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Abstract

Sr,Co,0s with the perovskite-related brownmillerite structure has been
synthesised via quenching, with the orthorhombic wunit cell parameters
a=>5.46393) A, b=15.6486(8) A and c = 5.5667(3) A based on refinement of NPD
data collected at 4K. Electron microscopy revealed L-R-L-R- intralayer ordering of
chain orientations which requires a doubling of the unit cell along the c-parameter,
consistent with the assignment of the space group Pcmb. However, on the length scale
pertinent to NPD, no long-range order is observed and the disordered space group
Imma appears more appropriate.

Low-temperature fluorination of this material and the related brownmillerite
phases Sr,CoFeOs and Sr,Fe;Os has been found to give different products depending
on the starting material. Sr,C0,05 and Sr,CoFeOs are amenable to fluorine insertion
reactions with corresponding oxidation of transition metal cations, forming cubic
perovskite phases of the nominal compositions SrCoO,sFgs (a=3.8574(3) A) and
SrCoosFe5025F0s (a = 3.872(2) A). Fluorination of Sr,Fe,Os, however, results in a
1:1 mixture of two phases that were assigned to SrFeO,F (a=3.9481(3) A) and
StFeO;.5 (a = 3.8775(3) A).

Fluorine insertion into the oxygen defect superstructure manganite
Sr;,MnOs 5+, has been shown by TEM to result in two levels of fluorination. In the
higher fluorine content sections, the fluorine anions displace oxygen anions from their
apical positions into the equatorial vacancies, thus destroying the superstructure and
giving a KoNiF,-type structure (@ = 3.8210(1) A and ¢ = 12.686(1) A).

Ce;MnN;F, 5 with tetragonal symmetry (P4/nmm a=3.8554(4) A and

c=13.088(4) A based on neutron powder diffraction) and a structure related to



LaSrMnO4F has been synthesised via low-temperature fluorination of the ternary
nitride Ce;MnN;. Two F~ anions are inserted but no F/N*~ substitution takes place,
instead a structural rearrangement whereby one F expands the manganese
coordination from four to six occurs and the second F~ inserts in alternate layers of
interstitial sites, in a staged fashion. The effective magnetic moment in Ce;MnN;F,_s,
Uer = 5.38 g, 1s consistent with an intermediate value between that of Mn’" (4.9 pg)

and Mn*" (59 pg) supporting the proposed stoichiometry, Ce,MnN3F,_s.
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Chapter One

Chapter One

Introduction

The focus of this thesis is the synthesis and characterisation of novel
perovskite-related materials, focusing on oxygen-defect structures and oxy-fluorides
and the exploitation of anion stoichiometry to control the structure and properties of
such materials. Perovskite-related structures were selected for this study, as a
significant portion of research in the field of solid state chemistry has been dedicated
to perovskites and it is well-documented that this structure-type can tolerate both sub-
and super-stoichiometry leading to many useful properties. This chapter introduces
the perovskite-related materials investigated in this thesis and gives an overview of

the electromagnetic properties exhibited by perovskites.

1.1 The Relationship Between Structure and Properties of Solid State
Materials
Materials that crystallise with a perovskite or perovskite-related structure have
been widely studied, particularly after the discovery of colossal

(121 "and  high-temperature superconductivity ***' in layered

magnetoresistance
perovskite-related ceramics. Moreover, perovskite-related materials have been shown
to exhibit an extensive variety of valuable physical properties and thus are suitable for
use in a wide range of applications such as electronic conductors (in particular

semiconductors), ferroelectrics, ionic conductors, thermoelectric devices and battery

materials.
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The composition of perovskite-related materials is highly flexible, allowing
huge scope for both the structure and the physical properties of the material to be
controlled by exploiting the structure-property relation. Commonly, the manipulation
of non-stoichiometry and substitution of cations or anions is used to control the
transition metal oxidation state and to optimise the useful properties of the material.

In this chapter, perovskite and the perovskite-related structures K,NiF4, the
Ruddlesden-Popper series of phases and brownmillerite will be introduced; followed

by a discussion of key electrical and magnetic properties exhibited by such materials.

1.2 Perovskite and Related Structures

1.2.1 The Perovskite Structure

The earliest description of the common atomic arrangement having the general
formula ABXj and a simple cubic structure was for the mineral known as perovskite,
CaTiO; 51" The structure of CaTiO; was later found to adopt a distorted perovskite
lattice and thus an orthorhombic unit cell (), however the term perovskite has been
universally adopted to describe the structure of ABXj3; compounds. Indeed, most
structures described as perovskites are essentially orthorhombic yet still assume the
ideal simple cubic unit cell at elevated temperatures.

The ideal cubic perovskite structure (shown in Figure 1.1 and Figure 1.2)
comprises the body centre occupied by the A cation with the B cations situated on the
corners of the unit cell and the X anions located halfway along each edge of the unit
cell. The A cation tends to be larger than the B cation, as the A cation is coordinated
with 12 anions whilst the B cation is coordinated with 6. The larger A cations tend to

be either alkaline earth or lanthanide cations, whilst the smaller B cations are
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generally transition metal cations. Commonly the X anion is oxide, but halide and

nitride anions are also readily accommodated.

o e

'

S to—
Sl 99

L o

Figure 1.1 The perovskite unit cell ABX; where the larger A cation is depicted in
green, the B cations are shown in white and the X anions are shown in red.

Figure 1.2 An expanded view of the perovskite structure, with white lines showing the
B-X bonds and the BX¢ octahedra highlighted in purple.
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Within the ABX; perovskite structure, there is contact between A, B and X
only if the ionic radii of its constituent atoms satisfy the condition expressed in
Equation 1.1 (where R = ionic radii of A, X, and B ions, respectively).

R, +R, =+2(R, +R,)
(Equation 1.1)

For a proposed composition, the perovskite structure is usually feasible if the
Goldschmidt tolerance factor, t, is in the range 0.8<t< 1.0\ Equation 1.2
expresses the Goldschmidt tolerance factor as a function of the ionic radii of A, B,

and X ions.

(R, +Ry)

V2(Ry Ry )

t:

(Equation 1.2)

A tolerance factor t = 1 would ordinarily result in an ideal simple cubic
perovskite structure consisting of spherical ions of sufficient ionic radii to make slight
contact with their nearest neighbours. Any deviation from the model result of t = 1
leads to a distortion of the cubic structure to orthorhombic, tetragonal or
rhombohedral symmetry.

For perovskites with t < 1, the ionic radii of the B cations are too large relative
to the ionic radii of the A cations, thus compressing the B-X bonds and putting the A-
X bonds under tension. In this scenario, it is often the case that some degree of tilting
of the BX¢ octahedra will arise in order to relieve these stresses by optimising the
cation coordination environments. For perovskites with t > 1, the ionic radii of the B
cations are too small relative to the ionic radii of the A cations. In this case, the B
cations have been observed to be displaced from the centre of the BX¢ octahedra such
that the B-X bonding may be slightly improved. Displacement of the B cation towards

an apex of the octahedra is known as a tetragonal displacement, whilst displacement
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towards an equatorial edge of the octahedra is an orthorhombic displacement and
displacement towards a face of the octahedra is known as a rhombohedral
displacement. Much empirical research has been carried out quantifying the
correlation between ionic radii and stability of the perovskite-type structure !’ and
charting the variation of the perovskite structure with changes in ionic radii and
charge ™. Aside from incompatible cationic radii, deviation from simple cubic
symmetry in perovskites can also be caused by anion non-stoichiometry and Jahn-

Teller distortions.

1.2.2 The Crystallographic Structure of K,;NiF4
The crystal structure of K,NiF4 was initially determined by Balz ) in 1953
and was assigned the space group [4/mmm. In their 1955 study of mixed metal

fluorides and oxides, Balz and Plieth ['*

reported that several compounds forming the
ABXj; perovskite structure also adopted an A,BX4 form analogous to that of K,NiF4.
The crystal structure of K;NiF, is highly similar to perovskite, consisting of single

perovskite type layers of NiFs octahedra alternating with layers of KF possessing the

rock salt structure.
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Figure 1.3 The perovskite-related A,BX, structure (known as the K,NiF, structure),
with the A cations shown in green, B cations and B-X bonds shown in
white, X anions shown in red and the BX; octahedra highlighted in purple.

1.2.3 The Ruddlesden-Popper Series of Phases

In 1958, Ruddlesden and Popper reported the synthesis and
characterization of the novel layered mixed metal oxide Sr;Ti,O;. Its structure was
described as an intermediate between SrTiOs (a perovskite) and Sr,TiO4 ' (with the
K,NiF, 1 type structure). The crystal structure of Sr;Ti,O; was solved in the space

group I4/mmm with the lattice parameters a = 3.90 A and ¢ = 20.38 A. The crystal
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structure consisted of double perovskite layers of corner linked TiOg octahedra

interwoven with layers of SrO and is illustrated in Figure 1.4.

Figure 1.4 The n=2 Ruddlesden-Popper structure (A;B,X;) as exhibited by Sr;Ti,0,
with the A cations shown in green, B cations and B-X bonds shown in
white, X anions shown in red and the BX, octahedra highlighted in purple.

Ruddlesden and Popper also proposed the existence of related compounds and
simultaneously reported the discovery of one such phase, SrsTi30;. This too was

found to crystallize in the /4/mmm space group with the lattice parameters a = 3.90 A
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and ¢ = 28.1 A" The crystal structure of SryTi30;¢ (as shown in Figure 1.5) was
closely allied to Sr;Ti,O;, albeit containing treble as opposed to double layers of

perovskite.

Figure 1.5 The n=3 Ruddlesden-Popper structure (A4B;X;o) as exhibited by SryTi;0,,
with the A cations shown in green, B cations and B-X bonds shown in
white, X anions shown in red and the BX¢ octahedra highlighted in purple.
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Sr3Ti,07 and Sr4Ti30,0 represent two examples of a series of related layered
perovskite intergrowth materials known as the Ruddlesden-Popper family. The
general formula for Ruddlesden-Popper phases is An+1BnXsnt1 with n layers of BXg
octahedra separated by layers of AX adopting the rock salt structure. As demonstrated
by Sr;TiO4, the n = 1 Ruddlesden-Popper phase A,BX4 has the K,NiF, structure.
Likewise, Sr3Ti,O7 and Sr4Ti30,¢ are the first homologous examples of n=2 and
n =3 members of the Ruddlesden-Popper series. The end member phase with n =
has an infinite number of layers of BXs octahedra and corresponds to the simple

perovskite structure ABX;.

1.2.4 The Brownmillerite Structure

The brownmillerite structure is of perovskite-type with ordered oxygen defects
such that the overall structure comprises a characteristic stacking of alternate layers of
corner-sharing tetrahedra and octahedra with the orthorhombic brownmillerite unit
cell related to the basic perovskite unit cell by a, ~ 2Vap, by~ 4ap, cv = 2Vap. This
structure can be described as a perovskite with half of the anions from alternate BX,
layers removed to form layers of the composition BX, resulting in anion deficient
layers of BX4 tetrahedra centred at y =0.25 and y = 0.75 alternating with layers of
BX, octahedra (centred at y=0 and y=0.5) "> Figure 1.6 is a schematic of the
perovskite structure for comparison with Figure 1.7 depicting the brownmillerite

section at'y = 0.25 and Figure 1.8 which shows the brownmillerite section at y = 0.75.
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Figure 1.6 Schematic of the perovskite structure at y = 0 with B cations shown in light
blue and X anions shown in red.

o O

Figure 1.7 Schematic of brownmillerite structure at y = 0.25 with ordered vacancies in
half of the anion sites.

@ O

Figure 1.8 Schematic of brownmillerite structure at y = 0.75 with ordered vacancies in
half of the anion sites such that a staggered anion defect structure is
produced.

10
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Hence, the generic formula often used for brownmillerites A;BB’Xs (where
B = transition metal cation with octahedral co-ordination and B’ = transition metal
cation with tetrahedral co-ordination) differentiates between the two transition metal
co-ordination environments that are ordered throughout the structure. The layer
stacking sequence can thus be described -(BX;)-(AX)-(B'XO)-(AX)-(BX,)- and the
overall structure is shown in Figure 1.9.

Materials adopting the brownmillerite structure can consist of a single B
cation or of two different B cations, which are commonly disordered over both
octahedral and tetrahedral sites or may be ordered according to transition metal cation

preference for a particular co-ordination environment.

11
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Figure 1.9 The crystallographic structure of brownmillerite A,BB’Xs where A cations
are shown in green, B cations are shown in light blue and X anions are
shown in red. BX; octahedra are highlighted in blue whilst B'X, tetrahedra
are highlighted in purple.

The following section of this chapter summarises some fundamental principles
of electricity and magnetism to help elucidate some of the properties exhibited by
perovskite-related materials, moving on to a more in-depth discussion of some of
these phenomena such as colossal magnetoresistance, superconductivity and types of

magnetic ordering.

12
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1.3 Electrical Properties and Types of Dielectric Materials
1.3.1 Current and Charge

Electromagnetism, united by Maxwell’s relations, is one of the four known
fundamental forces (strong, weak, electromagnetic and gravitational). Thus, when
evaluating the properties of matter it should be borne in mind that the phenomena of
electricity and magnetism are, to all intents and purposes, inextricable.

Atoms are electrically neutral and, although the masses of their constituent

protons and electrons are vastly different, they have equal and opposite charge. The

fundamental unit of charge is ¢ = 1.60217733 x107°C "% where the coulomb is
defined as the amount of charge flowing in 1 second through an infinitely thin wire
with a current of 1 ampere (A). To clarify, the current refers to the rate of flow of
electric charge through a cross-sectional area of a conducting material. Equation 1.3
summarizes the relationship between charge, Q, in coulombs (C) and current, I, in
amperes (A).

_AQ
At

(Equation 1.3)

The charge on a proton or an electron is always +e or —e respectively and like
mass and spin, charge is an intrinsic property of such particles. As electrical charge is
quantized, the only permissible values for any electric charge are integral multiples of
e. The electric potential is the change in electric potential energy per unit charge and
the potential difference between two points is measured in volts where 1 V = 1 JC!
(where V = volts, J = joules and C = coulombs). In order for electric charge to travel
across a difference in electric potential within a material, it must contain entities
(normally electrons) that are able to move freely. The band theory of solids describes

a conductor as having a valence band partially filled by electrons of the atom thus
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conduction electrons are easily excited to nearby allowed energy states. A typical
insulating material has a prohibitively large energy gap between the filled valence

band and the conduction band.

1.3.2 Resistance and Resistivity

Resistance to the flow of an electrical current is usually caused by scattering
of the free electrons in the system. This scattering is either caused by other electrons
in the material, by imperfections in the lattice, or by elementary excitations in the
system such as lattice vibrations known as phonons. In simple terms, the overall effect
of electrical resistance is to cause a drop in the electrical potential of a conductor
hence reducing the total energy flowing through the material. As the free electrons
within an electrical conductor are constantly colliding, all such materials bar
superconductors display some electrical resistance. Quantitatively, resistance R,
measured in ohms (Q), is simply the ratio of the drop in potential difference V to the

electrical current, as shown in Equation 1.4.

(Equation 1.4)
The resistivity of a material is defined as the constant of proportionality
between the resistance of a conducting wire and its length and cross-sectional

area 1018

], Equation 1.5 shows resistivity p (2m) as a function of resistance R (Q),
length L (m) and cross-sectional area of conducting wire A (m?). The extent of

electron scattering by phonons or other electrons depends on the material itself thus

these effects give rise to what is termed as the intrinsic electrical resistivity. Extrinsic
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electrical resistivity is caused by defects in the lattice of the material, such as those

caused by impurities.

(Equation 1.5)

1.3.3 Dielectric Materials: Ferroelectric, Antiferroelectric, Ferrielectric, and

Piezoelectric Behaviour

The electrical properties of a material are categorized by the behaviour of the
electric dipole moments of its constituent atoms upon the application of an external
electric field. Despite the fact that the application of a potential difference across a
dielectric material does lead to some charge polarization, a dielectric is still unable to
conduct electric charge. This is because each electron within it is bound tightly to an
atom thus prohibiting the long-range movement of these electrons necessary to
facilitate conduction. However, a dielectric material will support an electrostatic field.

Paraelectric behaviour is a result of unpaired electrons whereby each atom
possessing an unpaired electron will act as an electric dipole. These dipoles are
randomly arranged and do not interact with each other. Upon the application of an
external electric field, the dipole moments attempt to align but are hindered as thermal
vibrations favour a random arrangement.

Unlike dielectrics, ferroelectric materials retain a remnant polarization after an
applied electric field is removed. Ferroelectric materials contain domains within
which the electric dipoles are aligned in the same direction, hence the analogy with
ferromagnetism. This behaviour occurs at low temperatures; once the temperature is
raised above the Curie temperature Tc, the increase in thermal energy disrupts the

order of displacements and destroys the domain structure. Hence, at the ferroelectric
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Curie temperature, a transition occurs between ferroelectric and paraelectric
behaviour. The ferroelectric effect refers to a material that exhibits a spontaneous
permanent dipole moment in an applied electric field, which may only be removed by
the application of an electric field of sufficient magnitude to reverse the polarisation.

Antiferroelectric behaviour results when the dipole moments within the
material align in an anti-parallel fashion. The effect of this is that there is no net
dipole moment. An antiferroelectric material will adopt this ordering at a temperature
below the Néel temperature Tn. As with ferroelectric materials behaviour, anti-
ferroelectric materials display paraelectric behaviour above this temperature.

The term ferrielectric describes a material in which the dipole moments have
anti-ferroelectric alignment but are incongruent. Thus, the overall effect of the
ordering is ferroelectric behaviour but it is achieved via antiferroelectric alignment.

Piezoelectric materials are a class of dielectric material that generate an
electric charge when subjected to mechanical deformation, and conversely undergo

mechanical deformation in the presence of an electric field """,

14 Magnetic Properties and the Different Forms of Bulk Magnetism
1.4.1 Magnetisation and Magnetic Susceptibility
It has been experimentally observed that a moving charged object within a

magnetic field experiences a force proportional to its charge and velocity '\

Equation 1.6 expresses the magnetic force, F, on a charge as the cross product of its

velocity multiplied by charge, qv , and the magnetic induction, B.

F=qvxB

(Equation 1.6)

16



Chapter One

This expression also tells us that a point charge in motion, such as an electron,
induces a magnetic field itself. The intrinsic magnetic dipole moment associated with
electron spins causes atoms to possess magnetic dipole moments.

The strength of a magnetic field is denoted H and the magnetic flux is often
pictorially represented by lines indicating the strength and direction of the field.
Magnetic induction is the term given to the response caused by the magnetic field in a
volume of space. The magnetic induction, B, measured in tesla (T), is also known as
the flux density and is mathematically related to the strength of the magnetic field, H,
as shown in Equation 1.7 ") (where p = permeability of the volume, or permeability
of free space, L, if in a vacuum).

B=uH
(Equation 1.7)

As there is a magnetic induction associated with the motion of the electrons
within a material, an interaction between the material and the applied field exists.
Hence the magnetization term, M, is introduced into the expression for magnetic
induction, taking into account the field of the material itself within the applied field H,
as is shown by Equation 1.8.

B=pH+uM
(Equation 1.8)

Magnetization is simply the net magnetic dipole moment per unit volume of
the material. Diamagnetic materials possess a negative magnetization whilst
paramagnetic materials have a positive value of magnetization, as will be further

discussed in Section 1.4.2.
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When characterizing the properties of matter, rather than considering
magnetization, the magnetic susceptibility is often discussed, as it is more specific to
the material in question. Susceptibility is simply a measure of the response of a
material to an applied magnetic field and is related to magnetization by Equation 1.9,
where x = magnetic susceptibility, M = magnetization and H = applied magnetic field
strength (A m™).

_M
T

(Equation 1.9)
Often, the mass magnetic susceptibility (ymass) and the molar magnetic
susceptibility  (ymo1) are used, and may be calculated using Equation 1.10 and

Equation 1.11, where p = density and M = molar mass.

Xmass = 1
p
(Equation 1.10)
Xmol = XmassM

(Equation 1.11)

When a magnetic field is generated, a force acts upon any electric charges
encompassed by the volume in which the field is present. A material can be
categorized according to the behaviour of the magnetic moments of its constituent

atoms upon the application of an external magnetic field ["*%.

1.4.2 Magnetic Properties Arising From Non-Interacting Magnetic Ions
Diamagnetism is produced by the motion of electrons in their orbitals and is
present in all substances but as it is weak, it is not usually observed if other effects are

present. In general, non-interacting atoms with closed shells reduce the flux density
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within the diamagnet thus are repelled from an applied external magnetic field, thus
displaying a negative magnetic susceptibility.

Paramagnetism is caused by the randomly arranged magnetic moments of each
atom possessing unpaired electrons. Although these moments are isolated from each
other, upon the application of an external magnetic field they are independently
attracted towards the centre of the field, increasing the flux density within the
paramagnet. However, thermal energy favours the random arrangement of moments,
hindering their alignment. Paramagnetic materials therefore have a positive magnetic
susceptibility.

The randomising effect of thermal energy on the magnetic susceptibility of
paramagnetic materials is described by the Curie Law (Equation 1.12) where
C = Curie constant, defined by the magnetic moment corrected for diamagnetism and

T = temperature (K).

(Equation 1.12)

In order to describe the high temperature paramagnetic behaviour of materials
containing interacting magnetic ions, the Curie law was modified to the Curie-Weiss
law (Equation 1.13) by the inclusion of the constant, 6, which is dependent on the

type of interaction, correcting for magnetic order !'***

(Equation 1.13)
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1.4.3 Co-Operative Interactions Between Magnetic Ions: Ferromagnetism,

Antiferromagnetism and Ferrimagnetism

Diamagnetism and paramagnetism arise from non-interacting magnetic ions,
but interactions between ions occur and can result in several types of magnetic order.

Ferromagnetic (FM) interactions result when the magnetic dipole moments
within the material align their spin in the same direction. This spontaneous
magnetization occurs in zero applied magnetic field below the Curie temperature Tk,
with 8 > 0. Above the Curie temperature, the ferromagnetic ordering of spins reverts
to a random arrangement thus the material displays paramagnetic behaviour.

Anti-ferromagnetic (AFM) behaviour arises when the magnetic dipole
moments within the material align their spins in an anti-parallel fashion. This type of
ordering occurs below the Néel temperature Ty at which  decreases, with 6 < 0.
Similarly to ferromagnetic ordering, once the Neel temperature is exceeded, thermal
disordering effects remove the antiferromagnetic alignments of spins such that the
material behaves as a paramagnet.

The generic temperature dependence of the magnetic susceptibility of
diamagnetic, paramagnetic, ferromagnetic and anti-ferromagnetic materials is
illustrated in Figure 1.10, whilst Figure 1.11 shows the temperature dependence of

inverse magnetic susceptibility.
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Ferromagnetic
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Magnetic Susceptibility y

Antiferromagnetic

Diamagnetic

Temperature (K)

Figure 1.10 Diagram to illustrate the generic temperature dependence of diamagnetic,
paramagnetic, ferromagnetic and anti-ferromagnetic materials.

Inverse Magnetic Susceptibility 1/y

Temperature (K)

Figure 1.11 Diagram of inverse magnetic susceptibility against temperature (K) showing
the Curie Law, the Curie-Weiss Law for ferromagnetic behaviour and the
Curie-Weiss Law for anti-ferromagnetic behaviour respectively

The term ferrimagnetic describes what is essentially a net ferromagnetic
moment but one that has arisen from the anti-ferromagnetic interactions of dissimilar
moments. When moments are aligned antiferromagnetically but are not arranged in a
co-linear fashion, the resulting net ferromagnetic moment is said to arise from canted
antiferromagnetism. In some materials, spin glass type behaviour is observed below

the Curie temperature whereby the spins are randomly orientated in a manner
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reminiscent of the positional ordering present in chemical glasses. Spin glass
behaviour is typified by non-exponential decay over time of the remnant
magnetisation after cooling in a magnetic field and usually occurs as a result of
magnetic frustration (i.e. degenerate magnetic systems where spins are geometrically
unable to align so as to minimise interactions) ],

Co-operative behaviour of spins to produce long-range magnetic order
suggests that d-electrons on the transition metal cations interact, but ionic bonding in
solids requires the electrons to be localised. Direct exchange interactions may occur
between electrons on neighbouring ions where there is sufficient overlap but often
magnetic ions are clearly separated by intervening non-magnetic ions. Hence,
alternative quantum mechanical exchange mechanisms involving the electron orbitals
of the non-magnetic ions are required to explain the presence of long-range magnetic

order in ionic solids.

1.4.3.1 Superexchange Interactions
The superexchange interaction describing magnetic coupling mechanisms
between magnetic cations via intermediate non-magnetic ions was proposed by

(23] and Anderson ** ?*!. In ionic solids where the d-orbitals of the magnetic

Kramers
cations overlap with the outer orbitals of the intermediate diamagnetic ion, a degree of
covalency is introduced and the overall energy of the system is lowered via orbital
mixing/hybridisation. The overlap for superexchange may occur through linear
overlap (o-type) directed along the M-X-M bond (where M = magnetic cation,

X = intermediate non-magnetic ion) or lateral overlap orthogonal to the M-X-M bond

(n-type). In either case, a favourable superexchange interaction requires the electrons
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in the magnetic cation d-orbital and the overlapping lobe of the non-magnetic
intermediate to possess opposite spins.

A commonly cited example of how the superexchange mechanism may be
used to explain antiferromagnetic ordering is NiO. The Ni*" ion is situated in an
octahedral environment with a d* electron configuration, thus it has filled trg (3dyy,

3dy,, 3dy,) orbitals and singly occupied e, orbitals (dZz and dxty2 ). If one considers
the linear 180° overlap between the Ni 3de7yz and the O 2py orbitals (as depicted in

Figure 1.12), it is clear that the unpaired electrons in the e, orbitals of the Ni** cations
are able to couple magnetically with the electrons in the p-orbitals of the O* anions in

order to form the lowest possible energy state.

Oty et i@

Figure 1.12 An illustration of how superexchange interactions between the Ni 3dxz_y2

orbitals (shaded in light green) and the O 2p, orbitals (shaded in pink) give
rise to antiferromagnetic ordering in NiO.

In general, o-type interactions are stronger. The type of long-range magnetic
ordering produced by superexchange depends on both the electronic configuration of
the magnetic cation and the angle of the M-X-M interactions (usually 180° or 90°).
Whether superexchange culminates in long-range ferromagnetic or antiferromagnetic

ordering can in most cases be predicted by the Goodenough-Kanamori rules ¢!,
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1.4.3.2 Double-Exchange Interactions

The double-exchange mechanism, as proposed by Zener [29, 30]

, predicts that it
is facile for electrons to move from one species to another provided that the spin of
the transferred electron is conserved thus obeying Hund’s rules. Double-exchange
may occur between mixed valent magnetic cations via an intermediate anion. Indirect
magnetic coupling via double-exchange occurs when the additional electron in the
cationic species with the lower valency ‘hops’ to the diamagnetic intermediate,
simultaneously accompanied by an electron ‘hopping’ from said intermediate to the
neighbouring magnetic cation.

The double-exchange mechanism can be used to explain how indirect
ferromagnetic coupling between Mn** and Mn*" in La;,A\MnO;; (A = Ca, Sr,
Ba) " 32! results in this group of materials acing as ferromagnetic conductors upon
cooling. This behaviour is only apparent when the A cation site is occupied by both
di- and tri-valent cations, or the oxygen stoichiometry is such that the material
contains mixed Mn®>" and Mn4+; the end members LaMnO; and AMnO; are
antiferromagnetic insulators, behaviour which has been shown to arise from
superexchange interactions. In La; ,A.MnO;_ (A = Ca, Sr, Ba), the Mn>" ion has a d*
electron configuration, thus it has half-filled ty, (3dyy, 3dx,, 3dy,) orbitals and a single
electron in the e, orbitals. The Mn*" ion has a d’ co-ordination and its e, orbitals are
unoccupied. The Mn®" electron is able to ‘hop’ to the vacancy in the Mn*" e, orbitals
via an intervening O anion (as depicted in Figure 1.13) provided that the hopping
electrons do not have to change their spin direction. In this example, in order for
electron spins to be conserved, the ty, electrons on the Mn*" cation must be

ferromagnetically aligned with the t,, electrons on the Mn® cation.
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As a consequence of double-exchange interactions, conduction electrons are
able to move through the material in a metallic manner due to their coupling with

incomplete d-orbitals possessing parallel spin, inferring spin polarised conduction.

@+t @&t t@®

Figure 1.13 A schematic representation of the double-exchange mechanism between the
dxziyz orbitals of the Mn®" cation (on the left) and the Mn*" cation on the

right (both shaded in light blue) via the intermediate O 2p orbital (shaded in
pink). The positions of the electrons after ‘hopping’ are shown in purple.

1.5 Complex Magnetoelectric Phenomenon with Functional Applications
1.5.1 Colossal Magnetoresistance

Upon the application of a magnetic field, an alteration in the electrical
resistance of the material is induced. The relative change in resistivity is termed
‘magnetoresistance’ and is described by the Equation 1.14"%Y  where
MR = magnetoresistance, Ap = change in resistivity, p(0) = resistivity at a given
temperature in the absence of any applied magnetic field and p(H) = resistivity at a

given temperature with applied magnetic field, H.

- { Ap } _[p(H)—p(0)]
p(0) p(0)

(Equation 1.14)
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Typically, most materials will have a small magnetoresistance but certain
materials display significantly larger magnetoresistance and these are classified
according to the magnitude of this effect. Materials containing magnetic multilayers
often give rise to around 20% more magnetoresistance than conventional materials,
earning the term ‘giant magnetoresistance’, a phenomenon that was first observed in
thin film structures of alternating ferromagnetic and non-magnetic layers ****. In the
absence of an applied magnetic field, there is weak antiferromagnetic coupling
between the adjacent strata of ferromagnetic materials (separated by a non-magnetic
layer), thus a conduction electron travelling through this spacer layer will have
opposite spin to the site it is moving to. Hence the electrical resistivity of a material
exhibiting giant magnetoresistance is at a maximum with zero external magnetic field.
If a magnetic field of sufficient magnitude is applied, all the spins in the
ferromagnetic layers will align in a parallel fashion such that the inter-layer coupling
is also ferromagnetic. In this case, conduction electrons may propagate easily through
the spacer layers and the resistance is lowered.

