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Topochemical Manipulation of Some Complex Oxides

This investigation is based on the topochemical modification of three set of phases:
SC0sCly, STO(Sr(RYsMo5)O03)n (M =Ti, Mn, Fe;n= 1, 2, D)  ,shh@and SrC
2, D).

The topochemical reductioof SEC0,0sCl, using sodium hydride as a solid state reducing
agent results in the formation of a reduced phase containing cobalt centres with an average
oxidation state of +2 and an overall composition ofC850,Cl,. The resulting material
adopts astructure containing double sheets of squydamar cornesharing CoQ@ units
separated by rock salt SrCl layers. Variaemperature diffraction measurements reveal that
these sheets undergo a cooperative -Jadtler distortion at T ~ 200 K due to uneWwefilled
degenerated(y, dy,) orbitals. This material adopts a magnetic structure in which the moments
within each sheet are ordered antiferromagnetically, but the sheets are aligned
ferromagnetically.

An investigation was carried on the reduction betawof Rudoped Sr(RyFe«)Os. It was
found that the reduction was ntwpochemical for values of > 0.5. For values of 0 X <

0.5, no single phase precursor material could be formed. For the materiat with.5,
reduction with Caklproduced a new pbka with composition Sr(RgFe) 5)O,. This material

is the first reported instance of &un an extended transition metal oxide. DFT calculations
reveal that, while the iron centres adopt a ¥sghn configuration, the ruthenium centres are
in an intermethte-spin S = 1 configuration. Resulting competing magnetic interactions lead
to frustration and lack of ordering.

In order to further study the reduction behaviour of extended transition metal oxides
containing ruthenium, the reduction of ;RuwsFes50s and Ss(RuwsFes)20; was
performed using CaHas a solid state reducing agent. In these cases, reduction leads to
segregation of the materials into multiple phases adopting closely related structures that differ
mainly in their oxygen content. In thesgaterials, the ruthenium centres are preferentially
reduced, such that starting from materials containing’ Bod F&", materials containing
Ru®") dnd Fé" are produced.

Similarly, the lowtemperature oxidation using CuBs a solid state fluoride swe was
performed on materials with compositions(®u sMo 5)207 (M = Ti, Mn, Fe). In the case of

M = Mn and Ti, materials with composition s8R uy sMo 5).0;F, are produced in which the
ruthenium centres are oxidised to®RuFor the M = Fe materiabxidation results in partial
exchange of O for F and a material with compositiog(R&p sF&) 5).0s sF3.5 in which the
ruthenium centres are oxidised from +5 to +5.5 while the iron centres remain in a +3
oxidation state. While fluorination of the M = Tidds to increasing itinerant electronic
behaviour, fluorination of the M = Mn and Fe materials induces a twisting of the MX
octahedra that enables magnetic order to emerge at low temperatures.

Finally, reaction of the SrO(Srv{p (n= 1, 2, b asesswmhr Qaldresulte ih thep h
formation of phases with composition STO(SH) (n = 1, 2, b) , the f
stoichiometric oxyhydride materials. Sryi is magnetically ordered at room temperature,
while then = 1 andn = 2 materials order at 170 &d 240 K respectively. The high magnetic
ordering temperature arises from strong interactions betwkgrdyg) orbitals in a manner
analogous to the reduced iroantaining phases SrO(SrF9
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Chapter 1 Introduction

1.1 Complex Metal Oxides
Complex transition metal oxides are iamportant class of matermtlue to the wide range of
electronic, magnetic, dielectric, and transport properties they exhibitthese materials,
unpaired electrons in the transition metairbitals can couple to each other either via direct
exchange mechanisms, or via super exchange interactions involving then pxgrpitals®
Many of these interesting and technol@djiz useful properties are the result of electron
electron and electrelattice correlations and couplings. These lead to materials with a wide
range of applicationsin areas such asatalysis' energy storag®, and information

processing.

Of particular interest are materials adopting the perovskite structure with the general formula
ABOg3, where A is a Group | or Group Il metal or a lanthanide, and B is a transition metal.
The mineral perovskite, CaTiDis composed of an infinite threfmensional network of
vertexsharing TiQ octahedra. In this material, the size mismatch between th&itt@nt
cations leads to a cooperative twisting of thegld®tahedra, and consequent distortion away
from perfect cubic symmetry and 180 7@ B bond angle$.SrTiOs;, on the other hand,
adopts the same structure, but in this case the sizes of the cations allow for gérfelcbd

angles BOi B as shown irFigurel.1 (a)®

The cooperative distortion in certain materials adopting the perovskite structure occurs in
order to compensate for the mismatch in size between the constituent cations, which can be

quantified using the Goldschmidt tolerariaetor?




Where 6 0 and 6 0 refer to the AO and BO bond lengths respectively.
Whent = 1, as in SrTi@, the structure adopts perfect cubic symmetry<ifiL, a cooperative
distortion arises, resulting in a deviation from perfect cubic symmetry and a subsequent
decreasef the B Oi B angles to less than 180 °tt 1, on the other hand, the structure will

crystallise in a hexagonal space grd?ip.

The extended3-dimensional transitioimetaloxide network in materials adopting the
perovskite structurpermits partially occupied-states in transition metals to couple to each
other stronglythrough supereohange mechanisms and orbital overlapd gives rise to a

wide range ofesulting electronic properties.

Furthermore, the flexibility of the perovskite structure allows for tuning of the electronic
properties. Deviations of IBi B angles from 180 ° will educe the orbital overlap, and
consequently the interactions between transition metal cations. Control of the tolerance factor

t therefore allows for some measure of control over the properties of the resulting materials.

Related to the perovskite struaturmaterials adopting the Ruddlesd®&vpper structures
typified by SpTiO4 and SgTi»O; (Figurel.1 (c) and (d)), are of similar interest due to the
similar extendedransition metal oxide network. These structures can be described by the

general formula AO(AB@),, of which the perovskiteiste= B end member .



a) SITiQ, c) S, TiO, d) S, Ti,O,

Figure 1.1 The structures of the perovskites SrTiQ (a) and CaTiO; (b), and the RuddlesderPopper SiTiO, (¢) and
Sr3Ti,07 (d).

The behaviour of materials adopting these structures is strongly dependent on the metal
oxygen framework. Consequently, this behaviairstrongly influenced by the transition
metal oxidation state and coordination environment, which define the local transition metal
electronic configuration, and the lomgnge connectivity, which influences the nature and
strength of the interactions beten centreControl of these factors and understanding of the

resulting behaviour would therefore enable materials synthesis by design.

1.2 The Hubbard Model
In many extended solids, the overlap of orbitals can be approximated by the formation of
crystal orlitals that extend throughout the solid. With enough orbitals, the energy difference
between them can be neglected, and can be thought of as forming continuous bands of energy

levels. Figurel.2)



Figure 1.2: Orbital energies of (a) an atom, (b) a small molecule, (c) a large molecule, (d) a solid.

A partially occupied band can give rise to metallic conductivityrgmiredelectrons near the
Fermilevel move into orbitals where they give rise to a net motion of charge in the solid,

such that an electric current flows.

Many transition metal compounds, such as NiO or CoO, are not metallic, despite appearing to
have partially filledd-bands:* When the interatomic overlap is small, such that only narrow
bands are formed, electr@hectron repulsion becomes much more important. In these

compounds, standard band theory does not work, and the electrons are localised by their

mutual repulsion.

The Hulbard model provides a useful approach to understanding the nature of the electronic

behaviourof transition metal compounds, usually written down in the form:

O 0 pey @B Y Eubs



For a oneband system (one orbitaépsite). (i, j) represent nearest neighbour interactions on
the lattice.t corresponds to the kinetic energy of electrons hopping between atoms, and

favours itinerant electrons.

U, the repulsion energlgetween two electrons on the same atom can be thofigtd the
difference between the ionisation energy and the electron affihligt is to say, the
difference between the energy required to remove an electron from one atom and adding it to
its neighbour. This term describes the Coulomb repulsion betateetions. In the Hubbard

model, it is assumed to be the only interaction between electrons.

The Hubbard model thus describes the competition between chemical bahdawpring
itinerant electrons and short range-sste Coulomb repulsionl). Once theenergy scales
have been extracted, a dimensionless ratit/lofcan be used to determine which of the

chemical bonding or repulsion forces is strongest.

On-site repulsion will force electron transfer from atom to its neighbour to be accompanied
by an enggy penaltyU. This in turn leads to the formation of sbhnds separated by a Mott

Hubbard gapJ, making halffilled bands insulating when the overlap is smiig(rel.3).

As the interatomic overlap increases, and thelbsurms become broader, they will meet when
the widthW and the repulsion parametdrare approximately equal. Beyond this point, there
is no energy gap and the solid is metalfig(re 1.3).** Simplistic kand theoryis thus a case

in whichW> U.



U W

Figure 1.3: Hubbard sub-bands as a function of band widthW.

However, naterials withU & W are of particular interesThe competitionbetweenforces

that favour localisation such as thesite repulsion, and those that favour delocalisation such

as the band width, often result in the system adoptingaad | ed 6t hird optionbd
satisfy it various energetic requiremenior example, the ferromagnetic behaviour of

elemental iron, cobalt, and nickelr dhe onset of superconductivity in the cuprate
superconductor€™® Thus, tuninghe electronic behaviour of materials around this point and

achieving control over the properties represents an important goal irstaikdsynthesis by

design.

1.3 Topochemical Manipulation
Complex metal oxides are traditionally synthesised using-teigipeature methods in order
to overcome the high energetic barriers to ion diffusion in the solid state. Invariably, this
results in the formation of thermodynamically stable materials as the ions adopt positions so
as to minimise the free energy of the systé&s.a result, only a small fraction pbssible

oxidation state and coordination environmeainbinationsare available for study. The study



of structureproperty relations is necessarily limited by the phases that it is possible to
synthesise. Consequentlthe development of reactions that operate at low temperatures
underdineticdconditions is necessary to enable the preparation of a wide range of metastable

phases that cannot be prepared using traditional synthesis techniques.

Such kinetically contrdéd reactions take advantage of the differing reactivities within
systems. One of the most useful ones is the greater mobility of anions compared to cations at
relatively low temperatures. This allows reactions that modify the anion sublattice while

leaving the cation sublattice intact.

One of the prime examples of this type of reaction is topochemical reduction using binary
metal hydrides, such as the reduction of LalNi®form LaNiQ; (Figure 1.4).** Oxide ions
are removed from a suitable manner in a topochemical fashion. The cation framework

remains intact. In order to maintain charge neutrality, the transition metal centres are reduced.

Figure 1.4: The reduction of LaNiO3 to form LaNiO , using sodium hydride.

1.4 Hydride Reduction
Topochemical reduction of complex transition metal oxides using binary metal hydases
been used to prepare a range of novel reduced phases containing the lattev frabsition
metals (Mn, Fe, Co, Ni) in unusual oxidation states and/or coordination environments, such

as squar@lanar Ni and Cdand octahedral Mrt**®



In order to be able to carry out topochemical reduction in a directed fashion to achieve target
phases, it is important to understand the factors influencing selectivity of anion
deintercalation. One strag involves the strong interaction between the anion and cation
lattices to exert control over the reduction behaviour of complex transition metal oxides. For
example, the reduction of the isostructural and isoelectronic phases XBa@ad
LaBaCaOs with NaH proceed to form markedly different products due solely to the directing

behaviour of the Acation identity Figure1.5).%°

50%

Figure 1.5: The structures of the topochemically reduced phases LaBa@0, ,s (left) and YBaCo0,0, 5 (right).

Similarly, the nature of the Bation can influence the selectivity of the topochemical
reduction reactions. For instance, the 2 Ruddlesdei?opper phases $Bin,O;.; and
SrFe07.5 can be topochemically reduced to form phases with compositingds .+ and
SrFe0s. In the manganesmontaining phases, the oxide ions are removed from the
equatorial sites, whereas in the iron case, they are removed from the bridging apical sites

(Figure1.6).}"18



Figure 1.6: The structure of the n = 2 RuddlesderPopper phases $M,0; (M = Mn, Fe) and their anion-deficient
analogues.

Furthermore, the presence of heteroanions affords another way in which to exert control over
the selectivity of these reactions. Reduction ofrthe Ruddlesdei?opper phase $te,0r.;

with CaH, can be performed to form a phase with compositigRegDs (via the formation of
SrFe0g) containing double chains of squasanar FEO, units (Figure 1.7).° The
oxychloride SgFe,0OsCl,, in which the outer apicaixide ions are replaced by chloride ions,

can be reduced with LiH to form $5e,0,Cl, a phase containing double infinite layers of

squareplanar F&O, (Figurel.7).%°



SrFe O SrFe Q SrFe Q SrFe Q Cl

«

Figure 1.7: Structures of some ironbasedn = 2 RuddlesderPopper phases and their aniofdeficient analogues.

It has been shown thats68,05Cl, can be doped with up to 50% cobalt without altering the
selectivity of the reduction reaction. The resulting material is magnetically frusttated.
order to further understand the selectivity and the behaviour of the resulting material,

SCo,0sCl, was synthesised and reduced using sodium hydride.

1.5 Electronic Behaviour of Reduced Phases
Reduction of firstrow transition metal oxides will tend to lead to insulating behaviour for

tfwo reasons:

1 As electrons are introduced into the systeths, onsite repulsionU will tend to
increasedue to greater reputan between electrondeading to more insulating
behaviour?

