b) N2. 

The un-diminished conductivity for the sample with Fe substituted by Ni 

may be due to the presence of Ni as Ni
2+

 ions in the structure and that a high 

fraction of Fe
4+

 ions is thereby retained. For the sample with Fe partially 

substituted by Cr, the Cr is likely to be present as Cr
3+

 ions, which have a 

strong preference for octahedral coordination. The decreased conductivity 

might be due to reluctance of Cr
3+

 to change oxidation state and participate 

in polaron hopping. In comparison with Cr
3+

, Mn ions in the perovskite 

structure can more easily change oxidation states and adopt higher oxidation 

states.  
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a)                                                                  b) 

Fig. 38 Observed electronic conductivity for the a) Sr0.75Y0.25FeO3-  samples and b) 
the Sr0.75Y0.25Fe0.8M0.2O3-  with M=Cr, Ni and Mn samples measured in air. 

The unit cell parameters indicate that the Mn is present as Mn
4+

 ions, which 

substitute for Fe
4+

 ions. The decrease in electronic conductivity could stem 

from a high activation energy for small polaron hopping between Mn
4+

 and 

Fe
3+

.  
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Conclusions 

The work in this thesis has focused on understanding the interrelations be-

tween the composition, structure and properties in new complex perovskite-

related materials. These have been based on the parent compounds LaCoO3, 

SrFeO3 and LaCrO3 that are of interest for future energy applications, e.g., 

SOFCs, batteries, catalysts, gas separation membranes etc. 

 The first two papers describe an investigation of double substitutions on 

the perovskite B site by Mg and Ti in LaCoO3. It is found that the properties 

investigated evidently change systematically with substitution. Compositions 

La2Co1+z(Ti1-xMgx)1-zO6 retain their full oxygen content both in air and nitro-

gen atmosphere up to 1000°C, which makes the system suitable for systemat-

ic investigations. For compositions with z = 0 it is concluded, with support 

from XANES and magnetic susceptibility data, that Co
2+

 for x = 0.0 is oxi-

dized to Co
3+

 with increasing Mg
2+ 

content, i.e. increasing x, to maintain 

charge balance. This is evidenced by an increase in electronic conductivity 

and a decrease in thermoelectric power towards lower positive values, im-

plying an increasing number of positive charge carriers. The materials be-

have as small polaron conductors, for which the charge is transported 

through a “hopping” process from one transition metal site to another. This 

is evidenced through an observed non-zero heat of charge carrier jump ener-

gy H±. The thermal expansion is increased by thermal excitation of LS Co
3+

 

ions to higher spin states and accompanying increase in ion size. The total 

number of LS Co
3+

 is clearly increasing with increasing x, as evidenced by 

the magnetic properties, B-O distances and the CoL3,2 branching ratio. In 

paper II it was suggested that the larger Mg
2+

 ions stabilize LS Co
3+

 ions 

through an average increase in the ligand field strength, as evidenced by 

XANES data for the TiL3,2-edges. This in turn should in average increase the 

influence of spin-state transitions of LS Co
3+

 ions on the TEC due to the 

increased number of LS Co
3+

 with increasing x.  

In this thesis, however, an additional and slightly differing interpretation 

is proposed. In both thermal expansion curves and the Arrhenius conductivi-

ty plots, inflection points at onset temperatures that decrease with increasing 

x can be observed. It is proposed that the onset temperatures are correlated 

with a local symmetry lowering around the transition metal ions (c.f. addi-

tional interpretations of XANES data ) that splits the degeneracy of t2g and 

the eg energy levels and hence stabilizes higher spin states of Co
3+

 ions. The 

degree of splitting is expected to increase with increasing Mg content, i.e. 
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with increasing x.  The onset temperatures is, however, expected to shift to 

lower values, due to that for some local environments the LS to HS transi-

tion is facilitated. It should be emphasized that additional investigations of 

local atom ordering, as a function of temperature, and possible by other sub-

stitutions, e.g. La2Co(Mg0.3Ti0.7-yZry)O6, are necessary to understand the 

local effects on spin states, conductivity, TEC and other properties. 

Paper III describes synthesis and investigations, from structural and mag-

netic perspectives, of LaCrO3-based compounds La2CrM2/3Nb1/3O6 with M = 

Mg,Ni and Cu.  XRPD and NPD data agree with an orthorhombic Pbnm 

symmetry for all three compounds, with no ordering of B-site ions. Howev-

er, SAED patterns and HREM images indicate a very weak B ion ordering 

for M = Mg, and to a lesser extent also for M = Cu and a P21/n symmetry. 