Von Helmolt ef al. **! reported values of magnetoresistance for the perovskite
La,sBa;sMnQO, that were several orders of magnitude larger than normal
magnetoresistance. Materials exhibiting this behaviour defy comparison with other
forms of magnetoresistance hence are defined as colossal magnetoresistance (CMR)

. 1, 2, 35, 36
materials > % 3% 36],

The large changes in resistance in response to magnetic field
associated with magnetoresistive materials can be exploited to record binary
information onto magnetic surfaces. Magnetoresistance is highly prevalent in
manganites of perovskite-type structure and has extensive applications including the

read heads of hard disk drives, magnetic sensors, random access memory and a new

branch of electronics known as spintronics, which exploits the spin orientation of
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conduction electrons and their associated magnetic moments rather than simply their

charge.

1.5.2 Superconductivity

The initial discovery of the phenomenon of superconductivity was made by
Kamerlingh-Onnes during his investigations into the resistivity of pure metals at low
temperatures whereby a dramatic fall in the resistance of mercury to < 10° Q at just
over 42K P" *® was noted. After repeating the measurement of the resistance of
mercury, Kamerlingh-Onnes reported that the electrical resistance of mercury had, to
all intents and purposes, vanished.

Upon cooling below a certain temperature, superconducting materials undergo
an abrupt transition to the superconducting state that permits infinite conductance of
electricity with zero resistance. This temperature is unique to the superconductor and
is termed its critical temperature, denoted T.. As the resistivity of a material in the
superconducting state is zero, once an electrical current has been established in a
closed loop of superconducting material, it will theoretically continue for all eternity.
Kamerlingh-Onnes himself in 1914 reportedly set up a permanent current (or as he
termed it a “persistent supercurrent’) in a superconducting coil of lead [38]

In addition to displaying potentially infinite electrical conductivity,
superconductors are often described as ‘perfect diamagnets’. This arose from the
observation that upon placing a material in the superconducting state in a magnetic
field, H, there is complete expulsion of all magnetic field within that material (H = 0),
provided that the applied field does not exceed the critical magnetic field H, for the
material in question. Should the magnetic field exceed H., magnetic flux will enter the

superconductor, restoring it to the normal non-superconducting state. This behaviour
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was first discovered by Meissner and Ochsenfeld in 1933 P and is not entirely
explained by Faraday’s law of induction. Moreover, if the electrical current carried by
a superconducting wire exceeds the critical current density J. (Am™), then the
magnetic field induced equals H, and superconductivity is destroyed. Thus, there is a
natural upper limit on the magnetic field a superconducting magnet can generate and
the electrical current a superconducting wire can carry.

In 1957, the BCS Theory of Conventional Superconductivity was proposed by
Bardeen, Cooper and Schrieffer [40, 411 describing the pairing of single-electron states
known as Cooper pairs. The basis of the theory was that in order for the interaction
between electrons resulting from the virtual exchange of phonons with energy 7o to
be attractive, the energy difference between the electrons states involved must be less
than the phonon energy. Simply put, a Cooper pair is an energetically favourable
bound state containing two electrons, each with an equal and opposite spin, the
overall effect of which is that the pair acts as a single particle with zero spin. The
electrons forming a Cooper pair are in a single quantum state and thus the momentum
of the pair must be conserved at all times. Any scattering of one electron will be
mirrored by the scattering of the second electron with equal magnitude and opposite
direction to that of the first. Hence, due to the conservation of momentum, the
interactions of Cooper pairs ensure that there is no net electron scattering and
consequently a state of zero resistance. At the critical temperature, the lattice has
enough energy to overcome the gap and the Cooper pairs dissipate.

Research into superconducting materials had focused primarily on alloys such

as NbsGe as synthesized by Gavaler 12

with T, = 23.2K. For over a decade progress
was slow and it was predicted that the maximum critical temperature for any

superconducting material could never exceed 30K *. This theory was disproved by
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the groundbreaking discovery of superconductivity with an onset temperature in the
unprecedented 30K range in the Ba-La-Cu-O system in 1986 by Bednorz and
Miiller ¥, This incited a shift in the focus of research from intermetallic compounds
to copper perovskites.

Shortly after the observation of superconductivity around 30K,
superconductivity was reported at 93K in the oxygen deficient perovskite
YBa,Cus0-.5 ). This was a crucial development as it exceeded the boiling point of
liquid nitrogen, thus overcoming a significant barrier to practical applications of
superconducting technology. Following this innovation, a plethora of novel
superconducting materials based on copper oxide perovskites were synthesized. These
materials were unlike conventional BCS superconductors and evidently entered the
superconducting state via an alternative mechanism. The distinction from BCS
superconductors was clear; hence, these new materials were designated the term
‘High Temperature Superconductors’.

Although the exact mechanism of high T, superconductivity is unknown,
evidence shows that it is a distinct phenomenon from BCS superconductivity. Two
front-running theories are the weak-coupling approximation ¥ and the interlayer
tunnelling model “*.

In general, high T, superconductors possess common structural and electronic
traits. These empirically compiled similarities appear to constitute a fundamental
prerequisite for high T, superconductivity, although no definite link has been shown
between such factors and an underlying interaction inducing superconductivity. All
high T, superconductors are layered structures, consisting of alternating insulating
metal oxide layers and superconducting planes. The presence of mixed oxidation

states of transition metal cations in the superconducting planes allows electron
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migrations between the metal centres. Such mixed oxidation states are usually
attained by the substitution of cations with a suitable valency or manipulation of the
anion content.

For many years, high-temperature superconductivity had only been observed
in materials with superconducting planes of composition CuO,, however high-
temperature superconductivity has recently been discovered in Fe-based materials *°’,
This supports the view that the high T, values observed in superconducting cuprates
are related to the strong electron correlation associated with transition metal cations,
thus new non-cuprate materials may provide the key to our understanding of the
mechanism of high-temperature superconductivity and facilitate attaining higher
transition temperatures. Superconducting materials are currently used in a massive
range of applications including magnetic levitation for transport, magnetic resonance

imaging (MRI), superconducting quantum interference devices (SQUID, see Section

2.9) and superconducting magnets used in the Large Hadron Collider at CERN.

1.5.3 Charge, Spin and Orbital Ordering

The electromagnetic properties of perovskite-related materials often arise from
complex interactions between charge, spin- and orbital ordering of electron spins. The
spin ordering present within such materials gives rise to the overall magnetic
structure. Wollan and Koehler “?' carried out a detailed study of the magnetic
properties of the La;,Ca,MnO; series including the end members LaMnO; and
CaMnOj; using neutron diffraction in order to determine their magnetic structures.
Phases of the composition LaMnQOs;, CaMnO3, and Laj,CapsMnOs; were found to
display antiferromagnetic behaviour arising from different magnetic structures, whilst

a narrow composition range around Lag ¢5Cag3sMnO; was ferromagnetic. The F-type
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pure ferromagnetic structure is illustrated in Figure 1.14, whilst Figures 1.15-1.17
show the most common types of ordering corresponding to antiferromagnetic

structures in perovskites.

Figure 1.14 F-type ferromagnetic structure, as exhibited by La, ¢sCag3sMnQO;.

Figure 1.15 A-type antiferromagnetic structure as exhibited by LaMnO;.
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Figure 1.16 G-type antiferromagnetic structure as exhibited by CaMnO;.

Figure 1.17 C-type antiferromagnetic structure as exhibited by La,,CasMnO;.
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Charge ordering is also sometimes observed in perovskite-related materials
containing B cations with different charges whereby the differently charged cations
discretely occupy specific lattice sites. Such materials are insulators as the charge
ordering causes electrons to become localised **.

Orbital ordering has been observed to resolve spin frustration in geometrically
frustrated electron systems. Electrons in d-orbitals are able to align in such a way as to
favour or hinder the existing super or double exchange interactions, leading to a spin-

orbital coupled state [**).

1.6 Aims of This Project

The generic aim of this research is to synthesize and characterize novel
compounds exhibiting interesting magnetic ordering or properties such as
superconductivity or colossal magnetoresistance. Evidence has been empirically
compiled that suggests such electromagnetic properties are predominantly displayed
by materials adopting a structure within the Ruddlesden-Popper series of phases, in
particular the perovskite and K,NiF, structures. In addition, since the advent of high
temperature superconductivity and the ensuing flurry of investigations into
increasingly complex layered structures, lower dimensional materials have been
somewhat overlooked. Thus, it is the intention of this study to explore the structure
and physical properties of some low dimensional mixed metal oxides.

A common method for inducing electromagnetic properties in perovskites is
substituting some of the cations for cations with dissimilar valences, for example
replacing some La®" with M*" in La,CuO, has been shown to produce
superconducting phases of the composition La sMsCuOy4 °°. However, manipulating

the anion content of perovskites is an equally versatile method of introducing mixed B
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[5

cation oxidation states °'1, as shown by the induction of mixed Cu®" and Cu’" valency

in La,CuO4 "% via oxygen insertion reactions to form superconducting La,CuOgs:5. In

the same vein, the insertion of fluorine as opposed to oxygen 1** >

into mixed copper
oxides has proved to be an extremely valuable method for producing new materials
with  advantageous properties such as superconductivity or colossal
magnetoresistance. There are four possible outcomes of successful fluorine insertion:
substitution of F~ for O%, substitution of 2F for O%, interstitial F~ insertion and

structural rearrangement [55-57]

and these processes can occur individually or
concurrently. Substitution of 2F for O when occurring singly will not induce mixed
cation valency, however substitution of F~ for O or interstitial F~ insertion will
necessitate some transition metal cations gaining or losing electrons in order to
balance the charge.

Brownmillerite materials exhibit a distinctive perovskite-related ordered
oxygen-vacancy structure, with subtle nuances in symmetry arising from the rotation
of tetrahedral chains in the vacancy layers. A detailed structural and magnetic
characterisation of the brownmillerite Sr,Co,0Os is presented in Chapter 3 with a
discussion of the relation between chain ordering and symmetry.

The brownmillerite structure provides an ordered vacancy lattice into which
fluorine anions should easily be accommodated, with full occupation of the vacant
sites resulting in a simple perovskite structure. Low-temperature fluorine insertion
reactions with the brownmillerite Sr,C0,0s have been investigated. The synthesis and
characterisation of the fluorinated brownmillerite and the results of preliminary

studies on fluorine insertion reactions with the related materials Sr,CoFeOs and

St Fe,Os are presented in Chapter 4.
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The reduced single-layer manganite Sro,MnOj;s:, is a low-dimensional
perovskite-related material exhibiting an oxygen-vacancy superstructure. This
material is formed via the reduction of Sr,MnO, (with the K,;NiF,) structure and
although it is stable in air, it will revert to this composition upon heating in a stream
of Oy). Thus, low-temperature fluorine insertion reactions with Sro;MnOs 5., were
carried out in order to ascertain whether it would be possible to accommodate fluorine
onto the oxygen vacancy sites in order to produce an ordered fluorine array. This
would induce a mixed Mn*/Mn*" valency, which could potentially exhibit charge-
ordering behaviour depending on the positions adopted by the fluorine anions. The
synthesis, characterisation and physical properties of the new material Sr,MnOs 5:,F,
are discussed in Chapter 5.

The focus of Chapter 6 is the synthetically difficult low-temperature
fluorination of Ce,MnNj3, a ternary nitride of particular interest on account of being
isostructural with Sr,CuOj;, which has previously been shown to be amenable to
fluorine insertion reactions . This chapter reports the synthesis and characterisation
of the novel quaternary nitride-fluoride Ce;MnNsF,.s including a discussion of the
positions adopted by the inserted fluorine anions and their influence upon the

structure of this material.
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Chapter Two
Experimental Techniques

2.1 Synthesis of Materials
2.1.1 Solid State Reactions

In order to synthesise extended lattice materials via a solid state reaction it is
necessary to build or modify a complete crystal structure hence high energy
conditions are required. Polycrystalline powders (typical particle size <10 um) of
suitable reagents are ground together in the correct stoichiometric proportions using
an agate pestle and mortar. For the work presented here, high purity binary oxides or
carbonates of the appropriate cations were used. This results in a homogenous mixture
of reactant particles and void space. At elevated temperatures there is sufficient
energy for the constituent ions (predominantly cations) to migrate and where an
interface exists between crystal faces of reactant particles a product particle begins to
form. Solid state reactions are slow as they require sufficient energy not only for the
breaking/reforming of bonds and migration of ions over significant atomic distances
but also usually a considerable rearrangement of crystal structure between the
reactants and product is required. As the solid state reaction proceeds, the product
grains increase in size forming a layer of product between the reactant interfaces,
hence the rate of reaction slows as the diffusion path lengths for reacting ions

increases. Frequent re-grinding between successive heat treatments augments the rate
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of reaction by providing new interfaces between reactant particles and thus shorter
diffusion paths.

The rate of a solid state reaction may be improved by pressing the reagent
mixture into a pellet, hence reducing empty space or by increasing the reaction
temperature such that the rates of diffusion of the various ions are increased, although
this temperature is limited by the melting points of the reagents (131,

It is often necessary to apply certain modifications to this basic method in
order to synthesise a product with a target structure or composition. An unusual
oxidation state can often be attained by the use of an oxidising or reducing
atmosphere during solid state reaction. If the reagents or target product are sensitive to
air or water, the reaction can be carried out in evacuated sealed tubes. Metastable
structures can sometimes be stabilised at room temperature by rapid quenching from a
temperature at which they are stable, although some phases such as diamond can only

be synthesised with the application of high pressure .

2.1.2  Fluorination Reactions

Preliminary fluorination reactions in the solid state were carried out using
stoichiometric amounts of CuF,) as a source of fluoride anions. Nickel crucibles
were used for the reaction vessels as nickel is resistant to attack by F,,). The reactions
were typically conducted at temperatures between 250-300°C for twelve hours. All
fluorinated oxides produced via this method contain a CuO impurity as a by-product
of the reaction with CuFy).

The majority of the oxy-fluorides discussed in this body of work were
prepared via a solid-gas reaction of the starting oxide material with a mixture of

10%F>4)/90%N>) used as the gaseous fluorinating agent. The apparatus used for
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these fluorinations is illustrated in Figure 2.1. Due to the propensity of Fy() to form

HF upon contact with moisture in the air, the Ny was dried by flowing through a

desiccant (silica gel) and all gases were purified before entering the reaction tube by

passing over NaF pellets which acts to remove any traces of HF by reacting to form

NaHF,. All components of the apparatus such as tubing, valves or taps were

constructed from nickel, copper or polytetrafluoroethylene (PTFE) to avoid

deterioration of such items in the presence of Fag or HF I °1 A diagram of the

fluorination apparatus layout is illustrated in Figure 2.1 whilst Figure 2.2 is a

photograph depicting the in situ laboratory set-up of the fluorine line.

Fa)
on/off
tap

NaF
pellets

Nz(g) on/off
tap

Na(g) purge
tap

Silica gel
desiccant

Fz(g) flow
meter

10% Fz(g)
90% No(g)

To sealed Ni reaction
tube in furnace

Fag) /0ff/Nag)
selector tap

Figure 2.1 Schematic illustration of the apparatus used for solid-gas fluorination
reactions. Empty circles denote gas cylinder regulators, circles with a line
through them are taps. The Ny, line is highlighted in green, the
10%F2(5/90%Ny ) line is shown in blue and the Ny, purge line is shaded
red up until the point where it joins the blue 10%F;(5,/90%N,( line.
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Sealed Ni '
reaction tube Ny(g) purge tap

Fy(g) line flow meter

Ny(g) line flow meter

10% Fz(g)
90% Nz(g)
cylinder

Figure 2.2 Solid-gas fluorination apparatus situated within a fume cupboard at The
University of Birmingham School of Chemistry.

2.1.2. (a) Pulse method

In order to produce a timed pulse of flowing 10%F;)/90%Ny), firstly the
apparatus was flushed with Ny, to ensure that the furnace was dry. Then the
10%F>(4//90%N2 ) mixture was passed through the system until the presence of Fy ()
was detected. As Fy) 1s a powerful oxidising agent, it readily oxidises I'(q) to form
Ix(ag), thus a tissue soaked in Kl,q) placed at the end needle valve exhibits a visible
brown colouration as soon as Fy) is present. At this point, the flow rate was adjusted
so as to be correct for the solid-gas reaction. Then the 10%F)/90%N, () cylinder and
F»/off/N, tap was closed (leaving the Fy) flow meter open so that the flow rate was
fixed) and the furnace tube was flushed with N so that the sample could be safely
placed into the furnace tube. Once the furnace tube had been sealed, flushed with Ny,
again and had been raised to reaction temperature, the 10%F(5/90%Ny () mixture was
allowed to pass through the furnace again for a set period of time. At the end of this
time, Ny, was passed through the furnace once more at the same rate at which the
10%F2(g/90%Ny () mixture was flowing. Only when the KI test at the end needle

valve was negative for F,,) was the furnace temperature decreased, thus ensuring that
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the furnace remained at reaction temperature for the entire length of the
10%F2(g)/90%N, () pulse.

In the course of the work presented here, this method was primarily employed
for the fluorination studies of Ce,MnN; with reactions typically carried out between
90-115°C using timed pulses of 10-20 minutes in length. However, this nitride was
particularly sensitive to the presence of Fy) hence the temperature range described
here is far lower than would be necessary for the fluorination of ternary oxides using

this method.

2.1.2 (b) Reactions with Static Fluorine

A solid-gas reaction using a static mixture of 10%F,(,)/90%N(g 1s slightly less
harsh than using the pulse method. Samples produced using this method were heated
to reaction temperature under flowing Ny). Once the temperature of the furnace was
stable, the 10%F(z)/90%N, ) mixture was allowed to flow through the furnace until
F») was detected at the end needle valve. At this point, the end needle valve and the
F»/off/N, tap were closed, thus trapping the gaseous mixture in the furnace tube. After
the desired reaction time had passed, the furnace was allowed to cool down before
flushing the system with Ny

Several static fluorine treatments of 2 hours were used both for the
fluorination of brownmillerites and the oxygen defect perovskite SroMnQOj ... The
reactions temperatures at which these samples were prepared varied between

200-265°C.
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2.2 Powder X-ray Diffraction
2.2.1 The Motion of Waves Incident Upon Obstacles

When a wave encounters a boundary surface between two different mediums,
part of the wave is reflected within the incident medium and part is transmitted into
the second medium. The angle between the incident wave and the normal to the
boundary surface is equal to the angle made by the reflected wave and the normal.
The part of the wave that is transmitted through the surface is attenuated due to the
different wave speed in the second medium, this process is known as refraction.

Diffraction is the bending of a wave, which is observed when a wave front is
incident upon an obstacle such as a boundary surface or an aperture. The extent to
which a wave is diffracted is dependent on the magnitude of its wavelength relative to
the object encountered. If the wavelength is far greater than the size of the barrier the
diffraction effects are large, whereas if the wavelength is of a similar or smaller
magnitude in relation to the barrier, the effect of diffraction is minimal.

Interference is the phenomenon that occurs at a single point in space where
two or more waves meet with the resultant wave being a product of the superposition
of these waves. In the case where the waves are from a coherent source and hence
have the same frequency and wavelength, the amplitude of the wave resulting from
their combination will depend solely upon their phase difference. If the phase
difference is zero or n360° (where n = any integer), the waves are in phase and
therefore interfere constructively. Thus where there is superposition of waves with
zero phase difference the resultant amplitude of the combined wave is the sum of the
amplitudes of the individual waves. If the phase difference is n180° (where n = any
odd integer) the waves are out of phase at the point in space where they meet and

therefore interfere destructively, resulting in zero amplitude.
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The phase difference of interfering waves from a coherent source is often due
to a difference in path length when the waves are diffracted by an obstacle. A path
difference of a single wavelength is equivalent to a phase difference of 360°; therefore
2 waves both possessing wavelength A with a path difference of nA (where n = any
integer) are in phase and will interfere constructively. Likewise, waves with a path
difference of (n))/2 (where n = any integer) are 180° out of phase so will interfere
destructively ¢,

In general, a path difference of Ar will give a phase difference of 9, given by:

a:{Mzn}:{@w}

A

(Equation 2.1)

2.2.2 Principles of Powder X-ray Diffraction

The principles of diffraction and interference of waves form the basis of the
technique of powder X-ray diffraction (XRD). X-rays are high energy
electromagnetic waves with relatively short wavelengths (c.a.10"'-10® m or 0.1-100
A ) and high frequencies (c.a. 10'°-10*° Hz %)) thus are highly penetrating. Like all
electromagnetic waves, they exhibit diffraction when incident upon an obstacle and
interference when two or more X-rays meet at the same point in space. Applying
these basic principles of wave physics to the incidence of X-rays upon a
polycrystalline material, it follows that X-rays will be scattered by the electron
density about the periodically distributed atoms within the disordered crystallites. In
order to use diffraction to probe a crystal structure it is necessary to use radiation with
a wavelength comparable with atomic dimensions, hence the wavelengths commonly

used are c.a. 0.5-2.5 AUl X-rays produced by the bombardment of an anode
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composed of an element with atomic number between 24-42 (i.e. Cr-Mo) fulfil this
criterion, as do ‘thermal’ neutrons produced via nuclear fission (so named as they are
in thermal equilibrium with the moderator of the reactor) (see Section 2.3) and
electrons with suitable energy (see Section 2.5). These X-ray, neutron and electron
beam radiations are all of a suitable wavelength for diffraction studies of crystals,
albeit interacting with different scattering centres. Neutron radiation is scattered by
nuclei whilst electron beams are scattered via interaction with the electrostatic
potential of an atom. However as nuclei, core electron density and their electrostatic
potentials have similar distribution within a given crystal structure the intensities of
beams diffracted by the different types of radiation used for diffraction studies varies
mostly due to the way in which the radiation interacts with their respective scattering
centres (*%.

In essence, powder X-ray diffraction is the study of the pattern of radiation
scattered by a polycrystalline material, based upon the premise that all atoms within a
crystal are located on discrete planes with regular spacing. Bombardment of a crystal
structure with X-ray radiation results in the scattering of the incident X-rays to some
extent by the electrons in the outer shells of the constituent atoms of the crystal
structure (coherent scattering). In addition to scattering, there is also partial absorption
of the incident X-rays, thus they will penetrate to different planes in the crystal before
reflection occurs. Because the atoms are part of an infinite regular lattice, the X-rays
diffracted from different planes of atoms within the crystal may or may not be in
phase with each other. The diffracted X-ray which are in phase with each other
produce a very intense diffracted X-ray, and using these we can determine

information about the crystal structure [ *,
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2.2.3 The Bragg Equation

Diffraction of waves by an object results in the scattered radiation forming a
pattern of intensity maxima and minima. The Bragg equation quantifies this by
treating the diffracted X-rays as reflections from planes within the crystal lattice.

A plane surface within a crystal can be described by a simple set of 3 integers
known as its Miller indices and are denoted (4k/). These can be determined by
considering two parallel planes, one of which encompasses a point regarded to be the
origin of the unit cell. The x, y and z vectors emanating from this origin will at some
point be cut by the other plane and these intercepts are at some fraction of the unit cell
dimensions a, b, and c. The Miller indices used to generically describe such a plane

would be calculated as follows:

a
h=2
X
(Equation 2.2)
b
k="
Y
(Equation 2.3)
C
=<
zZ

(Equation 2.4)

Hence the Miller indices of a plane are determined by the reciprocal on the
intercept made on the axes by the plane nearest the origin "% ',

The spacing between parallel planes described by the Miller indices (4k7) is
called the d-spacing and is denoted d n. Thus, the d-spacing between a set of planes

(hkl) within an orthogonal crystal with lattice parameters a, b and c is given by

Equation 2.5.
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1 W kP

2 2 2 2

(Equation 2.5)

The Bragg conditions for x-ray diffraction are easily derived by considering
two parallel X-rays incident at an angle of 6 upon two parallel planes, as illustrated in

Figure 2.3.

ey

7 5

&

Figure 2.3 Diagram to illustrate the geometric derivation of the Bragg condition for
constructive interference of X-rays diffracted by parallel planes, reproduced
from 11,

By geometry, sinezﬁ and sinOzB—C, therefore the path difference
hkl hkl

between the reflected X-rays from the two successive layers is given by
AB + BC= 2dhkl sin®

(Equation 2.6)

In order for the X-rays emerging from these planes to be in phase with each

other, they must have a path difference of an integer multiple of the wavelength of the
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incident X-rays, ni. This gives the Bragg conditions ' for constructive interference

of X-rays:
2dhkl sin® = nA

(Equation 2.7)
where djy 1s the spacing between parallel planes of atoms, 0 is the angle of the
incident X-rays, » is any integer and A is the wavelength of the incident X-rays.

More often than not, n is simply considered as n = 1. As n represents the n®
order reflection from the (4kl) planes, the beam can be thought of as the (nh nk nl)
reflection. For instance, the 2™ order reflection from the (111) planes where n = 2, is
simply described as the (222) reflection.

X-rays scattered from Bragg planes will be in phase with each other if they
have a path difference of nA. This instigates a peak in the intensity of reflected X-ray
radiation detected for each value of 20 at which constructive interference occurs.
X-rays out of phase with each other interfere destructively and annul one another.
Thus, intensity peaks will be detected for different values of 20 depending on the
symmetry of the crystal being studied. This is because all X-rays detected are a direct
result of the interference of incident X-rays reflected from separate planes. The X-ray
diffraction pattern for a crystal is directly correlated with the size and symmetry of
that crystal and is quite distinctive /"',

In this body of work, X-ray diffraction has been used as a characterization
technique to measure the intensity of reflected X-rays from powder preparations as a
function of 20. From this information, the lattice type and unit cell dimension of the
crystal can be deduced by assigning (4k/) values to each peak. The basic processing of
this data was facilitated by the use of the computer programs “INDEX” 3]

“DSPACE” " and “CELL” ",
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2.2.4 Production of X-rays

X-rays are produced by the continuous bombardment of a metal anode with
high-energy electrons. Upon reaching the metal anode, these electrons are decelerated
by the electrons in the metal target. This produces a broad continuous spectrum of X-
rays known by the original German term bremsstrahlung, from ‘bremsen’ (to brake)
and “strahlung’ (radiation) thus translating literally as ‘braking radiation’ '), The
bremsstrahlung spectrum is dependent only on the energy of the bombarding
electrons.

The energy of these bombarding electrons is of sufficient energy to excite an
n = 1 (K shell) electron to a higher, unoccupied state. Whenever a core electron makes
an electronic transition from the n = 1 state to an unoccupied state, it leaves a vacancy
in the K shell. Thus, electrons in the n=2 (L shell) or n=3 (M shell) are able to
make a transition into the K shell, simultaneously emitting electromagnetic radiation
with energies of several keV. These quantized electronic transitions give rise to a
discrete spectrum of sharp peaks in the intensity of X-rays at specific wavelengths and
are characteristic of the anode metal. Transitions from the n=2 (L) shell to the n=1
(K) shell gives rise to the Ka line, whilst the KB is a result of transitions from the
n =3 (M) shell to the n=1 (K) shell. In addition to the K-series (transitions to the K
shell), transitions to a vacancy in the n = 2 shell form the L-series. The lines produced
by these transitions are actually unresolved doublets, for example the Ko line consists
of two lines corresponding to Kol and Ka2 radiation resulting from two L to K
transitions with similar energy, differing only due to the spin multiplicity of the 2p

1,3,7,8
electrons (> 781,
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2.2.5 Instrumentation for Powder X-ray Diffraction

All room temperature powder X-ray diffraction data presented in this work
was collected using a Siemens D5000 diffractometer operating in transmission mode
with 0-20 geometry. The X-ray beam that this instrument generates contains Cu Ka,,
Ko, and K radiation besides background radiation. Hence, the diffractometer is
fitted with a curved primary beam germanium monochromator in order to select only
the Kai; line (A = 1.5406 A) so the X-rays used were of a single wavelength, as this is
preferable for diffraction studies. The diffracted X-ray radiation was detected using a
position sensitive detector with A260 = 8° and a step size of 0.02°.

Variable temperature powder X-ray diffraction data were collected using a
Siemens D5005 diffractometer operating in reflection mode with 6-6 geometry fitted
with an Anton Parr HKT1200 high temperature stage. This diffractometer was fitted

with a Gobel mirror to produce a parallel beam of Cu Ka; and Ko, radiation

(L=1.5404 A, . =1.5443 A).

2.2.6 Integrated Intensity of Diffracted X-ray Radiation
The observed integrated intensity of X-ray radiation Iy diffracted by a
reciprocal lattice point 4kl is determined via numerical integration over all data points

within the range of the Bragg peak as follows:

J
Ly = Z(yi _bi)
i=1

1

(Equation 2.8)

where j denotes the total number of data points constituting the Bragg peak, y;
is the measured profile intensity and b; is the background contribution at a measured

data point i.
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The calculated integrated intensity in powder diffraction studies Iy is
primarily dependent on the crystal structure of the material thus is proportional to the
structure factor Fjy. The structure factor incorporates the contribution to the
integrated intensity of scattered radiation arising from the atomic species contained
within the material and thus their scattering power, their thermal motions, atomic co-
ordinates and distribution over different lattice sites.

The structure factor Fj is a mathematical description of the scattering of X-
rays by all atoms within a unit cell » for a given reflection Akl. It depends on the
positions of each atom and their respective atomic scattering factors, containing
contributions from the structure amplitude, population factor, temperature factor and
phase angle. The structure amplitude is a complex function used to express the
amplitude of the wave scattered by a unit cell containing multiple atoms with different
scattering factors. The indices Akl for a Bragg reflection are represented by the vector
h = (h, k, /) whilst the fractional co-ordinates of the jth atom in the unit cell are
represented by the vector x; = (xj, yj, z;) with their scalar product h.x; = hx; + ky; + Iz;.
Using this, following expression describes the structure amplitude Fy for j atoms
within a crystal containing » unique symmetrically equivalent atoms in the unit cell

(known as the asymmetric unit):
F, = .an:gjtj (s)fJ (S)exp[Zni(hxj + kyj + sz )]
p=
(Equation 2.9)
where gj is the population factor of the ;™ atom, usually expressed as a site
occupancy such that a fully occupied site has gj = 1, # is the atomic displacement

parameter of the ;™ atom (also known as temperature factor, despite t; being the

combined total of several effects in addition to thermal motion such as deformation of
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electron density due to chemical bonding) , fi(s) denotes the atomic scattering factor

which describes the interaction of the X-ray with the atomic species upon which it is
. : sin®,,, .
incident as a function of s, where s = T and i=+/-1.