1 As transition metals are reduced, their ionidina will increase. Since the reactions
are topochemical, this can induce a twisting of the bdlodgering of the tolerance

factort) and a consequent decreaséhie band widthw.**
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In addition, the introduction of anion vacancies in complexathreetides serves to pin charges

via two different mechanisms: the partial positive charge due to a vacant anion site can serve
to trap eéctrons, and the presence of multiple cation coordination environments can serve to
segregate charge due to the preference of certain cations and oxidation states for particular
coordination environment3his can be seen in the electronic behaviour ofesoranganese
containing perovskites: CaMnCand the reduced materials CaMpQ0 < x O 0.5) are
insulators’®?* It is, however, possible to prepare isoelectronic analogttsthe general
formula Ca,LayMnOs by doping with &nthanum on the Aitg, and thesematerials are

metallic for 0.170y 00.5%

Many interesting electronic properties of complex transition metal oxides are due to the
competition between several st a bRuOshas beerg e f
shown tobe close to antiferromagnetic, ferromagnetic, and superconducting instabilities, and
is the only knownp-type superconductor with a. F 1.5 K2 Given the incease in U
associated with lowering transition metal oxidation states, the reductioth axicdearly &
wasthought to be especially condue to phases exhibiting these competing interactions and

associated correlated electronic behaviour.

The larger orbdals present indland early 8 transition metals will lead to smaller values of
U, and the better overlap will lead to an increase in the width of the baRds.instance,
TiO and VOdisplay metallic behaviour, while MnO and FeO are insul&fo&imilarly,

SrFeQ and SrMnQ are insulating, while SrRufalisplays metallic behaviodf.

Furthermore, the electronic behaviour of complek téarsition metal oxides is strongly
influenced by even very small changes in structure. This leads to the observation of a wide
range of electronic properties in structurally related systems. For examy®eiOpiis the

only knownp-type superconductor, withragidly tetragonal structure in which the RDi Ru

11



angles are 180 °F{gure 1.8).7°*° CaRuQ,, on the other hand, in which the bond angles
deviatefrom 180 ° due to tilting of the RuQbctahedra, is a Mott insulatoFigure 1.8).%*
SnIrO4, in which twisting of the octahedral also leads to deviation from perfect &k8OrIr
bond angles, is also an insulatBigure 1.8).%** The solid solution SRulr1.xO4 displays a

metatinsulator itinerantocalised transition at= 0.7

Sr,RuQ CaRuQ SrlrQ,
[4/mmm Pbca 14,/acd

Figure 1.8: Structures of SLRuUO, (left), Ca,RuO,4 (middle), and SkIrO 4 (right)
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The interesting electronic and magnetic properties of compldsadsition metal oxides and

their tunability makeshese materials ideal for synthesis by design. In order to investigate the
reduction behaviour and resulting properties of these materials, the reduction of the
pervoskite SrRu@and then = 1 andn = 2 Ruddlesdeiopper phases SRuO, and S§RwO;,

was atempted, as well as the reduction of the icomtaining solid solutions SrO(Sr(Ru

Fe)Oz)h(n= 1, 2, D).

Similarly, in order to investigate the reduction behaviour of eatlgo®nplex transition metal
oxides and the resulting electronic and magnetpgrties, the reduction of the vanadium

containing SrO(Srvg),(n= 1, 2, BHB) materials was attemp

1.6 Topochemical Fluorination
Another method to prepare phases containing novel combinations of transition metal
oxidation states and coordination environments involves topochemical fluorination of
transition metal oxides to form oxyfluorides. Fluorination of complex oxides can rasult
either: 1. the insertion of fluorine into interstitial sites (oxidative); 2. the incorporation of two
fluorines for each oxygen lost (redox neutral); oth& substitution of one fluorine for one
oxygen (reductive* Fluorination of a generic MO, RuddlesdefPopper phase using a

fluorine source can be described as follows:

A,BO; + 1/2F, % ABO,F Q)
A-BOs+ F> Y ABOsF + 1/20, (2)
A,BO;, + 1/2F, % ABOSF + 1/20, 3)

Fluorinating agents for these reactions can be either fluorin® @aslesiraté due to its
toxic nature) or solictate fluorides such as NFf® or MF, (M = Cu, Zn, Ni, Ag) in the
presence of oxygéh While the use of Fgas favours insertion, a substitution of O for F is
more prevalent for reactions with MHwhich appear to proceed via the incorporation of HF

13



followed by loss of HO.*® A combinatio of the processes has been reported for reactions

involving MF, solid-state reagent.

Of particular interest is the topochemical fluorination of Ruddlegttgrper phases, where
fluoride can be oxidatively intercalated in tetrahedral sites betweelayers, far from the
transition metal coordination environmeriigure 1.9). This allows the oxidation of the
transition metals without altering their local envinoent, allowing the electronic behaviour

to be tuned solely by changing the oxidation state, rather than both as in the case of reduction

using binary metal hydrides.

SLRu G
SrO
SrO RuG,
RuQ, SrO
SrO Fz
SrO SrO
50 Cuf 5o
r > r
RUO, O, e}
SrO SrO
SrO F,
RuQ SrO
SrO RuG,
SrO

Figure 1.9: The fluorination of Sr3Ru,0- to form SraRu,0,F,.%°

This approach is attractive as removing electrons from the transition metal centres will lower

the onsite repulsiorU, leading to more metallic behaviottr.

Previous work has shown that the topochemical fluorination in this mannerRLGy
produces SRWwO;F,, a phase in which the Ry@ctahedra are twisted relative to each other,

leading to RuUOi Ru bond angles of 158.1 ° and 154.1 °. This decseideoverlap, and

14



consequently the band width, leads to localised electronic behaviour in the fluorinated phase

and an antiferromagnetic @dng temperature of 185 K.

In order to investigate this behaviour further, the topochemical fluorination of

Sri(Rup sMo5)O7 (M = Ti, Mn, Fe) was attempted.

15
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Chapter 2 Experimental Methods

2.1 Standard Ceramic Synthesis
During the course of this investigation, standeedamic synthesis techniques were used to
prepare thermodynamically stable solids. The basic procedure involved the thorough mixing
of suitable quantities of the appropriate starting materials (metal oxides, chlorides or
carbonates) using an agate mostad pestle. The resulting powders were pressed into 13 mm
diameter pellets of no more than 2 g under 5 tonneforog in order to minimise the
required diffusion length within the solid. These were then heated to suitably high
temperatures in order to escome the large energetic barrier to diffusion within solids. After
each firing, the samples were thoroughly reground armtessed into pellets. The use of
metal carbonates require an initial firing for 24 hours at 900 °C in order to decompose the
carbanate into the appropriate oxidefore being heated to the required temperattxact
details of the procedures for each phase are included in the appropriate cligsHeti®n
progress was monitored via-rdy powder diffraction. The reactions were judg® be
complete when Xay powder diffraction patters collected after consecutive firings showed

no change.

2.2 Arc Furnace
The synthesis of some materials was carried out using an arc furnace, which provides a
convenient combination of extremely higgmperatures and highly reducing conditions. 13
mm diameter pellets of intimately mixed precursors were prepared via conventional methods.
These were then place on a water cooled stage within the arc furnace. The chamber was
pumpHfilled three timeswith argonand then placed under a flowing argon atmosphere. A DC
arc welding torch operating with a 60 amp current was used to ionise the argon gas. The hot
plasma was then repeatedly passed over the pellet until it melted. The pellet was then allowed

17



to cool toroom temperature, at which point it was flipped over and melted once again. This
process was repeated a minimum of four tinkesaction progress was monitored vieray

powder diffraction.

2.3 Pechini Method
Samples requing a high degree of homogeneiyere prepared using the method first
described by M. Pechini in 1967 Suitable quantities of the appropriate starting materials
(metal oxides, chlorides or carbonates) were dissolved in a 1:1 solution of nitric acid in
distilled water. A excess of citric acid was added, followed by ethylene glycol. The solution
was then hated to drive th polymerisationof citric acid, resulting in the formation of a
polyester network complexing a homogeneous array of coordinated metal cations. This was
used to prepared homogeneous powders which were then treated as in standard ceramic

syrthesis.

2.4 Hydride Reductions
Recent work has shown that binary metal hydrides (namely NaH, &aHLiH) can be used
to reduce a wide range of materials at relatively low temperatures (180 °C to 630 °C) to form
aniondeficient metastable phasé$*? Reduction of a generic AB{phase with NaH can

be described as follows:
ABOs;+xNa H Y 3;A+BMaOH

As sodiumcontainingby-products can be easily removed from the sar(gde sectior2.4.4

and the reaction does not producg dds,NaH was used as the reducing agent whenever
possible However, the low decomposition temperature of NaH placed an upper limit on
possible reaction temperatures (~ 250 “@®hen reactions were found to require higher
temperaturesCath was used as the reducing aganteaction temperatures up to 650*2C
The reduction of a generic AB@hase with Cakican be described by
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ABOs;+xCaH, Y A B.OrxCaO +xH,

The metal hydrides were kept in an argitled glovebox (Q and HO < 1 ppm) due to their

air and moistureensitive nature. Furthermore, any mixtures containing these reagents were
also kept under an inert atmosphateall times. Substrates to be reduced were typically
ground with 2 stoichiometric equivalents of the appropriate binary metal hydride in a

glovebox and then placed within a suitable reaction vessel

24.1 Reactions inSealed Tubes
For smaliscale test sampldst ypi cally O 300 mg), t he subs
were sealed under vacuumeither Pyrex (cheaper and easier to handle, but cannot be used
at reaction temperatures above 400 °C) or quartz ampduiese were then heated to the
desired tempmtures at a ramp rate of 1 °C mito ensure that the temperature of the furnace
did not overshoot the relatively low reaction temperature. After being held at the required
temperature for a suitable length of time, the ampoules were opened in theoglanebthe

sample reground. Reaction progress was monitored usmag gowder diffraction.

2.4.2 Modified Pressure VentingApparatus
Due to the hazards associated with the production,afasd as a bproduct of reductions
with CaH,*? largescale samples suitable for neutron diffraction experiments could not be
prepared in @aled glass tubesh modification of the pressure venting appar#tusas
employed where the spridgaded valve was removed in order to minimise the number of

connections and thus any potential leaks.

The substrate was ground together with €eiHan argorfilled glovebox and then placed in
an alumina boat. This waseth placed in a large quartz tube and closed with a steetagnd
equipped with a rubber-@ing and a 3way tap The tube and enchp were connected to a

flow of argon via a thregvay connection as shown igure2.1.
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Figure 2.1: Modified pressureventing system

The tube was then heated to the desired reaction temperature. After a suitable time period, the
apparatusvas cooled and theBay tap closed. It could then be disconnected from the flow
of argon, evacuated, and moved into the gloveB@action progress was monitored using X

ray powder diffraction.

2.4.3 High-Pressure Apparatus
Another method to prepare large saespusing Cabklas a reducing agent utilised a Parr
Series 4740 Pressure Vessel capable of withstanding pressure of up to 128bar. This reaction
vessel could withstand the hydrogen pressures produced during the reductions reactions and

was used to prepare splas suitable for neutron powder diffraction.

In an argorfilled glovebox, appropriate substrates were ground together with suitable
amounts of Caklinto fine powders and placed in a silica finger. This was then fitted with a
loose glass top to prevent sample contamination and placed in a steel vessel. The vessel was
fitted with a screw cap housing six bolts which compress a PTHEgOThe screw cawas
connected to a gauge block assembly using a coned pressure fitting to createghnhsaal.

A tap on the gauge block assembly was closed and the vessel removed from the glovebox.
The gauge block assembly was connected by way of awagdap toa vacuum pump and

an argon cylinder and punfpled three times. The vessel was then placed under static
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vacuum by closing the tap. It was then heated to the desired temperature. The large steel
pressure vessel acted as a fspait Additionally, the cap emained outside the furnace
during heating and a thermocouple was attached to the outside of the pressure vessel. Thes
resulted in a temperature gradient between the furnace temperature measured by the
thermocouple, and the sample temperature insidis.cbuld beaccounted for by heating 50

°C hotter than an equivalent reaction performed in a sealed glass ampoule. Once the reactior
was judged to be complete, the vessel was moved into the glovebox, where the hydrogen
pressure could be safely releas&kadtion progress was monitored usingrdy powder

diffraction.

Coned Pressure Fitting

Compression Bol For Gauge Block Assembly

PTFE O-rin

Split Ring Ca

lllllllllllll ERIERIEmIEmIEEIED Furnace Bounda|

Steel Vess

Thermocoupl

Glass Cap

Silica Finger

Figure 2.2: Slice through pressure vessel.
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24.4 Removal of Reaction Byproducts
Reduction reactions were consideredb® complete when Xay powder diffraction data
collected from products after successive heating cycles showed no change. Once reached, the
products were washed to remove unwanted reactioprdgucts (NaOH, CaO and/or
unreacted metal hydrides). When usiagH as the reducing agent, the samples were washed
with 4 x 100 ml of methanol. As CaO is insoluble in methanol, its removal required washing
with a 0.1 M solution of NECI in methanol (4 x 100 ml), followed by 4 x 100 ml of
methanol to removed any remaig NH,CI. All washing procedures were performed under
nitrogen using standard Schlenk line techniques. The samples were then dried under vacuum

before being returned to the glovebox.

2.5 Fluorination Reactions
The manipulation of anion lattices in the solidts can also be performed via fluorination
reactions.These reactions can either be performed usingas or solid state fluorinating

agents such as NA or MR, (M = Cu, Zn, Ni, Ag) in the presence of oxygén.

251 F» Gas
Reactions were performed usingraxture of 10% E in N,. Substrates were placed in an
alumina boat, which was then placed inside a large silica Tlii® was then fitted with brass
endcaps equipped with-&ay taps Figure 2.3). A source of N gas was connected, which
was then used to purge the tube of any moisture in order to avoid the formation of HF before

exposing the sample to the 10%NF, mixture.

