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1. Introduction to perovskites

1.1 On the origins of perovskites

The essence of matter has been pondered for millennia. Atomism (Greek:
atomos, uncuttable, undividable), coined by Leucippus and Democritus
(circa 460–370 BCE) and refined by Epicurus (341–270 BCE) was the
principle of atoms and void.1 People were not entirely on wrong tracks:
humankind at that time did not have the tools to split, combine or identify
atoms, as we have today. At the time of writing this, elementary particles
have taken the position of atoms as the smallest, fundamental, undividable
particles that make up all chemical matter.

As the idea of atoms is millennia old, there are still many people living
during whose lifetime the mass and dimensions of atoms were determined
experimentally. Numerous people might also remember the discovery
of nucleus, isotopes or chemical bonding - assuming they were keen on
following scientific publications of the time.2 Mankind, through basic and
applied research, has taken atoms in their hands as a tool for Science and
Technology. Everything from the SI base unit for time to the most complex
human-made device, the computer processor, are applications of atoms and
chemistry.

Discovery of perovskite in its strictest meaning, the mineral CaTiO3,
by Gustav Rose, predates atomic theory for only a few decades.3 Meth-
ods of petrography (and symmetry from group theory) still amaze the
author: crystallographic nature of perovskite was determined decades
before diffraction instruments, but not without troubles:

"Ich habe bereits bei elektrischem Lichte die innere Struktur
eines durchsichtigen uralischen Krystalls photographirt. Ich
warte auf die Sonne, um bessere Bilder zu erhalten, welche
zu typographischen Cliché’s zum Zwecke der Veröffentlichung
benutzt werden können."4

1



Introduction to perovskites

There were several proposals for the crystal structure, but not until
methods and instruments improved, was the correct structure determined.
Perovskites were realised to be structurally very flexible by accepting the
vast majority of the elements in the periodic table to the structure. This
property was understood and demonstrated by Victor Moritz Goldschmidt,
who made the first synthetic perovskites and with Tom Barth, G. Lunde
and Willy Zachariasen characterised them using the newly developed X-
Ray diffraction.5,6 Perovskite research can be considered to be almost as
old as the crystal chemistry itself, reaching already 180 years back at the
time of writing this dissertation.7

1.2 Oxide perovskites

Most of the studied perovskites are oxides. Why are oxide perovskites
then so popular? Maybe because oxide perovskites provide a wide range
of cation oxidation states. Pure nitride perovskites with N–III on the
O–II site would provide even a wider range of possible oxidation state
combinations, but only one such compound has been found, TaThN3, and
few proposed.8,9 This might be due to the requirement for high cation
oxidation states which therefore limits the number of available cations
with suitable oxidation state and ionic radius. Another advantage of
oxide perovskites is the synthesis conditions as non-oxide perovskites
often require elaborate synthesis methods, such as the use of air-sensitive
ampoule techniques. Chalcogenide perovskites, such as S and Se on the
anions site, do share the same oxidation state with oxide perovskites,
but again, are more elaborate to synthesise. Substitutions to the oxygen
site have been done, producing, for example, oxynitrides, hydroxides and
fluorides. Oxide perovskites also benefit from nature’s laboratory, that
is, from the field of geology.10 A vast number of perovskite group minerals
with a wide range of substitutions have been found. Perovskite research
has benefited from this, for example, in the form of phase diagrams which
helps to find stable compounds. Scientists push the boundaries of phase
diagrams by bringing together elements from the periodic table that would
otherwise be impossible or unlikely in nature. The most common double
perovskites have alkaline earth metal cation with II oxidation state or
lanthanide with III oxidation state on the A–site. This results with oxygen
anion that the B–site cations should have combined oxidation state of VIII
or VI.

2



Introduction to perovskites

1.3 Applications of oxide perovskites

Perhaps the second wave of interest in perovskites started from the need
for high relative permittivity materials to be used in the development
of higher capacitance capacitors for radar applications.11 Through dop-
ing and substitution of the highest known relative permittivity materials
of the time, TiO2 and TiO2 MgO compositions yielded a series of alka-
line earth titanates, later characterized as perovskites. Later, Helen D.
Megaw described the high-temperature ferroelectric phase of the BaTiO3.12

BaTiO3 might be considered as the first technically important and overall,
the first application of perovskites.11 At the same time, in order to improve
the newly found piezoelectricity and usable temperature range (because
of phase transitions) in BaTiO3, Pb(ZrxTi1–x)O3 system was discovered,
which still enjoys recognition and widely spread applications in for example
piezoelectric actuators and ultrasonic transducers.6

Ceramic materials are undoubtedly the most used and produced mate-
rials by humankind, both by volume and weight: quartz (SiO2) as sand,
mullite in porcelain, calcium silicates in cement and concrete, Al2O3 in
grinding materials, refractories and lasers and TiO2 in pigments and
electroceramics.6 Moreover, perovskites are not an exception.

The name, perovskite, has become increasingly popular, for example, due
to the demonstrated photovoltaic devices which use methylammonium lead
halides.13 The question of how similar for example methylammonium ion
or Ca in the original mineral is structurally is left for the reader consider.
The essence of perovskites is captured in the IMA definition of perovskite
supergroup minerals: minerals with a three-dimensional network of corner-
sharing octahedra which adopt aristotypic ABX3 perovskite structure and
derivatives of those.10 These include the cubic to pseudocubic ABO3 oxide
perovskites.

Abovementioned ABX3 perovskites belong to one of the two subgroups
of the supergroup. The other subgroup is A2B′B′′X6 perovskites includ-
ing, for example, A2B′B′′O6 perovskite stoichiometries.10 These subgroup
minerals include cation and anion deficient varieties, such as Skutteru-
dites (A–Site vacant, CoAs3)14, Oskarssonite (B–site vacant, AlF3)15 and
Brownmillerite (X–site vacant with ordered vacancies, Ca2(Al,Fe)2O5)16–18.
Also, inverse perovskites, where cations and anions have been swapped
over, exist.19 Inverse or anti-perovskites do not have to be in the shadow of
perovskites, as they also possess a wide variety of properties, such as super-
conductivity, magnetoresistivity and zero or negative thermal expansion
coefficient.20,21

The same corner shared network structure is found for example in a
more extended family of layered compounds where slabs of perovskites are
separated by intergrowths of rock salt type structures (Ruddlesden-Popper
phases), usually alkali metal ions (Dion-Jacobson phases), by Bi2O2 layers
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(Aurivillius phases) or in AnBnX3n–2 compounds. All these can be found in
the perovskite compositional space where each axis describes the change
in the stoichiometry of A–, B– or O–site.10

Many great things were born in the year 1986, such as the first high-
temperature superconductor BaxLa5–xCu5O5(3–δ)

22 pawing the way for the
renowned YBa2Cu3O7–δ

23. The origins of superconductivity in oxides and
especially in perovskites lie in SrTiO3

24 and in BaPb1–xBixO3
25, but the

copper-containing perovskite-like compounds started the study of high-
temperature superconductors. The key structural component of these
superconductors is the copper-oxygen layer, essentially an ordered B–site
layer.

1.4 Motivation of this dissertation

Crafting ions with a specific electronic structure to the crystal structure
in order to get wanted physical properties is a high priority in materials
chemistry. Perovskites provide a truly flexible, multifunctional platform
for such research.

The research questions set for this dissertation concerned what interest-
ing novel B–site ordered double perovskite compositions could exist? Can
those be synthesized at ambient pressure, or do they require the help of
high-pressure? Also, can the compounds be produced in bulk quantities?
Can the level of B–site cation order be adjusted within the compound, and
how does it affect the properties, such as magnetism? Are there new in-
duced effects (for example, as a function of electric or magnetic field) which
have not been found before, for example, due to the weak measurable value
of the property?

In this dissertation, the search for potential compounds was performed
as a literature search and multivariate data analysis. All the data accu-
mulated over the years of scientific studies must be used and reviewed to
the greatest extent possible. Otherwise, the efforts would be meaningless,
no matter if the results would not be positive and advantageous for pub-
lishing. Patterns among the data start to appear, for example, among the
naturally occurring compounds with high values of the possessed property
such as magnetism in magnetite. Multivariate methods also benefit from
unwanted results, which is always better than missing data.
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2. B–site ordered double perovskites

Physical properties of perovskites, as in practice in all compounds, are
tightly bound to the coordination, electronic structure and bond lengths
of the composing ions. In order to extend the availability of active ions
within the compounds, double perovskites were introduced in the 1950s,
and a large number of new compounds were synthesized in the following
years.26,27 Until this day, over a thousand unique (B–site) double per-
ovskites have been synthesised and characterised, not taking into account
substitutions to the A–site.28 Naturally, multiple substitutions in various
proportions, such as triple and quadruple, perovskites exist.