The isotropic approximation for the atomic displacement parameter ¢ of the I
atom describes the influence of the motion of atoms about their equilibrium positions
upon the structure factor and is given by the following expression:

- 2
) g Sin 0
J CXp| — J }\’2

(Equation 2.10)

where Bj is the isotropic displacement parameter for the ™ atom. This
approximation assumes that an atom has an equal probability to be displaced in any

direction. The isotropic displacement parameter is dependent upon the root mean

square deviation of the /™ atom from its equilibrium position (x, y, z), (uz)j and is
calculated (in A?) as follows:
2,2

(Equation 2.11)

For crystal structure determination via powder X-ray diffraction, in addition to
the structure factor it is necessary to quantify all contributing instrumental,
experimental and geometrical factors, thus the total calculated integrated intensity for
each reflection is given by the following expression:

2
Lyyg = KX Py X Ly x By x Ay x Ty X E X‘Fhkl‘

(Equation 2.12)
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where K is the scale factor, puy is the multiplicity factor which accounts for
symmetrically equivalent points in the reciprocal lattice contributing to the same
observed Bragg peak, Ly is the geometric Lorentz factor which varies depending on
the collection mode, Py is the polarisation factor for the scattered radiation which is
often partially polarised during reflection (additional polarisation factor correction
required when monochromator utilised), 4y is the absorption factor accounting for the
absorption of both incident and diffracted radiation by the heavier atoms in the
sample, Ty is the preferred orientation factor representing deviation from random
grain orientation and Ejy; is the extinction multiplier 7,

For all powder X-ray diffraction data collected using the Siemens D5000
diffractometer, correction for sample absorbance was necessary as the absorbance
factor is considerable for data collected in transmission mode. Therefore the computer
program “ABSORB” 7] was used to facilitate absorbance correction of the data
before use in structural refinement.

The magnitude of the scattering of X-ray radiation by the electrons associated
with a particular atom within a crystal structure is described by the scattering factor f,
which is in turn dependent on the number of electrons present in the atom. Thus with
increasing atomic number, Z, the number of electrons in the atom increase and it
follows that scattering from heavy atoms can dominate X-ray diffraction patterns
whilst it is often difficult to draw reliable conclusions from X-ray diffraction data
about lighter atoms. It should also be noted that considering the relative size of the
electron cloud, there can be destructive interference between X-rays scattered from
different areas of the electron cloud which results in the scattered intensity ‘dropping

off” as the value of 20 increases.
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23 Neutron Powder Diffraction
2.3.1 Principles of Neutron Powder Diffraction
A beam of neutrons in motion possesses wave-like properties as described by

the de Broglie equation:

o | B

(Equation 2.13)

where h is Planck’s constant and p is the particle momentum (p = mv). Reactor
source neutrons, produced by the fission of uranium, have high velocity therefore
need to be slowed using heavy water in order for the wavelength of the neutron beam
to be suitable for powder diffraction studies. Neutrons can also be produced via
proton spallation whereby a metal target is bombarded with high-energy protons to
generate a pulsed neutron beam. For spallation sources, the entire beam is utilised, at
a fixed angle 0 to the sample, and the intensity is recorded as a function of neutron
time of flight. The proportional relationship between A and ¢ is simply illustrated by
substituting for velocity (v=x¢") in the de Broglie equation:

_he
xm

A

(Equation 2.14)

Unfortunately both nuclear and spallation sources are expensive and are only
available at national facilities.

Neutron powder diffraction (NPD) techniques also utilise the Bragg
description of radiation being reflected from different planes within a crystal
structure. However, an important distinction between powder X-ray and powder

neutron diffraction is that neutrons are scattered by the nuclei of atoms within the
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crystal structure whereas X-ray are scattered by their electron clouds. When using X-
rays to determine bond-length, the size of the electron cloud they are being scattered
by can sometimes distort the determination of distance between the atoms. As
neutrons are directly scattered by the nuclei, they can be used to determine bond
lengths far more precisely. As neutron scattering lengths are similar for all elements,
varying randomly between different nuclei rather than linearly with atomic number,
the neutron is an excellent probe for lighter atoms, even in the presence of heavier
atoms.

Neutrons possess spin and therefore a magnetic moment, thus are also
scattered by paramagnetic atoms (those possessing unpaired electrons). The magnetic
scattering of neutrons tells us about the alignment of electron spins and thus we can
determine the magnetic ordering and magnetic unit cell of a crystal structure. Since
this magnetic scattering occurs as a result of interaction with the electron cloud of an
atom, the magnetic scattering drops off with increasing scattering angle due to the size

of the electron cloud ' 1],

2.3.2 Instrumentation for Neutron Powder Diffraction

Neutron powder diffraction was carried out at the Institut Laue-Langevin,
Grenoble using the high-resolution, two-axis powder diffractometer D2B (Ge
monochromator, A = 1.59432 A). The Instiut Laue-Langvin is a reactor source of
neutrons — its High Flux Reactor produces the most intense flux of neutrons currently
available for diffraction studies (1.5 x 10" neutrons per second per cm”) 2.
Time of flight (TOF) neutron powder diffraction data were used in Chapter 5.

These data were collected using Polaris at the ISIS pulsed spallation neutron source,

Rutherford Appleton Laboratory, Oxford.
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2.3.3 Integrated Intensity of Diffracted Neutrons

As neutrons are scattered both by the nuclei of atoms and via interaction with
their electron density, the expression for the structure factor must contain both a
nuclear and magnetic scattering factor. The components of the structure factor arising
respectively from nuclear and magnetic neutron scattering is additive, thus the overall
structure factor is given by:

2 2
‘Fhkl‘ =

F}’l uc

2
+ ‘Fm

ag

(Equation 2.15)

Similar to the scattering of X-rays, the structure factor for nuclear neutron

diffraction may be written as follows:

Fe =D giti(s)f;exp[2mi(hx; +ky; +1z))]
j=1

(Equation 2.16)

6 hkl

. . . sin
For neutrons, the atomic scattering factor f; is independent of — For

nuclear neutron diffraction, the scattering power of an atom is dependent solely on the
properties of the nucleus of the atomic species concerned and varies randomly, thus
no form factor is required. The structure factor for magnetic neutron scattering is
given by:
n
Frue = Z q;p; exp[2mi(hx; + ky; +1z;)]
j=1

(Equation 2.17)
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where ¢ is the magnetic interaction vector and p is the magnetic scattering
length ['* 191,

The interactions of neutron spin with the spins of unpaired outer electrons on a
scale comparable to neutron wavelength necessitate the use of a form factor for
magnetic neutron scattering. The magnetic scattering length p is calculated from the
magnitude of the spin quantum number of the scattering atom j, S, and its magnetic

form factor f,,q, via the following expression:

ey
p = ijmag 2
(Equation 2.18)

where e is the charge of an electron, y is the magnetic moment of a neutron (in
Bohr magnetons), m, is the mass of an electron and c is the speed of light in a
vacuum '],

Similarly to XRD, the integrated intensity of a Bragg reflection from time of
flight neutron diffraction data is proportional to the square of the structure factor and
is given is by the following general expression:

_ K1, (MeQAV Ay (WE (M) j|F ‘2 cos AD
4ch sin” 0

hkl
(Equation 2.19)

where K is a normalising constant, /y(A) is the incident neutron flux at
wavelength A, g(A) is the detector efficiency, A,y is the attenuation constant for
reflection hkl, Ejy is the extinction coefficient, V; is the sample volume, V. is the unit
cell volume, j is the reflection multiplicity, Fjy is the structure factor, A6 is the

angular width of the detector and 26 is the Bragg angle !'® %,
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2.4  The Rietveld Method for Profile Refinement

High symmetry crystal structures yield simple powder diffraction patterns
consisting of a small number of distinct, well-resolved peaks, hence the intensity of
reflected radiation and 26 positions are sufficiently accurate to solve the crystal
structure directly. However, the larger the unit cell or the lower the symmetry within
the crystal structure the more reflections are present in the powder diffraction pattern.
Commonly, at certain reflection positions intensity peaks may be either coincident or
in very close proximity to each other forming composite peaks. In this case, it is not
possible to resolve the individual peak intensities from the composite peaks and a full
profile refinement method is required to overcome such difficulties and thus solve the
crystal structure.

A profile refinement method for the nuclear and magnetic refinement of
powder neutron diffraction data was proposed by Rietveld > *, which has
subsequently been adapted for utilisation with powder X-ray diffraction data. Full
pattern refinement methods such as the Rietveld, Pawley > and Le Bail *®! methods
fit a calculated profile pattern to observed powder diffraction data in order to refine
both structural and instrumental parameters.

In order to achieve the global minimum as opposed to a local false minimum,
the Rietveld full pattern refinement method requires a model crystal structure
including the space group, approximate lattice parameters and atom positions. This
information is combined with instrument parameters such as wavelength of incident
radiation to calculate a profile pattern. The overall line profile is analysed by
assigning a Voigt profile calculated from a pseudo-Voigt approximation consisting of
a weighted sum of Gaussian and Lorentzian peak symmetries to each peak position,

allowing for overlapping Gaussian functions at composite peaks ). Commonly, the
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peak shapes in powder X-ray diffraction data are a combination of both Gaussian and
Lorentzian functions, whilst constant wavelength neutron powder diffraction gives
largely Gaussian peaks and the pulse neutrons used in time of flight data often cause
asymmetric peak broadening. The calculated profile pattern is compared with the
observed data and the trial structure is modified to improve the fit between the
calculated and observed profile patterns. The model structure is gradually refined until
the best fit between the calculated profile pattern and the observed data is obtained.
The Rietveld method for whole pattern least-squares refinement uses the
observed intensities of scattered radiation y; for data points i in the powder diffraction
pattern, where i may be in increments of neutron time of flight, Bragg angle 20 or
X-ray energy. The observed intensity at a data point i is related to the calculated

intensity at the same point y,; by the following series:

Vo =k,
Ve =ky,

Yen =k,

(Equation 2.20)

where y; is the observed intensity of data point i, y,; is the calculated intensity
of data point 7 and £ is the pattern scale factor.

The Rietveld method employs a non-linear least-squares refinement in order to
solve the above system of equations. As the scale on which the intensity of scattered

radiation is measured is relative one, the pattern scale factor, £, is usually set at unity.

61



Therefore, the residual least-squares function is given by:

S Z w; ya

Chapter Two

(Equation 2.21)

where S, is the residual, y; is the observed intensity of data point i, y.; is the

calculated intensity of data point i and w; is the weight assigned to i data point and in

the absence of background is equal to y; .

The least-squares refinement aims to minimise the sum of the residual over all

data points. The quality of fit for a Rietveld profile refinement is assessed visually by

a difference plot of the calculated and observed profile patterns, which should ideally

be a straight line. There are also several figures of merit known as reliability or R-

factors that are used to evaluate the quality of fit: the profile residual (R;), the

weighted profile residual (Ryp), the Bragg residual (Rg) and the expected profile

residual (Reyp).

wp n

(Equation 2.22)

(Equation 2.23)
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(Equation 2.24)

N | =

exp n

(Equation 2.25)

where /; is the observed integrated intensity of the ™ Bragg peak, 1. is the
calculated integrated intensity of the ;™ Bragg peak, m is the number of independent
Bragg reflections, n is the total number of data points in the observed powder
diffraction pattern and p is the number of free least squares parameters.

The Bragg residual is not meaningful in Pawley or Le Bail methods, but is an
important figure of merit in Rietveld refinements as it is independent of background.
Hence, the Bragg residual is almost totally dependent on structural parameters and is a
direct indication of the accuracy of the model crystal structure. Both the profile and
weighted profile residuals may become unreliable when the background is high due to
their large denominators, although the weighted profile residual is generally
considered to be the most meaningful figure of merit overall as it has the residual

least-squares function S, as the numerator.
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The goodness of fit (y°) is given by the following expression:

nw. v ) 2
2:; 0i=va) R

wp

X n—p R

exp

(Equation 2.26)

From Equation 2.11, it follows that the goodness of fit should approach unity

when Ry, approaches Reyp, although in practice this is rarely achieved [7, 2224

2.5 Transmission Electron Microscopy
Electron diffraction and microscopy is often utilised to examine non-periodic
structures such as crystal defects and can reveal valuable information about

- 27 In this body of work, conventional

intergrowth phases and superstructures
transmission electron microscopy (TEM) and high-resolution electron microscopy
(HREM) have been used to investigate materials in which evidence has suggested the
presence of a superstructure.

Electrons possess charge therefore a beam of electrons will interact with both
the electron density and the coulombic potential of the nucleus of the atoms upon

which they are incident 7.

Electrons interact very strongly with matter hence
electron scattering is more intense than X-ray scattering and secondary diffraction
(whereby the diffracted electron beam is in turn diffracted by another set of lattice
planes) is commonplace /.

The electrons used in transmission electron microscopy are generated by a
heated filament in a thermionic electron gun and are then accelerated through a

potential difference. These electrons are then focused by a series of electromagnetic

fields referred to as ‘lenses’, these are used to control factors such as beam aperture,
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resolution, final magnification and can toggle between direct image and diffraction
modes.
The wavelength of the accelerated electrons are related to the potential

difference by the de Broglie equation:

(Equation 2.27)

where h is Planck’s constant, m, is the mass of an electron, e is the charge
upon an electron and V is the potential difference through which the electrons are
accelerated. At high voltages, the velocity of the accelerated electrons approaches the

speed of light therefore m, increases due to the effect of relativity .

2.6 X-ray Fluorescence Spectroscopy

X-ray fluorescence (XRF) is an X-ray emission technique commonly used for
quantitative elemental analysis. The term fluorescence in this instance describes the
process by which the target material absorbs high-energy X-rays and emits lower-
energy X-rays. The sample is bombarded with high-energy X-rays such that electrons
are emitted from the inner orbitals of the atom and outer shell electrons drop down to
fill the vacancies. When this occurs, the excess energy is emitted as a discrete
spectrum of low-energy X-rays. Each element possesses a characteristic X-ray
emission spectrum; this technique can be used to identify all elements with Z > 8
within a sample. Comparing the peak intensities at the appropriate wavelengths with a
calibration chart enables the quantitative analysis of the constituent elements of a

sample ™.

65



Chapter Two

2.7 Thermal Analysis

Thermal analysis measures the properties of solids, most commonly weight or
the absorption/evolution of heat as a function of sample temperature.

Thermogravimetric analysis (TGA) records the weight of a sample as the
temperature is increased and/or decreased at a controlled uniform rate. Oxidising or
reducing atmospheres are often used depending on whether the aim is to quantify the
oxidation of a material or the loss of water/oxygen or to study the complete
decomposition of a material.

Differential thermal analysis (DTA) records the difference in temperature, AT,
between the sample and a control material that remains inert upon heating and
cooling. This area of thermal analysis is particularly useful for studying phase
changes. Plotting AT against T shows clear exotherms or endotherms where phase
changes occur, thus yielding information not only about the temperature ranges over
which the phase changes occur but also the nature of these transitions.

All thermal analysis data presented here was obtained using a Rheometric

Scientific STA 1500.

2.8  Magnetic Measurements

Zero-field cooled magnetisation data were recorded upon warming the sample
from being cooled in the absence of a magnetic field; and field-cooled magnetisation
data were recorded upon warming the sample that has been cooled in the presence of
a magnetic field. Zero-field cooled (ZFC) and field-cooled (FC) measurements were
performed between =~ 2K and = 300K under an applied field of 0.3 T. On certain
samples, field sweep measurements were also performed at a temperature of 10K with

an applied field sweeping between —7 T and 7 T.
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All magnetisation data were collected via DC extraction whereby the
magnetised sample is moved through the detection coils thus inducing a voltage in the
detection coil set with amplitude proportional to the magnetic moment *®. The
magnetic susceptibility measurements reported here were performed using both a
Quantum Design Model 6000 Physical Property Measurement System (PPMS) and a
Quantum Design Magnetic Property Measurement System (MSPS) superconducting

quantum interference device (SQUID) magnetometer.
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Appendices

Chapter Three

Nuclear and Magnetic

Characterisation of Sr,Co0,05

3.1 Introduction
3.1.1 The Brownmillerite Sr,Co0,05
Perovskite-related strontium cobaltite SrCoOs., has been reported to exhibit

three main structure types (=31,

At temperatures higher than ~900°C, a cubic
perovskite structure is adopted -3 \ith stoichiometry SrCoQO;s (Sr,Co0,0s5) and
containing a random arrangement of oxygen vacancies. On quenching from
temperatures above ~910°C, the stoichiometry is retained but the oxygen vacancies

order to give SrCo,0s with the brownmillerite structure 21

, as shown in Figure 3.1.
On slow cooling, the high temperature cubic perovskite form transforms at ~750°C to
give the thermodynamically stable low temperature configuration, which comprises
an intergrowth of two phases: rhombohedral SrsCosO;s (2H BaNiOs-type) and
C0304 [ The existence of the rhombohedral and cubic structures is therefore largely
dependent on temperature, and the brownmillerite-type phase Sr,Co,0Os is metastable
and provides the focus of this study.

The existence at room temperature of two different structures of strontium

cobaltite was rationalised by Grenier ez al. ! in terms of the influence of the spin state

of Co’” on structure and magnetic behaviour. Quenching from 910°C resulted in the
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formation of a brownmillerite-type phase stabilised by high spin (HS) Co’" cations in
octahedral and tetrahedral coordination; both sites have four unpaired electrons with
configurations tzg4 eg2 and ¢ 1,°, respectively. Recent ab initio work ! has supported
the hypothesis that this material contains Co>" in a high spin state. The magnetic
behaviour of the low temperature phase was explained by the simultaneous presence
of Co™ in an intermediate spin (IS) state (two unpaired electrons) and a low spin (LS)
state (no unpaired electrons) [°; this was later characterised by Harrison et al. ¥ as the

Co-deficient phase SrsCos0,5 using a rhombohedral unit cell.

Figure 3.1 The crystallographic structure of brownmillerite Sr,Co,05 where Sr cations
are shown in light green, Co cations are shown in blue and O anions are
shown in red. CoOg octahedra are highlighted in grey whilst CoQOy,
tetrahedra are highlighted in khaki.
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The brownmillerite Sr,Co0,0s can be described as having a perovskite-type
structure with ordered oxygen vacancies in alternate perovskite layers such that the
overall structure comprises a characteristic stacking of alternating layers of octahedral
and tetrahedral cations; vertex-sharing CoOj tetrahedra form infinite chains and the
oxygen vacancies form 1-D channels. The orthorhombic unit cell is related to the
basic perovskite unit cell dimension, a,, by a~ 2a,, b= 4a, ¢~ 2a, and the
oxygen deficient layers of CoOy, tetrahedra are at y = 0.25 and y = 0.75.

Takeda et al. "' determined that Sr,C0,0s with brownmillerite type structure is
an antiferromagnet with a Néel temperature of 570 K. Neutron powder diffraction
showed this material to exhibit a G-type magnetic structure (u = 3.3(5) g at 77K) and
the unit cell parameters at 168°C were reported as a =5.4761(3) A, b = 15.8016(10) A
and ¢ = 5.5819(3) A after transposing for consistency with the space group Imma. The
magnetic structure of Sr,C0,0s is shown in Figure 3.2, with Sr and O atoms omitted
for clarity. It should be noted that Takeda ef al. originally described this structure
using the Jemm space group (the cba setting of Imma) and reported that the Co’" spins
are directed along the shortest axis (which in Iemm is the c-axis). For facile
comparison with the space groups /2mb, Pnma and Pcmb in this chapter, the standard
setting for this space group, Imma, has been used and therefore in this setting the Co>*

spins are directed along the a-axis.
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Figure 3.2 An illustration to demonstrate the G-type antiferromagnetic structure of
Sr,Co0,05 as described by Takeda et al. wherein the Co** spins are directed
along the a-axis. Black atoms denote Co cations situated in the tetrahedral
layers whilst white atoms represent Co cations situated in the octahedral
layers.

3.1.2 Ordering of Tetrahedral Chains in Brownmillerites

Although the structures of brownmillerites (generic representation A;B,Os)
are very closely related, small differences in symmetry arise due to the orientation of
the infinite chains of BO4 tetrahedra within each BOO layer and the relation between
adjacent BOO layers. It will be assumed that the chains of vacancies are parallel to

[100] and the layers of BOy tetrahedra are perpendicular to [010]; displacements of O
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and B atoms occur to provide pseudo-tetrahedral geometry for the B atoms, and these
displacements can occur with two equivalent senses: [100] and [-100], as depicted in

Figure 3.3. The resultant tetrahedral chains can be represented as L-chains or R-

chains and order between these types of chain provides different structures * ),

.*\

L-chain R-chain

Figure 3.3 Diagram to illustrate how displacement of O atoms (shown by straight red
arrows) and rotation of tetrahedra (shown by curved purple arrows) leads to
2-types of relative distortions, L- and R-chains,

Three basic structures contain only L-chains or R-chains within a given layer.
If adjacent BO layers have the same chain orientation (only L- or R-chains throughout
the structure), such as the chains shown in Figure 3.4, the arrangement is consistent
with the non-centrosymmetric space group /2mb. If layers of L-chains alternate with
layers of R-chains, the layers are connected by an inversion centre and the structure is
centrosymmetric, space group Pnma, as illustrated by Figure 3.5. Finally, a totally
disordered arrangement of the two possible layer types provides, on average, a
random distribution of L- and R-chains throughout the structure and can be described

by space group Imma.
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Figure 3.4 Identical interlayer tetrahedral chain orientation at y = 0.25 (light green) and
y=0.75 (dark green) as described by the space group I2mb.

Figure 3.5 Interlayer alternation of tetrahedral chain orientation at y = 0.25 (light green)
and y = 0.75 (dark green) as described by the space group Pnma.

A fourth type of chain order has recently been reported for the brownmillerite

Sr_MnGaOs ' ') which exhibits ordering of the Mn and Ga cations over the two
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different coordination environments to yield a structure comprising alternating MnO,
(octahedral Mn) and GaO (tetrahedral Ga) layers. Examination of this material by
electron diffraction and high-resolution electron microscopy revealed that the local
ordering of L- and R-chains leads to a superstructure recognisable by the doubling of
one of the shorter orthorhombic axes. This corresponds to the alternation of L- and R-
chains within a given layer, and hence a doubling of the c-axis such that the
superstructure unit cell is related to the basic perovskite unit cell dimension, a,, by a =
\2a,, b~ 4ay, ¢~ 2\2ay; this arrangement corresponds with space group Pcmb '

(see Figure 3.0).

Figure 3.6 Intralayer alternation of tetrahedral chain orientation at y = 0.25 (light green)
resulting in doubling of the c-parameter as described by the space group
Pcmb.

Abakumov et al. ! proposed that a possible driving force for the different
tetrahedral chain ordering patterns observed in brownmillerites could be the
minimisation of free energy due to the interaction between the dipole moments of
tetrahedral chains. It was hypothesised that since the co-operative displacements of B

and O result in a net shift of the chains relative to the rest of the structure and as the
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BO layer is positively charged then it follows that each chain has a dipole associated
with it. Thus, the chains will attempt to order in such a fashion as to minimise
repulsions between dipoles (i.e. L-R-L-R- intralayer chain ordering) but this in turn
causes the O atoms comprising the vertices of the tetrahedra to interfere with the
geometry of the octahedral perovskite layers. Thus the type and observed range of
chain ordering is a compromise between lowering the energy of the tetrahedral chains
and introducing distortion of the BO, and AO layers, thus destabilising these regions
of the structure.

Although Sr;Co,0s has previously been reported to crystallise in the
disordered space group /mma, no detailed structural data have yet been reported on
this phase, and the co-operative orientations of CoQOj tetrahedral chain rotations has
not been investigated. The aim of this study was therefore to use electron diffraction
and neutron powder diffraction to probe the chain ordering in Sr,Co0,Os and hence
perform a full structural and magnetic characterisation of this material.

After the work contained in this chapter was completed, a further neutron
diffraction study of Sr,Co,0s coupled with ab-initio band structure calculations by
Mufioz et al.'™ was published. A comparison of the findings appearing in this

chapter with this new research is discussed in greater detail in Section 3.4.

3.2 Experimental Procedure

A polycrystalline sample of brownmillerite Sr,Co,0s was synthesised by the
standard solid-state reaction of stoichiometric quantities of high purity Sr,COs3 and
C0304. The reagents were ground together and subjected to 2 heat treatments with
intermediary grinding, consisting of 12 hours at 1150°C in air. The 2" heat treatment

was followed by immediately quenching from 1150°C into liquid nitrogen.
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33 Results and Discussion
3.3.1 Investigation of the Phase Transitions of Sr,Co0,05

The phase transitions of this system were investigated via thermogravimetric
and differential thermal analysis. All samples were heated in air at a ramp rate of 10°C
min” from 25°C to 1250°C, held isothermally at 1250°C for 20 minutes, then cooled
to 25°C at 10°C min™.
Figure 3.7 shows the thermogravimetric and differential thermal analysis plots for a
typical sample of brownmillerite-type Sr,Co,0s. The weight increase accompanied by
an exothermic transition at 580-680°C corresponds to the absorption of oxygen and
transition to the low-temperature hexagonal form SrsCos0;5 + 3C0304. From 700°C
the sample gradually loses weight again and between 900-940°C an endothermic
transition to the high temperature cubic phase is observed. Upon cooling, the sample
begins to absorb oxygen again and adopts the low temperature hexagonal phase from

around 750°C.
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Figure 3.7 TGA differential thermal analysis plot illustrating the exothermic and
endothermic transitions (blue line) and weight (red line) of Sr,Co,0s as a
function of temperature.
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XRD data collected between 26°C-1079°C confirm these phase transitions and
the observation of the cubic phase above 940°C confirms the findings of Rodriguez et
al. B} that oxygen vacancy ordering occurs upon quenching. A few selected XRD
patterns are illustrated in Figure 3.8.
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Figure 3.8 Selected variable temperature XRD data illustrating the phase transitions
observed upon heating Sr;Co,Os in air. The black trace shows
brownmillerite Sr,Co,Os prior to heating, the blue trace shows that the
brownmillerite  structure has been replaced by rhombohedral
SrsCos50;s + ¥5C030,4 and the purple trace shows that Sr,Co,0Os reverts to a
cubic perovskite structure above 940°C. The rhombohedral phase is formed
upon cooling as this is more thermodynamically stable, as shown by the
green trace; the brownmillerite phase may only be formed by quenching.

3.3.2 Preliminary Refinement Based on Room Temperature XRD Data in the
Space Group Imma
A preliminary Rietveld structural refinement using the program “GSAS” was
carried out on XRD data collected over a period of 10 hours. The model adopted for
this refinement, using the space group Imma, converged with y* = 1.835, R, =1.18%

and Ry, = 1.53%. No detailed structural data have yet been reported on this phase, but
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the refined lattice parameters, a = 5.4592(2) A, b = 15.7841(7) A and ¢ = 5.5726(2)
A, are in agreement with the results of Rodriguez e al. *!. The assignment of the
disordered space group provided a reasonable fit to the experimental data (see Figure
3.9) with no obvious unindexed peaks.

The space groups I2mb, Pnma, Pcmb and Imma are commonly used to
describe the subtle differences in symmetry displayed by brownmillerite structures,
which may arise from the co-operative rotations of tetrahedral chains. One might
expect to be able to assign the correct space group merely by examining the presence
or absence of certain reflections, for example, Pcmb symmetry should produce a 1 0 0
reflection not predicted for /12mb, Pnma or Imma at 20 = 16.223. However, it should
be borne in mind that these space groups are used to differentiate between symmetry
variations arising in the oxygen sublattice. As oxygen is a light atom and powder
XRD is not sensitive enough to accurately determine the positions of light atoms such
as oxygen, it is unlikely that XRD alone can be used to differentiate between these
space groups, hence the assignment of /mma to allow for disorder in the oxygen
sublattice. In general, unless there is real evidence to assign a lower symmetry space
group, then it is preferable to use the highest symmetry space group. Although XRD
is a poor probe for lighter atoms because the scattering length varies linearly in
proportion to Z, neutron diffraction scattering lengths vary randomly thus can yield

more accurate information about the oxygen ordering.
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Figure 3.9 Observed (red +), calculated (green) and difference (pink) profiles of

Sr,Co,05 as generated by the Rietveld profile refinement of XRD data in the
space group Imma with peak positions indicated by black vertical lines.
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3.3.3 TEM and HREM Studies

To explore the possibility of chain ordering more rigorously, the sample was
examined by Dr Joke Hadermann (The University of Antwerp) using electron
diffraction to determine the local symmetry more reliably.

The electron diffraction patterns were indexed using the brownmillerite
structure with space group Imma. Crystals examined along [010] displayed sharp
reflections at 0 0 1+1/2 indicating a doubling of the c-parameter and hence the
presence of a superstructure, as shown in Figure 3.10. Figures 3.11 and 3.12 show the
electron diffraction pattern of Sr,C0,0s along the [101] and [100] zones respectively.

It was concluded that Sr,Co,Os displays the same superstructure as
Sr,MnGaOs arising from the alternation of L- and R- tetrahedral chain orientation
along the c-axis with reflection conditions in agreement with the space group Pcmb.
This observation, of course, relates to the length scale appropriate to electron
diffraction, which is substantially smaller than that for XRD or NPD. Both XRD and
NPD are bulk techniques, which provide valuable information about the average
structures of powders whilst TEM and HREM examine single crystallites. The
wavelength of electrons used for HREM are smaller than the wavelength of X-rays
and neutrons used for powder diffraction studies (by a factor of approximately 50)
therefore are more suited for examining structural features on a smaller length scale,

hence assigning the space group symmetry on a local level.
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Figure 3.10 Electron diffraction pattern of Sr,Co,05 along the [010] zone.

Figure 3.11 Electron diffraction pattern of Sr,Co,05 along the [101] zone.

Figure 3.12 Electron diffraction pattern of Sr,C0,05 along the [100] zone.
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High-resolution images of [010] (see Figure 3.13) show a periodicity
estimated to be about 11A along [001], confirming the approximate doubling of the
c-parameter. This provided further support for a chain ordered superstructure similar

to that observed in Sr,MnGaOs.