The sample could either be heated to there@demperature under a flow of 10%/I¥, or
under N before being exposed to fluorine once the desired temperature was reached. After a

suitable length of time has passed, the sample was cooled and the tube purged with clean N
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to remove any remainingubrine. The sample could then be ground and reaction progress

monitored via Xray powder diffraction.

N,
Furnace

3-way Sample —

Tap \ — / ——

10% F, in N,

Figure 2.3: F, gas apparatus

2.5.2 CuF;
The substrate was ground together with a suitable amount ofaddFplaced in an alumina
boat. This was then heated under a flow of oxygen for a desired time period. The oxygen

drives the decomposition of Cute CuO, releasing fluorine.
A-BO4 + CuF; + 1/20, Y AZBO4.XFy + CuO

Reactions using CuyFresult in contaminatiorof the samplewith CuO, but are more

controllable and less hazardous than those carried out sk

2.6 Powder Diffraction

Powder diffraction techniques are the most widespread structural characterisation techniques
used in solicstate chemistry. Xay and neutron powder diffraction methods were integral to

the structural characterisation presented in this thesis.
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Diffraction arises from the periodic arrangement of atoms within a crystal. A bearnagsX
or neutrons with a wavelgth similar to the spacing between the lattice planes inrirstat

can be diffracted according to Braggbs Law:

No-= 2qu|Si n ( d)

wherea-is the wavelength of the incident beadhy is the interplanar distance adds the

angle between the beam and the lattice plargufe2.4).

Incident Beam Diffracted Beam

(hkl) Lattice Plane

(hkl) Lattice Plane

Figure 2.4: Braggds approach to diffracti

The unit cell dimensions define thiespacing (gk) of a given reflection, while the intensity

(Ink) s given by:
I ® LmA|Frlf

where L is the samplmdependent Lorentpolarisation function,m is the reflection

multiplicity, Ais the absorption factor angfHs the structure factor.

The structure factor determines how the intensity of a given reflection depends on the

particular arrangement of atoms in the unit cell:

. Y OEH+
"O CAgEe MW ®» o A@DLU
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wheref, is the atomic scattering factor arg y,, andz, are the fractional coordinates of the
n™ atom in the unit cell. The exponential term containing the atomic isotropic thermal factor

(Y ) determines the reduction in insgty as a function of scattering angle.

2.6.1 X-ray Powder Diffraction
X-ray powder diffraction was routinely used to characterise structures due to the ready
availability of monochromatic X ay sources. A gi vefgiselatednd s
to its atomic number4,). Therefore, the intensity is relatively insensitive to changes in the
fractional occupancy or position of atomic sites occupied by light elements in the presence of
relatively heavy elementonsequently, the complete elucidation ofistures containing
mixtures of light and heavy elements (i.e. the majority of the complex transition metal oxides
and oxyhalides detailed in this thesis) usingay powder diffraction data only was not

always possible.

2.6.1.1Philips PW1710
A Philips PW1710 diffactometer was routinely used to monitor reaction progress. It operates
in BraggBrentano focusing geometry and uses both Quyadd Kj.radiation. Data were
collected from akstable samples using an aluminium plate. Samples were loaded into a
recess intie plate measuring 20 mm x 10 mm x 0.5 mm. Additional diffraction reflections
from the aluminium plate sample holder were present in the resulting data. Data were

coll ected ov el/lP<tOhitt agortinugus sc8n speeddfd.04.°s

When Xray powder diffraction data had to be collected fromsainsitive samples, the
samples were loaded into ga@ght holders Figure 2.5) in an argon filled glovebox. The
samples were placed on a glass slide coated with a small amount e€C@amg high
vacuum greaseThis was then placed inside a g@ht holderequippedwith a thin Mylar

window and sealed with a rubbetriag and a brass cap. Data were collected dwerange
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10<2d / using<a cahtinuous scan speed of 0.02ttscompensate for the intensity

loss due to absorption by the Mylar window.

Brass Cap Mylar Window
' |
| Recess for Loading
Into Diffractometer
[N )

Sample on Glass Slide

Rubber O-Ring

Figure 2.5: Sample holder for collecting Xray powder diffraction data from air -sensitive samples

26.1.2PANal ytical Xo6Pert
A PANalytical X6Pert di f f romaity data esdtsesuitable dos u s e d
Rietveld refinement. It operates in BraBgentano geometry and utilises a crystal
monochromator taexclusively select Cu K radiation. Additionally, 0.02 mm Sdller slits
were added to further collimate both the incident and diffracted beams, allowing for very

high resolution diffraction patterns.

Nonrair-sensitive samples were loaded onto a siliwafer coated with a thin layer of Dew
Corning high vacuum grease. This wafer is cleaved along the systeiyadiosént [110]
plane, permitting the collection of diffraction patterns with no contributions from the holder.
During measurement, the wafer etated at 30 rpm in order to minimise contributions from a
nontuniform distribution of the sampl®ata from airsensitive samples weomllected from
samples loaded in the holders described in Sec?i@nl.l Particular details of each

measurement range and speed are described in the appropriate chapters.
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2.6.1.3Siemens D5000 with Phei Cryostat
A Siemens D5000 diffractometer equipped with an Oxford Cryosystems Phgoigtat was
used to collect Xay powder diffraction at low temperatures. The diffractometer operates in
BraggBrentano geometrgind utilises a crystal monochromator to exclusively select &£u K

radiation. The PheniX cryostat uses compressed helium teaogles down to 13 K.

Samples were loaded onto glass slides coated with a thin layer e€boving high vacuum
grease. Air sensitive samples were prepared in the glovebox and kept under argon until they
could be placed inside the cryostat in order taimise exposure to the air. This could then

be placed inside the cryostat, evacuated and cooled to the desired temperatuveer®ata

collected in the range® 2°ck 70using a continuous scan speed of 0.01 °s

2.6.2 Neutron Powder Diffraction
While X-raysare scattered by the periodic electron density in a crystalline solid, neutrons are
scattered by the interaction with atomic nuclei. Thus, neutron diffraction differs fromy X

diffraction in a number of ways:

1 The neutron scattering lengths of all atoare much more similar than therxy
scattering lengths, and follow no linear relationship with atomic nufib&he
contribution to the total scattering from a structure is therefore much more evenly
distributed among its constituent elements, and neutron powder diffraction can
therefore be used to locate light atoms in the presence of heavier elements and can
distinguish between isoelectronic elements.

1 Unlike the Xray scattering form factor, which drops off rapidly with the scattering
angle, the neutron scattering form factor can be regarded as essentially independent of
the scattering angle. In contrast toray diffraction data, there is no fadiff of

intensity with increasing scattering angle.
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1 Neutron scattering interaction is relatively weak. Therefore, most neutron diffraction
experiments require large sample sizes (24qy), while Xray diffraction datacan be
collected from mescale samples.

1 Neutrons are spitt/2 particles, and can therefore interact with unpaired electrons.
Scattering from an ordered array of unpaired electrons produces magnetic reflections
in the diffraction patter which allow the degrmination of the magnetic structures in

materials.

The magnetic scattering structure factd@® () for an unpolarised neutron source can be

expressed as follows:

0 i nne

where g; is the magnetic interaction vectop; is the magnetic scattering length,the
magnetic scattering vector amdthe position vector ofmagnetic atoms in the unit cell. The

observed intensity of a magnetic reflectio® (; ) is proportional to the square of the

projection of themagnetic structure factor onto the scattering vector:
0O SO sl
where U is the angle between the magnetic scat
For all neutron powder diffraction, the samples were |loadiedvanadium cans (chosen for
its low coherent scattering lengtf0 (3824 fm§* to minimise contributions frma the holder).

These cans were sealed with either indium washers for measurements intherange 5<T/K <

300 or copper gaskets for measurements above 300 K.

Neutron powder diffraction data were collected at two facilities: the Institut-Langevin
(ILL) in Grenoble, France and ISIS, at the Rutherford Appleton Laboratory in Oxfordshire.
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2.6.2.1Institut Laue -Langevin (ILL)
At the ILL, diffraction experiments use a beam of neutrons produced fréfUdfission
nucl ear reactor . 0Fa sftsfion reaction have rerergipsrinaiet MeVe d
range, whereas the cressction for neutroinduced fission of**U is highest for neutrons in
the meV range. In order to sustain the fission process, a moderator filled #@itis Dsed to
reduce the energy of @aduced neutrons. These neutrons are then of suitable energies to
perform diffraction experiments, with appropriate wavelengths selected using a crystal

monochromator. The instrument used at the ILL waB.D2

D2B is a highresolution tweaxis diffractometerwith a high takeangle (135 °) for the
monochromator Scans were perf or mhe<dl6@witle severdlls@ansr a n
being summed to improve the statistics. The wavelength of the incident neutron beam can be
selected by rotation within thehlfl) plane of a germanium crystal monochromator. A

wavelength of 1.594 A was used for all experiments in this investigation.

Gru;;hiie Collimator| | Neutron flight tube
lter

Monochromator S i——=mr— e
Miustable sits =\ ‘
Shutter
Monitor

Adjustable slits

Sample
Beam stop

Collimator 8
Defector He? \
Mulidetector

Figure 2.6: D2b instrument at the ILL facility. **
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2.6.2.21SIS
The ISIS neutron facility at the Rutherford Appleton Laboratory uses a spallation neutron
source’® Pulses of protons are accelerated to 800 MeV in a synchrotron and fired at a
tantalum target. This causes an intranuclear cascade, resulting in a pulse of n€bhasas.
have very high thermal energies and must be slowed down using a hydrogenous moderator
(H20 in the case of the POLARIS instrument) so that their wavelength is suitable for
diffraction. This method produces a pulse of neutrons with a range of wavelengtable

for time-of-flight measurements.

Time-of-flight diffractometers use fixedngle detectors to measure diffraction patterns as a
function of wavelength, which can be related to the velocity of the neutrons using the de

Broglie relationship:

0
a

Cc:| o-

wherehi s Pl a n c knmthe neutram snasa, mndhe time taken to travel distante
from the moderator to the detector via the sample. POLARIS is airtigfsity, medium

resolution powder diffractometer equipped wsth banks of detectordable2.1).

Detector Bank 2d Rangsg Omax / A
Very Low Angle 1 61 14 19.6
Low Angles 2 197 34 8.7
3 407 67 7.0
90 ° 4 7571 113 3.2
Back-scattering 5 13571 143 2.7
6 1467 168 2.7

Table 2.1: Detector banks following the POLARIS upgrade.
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Backscatter Detectors

Sample Tank

90° Detectors

Low Angle Detectors

Very Low Angle Detectors

Neutron Path

Figure 2.7: New POLARIS instrument at the ISIS facility. *°

2.7 Rietveld Refinement
X-ray and neutron powder diffraction data were analysed using the Rietveld method of
profile refinement with the GSAS suite of prograth® The Rietveld methods allows
structural information to be extracted from powder diffraction data where peak ogadap

dn degeneracy prevent exact structure factors being calculated from reflection intensities.

A diffraction pattern is generated from diffraction and structural parameters and the
calculated intensity at each point compared to the observed intensitiy experimental

diffraction pattern using the following expression:
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wherew; is the weighting factoryi, the observed intensity at poineaindy;. the calculated
intensity at pointi. Diffraction and structural parameters atteen refined against the

experimental data using a least squares optimisation technique in order to minimise S.

The quality of the fit to the data can be as
reduced@, the residual functionR;) and the weigted residual functionwWR,). These

functions are defined as follows:

BV w

: B s
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% B0 w () b
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wherengys is the number of observations in all histograms mgds thenumber of variables

in the least squares refinement.

2.7.1 Peak Shapes
The accurate description of experimentally observed peak shapes in diffraction patterns is
fundamental to the success of Rietveld refinement. Peak widths in diffraction data are

dependent othree main factors:

1. The Darwin width: due to the uncertainty principle, exact knowledge of the position
of a photon necessarily implies an uncertainty about its momentum, and therefore, its
wavelength. This leads to reflections possessing a finite widitveler, broadening
due to uncertainty is generally negligible compared to other experimental

considerations.
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2. Instrumental factors, such as imperfect measuring geometry (e.g. ambiguity in the
height of the sample) and optical effects (e.g. diffraction byspaf the instrument
rather than the sample).

3. The theory of diffraction assumes an infinite perfect crystal. Deviations from this
hypothetical perfect crystal lead to a broadening of peaks in the diffraction pattern.
This broadening can contain informati@bout the sample, such as particle size or

strain.

Instrumental peak broadening can be well modelled using a Gaussian {rofitehe use of
a Lorentzian function is required to model the broadening from structural features. Thus, the
overall profile function can be modelled as an integral of the Pséadyp function

(F(g)*** involving a linear combination of both Gaussian and Lorentzian components
oYY -WYm p - OYYo

whereq Tis defined as the deviation of a reflection from its calculated position, correcting for
asymmetry, d i s a f unedakaixa muan (tFAAMH MP u laln dWidd

parameter which is used to include the optimal contribution from each contfonetion?°

2.8 X-ray Absorption Near-Edge Structure (XANES) Spectroscopy
Sufficiently energetic Xrays can be used to ionise core electrons from an atom or ion. An
atom or ionbdés absorption spectrum can t hert
X-rays as a function of the energy of the incident radiation. The energy at which the
absorption ofincident photons increases dramatically is defined as the absorptionTédge
absorption edge corresponds to the energy at which incident photons are able to ionise core

electrons.
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The energy of the absorption edge is characteristic of the element aogidhgon state.
Information about the latter can thus be gained by comparing the absorption edge of an
unknown with those of the same element in known standdtds thus a way to

independently probe the oxidation states of ions in a sample.