2.1 Crystal structure

Maybe the most conspicuous feature of perovskites is the octahedral net-
work. Each octahedron is formed by bonding the central B–site cation to
the surrounding eight oxygen anions forming a BO6 unit where oxygen
anions are located at each corner of the octahedron. The three-dimensional
network is then formed by connecting all octahedra from the corners. A–
site cations fill each void within the network and form twelve bonds to
the surrounding oxygen anions in cuboctahedral coordination, shown in
Figure 2.1.

Ideal perovskite structure is cubic, where BO6 octahedra have equal
B–O distances and AO12 cuboctahedra have equal A–O distances, and the
crystallographic unit cell has equal cell edges and 90° angles. However,
that is not the case with the perovskite mineral. The CaTiO3 is orthorhom-
bic and crystallises in the Pnma space group.29 All three lattice vectors
are mutually orthogonal but have different lengths. Out of the naturally
occurring perovskites, SrTiO3 is the closest cubic example compared to the
CaTiO3.
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Figure 2.1. Six oxygen anions are surrounding the B–site cation. BO6 unit presented as
octahedron, where the B–site cation is at the centre and oxygen anions at each
corner. Cubic perovskite structure showing the corner-sharing BO6 octahedral
network and the A–site cation in the void formed by the octahedra.

2.2 Tolerance factor

At early stages of perovskites research, it was realized that simple ge-
ometric analysis of the structure provides a powerful tool in search of
stable perovskites. The principle was demonstrated by Victor Moritz Gold-
schmidt30 by introducing the concept of tolerance factor (t). This method
assumes constituting elements to be hard and spherical and in contact
with each other in a cubic perovskite cell. The stability of the perovskite
structure is then analyzed for different A and B constituents using the
equation:

t = rA + rOp
2(rB + rO)

(2.1)

where rA, rB and rO are the ionic radii of the respective ions. Figure
2.2 illustrates the A–O and B–O layers. The length of the B–O–B bonds
should match the length of A–O–A bonds so that 2rA +2rO =p

2(2rB +2rO)
as A–O–A is the diagonal of the illustrated rectangle. Commonly, ionic
radii are taken from the tabulated list by Shannon31 for each element with
assumed oxidation state and coordination number. The stable reference
perovskite is the cubic case where ionic radii of A, B and O match and tol-
erance factor has the value of one. However, cubic perovskites can usually
be found between values 0.95–1.0. Most of the discovered perovskites are
often non-cubic, and tolerance factor is below of that of cubic, 0.75 and
higher.28 Also, perovskite structured compounds are found with tolerance
factor above one, but then also do so-called hexagonal structures appear.
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rO

rA

rBrO

Figure 2.2. Derivation of the Goldschmidt’s tolerance factor from the rigid sphere ion
model. Intersections across the A–O and B–O planes are shown, including the
ionic radii for A–, B– and O–sites as rA , rB and rO in the respective order.

These are not strictly perovskites as some octahedra in the structure share
faces instead of corners. The same tolerance factor rules apply for double
perovskites. When predicting the stability of new double perovskites, the
B–site ionic radii are taken as an average of the elements and used in the
calculation. This is a quite simple estimate to be used in an already simple
model, but it is robust. Recently, tolerance factor-based attempts have
been made to predict yet unknown perovskites, and admittedly many of
the proposed compounds are unlikely to be synthesised. Relatively large
datasets of existing compounds were used as model verification data.32

2.3 Symmetry

In chemistry, symmetry is heavily based on group theory in mathematics.
It all began from accidental findings of Haüy on broken calcite crystals. In
three dimensions, there are 230 crystallographic space groups (Fedorov
and Schönflies), which are combinations of 32 point groups (Hessel) with 14
Bravais lattices (Frankenheim and Bravais). All the 14 lattices are found
within seven lattice systems, with names that have been and will be used
extensively: triclinic, monoclinic, orthorhombic, tetragonal, rhombohedral,
hexagonal and cubic. The development of these classifications had strong
ties to mineralogy and crystallography as many of the developers of these
were mineralogists.33 Since there are quite many options to choose from
how to describe the double perovskite structure, a group theoretical study
was conducted.34 The result was a limited number of allowed space groups
for B–site ordered double perovskites. Only rock-salt type ordering was
considered as it is the prevalent ordering type. Figure 2.3 shows the
allowed space groups and reveals the underlying group-subgroup relations
in terms of required phase changes. The importance of the phase change is
discussed later in this dissertation.
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a0a0a0

Fm3̄m

a0a0c+
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a0b+b+
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Figure 2.3. Group-subgroup relationships between double perovskite the space groups.
Dashed lines indicate first-order (discontinuous) and solid lines second-order
(continuous) phase transitions. Glazer tilt system notations are given for each
space group.34

At the top of the graph lies the space group with the highest symmetry,
the cubic Fm3̄m. All lower symmetry space groups are derived from it
by structural changes. The octahedral network being the backbone of
perovskites, the Glazer system35 describes changes in the perovskites
structure by tilting the octahedra about one or more of the crystallographic
axis. The Glazer tilt system assumes symmetrical octahedra, which is
not the case in all perovskites. However, the reason for the tilting can be
though as a size mismatch between the A–site cation and the cuboctahedral
cavity. Again, the size of the octahedron is defined by the ionic radius of
the B–site element and B–O bond lengths. In order to fit larger octahedron
to the structure or accommodate other than ideal A–site cation, octahedra
have to be tilted about one or more of the crystallographic axis in order to
bond the A–site cation to the surrounding oxygen anions.33,34 Octahedral
tilting is demonstrated in Figure 2.4. The cubic structure has the highest
symmetry, and the octahedra are not tilted. When I4/m double perovskite
structure is viewed along the crystallographic c axis, the out-of-phase
tilting is seen and is indicated with the negative sing (a0a0c−). The positive
sign, for example, in P21/c (a+b−b−) indicates in-phase tilting of the B–site
octahedra in successive octahedral layers along the crystallographic a
axis. The negative sign, on the other hand, indicates tilting in opposite
directions. For P21/c tilts along the b and c axis are equal and are denoted
as a+b−b−.

Displacement of the B–site cations from the centre of the octahedra gives
rise to many important properties of perovskites, such as the ferroelectric-
ity of the BaTiO3 or multiferroicity in materials with certain main group
cations on the A–site having stereoactive lone electron pairs.36
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(a) Fm3̄m
(b) I4/m

Figure 2.4. Fm3̄m double perovskites do not have octahedral tilting along the crystallo-
graphic a, b or c axis and therefore the Glazer tilt system notation is a0a0a0.
In I4/m, octahedra are tilted along the crystallographic c axis but not along a
or b axis. Tilting between the successive octahedral layers is constrained to
occur in opposing directions. Therefore, the notation for I4/m is a0a0c−.

Often non-standard space groups, relative to International Tables for
Crystallography37, are chosen to present the perovskite structure’s unit
cell in a way that the octahedral network is shown clearly. In the case of
P21/n, there are Rietveld refinement stability reasons to choose it over the
P21/c.38 When browsing the literature, the same compounds, effectively
with the same structure, are found with several different space groups.
The reason for this is either wrong selected space group, unnecessarily low
symmetry or that the international (short and long) space group symbols
have been changed since 1935 as International Tables for Crystallography
have been updated. Some space groups may have had four different
international symbols in use.

Only ordered double perovskites should be considered as double per-
ovskites as the crystallographic unit cell doubles and the space group
changes, for example from cubic Pm3̄m to the Fm3̄m. As a result of this,
two distinct crystallographic B–sites are created. There are three types
of cation ordering: columnar (1D), layered (2D) and rock salt (3D), but in
practice, all of the compounds with single A-site cation type are the rock-
salt ordered. The rock-salt ordering originates from the NaCl structure’s
alternating pattern of Na and Cl ions.