Figure 3.13 High-resolution electron microscope image of Sr,Co,05 viewed along the
[010] zone illustrating a periodicity of approximately 11 A.

3.3.4 Nuclear and Magnetic Refinement Based on NPD Data in the Space
Group Pcmb

Neutron powder diffraction data were collected at 4K (to minimise
temperature factor effects) in order to examine whether the Pcmb symmetry was still
reflected on the longer length scale applicable to the neutron wavelength, and to
provide more complete structural and magnetic characterisation. In order to account
for the magnetic component of the NPD data, the refinement was carried out in terms

of 2 phases, one purely nuclear and the other purely magnetic.
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As indicated by electron diffraction, a structural model for Sr,Co,0s based on
Sr:MnGaOs was adopted for the nuclear component of the refinement, which allowed
for the doubling of the c-parameter due to the L-R-L-R- ordering of chain orientations
within the tetrahedral layer. The magnetic model was based upon G-type
antiferromagnetic order with the Co®” moments directed along the a-axis as proposed
by Takeda et al. "'. Pemb was used as a fully ordered model for the magnetic unit cell
(4 Co positions) with the lattice parameters of both the nuclear and the magnetic
phases constrained to be equal.

The “GSAS” suite of programs !'*! was used to carry out a Rietveld profile
refinement with linear interpolation function background parameters, diffractometer
zero point, histogram scale factor, lattice parameters, pseudo-Voigt peak profiles,
atomic co-ordinates and isotropic thermal parameters refined. The temperature factors
of the same atomic species were constrained to remain equal. The Rietveld profile
refinement plot is shown in Figure 3.14.

The nuclear and magnetic refinement was possible in the space group Pcmb,
consistent with doubling of the c-parameter (a = 5.4640(3) A, b = 15.6485(8) A,
c=11.1340(6) A, X2=5.O8O, Ryp =3.76%, R, =2.76%,) and the presence of a
superstructure. For the magnetic refinement, a single p was assigned for both
octahedral and tetrahedral Co with all moments aligned along the a-axis, giving a
refined magnetic moment per Co" = 2.80(4) ug which is less than that determined by
Takeda et al. (n=3.3(5) ug at 77K) 1 Table 3.1 shows the refined atom parameters
obtained from the powder neutron diffraction refinement using the Pcmb
superstructure model. The bond lengths associated with the Co(l) and Co(3)
octahedra are tabulated in Table 3.2 and those for the Co(2) and Co(4) tetrahedra in

Table 3.3.
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Sr,Co,05 as generated by the Rietveld profile refinement in the space group

Pcmb of NPD data collected at 4K, with peak positions indicated by black
vertical lines and magnetic reflections indicated by red vertical lines.
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Table 3.1 Refined atom parameters of Sr,Co,Os from refinement of NPD data
(collected at 4K) in the space group Pcmb.
Atom | Site Symmetry x y z Uiso X 100 (A%
Sr (1) 8¢ 0.006(2) 0.6114(4) 0.2571(9) 0.52(6)
Sr (2) 8¢ 0.502(2)  1.1134(4) 0.506(1) 0.52(6)
Co (1) 4a 0 0 0 0.7(2)
Co (2) 4d 0.459(4) 0.75 0.229(2) 0.7(2)
Co (3) 4c 0.493(6) 0 0.25 0.7(2)
Co (4) 4d 0.011(7) 0.75 0.048(2) 0.7(2)
o) 8¢ 0.257(2)  -0.0058(6) 0.1333(9) 0.73(6)
0 Q) 8¢ 0.261 (2) -0.0066(6) 0.6355(8) 0.73(6)
0(3) 8¢ -0.000(2)  0.1459(4) 0.0233(6) 0.73(6)
O (4) 4d 0.848(2) 0.75 0.682(1) 0.73(6)
0 (5) 8¢ 0.507(2)  0.6374(4) 0.2677(7) 0.73(6)
O (6) 4d 0.614 (2) 0.75 0.073(1) 0.73(6)
Table 3.2 Bond lengths for CoOg¢ octahedra from the refinement of NPD data collected

at 4K in the space group Pcmb.

Bond Length in A at 4K
Co(1)-O(1) [* 2] eq 2.05(1)
Co(1)-0(2) [ 2] eq 2.080(9)
Co(1)-0(3) [* 2] ap 2.298(6)
Co(3)-0(1) [* 2] eq 1.83(2)
Co(3)-0(2) [* 2] eq 1.86(3)
Co(3)-0(5) [* 2] ap 2.160(7)
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Table 3.3 Bond lengths for CoO, tetrahedra from the refinement of Sr,Co,0s in the
space group Pcmb using NPD data collected at 4K.

Bond Length in A at 4K
Co(2)-0(4) 1.75(2)
Co(2)-0(6) 1.93(2)

Co(2)-0(5) [x 2] 1.834(9)
Co(4)-0(4) 1.68(3)
Co(4)-0(6) 2.19(4)

Co(4)-0(3) [x 2] 1.81(1)

It is clear from these bond lengths that the Co(3) octahedra are markedly
smaller than the Co(1) octahedral (~9%). In addition, the Co(4)-O(4) bond length was
noted to be exceptionally shorter and the Co(4)-O(6) longer than the Co(2)-O(4) and
Co(2)-0O(6) bond lengths respectively. Upon moving the O(4) further away from, and
the O(6) closer to, the Co(4) and then refining this parameter the O atoms rapidly
returned to their former positions.

It was postulated that although Sr,Co,0s had previously been reported to be a
high spin Co(II) material, the marked difference in bond lengths for both the 2
octahedral Co sites and the 2 tetrahedral Co sites respectively may have been
indicative of the disproportionation of Co(Ill) to Co(Il) and Co(IV). It was proposed
that the marked differences in Co-O bond lengths could arise as a result of occupation
of the octahedral Co(1) and tetrahedral Co(4) sites by Co(Il) whilst the octahedral
Co(3) and tetrahedral Co(2) sites were occupied by Co(IV). Hence, the magnetic
model was modified to allow different values of M, for the 4 different Co sites. This

alteration had a negligible effect upon the refinement statistics (x> = 5.067,
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Ryp =3.76%, R, =2.76%), although the Co(4)-O(4) bond length was noted to have
approached the value of the Co(2)-O(4) bond length.
In order to ascertain the validity of this model, bond valence sum (BVS)

[16-18] \were carried out on all 4 Co polyhedra in this structure for Co(II),

calculations
Co(II) and Co(IV) with the results tabulated in Table 3.4 (see Appendix 3.1 for
detailed calculations). These calculations used the bond lengths from the initial

refinement with the magnetic moment for all Co™ being kept equal at 2.80(4) u, as

this was in reasonable agreement with previously reported data for Sr,C0,0s.
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Table 3.4 Summary of the bond valence sums, V, calculated using NPD data collected
at 4K for Sr,Co,0s refined in the space group Pcmb, based upon r, for
Co(II)-0 = 1.692, r,, for Co(III)-O = 1.70 and r, for Co(IV)-O = 1.75.

Co-0O Bond Co Oxidation State \Y
Co(1)-O0 II 1.86
Co(1)-O II1 1.90
Co(1)-O v 2.18
Co(3)-O0 II 3.20
Co(3)-O0 II1 3.26
Co(3)-0 v 3.74
Co(2)-0 II 2.67
Co(2)-0 II1 2.73
Co(2)-0 v 3.13
Co(4)-O II 2.78
Co(4)-O I 2.84
Co(4)-O v 3.25

As shown by the data in Table 3.4, disproportionation of Co>" to Co*” on the
Co(1) sites and Co* on the Co(3) sites could possibly explain the size difference
between the Co(1) and Co(3) bond lengths. The bond valence sum calculations for the
Co(1)-O bond for Co*" give V =1.86 which is in good agreement with the Co
valency. Coupled with the result of bond valence sum calculations for the Co(3)-O

3+

bond for Co*" which gave V = 3.74, this would support the theory of Co
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disproportionation to Co®" and Co*" on the Co(l) and Co(3) octahedral sites.
However, there is no similar evidence to imply the occurrence of such behaviour on
the Co(2) and Co(4) tetrahedral sites. Hence, on the basis of these calculations, there
was not enough conclusive evidence to support the disproportionation model.

In order to further explore the apparent difference in size between octahedra
centred around the Co(1) and Co(3) positions respectively as observed at 4K, the
average Co-O bond lengths for all Co sites were calculated for NPD data collected at

several different temperatures.

Table 3.5 Average bond lengths for Co(1) and Co(3) octahedra from NPD data
collected between 4K and 300K refined in the space group Pcmb.

Temperature | Average Co(1)-O Average Co(3)-O

Bond Length (A) Bond Length (A)

4K 2.141(4) 1.95(1)
100K 2.138(6) 1.96(1)
200K 2.138(6) 1.96(1)
300K 2.138(6) 1.97(1)

The average octahedral bond lengths tabulated in Table 3.5 clearly showed the
trend of an approximate 9% contraction in average bond length of the Co(3)-O

octahedra as compared with the Co(1)-O octahedra in the temperature range studied.
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Table 3.6 Average bond lengths for Co(2) and Co(4) tetrahedra from NPD data
collected between 4K and 300K refined in the space group Pcmb.

Temperature | Average Co(2)-O Average Co(4)-O

Bond Length (A) Bond Length (A)

4K 1.839(9) 1.87(1)
100K 1.921(9) 1.79(1)
200K 1.859(9) 1.86(1)
300K 1.93(1) 1.81(1)

However, the average Co-O bond lengths for Co on tetrahedral sites (see
Table 3.6) only showed such a trend for data collected at 100K and 300K, with the 4K
and 200K data tetrahedral bond lengths showing similarly sized tetrahedra on both the
Co(2) and Co(4) site. This indicated that the observed difference in octahedral bond
lengths about the Co(1) and Co(3) positions may well be an artefact of the space
group symmetry used for the refinement allowing such elongations and contractions
of bond length and hence cast significant doubt on the assignment of Pcmb as best

describing the overall structure.

3.3.5 Nuclear and Magnetic Refinement Based on NPD Data in the Space
Group Imma

Although the crystals of SrCo,0s examined using TEM and HREM clearly
showed doubling of the c-parameter arising from the L-R-L-R- ordering of chains in
the tetrahedral layer, there were aspects of the refinement of NPD data in the Pcmb
space group which cast doubt upon the assignment of this space group for the overall

crystal structure. The rather short refined bond length for Co(4)-O(4) coupled with the
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longer Co(4)-O(6) refined bond length seemed unusual, as did the differing sizes of
the Co-O polyhedra.

It was thought that the oddities in this refinement could relate to the
assignment of the Pcmb space group being inappropriate. In fact, no evidence for cell
doubling could be found from careful examination of the NPD data and refinements
based upon these data were therefore carried out in the original, disordered space
group Imma. As for the Pcmb refinement, the magnetic component of the data was
modelled by using a 2-phase refinement whereby one phase was purely nuclear and
the other purely magnetic. For this refinement, because /mma allows for the splitting
of the Co cation sites due to disorder in the structure, the P1 space group (8 Co
positions) was used to describe the magnetic phase as it allows for maximum Co
flexibility, using the ordered Co array (/2mb symmetry) for this model.

The refinement statistics for the 4K data set (X2 = 5.315, Ry, =3.86%,
R, =2.83%) were slightly inferior to those obtained using the Pcmb superstructure
model (X2=5.080, R, =3.76%, R, =2.76%), however the difference in visual
goodness of fit is negligible (see Figure 3.15) and the number of refined structural
parameters is reduced from 33 to 15. Table 3.7 contains the atom parameters for
Sr,C0,0s obtained from the refinement of NPD data collected at 4K in the space
group /mma. The refined magnetic moment was p=3.00(4) ug which is in better
agreement with that determined by Takeda et al. (u = 3.3(5) ug at 77K) than the value
from the refinement in Pcmb (n=2.80(4) ug). A detailed analysis of the magnetic
symmetry was not required as it has already been reported, however it is important for
NPD data to model the magnetic structure correctly as there is a large magnetic
component to the neutron scattering for this material thus a good refinement based on

the NPD data cannot be obtained without taking this into account.
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Figure 3.15

00

Observed (red +), calculated (green) and difference (pink) profiles of

Sr,Co,05 as generated by the Rietveld profile refinement in the space group
Imma of NPD data collected at 4K, with peak positions indicated by black
vertical lines and magnetic reflections indicated by red vertical lines.
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Table 3.7 Table of atomic parameters from the refinement of Sr,Co,0s in the space
group Imma using NPD data collected at 4K.
Atom Site x z Occupancy  Uj, x 100 (A%)
Symmetry
Sr gh 0 0.6120(1) 051255 1 0.66(6)
Co(1) 4a 0 0 1 1.93(2)
Co(2) i 0.480(6) 0.565(2) 0.5 2.1(4)
o) 8g 025  09936(2) 025 I 0.96(3)
0Q2) 8h 0 0.14192)  0.0433(5) I 0.86(8)
003) i 0.1389(9) 0.6420(9) 0.5 0.71(1)
Table 3.8 Table of refined lattice parameters from NPD data collected between 4K
and 300K refined in the space group Imma.
Temperature a(A) b (A) c(A)
4K 5.4639(3) 15.6436(8) 5.5667(3)
100K 5.4638(3) 15.660(1) 5.5669(4)
200K 5.4671(3) 15.694(1) 5.5684(4)
300K 5.4702(3) 15.733(1) 5.5706(4)
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Table 3.9 Table of selected bond lengths for NPD data collected between 4K and
300K refined in the space group Imma.
Bond Bond Length Bond Length Bond Length Bond Length
(A) at 4K (A) at 100K (A) at 200K (A) at 300K
Co(1)-0(1) [ 4] eq 1.9527(2) 1.9526(2) 1.954(2) 1.9543(2)
Co(1)-0(2) [x 2] ap 2.235(3) 2.241(3) 2.248(3) 2.249(3)
Co(2)-0(2) [* 2] 1.803(5) 1.806(5) 1.808(5) 1.794(5)

Co(2)-0(3) 1.85(2), 1.89(1)  1.83(2), 1.89(1)  1.81(2), 1.91(1) 1.85(2), 1.95(1)
Table 3.10 Average bond lengths for Co(1)-O octahedra and Co(2)-O tetrahedra from
NPD data collected between 4K and 300K refined in the space group /mma
Temperature Average Co(1)-O Bond Average Co(2)-O Bond
Length (Octahedra) (A)  Length (Tetrahedra) (A)
4K 2.0468(9) 1.835(5)
100K 2.049(1) 1.831(5)
200K 2.052(1) 1.834(5)
300K 2.053(1) 1.847(6)

The bond valence sum calculations were re-worked using the bond lengths

derived from the refinement of NPD data in the /mma space group and assuming all

Co to be Co*". Table 3.11 summarises the results of these calculations, which show

that the values of V for all Co sites are reasonably close to 3, although V =2.49 for

the octahedral site is still somewhat low. However, the bond lengths from the

refinement of NPD data in Imma are more feasible for Co>" than those obtained from

refinement of NPD data in the Pcmb space group.
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Table 3.11 Summary of the bond valence sums, V, calculated using NPD data collected
at 4K for Sr,Co,0s refined in the space group /mma, based upon r, for
Co(II)-O = 1.70.

Co-0O Bond Co Oxidation State \Y
Co(1)-O0 il 2.49
Co(2)-O0 II1 2.78

The fairly low value of V for Co(1) combined with the high refined Uj, of
1.9(2) suggests slightly more flexibility is required to describe the local symmetry
which would be consistent with the assignment of Pcmb. However, although electron
diffraction studies irrefutably showed intralayer chain ordering consistent with the
space group Pcmb in the grains examined, it would seem that on the larger scale
applicable to X-ray and neutron powder diffraction the bond valence sum calculations
support the argument that the overall structure is best described by the disordered

space group Imma.

Table 3.12 Magnetic moment M, from NPD data collected on Sr,Co,05 between 4K
and 300K refined in the space group /mma.

Temperature Refined Moment M,/ pg
4K 3.00(4)
100K 2.77(4)
200K 2.61(4)
300K 2.33(5)
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Figure 3.16 Plot of magnetic moment My against T from the refinement of

Sr,C0,0s in the space group Imma.

The refined neutron magnetic moments My for data collected at T = 4K, 100K, 200K
and 300K as shown in Figure 3.16 show a general decrease with increasing
temperature which confirm antiferromagnetic ordering in this region. It is possible
these data could be extrapolated using the mean field approximation whereby M,
should decease smoothly to 0 at T=Tx to provide an estimate for Tx for this
particular sample, although Ty is already known for this material (Ty = 570K).
However, it was not possible to fit these data to mean field theory, and taking into
account that data were only collected at 4 different temperatures then even if it were
possible to extrapolate Ty from the M, values obtained, it is unlikely that an accurate

estimate would result.
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3.3.6 Characterisation of Magnetic Properties
Zero-field cooled and field-cooled DC magnetisation data were collected on
Sr,C0,0s in an applied field of 3000 Oe (0.3 T) from ~2K to ~320K Figure 3.17

shows a plot of the magnetic susceptibility yn against temperature.
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Figure 3.17 Plot of zero-field cooled and field-cooled magnetic susceptibility () against
temperature.

The zero-field cooled and field-cooled data slightly diverge from one another
below 100K with a slight paramagnetic upturn in magnetic susceptibility at low
temperature. These data support the findings by Takeda er al " that Sr,Co,0s
exhibits antiferromagnetic ordering of Co cations below its Néel temperature
Tn=570 K.

34 Conclusions
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Choosing a space group which best describes a brownmillerite structure can
often prove very difficult. There are subtle differences in symmetry in the space
groups 12mb, Pnma and Pcmb each of which allow order in the tetrahedral layers to
differing extents and the space group I/mma is used to describe the brownmillerite

structure wherein the chain orientation within the tetrahedral layers is disordered.

A recent study by Muifioz ez al. 'Y

reported that the correct space group for
Sr,C0,05 was Ima?2 (standard setting of /2mb, the bac setting which has been used in
previous discussions to facilitate comparison with other space groups discussed) that
being a fully ordered brownmillerite wherein all tetrahedral chains possessed identical
orientation. Refinements of NPD data were carried out using both the /ma2 (non-
centrosymetric, structure is comprised entirely of L- or R-chains exclusively) and the
Pnma (centrosymmetric, layers of all L-chains alternating with layers of all R-chains)
space groups. Due to the reflections for h+k+1=2n+ 1 (which is forbidden for
Ima?2) being too weak to be observed, the fits and statistics for both refinements were
good hence both were deemed to have equal merit based on these data. The
assignment of the /ma2 space group for Sr,C0,0s5 was based on ab initio calculations
that suggested that /ma2 was the more stable crystal structure. These calculations
were based upon density field theory (DFT) calculations, which make predictions on
the energy of the structure based on nuclear charge and intersite e repulsions using
parameters obtained from refinements of NPD data. It was shown that a structure
based on the /ma2 space group was more stable than a Pnma-based structure by

34 meV per Co. This is the equivalent of 3.28 kJ mol” per Co which equates to

6.56 kI mol™ per unit cell.
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Muioz et al. reported that for their sample the ZFC and FC magnetisation data
diverges below ~200K and proposed it was not due to any change in the magnetic
structure of brownmillerite but as a result of the presence of small ferromagnetic
clusters. Several forms of SrCoOs., are known in addition to the brownmillerite

[19-21]

phase and ferromagnetic behaviour has been widely reported in cubic SrCoOs.,

22241 Although not considered in the paper, it is feasible that this noticeable

phases [
divergence and the observation of hysteresis behaviour upon performing field sweep
measurements may have been due to the sample studied containing some small
quantity of SrCoOs.,. Quenching is necessary in order to stabilise the brownmillerite
phase at room temperature and it is sometimes difficult to prepare a homogenous
phase in this manner, particularly where the rate of cooling can affect the oxygen
content or even the structure of the product. As the rhombohedral phase SrsCos0;s
[25]

produced upon slow cooling has been reported to be antiferromagnetic it is

unlikely that this phase is the cause of the anomalous magnetic data.

) the case for Ima2 being

From the calculations presented by Mufioz et al.
the more stable structure is strong and there is no reason to disagree with this
conclusion from the evidence presented. However, the assignment of a space group is
ultimately dependent on the length scale of the measurement and the size of the
domain of the structure. For example, Mufioz et al. ' did not consider the Pcmb
space group, which is unsurprising for, as has been discussed in this chapter, the
intrachain ordering is only visible on the small length scale associated with
transmission electron microscopy. However, the paper did not endeavour to refine the
structure in Imma. Realistically, neither /ma2 (or Ibm2), Pnma, or Pcmb mean

anything on the scale applicable to X-ray and neutron powder diffraction, as these

techniques are largely insensitive to the existence of small domains exhibiting local
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order and due to defects in breaking up such ordered regions, the bulk structure of the
material will not display long-range order. Mufioz et al. "¥ did not report a refinement
of their NPD data using the /mma space group, or any ab initio calculations allowing

for a disordered structure, although such a study may well present interesting results.

As the electron diffraction presented in Section 3.3.3 showed no evidence for
Ima2 (or I2mb for consistency with the axes used in Section 3.1) in the sample used in
this chapter, refinements of XRD and NPD data were only carried out using the Pcmb
and Imma space groups. This chapter found that electron diffraction provided
evidence that Sr,C0,0s contained interlayer chain ordering thus making a strong case
for the assignment of the Pcmb space group. However, X-ray and neutron powder
diffraction data were unable to confirm that this assignment was representative of the
material as a whole. Therefore, the space group Imma, which allows for disorder of
the chain orientations in the tetrahedral layers was deemed to be the most accurate
representation of the structure of Sr,C0,0s.

It is interesting to note that utilising the larger unit cell consistent with the
assignment of the Pcmb space group resulted in unreliable Co-O bond lengths, which
could have been interpreted as indicative of charge segregation over the Co sites. This
stresses that great care must be taken in interpreting the rationalisation of M-O bonds
and hence the designation of charge ordering in this structure. In particular, careful
consideration is required in order to assign the correct space group for the structural

technique used.
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Chapter Four

Fluorination Study of the
Brownmillerite Materials Sr,Fe,Os,

Sr,CoFeQO;s; and Sr,Co0,05

4.1 Introduction
4.1.1 Fluorination of LaACuGaQOs (A = Ca, Sr)

Ordered vacancy perovskite-related materials such as brownmillerites are
good candidates for anion insertion studies. The first brownmillerite system shown to
be amenable to low-temperature fluorine insertion reactions was LaACuGaOs
(A =Ca, Sr) [, LaSrCuGaOs 21 and LaCaCuGaOs B1 both adopt an orthorhombic unit
cell with space group Ima2, with lattice parameters approximately related to that of
the basic perovskite subcell, a,, by a = 2a,, b~ 4a, and ¢~ \2a, when transposed
for consistency with /2mb (the cab setting of Ima2 as discussed in Section 3.1). Both
phases exhibit a brownmillerite structure formed by alternating layers of corner-
sharing CuQOg octahedra and GaOy tetrahedra stacked along the b axis, with the La and
Ca/Sr cations statistically occupying the 10-fold cavities within the structure. The
CuO, layers within the LaACuGaOs (A = Ca, Sr) structure are buckled due to the

ordering of oxygen vacancies in the GaOO layer. This causes the rotation of the CuOg
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octahedra about the [010] direction of the perovskite subcell and hence a significant
distortion of the equatorial Cu coordination ).

Upon fluorination with XeF;, both LaCaCuGaOs and LaSrCuGaOs were
shown to form low fluorine-content phases that retained an orthorhombic unit cell
with space group Ima2 but for the purposes of the discussion in this chapter is
transposed to I2mb for facile comparison with related space groups used to describe
brownmillerite structures, such as Imma. A comparison of the (a — c¢)/(a + c¢) ratio of
the starting materials and their respective fluorinated phases showed a decrease in this
measure of orthorhombicity with increasing fluorine content. For LaSrCuGaOs, it
was shown that not only did the degree of orthorhombicity decrease with increasing
fluorine content, but also that with sufficient fluorine insertion this phase undergoes a
transformation to a tetragonal structure with cell parameters a =~ a, and c= 2a,.
Studies of this tetragonal phase using HREM were able to assign the space group
P4/mmm .

Upon fluorination of the strontium phase LaSrCuGaOs, F anions are inserted
into the vacant anion positions in the GaOO layers and simultaneously F anions
replace some O anions in this layer in a ratio of 2F to one replaced O, resulting in a
Ga coordination number >4. This mechanism is accompanied by a random
occupation of the anion positions in the Ga layers by O, F and anion vacancies ()
leading to tetragonal symmetry. Electron microscopy shows different superstructures
due to local ordering of anions and vacancies.

Formation of the tetragonal perovskite structure for the fluorinated phase
requires an increase in the coordination number of the A cation from 10 to 12.
Although the larger Sr*" cation (tsrary = 1.44 A) readily forms the tetragonal structure,

in this situation it is not feasible for the smaller Ca®" cation (tcaan = 1.35 A) to
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increase its coordination number to 12 and thus the fluorination of LaCaCuGaOs is

unable to produce a tetragonal phase .

4.1.2 Fluorination of Sr,MnGaOs

Sr,MnGaOs is a brownmillerite consisting of alternating MnO, and GaOO
layers * *!. Initially, Abakumov ez al. ! had proposed the fully ordered (all chain
orientations identical) /2mb model for the structure of Sr,MnGaOs whilst Wright et
al. ' had characterised Sr;MnGaOs using the disordered space group Imma. Both
studies deduced that Sr,MnGaOs is an antiferromagnet with magnetic moments
aligned normal to the MnQO; planes, with some degree of canting due to the tilting of
the MnOg octahedra. Examination of this material using electron diffraction and
HREM revealed that within a given layer the infinite chains of vertex-linked GaOy
tetrahedra alternated between L- and R-chain orientation "), This intralayer ordering
results in a superstructure whereby one of the shorter orthorhombic axes is doubled,
consistent with the assignment of the space group Pcmb, as discussed in more detail
in Section 3.1.

The space groups Pnma (interlayer alternation of L- and R-chains), I2mb (all
chains possessing the same orientation) and /mma (complete long-range disorder of
chain orientation) all are energetically similar as the transformation or L- to R- chains
and vice versa does not significantly alter the coordination environment of the Ga
cations nor do the interatomic distances alter significantly therefore the Madelung
energy of all 3 models of chain ordering are of very similar values. Hence, although it
has subsequently been shown that there is some degree of intralayer ordering of chain
orientation, the use of the Imma space group, which allows full disorder of the chain

orientation, is adequate for the purposes of this discussion.
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Abakumov et al. ¥ demonstrated that Sr,MnGaOs is amenable to oxygen
insertion to form Sr;MnGaOs;s with the increase in 6 accompanied by a gradual
decrease of orthorhombic distortion. This is shown by the observed symmetry change
from Imma (a~ ¢~ \2ap, b= 4a,) for 0.03< 3< 0.13, to Bumm (a= c~ \2ay,
b= 2ay,) for 0.41 < 6 < 0.46, and finally to tetragonal P4/nmm (a = ay,, c = 2a,) for
0 =10.505. For oxygen contents between & =0.13 and 6 = 0.41 a mixture of oxidised
and reduced phases was noted to have formed. The insertion of oxygen anions into
the GaOO layers to form GaO;,s was shown to alter the magnetic structure from an
antiferromagnetic G-type structure to the antiferromagnetic C-type structure whereby
the Mn magnetic moments are aligned antiferromagnetically in the MnO, planes but
these planes are in turn ferromagnetically coupled *).

For Sr,MnGaOs.5, XRD and ED data suggested that increasing the oxygen
content causes the Ga coordination number to increase from 4 to 5, rather than from 4
to 6 (i.e. forming thicker octahedral layers/extra octahedral layers in the
brownmillerite OTOTOT stacking sequence, for example OOOTOOOTOOOT).
These XRD and ED observations were supported by BVS calculations and it was
shown that oxygen atoms form a distorted trigonal bipyramid about the Ga cations *!,

It has also been shown that the fluorination of Sr,MnGaOs produces a
tetragonal phase where a~ a, and c= 2a,. The structure was found to consist of
alternating layers of MnQO,, SrO and GaOy7sFi2 (GaO;,Fi+,) with the Ga atoms
situated in slightly elongated octahedra, with the MnOg octahedra apical compressed
(a reversal of the apical elongation seen in the starting material Sr,MnGaOs resulting
from Jahn-Teller distortions) ® °. The atomic coordinates were transformed from
perovskite structure and full occupancy assigned to all anion positions giving the

general composition Sr,MnGa(O,F)s with the structure being described by the space
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group P4/nmm. Lattice parameters were reported as a=3.85559(2) A and
c=7.78289(6) A P!,

The main structural difference between O-doped Sr,MnGaOss and the
fluorinated phase Sr;MnGaOQ473F |2, is that the latter structure has full occupancy of
all the anion positions with the formation of an octahedral environment around the Ga

atoms.

4.1.3 Sr;Fe,Os5 and Fluorination of SrFeQO;_; to form SrFeO,F
Sr,Fe,Os crystallises with a brownmillerite structure, described by Greaves et

al. 11

using the space group Icmm (equivalent to Imma as previously discussed in
Section 3.1) to account for disorder in the displacements of the Fe cations in the
FeOO layers. The lattice parameters obtained from the least squares analysis of NPD
data were a = 5.503(7) A, b = 15.582(2) A and ¢ =5.6727(7) A, transposed for
consistency with /mma.

Gallagher et al. '

proposed that SrFe,Os was isostructural with
brownmillerite Ca,Fe,Os, based on the Mdssbauer spectra showing the presence of
equivalent amounts of iron occupying both octahedrally and tetrahedrally coordinated
sites. The hyperfine splitting on these spectra also indicated that Sr,Fe,Os displayed
antiferromagnetic ordering in the temperature range 4-600K, thus deduced the Néel
temperature must be in excess of 600K. However, a study of single crystal XRD
data '*! found that the symmetry of Sr,Fe,Os was best described using the space
group Ibm?2 (the bac setting of Ima2) whereby all the tetrahedral chains possess the
same orientation.