In addition to the ionisation of core electrons;rXys can cause excitation of core electrons to
higher energy shells, e.gs® 5p. This gives neaedge fine structure, which can be affected

by the coordination environment (which will alter the relative enerdidsecorbitals).
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Figure 2.8: Cartoon depiction of the ionisation of core electrons by incident Xays.

Samples suitable for characterisation by XANES were prepared by grinding together a
suitable amount oproduct with 100 mg of cellulose using an agate mortar and pestle. The
amount of sample was calculated in order to obtain an edge jump close to one. The cellulose

acts as an inert matrix, allowing the resulting powder to be pressed into robust pellets.

In the case of aisensitive samples, samples suitable for characterisation by XANES were

prepared under an inert atmosphere. A suitable amount of product was ground together with

34



100 mg of cellulose (dried at 120 °C to prevent the introduction of moistiar¢hie samples)
in an argorfilled glovebox using an agate mortar and pestle. The mixture was then loaded
into a pellet die and sealed inside two tied plastic bags in order to maintain an inert
atmosphere. Once the pellet had been pressed outside tebajawe die was returned to

the glovebox and the pellet removed.

XANES data were collected at the B18 beamline at Diamond Light Sturce.

2.9  °’FeMdssbauer Spectroscopy
Mossbauer spectroscopglies on the emission and absorption of gamma rays. In a gas the
energy of an emitted gamma ray is smaller than the energy of the nuclear transition due to
enegy lost to recoil. Similarly, the energy of an absorbed gamma ray must be greater than
that of the nuclear transition. This causes resonance (emission and absorption of the same
gamma ray) to be unobservable with free nuclei as there is no significalapobetween the

emission and absorption spectra.

In a solid crystal, however, the nuclei are bound in place and therefore not free to recoil. The
energy of emission or absorption can still be affected by lattice vibrations (phonons). During
an event, anyinmb er of phonons can be emitted-, i n
freed event i n which the entire crystal é
negligible loss of energy, the emission and absorption spectra overlap sufficiently for

resonance to occur.

*>’Fe Mossbauer spectroscopy utilise¥@o source which decays by electron capture to an
excited state of’Fe, that subsequently decays to a ground state with emission of a gamma
ray. The energy of the emitted gamma rays is modifiadhe Doppler effect. Transmission

of gamma rays through a sample can then be plotted as a function of velocity, with sharp dips

corresponding to absorption at energies where resonance can occur.
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The energies at which transitions occur are modified bjotta environment of thatoms or

ions:

1 The chemical shift represents a change in the resonance energy of a nucleus due to the
presenceof electronsin s orbital. This causes the entire pattern to be shifted
depending on the electron charge density. in,tthis provides information about the
oxidation state of the iron ions (e.g.’F®ns have lower isomer shifts than’Fdue
to weaker screening bg electrons, which increases tiseelectron density at the
nucleusy?

1 Quadrupole splitting arises because nuclei in states withsploerical charge
distributions (i.e. 1 > 1/2) produce an asymmetrical electric field which splits the
nuclear energy levels and produce a nuclear quadrupole motff@npossesses a | =
3/2 excted state, so the 1/2 to 3/2 transition is split into two substates, appearing as a

doublet in the spectrunirigure2.9).
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Figure29: Quadrupole splitting from a 3/2 to 1/2 transi
1 Interaction between a nucleus with spiand a surrounding magnetic field will cause
a splitting into 2 + 1 subenergy levels. This splitting gives rise to additional features
in the observed spectrum due to possible transitions between these(lS@ies

2.10). Thesetransitions are limited to those in whiglh changes by 0 or £1.

Together, these features provide information about the oxidation state, chemical environment,

and magnetic behaviour of Fe centres in a sample.
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Figure 2.10: Magnetic splitting of nuclear energy levels.

Samples were diluted with graphite and contained within airtight plastic holt€es.
M°ssbauer spectroscopy dda&eésiandardssinga3bm®ot ed r el e
in Rh source. The spectra were recorded over a velocity range +5 mm/s. All spectra were
collected and fitted by Dr. Paul A. Bingham and Dr. Susan D. Forder at the University of

Sheffield.

2.10 Thermogravimetric Analysis (TGA)
Thermogravimetric analysimeasures the mass of a sample as a function of temgerBtur
heating the sample under a flowing gas, chemical information about samples can be obtained.
Reoxidative TGA, in which the sample was heated under flowngl reductive TGA, in
which the sarple was heated under,ias 525% H in N,) were useful in determining the

anion content of sampleBor a generic, reduced ABQperovskite:
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ABOsxs)+ OxgY A B

ABOszxg + Hag Y A+ B+ H0()

In both cases, from knowledge of the makthe sample at the beginning and end points and
the composition at the end point, the amount of oxygen gained or lost can be calculated, and

thus the initial composition of the sample can be determined.

Thermogravimetric data was collected from approxetya50 mg of powdered sample using

a Netzsch STA 409PC balance.

2.11  Muon Spin Relaxation Spectroscopy (USR)
Muon Spin Relaxation Spectroscopy (USR) is a technique used to probe the internal magnetic
field within materials. It functions by implanting a pos#ly charged antimuons within a

material and measuring the decay process.

Muons are produced by collisions between keglergy protons and a light element target
such as graphite, which produce pions that subsequently decay into leptons (muons or
electronsin a ratio of approximately 8000:1) and neutrinos with a mean lifetime of 26 ns.
Beampipes are then used to focus the muon beam and discard unwanted particles, guiding the

muons into the sample such that they arrive with correct energies arari@etedspins.

Once the muon penetrates the sample, it sheds kinetic energy in a series of stages throug!
ionisation of the sample and capture and loss of electrons before coming to rest within a
crystal vacancy. These interactions are mainly electrostatic andtdagnificantly alter the

muon spin.

Since the muon is a S = 1/2 patrticle, it undergoes Larmor precession in the presence of a
magnetic field. In an ordered magnet, the muon will see the magnetic field without perturbing

it. Muons decay into positrons @riwo neutrinos. The distribution of angles at which the
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positron is emitted relative to the original muon spin is asymmetrical. In a typical
experimental set up, scintillation detectors are set up around the sample. The difference in the
numbers of positms detected by pairs of detectors on opposite sides of the sample is
normalised by the total count to account for the @eaying population of muons in the
sample, and plotted as a function of time. The resulting oscillations give a measure of the

muonprecession frequency and thus the internal field it experiences.

USR data was collected at the Paul Scherrer Institute in Switzerland by Prof. Slephen

Blundell, Dr. Johannes Moeller, and Francesca Foronda.

2.12 DC SQUID Magnetometry
DC SQUID (Superconductin Quantum Interference Device) magnetometry was used to
measure the magnetic properties of systems arising from spin and ombitaéntum of
electrons. A measurement is performed by moving the sample through a superconducting

detection coil as shown Figure2.11, which induces a current in the ring.
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Figure 2.11: Schematic of a SQUIDdetection coil

The Josephsojunctions force the current in the ring to become quantised. Variations in the
ring current produce equivalent variations in the output voltage, which is therefore

proportional to the magnetic moment of the sample.

All data was collected using a Quantum sigm MPMS XL SQUID magnetometer.
Approximately 50 mg of sample weveeighed and suspended in a gelatine capsule inside a
drinking straw, with four empty capsules on either side. The outermost capsules were covered
in a layer of diamagnetic tape to hold tekample in place. Air sensitive samples were
prepared in the glovebox and kept under an inert atmosphere until they could be loaded into

the magnetometer.

Magnetisation dat&rom samples was collected either as a function of temperature, usually
from 5 K to 300 K in a constant applied field (normally 100 Oe), both when cooling in the
absence of a magnetic field and when cooled in the presence of the measuring field, or as a
function of applied fid (typically-50 000 O H &t a @rstardterbperat@e(Bodh

5 K and 300 K).
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For samples containing trace amounts of ferromagnetic impurities, such as elemental cobalt, a
6f errosubt r act?® The patamagrietisuseeptibility €cald be measured by
measuring the gradient of magnetisatfmid isotherms in fields of at least 35 000 Oe, which
saturate the ferromagnetic contribution. The magnetisation of samples was measured in a
series of 7 fields between 35 000 @&l 50 000 Oe. The magnetisatioeld isotherms were

then fitted to a linear function, excluding points with large errors. All fits had at least 5 data
points. This procedure was repeated at 5 K intervals between 5 K and 300 K in order to

obtain the temg@raturedependant susceptibility of samples.

2.12.1 Curie-Weiss Law

Paramagnetic susceptibility can be modelled using the -@veiss law:

5
N

whered is the Weiss constant, a measure of the strength of the interactions presénthand
Curie constantcan be defined as:

0" QY'Y p

' P
oQ P

whereNai s AV 0 g a d rugié the Bohu megrestorg, is the Landé factoiSis the spin
quantum number of the magneticidg,i s Bol t z mann® s is the effsctiva n t and

magneticmoment. A temperatusidependent paramagnetic contribution can be accounted

for in the CurieWeisslaw by the inclusion of a further constagit
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2.13 BondValence SumgBVS)
Bond valence calculations allow the estimation of the valence a@irabased on the bond
length and identity of the contacts in its coordination spfiefaetotal valence;, of an ion
is defined as the sum of the valence contributions for the individual bonds within its

coordination sphere:

where the valencg; of a bond between atomandj is given by:
0 Q J

where b is an empirical constan{taken to be equal to 0.37) Rji s t healedce ond
par ameanday i8 the bond lengthBond valence calculations performed in this

investigation use&;v al u e s published®>®by Brese and 006K
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Chapter 3 The Reduction of Sr;C0,0O5Cl,

3.1 Introduction
There are a large number of published examples of topochemical reactions involving metal
hydrides as a reducing agent. These typically lead to the formation of materials with
transition metals in unusual oxidation states and/or coordination environmeémpizrticular
interestarethe reduction of SrFefdo SrFeQ and SgFe0,.; to SrFeOs via SkFe0s. Both
reduced phasesontain networks of vertexsharing Fé'O, square planesF{gure 3.1).29%°
High-spin Fé appears to show an unexpected affinity for scupémearcoordination when

undergoig topochemical reduction.

Sr,Fe Q Sr,Fe Q SrFeQ

Figure 3.1: Structures of some topochemically reduced iron phases.

The topochemical reduction of complex cobalt oxides, in contrast, temelsuib in phases in
which the coordination around the Co centres is less rigorously spjaawee. The

topochemical reduction of LaBag®s; to LaBaCgO, s results in a phase that contains Co

45



centres in squasplanar environments, along with squéased psamidal and tetrahedral
environmentsThe formation of tis unusual anion arrangement appears to be driven more by
the A-cation ordering than any particular coordination requirement of cobalt, as reduction of
the isostructural starting phase YBaOe to YBaC@O,s results in an entirely different

structure typeRigure3.2).*

50%

Figure 3.2: The structures of the topochemically reduced phases LaBa@0, ,s (left) and YBaCo,0, 5 (right).

The influence of cobalt on the arrangement of anion vacancies can also be observed in the
structures adopted by e «C0,).0, phases****® In the case of th& = 0, altFe phase,

there are no reports of isolated phases with an oxygen conteny § 8. The reported
structures of SFe0s and SgFeOg all show rigorous anion vacancy orderify® Phases

with x = 0.5, 1, in contrast, show increasing levels of anion vacancy disorder correlating to
the level of Co dopingFigure 3.3).°®°" This effect can also be observed in the reduction of
Sr(Fe...Co)0; where only phases witk O 0.3 form the infinitelayer structuré® This
suggests that, in the absence tobrsg directing effects from the structure, the selectivity of
topochemical reduction reactions is strongly dependent on the transition red¢aitrdan

count.
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Recent workby Dixon et al. has led to the successful topochemical reduction of the layered
oxychloiide phases ${Fe;«C0).0sCl, ( 0 O xto form Ge(F&.)Co).04Cl, (Figure
3.4).2%?! The selectivity of the reduction reactions of these phases appedferémdito the
identity of the transition metal -Bation, with isotructural engoints for all compositions

studied.

SrS (FQS CQS ) Q.45 Sr3cq Q.38

Sr(2) ' _— Sr(2)

0O(1) = 100% O(1) = 100%
Fe/Co(1 Co(2)
0(2) =12%
Sr(1)
O(3) = 100%
O(4)=57%

Figure 3.3: The structures of Si(FeysC0g 5)-0s5 45 (left) and SrC0,05 35 (right).

Substitutionof the transitiormetal Bcation site with Co led to a decrease in the magnetic
ordering temperature and eventual formation of a-glassin Sr(FesC0y5)204Clo. This
chapter details the synthesis and reduction okthel endmember of the series in order to
analyse the effects of complete -@abstitution on the structural and magnetic properties of

Sr3(Fe1_XCOX) 204C|2.
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Sr(Fe,Cq)QCl Sr(Fe.Cq)QCl

reduce <& Fe/Co(1)
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g s Sr(1)
N
= Sr(2)
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Figure 3.4: Topochemical reduction of Sg(Fe; ,Co,),05Cl,.

3.2 Experimental

3.2.1 Synthesis of S§C0,05Cl,
SrLCo,05 was used as a precursor in the synthesis g€@DsCl,. This was synthesised
using the method described by Grens¢ral®* Suitable stoichiometric quantities of Sr¢O
(Alfa Aesar 99.99%) and GO, (Alfa Aesar 99.9985%) were thoroughly mixed together
using an agate mortar and pestle. The resulting powders were placed in an alumina crucible
and then heated in air to 1100 °C for 12 hours to decompose the carbonates. The powders
were then pressed into pelletsdaheated at 910 °C for two periods of two days with one

intermediate grinding.