The exception among the single A–site cation double perovskites is the
La2CuSnO6 with layered ordering.39 Parent structure for the (rock-salt)
ordered double perovskites, a natural mineral with the same crystallo-
graphic structure, exists: the elpasolite structure K2NaAlF6, part of the
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Figure 2.5. Rock-salt ordered (Sr0.5Ba0.5)2FeSbO6 double perovskite illustrating the B–
site cation ordering pattern along the (111) lattice plane.

cryolite subgroup of perovskite structured minerals. The rock-salt or-
dering is illustrated in Figure 2.5, where the ambient pressure form of
(Sr0.5Ba0.5)2FeSbO6 from Publication II is shown. The ordering of the B–
site cations can be seen along the (111) crystallographic plane, which is
also indicated in the XRD patterns as superlattice reflections of the same
planes.

In Publication II, the phase transformations follow the scheme in Figure 2.3,
but the transformations from the hexagonal P63/mmc to cubic Fm3̄m and
the I4/m to I2/m (C2/m) can not be derived from each other by simple
octahedral rotations. Both of these go through phase regions where both
phases coexist. On the other hand, the transition from the Fm3̄m region
of the phase diagram to the I4/m region is abrupt, and a from symmetry
point of view, there exists a second-order, continuous phase transition
connection.

The (Sr1–xBax)2FeSbO6 substitution series was synthesised in order to
transform the hexagonal Ba2FeSbO6 into perovskites phases at ambient
pressure. The Sr end of the series is distorted and partially, but relatively
highly ordered double perovskite. From the tolerance factor equation, the
A=Ba compound has tolerance factor above one. If the A-site ionic radius
is taken as the weighted average of the Sr (rA = 1.44 Å) and Ba (rA = 1.61
Å), the ideal tolerance factor for cubic perovskite formation should be at
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the Sr rich end, very close to the pure A=Sr compound. However, cubic
perovskite phase begins to appear as a secondary phase at low Sr doping
levels. The hexagonal phase disappears before 20% of the Ba has been
substituted by Sr. The use of highly polarizing main group element (Sb)
may have an impact on the actual bond lengths, and in BVS (Bond Valence
Sum) calculations different exponents are used than with the transition
metal elements such as Fe, as discussed later.

2.4 Structure characterisation

The combined outcome of laboratory or benchtop powder diffractome-
ters, relatively powerful computing, structural solving methods and avail-
able software results in routine crystal structure solving process. There is
not anymore need for high-quality single crystals and single-crystal diffrac-
tometers to be able to solve crystal structures. The combination of X-Ray
diffraction and Rietveld refinement40 are the most essential tools for solid-
state scientist, maybe after a high-temperature furnace and mortar and
pestle. In practice, immediate insight into the structure can be obtained
after the sample has cooled down, taking mere minutes to hours at best.
Part of the structure solving process of double perovskites is to determine
the level of B–site cation ordering through structure refinement. Super-
lattice reflection intensities provide information about the level of cation
ordering. Ideal double perovskite structure has two distinct and unique
crystallographic B–sites, given as B′ and B′′ in the chemical formula. Is
this always the case? Unfortunately not, and that affects the physical
properties of the compound.
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3. Degree of B–site cation ordering in
double perovskites

A measure for the level of cation ordering, a degree-of-order (DoO), that
is, the Bragg-Williams long-range order parameter S is commonly used:
this parameter is calculated as S = 2g – 1 from the crystallographic site
occupancy factor g which is the probability of the B′ (or B′′) cations to reside
on their proper crystallographic site. For the fully ordered phase with only
B′ and B′′ ions occupying their respective sites, S = 1 (g = 1). While B′ and
B′′ cations occupy both sites randomly in equal proportions, S=0 (g = 0.5).
Diffraction methods and structure refinement provide site occupancies
as part of the structure solving process. Another method to determine
occupancies for a limited number of elements is Mössbauer spectroscopy.

The fully ordered structure is not always the most wanted feature. For
example, in relaxor ferroelectrics Pb2B′B′′O6, the degree-of-order defines is
the material normal or relaxor ferroelectric.6 SrFeMoO6, a half-metallic
ferrimagnet and tunnelling magnetoresistance material, these properties
are degraded as the level on B–site order decreases.41–43 What then drives
cations to order in double perovskites?

3.1 Charge difference

Typically, when the charge difference between the B′ and B′′ cations is more
than two the fully ordered phase with S = 1 (g = 1) is obtained, while for the
systems where the charge difference is less than two essentially no order is
seen, i.e. S is close to 0 (g = 0.5). The most interesting compounds are those
where the level cations ordering can be adjusted, especially if it affects the
properties under investigation. That is why the charge difference of two
is a crucial factor in double perovskites. This charge difference may show,
especially within one compound, cation ordering from entirely random to
fully ordered. The difference rises from the Coulomb repulsion between
the cations and the related Madelung energy and electrostatic energy of
the crystal.36 To address this, perovskite structured compounds chosen in
Publication I had charge difference of two (CoIIISbV) and four (ZnIITeVI) and
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two (FeIIISbV) in Publications II–IV. High-pressure treated Ba2CoSbO6 was
partially ordered with S=0.31, and Ba2ZnTeO6 was fully ordered, which
was expected. In the case of (Sr1–xBax)2FeSbO6, S was extended virtually
from completely disordered to fully ordered.

For the common A–site cations, the first and the second main group
elements, the oxidation state is fixed as it is with oxygen anion. Transition
metal elements, however, offer more flexible, or on the other hand more
complicated oxidation state options. The measurement of the oxidation
state of elements can be done in several ways. The method is selected
by the availability of measurement facilities and by the cost of the mea-
surement. Titration methods, such as cerimetric titration, is cost-effective
and available for many transition metal elements. However, the sample
needs to dissolved and the risk for oxidation state change because of redox
reactions in the solution or disproportionation exists. Also, the solubility
of elements in the compound sets some restrictions. For example, Nb and
Ta are virtually insoluble in the titration conditions and Fe has variable
solubility as a function of pH. Some non-destructive methods, such as
XANES or XPS, are quite a facility demanding and costly. Luckily, for
a limited number of elements, the Mössbauser spectroscopy is a useful
method. It is also non-destructive if the adhesive embedding the sample is
not considered.

The oxidation state of Fe was studied more closely in Publication II. Three
different methods were employed, the simplest being thermogravimetric
measurement under pure O2 or N2 up to 1500 °C. As no significant change
in the sample mass was found, the oxidation state of the compounds is
considered to be stable under weakly reducing (N2) and oxidizing (O2)
atmosphere. Polarographic measurement of Fe, described in detail in
Publication II, revealed that no remarkable deviation from the assumed
FeIII was found.

Mössbauer spectroscopy measurement of several of the compounds in the
(Sr1–xBax)2FeSbO6 series was performed and analyzed. Only FeIII species
could be found in the measurements. Figure 3.1 shows Mössbauer spectra
for two samples from the Publication II. The fitted isomer shifts are typical
for FeIII. Also, two components in the spectrum are strong indications for
the two crystallographic B–sites. However, a slight deviation in B–site
cation ordering was apparent between the XRD and Mössbauer results.
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Figure 3.1. Two examples of fitted Mössbauer spectra from the (Sr1–xBax)2FeSbO6 system.
The isomer shifts are in line with FeIII, and two spectral components can be
seen, an indication of the two crystallographic B–sites.