The ordering is thought to be present in small and randomly distributed clus-

ters of M
2+

 and Nb
5+

 ions. The results of the magnetic measurements were 

rationalized in terms of a statistical distribution of different ion pairs in the 

compounds and types and strengths of magnetic interactions as derived from 

the Goodenough-Kanamori rules. 
Paper IV deals with synthesis of oxygen-deficient compounds SrxY1-xFe1-

yMyO3- based on SrFeO3 and their characterization with respect to structure, 

oxygen content, thermogravimetry, thermal expansion, conductivity and 

magnetic properties. The oxygen content increases for SrxY1-xFeO3- compo-

sitions from 3- = 2.79(2) for x = 0.75 to 3- = 2.83(2) for x = 0.91. XRPD 

and NPD patterns agree with a cubic mPm3  perovskite structure. NPD data 

for Sr0.75Y0.25FeO3- reveal large and highly anisotropic displacement param-

eters for the O atom, attributable to locally different coordination polyhedra 

for the Fe
3+

/Fe
4+

 ions and/or tilted FeO6 octahedra. SAED patterns for 

Sr0.75Y0.25FeO3- reveal an incommensurate modulation in the structure that 

generates satellite reflections at G ± ~0.4<100>p. Thermogravimetric curves 

show that the compounds start to lose oxygen upon heating in air at ~ 400°C. 

The average TEC increases for Sr0.75Y0.25FeO3- from ~10.5 ppm/°C at tem-

peratures below ~ 400°C to ~ 17.5 ppm/°C at higher temperatures, at which 

oxygen is lost. In contrast to Co-containing compounds the TEC does not 

increase by spin-state transitions. The conductivities for the compounds are 

at lower temperatures thermally activated, but at higher temperatures they 

reach a maxima and then decrease with further increase in temperature. The 

decrease is associated with the loss of oxygen and, thus, a decreasing frac-

tion of Fe
4+

. At 400°C the conductivity for Sr0.91Y0.09FeO3- is 164 S/cm. No 

improvements in conductivity or TEC were observed for compositions with 

Fe partially substituted by Mn, Ni and Cr. 

To conclude, the work in this thesis hopefully emphasizes the need for 

more systematic studies of fundamental properties in complex oxides. These 

types of investigations are essential in developing today’s technology based 

on solid state materials further. More detailed investigations, in particular of 



 

 77 

local structures and their relations to the average structures and properties, 

are therefore necessary for complex systems in order to understand how the 

composition, structure and properties are interrelated and how they can be 

effectively controlled for specific applications. 
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Populärvetenskaplig sammanfattning (SWE) 

Denna avhandling har baserats på grundforskning som syftat till att förstå 

orsak-verkan samband i nya komplexa oxider med perovskitbaserade struk-

turer. Perovskitstrukturens strukturella flexibilitet har gjort den attraktiv för 

högteknologiska tillämpningar såsom i batterimaterial, bränsleceller, kataly-

satorer och diverse magnetiska minnen och gasseparations-membran.  

 Perovskitstrukturen som i dess enklaste form, ABO3, består av en större 

sällsynt alkalisk jordartsmetall eller lantanoid t.ex. Sr
2
 eller La

3+
. Denna jon 

ligger i ett kubiskt tätpackat lager av syrejoner med kubiskt tätpackade lager 

av syrejoner ovanför och under. De oktaedriska hålrummen mellan dessa 

lager är ockuperade av en mindre jon, oftast en övergångsmetall koordinerad 

till de 6 närmsta syrena.  

 Den stora fördelen med perovskitbaserade material är att de olika jonerna 

kan substitueras mot andra joner och därmed förändra egenskaperna hos 

materialet. Genom att förstå hur strukturen (atomernas inbördes ordning) och 

egenskaperna förändras i komplexa oxider baserade på flera joner på samma 

position, blir det möjligt i framtiden att designa material för specifika till-

lämpningar effektivare. Konsekvenserna av den nya förståelsen blir att ef-

fektivare katalysatorer kan designas, nya effektivare magnetiska minnen kan 

tillverkas och teknikskiften kan ske fortare. 