Samples of SC0,0sCl, were prepared via the route previously described by Wetlat. for
the synthesis of SFeCoQCl,.®? Due to the moistursensitive nature of Srglall samples
were kept under an inert absphere at all times. Suitable stoichiometric quantities of

SrCo,05 and SrC} (Alfa Aesar 99+ %, dried at 180 °C under vacuum) were thoroughly
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mixed using an agate mortar and pestle in an afijed glovebox (Q and HO levels <1

ppm). The resulting mixtures were then sealed under vacuum in silica ampoules and heated to
850 °C for two periods of 24 hours with one intermediate grindingayXpowder diffraction

data collected from this material were consistent with a single phitis&attice parameters

= 3.91(1) A andc = 24.00(1) A, in good agreement with previously reported valaes (

3.89(1) A anc: = 23.88(1) A)*®

3.2.2 Reduction with Metal Hydride s
Previous research on the reduction of the related series of Brges..Co,).04Cl, (X = 0,
0.1, 03, 04 and 0.5 has shown that LiH can act as an effective solid state topochemical
reducing agent for these materidté* The reduction of thex = 2 member of the series,
SrCo,0sCly, with LiH was therefore attempted. Small sampte200 mg)of SEC0,0sCl;,
wereground together with a 1:4 molar excess of LiH using an agate mortar and pestle in an
argonfilled glovebox. These mixturesere then sealed under vacuum in Pyrex ampoules and

heated to temperatures in the range 250 < T / K < 300 for periods of two days.

Reduction was also attempted in an analogous manner with a 1:2 molar excess of NaH in the
temperature range 170 < T / K < 230. Preparation of large samples suitable for neutron
diffraction were prepared using NaH at 200 °C for two periods of two days with an
intermediate grinding. Removal of unwanted reactiopptpducts (NaOH and unreacted
NaH) was performed by washing the samples under nitrogen with 2 x 100 ml of a 0.1 M
solution of NHCI, followed by 4 x 100 ml of clean methanol. The samples were then dried

under vacuum before being returned to the glovebox.
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3.3 Results

3.3.1 Reactivity
X-ray powder diffraction data were collected from the products of reaction with LiH. At
temperatures O 250 K, no reaction was observe
sampes decomposed to binary oxideshloridesand elemental abalt Attempts were then
made to reduce §20,0sCl, with NaH. X-ray powder diffraction collected from the products
of smallscale test reactions performed in the range 170 < T /24D<evealed the formation
of a bodycentred phase with lattice parameters similar to thoses6&8:,Cl,, % indicative
of the successful topochemical reduction ofC8s0sCl,. Reaction temperatures above 240

°C resulted in decomposition to binary oxides, chlorides and elemental cobalt.

Examination of Xray powder diffraction patterns before and after washing with methanol
alone revealed a significant quantity (~ 50 % by weight) of the reduction products had

reoxidised to the $€0,0sCl, starting material during this procedure.

Use of a slightly acidic solveri®.1 M NH,Cl in methanol) was found to significantly reduce
the amount of product undergoing reoxidation, but could not completely eliminate the
problem. The high degree of @ensitivity of reduced $€0,0sCl, is consistent with the

pyrophoric behaviouobserved in the $Fe.,Co0sCl, series of phaseg.
3.3.2 Structural Characterisation

3.3.2.1X-ray Powder Diffraction at 298 K
X-ray powder diffraction dat@ollectedusing a Siemens D5000 diffractomefeom the

washed product of the reaction betweesC8OsCl, and NaH are shown iRigure3.5.
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Figure 3.5: X-ray powder diffraction data collected from the washed products of reaction between $£0,05Cl,
and NaH. Reflections markedwith an asterisk are due to the presence of reoxidised 5&0,05Cl,. The large lump
at 2d ~ 18 A is due to grease used toao

The reflections in the data could be readily indexed on the basis of ecéotigd tetragonal

unit cell with lattice parametees= 4.007(1) A and = 22.282(1) A. This was consistent with
topochemical reduction to form $&0,0,Cl,. The presence of 80,0sCl, from reoxidation

during the washing process is evident in the data (reflections marked with an asterisk in

Figure3.5).

3.3.2.2Neutron Powder Diffraction at 298 K
Neuton powder diffraction data were collected fromg@xrO,Cl, at 298 K using the
POLARIS instrument at ISLSThese could be readily indexed using a boegtred tetragonal
unit cell similar to those used for tSas(Fe1..C0,)-04Cl, ( 0 x AD.5).2%? A structural model
based on the refined structure 0§F=50,Cl, was constructed and refined against the data. A
small amount of S€0,0sCl, was added as a second phase. The refinement converged

readilytogiveagood t at i st=H26@6). fit (6
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Attempts were made to i nsert eatnuctwoatmoded but o n
proved unsuccessful. The occupancy of this site consistently refined to zero, confirming the

composition of the bulk phase 88C0,0,Cl,.

Observed, calculatecand difference plots are shown Kigure 3.6. Full details of the

structural parameters are giverTiable3.1 and selected bond lengths are givefable3.2.
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Figure 3.6: Observed, calculatedand difference plots for refinement of the structural model of S§Co0,0,Cl, at 298 K
against neutronpowder diffraction data collected using the POLARIS instrument.The upper set of tick marks
corresponds toa ~ 10% by weight impurity of Sr;C0,05Cl..

Wyckoff 2
Atom Pgsition X y z Uiso/ A
Sr() 2a 0 0 0 0.0033(7)
Sr(2) 4e 0 0 0.1526(1) | 0.0038(5)
Co(1) 4e 0 0 0.4284(4) | 0.0085(8)
o) 89 12 0 0.0766(1) | 0.0161(3)
Ci(1) 4e 0 0 0.2960(1) | 0.0202(4)

SC0,04Cly: space groupd/mmm a = 4.007(1) A ana = 22.282(1) A;
cell volume = 357.76(1) A weight fraction =89.7%

SCo,0sCly: space groupd/mmm a=3.9871) A andc = 22817(10) A;
cell volume = 362.70(1) A weight fraction= 10.3%

¢ = 2.506, wRp = 0.64%, Rp = 0.90%

Table 3.1: Refined structural parameters of SkC0,0,Cl, at 298 K

Cation Anion Bond Length/ A Bond Valence Sum
Co(1) 0O(1) 2.007(1) x 4 Co +1.79
CI(2) 2.950(2) x 1
Sr(1) 0O(1) 2.632(2) x 8 Sr+1.99
Sr(2) 0(1) 2.623(1) x 4 Sr +2.09
Cl(1) 3.056(1) x 4
CI(1) 3.195(3) x 1
Co Co 3.19(1)

Table 3.2: Selected bond lengths and bond valence parameters from the refined structure of;6p,0,Cl, at 298 K.
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3.3.2.3Neutron Powder Diffraction at 5 K

Neutron powder diffraction data collected fromsGm,04Cl, at 5 K using the POLARIS

instrument at ISIS exhibited a splitting of the diffraction peaks relative to the data collected at

298 K. This splitting was consistent with an orthorhombic distortiothefunit cell(Figure

3.8).

These data could be readily indexed on the basis of an orthorhomibicell with lattice
parametersi = 3.9757(5) Ab = 4.0294(5) A, and = 22.147(3) A An orthorhombic model
(space groupmmn) based on the structure of3Sp,0,Cl, at 298 K was constructed and
refined against the daf=a3.280). Olpérved cakulagd and
difference plots are given in Appéix C. Full structural details of the refined structure are

given inTable3.3 and selected bond lengths are giveiable3.4.

Atom \évg;ﬁgf:, X y z Uiso/ A2

Sr() 2a 0 0 0 0.0014(3)
Sr(2) 4i 0 0 0.1528(1) | 0.0014(3)
Co(1) 4i 0 0 0.4276(3) | 0.0090(5)
o(1) 4 172 0 0.0749(4) | 0.0094(5)
0(2) 4 0 12 0.0773(4) | 0.0094(5)
ci(1) 4i 0 0 0.2952(1) | 0.0110(5)

SC0,04Cly: space groupmmm a = 3.9757(5) Ab = 4.0294(5) A, and = 22.147(3) A;
cell volume = 357.76(1) A weight fraction = 89.7%

SCo,0sCly: space groupd/mmm a = 3.983(1) A and = 22.720(10) A;
cell volume = 362.70(1) A weight fraction = 10.3%

¢ = 3.230, wRp = 0.55%, Rp = 0.67%

Table 3.3: Refined structural parameters of SkC0,0,Cl, at 5K.

Cation Anion Bond Length / A Bond Valence Sum
Co(1) 0(1) 2.015(1) x 2 Co +182
0(2) 1.991(1) x 2
Cl(1) 2.932(7) x 1
Sr(1) 0(1) 2.589(6) x 4 Sr +2.08
0(2) 2.644(6) x 4
Sr(2) 0(1) 2.632(6) x 2 Sr+210
0(2) 2.618(6) x 2
Cl(1) 3.056(1) x 4
Cl(1) 3.154(3) x 1
Co Co 3.20(1)

Table 3.4: Selected bond lengths and bond valence parameters from the refinsttucture of Sr;C0,0,Cl, at 5 K.
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These data showed additional features at ldrgpacings consistent with the presence of a
magnetic unit cell. Additional neutron powder diffraction data were collected from
SC004Cl; at 5 K using the D2b instrument, whiprovides increased sensitivity to ladye

spacing feature@-igure3.7(a)).
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Figure 3.7: (a) Neutron powder diffraction data collected from SrzC0,0,Cl, at 298 K and 5 K using D2b. An
additional peak at ~ 16 ° indicates longange magnetic order.(b) The ordered model refined for SEC0,04Cl,.

Additional features present in these diffraction data could be indexed on the basis of an
expanded monoclinic unit cell Withnagd  @&ndy bnagd By andCmag @ Ceryst The data

were best accounted for by a model in which the spins on neighbaairadt centres are
aligned antiferromagnetically and adjacent sheets are aligned ferromagnetically. The spins on
the cobalt centres are aligned parallel or antiparallel ta-thas, with an ordered moment of

3.60(1) ug per cobalt centre<jgure3.7(b)).

Full details of the magnetic refinement and fits to the data are given in Appendix C.
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3.3.2.4Variable Temperature Neutron Powder Diffraction
Neutron powderdiffraction data were collected from 80,0,Cl, as a function of
temperature Kigure 3.8) in order to monitor the evolution of the structural distortion and

magneticordering.
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Figure 3.8: Neutron powder diffraction collected as a function of temperature from SgCo,0,Cl, using the POLARIS
instrument. Splitting of the [200] but not [116] or [0 0 10] indicates the presence of an orthorhombic distortion of the
unit cell. Peaks in the shaded box correspond to contributions from the cryostat.

Structural and magnetic models were refiagdinst these data to produce a plotdd ( 1)
and the ordered moment per Co ceras a function of temperature, shownFigure 3.9.
These indicate that the oaithombic distortion persists unfil~ 200 K, which is significantly

higher than the magnetic ordering temperature (~ 50 K).
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Figure 3.9: (a) A plot of (b/a) T 1 against temperature as a measure of the orthlsombic distortion of Sr3C0,0,Cl,. (b)
The ordered antiferromagnetic moment of SgC0,0,Cl, plotted as a function of temperature.
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3.3.3

Magnetisation Measurements
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Figure 3.10: (a) The paramagneticsusceptibility of SC0,0,Cl; and fit to the Curie-Weissl aw i n 't
O 3 (@)0rhe saturated ferromagnetic moment.

he r
Magnetisationdata were collected from $&0,0,Cl, as a function of temperature using the
ferromagnetic subtraction technique and are showirigure 3.10. These show a large
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increase in the saturated ferromagnetmment atT ~ 50 K, and a local maximum in the
paramagnetic susceptibility &t~ 35 K. These are consistent with the appearance of long
range magnetic ordering observed in the low temperature neutron powder diffractioh data.
fit of the paramagnetic sugatbility in the range5 5 TO K @ the C@ieWeiss law
yields values ofc = 4.53(3) cmi K mol™ andd = +2.94 K where mél means per mole of

formula units of SYC0,04Cl>.

The observed Curie constant is much higher than would be expected foranlgpidd
system, even accounting for the 10%"C8r;C0,0sCl, secondary phas€, = 3.98 cni K

mol™).

The large increase in the saturated ferromagnetic moment |(3.p&r Co centre at 5 K)
indicates that there is a significant canting of the ordeosglt spins. However, attempts to
incorporate this into the magnetic refinements of-temperature neutron powder diffraction

were unsuccessful due to the low number of magnetic reflections.

A combination of the ordered moment at 5 K (316 ard the siturated ferromagnetic
moment at 5 K (1.1%g) as a vector sum yields a total value of 3ug8er Co centre. This
value is also much larger than th@Bexpected for a spionly d’, S = 3/2 Cd system. This

is consistent with a significant orbital cabtition to the magnetism.
3.4 Discussion

3.4.1 Structural Selectivity
The reduction of S€0,0sCl, proceeds in manner analogous to that of 8rgFe.
xC0)20,Cl,seri es of phases vi a r axideoon &lfornoa phaseh e
with composition SC0,04Cl, containing double sheets of apinked Cd'O, square planes

stacked with SrClI rocksalt layers.
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The reduction of SFe.CoOsCl, resuls in phases where the-&tions adopt squajganar
coordination environments for the entir®X O r&nge andthus the electron count can be
continuously varied from%to d’. In contrast, the reduction of Sr@E#&1,)Os (M = Mn, Co)

does not result in phases containingdions in squarplanar environments whea> 0.3%°

This suggests that in the latter case, the resulfinglettron configuration on reduction is
important for the formation of squapdanar arrays. The fact that the electron count for the
SnrFe.xCoOsCl, series of phasesan be varied continuouslkyver the entire rangahile
displaying the same reduction behaviour suggests an additional component directing the
selectivity of these reduction reactioride high degree of selectivity in the reduction of
SCo,0sCl, can best be rationalised by considering the influence of the lattice itself rather

than the identity of the Bation on the formation energy of vacancies.