3.2 Ionic radii, the shape of the ion and covalency

Perovskites are not ideally ionic compounds and depending on the com-
prising cations, B–O bonds may have significant covalent nature. CuII

and CuIII are maybe the most famous examples of cations that are sta-
ble in square pyramidal or square co-planar coordination. They can also
coordinate in the octahedral environment and therefore enables the lay-
ered structure, seen in previously mentioned layered copper oxides. Other
factors considered being necessary for the layered structure is a charge dif-
ference of two, a balance between random and rock salt order preference,
co-operative Jahn-Teller activity and B–site cation size difference. In
general, layered ordering is not preferred due to bonding instabilities.
Jahn-Teller (non-cooperative) activity may elongate or compress the B–site
octahedron. Co-operative Jahn-Teller distortions introduce anisotropic
exchange interactions between the B–site cations, which can be a benefit in
magnetic and multiferroic materials. Other phenomena contributing to the
shape of the ion, or the shape of the coordination sphere, include stereoac-
tive lone electron pairs with main group ions. It is more challenging to
have a main group cation at B–site with lone pair as it requires metalloid
with charge smaller than usual, for example, SbV. The importance of stereo
active lone pair is discussed in more detail later.44,45

In a lesser extent, the cation size is considered being an important factor
in ordering if there is also a large electronegativity difference between the
B–site cations. However, the covalent nature of bonding in perovskites
makes ordering and structure stabilization very complex, as there exist
π-bonding, charge transfer and more complex interactions such as hy-
bridization between the ions in the structure. The most versatile levels
of ordering as a function of B–site ionic radii difference are seen with
compounds with AII cations. Circa 0.2 Å ionic radius difference is consid-
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ered improving B–site cation ordering, but disordered and fully ordered
compounds are found on both sides of this number.28,36,44

Method closely related to the valence and bond lengths of ions is the
Bond Valence Sum (BVS).46 The method states that the valence of ion is
the sum of the valences of the bonds. Those, in turn, are the function of the
length of the bonds. Global instability index can be used to predict and to
validate the structure of crystalline compounds.47 It is a measure of strain
in the crystal structure. The index is calculated as the root mean square of
the discrepancy between the calculated bond valence sum and the nominal
valence of the ion. Through crystal structure simulation and minimisation
of the global instability index by octahedral tilting, perovskite structures
have been successfully predicted. Bond valence sum methods are at best at
validating new structure before, for example, X-Ray diffraction studies and
structure refinement. The bond valence sum is calculated as a sum of the
calculated bond valences (BV) according to:

BV = e
R0−R

B (3.1)

where R0 and B are characteristic parameters for the bonding pair and
R is the bond length under investigation. Generally, B has a value of 0.37,
but must be adjusted for some main group elements. Bond valence results
from publication II indicate that the model either has issues with multiple
cation system. Bond valence sum of the A-site exaggerates the A–site
valence towards larger Ba rich compounds. It might be an artefact of the
model, or the coordination sphere should be taken into closer review: are
all the twelve assumed bonds part of the first coordination sphere of the
A–site in highly distorted environments? Bond valence sum method does
not work for non-ionic compounds and also has issues with, for example,
main group elements. Calculations parameters need to be changed for
many main group elements, also in calculations performed in Publication
II. Special measures had to be done because the substitution series had
varying ratios of A–site cations and also two separate ions at the B–site.
An arithmetic average of valences for different Sr and Ba ratios were used,
and the average of Fe and Sb valences were calculated. One must also
notice that X-ray powder diffraction is not at its best at determining
correct oxygen anion positions in conjunction with Rietveld refinement.
Calculations would benefit from neutron diffraction studies, which is better
at determining atomic positions due to the nature of scattering from the
nuclei.

3.3 Synthesis conditions

Oxide perovskite synthesis relies heavily on the so-called solid-state or
ceramic method, that is, mixing, pressing and firing the sample at high-
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temperatures, usually at around 1000 °C or above. Synthesis atmosphere
can be used to tune the oxidation states of cations or the overall oxygen sto-
ichiometry. The solid-state method relies on the relative formation energy
of potential compounds and the competition between other compounds.
The random walk of ions to their thermodynamically or kinetically pre-
ferred position to form the target structure faces competition from equally
stable single perovskites or other persistent side phases. Small amounts of
stubborn identified and unidentified (that is, tricky extra reflections in the
X-ray diffraction patterns) were not uncommon for the chemist performing
synthesis and experiments for this dissertation.

Thermodynamically high degree-of-order prefers low synthesis temper-
atures, while from a kinetic point of view the ion movement and pure
synthesis time considerations require higher temperatures. Again, this
does not take into account the phase diagrams with temperature as one
parameter since other compounds may become the preferred choice of ion
arrangement. Publication III of this dissertation discusses this statement.
Figure 3.2 shows how the disordered sol-gel synthesised precursor sample
with the (Sr0.5Ba0.5)2FeSbO6 stoichiometry started to show phase pure
samples above 1000 °C. All samples were heat-treated for 100 hours at
temperatures ranging from 650 °C to 1500 °C, but the kinetics of the reac-
tion prevents the low-temperature samples reaching high levels of B–site
cation ordering within reasonable reaction time.

The kinetics of the cation ordering process was observed as an evolution
of the degree-of-order parameter as a function of synthesis parameters,
that is, mainly the temperature and synthesis time. Johnson-Mehl-Avrami-
Kolmogorov48 kinetics model was found to be satisfactorily explaining the
ordering kinetics in Publication III. Crystallite growth and the ordering
of the ordered domains within the compounds were found to be linked.
Naturally, the ordering process ends when the ordered domain spans the
outer limits of each crystal. Before that, the smaller ordered domains
within the crystal are growing. The interphases between the domains
are disordered, and the domains collide forming anti-phase boundaries.
At anti-phase boundaries, the repeating rock-salt ordered pattern is in-
terrupted by either B′ or B′′ double layers. In general, circa 1000 °C
is considered to be the temperature where the ordering starts to occur.
Other synthesis methods such as pulsed laser deposition, low temperature
hydrothermal, soft chemical synthesis methods or even oxidation from
other oxygen-deficient compounds may overcome this temperature range
required by conventional solid-state reactions.49–51

The kinetics of the ordering was studied by heat-treating the same dis-
ordered (Sr0.5Ba0.5)2FeSbO6 precursor samples for time intervals ranging
from 15 minutes to 100 hours at 1150 °C and 1300 °C. It must be admit-
ted, that even though the sample size was small (circa 1x2x10 mm), the
exact synthesis time for the samples which spent less than an hour in the
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Figure 3.2. B–site cation ordering as a function of synthesis time and temperature for
(Sr0.5Ba0.5)2FeSbO6. White markers are for samples synthesised at 1150 °C
and black markers for samples synthesised at 1300 °C. Inset shows the cation
ordering as a function of temperature.

furnace may have been relatively shorter due to the heating gradient or
longer due to the cooling gradient caused by the mass of the sample boat.

Synthesis conditions offer the possibility for cation order tuning but
also shows the difficulty of literature data comparison. There are not any
standard conditions to follow, and synthesis methods and conditions are
different in practice in every publication and detailed discussion for the
effects of the chosen conditions are missing. This issue is addressed later
in the multivariate data analysis section of this dissertation.
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4. High-pressure stabilisation of double
perovskites

Discussion on compounds this far have been about ambient pressure phases
that have been crystallised from high-temperatures by cooling slowly or
by fast quenching, at normal laboratory conditions. Ions fitting to the
crystallographic sites have a constricted range of ionic radii in order for
the structure to accommodate the ion. The variety of ions can be expanded
by compressing the ions closer together by physical pressure or chemical
pressure. While chemical pressure methods, as used in Publication II, is
not a high-pressure synthesis method in the strictest sense, it has the
effect of external pressure on the bonds. Other similar synthesis methods
include strain engineering through thin film deposition on substrates with
similar, but mismatching, lattice dimensions. It exerts strain by providing
slightly shorter or longer ion distances at nucleation sites where the crystal
growth begins.52 Previously unmentioned application for perovskites is the
use of single-crystal, pure and doped, SrTiO3 substrates for this specific
application. Apparent under-pressure, which can be thought as tensile
stress, may be applied using a substrate with larger unit cell than in the
deposited compound.

4.1 Physical versus chemical pressure

Publications I–IV discuss the applications of both physical and chemical
pressure. Physical pressure samples were prepared from ambient pressure
hexagonal samples by the high-temperature high-pressure synthesis in
so-called cubic anvil apparatus. Internally heated sample capsule was
compressed up to circa 4 GPa by applying pressure to pressure mediating
cube from all six sides.

Chemical pressure was applied by altering the A–site cation by isovalent
substitution. The size of the A–site cation affects the unit cell dimensions
directly and therefore, the stress seen by the other elements. Smaller SrII,
compared to BaII, shrinks the unit cell and according to the geometric
behaviour of the perovskite structure, first forms the perovskite structure
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Figure 4.1. The degree of B–site cation order in the A–site cation substitution series. B–
site cation ordering data for the ambient pressure double perovskite structured
samples shown as black circles, ambient pressure hexagonal samples as
black squares and high-pressure high-temperature treated samples with grey
squares.

phase from the hexagonal variety and finally distorts the structure from
the ideal cubic.

Successfully obtained perovskite structured phases of the
(Sr1–xBax)2FeSbO6 system showed the power of the high-pressure syn-
thesis. Figure 4.1 demonstrates the obtained crystal structures for both
high-pressure and chemical pressure series. The Sr rich end of the substitu-
tion series could, in theory, be transformed to more compact, less distorted
or ideally to the cubic form at higher pressures.