Takeda et al. ' reported SrpFe,Os is an antiferromagnet with Ty = 700K,

exhibiting a G-type magnetic structure similar to that observed for Ca,Fe,0s !'* !
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with Fe’" spin directions aligned antiferromagnetically along the a axis (for the Imma
space group, or the ¢ axis if using Icmm) with the refined neutron magnetic moment
n=453)pus " In their NPD study of polycrystalline Sr,Fe,Os at different

temperatures, Schmidt and Campbell '

reported the lattice parameters
a=>5.52653) A, b=15.5823(8) A and c = 5.6685(4) A from the refinement of room
temperature NPD data using the space group /bm?2 (transposed for consistency with
I2mb). The G-type magnetic structure as proposed by Takeda ef al. "> was used as a
model for the magnetic reflections, with both octahedral and tetrahedral Fe*" moments
constrained along the a-axis.

Interestingly, whilst SroFe,Os is an antiferromagnetic insulator, the Fe*" phase
SrFeO; is a metallic antiferromagnet below 134 K with a helical spin magnetic
structure '”). At room temperature, SrFeOs is a simple cubic perovskite best described
using the primitive space group Pm-3m with the lattice parameter from the refinement
of NPD data a=3.851(1) A", However, it was recently shown in an electron
diffraction study by D’Hondt et al. 19 that similarly to Sr;MnGaOs, SryFe;Os also
exhibits L-R-L-R- ordering of tetrahedral chains within any given layer, necessitating
a doubling of the c-axis. These observations do not support the assignment of the
Ibm2 space group for SryFe,Os, as relatively large local areas of other ordered
stacking sequences, for example Pcmb, are observed using high resolution electron
microscopy. However, it is acknowledged that when using a bulk technique for
structural characterisation such as NPD, the use of the disordered Imma structure is
correct, as the stacking sequences observed via electron microscopy do not provide
long-range order.

In their study of the fluorinated materials Sr;Fe,O¢Fos7, SroFeOsF and

BayInFeOsF ¢35, Case et al. 29 also briefly reported that the fluorination of SryFe,Os
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resulted in the formation of 2 cubic perovskite phases formed in an approximately 1:1
ratio with the respective lattice parameters a= 3.95A and a=3.87 A. The
compositions of the phases were not known nor were any reasons identified for the
formation of a 1:1 mixture of these 2 phases upon fluorination of Sr,Fe,Os.

The cubic phase SrFeO.F was prepared by Berry er al 2! via the low
temperature fluorination of the oxygen-deficient perovskite-related material SrFeOs.s.
The starting material SrFeOs.; used in this study was shown to display a slightly
orthorhombic unit cell with the following lattice parameters: a=5.474(1) A,
b=5.469(1) A and c¢=7.706(1) A, this was attributed to the degree of oxygen
deficiency in the sample. Fluorination of this phase produced a material with the cubic
unit cell parameter a = 3.956(1) A. Upon comparing the primitive perovskite subcells
for each sample, fluorination leads to a significant increase in cell parameter. The
larger unit cell was attributed to the partial replacement of O*” anions by F~ anions and
hence a reduction of the Fe oxidation state and lengthening of the bond distances.

The study by Berry et al. *' found that the novel Fe’" perovskite SrFeO,F can
be formed via the fluorination of SrFeOs;_s (a mixed F > /et perovskite). This raises
the question of whether the low-temperature fluorination of Sr,Fe,Os (as first
attempted by Case ez al. ") may be used to form a cubic perovskite Sr,Fe,OsF phase
with an average oxidation state of Fe>~" as opposed to the purely Fe’*-containing
phase SrFeO,F. A further study of the fluorination of Sr,Fe,Os has therefore been

conducted.

4.1.4 Brownmillerite-Structured Sr,Co0,05

As discussed in some detail in Chapter 3, Sr,Co0,0s has been shown in the

bulk phase to display similar disorder to Sr,Fe>Os and is best described using the
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space group Imma. The lattice parameters obtained from refinement of neutron
powder diffraction data collected at 4K were a = 5.4639(3) A, b=15.6486(8) A and
c=15.5667(3) A. Many SrCoOs., cubic perovskite phases exist and are commonly

prepared via electrochemical oxidation *2. Almost stoichiometric SrCoOs., has been

[23 [24]

synthesised using high oxygen pressures ) and electrochemical oxidation and
this phase has been shown to be ferromagnetic. However, it appears that the
preparation of the pure Co*"-containing phase SrCoQs; is not as facile as preparation

of fully stoichiometric SrFeQOs.

4.1.5 The Mixed Co/Fe Brownmillerite Sr,CoFeQOs

Due to the close similarities of the nuclear and magnetic structures of Sr,Fe,Os
and Sr,Co,0s, it was proposed by Battle er al. 1*°! that the preparation of the mixed
transition metal phase Sr,CoFeOs should be relatively facile and likely to also form a
brownmillerite structure. Indeed, the crystal and magnetic structure reported by Battle
et al. *% confirmed that Sr,CoFeOs possessed a brownmillerite structure with the
refined lattice parameters a = 5.5017(2) A, b=15.5615(5) A and ¢ = 5.6243(2) A, as
transposed for consistency with the space group /mma. It was determined that samples
quenched from 1200°C contained Fe and Co cations randomly distributed over the
octahedral and tetrahedral sites, whereas annealing an aliquot under flowing argon at
800°C induced a partial ordering whereby Co®" showed a slight preference (57:43) for
the tetrahedral sites. The structural and magnetic characterisation from NPD data was
carried out on the partially ordered phase and the neutron magnetic moments were
reported as p=3.2(1) up and p =2.9(1) pug for the octahedral and tetrahedral sites
respectively. It was noted that these values are lower than the expected moment for

high spin 3d’ Fe*" (= 4.4 pg) or 3d® Co’* (>4 pg) cations, although the percentage
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error in the refined moments was = 15% due to uncertainty in the form factor used
and the relatively small proportion of reflections in the diffraction pattern arising from
magnetic scattering. For Sr,Fe;Os and Sr,Co,0s, lower than expected neutron
magnetic moments were previously reported (u=4.0(1) pg "% and p=3.3(5) pg "
respectively, separate moments for octahedral and tetrahedral cations were not
refined). As this behaviour is not observed in the ordered phase Ca,Fe,Os where the
spins are aligned along the g-axis in the space group Pnma " with the observed

41 it was proposed that such phenomena

neutron magnetic moment pu =4.5(2) ug I
were due to the moments in the disordered phases having moments along both @ and ¢
with only the components aligned in the a direction (if using the standard /mma space
group) showing any long range order *°/.

It is interesting to note that for both Sr,Fe,Os and Sr,CoFeOs, the use of the
disordered space group Imma (with half-occupied 8i sites) has been necessary to
describe the bulk phase, but it has been acknowledged that there is most likely some
degree of additional order over smaller length scales. These observations are similar
to the findings of Chapter 3, where a higher degree of order was observed in Sr,C0,05
using electron microscopy techniques, but was shown not to be applicable on the
length scale pertinent to neutron powder diffraction.

Thus SryFe;0s, Sr2C0,05 and Sr,CoFeOs all possess brownmillerite structures
that are best described using the /mma space group which allows disorder onto the
half occupied 8i sites. All three phases exhibit strong antiferromagnetic coupling
between nearest neighbour transition metal cations arising from a G-type

antiferromagnetic structure whereby the magnetic moment are aligned along the short,

a-axis.
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This chapter examines whether it is possible to fill the oxygen vacancies in
these materials with fluorine to produce cubic perovskite-type materials with mixed

valency transition metal cations.

4.2 Experimental Procedure

All fluorinated brownmillerite samples synthesised during the course of this
study were prepared via low-temperature solid-gas fluorine insertion reactions, as
described in Section 2.1.2.

Sr,C0,05 was prepared in the same way as detailed in Chapter 3 (see Section
3.2). The optimum conditions for preparing fluorinated samples was found to be a 15
minute pulse of 10%F)/90%Ny) at 200°C (as described in Section 2.1.2(a))
followed by grinding and annealing for 90 minutes in static 10%F/90%N,,) at
220°C (as described in Section 2.1.2(b)).

SrFe,Os was prepared from stoichiometric amounts of dried SrCO; and
Fe,03, ground together and subjected to 2 separate heat treatments of 12 hours at
1300°C under Ny, with intermediate grinding, then an additional 12 hours at 800°C
under Ny with no grinding. All fluorinated samples produced were approximately
1:1 mixtures of 2 cubic perovskite phases with lattice parameter a =~ 3.87 A and
a= 3.95 A. Varying the reaction conditions had no effect on the ratio of the product
phases. The optimum conditions for sample crystallinity and minimising SrF; in the
sample were 2 hours at 250°C under static 10%F3)/90%N,,) with intermediate
grinding of the sample, followed by another 2 hours at 265°C under static
10%F2(5)/90%N>(g).

Sr,CoFeOs was prepared from stoichiometric amounts of dried SrCOs, Co304

and Fe,O; ground together and pressed into a pellet. This was then subjected to 2 heat
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treatments of 12 hours at 1200°C each followed by immediately quenching in liquid
nitrogen. The optimum conditions for fluorination of this phase were found to be heat
treatments of 2 hours at 220°C and 230°C followed by an additional 2 heat treatments
of 2 hours at 250°C, all carried out under static 10%F;(,)/90%Ny) (as described in
Section 2.1.2(b)) with intermediate grinding.

Additional information regarding the fluorine-insertion reactions discussed in
this chapter may be found in Appendix 4.1, Appendix 4.2 and Appendix 4.3 for the

fluorination of Sr,Fe,Os, Sr,CoFeOs and Sr,Co,0s respectively.

4.3 Results and Discussion
4.3.1 Characterisation of Fluorinated Sr,Fe,O5
4.3.1.1 2-Phase Rietveld Profile Refinement Based on XRD Data
Examination of the fluorinated material using XRD confirmed the findings of

1.9 that two cubic perovskite phases are formed with the approximate

Case et a
lattice parameters a =3.87 A and a=3.95 A (2dp), accompanied by a small SrF,
impurity. The experimental conditions (temperature and reaction time) were varied to
investigate whether the yield of either cubic phase could be improved. However, this
ratio of these 2 cubic perovskite phases remained approximately 1:1 in the range
where fluorination was successful, and harsher conditions caused larger amounts of
SrF, to be formed during the reaction.

Comparing the lattice parameters of these cubic perovskite phases with
literature, phase 1 (a = 3.95 A) was attributed to SrFeO,F 21 and phase 2 (a=3.87 A)
to SrFeOs; (as the lattice parameter of SrFeO; was reported by Takeda et al. as

a=3.85 A" the slightly larger unit cell a=3.87 A is consistent with a slightly

reduced phase). As the fluorinated material also contained a small amount of SrF,, the
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GSAS suite of programs **

was used to carry out a 3-phase Rietveld profile
refinement on XRD data. For least-squares refinement, the primitive cubic space
group Pm-3m was used for StFeO,F and SrFeQOs_s, whilst the Fm-3m space group was
used for SrF,. For simplicity, the thermal parameters were constrained to Uijs, = 1.00 x
100 A? whilst the phase fraction was permitted to vary. The least-squares refinement
converged with the following statistics: y* = 2.147, Rywp=2.97% and R, = 2.26%, and
visually provided a good fit between observed and calculated values. The refined
lattice parameters for SrFeO,F and SrFeO;; were a=3.9481(3) A and
a=3.8775(3) A respectively, with the slight expansion in lattice parameter for
SrFeOs.5 c¢f. SrFeO; in accordance with this phase containing mixed Fe’'/Fe*'. The
refined phase fractions SrFeO,F:SrFeOs.5:SrF, were 1:1.0775:0.0431, approximately
equating to = 2% SrF, impurity in the sample.

These data show that the formation of 2 distinct cubic perovskite phases with
similar lattice parameters as reported by Case er al. ** are reproducible and hence
there must be an explanation for the fluorination of Sr,Fe,Os resulting in an

approximately 1:1 mixture of these phases. This phenomenon was further explored in

Section 4.3.1.2 using Madelung energy calculations.
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Observed (red +), calculated (green) and difference (pink) profiles of fluorinated
Sr,Fe,0s, as generated by the 3 phase Rietveld profile refinement of XRD data where
phase 1 = SrFeO,F (black vertical lines), phase 2 = SrFeO;_5 (red vertical lines) and
phase 3 = SrF, (blue vertical lines).
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4.3.1.2 Madelung Energy Calculations

Using the lattice parameters obtained from the Rietveld refinement of XRD
data, the Madelung energies were calculated using the Ewald method ' for two
possible models of fluorine insertion into Sr,Fe,Os. Model A assumes that a 1:1
stoichiometric mixture of the Fe’'-containing SrFeO,F (a=3.9481(3) A) and the
Fe4+-containing StFeO; (a=3.8775(3) A) is formed upon fluorination (SrFeO; was
used as opposed to SrFeOs_5 purely for ease of calculation), whereas model B uses 2
moles of a hypothetical intermediate using a mean unit cell parameter a = 3.9128 A.
The Madelung energy for model A was calculated as —29111.95 kJ mol™ whilst model
B yielded a Madelung energy of -28806.42 kJ mol™. Therefore these calculations
support the hypothesis that the formation of a 1:1 mixture of SrFeO,F and SrFeOj; is
more energetically favourable than complete formation of an intermediate fluorinated
product. It is likely that the driver behind this phase separation into purely Fe’'-
containing SrFeO,F and Fe*"-containing SrFeO;.; is the enhanced lattice energy for

4+ .
Fe™" oxides.

4.3.2 Characterisation of Fluorinated Sr,CoFeQOs
4.3.2.1 Rietveld Profile Refinement Based on XRD Data

Low-temperature fluorine insertion reactions of the mixed cobalt and iron
brownmillerite Sr,CoFeOs resulted in the formation of a single cubic perovskite phase
(a= 3.87 A) accompanied by a small SrF, impurity. From the Madelung energy
calculations for fluorine insertion into Sr,Fe,Os one might expect a similar phase
separation whereby a 1:1 mixture of Co’"-containing SrCoO,F and Fe* -containing
SrFeO;.5 is formed due to the Fe oxidising more readily. However, as the starting

material Sr,CoFeOs contains randomly distributed Co and Fe, the cation migration
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required to produce such a phase separation is not energetically favourable. It was
proposed that the structure of the observed fluorinated cubic phase was closely related
to SrFeO,F with Co and Fe disordered over all the Fe (B) sites, and will henceforth be
referred to as SrCog sFep s02.5Fs.

The “GSAS” suite of programs **! was used to carry out a Rietveld profile
refinement of XRD data using the space group Pm-3m. The background was fitted
using a linear interpolation function, simultaneously refining 51 parameters including
parameters including diffractometer zero point, histogram scale factor, phase fraction,
lattice parameter, isotropic temperature factors and profile parameters.

The refinement converged with y* = 1.128, Ry, = 3.06% and R, = 4.07%, and
a good fit between the calculated profiles and the experimental data (Figure 4.2). The
atom parameters are shown in Table 4.1, with the high values of Ui, most likely
reflecting an incorrect estimation of absorption effects. The refined lattice parameter
for the SrCog sFeo 5O, 5Fo s phase (a = 3.872(2) A) was close to that observed/literature
value for SrFeOs; (a=3.85 A [17]) and the literature value for SrCoOs.,

(a=3.835(2) A ). The phase fraction refined to a ratio of SrCogsFes02.5F¢5:StF,

of 1:8.7031x107%, thus the sample contained approximately 8% SrF, impurity.
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Observed (red +), calculated (green) and difference (pink) profiles of fluorinated
Sr,CoFeOs, as generated by the 2 phase Rietveld profile refinement of XRD data
where phase 1 = SrCogsFeysO,sFos (black vertical lines) and phase 2 = SrF, (red
vertical lines).
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Table 4.1 Refined atom and lattice parameters of SrCogsFe 50, 5Fo s from refinement
of XRD data in the space group Pm-3m (a = 3.872(2) A).
Atom Site Symmetry x y z Uiso x 100 (3%
Sr la 0 0 0 4.3(3)
Co/Fe 1b 0.5 0.5 0.5 5.6(5)
O/F 3¢ 0 0.5 0.5 6.4(7)

4.3.2.2 Magnetic Measurements

Zero-field-cooled (ZFC) and field-cooled (FC) DC magnetisation data were

collected on SrCogsFeps0O,sFgs in an applied field of 0.3T from =~ 2K to = 300K.

The fluorinated phase appears to show a canted antiferromagnetic transition below

150K (as the ZFC drop-off is consistent with ferromagnetic as opposed to spin glass-

type behaviour) and the ZFC and FC data diverge below 75K.
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Figure 4.4 Plot of magnetic moment against applied field for field sweep measurements

performed at 10K.

Field sweep measurements were collected between —0.5 and +0.5T at 10K,
showing a small degree of hysteresis, which supports the existence of a ferromagnetic
component to the magnetic structure of SrCog sFesO,5Fo s at 10K.

It is likely that this magnetic behaviour arises from complex exchange
interactions between Co and Fe cations, but this is difficult to predict, as the oxidation
states of these cations in this material are currently unknown. As Fe oxidises more
readily than Co, it is probable that there is a greater proportion of Co’” and Fe*" in
SrCogsFeps025F0s, however techniques such as Mdssbauer and X-ray absorption
near edge structure (XANES) spectroscopy could be used in the future to elucidate the
transition metal oxidation states present and thus aid understanding of the magnetic

behaviour of SrCoq sFeg 50, 5F 5.
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4.3.3 Characterisation of Fluorinated Sr,Co0,05
4.3.3.1 Rietveld Profile Refinement Based on XRD Data

A Rietveld least-squares profile refinement of XRD data using the primitive
cubic space group Pm-3m converged with x* = 1.783, Ryp=1.64 and R, = 1.20 with
good visual agreement between observed and calculated profiles (Figure 4.5). The
refined lattice parameter for the fluorinated phase SrCoO,sFys, a =3.8574(3) A, is
similar to the literature value for SrCoOs. (a =3.835(2) A *). For refined atom

parameters, please refer to Appendix 4.4.
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Figure 4.5 Observed (red +), calculated (green) and difference (pink) profiles of

fluorinated Sr,Co,0s, as generated by Rietveld profile refinement of XRD
data with peak positions indicated by black vertical lines.
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4.3.3.2 Nuclear and Magnetic Refinement Based on NPD Data

Neutron powder diffraction data were collected at 4K (to minimise
temperature factor effects) in order to provide more complete structural and magnetic
characterisation of SrCoQO;sFs. Unfortunately, although not apparent in XRD data,
NPD data revealed that the sample also contained some unfluorinated starting
material Sr,C0,0s5. As magnetic reflections due to both SrCoO,sFys and Sr,Co,0s
were present, a 4-phase Rietveld profile refinement was necessary to fit the data.

The visual fit of the observed and calculated profiles were good, with
reasonable refinement statistics (x* = 2.230, Ry, = 2.78 and R, =2.09) and a refined
phase fraction of SrCoO, sF¢s: SroC0,05 of 1:0.17049. This suggests that the presence
of SrCo,05 is most likely due to fluorination readily occurring on the surface of
grains, leaving small cores of unfluorinated material. For refined atom parameters,
please refer to Appendix 4.5.

Although the sample of SrCoO,sFos contained a significant impurity of
S1,C0,0s, it is clear that no phase segregation to Co3+-containing SrCoO,F and
C04+-containing SrCoOs3 occurs for the fluorination of Sr,Co,0s, as might be expected
from the observed fluorination of Sr,Fe;Os. This may be because oxidation to Co*' is
rather difficult cf. oxidation to Fe*" (hence fully oxidised SrCoOs may only be formed

under high oxygen pressure or via electrochemical oxidation).
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Observed (red +), calculated (green) and difference (pink) profiles of
fluorinated Sr,Co,0s, as generated by the Rietveld profile refinement of
NPD data, where phase 1 = SrCoO,sFys (black vertical lines), phase 2 =
SrCo0,sFys magnetic reflections (red vertical lines), phase 3 = Sr,Co,05
(blue vertical lines) and phase 4 = Sr,Co0,05 magnetic reflections.
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4.3.3.3 Magnetic Measurements

ZFC and FC DC magnetisation data were collected on fluorinated Sr,C0,0s in
an applied field of 0.3T from = 2K to = 300K. The fluorinated phase appears to show
a canted antiferromagnetic transition below 150K and the zero-field cooled and field-
cooled data diverge below 50K. This is comparable to the behaviour of the mixed
Co/Fe phase Sr(Co,Fe)O,sF(s discussed in Section 4.3.2.2 and also rather similar to

30]

the transition observed by Mufioz et al. B for Sry,Co,0s, albeit with a less

pronounced divergence of ZFC data from FC data.

|
N 5
. 8x10 "j::-....,‘_\ 8x10
e o o2
g . 5
" 7x10° S 7x10° &
& % o
=] L}
= % o,
N L} - w
£ sx10° | ! {6x10° 2
.;;91 %, o)
o \ 2
Q <
2 s5x10° | \ {s5x10° £
v y ag
2 \ 3
(4] L =
= ' 9
2 4x10° \ 4x10° @
2 ‘, g
E \ =
=] < =
= 3x10° \ 3x10° &
£ kY 5
E: ) £
2 gxit® 2x10° 5
=] -~
[5, N 105 \\_ ’ 105 V
0 0
50 100 150 200 250 300

Temperature (K)

Figure 4.7 Plot of zero-field cooled (blue) and field-cooled (green)

susceptibility (y) against temperature.

magnetic

127



Chapter Four

3 T
2 . -
- l B ' N
g
R3]
=
S
| !
£ of ! :
gn
=
Q
A
1 F o
N “_‘._..c-. |
_3 I L I
-8 -6 -4 -2 0 2 4 6 8
Magnetic Field/T
Figure 4.8 Plot of magnetic moment against applied field for field sweep measurements

performed at 10K.

Field sweep measurements were collected between —0.7 and +0.7T at 10K,
showing a small degree of hysteresis, similar to the observations for

SrCoysFeo 50, .5F¢ s, thus verifying the presence of a ferromagnetic component.

4.4 Conclusions

The brownmillerite materials Sr,Fe;Os, Sr,CoFeOs and Sr,Co,Os possess
ordered oxygen vacancy structures that are amenable to fluorine insertion reactions.
Interestingly, due to the readiness of Fe’" to oxidise to form Fe*’, the fluorination of
Sr,Fe,0s results in a phase segregation to form a 1:1 mixture of the Fe**-containing
phase SrFeO,F and Fe*"-containing SrFeOs. Madelung energy calculations confirmed
that this was indeed more energetically favourable than the formation of a

hypothetical intermediate phase with nominal composition SrFeO; sF s.
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The fluorination of the Co-containing phases Sr,CoFeOs and Sr,Co,0s in both
cases results in the formation of fluorinated phases with primitive cubic structures.
Phase segregation is not observed in Sr;CoFeOs as the Co and Fe cations are
randomly distributed throughout the starting material and thus phase segregation to
form SrCoO,F and SrFeOs; would require extremely facile cation migration in order to
be viable. Due to the difficulty in oxidising Co®" to Co*", similarly phase separation
upon the fluorination of Sr;Co,Os is not energetically feasible. Both
SrCogsFeps0,5Fos and SrCoO,sF display canted ferromagnetic behaviour, which
most likely arises from complex exchange interactions between transition metal
cations with mixed 3+/4+ oxidation states. However, the samples produced during the
course of this study were not pure enough to derive accurate estimations of oxygen
and fluorine contents therefore there is some uncertainty about the transition metal
oxidation states in these materials and thus the mechanism for the observed canted

ferromagnetism.
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Chapter Five

Synthesis and Characterisation of the
Fluorinated Single-Layer Manganite

Sl.21\/111()3.5+xFy

5.1 Introduction
5.1.1 The Structure of Sr,MnOy4

Sr_MnO, was initially synthesized by Balz and Plieth ' in their 1955 study of
the single layered (n = 1) Ruddlesden-Popper phase K,NiF, and materials they found
to be isostructural with it. The pure Mn*"-containing Sro,MnO, was reported here to
adopt body centred tetragonal symmetry in the /4/mmm space group with the lattice
parameters a = 3.79 A and ¢ = 12.43 A . The crystallographic structure of Sr,MnOy,
is composed of single layers of corner-linked octahedral MnOg units separated by a
stratum of rock salt structured SrO. Within the systematic study of strontium-
manganese oxides by Mizutani et al. in 1971 it was postulated that Sr,MnOj,
possessed two allotropic forms: low temperature a-Sr,MnO4 and S-SroMnOy (as
reported by Balz and Plieth '), which required temperatures in excess of 1500°C to
form. However, Kriegel and Feltz B Jater showed that the « -Sr,MnQ4 form was in

fact a mixture of SrO and a previously unknown monoclinic compound SryMn4O;s
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crystallising in the space group P2i/c with lattice parameters a =6.8178(6) A,
b=9.6224(8) A, ¢=10.380(1) A and P =91.886(7)°. Hence it should be clarified
here that in the literature published between 1971-1992, the term f-Sr,MnOy is used

as opposed to simply Sr;MnQOs.

Figure 5.1 The structure of Sr,MnO,. The white spheres denote Mn atoms, green
spheres Sr atoms, red spheres O atoms and the MnOg octahedra are shaded
in purple.

Kriegel et al. '™ found that synthesising SroMnOy4 at 1510°C in an argon
atmosphere made it possible to introduce anion defects and hence mixed Mn®/Mn**

cation valences in this material. The removal of oxygen anions produced the reduced
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phase SroMnOs g4y formed by a statistical distribution of basal O vacancies in the
equatorial positions in the MnOg octahedra, thus retaining the K,NiF, structure. The
defects lead to a distorted tetragonal pyramidal coordination of Mn’" cations. Single
crystal X-ray diffraction was used to obtain the lattice parameters of this reduced

phase, which were reported as a = 3.8058(3) A and ¢ = 12.5319(11) A.

5.1.2 Magnetic Structure of B-Sr,MnQO4/SrMnQO; g4

Characterisation of the magnetic properties and structure of Sr,MnO, was
carried out by Bouloux er al.'! in 1981. The material was found to exhibit
antiferromagnetic ordering below the Néel temperature Tx = 170(5) K. The magnetic
structure of Sr,MnO4 was reported to be similar to that of K,NiF4 with doubling of the
magnetic unit cell parameter a thus the magnetic and crystallographic structures are
related by dmagn = 2dcryst and Cmagn = Ceryst.  The magnetic moments of the Mn*" cations
are aligned parallel to the ¢ axis. Figure 5.2 depicts the magnetic structure of
Sr_MnO, wherein each Mn*" cation is antiferromagnetically aligned with its 4
surrounding neighbours within the [MnOy], layer and each translation of 2, 5, 7
results in an identical layer. The structural refinement carried out on data collected at

4.2 K gave a magnetic moment of 2.42(5) pg for the Mn*" ions.
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Figure 5.2 The magnetic structure of SroMnO, with the red and blue arrows

highlighting the spin direction of Mn*" cations aligned in the direction of the
¢ axis.

5.1.3 The Structure of Sr,MnQO3; s,

The further reduction of Sr;MnQO4 to form Sr,MnOs s+, with a view to creating
a new ordered oxygen vacancy structure was achieved by Gillie ez al. [* 7. Neutron
powder diffraction was used to examine the defect structure of this material more
thoroughly, but discrepancies in the fit of the Rietveld structural refinement of these
data utilising the /4/mmm space group necessitated a lower symmetry model. Study of
this material using electron microscopy revealed the presence of superstructure and a
lower symmetry space group. The oxygen vacancy ordering scheme was deduced by
comparison with the oxygen deficient perovskite phases StMnO s [8'10], CaMnO; 5 [“],

Ca,MnOs s 2! and SrCu0,s ™. In these isostructural materials, corner connected

MnOs square pyramids form an ordered oxygen defect arrangement of psuedo-
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hexagonal channels. The Mn®" ions adopt a square pyramidal co-ordination and
exhibit antiferromagnetic coupling with three neighbouring Mn®" ions.

A model for the oxygen vacancy structure of Sr,MnOs 5., was proposed that
was consistent with the unit cell derived from electron diffraction. This structure
consisted of elongated psuedo-hexagonal channels similar to those exhibited by
SrMnO, 5, CaMnO; s and Ca,MnOs 5. Rietveld structural refinement using this model
gave a good fit to the data, thus the crystal structure was solved in the primitive
monoclinic space group P2;/c with the lattice parameters a = 6.8524(3) A, b =
10.8131(4) A, ¢ = 10.8068(4) A and = 113.247(4) A [*7].

The equatorial oxygen vacancies introduced by reduction to the composition
Sr,MnOs 5+, form an ordered defect superstructure within the perovskite layer. The
Mn’" cations form MnOs square pyramids corner-linked through oxygen anions. A

view of the be-plane of the monoclinic supercell is shown in Figure 5.3.
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Figure 5.3 Structure of Sr;MnQj s.,.. The blue spheres denote Mn atoms, green spheres
Sr atoms, red spheres O atoms and the MnOs polyhedra are shaded in

purple.

The transformation to a lower symmetry space group was necessary to account for the
defect superstructure. The monoclinic unit cell is related to the body-centred
tetragonal sub-cell vectors (a, by, ¢;) by a = Ya(-ai-bite,); b = 2(-at+by); ¢ = 2(actby).
Hence, the ab; tetragonal plane translates to the be-plane in the monoclinic super-cell,

where the a-axis links the adjacent perovskite block layers.

138



Figure 5.4

Chapter Five

Figure illustrating the relationship between the /4/mmm tetragonal sub cell
and the larger P2,/c monoclinic unit cell. The diagram on the left shows the
be-plane of the monoclinic super cell (solid red lines) and the ab-plane of
the tetragonal sub cell (dotted red lines), whilst the diagram on the right
depicts the monoclinic ac-plane and the tetragonal a.c, plane, superimposed
on the K,NiF4-type tetragonal model.

Figure 5.5

The K;,NiF,-type tetragonal sub-cell (dotted red line) and monoclinic super-
cell (solid red line) shown against the be-plane of the monoclinic model.
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5.1.4 Magnetic Structure of Sr,MnQO; 54,

Gillie et al. ' 7 reported that the plot of magnetic susceptibility against
temperature showed a broad peak approximately centred around 280 K, below which
Sr,MnOs s+, displays antiferromagnetic ordering. The characterisation of the magnetic
structure of this material via powder neutron diffraction by Gillie ez al. '™ found this
behaviour to arise from clusters of four ferromagnetically aligned MnOs square
pyramids corner-linked through oxygen anions arranged antiferromagnetically to the

neighbouring clusters of MnOs.