On reduction, the oxidation state of thec&ion will decrease, and thus the ideal geometry
aroundit will contain fewer and/or longer anion contacts. However, the ideal geometry
around the Sr centres will remain essentially unchanged. The most energetically favourable
process is therefore the one that will maximise the change in the coordinatiomeraritaf

the B-cations while keeping that of the-8entres as unchanged as possible.

Bond valence sums have proved to be an effective tool in estimating the strength of various
bonds in materials, and can therefore be used to estimate the most enbrdaticatable
anion(s) to remove from a system on reduction. The anion for whichs BBYSs, is most
positive will result in the lowest vacancy formation energy. It should be noted that this
approach assumes that, upon reduction, the system does notiateeetlax into a more
thermodynamically favourable configuration and that there are no electronic contributions

(such as LFSE) that affect the strength of the interactions between cations and anions.
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Contributions made by Co and Sr to the bond valenoes ©f the anions i8rCo,0sCl, are

shown inTable3.5.

O(1) 0(2) Cl(1)
Co(1) 0.916 1.696 0.069
Sr(1) 0.194 0.690
Sr(2) 0.720 1.216
BVSco - BVSs, 0.002 1.006 1.147

Table 3.5: Bond valence sums calculated for the anions of §0,05Cl..

From the table above, it can also be seen that the contribution of the chloride ions to the
valence of the cobalt centres is mimimin contrast, they account for more than half of the
valence of Sr(2). Consequently, removal of the chloride ions from the structure would have a
minimal impact on the coordination of the cobalt centres and result in extremely anion
deficient coordinatin about the Sr(2) centreShe equatorial oxide ion, O(1), contributes
almost equally to the valence of the strontium and cobalt cations, while the bridging oxide
O(2) contributes much more to the valence of cobalt than to that of strontium. The refnoval o
the latter would therefore disturb the coordination of Sr the least while maximising the
change to the coordination of Co. This prediction is in line with the observed seledinaty.
selectivity of the reduction reaction of;80,0sCl, therefore appears to be directed by the

substrate structure.

It can therefore be seen that it is possible to design a substrate such that the selectivity of
topochemical reduction reactions can be controlled irrespective of the particular coordination

preferences of the cations in the structure

3.4.2 Low-Temperature Structural Distortion
The structure of the sheets of agieked Cd'O, square planes present iG0,04Cl, is very
similar to those observed in 800,Cl, and BaCoO,CwS, (Figure 3.11),°*%> with very
similar in-plane C®O bond lengths for all three phases: 2.006(1h A£C0,04Cly, 2.030 A

in SLCoO,Cl,, and 2.032 A in BELoO,CW,S,.
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Figure 3.11: The structures of SLC0O,Cl, (left) and Ba,CoO,Cu,S, (right).

On cooling below 200 K, $€0,0,Cl, undergoes a tetragonal to orthorhombic lattice
distortion with a distortion ratio ofo(a i 1) ~ 13.5 x 10 at 5 K. In contrast, SE00:Cl,
retains tetragonal symmetry down to the lowest temperature measured {2BidGyever,
BaCoO,Cw,S; undergoes a tetragonal twthorhombic lattice distortion on cooling below
155 K, with a lattice distortion ratio obfai 1) ~ 3.5 x 17 at 5 K*® Smuraet al. proposed

that this lattice distoidn was due to magnetostrictiéh.

In B&CoO,CwS,, the magnetic moments are oriented mainly in the basal plane and point
along one of the crystallographaxes breaking the tetragonal symmetry of the structure
(Figure3.12). This type ofordering of magnetic moments that have an orbital compaaent

lead to a structal distortion® That magnetic ordering is responsible fbe structural
distortion in BaCoO,Cw,S; is evidenced by the correlation between the orbital contribution

to the magnetic moment and the size ofdits¢ortion®
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The

Figure 3.12: The magnetic structure adopted by BaCoO,Cu,S,.

lattice in distortion in S§Co,04Cl,, however, cannot be accounted for by

magnetostrictiorior the following reasons

1. The onset of the structural distortion occurs at a higher temperature than the magnetic

ordering Tgist ~ 200 K, Ty ~ 50 K). That is to say, the structural distortion is present
in the absence @ny longrange magnetic orderinigure3.9).

Unlike in (SkxBa)CoO,Cw,S;, the ordered magnetic moments do not lie principally
in the ab plane, but rather point mainly along (Figure 3.7 (b)). Therefore any
interaction that would lead ta breaking of the tetragonal symmyetwould be
comparatively weakThe small degree of canting of the spins igC80,Cl, would
produce a much smaller distortion than that seen inBaLCoO,Cl,S,.

The magnitude of the ordered momentsSRC0,04Cl, and SLCoO,CWw,S, are almost
equal (3.781z and 3.81 g respectively), but the magnitude of the structural distortion
in SBCO4CI, is ~ 30 times greater. As the fraction of barium increases in (Sr
xBapCoO,CWw,S,, the orbital contribution to the magnetic moment (and thus the total

ordered moment) increases, as does the magnitude of the structural distortion.
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BaCoO,Cw,S,, which shows the largest orbital contribution to the magnetic moment,

also has the largest sttural distortion, but its magnitude remains ~ 4 times smaller

than that present iBr;C0,04Cl,.%°

The structural distortion observed in;S0,0,Cl, can be rationalised by consideringeth

electronic structure athe Cd centres. By analogy to the calculated electronic structure of

Fe' centresin SrFeQ,®® the local electronic structure of the 'Ceentres in SC0,0,Cly is

shown inFigure3.13.
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Figure 3.13: The local coordination geometry and electronic states of cobalt centers at 298 K (left) and 5 K (right).

Thed’, S = 3/2 system contains a pair of degenedatand dy, orbitals occupied by three

electrons and is therefore unstable with respect to a-Jailer structural distortion that lifts

this degeneracy in order to lower the energy of the system. The structural distortion observed

in SC0,04CI; is consisent with this lifting of degeneracy.

JahnTeller distortions are typically observed in oxide systems when octahedrally coordinated

transition metal centres possess unevenly occupied degengoabetas (d.,- and @:). For
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example, deg' Cr or Mn** or o g°> CU** usually exhibit JahiTeller distortions in complex

oxide phasete.g. LaCuQy).%’

Low spin CG" in octahedral environmentszﬁ egl) is also susceptible to Jafieller
distortions, as observed inBCo(NOy)s (A = K, Rb; B = Sr, Ba). In these phases, the largest
value obtained for the magnitude of the resulting structural distoridmserved in
Rb,SICo(NQ)s is (c/a i 1) ~ 31.6 x 10, approximately twice that observed in

SKC0,0,Cl,. 8

Materials with unevenly occupied degenerate oebitals generally display Jafireller
distortionsdue to the strong interactions between thele. and d- orbitals and the O 2
orbitals with U-type symmetry, which makes breaking of the degeneracy particularly
energetically favourable. Systems that possess uneven occupatien dyf, ©t, and g,
orbitals, in contrast, rarely show Jahaller distortions. The much weaker interactions
between these orbitals and the @ @r b i t a l-ssmmetiy imbans that any electronic
stabilisation of the -@rbitals gained by distorting the symmetry is rarelyugioto overcome

the energy lost by distorting a higlymmetry structure.

In light of this, it is rather surprising that;80,04Cl, exhibits such a pronounced Jaheller
di stortion f-syometrythgodpitals. Sucl diseortions driven by degeste i
orbitals usually rely on amplification of the stabilising effect by coupling to another

electronic degree of freedom.

This is observed in, for example, Nagiénd NavQ (Ti** = d', tg'; V3" = &, t5) where the
distortion not only lifts the dgeneracy of the§ orbitals, but also relieves the strong magnetic

frustration by distorting the triangular symmetry of the crystal stru¢Rigeire3.14).°%
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Figure 3.14: (a) The structure adopted by NaMG (M = Ti, V). (b) The magnetic frustration resulting from a
triangular lattice with all antiferromagnetic interactions. (c) Low temperature structural distortion causes a change
in some interactions to ferromagnetic ordering, relieving the frustration.

Similarly, LaTiO3 (tzgl) exhibits weak Jahiteller distortion at room temperature, which is

increased by an order of magnitude at the onset of magnetic ordByind.60 K)’*

It should be noted that other systems with squpéaiear C centres, such as &o0,Cl, and
(SrxBakCoO,Cw,S, are also susceptible to this type of structural distortion, as they have
identical electronic state$hat no such distortion is observed in these materials suggests that

t he el astic sltaryaeirnd opnh atshees 0Oissi ntgolodgiomgr eat t o

Alternatively, interactions between the, dnd g, orbitals of Co centres in adjacent layers
could provide additional stabilisation on distorting from a tetragonal structure. The lack of
such stabilising interactions in the sindgger materials aadd explain the differing

behaviour.
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3.4.3 Magnetic Behaviour
Both the low temperature ordered moment and the high temperature paramagnetic moment of
SrC004Cl, are much higher than would be expected from a simple®spinS = 3/2 Cb

system Table3.6). This suggests a significant orbital contribution to the magnetic behaviour.

Expected Observed
Ordered Moment 3 Us 3.78 |k
Paramagnetic Moment| 3.98 cni K mol™ | 4.53 cni K mol™”

Table 3.6: Expected and observed magnetic moments from §£0,0,Cl.,.

Clarkeet al have studied the orbital contribution to the magnetic moments '®&e (X =
O, S, halogen) as a function of their coordination geometry and produced a plot of the
ordered moment as a function of the ratio of the axid>XCt the equatorial Q@ bond

lengths®®

Using a ratio of CbCl/Cai O of 1.46 in S§Co,04Cl,, an ordered moment of ~ 34 is
predicted. Thalisagreement between this predicted value and the observed value pg 3.78
is most likely due to the fact that the cobalt centres i€&0,Cl, do not find themselves in

a Cd'04X, environment, but rather in a 8®,XCo environment (Ca Co = 3.20 A). he
interaction between adjacent cobalt cations perturbsdibebital energies of the cobalt

centres, resulting in a modified orbital contribution to the magnetic moment.

In addition, S§C0,04Cl, displays a much lower magnetic ordering temperature (50 K) than
the structurally relatedinglelayer phases SCo00,Cl; and BaCoO,.Cw,S; (Ty ~ 215 K and
Tn ~ 210 K respectivelyj*® This difference cannot be attributed to separation between the

layers.

The ordering temperature of layered transiticgtahoxides depends strongly on the distance

between the layers. For example, LaSrMp@nd LaBaMnQ@;s order at 155 K and 135 K
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respectively; the separation between the Mafyers is 7.10 A and 7.35 A respectivély.
Coupling between the layers in these phases proceeds via a tspaghmechanism that is
much weaker than MOi M superexchange or iM direct exchage. Thisalsoaccounts for

the much lower ordering temperature inFe$O,Cl, (Ty ~ 378 K) where doublesheets of
Fé'O, squareplanes are separated by SrCl rocksalt layers, compared with the infinite layer
SrFeQ, where allinteractionsare M Oi M superexhange or NIM direct exchange ({ ~

473 K).20%°

However, the separation between the layers BC&O4Cl, is 7.727 A, while that in
SLCoOLCl, is 7.559 A and that in BEoO,CwS, is 9.383 A.°*®> The 3D ordering

temperature of Q€0,04Cl, should therefore fall between that of ,SG0O,Cl, and

Ba,CoO,CwS;.

Furthermore, e analogous alfon phase SFeO,Cl, adopts a Gype antiferromagnetic
ordering Figure 3.15), with antiferromagnetic coupling within and between the FeO
layers® In contrast, S¥C0,0.Cl, still contains antiferromagnetically ordered sheets, but they
couple to each otherferromagnetically. The competition between antiferromagnetic and
ferromagnetic order between the sheets explains theygiaagnetic behaviour observed in

the Sg(FeL..C0oy)-04Cl, series of phasés.

68



S,Cq O, Cl SrFe Q Cl
TR R IS

A 1

Figure 3.15: The magnetic structures of S§C0,04Cl, (left) and SrsFe,O,4Cl, (right).

The antiferromagnetic coupling between the layers igFe3D,Cl, arises from direct
exchange between hdilfled (dy, d) orbitals?®® The Goodenougkanamori rules predict
interactions between full and hdifll orbitals should lead to ferromagneti$min
SrCo04Cl,, the 4, and g, orbitals are halfull and full respectively, and therefore orbital
orderingleading to interaction between.dnd ¢, orbitalswould lead to feomagnesm
Such orbital ordering is incompatible with the observed-temperature structural distortion:
in order for a halempty d, orbital to interact with a full @ orbital below it, the cobalt
centresn adjacent layers must dist in orthogonhdirections as shown iRigure3.16. This
arrangement woax dld®2 eemhnsionoin tlee urdtZellThis kind of

antiferrodistortive ordering has beebserved in KCufand KCuF,.”*"
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Figure 3.16: (a) Cartoon depiction of the expected distortion leading to ferromagnetic coupling between layershe
red and blue outlines correspond to different layers( b }typ€ exchange leading to ferromagnetism resulting from
orbital ordering. (c) The structure of the distorted CuF; octahedra in KCuF.

The observed tetragonal to orthorhombic ferrodistomirgering forces interactions between
like orbitals, d, into dy, and ¢, into dy,. The cause of the ferromagnetic interaction is
therefore somewhat of a mystely.becomes apparent that the coupling between adjacent

Co0;, layers is responsible for behaviatinat is markedly different from that of the isolated
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single layers in SCo00,Cl, and BaCoO,CwS,, leading to unexpected sttwral and
electronic behaviour, such as the greatly reduced ordering temperature and the unexpectec

magnetic interaction betwedayers.