4.2 Benefits of high-pressure techniques

High-pressure treatment allows cations with lone pairs to be fitted to
the A–site by effectively decreasing their ionic radii. For example, PbII

can be accommodated at normal pressure, but for example, BiIII often re-
quires high-pressure.53 The stereochemical activity of the lone pair drives
ferroelectricity, which in conjunction with magnetically active B-sits cre-
ates multiferroic materials. Multiferroic materials are compounds which
show more than one of the ferroic properties in one phase, that is, fer-
romagnetism, ferroelectricity and ferroelasticity.54 Multiferroicity is a
phenomenon that from crystallographic perspective requires certain space
groups which are not centrosymmetric. Unfortunately, all the previously
mentioned allowed space groups for B–site ordered double perovskites do
not belong to this group. The question remains if the multiferroic per-
ovskites’ crystal structures were reported correctly in ambient conditions
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in the literature or does the phenomenon appear under external factors.
Do ferroelectric double perovskites have the same symmetry under elec-
tric field than at rest? Ferroelectricity in BaTiO3 stems from the B–site
cation’s off-centring within the octahedron and requires d0 electron config-
uration.55 CaTiO3, on the other hand, becomes antiferrielectric because of
stress-induced long-range ordering of dipole moments.56 Like an analogy
from the topological insulators, CaTiO3 surfaces have been observed to be
ferroelectric even though the bulk of the material is not.57 The oxidation
states of ions are provided in pretty quantized steps. By changing the bond
lengths and orbital overlap by applying pressure, the apparent oxidation
state may be considered to be tunable.

High-pressure causes ion shape to be less critical and makes the size more
dominant, allowing coordination at unusual coordination environments.58

The multiferroic Bi2NiMnO6 demonstrates this as it was synthesized using
a cubic anvil type high-pressure apparatus.59 Not only does the size of Bi
require high-pressure but also the volatility of the element during high-
temperature synthesis. High-pressure synthesis encapsulates volatile
elements effectively due to cell design. The sample is contained within a
gas-tight gold or platinum capsule.

The most common A–site cations are alkaline earth elements.28 They are
seen merely as structural partners in perovskites and do not participate
significantly in for example magnetic or electric properties. Transition
metal oxides with a variable number of d electrons, however, are in a key
role in these properties. Transition metal oxides with suitable oxidation
state and electronic structure do not have compatible ionic radii for A–
site coordination environment. Here, high-pressure high-temperature
synthesis provides a quick solution to this trouble. It was demonstrated in
the first all-transition metal double perovskite, Mn2FeReO6

60 and later in
similar Mn2MnReO6.61,62

4.3 Applications

The generalization of practical synthesis routes for multiferroic materi-
als has increased the number of published compounds drastically. High-
pressure synthesis techniques have had a significant role in this.53 One
key feature of high-pressure high-temperature samples is the synthesis
process itself. It makes samples to be metastable. The samples are brought
to a point in the temperature-pressure phase diagram, which is preferred
by the structure. By quenching, the compound is brought to ambient with
the hope to retain the high-temperature-high-pressure structure. Here
again, the kinetics of phase change has a key role as the quenching has to
be fast enough to prevent the phase change back to the ambient pressure
form. Usually, this is done as fast as possible by turning off the heater
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and relying on (and limited by) the cooling rate of the apparatus. The
high-pressure synthesis will cause some stresses to the structure, but it
can be relieved by applying moderate temperatures which do not cause the
structure to revert to the ambient pressure form.

To demonstrate this, in Publication II the metastability of the high-
pressure high-temperature treated sample was tested. The high-pressure
form of the sample was synthesized at 1000 °C, which enables the ions
to be mobile and to form the perovskite structure. However, not until
at circa 1100 °C started the kinetics of the reversible reaction to be fast
enough for the sample to transform back into the ambient pressure phase.
Some high-pressure tests, out of curiosity, were made by trying to find the
minimum feasible temperature for the treatment, but with inconclusive
results. For example, room temperature treatment, as expected, was only
able to exert stress to the structure, seen as features of the diffraction
reflections, which is also one reason why some samples might need to be
stress relieved for easier structure refinement.

The stoichiometry under investigation in Publications II–IV was found
to be quite robust towards reversible reaction back to ambient pressure
form, which would be promising for the longevity of the compounds on
applications that would be at higher temperatures. Oxidation states in
double perovskites are a delicate play between the redox reactions between
comprising ions. Disproportionation, charge ordering or mixed valency
may exist, as in Sr2FeMoO6 ω (FeII/III MoV/VI).63 In order to maintain
charge balance, the oxygen content of the samples need to be changed.
Therefore, the oxide samples may be reduced by synthesizing them in
vacuum, inert gas (Ar, N2) or reactive gas (Ar/H2, CH4) or by oxidizing
them at more oxidizing atmospheres than air such as O3 or in pure O2. The
high-temperature requirements for the synthesis also bring other limiting
factors such as pressure limits of tube furnaces. It may be circumvented by
using autoclaves where the oxygen pressures can reach several hundred
bars, but the temperature is limited well below 1000 °C.

High-pressure synthesis gives a solution to this issue again. Samples can
be oxidized at high-pressure with oxygen releasing agents such as silver
oxide or potassium chlorate and perchlorate. The decomposition product of
the chlorates, KCl, is easier to remove from the final product than silver,
the decomposition product of silver oxide, by washing the sample with
methanol. The high-pressure oxidation of LaCuO3 δ enables oxygen level
tuning rather flexibly.64,65 Exotic high oxidation states can be stabilized
using the same technique: FeV in double perovskite La2LiFeO6.66,67 Other
internal oxygen sources are higher oxidation state precursors of the oxides
or peroxides of the constituting elements in the sample. On the other hand,
the encapsulated high-pressure samples are also used to provide oxygen-
free environments for synthesis. The compressing nature of high-pressure
synthesis may also cause disproportionation as Jahn-Teller active cations
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Figure 4.2. XRD patterns for ambient (AP) and high-pressure (HP) phases of Y2CuTiO6

are compressed from the distorted environment to symmetric octahedral
coordination. Examples include d4 FeIV or MnIII.68,69 High-pressure oxida-
tion can also be used to hinder disproportionation reaction and enable the
formation of CrIV.66

Only certain octahedrally coordinated ions may have Jahn-Teller ac-
tivity.70,71 Out of low-spin complexes, d1–d5 can have weak Jahn-Teller
distortions and d7 and d9 strong. For high-spin complexes, d1, d2, d6 and
d7 may have weak Jahn-Teller distortions and d4 and d9 strong. Common
nominator for these is that only CuII can have strong Jahn-Teller distor-
tions in both high- and low-spin complexes. In an effort to create ordered
Jahn-Teller active perovskite structured d9–d0 compounds, YIII

2 CuIITiIVO6
was synthesized.72

However, the structure is hexagonal after ambient pressure synthesis,
having complicated phase diagram with secondary phases.73–75 Sol-gel
citrate synthesis and calcination at 1250 °C yields relatively pure green
compound, refined in P63cm spacegroup having cell parameters of a =
6.1890 Å and c = 11.5183 Å, similar to what was reported in the literature.
Circa under 4 GPa and 1000 °C high-pressure high-temperature synthesis,
the compound transforms into dark red-brown perovskite, but the applied
pressure most likely prevents the Jahn-Teller distortion. The high-pressure
phase was refined in Pbnm spacegroup with cell parameters of a = 5.2961
Å, b = 5.7300 Å and c = 7.4567 Å (two minor impurity peaks at 30.66 and
51.11 °2θ). XRD patterns for the ambient and high-pressure phases are
shown in Figures 4.2a and 4.2b in the respective order.