® ® @ ® ®
] ® @ ®
] ® ® & L
® ® @ @ '
Figure 5.6 Magnetic structure of Sro,MnOjs., where all corner-linked MnOs units

highlighted in red are ferromagnetically aligned with one another whilst all
blue MnOs units are ferromagnetically aligned with the opposite spin such
that the red and blue clusters display antiferromagnetic ordering.

In accordance with the Curie-Weiss law, the inverse susceptibility plotted
against temperature is linear above this transition with a paramagnetic moment of
6.34 pg per Mn as reported by Gillie ef al., which is significantly greater than the

expected spin-only value (Mn®* = 4.90 g, Mn*" = 3.87 pg) [* 7. This can most likely
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be attributed to clusters of predominantly ferromagnetic interactions resulting from

the mixed Mn®>"/Mn*" oxidation state.
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Figure 5.7 Zero field cooled magnetic susceptibility of Sr;MnOQj s, recorded using a

field of 0.3T.

5.1.5 Fluorination of Sr;sMn,;Og¢+.

The reduced double-layer manganite SrsMn,Og¢+, was found to crystallize in
the tetragonal space group P4/mbm exhibiting a similar oxygen vacancy
superstructure to that observed for SroMnOs;si, and the lattice parameters
a=10.8686(2) A and ¢ =20.2051(3) A ",

Gillie ! demonstrated that staged fluorine insertion into this material was
entirely feasible, synthesizing /-centred tetragonal Sr3sMn,OgF, phases withx =1, 2, 3
thus attaining a variety of manganese oxidation states. From consideration of the
change in ¢ from the parent oxide, it was concluded that the x = 1 phase was produced

by the filling of all the equatorial oxygen vacancies by fluorine atoms. The x =2
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phase resulted from the random distribution of fluorine anions throughout both
interstitial rocksalt and equatorial sites, whilst the fully fluorinated x = 3 phase arose
from the complete occupation of all these sites. The x =3 phase Sr3Mn,O¢F; is
illustrated in Figure 5.8. The apical Mn-O bond lengths are distorted such that the Mn
cation is situated closer to the interstitial rocksalt sites, which is akin to the shortening
of the Mn-O bonds observed for the staged Ruddlesden-Popper structure
La; »Sr; sMn,O,F 5] Tn this material, electrostatic Mn-F attractions coupled with O-F
repulsions result in an extremely short Mn-O bond length for the apical bond directed
towards the interstitial fluorine sites, and a similar process was discussed to be

responsible for the distortion of the Mn-O bond length in Sr3sMn,O¢F3.

5.1.6 Fluorination of SrMnQO, 5

Lobanov et al. ' recognised that the anion-deficient structure of SrMnO; s
provided an appropriate matrix for low-temperature fluorine insertion reactions and
synthesised the novel oxyfluoride Sr,Mn,Os_,F ., using XeF, as a fluorinating agent.
The starting material SrMnO,s was reported to possess an orthorhombic crystal
structure in the space group Pbam with lattice parameters a=5.5307(4) A,
b=10.7829(8) A and ¢ =3.8145(3) A " Upon fluorination, it was shown that the
fluorine anions fill the equatorial vacancies such that the Mn cations are octahedrally
co-ordinated. The fluorinated phase Sr,Mn,0Os_,F ;. undergoes a tetragonal distortion
of the perovskite structure originating from the apical elongation Jahn-Teller
distortion of the Mn(O,F)s octahedra. There was no evidence for any remaining
superstructure in the fluorinated phase, thus characterisation was carried out in the
space group P4/mmm with the refined lattice parameters reported as a = 3.8069(8) A

and ¢ = 3.989(2) A "%,
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Figure 5.8 Structure of Sr;Mn,O4¢F; with MnOsF octahedra in purple, Mn atoms in
white, O atoms in red (although note there is a statistical distribution of O
and F over the equatorial sites in the MnOsF octahedra), Sr atoms in green,
with interstitial F atoms in yellow.

As both the single and double layer manganites share the same oxygen defect
superstructure, and it has been previously shown that a chimie douce approach to
fluorination has met with success in both SrsMn,Og:, and SrMnQO;s (exhibiting a
similar superstructure) it was postulated that Sr,MnOs; 5., would also be a suitable
candidate for the creation of an ordered array of fluorine anions via low temperature

fluorine insertion.
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5.2 Experimental Procedures
5.2.1 Synthesis of the Starting Material Sr,MnQO3 s+,

The starting material Sr;MnOs 5., was prepared from the solid state reaction of
stoichiometric amounts of SrCO; and Mn,0O; under reducing conditions (6.7 The
sample was sintered at 1350°C under an atmosphere of flowing Ny for 36 hours with
intermediate grinding, then annealed for 12 hours at 550°C under an atmosphere of

ﬂowing 1 O%Hz(g)/ 90%N2(g).

5.2.2 Fluorination via Solid-Gas Reaction

Based on previous studies of the fluorination of SI'3MI]206[7], phases of the
composition SroMnOss..F, were produced by several 2 hour heat treatments of
polycrystalline SroMnOs3 s+, at 200°C in a static atmosphere of 10% F2(g)/90%Ny(g).
Please refer to Section 2.1.2 for diagrams of the solid-gas fluorination apparatus and

in-depth methodology.

5.3  Results and Discussion
5.3.1 Characterization of the Starting Material Sr,MnQOj; 5.
5.3.1.1 Verification of Oxygen Content Prior to Fluorination via TGA
Sro;MnOs 54« was oxidized to form SroMnOy4 by heating to 600°C in pure Oy
at a ramp rate of 5°C min™ then held isothermally for 20 minutes.
Also, thermogravimetric decomposition under 10% Hj)/90%Ny) to form
SrO and MnO was used to verify the oxygen content of the starting material
Sr;MnOs s+
TGA established that the actual composition of the starting material was

S1oMnO3 535
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Figure 5.9 Typical thermogravimetric plot showing the oxidation of Sr,MnQO; s, to

form Sr,MnQ,.

5.3.1.2 Rietveld Refinement Based on XRD Data in the Space Group /4/mmm
The “GSAS” suite of programs " was employed to refine powder X-ray
diffraction data collected on the starting material Sr;MnO;s:,. The space group
adopted for this refinement was /4/mmm, despite the proper symmetry reported by
Gillie et al. being the monoclinic space group P2;/c. The body centred tetragonal
model was deemed appropriate for this refinement, as XRD data are insensitive to the
order of oxygen atoms in such materials. Thus this technique could not reveal the
network of ordered oxygen vacancies within Sr;MnOs s, only that the O(1) equatorial
positions were not fully occupied thus the MnO, planes contained oxygen vacancies.
The expansion in the lattice parameters cf Sr;MnO4 to a=3.8208(5) A and

¢=12.590(3) A is consistent with the reduction from Mn*" to Mn’" as this would
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increase the cationic radii of the manganese and is in agreement with the literature
values 171,

The Rietveld structural refinement generated by “GSAS” calculated both the
model X-ray diffraction pattern and the difference between this and the
experimentally observed data. The corresponding fitting factors for this refinement
were y° = 1.119, Ry, = 8.99% and R, = 6.77%. The refined fractional occupancy of
the O(1) site was 0.80(2), suggesting the composition SroMnOs ), although the
thermal parameters were constrained for the anions in this refinement, and as these
two parameters are highly correlated this composition cannot be relied upon without
other evidence. The tetragonal model was a good fit for this powder X-ray diffraction
data, but it should be borne in mind that in reality the structural arrangement is far
more complex and the lower symmetry monoclinic space group P2;/c is necessary in

order to fully describe the oxygen vacancy superstructure and the magnetic ordering

in this phase, particularly when considering NPD data.

5.3.2 Characterisation of the Fluorinated Phase Sr,MnO3s..F,

An increase in sample mass upon heating in an atmosphere composed of
10%F>4)/90%N>) indicated that low temperature fluorine insertion had met with
some degree of success. Powder X-ray diffraction of samples that had been treated
with fluorine showed peaks shifting to lower angles in accordance with an increase in
the ¢ parameter. Thermal decomposition products after thermogravimetric reduction
were identified by XRD as MnO, SrF, and SrO, the latter rapidly forming

Sr(OH),;H,0O upon exposure to air.
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5.3.2.1 Rietveld Refinement Based on XRD Data in the Space Group I4/mmm

The Rietveld refinement was carried out in the /4/mmm space group, as the
oxygen defect super-cell reflections could not be detected by powder X-ray
diffraction.

Upon fluorination, the @ parameter has essentially remained constant
(a =3.82069(5) A), whilst the ¢ parameter has increased slightly from 12.590(3) A to
12.6309(4) A. The refined fractional occupancy of the equatorial anion position of
0.87(2) suggests the material is not fully fluorinated to form Sr,Mn(O,F)4, and instead
forms a phase of approximately Sr,Mn(O,F)y7s, hence around 50% fluorinated.
However, as the thermal parameter values and fractional occupancy for XRD data are
highly correlated, at this stage and without further supporting evidence, the refined

fractional occupancy can only be regarded as a guide.
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Observed (red +), calculated (green) and difference (pink) profiles of
Sr,MnO;s 5., F, as generated by the Rietveld profile refinement of XRD data
with peak positions indicated by black vertical lines.
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Table 5.1 Refined atom and lattice parameters of Sr,MnO; 5. F, from refinement of
XRD data in the space group /4/mmm.

Atom | Site Symmetry x y z Occupancy Ui, x 100 (A%)
Sr 4o 0 0 035350 1 0.19(6)
Mn 2a 0 0 0 1 0.1(1)

o) 4c 0 05 0 0.87(2) 1.3(5)

02) 4e 0 0 0.1534(9) 1 1.4(3)

Generally, the refinement of XRD data in the space group /4/mmm provided a
reasonable fit, converging with y° = 3.136, however the R, and Ry, values (6.36%
and 9.66% respectively) seemed slightly high.

Two possible models for fluorination were proposed. Should the fluorine
atoms fill the equatorial oxygen vacancies thus forming an ordered fluorine array, the
fluorinated manganite would also display P2;/c symmetry with an ordered fluorine
superstructure. However, if the fluorine atoms adopted apical positions, the vacancy
superstructure would be destroyed and thus the fluorinated material would crystallise
in the /4/mmm space group, effectively Sr,MnO, with the apical O(2) positions
preferentially occupied by F. Ascertaining whether the fluorine adopted apical or
equatorial positions and thus which model for fluorine insertion was reliable would
require utilising several techniques (such as Madelung energy calculations and TEM)

in addition to XRD and NPD, on account of the similar scattering lengths of O and F.
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Figure 5.11 Ilustration to demonstrate fluorine atoms (yellow) occupying the equatorial
oxygen vacancies in the monoclinic bc plane, thus still conforming to P2,/c

symmetry (based upon nominal stoichiometry Sr,Mn(O,F),).
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Figure 5.12 Should fluorine atoms displace oxygen atoms from their apical positions
thus causing the oxygen atoms to fill the equatorial vacancies, then the
fluorinated material would revert to /4/mmm symmetry (based upon nominal

stoichiometry Sr,Mn(O,F),).
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5.3.2.2 Estimation of Fluorine Content Using TGA

As the fluorine content of the sample could not be precisely determined from
the XRD refinement, TGA studies were carried out to establish the sample
composition.

Sr;MnOs 54, F, was fully decomposed upon heating to 1000°C in a flowing
atmosphere of 10%H(,)/90%Ny (). From the change in mass, the original composition
of this particular sample was calculated to be SroMnOs s53(5)Fo 39¢5). This was supported

within error by oxidation studies.
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Figure 5.13 Plot representing the thermogravimetric decomposition of Sr,MnO; 5.,Fy to

form MnO, SrF, and SrO.

5.3.2.3 Bond Valence Sum Calculations
Bond valence sum calculations were carried out to estimate the average Mn
oxidation state for the two different anion distribution models and thus infer whether

the F anions are more likely to be situated in equatorial or apical positions (please
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refer to Appendix 5.1 for detailed calculations). The valence sum calculated for apical
F was V,, =3.71 and that calculated for equatorial F was V., =3.75. Seeing as the
valence sums of the two different models are rather similar, all that can really be
inferred from these values is that they suggest an average composition of
approximately Sr;MnOj 75F( s, a higher O content than expected from TGA studies.
This is probably due to the expression used to calculate these valence sums which did
not take into account vacancies and assumed an overall composition of Sr;Mn(O,F)s.
The composition found experimentally using TGA (Sr:MnOs s35)Fo395)) would

. . 45+
correspond to an average Mn oxidation state of Mn>*’

. Although the valence sum
calculated using apical fluorine (V,, =3.71) was marginally closer to the
experimentally determined Mn oxidation state, as the expression for mixed MM
bond valence sums cannot account for vacancies then this calculation alone cannot be
taken as evidence that inserted fluorine anions adopt apical positions. Furthermore, if
one considers the bond lengths used for these calculations (from the refinement based
upon XRD data: Mn-O(1)eq = 1.91035(3) A, Mn-O(2)ap = 1.938(11) A) it is clear
that the error lies in the second decimal place in the apical Mn-O bond thus it follows
that bond valence sum calculations cannot be used reliably in this case to distinguish

between the two models for fluorine insertion as they are effectively identical when

the error is taken into account.

5.3.2.4 Madelung Energy Calculations

The Madelung energy of a solid related to the electronic charge on its ions is
described by the Coulombic term in the Born-Lande equation. However, this
description does not account for deformations of the ions in the crystalline field. The

Madelung energies shown below were calculated for both apical and equatorial
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fluorine positions using the computer program “MAD” which utilises the Ewald

method '8,

Apical F: EM = -18471.52 kJ mol-1 (2dp)

Equatorial F:  Ep = -18261.07 kJ mol-1 (2dp)

The Madelung energy calculations suggest that fluorine is more likely to

favour the apical sites.

5.3.2.5 Verifying Sample Composition via XRF

Initially, XRF data could only accurately report the Sr:Mn ratio and
overestimated the percentage by mass of oxygen and fluorine. The analysis for this
sample was reworked assuming that the correct ratio of Sr, Mn and O were present
according to the expected formula of the compound, SroMnOssF,. Therefore, the
percent by mass of fluorine was reported as 1.77% which yielded a fluorine content
consistent with a composition of Sr,MnOs sFy >3 and this was in reasonable agreement

with that derived from TGA.

5.3.2.6 Nuclear Refinement Based on Time of Flight NPD Data Collected at 4K
Time of flight (TOF) NPD data were collected using the POLARIS powder
diffractometer at the ISIS spallation neutron source at the Rutherford Appleton
Laboratory. Although the starting material Sr,MnOs 5., was shown to crystallise in the
monoclinic space group P2;/c, because the magnetic peaks and the peaks resulting
from the oxygen defect superstructure are very low intensity, an acceptable fit may

[6,7

also be obtained using the tetragonal space group [4/mmm '®"). Madelung energy

calculations suggested that fluorine anions were likely to favour the apical sites and
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displace the apical oxygen anions into the equatorial vacancies in SroMnOs3 s53(5)F39(5),
hence an initial refinement of the data was carried out in /4/mmm (see Appendix 5.2).
Another refinement was carried out using the same space group but splitting
the anion sites to allow for the presence of interstitial fluorine. A linear interpolation
function was used for the background with 58 parameters including diffractometer
constant, histogram scale factor, lattice parameters, profile parameters and atomic co-
ordinates. It was also necessary to include the absorption/reflectivity correction in the
refinement due to the propensity of Mn nuclei to absorb thermal neutrons. The
isotropic temperature factors for the 3 anion sites were constrained to remain equal.
This provided a significantly better visual fit to the data (see Figure 5.14) and
the refinement statistics (x> = 8.286, Ryp =1.56% and R, =2.50%) were better than
those achieved without splitting the anion sites. The refined lattice parameters were
a=3.81639(13) A and ¢ = 12.6029(7) A. The refined atom parameters are tabulated

in Table 5.2.
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Figure 5.14 Observed (red +), calculated (green) and difference (pink) profiles of

Sr,MnO;s s535)Fo 395) as generated by the Rietveld profile refinement of TOF
NPD data collected at 2K, with peak positions indicated by black vertical
lines.
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Table 5.2 Refined atom parameters of Sr;MnOj sy(s)Foso(s) from refinement of TOF
NPD data collected at 2K in the space group /4/mmm.

Atom | Site Symmetry x y z Occupancy Ui, x 100 (A%)
Sr 4o 0 0 03563(1) 1 0.69 (3)
Mn 2a 0 0 0 1 0.15(5)
o) i 00172) 05 0 0.386(5) 0.64(5)
0Q) 16n 0.039(1) 0  0.1567(2) 0.25 0.64(5)
0Q) 16n 0.443(4) 0 0248(5)  0.031Q2) 0.64(5)

In order to definitively assign monoclinic or tetragonal symmetry to the
fluorinated phase and to elucidate whether some fluorine was being inserted into

interstitial sites, crystallites of S1oMnOs 53(5)Fo 39(5) were examined using TEM.

5.3.2.7 Examination of Sr,MnQOj3 s35)F¢.395) via TEM

Transmission electron microscopy was carried out by Dr Joke Hadermann at
EMAT, Antwerp. This revealed two levels of fluorination within the sample of
SroMnOs 535 Fo395). Some  sections still retained the monoclinic superstructure
(Figure 5.15) and small amounts of fluorine. The pieces containing more fluorine
showed reflections according to the tetragonal sub-cell (i.e. smaller spots at 4 of the
distance between bright spots disappeared), thus had reverted to K,NiF4-type structure
as seen for Sr;MnOs.(Figure 5.16) The higher levels of fluorination resulted in loss of
superstructure and in these sections the ¢ parameter varied between 12.7-13.1 A,
supporting the improvement in fit observed in the TOF NPD data upon the inclusion

of interstitial sites.
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Figure 5.15 Electron diffraction pattern of Sr,MnOs 5..F along the [001]¢ zone.

Figure 5.16 Electron diffraction pattern of Sr,MnOs 5..F along the [001]¢ zone.
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These images suggest that when sufficient fluorine is introduced to this
material, the fluorine atoms displace apical oxygen atoms, which subsequently fill the
equatorial oxygen vacancies.

The observable asymmetry in the 2 most intense peaks in the original XRD
refinement support the conclusion drawn from TEM that two phases were present in
the crystallites studied: a high-fluorine content phase with K,NiF4-type structure and
essentially unfluorinated Sr,MnOss35). As the composition derived from TGA
assumed no presence of starting material, the formula SroMnOj;s35Fo395) 1S

essentially an average between Sr;MnQOj 535y and a higher fluorine content phase that

has lost all vacancy superstructure and may be described as SroMn(O,F)s.
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Figure 5.17 Close-up on the 28 =30°-35° region of the Rietveld profile refinement
showing the 1 0 3 and the 1 1 0 peaks.

Visual inspection of the profile fitting shows the greatest deviation between
observed and calculated values occurs at the two most intense peaks at 20 ~ 31.5°and

20 ~33°(the 1 0 3 and the 1 1 0 peaks), as shown in Figure 5.17.
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5.3.2.8 2-Phase Rietveld Refinement Based on XRD Data

Further to the TEM images showing some crystallites with P2;/c symmetry
and the observed asymmetry in the most intense XRD peaks, it was postulated that
some unfluorinated starting material remained in the sample. Thus a 2-phase Rietveld
refinement of the XRD data was carried out, with phase 1 assumed to be fully
fluorinated Sr,Mn(O,F)s with no equatorial anion vacancies and phase 2 was
designated Sr,MnOs s, with the O(1) occupancy allowed to vary. Both phases were
assigned the space group I4/mmm.

A linear interpolation function was used for the background with 62
parameters including histogram scale factor, phase fraction, lattice parameters, profile
parameters and atomic co-ordinates. The isotropic temperature factors for both phases
were constrained to be equal for the same atom position. It was clear that the
refinement statistics ()(2 =1.447, Ryp=06.56%, R,=4.65%) were significantly
improved by the inclusion of the unfluorinated phase. Upon visual inspection of the
profile refinement plot (Figure 5.18), there is a marked improvement in the agreement
between observed and calculated profiles. The phase fraction of Sr,Mn(O,F)s to
Sr,MnOs; s+, derived from the 2 phase refinement was 1:0.87416.

The refined a parameters for both the fluorinated phase SroMn(O,F)4
(a=3.8210(1) A) and the starting material St;MnOj3 5+, (a = 3.8209(1) A) were very
similar, whilst Sr,Mn(O,F), showed a slight expansion in ¢ (¢ = 12.686(1) A) when
compared to the refined value for St;MnOs s, (¢ = 12.6086(4) A). The refined atom
parameters for the Sr,Mn(O,F)s and Sr;MnOs 5., phases are shown in Table 5.3 and
Table 5.4 respectively. The refined fractional occupancy of the O(1) position for
SroMnOs 5+, of 0.69(3) (Table 5.4) is in reasonable agreement with that reported by

Gillie " of 0.723(6).
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Figure 5.18 Observed (red +), calculated (green) and difference (pink) profiles as

generated by a 2 phase Rietveld profile refinement of XRD data with peak
positions indicated by black vertical lines.
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Table 5.3 Refined atom and lattice parameters of S, Mn(O,F), from refinement of
XRD data in the space group I4/mmm (a = 3.8210(1) &, ¢ = 12.686(1) A).
Atom | Site Symmetry y z Occupancy Uy, x 100 (A%)
Sr 4o 0 0.3558(2) 1.0 0.16(3)
Mn 2a 0 0 1.0 0.04(7)
o) 4e 0.5 0 1.0 0.73)
0Q2) 4e 0 0.155(1) 1.0 0.9(2)
Table 5.4 Refined atom and lattice parameters of Sr;MnOjs,, from refinement of
XRD data in the space group [4/mmm (a = 3.8209(1) A, ¢ = 12.6086(4) A).
Atom Site y z Occupancy  Uj, x 100 (A%)
Symmetry
Sr 4o 0 0352902) 1.0 0.16(4)
Mn 2a 0 0 1.0 0.04(7)
o) 4c 0.5 0 0.69(3) 0.73)
0Q) de 0 0.156(1) 1.0 0.88(17)
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Figure 5.19 Close-up on the 20 =30°-35° region of the 2-phase Rietveld profile
refinement showing the 1 0 3 and the 1 1 0 peaks.

Visual inspection of the 2-phase refinement of the XRD data shows a clear
improvement in fit, which is particularly apparent in the more satisfactory fitting of
the asymmetry in the most intense peaks (1 0 3 and 1 1 O respectively), as shown in
Figure 5.19.

As the inclusion of the starting material in the refinement of XRD data
provided a marked improvement in fit, a 2-phase refinement based upon the TOF
NPD data was also carried out. However, the inclusion of Sr,MnOs; s+, failed to
noticeably enhance the fit (see Appendix 5.3) and the resulting refinement statistics
were similar to those obtained from the single-phase refinement. It was necessary to
apply constraints to this refinement in order to keep the profile parameters for both
phases equal. Relaxing these constraints resulted in an unstable refinement. It was

apparent that the structural similarity of the 2 phases made them very hard to
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differentiate between using TOF NPD, which is possibly due to the resolution of the

TOF NPD technique.

5.3.2.9 Magnetic Measurements

Zero-field cooled and field-cooled DC magnetisation data were collected on
several samples of SroMnOs 5:.F, in an applied field of 3000 Oe (0.3 T) from = 2K to
~320K. The zero-field cooled and field-cooled data (as shown in Figure 5.20)
diverge below =~ 20K, hence Sr,MnOjs+.F, was observed to exhibit spin glass type
behaviour. The plot of inverse susceptibility against temperature, shown in Figure
5.21, was still linear above the transition thus obeying the Curie-Weiss law. The
gradient from this plot was used to calculate a paramagnetic moment of 9.82ug per
Mn. This high figure can most likely be attributed to small clusters of predominantly

ferromagnetic interactions resulting from the mixed Mn**/Mn*" oxidation state.
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Figure 5.20 Plot of zero-field cooled (blue) and field-cooled (green) magnetic
susceptibility (y) against temperature.
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Figure 5.21 Plot of inverse magnetic susceptibility (1/ ) against T.

5.4 Conclusions

Fluorine insertion into SroMnOj 5+F, has been shown to produce both a low
fluorine content phase retaining the monoclinic superstructure and a higher fluorine
content phase reverting to the tetragonal K,NiF,-type structure.

As NPD data showed that the oxygen vacancy superstructure was no longer
present in the bulk phase this supported the hypothesis that fluorine insertion to the
fully stoichiometric composition Sr,Mn(O,F), resulted in a reversion to the K,NiF,4
structure. However, as both the X-ray and neutron scattering lengths for oxygen and
fluorine are very similar, it is hard to contrast between these 2 species using these
techniques. The notion that the inserted fluorine adopted apical positions was
suggested by TEM and Madelung energy calculations. Thus, it appears that fluorine
insertion into this material facilitates an anion rearrangement whereby fluorine atoms
displace apical oxygen atoms, as opposed to simply filling the equatorial oxygen

vacancies present in the starting material.
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The data presented in this chapter were collected on a sample containing
uneven fluorination. Whilst the evidence collated using a variety of techniques
suggests that the inserted fluorine displaces oxygen atoms from their apical positions
thus instigating a return to K,;NiF; symmetry, it would be preferable to repeat the
refinement on a single phase sample in order to obtain more reliable refined
parameters. The sample used in this chapter was quite large, and even with multiple
fluorine treatments contained some areas of lower fluorine content — it is likely the
homogeneity in fluorine content of future samples could be improved by fluorinating
smaller amounts of the starting material. This work could also be expanded to

encompass materials displaying a similar oxygen defect structure.
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Chapter Six

Synthesis and Characterisation of the
Quaternary Nitride-Fluoride

CezMnN3F2_5

6.1 Introduction

Synthesis of the novel nitride-fluoride phase Ce;MnNsF,s was achieved in
collaboration with D. A. Headspith and M. G. Francesconi from The University of
Hull. The synthesis of the starting material Ce;MnN3 was carried out entirely at The
University of Hull, whilst the subsequent low-temperature solid-gas fluorine insertion
reactions were done at The University of Birmingham. All magnetic data were
collected at The University of Birmingham, as was the XRD data that are presented in
this chapter. Both parties conducted aspects of the structural refinements, which were

based on XRD and NPD data.

6.1.1 The T- and T'-Type Structures: La,CuO4 and Nd,CuQ,

The structure of La,CuO4 was first reported and characterised by Longo et al.
using the space group Fmmm with lattice parameters a = 5.363(5) A, b = 5.409(5) A
and ¢ = 13.17(1) A "), This structure is often described as an orthorhombic distortion

of K,NiF,®! with 2 apical Cu-O bonds elongated and 4 equatorial Cu-O bonds
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compressed due to Jahn-Teller effects. The orthorhombic La,CuO4 unit cell is related
to the tetragonal K,NiF, unit cell parameters a;, and ¢, by a = \2a, b = \2a, and
C= ¢

Nd,CuO4 was reported to crystallise in the /4/mmm space group with lattice
parameters ¢ = 3.945 A, and ¢ = 12.171 APl The contraction in c-parameter
compared to La;CuOy, (¢ = 13.17 A) is chiefly due to the absence of apical oxygen
positions in Nd,CuQOys, although the smaller size of the Nd cation is also a contributing
factor. La,CuOs-type structures are often referred to as T structures whereas
Nd,CuOs4-type structures are known as T' structures.

The adoption of the T or the T' structure in A,BO4 materials is closely related
to the size of the A cation as demonstrated by Bringley et al. for the mixed rare earth
systems La, ,RE.CuO4 (RE = Nd-Y) 4 This work reported that a perovskite-like
tolerance factor ¢ could be applied to establish stability limits for the T structure
(0.87 < t< 0.99) and the T' structure (0.83 < ¢< 0.86) with the smaller rare earth
cations (¢ < 0.83) unable to form stable (RE),CuO,4 compounds 4 The La,CuQ4- and

Nd,CuOys-type structures are shown in Figure 6.1 and Figure 6.2, respectively.
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Figure 6.1 The structure of La,CuO, (T-type) with La shown as purple spheres, O as
red spheres, Cu as orange spheres, Cu-O bonds highlighted in orange and
CuOg octahedra shaded in grey.

o°° o°°
° °

g

Q Q Q

e

Figure 6.2 The structure of Nd,CuO, (T’-type) with Nd shown as purple spheres, O as
red spheres, Cu as orange spheres, Cu-O bonds highlighted in orange and
CuQ, square planar units shaded in grey.
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6.1.2. The Structure of Sr,CuO;

The synthesis of the ternary cuprate Sr,CuO; and subsequent determination of
its structure by investigation of single crystal X-ray data was first described by Teske
and Miiller-Buschbaum in 1969 °!. Tt was reported to crystallize with orthorhombic
symmetry in the space group Immm with the lattice parameters a=12.68 A,
b=3.91A and c=3.48 A, with the synthesis and characterisation of an isostructural
Ca analogue, Ca,CuOs!® reported shortly afterwards. In a later powder neutron
diffraction study of the structures of some ternary copper (II) oxides by Weller and
Lines "), the lattice parameters of Sr,CuO; were determined with higher accuracy and
were given as a = 12.7163(2) A, 5 =3.9159(1) A and ¢ =3.5032(1) A.

Sr,CuO; is fundamentally composed of isolated linear chains formed from
square planar CuO4 polyhedra that are exclusively corner-linked. This linear
arrangement of corner-linked CuO4 units gives rise to infinite 1-dimensional

[CuO;]}~ chains. A framework of trigonal prisms consisting of neighbouring o*

surrounding Sr*” holds these linear chains of CuO, units together >*1. The full

crystallographic structure of Sr,CuQs is shown in Figure 6.3.
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Figure 6.3 The crystallographic structure of Sr,CuQOj;. The green spheres represent Sr
cations. The orange spheres represent Cu cations, the red spheres represent
O anions and the CuOy square planar units are highlighted in blue.