3.5 Conclusion
From the selectivity of the reduction reactions of th€Fey..Co,).04Cl, series of phases, we
can see that by carefully choosing the substrate material, we can exert a measure of control
over the selectivity of topochemical reduction reactions. Such systems can in turn be used to

tune the physical properties of materials bgyireg thed-electron count.

The controlled reaction of a carefully selected starting material has enabled the preparation of
a material with a highly unusual electronic structure that exhibits strong coupling between the
structural lattice and the electiorconfiguration. A similar synthesis strategy should enable

the preparation of a large number of phases exhibiting complex correlated behaviour.

The research and findings in this chapter have been reported in a recent puBfication.
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Chapter 4 The Reduction ofSr(Rug sFey )O3

4.1 Introduction
Topochemical reduction of complex metal oxides with binary metal hydrides has enabled the
preparation of avide range of metastable phases containingualgnt metal centres such as
squareplanar Nf, Co" and F&" and octahedral Mn**'®*®> Reactions of this type are
relativelywell-studied for complex oxides of firstwotransition metals. However, analogous
chemistry of complex oxides of second or third row transition metals has received

comparatively little attention.

The topochemical reductigwxidation of complex oxides of ruthenium is a particularly

attractive progect for a number of reasons:

T Rutheniumbés position directly below iro
additional insight into the unexpected stability of 'Fe squareplanar coordination
environments. In addition, the reduction of Srgg@nd SgFe,Ogs proceeds easily to
form very stable products with high decomposition temperatdrEsploitation of
group trends in reactivity could lead to the formation of similarly stable products.

9 Ruthenium oxides have been descr©bhatd as
is to say, within a very narrow range of related structures, ruthenium oxides exhibit
wildly different electronic and magnetic properties. For instance, SyReCa
ferromagnet with a transition temperature @f ¥ 160 K while CaRO; displays
CurieWe i s s behaviour wi t h a | arge00kKggat.i
Similarly, SeERuO, displays metallic behaviour with a transition to the only kn@wn
wave superconducting state known at T = 1.5 K. In contrasRuU{a is a Mott
insudator. Small changes in the structure such as additional twisting ofs RuO

octahedra in the phases due to the smaller size of thiec@8ons lead to wildly
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different propertiesand switching between localised and delocalised electfons
Ruthenium oxides are therefore a promising area to search for both technologically

useful materials as well as phases displaying esoteric properties.

Figure 4.1: The structures of SrRuQ; and SrL,RUO,.

The reduction of SrRuf)as well as that of the Sr(Rgre)Os solid solution would therefore
prove to be an excellent starting point to begin exploring the topochemical reduction of
second row transition metal oxides and ruthenium oxides in particular and their magnetic and

electronic properties.
4.2 Experimental

42.1 Synthesis of Sr(Rw sFep5)O3

Samples of Sr(RisFe 5)Oz wereinitially preparedsia two different methods:

f The method previously described by Batleal’® via direct combination of SiG;

(Alfa Aesar 99.99%), F©3; (Alfa Aesar 99.99%) and RyQfrom RuQ hydrate
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(Alfa Aesar 99.99%) dried at 800 °C) ground together using an agate mortar and
pestle The resulting powders wemaced in an alumina crucible ahdated at 1 °C
min™ to 900 °Cin airto decompose the carbonates. The powders were then reground,
pressed into 13 mm diameter pellets and heated at 1300 °C for two periods of two
days in air with one intermediate grinding.

1 Use of acitrate gelprecursor(see Sectio2.3) from suitable stoichiometric quantities
of SrCQ;, Fe metal (Alfa Aesar 99.99%) and RuOhe resulting powders wetken

treated in the same manner as above.

The resulhg powders were observed to be phpsee by laboratory ay powder
diffraction, with lattice parametees= 5.54(1) A,b = 5.54(1) A, anct = 7.87(1) A, in good
agreement with reported values ¥ 5.54(1) A,b = 5.54(1) A, anct = 7.83(1) A).”® These
data could be refined in2/c (No. 15) space group with only one Ru/Fe site. No evidence of

ruthenium iron ordering was observed.

421 Synthesis of STRuQ@
Samples of SrRuwere prepared via the method previously described by Bettthd.”’
Suitable stoiclometric quantities of SrC{and RuQ were ground together using an agate
mortar and pestle. The resulting powder was calcined at 1000 °C for 24 hours before being

pressed into pellets and heated at 1150 °C in air for two periods of two days.

The resulting powders were observed to be phpsee by laboratory >ay powder
diffraction, with lattice parametees= 5.57(1) A,b = 5.54(1) A, andct = 7.85(1) A, in good

agreement with reported values<(5.57(1) Ab = 5.53(1) A, andc = 7.84(1) A).”’

4.2.2 Synthesis of Other Sr(Ry.xFec)O3; Phases
Rurich phases with compositions Sr(REe4)Os and Sr(Ru7sFe25)0z were synthesised

from citrate gel precursorsising the sameroute described above for the synthesis of
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Sr(Rw sFey 5)Os. The resulting powders were observed to be phase pure by laboratayy X
powder diffraction with lattice pararatersa = 5.56(1) A,b = 5.54(1) A, anct = 7.86(1) A

anda=5.55(1) Ab=5.54(1) A, and = 7.85(1) A respectively.

Attempts were made to synthesise theriEl phases Sr(RuFe)s)Os and Sr(RyzsFey75)O3
via the methods described above for the lgsis of Sr(RgisFe)5)Os. Laboratory Xray
powder diffraction data indicated that these compositions did not form a single phase, but

rather a mixture of Sr(RuFe) 5)O3 and SrFe@;.

4.2.3 Reduction with Metal Hydrides
The reduction of Sr(RyFe)Os x = 0, 0.25, 0.40.5, 0.6, and 0.7%vas attempted with NaH,
LiH and CaH as solidstate reducing agents. In order to assess the reactivity of these
materials, small samples (~ 200 mg) were ground together with a double (quadruple in the
case of LiH) molaexcess okach ofthe metal hydrides in an argéified glovebox using an
agate mortar and pestle. These mixtures were then sealed indpypexiles(or silica for
reactiors to be performed at temperatures above 400 8G6J heated at a series of
temperatte s i n the range 200 O ,780 Q@CT3®aDWw®EB8GC @hen
using LiH, and2 8 0 O B50WwherAuSing®aH, for periods of two dayd arge samples
suitable for neutron diffraction were prepared using two mole equivalents of iGai
pressire venting apparatuSéction2.4.2 for two periods of two dayd$Reaction progress was

monitored using Xay powder diffraction.

Once a reaction was judged to be complite,products were washed with 4 x 100 ml of a
0.1 M NH,CI solution in methanol, followed by 4 x 100 ml of clean methanol in order to
remove unreacted metal hydrides amdde/hydroxidereaction byproducts. The samples

were then dried under vacuum and returned to the glovebox.
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4.3 Results

4.3.1 Reactivity

4.3.1.15I’(RU0.5F60,5)03
X-ray powder diffraction data collected from the washed products of reaction between
Sr(Rw sFey5)03 and NaH revealed no reaction had taken place ateangeraturdelow 230

°C. Reactions performed at 230 °C led to decomposition of the sample.

X-ray powder diffraction data collected from the washed products of reaction between
Sr(RwsFeys5)03 and LiH or CaH revealed that in both cases, no reaction occurred at
temperatures below 300 °C. Reactions performed between 300 and 350 °C (LiH) and
between 30@nd 450 °C (Cal) led to a change in lattice parameters. Reactions performed at
temperatures above 350 °C (LiH) and 450 °C (gdétl to decomposition of the samples
indicated by the presence of peaks corresponding to SrO and elemental Ru andé~e in th

resulting Xray powder diffraction data

X-ray powder diffraction data collected from theashed products of theeduction of
Sr(Rw sFey 5)O3 preparedvia the ceramic methorkvealed incomplete reduction, even when
the dwell time of the reaction was increased to 10 daypire4.2). An extra peak can be
observed at 33 °, consistent wgbme unreduced materif-ray powder diffraction data
collected fromthe washed products of the reduction of Sg(#R& 5)Oz prepared via citrate

gel methodson the other hangyresented sharp diffraction peak#h no unaccountetbr
features, after dy 2 periods of 2 days. This indicates that thorough mixing of the transition

metals is essential to produce a homogeneous product.
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Peaks in the Xay powder diffraction data of samples reduced with Oa&ete sharper than
those of samples reduced usingiLSamples reduced using Gahlere therefore used in all

subsequent measurements.
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Figure 4.2: X-ray powder diffraction data collected from the washed products of reaction beteenCaH, and
Sr(Rug sFey 5)O5 prepared via standard ceramic methodgtop) and prepared via citrate gel methodgbottom).

4.3.1.2SrRuQ3, SI’(RUo,GFGOA)Og and SI’(RUo,75F60,25)03
X-ray powder diffraction data collected from the washed products of reaction between
SrRuQ and NaH revealed no reaction had taken place at any of the temperatures below 230

°C. Reactions performed at 230 °C led to decompositioneo$dimple to SrO and elemental

Ru as shown by Xay powder diffraction.

X-ray powder diffraction data colled from the washed products of reaction between
SrRuQ and LiH or CaH revealed that in both cases, no reaction occurred at temperatures

below 25 °C. Reactions performed at temperatures ab@#°@ led to decomposition of

the sampleso elemental rutheam and SrO

X-ray powder diffraction data collected from the washed products of reaction between

Sr(RweF&4)Os or Sr(Ruw7sFe25)O3 and CaH indicate that their behaviour is analogous to
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that of SrRu@ with no reaction taking place below 350 ° C and decomposition to SrO,
elemental ruthenium and elemental iron for reactions carried out at 350 °C and Hhsve.
indicates that Sr(RuFe&s)Os is the only member of the solgblution that can be

topochemtally reduced.

4.3.2 X-ray Powder Diffraction
X-ray powder diffraction data collecteflom the washed products of the reduction of
Sr(Rw sFey5)03 with CaH, could be indexed on the basis of a primitive tetragonal unit cell
with lattice parametera = 3.991) A andc = 3.491) A. These lattice parameters are very
similar to those of the topochemically reduced phase Srfe©3.99 A andc = 3.47 A)>

andarethereforeconsistent wititopochemial reduction to fornsr(Ruw sFe 5)Ox.

4.3.3 Thermogravimetric Analysis
Thermogravimetric analysis was performed by heating a small amount of the washed
products of the reduction of Sr(RdfFe)s5)Os; with CaH under a flow of oxygen to form
Sr(RwsF&y5)0; (confirmed by Xray powder diffraction).A mass gain of +8.4% is

consistent with a composition of Sr(fe 5)O1.97(5)for the reduced phase.
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Figure 4.3: Thermogravimetric data collected during the reoxidation of Sr(Ru gF€y 5)O2 to Sr(Rug sF€.5)Oa.

4.3.4 Neutron Powder Diffraction
Neutron powder diffraction data were collected from Sg@Ra&, 5)O, at 298 K using the D2b
instrument at the ILI(Section2.6.2.). Given the similarity between the lattice parameters of
Sr(RwsFeys5)0, and SrFe@ a structural model based on the infidiéger structure of
SrFeQ with a 1:1 disordered mixture of iron and ruthenium on tet@8was refined against

the neutron powder diffraction data.

The refinement converged readily to give a good statisticaClitse inspection of the fit to
the data revealed a number of additionaak diffraction features corresponding to a small
amount (2.4(2)% by weight) of CaO not removed by the washing process. This was added to

the structural model as a secondary phase to account for these features.

Observed, calculated, and difference plate shown inFigure 4.4. Full details of the
structural parameters are givenTiable4.1 and selected bond lengths are giveiable4.2.

As there is no published bond valengarameter for Ry these calculations were performed
using the value of 1.834 A for RiiO, the only available bond valence sum parameter for

ruthenium explaining the anomalously high value obtained for rutherifum.
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Figure 4.4: Observed, calculated, and differene plots for refinement of the structural model of Sr(Ry gFe; 5)O, at
298 K against neutronpowder diffraction data collected using the D2b instrument. The upper set of tick marks
corresponds to a ~ 2.4% by weight impurity of CaO.

Wyckoff Fractional 2
Atom Pgsition X y z Occupancy Uiso/ A
Sr 1d 172 172 172 1 0.0041(2)
Ru/Fe 1a 0 0 0 0.5/05 | 0.0040(1)
O 2f 1/2 0 0 1 0.0061(2)

Sr(Rw sF& 5)0y: space group4/mmm a = 3.9903(1) A ana = 3.4978(1) A;
cell volume = 55.69(1) A weight fraction = 97.6(2)%
CaO: space groupm-3m; a = 4.8152(2) A;
cell volume = 111.65(1) A weight fraction = 2.4(2)%
6" = 2.63, WRp = 5.62%, Rp = 4.37%
Table 4.1: Refined structural parameters for Sr(Rug sFey 5)O, at 298 K.

Cation Anion Bond Length / A Bond Valence Sum
Sr O 2.6531) x 8 Sr+1.88
Ru/Fe O 1.995(1) x 4 Ru +2.59
Fe +1.98
Ru/Fe Ru/Fe 3.4981)

Table 4.2: Selected bond lengths and bond valence parameters from the refined structure ®f(Rug sFe; 5)O, at 298

K. Bond valence parameters for RlY were used.

Neutron powder diffraction data collected from Sr{Etey5)O, at 5 K did not display any

additional featuregelative to data collected at 298ifdicative oflong-range magnetic order.
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4.3.5 X-ray Absorption Near Edge Spectroscopy
Thermogravimetric analysis defines the average transition metal oxidation stafé, stV
does not define the individual oxidation states of the iron and ruthenium. In order to
unambiguously determine thedividual oxidation states of the transition metal cations in
Sr(Rw sFey 5)O,, X-ray Absorption Near Edge SpectroscdANES, Sectim 2.8) data were

collected.