High-pressure synthesis has been adopted as one of the chemist’s tools.
It has extended the available number of compounds by overcoming the
limits of non-compatible ionic radii or ion shapes. Also, the structural
transitions upon heating or cooling can be stabilized to be stable at the
room temperature.
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5. Magnetism in double perovskites

Electron with spin, being just one of the particles with a magnetic mo-
ment, gives rise to the magnetism in perovskites. Therefore, the charge,
electronic structure, number of unpaired electrons, spin-orbit coupling,
the spatial location of the element relative to other elements and other
physical variables determine the compound’s magnetism. Paired electrons
inherently cancel out magnetism in compounds. On the hierarchy of mag-
netism, ferro-, antiferro- and ferrimagnetisms are classes of magnetism
with co-operating atomic magnetic moments. In practice, every type of
magnetism has been found in perovskites. Reason for this is the multiple
times announced flexibility of the structure and the resulting fame among
researchers.76

Even though ferromagnetism is a more rare type of magnetism in double
perovskites than antiferromagnetism and multiferroic compounds have
potential application in the future, antiferromagnetism and antiferromag-
netic materials do no need to be less valued.V Antiferromagnets have an
important role in spintronics, that is, spin transport electronics or spin
electronics. In devices utilising magnetism, such as memory storage de-
vices, ferromagnetic materials are commonly used. The miniaturisation of
memory devices leads to the risk of cross-talk between the ferromagnetic
units storing the data. Antiferromagnets lack this unintentional feature
and are also resistant to external magnetic field perturbations. Antifer-
romagnets are therefore used for example in spin-valves which utilise
exchange coupling between ferro- and antiferromagnets.77–81

5.1 Origins of magnetism in double perovskites

A brief look outside the unit cell might reveal phenomena such as in-
tergrain tunnelling magnetoresistance82 or Curie tail from the unpaired
electrons at the anti-phase boundaries, as Publication IV demonstrated.
Therefore, unit cell level considerations might need to be extended to the
macroscopic level in actual materials.
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Figure 5.1. FeIII–O–II hybridization and superexchange interactions for antiferromagnetic
coupling.

Both empirical and theoretical rules apply to magnetism, which is inher-
ently a quantum mechanical phenomenon. John B. Goodenough, Junjiro
Kanamori and Philip W. Anderson laid the groundwork for magnetism in
oxides. To distinguish magnetism mediated by the direct exchange interac-
tions in metals such as Fe, Co or Ni, superexchange (indirect) interactions
were introduced to explain magnetism in oxide materials. Here, the cation-
anion-cation chains provide the basic structure for superexchange. The
corner shared BO6 units provide multiple B–O–B interaction pathways,
out of which the SbV–O–II–SbV in Publications II–IV are magnetically
inactive due to the lack of unpaired electrons. The Goodenough-Kanamori-
Anderson rules83–87 state that:

1. interactions are antiferromagnetic if the octahedral site cations (for
example, MnIII, FeII, FeIII, CoII, CoIII, CoIV and NiII) at the opposite sides
of a common anion have half-filled eg orbitals

2. interactions between identical cations via symmetrically bonded anion
are antiferromagnetic by symmetry

3. interactions between octahedral site magnetic cations at the opposite
sides of a common anion are ferromagnetic if one cation has empty eg
orbitals and the other has half-filled eg orbitals

As an example, FeIII–O–II–FeIII 180° interactions are illustrated in Figure
5.1. The FeIII is located at the centre of the BO6 octahedron and forms
hybridized orbitals with the O–II. The partially filled eg orbitals pointing
towards and overlapping with the six nearest neighbours O–II 2p orbitals
form the basis for superexchange interactions. Deviation from the ideal
180° bond angles and double-exchange interactions involving electron
transfer complicates predictions.
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5.2 Magnetism in Y2CuTiO6 and (Sr1–xBax)2FeSbO6

According to Goodenough-Kanamori-Anderson rules, FeIII–SbV system in
Publications II–IV is inherently an antiferromagnet due to the superex-
change interactions in the 3d5 Fe and 3d10 Sb system. The unpaired
electrons residing on the Fe-sites might otherwise provide other types of
magnetism, but also because of the magnetic inactivity of the SbV, the
structure is said to be magnetically diluted. It acts as an insulating ion
between the FeIII ions. Other known diluted systems are A=Ca, Sr, Ba or
La and B′′=Nb, Ta or U. To best of our knowledge, out of the reported struc-
tures, compounds in this dissertation have provided cubic symmetry with
B′′ cation from the main group. Literature does not contain magnetism
data for an extensive range of levels of B–site cation ordering.

Since the compounds in this dissertation have been either cubic or pseu-
docubic and coordination octahedra around the B–sites are symmetric,
superexchange interactions are equal or close to equal in all directions.
Only Jahn-Teller active ions with varying bond lengths, square planar
coordination or otherwise inequal bonding environments would cause the
superexchange interactions to be energetically anisotropic. It naturally
makes the interactions more exotic, for example, showing magnetic frus-
tration.

Magnetism within the macroscopic crystals may exist as magnetic do-
mains where the magnetisation within the domain’s region is uniform in
one direction. Magnetic domains are formed in order to minimise mate-
rial’s internal energy. Domain wall is the interface between individual
magnetic domains. Each domain wall may be pinned by imperfections in
the crystal such as anti-phase boundaries due to improper B–site cation
ordering and domain growth, crystal twinning or other crystals structure
defects.88,89

Strength of the interactions is influenced by the overlap of the transition
metal and oxygen anion orbitals. Deviations from the ideal 180° or 90° bond
angles, caused by octahedral tilting, decrease interactions. Bond lengths
have the same effect when the orbital overlap decreases with increasing ion
distances. Bond lengths are elongated mostly due to unit cell expansion. In
the (Sr1–xBax)2FeSbO6 model system the ability to adjust octahedral tilting
only along one axis, namely the c-axis for I4/m, is another excellent feature.
It was important for Ca2FeOsO6 and Sr2FeOsO6, where the Fe 3d and Os 5d
interactions were affected by chemical pressure (A=Ca or Sr) or by physical
pressure.90 The applied physical pressure is detrimental to the double-
exchange ferromagnetic Fe–Os interactions along the c-axis as the bonds
are compressed. Also, the applied pressure causes octahedral buckling
that affects double-exchange more strongly than it does superexchange
interactions, which are essential for antiferromagnetism.

Paramagnetism rises from unpaired electrons which cause the material
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to be attracted to magnets in contrast to diamagnetism where paired
electrons cause a slight opposite effect. The value of para- or diamagnetism
is materials magnetic field strength independent. Magnetic susceptibility
is a temperature-dependent phenomenon, and the type of magnetism
dictates the strength and behaviour of the susceptibility curve. The Curie-
Weiss law describes the temperature dependence of paramagnetism.

χ= C
T −TC

(5.1)

where χ is the magnetic susceptibility, C is the Curie constant, T the
absolute and the TC the Curie or Weiss temperature in Kelvins. Curie tem-
perature is defined for ferro- and ferrimagnetic materials above which they
become paramagnetic. Curie-Weiss law cannot describe the susceptibility
well near the transition temperature due to local fluctuations between
the atoms. The actual Curie point of a material is distinguished from
the Weiss temperature or the Weiss constant which is the intercept of the
temperature axis when fitted to a linear part of the inverse Curie-Weiss
law plot far away from the transition temperature.91

Both electron spin and orbital angular momentum contribute to the
total magnetic moment. Therefore, temperature independent measure
for paramagnetic susceptibility is given as effective (spin-only) magnetic
moment. The magnitude of spin-only magnetic (µe f f ) moment can be
calculated from

µe f f =
√︄

3k
Nµ2

b

√︁
Tχ (5.2)

where k is Boltzmann’s constant, N is the Avogadro’s number and µb is
Bohr magneton.91

The effective magnetic moment is directly related to the number of
unpaired electrons (n) and can be approximated from

µe f f = g
√︁

S(S+1)=µb
√︁

n(n+2) (5.3)

where S is the spin quantum number (S = 1/2 for each unpaired electron)
and g is the electron spin g-factor (g=2.002...).91

In the (Sr1–xBax)2FeSbO6 system, the Néel temperature was found to fall
between 21.6—36.6 K. Relationship between the B–site cation ordering and
the Néel temperature (TN) was found, and the Néel temperature rises as a
function of increasing ordering. Also, the growing B–site ordered domains
within the individual crystallites seems to increase the Néel temperature.
The effective magnetic moment was seen to be close to the theoretical
value for high-spin FeIII, that is, between 5.2–6.0 Bohr magnetons.92 Also,
the lack of magnetic hyperfine splitting in Mössbauer data indicates the
compounds are not ferro- or ferrimagnetic.
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Figure 5.2. Zero field cooled (white markers) and field cooled (black markers) magnetic
susceptibility curves for (Sr0.5Ba0.5)2FeSbO6 with a low (circular markers)
and high (square markers) degree of B–site cation order.