6.1.3 Fluorine Insertion to form Superconducting Sr,CuQO,F;.;5

The low-temperature reaction of Sr,CuOs; with gaseous fluorine by Al
Mamouri et al. produced the first known superconducting oxide-fluoride phase
Sr,CuOsF,15 crystallising in the space group Fmmm with lattice parameters
a=75394(1) A, b=5.513(1) A and ¢ = 13.468(3) A V!,

The structure of Sr,CuOs is essentially an oxygen deficient La,CuOs-type
structure where the oxygen defects in the equatorial plane leave chains of corner-
linked square planar CuQy, as opposed to CuQOg octahedra. Upon the fluorination of

La,CuOy4 to form La,CuOuFs, the F ions are simply incorporated into interstitial sites

172



Chapter Six

and function as electronic dopants by inducing hole states in the CuO, planes already
present in the La,CuOj4 structure whereas Sr,CuO,F,.s is formed by the F anions
preference for apical sites instigating a significant structural rearrangement (rather
than merely acting as an electronic dopant) by which oxygen migrates to the
equatorial sites thus adopting La,CuOs-type structure [10. 1]

Fluorine insertion into Sr,CuO; involves three concurrent processes: direct
substitution of F~ for O, interstitial F~ insertion and most notably a structural
rearrangement to form the superconducting phase Sr;CuO,F»:5. As F™ ions have a
preference for apical sites, they displace the O* ions from the apical sites that they
occupy in Sr,CuOs to the equatorial sites in the fluorinated phase. This substitution of
F~ into the apical sites once occupied by the O ions results in Sr;CuO,F.5 containing
planes as opposed to 1-dimensional chains of CuOy. In addition to this, F~ ions are
also incorporated into interstitial sites, depending on the extent of the fluorination %],
The dopant effect of insertion of fluorine into Sr,CuO; causes partial oxidation of
Cu”" cations to create a mixed Cu®"/Cu’" oxidation state in 2-dimensional planes of

CuO4 polyhedra thus providing the electronic and structural prerequisites for

superconductivity.
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Figure 6.4 The crystallographic structure of Sr,CuO,F,.5. The green spheres represent
Sr cations, orange spheres represent Cu cations, red spheres represent O
anions, yellow spheres represent F anions (smaller spheres denote interstitial
F) and the Cu(O,F)s octahedra are highlighted in blue.

The superconducting properties of the Sr,CuO,F,:s phase can be tuned by
controlling levels of fluorine insertion (and hence Cu oxidation state) and have also
been shown to be further enhanced by doping to form Sr, ,A,CuO,F,s where A= Ca,
Ba [13151

Other ternary oxides isostructural with Sr,CuOs; such as the Ca analogue
Ca,Cu0O; and Ba,,Sr,PdO; (0 <x < 1) have also been shown to be amenable to low

(16, 17]

temperature fluorine insertion reactions . However, in the fluorinated phases

Ca,CuO,F,+5 and Ba, ,Sr,PdO,F; (0 < x < 1.5), the Cu and Pd cations retain square
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planar coordination hence adopting a Nd,CuO4 (T'-type) structure instead of the
predicted La,CuOy4 (T-type) structure.

In Ca,CuO;yFy5, unlike Sr,CuO,F,.5, the apical oxygen anions are again
displaced to fill the equatorial positions, but the F~ anions are preferentially located at
sites between the Ca bilayers characteristic of the Nd>CuOys-type structure with some
interstitial F~ anions also occupying apical positions. Likewise, for Ba,.,Sr,PdO,F,
(0< x < 1.5), it was reported that the F™ anions are located within the Ba/Sr layers
with the T' structure which is also consistent with the preference of Pd*" cations for
square planar coordination.

Al-Mamouri et al. carried out a structural refinement of Ca,CuQO,F,.5 based on
NPD data in the space group /4/mmm using the Nd,CuO4 (T'-type) structure as a
model, and reported the following lattice parameters: a=3.850(1) A and
c=11.842(3) A "%,

The assignment of the T-type structure to Sr,CuO,F»is and the T'-type
structure for Ca,CuO,F»;5 is further supported by consideration of the ¢ parameter in
both cases before and after fluorination. The fluorination of Sr,CuO; (¢ = 12.716A [7])
to produce Sr,CuOsF,5 (¢ =13.468 A [9]) shows a clear expansion in c-parameter,
whereas the fluorination of the Ca analogue Ca,CuQO; (c=12.234 A[6]) to give
CayCuOsF,45 (c=11.842 A [16]) clearly shows a contraction in the c-parameter

consistent with a T'-type structure.

6.1.4 Ce;MnNj;: A Nitride Analogue of Sr,CuO3
A variety of anion insertion reactions have been demonstrated in other ternary
oxides with La,CuQy related structures and such reactions are a common approach to

inducing or improving useful properties of the starting material such as
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superconductivity. Few studies to date have focused on using anion insertion to tune
the structural and electronic properties of ternary nitrides, although some single
crystal nitride-chlorides have been synthesised such as K,OsNCls ™)
LiBas[Mo,N;]BaCl, %!, Bas[WN,]ClL, %, Ba,sNbsN,4Clyg 2!, and BasTasNgCl 2.

It is known that a handful of ternary nitrides are isostructural with Sr,CuOs3
and may be similarly amenable to fluorine insertion reactions. Benz and Zachariason
synthesised ThyCrNs;, Th,MnNj, U,CrN3; and U,MnN;3 and found this family of
materials to adopt an anion-deficient orthorhombic La,CuO4 related structure
analogous to Sr,CuOs [**!. These materials were produced from the solid state reaction
in 1 atm Ny of the actinide mononitride (ThN or UN) with the transition metal (Cr
or Mn). However, due to the intrinsic radioactivity of thorium and uranium, these
materials were deemed unsuitable for fluorination studies. It was shown by Niewa et
al. that cerium could be used in lieu of uranium to prepare Ce,CrN3 and Ce,MnNj3;
which were shown to be 1sostructural with U,CrN3; and U,MnNj3 (24,

The structure of Ce,MnN3 is therefore structurally related to Sr,CuQOs, with Sr
and Cu replaced by Ce and Mn respectively. Similarly to Sr,CuOs, the structure of
Ce,MnN3 is made up of infinite chains of corner-linked MnNy4 units and was also
assigned the space group Immm ¥, although the square planar geometry is slightly
distorted as the bond length between Mn and bridging N atoms is shorter than the
bond length between Mn and terminal N atoms.

In order to fully understand the electronic effects of fluorine insertion into
Ce,MnN3, it is first necessary to clarify the oxidation states of Ce and Mn in this
material. Assuming a formal charge of N* for the anion, several permutations exist
for the cation oxidation states, the most plausible of which are (Celv)zMnINg,

(Cem)zMnHIN3 and Ce™Ce™VMn"N;. The effective magnetic moment was reported by
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Niewa et al. to be pegr=0.53 pg. The magnetic moment calculated for Ce*™ (f') is
Her = 2.54 g whilst Mn®" (d*) has perr=4.90 (high spin, tag'eg') or perr=2.83 (low
spin, t2g4), hence (Ce™),Mn"'N3 does not fit the experimental data. The assignment
Ce"Ce™Mn''N; is also unlikely as although Ce*" has an f° configuration (pgr = 0),
Mn®" (d) has pegr=5.92 (high spin, t2g3eg2) or Uefr = 1.73 (low spin, tzgs). From this
data it was deduced that the oxidation states (Ce"),Mn'N3 seemed most feasible, with
ce' (£, terr = 0) and Mn" (d°) in a low spin configuration (t2g6, Lefr = 0) and the small
experimentally observed magnetic moment was thought to be due to an impurity %,
The assignment of Ce*" and low spin Mn" has also been supported by X-ray
Absorption spectroscopy and computer modelling via the Linear Muffin-Tin Orbital
method 24,

As the structure-type of Ce,MnNj3 has previously been shown to be highly
amenable to low-temperature solid-gas fluorine insertion reactions, it was postulated
that a similar approach could be utilised to control the Mn oxidation state. Assuming
that the oxidation states of Ce and N remain invariable upon fluorination, it could be
possible to oxidise Mn to prepare (Celv)zMn”N3F, (Celv)zMnmN3F2, (Celv)zMnIVNgFg

or to induce a mixed Mn oxidation state depending on the extent of fluorine insertion.

6.2 Experimental Procedures
6.2.1 Synthesis of Ce;MnN3

The starting material Ce;MnN3; was prepared via high temperature solid state
reaction by D. A. Headspith and M. G. Francesconi at The University of Hull. A
stoichiometric mixture of Ce and Mn metal powders (Aldrich, 99.99%) were reacted
in a niobium crucible inside the quartz tube of an upright tube furnace under nitrogen

gas, which was passed through Varian gas clean filters in order to remove any traces
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of oxygen and moisture. Once the reaction vessel was in place, the system was
flushed with nitrogen for 30 minutes before heating to the reaction temperature of
900°C. The polycrystalline mixture was held at 900°C for 36 hours, then ground and
reacted under the same conditions until a homogenous sample was achieved.
Although Ce;MnNj is stable in air, where possible the sample was stored and handled

within an argon filled glove box (O, < 0.1 ppm, HO < 0.1 ppm).

6.2.2 Synthesis of Ce;MnN;F, 5

Finding the optimum conditions for the fluorination of Ce,MnNj3 proved to be
a rather difficult process, as this nitride was highly responsive to the presence of Fyy),
rapidly forming CeF; and MnF, upon the smallest change in reaction temperature or
duration. Both the pulse method (as described in Section 2.1.2(a)) and reaction with
static fluorine (as described in Section 2.1.2(b)) were investigated over a range of
conditions, the former synthesis route meeting with the most success.

Solid-gas reactions of CeoMnN3 with 10%F)/90%N,) using the pulse
method typically used < 0.1 g Ce;MnN3, in a nickel boat. For diagrams of the solid-
gas fluorination apparatus please see Figure 2.1 and Figure 2.2. The sample was
placed in the nickel reaction tube, which was subsequently sealed, before the system
was flushed with dry nitrogen for 30 minutes. The temperature of the tube furnace
was raised to the desired reaction temperature under nitrogen, then once the
temperature was stable the gas was switched to the 10%F;()/90%Ny () mixture. The
solid-gas reaction was carried out for the desired amount of time, after which the gas
flow was switched back to dry nitrogen. The temperature of the tube furnace was
allowed to cool to room temperature after the last of the 10%F>)/90%N;(,) mixture

had passed through the system.
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The initial synthetic strategy was to use the same conditions as had been
reported for the fluorination of SroCuO; (15 minute reaction with 10%F5(4)/90%N2 )
at 230°C). It transpired that such conditions were far too harsh for Ce;MnNj3, resulting
in the formation of an amorphous phase. Numerous experiments were carried out
varying the duration of reaction from 10-30 minutes in the temperature range
40-230°C and it was found that it was only possible to produce the fluorinated phase
within a small range of reaction conditions.

Significant amounts of the fluorinated phase Ce,MnN;3F, s were produced
during reactions carried out in the temperature range 90-115°C with
10%F»(4)//90%N>g) pulses lasting for 15 minutes. However, in all samples produced,
some unfluorinated starting material remained. Such temperatures are low, even for
low-temperature fluorination reactions, hence starting material impurities were not
unexpected.

Fluorination for periods of time in excess of 15 minutes increased the amount
of amorphous material in the samples and showed no improvement in the quantity of
Ce,MnN;Fo 5 produced. Annealing in Ny, between 150-250°C caused the sample to
decompose with the primary product being CeFs. In the course of this study, the
solid-gas reaction conditions used to maximise yield of the target phase Ce;MnN;3F,.5
whilst avoiding formation of the amorphous phase, CeF; and MnF, were a 15 minute
pulse of 10%F2/90%N,,) at 95°C. Unfortunately, despite the investigation of a
sizeable range of reaction conditions, the synthesis of a pure fluorinated phase
Ce,MnN3F, 5 has yet to be achieved, thus it should be borne in mind that all results
discussed contain a significant amount of Ce;MnN3; in the sample and all refinements

are 2-phase in order to account for the presence of unfluorinated Ce;MnNj3.
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Figure 6.5 Stacked XRD plots showing the starting material Ce,MnNj; (black trace), a
typical result with approximately '5 Ce,MnN;3F,; and % unfluorinated
Ce,MnNj (red trace) and a sample with approximately Y2 Ce,MnN;F,_ 5 and
Y5 unfluorinated Ce,MnNj; (blue trace).

180



Chapter Six

Table 6.1 A selection of fluorination conditions explored for Ce;MnNj.

Temperature Duration Conditions Observations
210°C 15 minutes Flowing 10%F;(g/90%N,( Mostly CeF,4
180°C 15 minutes Flowing 10%F;(5,/90%N,( Mostly CeF,4
100°C 15 minutes Flowing 10%F;(5/90%N,(g) Mostly CeF,
100°C 10 minutes Static 10%F5(5)/90%Nx g Mostly Ce,MnN3, MnF,
40°C 10 minutes Static 10%F;(g)/90%N; ) * Ce,MnN;
70°C 20 minutes Flowing 10%F,(5/90%N, ) T Mostly Ce,MnN3;, MnF,
80°C 30 minutes, 20 minutes Flowing 10%F;(4/90%Ny(), Ce,MnN;

Static 10%F;(5/90%N;(g)
90°C 30 minutes, 60 minutes Flowing 10%F(4/90%Ny(), Ce,MnN;, CeF; after
Static 10%F;(5)/90%Ny) & annealing
95°C 60 minutes Static 10%F;(5/90%N; (g Ce,MnN3, CeoMnNsF, 5
95°C 300 minutes Static 10%F;(g/90%Nx (g Ce,MnN;, CeoMnN;F,. s,
amorphous material
100°C 120 minutes Static 10%F;(5/90%N;(g) Ceo,MnN;, CepMnNsF, g,
amorphous material
95°C 15 minutes Flowing 10%F35/90%N, (g Ce,MnN3, CeoMnNsF, 5
97°C 15 minutes Flowing 10%F35/90%N, (g Ce,MnN3, CeoMnNsF, 5

* annealed in Ar(g) for 300 minutes at 100°C
+ annealed in Ar(g) for 300 minutes at 150°C
1 annealed in Ny(g) for 300 minutes at 200°C

Table 6.1 gives an insight into the breadth of reaction conditions that

CeoMnN; was subjected to, using both static and flowing 10%F(5)/90%N;). Even

using the optimised fluorination conditions (15 minute pulses of 10%F(5/90%N,() in

the temperature range 95-115°C), the phase composition of the products still varied

between

approximately

Vs CeoMnNsFo s - %5 CeoMnN3 and

Y2 Cep;MnNsFo 5 1 /2 CeoMnN;, a phenomenon most likely attributable to minute

differences in the flow rate of 10%F(5/90%Nx ).
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6.3 Results and Discussion

The results described in the following section were obtained from a full
collaboration involving The University of Birmingham and The University of Hull.
Powder XRD data were collected at The University of Birmingham, with refinements
based on these XRD data performed independently both at The University of
Birmingham and The University of Hull. NPD data were collected jointly at the
Institut Laue-Langevin and these data were used by The University of Hull to
determine the important structure type. Consideration of magnetic results obtained by
the author showed that the composition implied by the structure was, however, not
compatible with susceptibility data, and a further NPD refinement that focused on the

anion site occupancies was performed.

6.3.1 Preliminary Refinement Based on XRD Data Using K,;NiF4 Model

Examination of the fluorinated samples via XRD showed the presence of 2
phases. One set of peaks was clearly due to residual Ce;MnNj3 in the sample, whereas
the other set of peaks could not be identified using the JCPDS database of known
XRD patterns *". Thus, this set of peaks was attributed to a hitherto unknown
compound and were indexed on a tetragonal unit cell, using the computer program
INDEX *®!. It was postulated that this tetragonal phase was a novel quaternary
nitride-fluoride Ce;Mn(N,F), with a K,NiF, related structure, since the ¢ parameter
increased by = 5% compared with Ce;MnN3.

A preliminary structure refinement using XRD data was carried out using the
GSAS suite of programs *! with K,NiF, as a model for the fluorinated phase. As the
X-ray scattering lengths of N and F are very similar, XRD data could not yield any

accurate information about N/F distribution or stoichiometry, hence the structural
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refinement of XRD data was based on a stoichiometry Ce,Mn(N,F)s with all anions

modelled as O. The refined atom parameters are shown in 7able 6.2.

Table 6.2 Table of atomic parameters from the refinement of Ce,Mn(N,F), XRD data
in the space group /4/mmm modelled on the K,NiF, structure. Thermal
parameters were set at zero for this refinement due to uncertainty in the
absorption correction.

Atom Site Symmetry X y b4 Occupancy
Ce 4e 0 0 0.3630(4) 1
Mn 4e 0 0 0.0323(12) 0.5
N/F(eq) 4c 0.5 0 0 1
N/F(ap) 4e 0 0 0.1516(30) 1

The background was subtracted for the profile refinement plot shown in
Figure 6.6 as it was rather uneven due to some unknown amorphous material. Please
refer to Appendix 6.1 for the profile refinement plot without the background
subtraction. Although the isotropic thermal parameters were constrained to be equal
for all atoms, the value refined to a slightly negative value; hence, Uiy, was fixed at
zero for this preliminary refinement. Transmission XRD data is quite sensitive to
uncertainty in the correction for sample absorption, which in this case seemed to be

reflected in the tendency towards negative thermal parameters.
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Observed (red +), calculated (green) and difference (pink) profiles of
Ce,Mn(N,F), as generated by the Rietveld profile refinement of XRD data
using a K,NiF, model. Red vertical lines highlight the positions of the
Ce,Mn(N,F), diffraction peaks whilst black vertical lines correspond to
residual Ce,MnNj5.
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This preliminary refinement converged with y*=1.969, R, =3.12% and
Ruwp=4.15%, and confirmed that the fluorinated phase does indeed adopt a
K,NiF,-related tetragonal structure with refined lattice parameters a = 3.8516(5) A
and ¢ = 13.0501(25) A, showing an increase in the ¢ parameter relative to Ce;MnN;
(c=12.4601 A). Comparing the atom parameters with those of K,NiF, ! it is
apparent that the refined Mn position is slightly displaced from the ideal (0, 0, 0) site,
suggesting that the Mn ions are situated in an asymmetrical environment. This would
be consistent with fluorine insertion occurring in alternate layers within the structure
as observed in the isostructural staged materials LaSrMnO4F B39 and Sr,TiO5F, (31]
whilst the Mn is situated in an asymmetrical octahedral co-ordination environment

containing both N and F.

6.3.2 Refinement Based on XRD Data Using Staged LaSrMnO4F Model

The refinement of XRD data using K,;NiF, as a structural model gave a
reasonable fit to the experimental data, although it was apparent that the assignment
of a model allowing for staged fluorine insertion would better describe the actual
structure of the fluorinated phase. Hence this refinement was modelled on the
structure previously observed in the staged materials LaStMnO4F and Sr,TiO;F,,
whereby fluorine insertion occurs in interstitial sites in alternate rocksalt layers. All
anions were modelled as O for this refinement due to the limitations of XRD data
with respect to distinguishing between N and F. The interstitial site is labelled (int),
(eq) denotes the equatorial sites in the Mn(N,F)s octahedra, (ap1l) describes the apical
site directed towards the interstitial site and (ap2) the apical site facing away from the
interstitial site. Again, the background was subtracted from the profile refinement plot

and thermal parameters were constrained to zero.
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Visually, this model could be seen to produce a better fit to the experimental

data (as shown in Figure 6.7), which is reflected in the improved refinement statistics:

¥ =1.773, R,=3.04% and Ry, =3.94%. The refined lattice parameters were

a=3.8496(5) A and ¢ = 13.042(3) A and atomic parameters are shown in Table 6.3.

Table 6.3 Table of atomic parameters from the refinement of Ce;Mn(N,F); XRD data
in the space group P4/nmm modelled on the LaSrMnO,F structure.

Atom Site Symmetry X y z Occupancy
Ce(1) 2c 0.75 0.75 0.123(1) 1
Ce(2) 2c 0.75 0.75 0.3893(8) 1
Mn 2c 0.25 0.25 0.282(2) 1
N/F (eq) 4f 0.25 0.75 0.25(1) 1
N/F (apl) 2c 0.25 0.25 0.12(1) 1
N/F (ap2) 2c 0.25 0.25 0.409(7) 1
N/F (int) 2a 0.25 0.75 0 1
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Observed (red +), calculated (green) and difference (pink) profiles of
Ce,Mn(N,F), as generated by the Rietveld profile refinement of XRD data
using a LaSrMnO4F. Red vertical lines highlight the positions of the
Ce,Mn(N,F), diffraction peaks whilst black vertical lines correspond to
residual Ce,MnNj;
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6.3.3 Nuclear Refinement Based on NPD Data Using Staged LaSrMnO4F
Model

NPD data were collected in a joint experiment at the Institut Laue-Langevin,
Grenoble, in order to confirm the findings from the refinements of XRD data that the
fluorinated phase adopts a staged LaSrMnO4F-type structure, and to study the anion
distribution within this material. The University of Hull conducted a full examination
of all possible structural models including that involving staged insertion and
concluded that the staged model was the preferred choice. In this model, all allowed
anion sites were fully occupied, corresponding with a composition Ce;MnN;3F,, a
Mn(IIT) phase, and each Mn was coordinated by five N atoms (four equatorial and one
apical) and one apical F atom.

Magnetic susceptibility data on the two-phase mixture, collected and analysed
by the author, was incompatible with a pure Mn(Ill) phase (Ce,MnNsF;), and
suggested a mixed Mn(II)/Mn(IIl) material, as discussed in detail in Section 6.3.4.
The author therefore re-examined the NPD data using the results from The University
of Hull, but focused on the anion site occupancies. The refinement converged with
i« =1.370, R, = 1.43%, Ry, =1.80% and confirmed that the interstitial F site was
probably only partially occupied, with the refinement suggesting a site occupancy of
0.83(4). The visual fit of the calculated profiles with the experimental data (as shown
in Figure 6.8) is very good, supporting the structural model. The refined atom

parameters are tabulated in 7able 6.4 and selected bond lengths in Table 6.5.
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Table 6.4 Table of atomic parameters from the refinement of Ce,Mn(N,F), NPD data

in the space group P4/nmm modelled on the LaSrMnO,F structure.

Atom Site Symmetry X y Z Uiso X 100 (Az) Occupancy
Ce(1) 2c 0.75  0.75 0.128(2) 0.2(3) 1
Ce(2) 2c 0.75  0.75 0.391(2) 0.2(3) 1
Mn 2c 0.25 0.25 0.284(2) 0.2(3) 1
N() 4f 0.25 0.75 0.272(1) 4.4(3) 1
N@2) 2c 0.25 0.25 0.422(2) 4.4(3) 1
F(1) 2c 0.25 0.25 0.118(2) 4.4(3) 1
F(2) 2a 0.25 0.75 0 4.4(3) 0.83(4)
Table 6.5 Selected bond lengths from the refinement of Ce,Mn(N,F), NPD data in the

space group P4/nmm modelled on the LaSrMnO4F structure.

Bond Length in A
Mn-N(1) eq [x 4] 1.934(2)
Mn-F(1) apl 2.18(4)
Mn-N(2) ap2 1.80(4)
F(1) ap1-F(2) int 2.47(2)
Ce(1)-F(2) int [x 4] 2.55(1)
Ce(1)-F(1) apl [x 4] 2.728(2)
Ce(2)-N(2) ap2 [x 4] 2.754(5)
Ce(2)-N(2) ap2 2.44(3)
Ce(2)-N(1) [x 4] 2.48(2)
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These data suggest that the interstitial F(2) site is = 83% occupied, however it
should be noted that the site fractional occupancy is closely correlated with the
isotropic temperature factor, thus cannot be relied upon for an accurate estimate of
overall stoichiometry in this case. The large refined value of Ui, (= 4.4 x 100 A?) is
suggestive of some degree of disorder within the material such as the aforementioned
partial occupancy of the F(2) site, a small degree of N/F substitution, mixed Mn
valency or a combination of such factors.

Although the exact fluorine content cannot be accurately derived from
refinement of the NPD data alone, it is likely that the interstitial F(2) site is partially

occupied thus implying a generic stoichiometry of Ce;MnN3F,..
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Figure 6.8 Observed (red +), calculated (green) and difference (pink) profiles of

Ce,Mn(N,F), as generated by the Rietveld profile refinement of NPD data
using a LaSrMnO4F model. Red vertical lines highlight the positions of the
Ce,Mn(N,F), diffraction peaks whilst black vertical lines correspond to
residual Ce,MnNj;
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As has been previously mentioned, due to the synthetic difficulties

encountered during the fluorination stage, it was not possible to synthesise a pure

sample of Ce,MnN;3F,;s. From the NPD data, the refined phase fraction of

Ce,MnN3F; s and Ce,MnNj; corresponded to the sample containing 49.4(9) mol % of

starting material. It is important that the fit of the calculated and observed NPD

profiles for the unfluorinated Ce;MnNj are taken into consideration and a comparison

with known literature values are made in order to support the assignment of the staged

LaStMnO4F model to the fluorinated phase. The refined atomic parameters for

Ce,MnNj refined in the space group Immm are tabulated in Table 6.6; demonstrating

that the values obtained for Uiy, are sensible and the refined atomic parameters concur

with those expected for this phase.

Table 6.6

Table of atomic parameters from the refinement of residual Ce;MnNj in the
2-phase refinement of Ce,Mn(N,F),; NPD data in the space group /nmm. The
structural refinement parameters reported by Niewa ef al. **! are included in
italics for facile comparison.

Atom | Site Symmetry x y 4 Occupancy Uiso x 100 (3%
Ce 4 0 0 0.3537(3) 1 0.1(1)
Mn 2a 0 0 0 1 0.4(2)

N() 2b 0 05 0.5 1 0.5(1)
N(Q2) 4 0 0 0.1640(2) 1 1.4(1)
Ce 4i 0 0 0.35332(9) 1 2.4
Mn 2a 0 0 0 1 2.7

N(1) 2b 0 05 0.5 1 2.1

NQ2) 4i 0 0 0.1638(2) 1 1.9
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The refined lattice parameters for Ce,MnN3; were a=3.7534(2) A,
b=3.4459(2) A and c=12.4740(7) A, which were in good agreement with those
initially reported by Niewa et al. (a = 3.74994(6) A, b = 3.44450(6) A and
c=12.4601(2) A) (241 This agreement of the structural data with literature values for
Ce,MnN3 combined with the excellent visual fit of the 2-phase Rietveld refinement
lends confidence to the assignment of the staged LaSrMnO4F model for the structure
of Ce;MnN;Fos.

Madelung energy calculations were carried out at The University of Hull on
various anion stoichiometries and distributions permitted within the staged
LaSrMnO4F model to investigate which would be more feasible. This information
was provided by The University of Hull, and the calculations were repeated using the
composition Ce;MnN3F, and the final refined atomic positions shown in 7able 6.4. A
model unit cell of Ce;Mn(N,F)s with the LaSrMnO4F structure is shown in Figure
6.9. The Ce and Mn positions are denoted by purple and black spheres respectively.
The four anion sites are each assigned different colours: the interstitial sites (int) are
shown in yellow, equatorial sites (eq) blue, the apical site facing the interstitial site

(apl) is represented by red spheres and the other apical site (ap2) by green spheres.

193



Chapter Six

Figure 6.9 The model unit cell of Ce;Mn(N,F), with the LaSrMnO,4F structure used for
Madelung energy calculations. Mn sites are shown in black, whilst the anion
sites are denoted interstitial (yellow), equatorial (blue), apical 1 (red) and
apical 2 (green).

Models 1-4, described in Table 6.7, investigated the anion distribution within
the stoichiometry Ce,Mn"'N;F,. Models 1, 2 and 3 assumed the equatorial sites to be
occupied solely by N°~ and the interstitial sites by F, the only difference being the
distribution of N> and F~ over the apical sites. Model 1 placed F~ in the apl position
and N> in ap2, model 2 placed N*~ in the apl position and F~ in ap2 and model 3
assumed N>~ and F~ were disordered over the apical sites. Model 4 on the other hand
placed F~ in the equatorial sites with N>~ adopting the interstitial and both apical sites.
The Madelung energies shown in 7able 6.7 were calculated using the computer

program “MAD” which utilises the Ewald method "2,
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Table 6.7 Table of Madelung energies calculated for possible anion distribution
models in Ce;Mn(N,F),.
Model Equatorial  Apical Apical Interstitial  Madelung Energy

Site Site 1 Site 2 Site (kJ mol'l)
1. Ce;Mn'"'N;F, N> F N> F -34862.99
2. Ce;Mn""'NsF, N> N> F F -30186.73
3. Ce;Mn""'NsF, N> N/ F N*/F F -33425.96
4. Ce;Mn""'NsF, F N> N> N> -23544.57

The Madelung energy calculations confirmed the results obtained from The
University of Hull using the stoichiometric anion formulation: model 1 is the most
stable with N occupying all the equatorial sites and the apical 2 position, whilst F is
inserted in a staged fashion into interstitial sites in alternate rocksalt layers. The
apical 1 F sites are adjacent to the layers containing these interstitial sites.

The Madelung energy calculations support the chemically logical hypothesis
that if interstitial fluorine anions are inserted into alternate interstitial layers, then the
apical N in the MnNsF octahedra will point away from the extra electron density,
leaving the apical F facing the interstitial F.

The structure of the fluorinated phase is comprised of corner-linked MnNsF
octahedra stacked along the ¢ axis with F~ inserted in a staged fashion into interstitial
sites situated in alternate layers with rocksalt structure. Upon comparison of the
starting material Ce,MnN; with Ce;MnNsF, s (see Figure 6.10 and Figure 6.11) it is
evident that several notable structural rearrangements occur upon fluorination. In
Ce,MnN3, the Ce is situated on a single site forming a trigonal prism with

neighbouring N atoms, the triangular faces of which link together the isolated 1-
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dimensional chains of distorted square planar MnN4 units. Upon the insertion of
fluorine, the Ce adopts two distinct crystallographic sites. Ce(1) is adjacent to the
interstitial fluorine position F(2) and co-ordinated to 8 N anions at the base of a
rectangular anti-prism, whilst Ce(2) is closest to the vacant interstitial position and is

co-ordinated to 9 anions in a similar arrangement to K in K,NiF4.

Figure 6.10 The structure of Ce,MnNj; with Ce shown in purple, Mn in white, N in blue
and Mn-N square planar units highlighted in red.
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Figure 6.11 The structure of Ce;MnN;F, s with Ce shown in purple, Mn in white, N in
blue, F in yellow and MnN;F octahedra highlighted in red

6.3.4 Magnetic Characterisation of Ce;MnN;F;_;

Neutron powder diffraction data collected at room temperature contained no
magnetic peaks, indicating the absence of magnetic ordering. In order to examine the
magnetic susceptibility of Ce,MnNsF,s, zero-field cooled and field-cooled DC
magnetisation data were collected in an applied field of 3000 Oe (0.3 T) between
~ 2K and = 273K. From the refinement of NPD data this sample was known to be
comprised of an approximately 1:1 ratio of unreacted Ce,;MnNj and the fluorinated
phase Ce;MnNsF, 5, thus magnetic data was also collected on the starting material.
Niewa et al. reported Ce,MnNj; to be a Pauli paramagnet, displaying a Curie tail that

was attributed to impurities or defects; these observations were echoed in the data
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collected. This data gave an effective paramagnetic moment of 0.62(1) ug per Mn,

which was in good agreement with the figure of 0.53 pug per Mn reported

previously 4.