I de första två artiklarna undersöktes hur strukturen och egenskaperna för-

ändras hos La2Co1+z(MgxTi1-x)1-zO6 systemet vid substitution av Ti
4+

 mot 

Mg
2+

. För x = 0.0 befinner sig kobolt i oxidationstalet 2+, varvid det ändras 

kontinuerligt upp till 3+ vid x = 0.5. Strukturen ändras från låg symmetri där 

B katjonerna är ordnade till högre symmetri där oordning på B positionen 

uppstår när x ökar. Konsekvenserna av denna substitution är att Co
3+

 bildas, 

vilket är en konsekvens av att laddningsbalans måste bibehållas då termisk 

analys visat att systemet inte förlorar syre i luft upp till 900°C. Detta bekräf-

tas ytterligare av röntgenspektroskopi och mätningar av de magnetiska egen-

skaperna som visade att det uppstår en lokal distorsion runt Co jonerna på 

samma gång som en minskning av det genomsnittliga spinntillståndet av Co 

observeras. Konsekvenserna av dessa förändringar leder till att den linjära 

termiska expansionen och elektronledningsförmågan ökar kontinuerligt med 

ökande x, samt att temperaturen för vilken den förmodade spin-övergången 

av Co
3+

 sker, går mot lägre temperaturer. Den ökade andelen hålledare i 

materialet ökar även vid ökande halt av Co
3+

, vilket observerades i en sjun-

kande Seebeckkoefficient. Vid en konstant halt Co
3+

 i systemet och ökande 
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halt total mängd Co (ökande z), efterliknar egenskaperna hos systemet mer 

och mer de hos LaCoO3 som är ett teknologiskt viktigt material för framför-

allt termoelektriska material och fastfasoxid-bränsleceller. Undersökningen 

ger ledtrådar för hur man kan tänkas kontrollera egenskaperna hos material 

som innehåller Co
3+

 joner för att minimera bidraget från termiskt exciterade 

spin övergångar som leder till hög termisk expansion och en kortare livstid 

hos fastfasoxidbränsleceller.  

I den tredje artikeln undersöktes La2CrM2/3Nb1/3O6 där M = Mg
2+

, Ni
2+

 

och Cu
2+

 som baseras på föreningen LaCrO3. LaCrO3 som används som 

elektroniskt ledande material för seriekoppling mellan bränsleceller har även 

intressanta magnetiska egenskaper. Denna undersökning visade på att före-

ningarna inte uppvisar ordning av B katjoner vilket möjliggjorde att de mag-

netiska egenskaperna till stor del kunde beskrivas med de välkända 

Goodenough-Kanamori reglerna för magnetiska kopplingar mellan joner i 

framförallt perovskitbaserade oxider. Det visar sig att utspädningen på B-

platsen ger upphov till svagare magnetiska interaktioner i materialet, men att 

det från elektrondiffraktionsmönstren och Fourier transformen av de 

högupplösta bilderna fanns indikationer på att B katjonerna kan vara ordnade 

på lokal nivå och ge upphov till spin glas beteende.  

Den fjärde artikeln baseras på SrxY1-xFeO3-δ och Sr0.75Y0.25Fe1-yMyO3-δ (M 

= Cr, Mn, Ni med y = 0.2, 0.33, 0.5) systemen. Dessa system baseras på 

föreningen SrFeO3 som är en viktig för fastfasoxid-bränslecellens katod-

material. Resultaten från röntgen och pulverdiffraktion visade på att struk-

turen för SrxY1-xFeO3-δ i huvudsak är kubisk. Dock, syns extra reflektioner i 

elektrondiffraktionsmönstren, som visar på att det finns en modulering av 

sammansättningen längs perovskitstrukturens koordinattaxlar. De extra re-

flexerna kunde härröras till kontrastvariationer på lokal nivå som endast var 

tydligt i de högupplösta elektronmikroskopibilderna. Dessa variationer tros 

bero på lokal ordning mellan de olika katjonerna kopplat med syren och 

syrevakanser. Den linjära termiska expansionen kunde för båda systemen 

visas vara kopplade till reduktion av Fe
4+ 

till Fe
3+

 vid ~400°C. Brytpunkten 

för denna förändring skiftade inte till följd av substitution på A eller B plat-

sen, dock ökade den linjära termiska expansionen efterbrytpunkten till följd 

av ökad Fe
4+

 halt. Den elektriska ledningsförmågan ökade till följd av ökad 

Fe
4+

 i det första systemet, dock sågs ingen markant förbättring när en del av 

Fe substituerades mot andra katjoner dvs. Cr, Mn och Ni. Detta tros vara en 

följd av dessa joners benägenhet att antingen vilja bibehålla sin oxidationstal 

och oktaedriska kooordination, eller helt enkelt ej vara tillräckligt energi-

mässigt för att det ska vara gynnsamt för elektronen att hoppa mellan katjo-

nerna. 

 

 