An interesting feature of the magnetic susceptibility versus temperature
curves was that the field cooled and zero field cooled curves have rather
large irreversibility. The ordered domains within the crystallites, the anti-
phase boundaries, magnetic domain wall pinning, magnetic frustration
or spin-glass behaviour could explain the irreversibility. For highly dis-
ordered samples, in conjunction with small magnetic domains, there are
relatively more significant number of unpaired spins at the anti-phase
boundaries which brings up the rising tail in the field cooled samples. Ideal
antiferromagnetic materials have magnetic susceptibility maximum at the
Néel temperature and field cooled curves would be flat below the Néel tem-
perature when the spins freeze. In the zero field cooled samples, magnetic
susceptibility starts from zero values as the spins are in theory frozen
in a genuinely random fashion and start to take the antiferromagnetic
order as they gain more energy with the rising temperature until the Néel
temperature is reached and the ordering is lost.

The irreversibility is also affected by the degree of B–site cation ordering
and possibly by the size of the ordered crystallographic domains within
the crystallites. Naturally, the size of the ordered domains determines the
final maximum size of the magnetic domains. At TN the magnetic order
spans over the domain. The irreversibility of the AFM tail is shown in
Figure 5.2.

Y2CuTiO6 is a d9–d0 compound and ideally CuII has partially filled and
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Figure 5.3. Zero field cooled (white markers) and field cooled (black markers) magnetic
susceptibility curves for the high-pressure phase of Y2CuTiO6. Field cooled
and zero field cooled datasets overlap and can be seen separately only below
25 K.

TiIV empty eg orbitals. Highly ordered compounds would ideally be poten-
tial ferromagnets according to Goodenough-Kanamori-Anderson rules, but
Y2CuTiO6 was paramagnetic down to 5K, with the effective magnetic mo-
ment of 1.34 Bohr magnetons and Weiss temperature of 20.1 K. Magnetic
susceptibility data for the compounds are shown in Figure 5.3.
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6. Multivariate data analysis of double
perovskites

The complexity of chemical systems makes the analysis to be multivariate
by nature, which is the field of chemometrics. It extracts, describes and
predicts properties in chemical systems. All this is done by a combination
of statistics, mathematics, computer science and chemistry.93

6.1 Applications and available data

Starting from the early days of chemometrics and multivariate analysis,
pattern recognition, such as in NMR, and spectral calibrations, have been
an important application of it.94,95 Multivariate calibration is a very im-
portant application in spectroscopy, such as in infrared, Nuclear Magnetic
Resonance (NMR) and mass spectroscopy. Overlapping spectra of the
components in the sample interfere with each other causing difficulties
in determining the concentration of interest. Another advantage in spec-
troscopy is that non-destructive (optical) methods can be used and yet
obtaining accurate results.

The high-throughput analysis is widely used in pharmaceutical research.
Massive amounts of experiments are conducted and analysed by automa-
tion. The experiments are naturally restricted to a previously decided
number of compounds and types of experiments, which are applicable only
to biological systems. Double perovskite oxide synthesis is more time and
resource-demanding, and therefore, similar automated high-throughput
methods may not be used. However, multivariate data analysis requires
accurate, high-quality data for model development and training. Some
models may be able to treat and predict missing data. The collection of
meaningful data about the system that can be used to predict the outcome
is of utmost importance. Multivariate analysis requires, in the best case,
the design of the experimental setup to be good, but can also be used to
design the experiment based on knowledge about the most significant
variables. It is also used in online process control in manufacturing where
immediate feedback can be provided to the process control based on the
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observations from various steps of the production.
The study of perovskites began decades ago when the diffraction and

structure refinement methods were not on the same level as nowadays.
Structural data, especially oxygen anion positions, could not be accurately
determined. The orbital overlap and exchange interactions depend sig-
nificantly on the bond angles and bond lengths, octahedral tilting and
oxygen anion positions. Data in the literature are scattered and par-
tial. Standard format for data presentation has not been used over the
years. There are active projects trying to collect all available structural
and physical property data under one database. File formats such as the
International Union of Crystallography’s Crystallographic Information
File/Framework (CIF) is a widely used format to publish crystallographic
structural data. Crystal structure and diffraction databases such as Crys-
tallography Open Database (COD), International Centre for Diffraction
Data Powder Diffraction File (ICDD-PDF), Cambridge Structural Database
(CSD), International Crystal Structure Database (ICSD), Pearson’s Crystal
Structure Database and Pauling’s Files have the aim to collect the data
under one organization. These databases may be used directly to collect
structure and physical properties. For example, B–O–B angles and inter-
atomic distances may be calculated automatically from the provided data.
Acquiring data from the literature is quite a hands-on task and prone to
errors. Multivariate data analysis must have an emphasis on the proper
data tabulation or presentation, both from the original author and from
the one who collects data.

The general trend of publishing only the positive results, which admit-
tedly promotes the acceptance of the manuscript, should be balanced with
publishing the negative or inconclusive results. There are a few journals
which are dedicated to publishing negative results, but none of them seems
to be dedicated to science, such as chemistry.96,97 The noble goal of some of
the journals is to present peer-reviewed results in relatively easily search-
able format, which is optimal for multivariate data analysis. Unfortunately,
some of the Journals of Negative Results have ceased publishing.

Previously mentioned approaches rely on the synthesis and characterisa-
tion of new samples and the quality of the empirical data. Depending on
the age and activity of the project, from circa 350 000 to 1 000 000 entries
can be found from the previously mentioned databases at the moment.
Another approach is to perform ab-initio calculations to extract structural
and physical property data from known and yet unknown compounds. The
Materials Project has the aim of computing and tabulating the properties
of all known materials.98 For example, structural parameters, formation
energy, electronic band structures are provided. There are also other at-
tempts to gather materials property data from high-throughput ab initio
calculations, such as the AFLOWIB99 and the Computational Materials
Repository100. It is not a surprise that compounds like perovskites and
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garnets have a significant role in these projects.
Experimental formation energy data for perovskites has been published.

Formation energies were determined by high-temperature oxide melt solu-
tion calorimetry, in which the sample is dissolved into a mixture of molten
PbO BaO3 or 3 Na2O·4 MoO3, and the released energy of the decomposing
oxide under investigation is measured.101

The method employed on the course of this dissertation was to collect
papers and published data about B–site ordered double perovskites. Part
of the data was used from the B–site ordered double perovskite review28

and new and old missing entries were added to the best extent. Lots
of data pre-processing, cleaning and evaluation was necessary, many of
them employing, for example, calculating the tolerance factor based on
the composition and the assumed oxidation states of the comprising ions.
In total, 2606 double perovskite entries with 1010 unique stoichiometries
were collected. Magnetic properties of double perovskites were selected
as the first phenomenon under investigation in Publication V. Out of the
2606 compounds, 671 entries reported magnetic data for ferromagnetic
(181), ferrimagnetic (54), antiferromagnetic (289) and paramagnetic (147)
compounds. As mentioned earlier, perovskites can accommodate almost
the whole periodic table to the structure, which can be seen in the collected
data since 24 different A–site elements, 51 B′ and 28 B′′ had been used,
some of the elements found in multiple positions.

6.2 Multivariate techniques

In multivariate analysis, a training dataset is collected to develop and
evaluate a model for the system. It is, of course, a benefit if the experi-
mental setup and variables can be decided before the experiment itself
is conducted. Literature research and review are locked to the published
data. Also, the selected point of view in the original experiment may steer
the variables and results to be restricted. Not much can be done if essential
details, either good or bad results, were not given even as supplementary
data.

A key method in multivariate data analysis, the principal component
analysis (PCA) is a statistical procedure where the observations (physical
properties from our data) are orthogonally transformed into variables
called principal components. Each property in the data matrix is given
a weighting factor or coefficient and new vector, principal component, is
calculated. The factor is chosen so that the principal components gain the
largest possible variance and therefore explain the maximal amount of
variability in the data.102

Other important methods in the multivariate analysis are the different
Partial Least Squares (PLS, or Projection to Latent Structures) regressions.
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PLS tries to find a linear regression model by projecting the known ob-
served variables with the predicted variables to a new space, that is, tries
to relate the property and value data matrices. PLS is especially useful
with data where there are more variables than observations (the missing
data).103

Both of these methods with their new varieties and extensions were used
in this dissertation. By recognizing patterns in the data, key components
for ferromagnetic compounds were the ionization potential and charge of
the A–site cation and naturally the electron configuration of the B–site
cations. Also, tolerance factor close to or above one, that is, cubic or nearly
cubic structure is beneficial for ferromagnetic interactions. Potential found
compounds were La2CoFeO6, Pb2FeMoO6, Sr2CrRuO6 and La2CrFeO6 and
a few other compounds that had not been characterized yet. Also, hexago-
nal Ba2CrReO6 and Ba2CoIrO6 exist and may convert to double perovskites
under pressure based on the experience gained in this dissertation. The
predicted TC the existing compounds are given in Table 6.1.