The magnetic data collected on the mixed phase were fitted using Equation
6.1, which is the sum of the Curie-Weiss equation with a temperature independent

component and the fitted function is shown in Figure 6.12.

. . C
X=%Xo -9

(Equation 6.1)
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Figure 6.12 Magnetic susceptibility (y) against temperature with a fit line (shown in red)
based on the Curie-Weiss equation with a temperature independent
component.
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The fitted function assigned the following values to the 3 unknowns in the
equation: 3o = 0.0023(1) emu mol”, C = 1.83(1) emu K mol" and 6 = -6.1(1) K and
yielded the composite moment for the mixed phase material of per = 3.82(2) ug per
Mn. From this, the effective magnetic moment solely ascribed to Ce;MnNsF,_s, was
calculated to be pesr = 5.38(3) up per Mn.

This value falls between that expected for Mn** (4.9 pp) and Mn* (5.9 ug) in
an octahedral co-ordination thus implying a mixed Mn®"/Mn’" valency. The presence
of mixed valence Mn would be consistent with a slightly fluorine deficient phase as

suggested by the refinement of NPD data.

6.4  Conclusions

It has been demonstrated that fluorination of the ternary nitride Ce,MnNj3 via
low-temperature solid-gas reaction although not facile, is entirely feasible. The
fluorination of ternary oxides is nowadays an extensively researched and well-
documented field; this study has shown that ternary nitrides can also undergo such
reactions to form nitride-fluorides.

The novel nitride-fluoride material Ce,MnN;3F,5 has been synthesised and
characterised, revealing a unique mechanism of fluorine insertion including a
structural rearrangement from the starting material. The two fluorine anions
simultaneously expand the co-ordination of manganese from four to six and occupy
interstitial sites in alternate layers, adopting a LaSrMnO4F-type staged structure.

Neutron powder diffraction data was indicative of a slight fluorine deficiency
with the occupation of the interstitial fluorine sites refining to = 83%. The
composition Ce,MnN;F; g3 would correspond to an average Mn oxidation state of

Mn*®*", thus containing more Mn’" than Mn*". Although the average Mn oxidation
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state from the refinement of NPD data is larger than that suggested by the magnetic
data, it is still consistent with Ce,MnN;3F,_5 containing mixed Mn*" and Mn**. The
effective magnetic moment perr = 5.38(3) pg per Mn lies midway between the
expected values for Mn®" and Mn®" suggesting a mixed Mn valency, namely
Ceg(Mnm,MnH)Nng_g. This reinforces the assertion that the material is slightly

fluorine deficient.
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Chapter Seven

Conclusions and Further Work

This investigation has focused on anion-deficient perovskites and
perovskite-related phases and their potential for undergoing fluorine insertion
reactions. The ordering in the oxygen-vacancy layers in the perovskite-related
brownmillerite Sr,Co,0s5 was studied and fluorine insertion reactions in this class of
materials were explored using Sr,Co,0s, SroFe;Os and Sr;CoFeQOs. Low-temperature
fluorination of K)>NiF,-type structures was also investigated, whereby SroMnQO3 sy,
(which exhibits an oxygen defect superstructure) and the ternary nitride Ce,MnN;
(isostructural with Sr,CuQj3) were shown to undergo structural rearrangements upon

fluorination.

7.1 Nuclear and Magnetic Characterisation of Sr,Co0,05

The brownmillerite phase Sr,Co,0s has previously been described by Takeda
et al. " using the space group Imma, which allows for disorder onto the half occupied
8i sites arising from the random orientation of tetrahedral chains throughout the
structure. In a recent study by Mufioz et al. 1%, the ordered I2mb space group whereby
all tetrahedral chain possess identical orientations was assigned based on ab initio
calculations. Since related brownmillerite materials such as Sr,MnGaOs have been
shown upon closer examination using TEM and HREM to exhibit a variety of inter-

and intra-plane chain ordering patterns, electron microscopy techniques were used to
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study Sr,Co,0s in order to elucidate the chain ordering in the tetrahedral layers at the
local level.

TEM and HREM images were indicative of a superstructure consisting of
L-R-L-R- intra-plane ordering of tetrahedral chains, necessitating a doubling of the
c-parameter and the assignment of the space group Pcmb. However, Rietveld
refinement based on NPD data using the space group Pcmb yielded an unusually short
refined bond length for Co(4)-O(4) coupled with a longer Co(4)-Co(6) refined bond
length, and the Co-O polyhedra from this refinement were rather dissimilar in size.
Although the Pcmb space group permitted such elongations and contractions in bond
length, there was no evidence from the NPD data that such distortions were actually
present in the structure. It was postulated that the idiosyncrasies in the refinement
were artefacts from the doubling of the unit cell along ¢, thus Pcmb did not provide a
satisfactory description of the overall structure of Sr,Co0,0s.

Another refinement based on NPD data was carried out using the disordered
space group I/mma, and this provided a good fit with more feasible bond lengths.
Although the L-R-L-R intralayer ordering of tetrahedral chains (and thus the
assignment of the Pcmb space group) was incontrovertible on the basis of electron
microscopy alone, on the larger scale pertinent to X-ray and neutron powder
diffraction the overall structure of Sr,Co,0s is still best described using the disordered
space group /mma.

In order to determine the extent to which ab initio work such as that carried
out by Mufioz ef al. would support the assignment of the fully ordered cell doubling
model, it would be interesting to carry out DFT calculations based upon Pcmb. Such
calculations can only be based on fully ordered models, but a comparison between the

stability of /2mb and Pcmb could be useful. This theoretical treatment cannot take into
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account entropy nor the length over which ordering is occurring, thus consideration of
the disordered /mma model would be very difficult as it is most likely stabilised by

entropy.

7.2 Fluorination Study of the Brownmillerite Materials Sr;Fe;Os, Sr,CoFeOs
and Sr,Co0,05

The brownmillerites Sr,Fe,Os, Sr,CoFeOs and Sr,Co,Os were investigated
with a view to using fluorine insertion reactions to fill the oxygen vacancies in these
materials, thus forming cubic perovskite-type phases with mixed 3+/4+ B cation
oxidation states.

Fluorination of Sr,Fe,Os was shown to consistently form approximately equal
amounts of two cubic perovskite phases. These were attributed to SrFeO,F ) and a
phase closely related to SrFeO; ¥ (with undetermined oxygen content) by comparison
of the lattice parameters with literature values and the assignments of these phases
was supported by Madelung energy calculations using SrFeOs; for simplicity. This
phase separation to form the fluorinated Fe’* phase and the highly oxidised Fe*" phase
in lieu of the mixed Fe**/Fe*" intermediate SrFeO, sFy s is most likely driven by the
enhanced lattice energy for Fe*" oxides.

The mixed Co/Fe brownmillerite Sr,CoFeOs has been shown to be amenable
to fluorine insertion reactions, forming a new cubic perovskite phase closely related to
SrFeO,F with the nominal composition SrCogsFeys0,s5Fos. Magnetic measurements
appeared to show a canted ferromagnetic transition below 150K and the appearance of
hysteresis in field sweep measurements performed at 10K supported the existence of a
ferromagnetic component to the magnetic structure of SrCogsFepsOzsFos. As the

exact oxygen and fluorine content of this phase is unknown, it is difficult to know the
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oxidation state of the B cations. Even with accurate data on the anion composition, as
Co is more likely to favour the 3+ oxidation state and oxidation to 4+ is more facile
for Fe, other techniques such as Mossbauer and X-ray absorption near edge structure
(XANES) spectroscopy would need to be used to determine precise oxidation states
for the B cations and thus examine the complex exchange interactions between them.
The new cubic perovskite of nominal composition SrCoO;sFs was formed
via fluorine insertion into the brownmillerite Sr,C0,0s. Unfortunately, examination of
this material using NPD showed that the product contained an impurity of
unfluorinated starting material, although this was not apparent in XRD data thus a
purer sample will be required in future to enable complete characterisation of this
phase. It was apparent that, unlike the observations for Sr,Fe;Os, no phase segregation
to Co*"-containing SrCoO,F and Co*'-containing SrCoO; occurs for the fluorination
of Sr,C0,0s. This can be rationalised by considering the readiness of oxidation to 4+;
whilst the lattice energy for Fe*" oxides is favourable, the same cannot be said for
Co* (as fully oxidised SrCoO; forms even less readily than SrFeOs), hence the
fluorinated intermediate SrCoO;sFos is more energetically favourable than phase
segregation to form SrCoO,F and SrCoOs. Similarly to the mixed Co/Fe perovskite
SrCoy sFeo 50, 5F¢ s, magnetic measurements showed a canted ferromagnetic transition
below 150K and a small degree of hysteresis was observed during field sweep
measurements conducted at 10K. In future, NPD data collected on a pure sample
combined with TGA measurements could help to confirm the anion composition
whilst X-ray absorption near edge structure (XANES) and Mdssbauer spectroscopy
could be used to determine the Co oxidation state and hence explain the magnetic

behaviour of this phase.
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7.3 Synthesis and Characterisation of the Fluorinated Single-Layer

Manganite Sr;MnQO35..F)

In addition to brownmillerites, fluorine insertion into other perovskite-related
ordered vacancy materials is also feasible, as shown by the synthesis of the novel
oxide-fluoride SroMnOs s F,. The starting material Sro;MnO;s., contains MnOs
square pyramids, which are corner-linked to form a defect arrangement of
psuedo-hexagonal channels of oxygen vacancies in the monoclinic be plane . Bond
valence sum and Madelung energy calculations based on XRD data suggested that,
rather than fill these equatorial O vacancies, the F anions would preferentially adopt
apical positions causing the vacancies to be filled by the displaced O anions instead
and thus reverting to a fully anion-stoichiometric K,NiF-type structure. Rietveld
profile refinement based on NPD data using the space group /4/mmm provided a good
fit between observed and calculated values with reasonable refinement statistics.
Transmission electron microscopy confirmed that the fluorinated phase was indeed of
the K,NiF4-type structure, but some sections within the sample also contained
unfluorinated starting material retaining the oxygen-defect monoclinic superstructure.
Thus it has been shown that the single-layer manganite Sr,MnO; s..F, undergoes a
structural rearrangement instigated by the preference of F anions for apical sites, but a
pure sample would be preferable for any further characterisation work on this phase,

such as magnetic measurements.

7.4 Synthesis and Characterisation of the Quaternary Nitride-Fluoride
CezMHN3F2_5
The first known superconducting oxide-fluoride was Sr,CuO;F;.5, which was

prepared via solid-gas fluorination of Sr,CuOs ] of which CesMnNj is a nitride
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analogue. In a similar fashion, the novel nitride-fluoride material Ce;MnN3F,5 has
been synthesised and characterised.

Initially, a refinement based on XRD data was carried out using a K,NiF4-type
structure, but it became apparent that the Mn cations were situated in asymmetrical
environments, hence a staged LaSrMnOyF structure provided a better model for the
fluorinated phase. Madelung energy calculations were utilised in order to assign the
correct anion stoichiometries and distributions and predicted that fluorine is inserted
in a staged fashion into interstitial sites in alternate rocksalt layers and the apical sites
that face these interstitial sites whilst N occupies all the equatorial sites and the apical
position facing away from the interstitial sites. This was verified by Rietveld profile
refinement based on NPD data. Thus the structure of Ce,MnN;F, s comprises corner-
linked MnN;sF octahedra with F anions occupying interstitial rocksalt sites in alternate
layers. This phase is formed by way of a significant structural rearrangement
instigated by F anions, whereby two fluorine anions simultaneously expand the
co-ordination of manganese from four to six and occupy interstitial sites in alternate
layers, adopting a LaSrMnO4F-type staged structure.

As synthesis of the fluorinated phase could only be achieved in a very narrow
range of temperatures, which are low even compared with other solid-gas fluorination
reactions, starting material impurities were inevitable. Ideally, future work should
focus on the isolation of the Ce,MnNjsF,.5 phase. Considering the amount of time
already spent optimising the fluorination conditions for this material is it unlikely that
the yield can be significantly improved unless a smaller particle size is used.
However, this may not be a trivial matter as the air and moisture sensitivity of the

nitride would necessitate any milling to take place within a glove box.
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7.5  Final Remarks

The investigation of chain order in brownmillerite-type materials has shown
that the degree of order observed in a material often depends on the length scale
pertinent to the experimental technique used. Fluorination studies of these materials
have shown that whilst it is sometimes straightforward to insert fluorine into existing
oxygen vacancies, sometimes energetic considerations mean that the outcomes of
fluorine-insertion reactions are more unusual.

Studying the low-temperature fluorination of Sr;Fe,0Os, Sr,C0,0s, SroCoFeOs,
Sr,MnOs; 5+, and Ce;MnN3 has shown that there are clear differences in the types of
fluorinated products synthesised. Whilst fluorine insertion in vacancy perovskite
materials such as the brownmillerite phases presented here is limited to the simple
filling of anion vacancies coupled with a corresponding increase in the oxidation state
of the B cation, in layered materials fluorine anions are also able to occupy interstitial
sties. For instance, upon fluorination of the K;NiFy-related oxygen defect perovskite
Sr,MnOs; s+, both equatorial perovskite and interstitial sites are available and there is
some evidence to suggest that fluorine tends to partially occupy interstitial sites whilst
there are still vacancies in the perovskite layer. This could possibly relate to entropy
considerations. The mixed O*/F" in the conventionally co-ordinated sites provides an
inherent and high degree of configurational entropy, but this will be enhanced by the
additional partial occupancy of interstitial sites.

For layered K,NiFs-related phases, depending on the oxidation state
preferences of the transition metal, it is possible to synthesise phases in which the
interstitial sites are half filled but in a staged way - alternating layers of interstitial
sites that are either completely full or completely empty. An example is the Mn(1V)

compound LaStMnO4F 7). Tt is interesting to note that the fluorine insertion reactions
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of the isostructural materials Sr,CuO3; and Ce,MnNj occur in slightly different ways.
Upon fluorination of Sr,CuO; to form Sr,CuO,F,s5, F~ anions displace O anions
from their apical positions thus the displaced O anions adopt equatorial positions and
some O” is lost from the structure. In this phase, there is a small occupation of
interstitial sites by fluorine but this is not significant enough to cause any staged
fluorine insertion effects. In the case of Ce;MnN3, there is still a local rearrangement
of N’ anions to fill the equatorial vacancies but the amount of N in the structure
remains constant, hence a greater occupancy of interstitial sites in this material
(refined fractional occupancy = 0.83(4)). It is likely that this is due to the larger ionic
radii of N°" anions ¢f. O* anions. Since the fluorination reactions take place at low
temperatures there is insufficient energy for any of the larger N>~ anions to diffuse out
of the structure, hence no N is lost and more fluorine is inserted into interstitial sites
which leads to a staged structure. Although the size differences between the O* and
N* anions influence the structure of the final product, this study has shown that in
addition to the fluorination of ternary oxides, low-temperature fluorination reactions
may also be used to form nitride-fluorides, creating a plethora of opportunities to

expand our understanding of anion manipulation in perovskite-related materials.
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Appendix 3.1 Bond valence sum calculations using bond lengths obtained from Rietveld
profile refinement calculated using NPD data collected at 4K for Sr,C0,0s
refined in the space group Pcmb,

Refined bond lengths:
Co(1)-O(1): r=2.050(11)
Co(1)-0(2): r=2.072(11)
Co(1)-0(3): r=2.300(7)

1o values:

Co(I)-0: ro = 1.692(5)
Co(IIN)-0O: ro=1.70
Co(IV)-O:ry=1.75

S =exp [r‘);r} where B = 0.37

Co(1) based on Co(II)

Co(1)-O(1) S=exp % =0.380006254 x 2

Co(1)-0(2) S =exp % = 0.358069911 x 2

Co(1)-03) S =exp [102272390 1 103351936 x 2
037

V=186

Co(1) based on Co(III) ) .

Co(1)-0(1)  S=exp | L2001 388312074 x 2
037 |

Co(1)-0(2) S =exp % — 0.365896268 x 2

Co(1)-0(3) S=exp % = 0.197578042 x 2

V=190 ) _

Co(1) based on Co(IV)

Co(1)-0(1)  S=exp W — 0.444497516 x 2

Co(1)-0(2) S=exp % — 0.418838334 x 2

Co(1)-03) S=exp w —~ 0.226165898 x 2

V=218 ) )
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Co(3) based on Co(II)
Co(3)-O(1) S=exp
Co(3)-0(2) S=exp
Co(3)-0O(5) S=exp
V=320 )
Co(3) based on Co(III)
Co(3)-O(1) S=exp
Co(3)-O(2) S=exp
Co(3)-0(5) S=exp
V=326 )
Co(3) based on Co(IV)
Co(3)-O(1) S=exp
Co(3)-0(2) S=exp
Co(3)-0(5) S=exp
V=374 )
Co(2) based on Co(II)
Co(2)-0(4) S=exp
Co(2)-O(6) S=exp
Co(2)-O(5) S=exp
V=267 )
Co(2) based on Co(I1I)

Co(2)-0(4) S=exp

Co(2)-0(6) S=exp

Co(2)-0(5) S=exp

1.692-1.8201_ 707550732 x 2

037

16921875 | _ ) 60981808 x 2

037

1692-2.16 1 782777439 x 2
0.37

1718201 0723015712 x 2

037

LT=1875 16 623146912 x 2

037

1722161 188447194 x 2
0.37

L75-1820\_ ) 697629913 x 2

037

L5185 1 71331095 x 2

037

L75=2.161_ 330183041 x 2
0.37

16921757 1_ ) 38890011

037

1692219711 ) 470455429

037

169218331 _ ) 681278714 x 2

0.37

LT=L7571_ ) 857225683

037

L7=19711_ ) 480738203

037

L7=18341_ ) 606169466 x 2
0.37
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V=273

Co(2) based on Co(IV)
Co(2)-O(4) S=exp
Co(2)-0(6) S=exp
Co(2)-O(5) S=exp
V=313

Co(4) based on Co(II)
Co(4)-0(4) S=exp
Co(4)-O(6) S=exp
Co(4)-O(3) S=exp
V=278 )
Co(4) based on Co(III)
Co(4)-0(4) S=exp
Co(4)-0(6) S=exp
Co(4)-O(3) S=exp
V=284 )
Co(4) based on Co(IV)

Co(4)-0(4) S=exp

Co(4)-O(6) S=exp

Co(4)-O(3) S=exp

V=325

L75=L757 1 98125892

037

L75=L9TN 1 550206917

037

L75-18341_ ) 706899244 x 2

037

16921675\ 147017814

037

1.692=2.16 1_ , 182277439

037

L692-1812\_ ) 253015712 x 2
0.37

L7=16751_ 4 069902548

037

L7=2161_ ) 988447194

037

L7-18121_ 738818712 x 2
0.37

L75-1.675 )\ 1 5)4708312

037

L75=2.161_ ) 330183041

037

L75-1812 1 845719472 x 2

037
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Appendix 4.1

Appendices

Stacked XRD plots showing the starting material Sr,Fe,Os (black trace), a

typical result obtained after unsuccessful attempted low-temperature
fluorination reaction whereby there was no evidence to suggest fluorine
insertion (red trace) and the 2 distinct cubic phases produced via low-
temperature fluorine insertion (blue trace).
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10 20 30 40 50
2-Theta - Scale
W2 X 2h at 1200C under N2(g) + 12h at 800C under N2(g) no gr - File: 218b_Sr2Fe205.RAW - Type: PSD fast-scan - Start: 5.000 ° - End: 60.909 ° - Step: 0.020 ° - Step time: 0.4 s - Temp.: 2
[Alsr2Fe205, 2h at 250C static 10%F2(g)/90%N2(q) - File: 271_Sr2Fe205F.RAW - Type: PSD fast-scan - Start: 5.000 ° - End: 60.909 ° - Step: 0.020 ° - Step time: 1.2's - Temp.: 25 °C (Room)
MVSr2Fe205, 2h at 250C + 2h at 265C static 10%F2(g)/90%N2(g) - File: 272_Sr2Fe205F.RAW - Type: PSD fast-scan - Start: 5.000 ° - End: 60.909 ° - Step: 0.020 ° - Step time: 1. s - Temp.: 2
A selection of fluorination conditions explored for Sr,Fe;Os.

Temperature Duration Conditions Observations
200°C 30 minutes Flowing 10%F/90%N, (g No noticeable reaction.
220°C 90 minutes Static 10%F;(g/90%Nx (g No noticeable reaction
220°C 90 minutes, grind, 150 minutes Static 10%F;(5/90%Nx g No noticeable reaction

inu 1 o'y (N ) i i
230°C 120 minutes Static 10%F5(5)/90%Nx g No noticeable reaction
inu 1 o'y 01N, i i
250°C 120 minutes Static 10%F5(5/90%Nx (g No noticeable reaction
250°C, 265°C 120 minutes, grind, 120 minutes Static 10%F5(5/90%N; (g 2 cubic phases formed
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Appendices

Appendix 4.2 Stacked XRD plots showing the starting material Sr,CoFeOs (black trace), a
typical result obtained after unsuccessful attempted low-temperature
fluorination reaction whereby there was no evidence to suggest fluorine
insertion (red trace) and the cubic phase produced via low-temperature
fluorine insertion (blue trace).
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2-Theta - Scale
Sr2COFe05, 48h at 1200C, liquid N2 quench - File: 244_Sr2CoFeO5.RAW - Type: PSD fast-scan - Start: 5.000 ° - End: 60.909 ° - Step: 0.020 ° - Step time: 0.6 s - Temp.: 25 °C (Room) - Ti
WSr2CoFe05 from 244, 2h at 220C static 10%F2(g)/90%N(2) - File: 256_Sr2CoFeO5F.RAW - Type: PSD fast-scan - Start: 5.000 ° - End: 60.909 ° - Step: 0.020 ° - Step time: 0.5 s - Temp.: 25
Sr2CoFe05Fx, from 268 2h static 10%F2(g)/90%N2(g) 250C - File: 270_Sr2CoFeO5Fx.RAW - Type: PSD fast-scan - Start: 5.000 ° - End: 60.909 ° - Step: 0.020 ° - Step time: 1.2's - Temp.:
A selection of fluorination conditions explored for Sr,CoFeOs.
Temperature Duration Conditions Observations
220°C 120 minutes Static 10%F5(5/90%Nx (g No noticeable reaction.
220°C, 230°C 120 minutes, grind, 120 minutes Static 10%F5(5/90%N; (g No noticeable reaction
220°C, 230°C, 120 minutes, grind, 120 minutes, Static 10%F,/90%N, No noticeable reaction
(g (8
250°C grind, 120 minutes
220°C, 230°C, 2 120 minutes each temperature, Static 10%F;(5/90%Nx g Cubic phase formed
x 250°C intermediate grinding
2 x 250°C 120 minutes, grind, 120 minutes Static 10%F,,/90%N, No noticeable reaction
(8) (8)
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Appendix 4.3 Stacked XRD plots showing the starting material Sr,Co0,05 (black trace), a
typical result obtained after unsuccessful attempted low-temperature
fluorination reaction whereby there was no evidence to suggest fluorine
insertion (red trace) and the cubic phase produced via low-temperature
fluorine insertion (blue trace).
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2-Theta - Scale
Sr2C0205, 20h at 1250C liquid N2 quench - File: 219_Sr2C0205.RAW - Type: PSD fast-scan - Start: 5.000 ° - End: 60.909 ° - Step: 0.020 ° - Step time: 0.2 s - Temp.: 25 °C (Room) - Time
WSr2C0205F 219, 15mins at 200C under flowing 10%F2(g)/90%N2( - File: 233_Sr2Co205F.RAW - Type: PSD fast-scan - Start: 5.000 ° - End: 60.909 ° - Step: 0.020 ° - Step time: 0.6 s - Tem
Sr2C0205F, 90mins at 220C statitc 10%F2(g)/90%N2(g) - File: 236_Sr2Co205F.RAW - Type: PSD fast-scan - Start: 5.000 ° - End: 60.909 ° - Step: 0.020 ° - Step time: 0.7 s - Temp.: 25 °C (
A selection of fluorination conditions explored for Sr,C0,0:s.
Temperature Duration Conditions Observations
250°C 12 hours CuFy No noticeable reaction.
275°C 48 hours CuFy) No noticeable reaction
3000°C 48 hours CuFy Large amount of amorphous
material
200°C 15 minutes Flowing 10%F;(5,/90%Nj(g)) No noticeable reaction
220°C 90 minutes Static 10%F;(5/90%N,(g) Cubic phase formed
220°C 120 minutes Static 10%F;(5/90%N, (g Cubic phase formed but large
amount of amorphous material
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Appendix 4.4  Refined atom and lattice parameters of SrCoO,sFys from refinement of
XRD data in the space group Pm-3m (a = 3.8574(3) A).
Atom Site Symmetry x y z Uiso x 100 (A%
Sr la 0 0 0 1.2(2)
Co 1b 0.5 0.5 0.5 1.6(2)
O/F 3¢ 0 0.5 0.5 0.8(3)
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Appendix 4.5 Refined atom and lattice parameters of SrCoO,sFys from refinement of
NPD data in the space group Pm-3m (a = 3.8533(5) A). Thermal parameters
were fixed at 0.01 A” as the presence of an impurity of the starting material
Sr,C0,05 necessitated a 4-phase refinement and independent variation of
these parameters destabilised the refinement.

Atom Site Symmetry x y z Uiso x 100 (A%)
Sr la 0 0 0 1
Co 1b 0.5 0.5 0.5 1
O/F 3c 0 0.5 0.5 1
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Appendix 5.1 Bond valence sum calculations using bond lengths obtained from Rietveld
profile refinement using the space group /4/mmm based on XRD data.

Refined bond lengths:
Mn-O(1) eq: »=1.91035(3)
Mn-O(2) ap: r=1.938(11)

1o values:

Mn(II1)-O: ro = 1.760(5)
Mn(IV)-O: ro = 1.753(6) "
Mn(III)-F: ro = 1.66
Mn(IV)-F: ro=1.71

S =exp [rol;r} where B =0.37

Mn(I1I)-Oap S =exp %} =0.618114798
Mn((IV)-Oap S = exp % =0.606530659
Mn(II)-Oeq S =exp % =0.666706469
Mn(IV)-Oeq S = exp % =0.65421167
Mn(Ill)-Fap S =exp M} =0.47172865
. 037
Mn(IV)-Fap S =exp %} =0.539983758
Mn(Ill)-Feq S =exp M} =0.508812512
. 037
Mn(IV)-Feq S =exp %} =0.582433338

Fap: V3 = (1 x Mn(Ill)-Fap) + (1 x Mn(Il)-Feq) + (4 x Mn(III)-Oeq) = 3.647367638

Fap: V4 = (1 x Mn(IV)-Fap) + (1 x Mn(IV)-Feq) + (4 x Mn(IV)-Oeq) = 3.739263776
Feq: V3= (1 x Mn(Ill)-Feq) + (3 x Mn(II)-Oeq) + (2 x Mn(III)-Oap) = 3.745161515
Fap: V4= (1 x Mn(IV)-Feq) + (3 x Mn(IV)-Oeq) + (2 x Mn(IV)-Oap) = 3.758129666

For mixed M*"/M*" y = (V, — D/(V,+ 1 = V3)
where y = proportion of M

V, = valence sum calculated with M
V; = valence sum calculated with M>" !
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Thus it follows that for mixed M*"/M** y=(V3=3)/(Vs+1-Vy)
where y = proportion of M*"
V; = valence sum calculated with M>"
V, = valence sum calculated with M*" !

Fap:
y=(V3=3)/(Vs+1-Vy)=0.71287841
1 -y=0.287121589

4y + 3(1 —y) =3.712878407

Feq:
y=(V3-=3)/(V3+1—-V,4)=0.754951844
1 —y=0.245048155

4y +3(1 —y) =3.754951842
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Appendix 5.2 Observed (red +), calculated (green) and difference (pink) profiles of
Sr,MnO;s 535)Fo 395 as generated by Rietveld profile refinement based on
TOF NPD data collected at 4K (Lattice parameters: a = 3.82926(17) A and
c=12.6179(8) A, Refinement statistics: y* = 10.54, Ryp=2.98% and
R, =5.13%).
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Appendix 5.3 Observed (red +), calculated (green) and difference (pink) profiles as
generated by 2-phase Rietveld profile refinement based on TOF NPD data
collected at 4K (Refinement statistics: x2=9.528, Ryp=2.99% and
R, =4.68%).
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Refined atom and lattice parameters of Sr,Mn(O,F),, from refinement of
TOF NPD data in the space group I4/mmm (a = 3.82(7) A, ¢ = 12.6(2) A).

Atom | Site Symmetry x y b4 Occupancy Uy, x 100 (A%)
Sr 4e 0 0 0.3609(4) 1.0 0.74(3)
Mn 2a 0 0 0 1.0 0.06(5)

o) 4c 0 0.5 0 1.0 1.26(5)

0(2) 4e 0 0 0.1568(6) 1.0 1.67(5)

Refined atom and lattice parameters of Sr,MnOjs s, from refinement of TOF
NPD data in the space group I4/mmm (a = 3.81(7) A, ¢ = 12.56(23) A).

Atom Site X y z Occupancy  Uj, x 100 (A%)
Symmetry
Sr 4c 0 0 0.3543(2) 1.0 0.74(3)
Mn 2a 0 0 0 1.0 0.06(5)
o) 4c 0 0.5 0 0.73(1) 1.26(5)
0Q) de 0 0 0.1552(4) 1.0 1.67(5)
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Appendix 6.1 Observed (red +), calculated (green) and difference (pink) profiles of
Ce,Mn(N, F), as generated by the Rietveld profile refinement of XRD data
using a K,NiF, model, without background subtracted. Red vertical lines
highlight the positions of the Ce,Mn(N,F), diffraction peaks whilst black
vertical lines correspond to residual Ce,MnNj.
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