Table 6.1. Predicted TC values for existing double perovskites, which have not been mag-
netically characterised.

Compound Predicted TC (K)

La2CoFeO6 190

Pb2FeMoO6 200

Sr2CrRuO6 190

La2CrFeO6 100

6.3 Other methods

A topic closely tied to multivariate analysis is the use of neural networks,
that is, artificial intelligence. Prediction of the stability of crystal struc-
tures or the construction of theoretical phase diagrams can be made for
a wide range of potential compounds with almost unlimited number of
element combinations. It will partially overcome the requirements for
multisample experimental phase diagrams with its challenges and limita-
tions.104–108

When formation energies are known, either experimental or computational,
theoretical phase diagram can be compiled and used as an aid in the
discovery of novel double perovskites. It may also help in finding and
recognizing tricky side phases which usually form during the synthesis.
There exist several databases for experimental and theoretical phase
diagrams relevant to oxides, such as the ASM Phase Diagram Database
and Phase Equilibria Diagrams Online. Also, phase diagrams are studied
at high-pressure conditions. The Materials Project has an application that
can be used to construct a computational phase diagram from the data in
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the database.109,110 Not just binary, ternary or quaternary phase diagrams
can be calculated, also grand potential phase diagrams can be solved. With
these, the phase equilibrium is not the main interest, but the possibility for
phases forming at different oxidizing or reducing environments or different
temperatures. The search of novel properties or compounds by theoretical
means is not just a dream of all scientist, but reality. As an example, the
discovery of topological insulators is an excellent demonstration of this
route.111
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7. Summary

The high-pressure high-temperature synthesis of hexagonal Ba2CoSbO6
and Ba2ZnTeO6 stabilised two new double perovskite structured com-
pounds, reported in Publication I. Both compounds crystallise in the cubic
Fm3̄m space group. Ba2ZnTeO6 is fully B–site ordered and has unit cell
length of a = 8.1479 Å. Ba2ZnTeO6, on the other hand, is not fully B–site
ordered but does crystallise in the same space group, Fm3̄m with a =
8.1440 Å and degree-of-order of S = 0.31. High-pressure treatment also
changes the optical absorption properties.
In Publication II, structural changes were demonstrated with two differ-
ent approaches in a series of hexagonal and double perovskite structured
(Sr1–xBax)2FeSbO6 compounds. High-pressure high-temperature treat-
ment of the Ba2FeSbO6 at 4 GPa and 1000 °C yields cubic Fm3̄m double
perovskite with a = 8.0936 Å and degree-of-order S = 0.73.
Isovalent A–site substitution yields similar structural changes as the high-
pressure high-temperature synthesis, but the relative quantities of the
co-existing phases, cell parameters and B–site degree-of-order change grad-
ually. At first, both the hexagonal and cubic double perovskite structured
phases can be found until 20 mol-% of the Ba has been replaced by Sr. A
wide x = 0.2–0.8 cubic only region was found in the phase diagram. When
the Sr content increases, the cell parameter gradually decreases from a =
8.0573 Å to a = 7.9521 Å while the degree-of-order increases from S = 0.73
to S = 0.96.
From x = 0.2 to pure x = 0 (Sr2FeSbO6), compound crystallises first as I4/m
and finally as I2/m at the A = Sr end of the substitution series. A narrow
region of co-existing I4/m and I2/m can be found between x = 0.125–0.05.
The degree-of-order varies slightly, but is close to S = 0.9 in the x = 0.2–0
region.
The ambient pressure substitution method allows the gradual tuning of
both cell parameters and the level of B–site cation ordering. Both ambient
and high-pressure techniques yield essentially the same double perovskite
structure.
In Publication III, synthesis conditions were found to have a role in
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Summary

the level of B–site cation order within single compound stoichiometry
((Sr0.5Ba0.5)2FeSbO6). The synthesis temperature starting from circa 1000
°C allows the compound to crystallise in pure form without traces of
the starting materials from the initial sol-gel synthesis. For long heat-
treatment periods (100 h), compound reaches a fully ordered region above
1100 °C. At 1150 °C and 1300 °C, the compound can be quenched at differ-
ent stages of B–site ordering during the first minutes to hours of synthesis
time. Essentially, the whole range from disordered S = 0 to fully ordered S
= 1 was achieved. The phase formation and the B–site cation ordering is
both thermodynamically and kinetically controlled.
The effect of level of B–site cation order on magnetic properties was stud-
ied in Publication IV. Double perovskite structured compounds of the
(Sr1–xBax)2FeSbO6 system are all antiferromagnetic at low temperatures
and have paramagnetic to antiferromagnetic (Néel) transition temperature
at 21.6–36.6 K. In (Sr0.5Ba0.5)2FeSbO6, both the high degree-of-order and
increasing ordered B–site domain size increases the transition tempera-
ture. The compound appears to be magnetically frustrated, which can be
affected by the same factors as the transition temperature. Y2CuTiO6 was
synthesised as ambient non-perovskite structured compound and high-
pressure high-temperature treated into double perovskite. Unfortunately,
the compound was paramagnetic down to low temperatures.
Publication V discussed the existing B–site ordered double perovskite data.
In total, 2606 B–site ordered double perovskite samples were reviewed
using the existing literature data comprising of 1010 unique stoichiome-
tries. Multivariate techniques were employed to find existing ferromag-
netic compounds which have not yet been characterised. Potential new
ferromagnetic compounds were also proposed. La2CoFeO6, Pb2FeMoO6,
Sr2CrRuO6 and La2CrFeO6 have predicted ferro- to paramagnetic transti-
tion temperature between 190–200 K. Ba2CrReO6 and Ba2CoIrO6 exist
as hexagonal compounds and have the potential to be transformed into
double perovskite structured varieties by the synthesis methods described
in this dissertation.
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8. Conclusions

Perovskite research has grown to be a significant field in inorganic and
materials chemistry. Perovskites have provided an exciting multi-property
study environment. The complete route from structure predictions to
modification was employed in this dissertation.
The more closely studied structural modifications of the (Sr1–xBax)2FeSbO6
system provided one set of tools to tailor B–site ordered double perovskites
with fully flexible, precisely tunable cation ordering and crystal struc-
ture. Both bulk quantity ambient pressure method and the high-pressure
high-temperature treatments provided synthesis tools to achieve the final
target structure. The B–site cation order could be adjusted to be between
disordered and fully ordered. Also, the crystal symmetry, cation tilting
and the B–O–B bond angles and bond lengths, crucial for magnetism, as
a result of octahedral tilting provided yet another degree-of-freedom to
tailor interactions between the B–site cations. The two selected synthesis
methods were both valuable and proven tools, both with their benefits. No-
tably, the high-temperature high-pressure methods open routes for exotic
perovskites which are otherwise unobtainable with traditional ambient
pressure methods. Luckily, similar structures could be obtained both by
the potentially large quantity ambient pressure method and with the more
limited quantity high-pressure method.
All compounds were either low-temperature antiferromagnetic or para-
magnetic materials. The applied structure modifications tools may be
used to adjust magnetic ordering temperature for compounds which have
more practical magnetic ordering temperatures and may find uses, for
example, in spintronics in the future. Also, the spin freezing temperature
was adjustable to some extent which was a result of the B–site cation order
and the tunable crystallite and ordered B–site domain size. It means that
the magnetic ordering temperature may be tuned to be at a practical level
for applications.
Because ferro- and ferrimagnetic double perovskites are found in smaller
numbers than antiferromagnetic, the multivariate analysis provided a
few existing candidates and potential new stoichiometries to be studied.
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Conclusions

The suggested compounds were considered to be the easiest to obtain. Ei-
ther the compound had already been synthesized, or the closely related
structure or composition exist. By the help of the methods applied in
this dissertation, these compounds are likely to be synthesized. Not just
magnetic, but also other properties, such as Seebeck coefficients for ther-
moelectric applications or electron and hole conduction for semiconductors,
could be predicted for the existing or the speculated compounds.
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