4.3.5.1Experimental
Samples were prepared as described in Se2t®rThe same procedure was used to prepare
pellets of SrFe@and SsFe,0s to act as F& and F&* standards respectively. The syntheses

of these phases are detailed in Appendix D.

The amount of sample in all cases was calculated to cdmaedge jump close to onBata
were collected from the Fe-&dge (ionisation from thesbrbital) using the B18 instrument
at Diamond Light Sourc¥. The measurements and data handling were performed by Dr.

Diego Gianolio and Dr. Giannantonio Cibin.
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4.3.5.2Results
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Figure 4.5: Fe K-edge absorption spectraollected from Sr(Rw, sFey 5)O,, SrFeO, (F€** standard), and SpFe,05 (Fe*
standard).

The Fe kedge absorption data of Sr(iREe 50, SrFeQ and SgFeOs is shown inFigure

45. It can be seen that the absorption edges of Sgfs)O, and SrFe® are almost
identical, indicating that in both cases the Fe centres are in the same oxidation state and
coordination ewmironment (squar@lanar F&"), and significantly displaced from that of
SrFe0s. By charge balancing, it can be seen B8R W sFey 5O, therefore contains Eé

and R&".
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4.3.6 Magnetisation Measurements

Zerofield and field cooled magnsttiondata collead from Sr(RuysFe 5O, as a function
of temperature in a field of 100 Oe are shownFigure 4.6 (a). These show a weak

divergence intherane 75 O TA fit to e QurieBv6is® law in this temperature

range yields values o = 0.37(5) cmi K mol™, d = -12.3(10) K andK = 0.00%7(1) cn?

where mof- means per mole of formula units of Sr¢REe) 5)O..
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Figure 4.6: (a) Zero-field cooled and field cooled magnetisation data collected from Sr(Rd-€,.5)O.. (b)
Magnetisation-field isotherms collected from Sr(Ry sFey 5)O..
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The low susceptibility, in conjunction with the weak divergence, suggests that there is strong
coupling between magnetic centres even at high temperatures, preventing the deduction of

the spin states of Feand RG" from magnetisation data alone.

Below a local maximum in the zef@ld cooled data af ~ 60 K, the zerdield cooled and

field cooled magnetisation data diverge much more strongly, indicating a magnetic transition.

Magnetiationfield isotherms were collected at 300 K and 5 K and are showsigure
4.6(b). The data collected from Sr(Rdfreys)O, at 300 K are linear and pass through the
origin, but the lowtemperature data display weak hysteresis and are significantly displaced

from the origin. This suggests that the transition at 60 K is due to the freezing of a spin glass.
4.3.7 Density Functional Theory Calculations

4.3.7.1Introduction
In order todetermine the spin states of Ru and Fe and the magnetic interactions present in
Sr(Rw sFey.5)0,, Density Functional Theory (DFT) calculations were performed. DFT allows
the computation of properties of maalectron systems through the use of functionélhe
spatially dependent electron density. These calculations were performed by Dr. John

McGrady.

4.3.7.2Experimental
These calculations were performed with the Siesta-2B8U "®’° package using a 6x6x10
k-point grid. The PBE function&f was used throughout with Hubbard U values of 4.0 and
3.0 eV for Fe and Ru, respectively. The unit cell parameters were optimized to a tolerance of
0.005 eV/A. The basis sets were of doudsler pol ari zati on quality
described by norreonserving pseudopotenti&fsSr semicore levels (4s, 4p) were included

in the valence space. Magnetic couplings were computed by mapping the difference between
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high-spin and brokeisymmetry determants onto the diagonal elements of Heisenibypeg

spin Hamiltonians incorporating only nearesighbor interactions.

The electronic structure of SrFe@as been described independently by both Xiang et al. and
Pruneda et al., who showed that thé*Feenters adopB = 2 configurations with the /d
orbital being doubly occupied® A parallel series of calculations was performed on
SrFe sRw O, using a density functional approach (GGA+U), reproducing all the key

features reported by Canadell and Whangbo §s&&ppendix 4.2

X-ray and neutron powder diffraction data reveal that the iron and ruthenium cenres are
completely disordered within the sample. In order to model the different possdrkections
present in an AB@framework, three distinct limiting Ru/Fe ordered configurations were
considered: rocksalt, columnar, and plaridggre4.7) arranged whin anaN] =a, clj2¢ 2

expanded unit cell.

¢’ =6.58 A
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; —_—
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Figure 4.7: Optimized unit cells for the rock-salt, column, and planar configurations of SrFgsRug £O,.
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While the disordered structure can be refined using a tetragonal unit cell (space group
P4/mmn), JahnTeller instabilities at either Ru or Fe could induce orthorhombic distortions
in the three limiting structures described here. As a result, no restsietere placed on the

lattice parameters (i.e.l bl c) in the optimisation procedures.

4.3.7.3Results
Of the three structures, the rocksalt is the most stable, although columnar and planar lie only
0.05 and 0.07 eV higher in energy. It should be noted thattiedudoes not cause the
material to order in order to minimise the energy of the system as there is insufficient energy
during the reduction reactions to overcome the energetic barriers to cation mobility. All the
disorder in the cation lattice of the piect is inherited from the disorder present in the

starting Sr(RulsFe) 5)O3 substrate.

The local electronic structure at Ru and Fe proved independent of the cation ordering, so only
the rocksalt configuration is described below. Details of the colunamat planar

configurations can be found Appendix 4.3 and Appendix 4.4
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Figure 4.8: Computed partial density of states (PDOS) for the antiferromagnetic ground state of the roekalt
configuration of SrFeysRUy s05. Ru and Fe PDOS are shown on the left and right, respectively. Majority and
minority -spin PDOS are shown as full and dashed lines, respectively.

Thex andy axes were defined to lie along the unit cell vectors. Consequentlgytbebital

on ech metal centre is stronglyi @i O antibonding, not thd,2,* as in the axis system used

by Prunedat al® In the most stable electronic state of the rsak structure the intralayer

Fe Oi Ru coupling is ferromagnetidy (= -2.39 meV), while the interlayer coupling is weakly
antiferromagnetick = 1.00 meV). The partial density states (PDOS) for Ru shown in
Figure4.8 confirms that the majoritgpin @7, tk, d,, and ¢yl evel s (U on Rul,

lie below the Fermi level, as do minorspin d, and d. In contrast, minorispin d, and

88



déiy>, along with both spin components ofydlie above the Fermi level. The local
configuration at R is therefore a triplet, (@%(dhx0,)%(0x%,")"(d)°, consistent with
Mulliken spin densities of +2.20 for Rul and Ru2, respectivelythe Fe manifold, in
contrast, all five components of the majorstyp i n mani fold (U on F
occupied, along with the minorispin ¢, giving a highspin quintet configuration,

(0.°)%(0hs0h2)°(0iy%) (dhy)* (Mulliken spin densities +4.08), very similar to that in the parent

SrFeQ phase’®®
Fe Ru
d,
d., |
d.,d,

Figure 4.9: The electronic configurations of the F& and Ru** centres in Sr(Ru sFe, 5)O,. NB the labelling of the Je.ye
and d,, orbitals has been swapped to account for Jahfeller distortions during the calculations.

The (dKz,dyz)3 configuration at ruthenium drives a small but distinct orthorhombic distortion
(optimized lattice parameteraN] = 5bNj8 8@ PpcNj&.BBAjaNjNj = 1. 03) , al
disorder in the crystal structure precludes the detection of such a small effect experimentally.
The optimized cell parameters for the column and planar configurations are similar to those
for the rocksalt analogueafNj 582 A,bNj = 5cNj68 6, 6\3 = 5aNj8dt p, 69
cNj = 6.58 |, respectivel y). The PDOS and M
electronic structure is independent of the precise arrangement of ions in the latti®e: 2he

(02 (0 ) 2(A,2) (dhe)t @nd S = 1 (d2)%(dhr0,)*(Ah%,2) (de)° configurations are common

to Fe and Ru, respectively, in all cases (see Appendix 4.3 and Appendix 4.4).
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4.4 Discussion

4.4.1 Reduction Behaviour of Sr(Ru.xFe)O3
The reduction of Sr(RuFesOs with CaH to form a phase with composition
Sr(Ru sFe 5)O, proceeds in a manner analogous to the reduction of StBe®FeQ.>° The
resulting phasedopts an infinitdayer structure with a disordered arrangement of ‘Rund
Fe?* on the Bsite. This is in direct contrast to the reduction behaviour of thei€uphases,
SrRuQ, Sr(RwsFe&4)Os, and Sr(Ruy7sFe25)0s, which proceedlirectly to the formation of

SrO, elementauthenium, and elemental iron.

This demonstrates the stabilisation of the low oxidation state of ruthenium by coupling the
further reduction of Rl centres to that of the Fecentres. The robustness of the extended
SrFeQ-like oxide framework presen&n energetic barrier to the further reduction of 'Ru
which would be destroyed by reduction to elemental ruthenium. The endothermic reduction
potential of iron can thus be used to restrict the otherwise facile reduction of ruthenium and
enable the prepatian of phases witlransition metal centres adopting unudoal oxidation

state<®
Fe'/Fe E°=-0.447V
RU/RU  E° = +0.455V

The inability to topochemically redu@(RwsFe4)Os, and Sr(RyzsFey25)Os indicates that

50% is the minimal amount of iron needed to stabilisé"Rthis observation is consistent

with the observed reduction behaviour of SifH® 5)O3 synthesised via convential ceramic
methods compared with Sr(RefFeys)Os synthesised via ittate gel methods: standard
ceramic synthesis results in potentially inhomogeneous samples due to the inherent

limitations of mechanical grinding. Consequently, samples of SgRys)O3 synthesised
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via conventional ceramic methods may contaisri€le and Rurich regions, which would not

behave like homogeneous SrgRke) 5)Os.

The reduction behaviour of Sr(R#re)5)O3 is also significantly different from that of other
substituted Sr(ReM,)Oz (M = Co, Mn) wherex > 0.3, which are reduced to phases that do
not adopt an infinitéayer structur&® This suggests that the introduction of ruthenium does
not disrupt the selectivity of lodemperaturegeduction reactions, in turn reinforcing the idea
that the formation of structures containing squalemar metal centres is favoured by % d

electronic configuration.

442  SquarePlanar Ru?*
Systems containing four coordinate 2Raentres such as those obsghin Sr(RysFeys)O,
are relatively rare, even in molecular complexes, due to the inherent stabiligoofdinate
S = 0 systemsThe formation of four coordinate Rucentres generally relies on the use of
macrocyclic or chelating ligands. These comppds tend t o adop-t a
shapedd configurati on s-spmlsiFD cosfigulationsyat therRe a «

centre®

Bulky pincert ype | igands can be wused to suppres
squareplanar complexes. These can adopt eifher 1 or S = 0 configurations depending on

the " -donating properties of the ligantfs.

The RG* centres in Sr(RisFes)O, are observed to be squapkanar by diffraction, as
defined by theP4/mmm space group symmetry (excepting any local symmigteaking
distortions). The surrounding rigidi&tel O lattice inhibitsh e | oc a l 0 bustof er f |

the R’ centres.
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The magnetic behaviour discussed below and the calculations describedramicate that
the R¥" centres adopt an S = 1 intermediate spin state consistent with the mddesitting

ability of the oxide ligands.

4.4.3 Magnetic Behaviour of Sr(Rw sFeps)O-
SrFeQ exhibits strong antiferromagnetic order beldw = 473 K, attributed to strong
superexchange within the Rei Fe layers [Fe(>g1)1'|'0(2p)' Fe(cLy)l] and weaker direct

exchange between layers [Fe(d\,)% Fe(dz, dy,)°] (note axis choice as described aboéj.

In the rocksalt ordered configuration of Sr{ilte) 5)O,, the inplane RiiOi Fe coupling is
ferromagnetic &y = -2.39 meV) due to the noempty Ru ¢, orbital [Ru(cLy)Ol'O(Zp)'
Fe(d(y)l]. Coupling between the layers remains antiferromagnétic=(1.00 meV) due to

direct [Ru(d,, d,,)% Fe(de, d,,)?] exchange.

In the column configuration, there is also ferromagnetic coupling within the lalyersZ.75
meV). In the planar configuration, however, there is antiferromagnetic ordelihg (.73
meV) within the FeéOiFe layers due to strongitype [Fe(dy)'i O(2p) Fe(dy)']
superexchange, as in SrkeQhe RUuiOi Ru layers also order antiferromagnetically €
4.77 meV), in this case due tetype [Ru(d)iO(2pY¥Ru(d,)’] superexchange al on

lattice direction.

The combination of ferromagnetic ROi Fe and antiferromagnetic ROi Ru and FeOi Fe
intraplanar couplings inevitably leads to magnetic frustration: any microdomain where an

Rui Oi Fe unit lies above an ROi Ru or Fé& Oi Fe unit will be frustrate@Figure4.10).
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Figure 4.10: The frustrated magnetic interactions arising from an RuFg microdomain in Sr(Rug sF€p 5)Os.

Magnetisation data collected from Sr@REe)5)O. show a strong divergence between the
zerofield cooled and field cooled data below a local maximuri at60 K. The strongly
displaced magnetisatiefield isotherm collected at 5 K indicates that this corresponds to a
spinglass freezing transition. This behaviour arises as a natural consequence of the disorder

present in Sr(RisFe 5)Ox.

4.4.4 Ordered Sr,RuFeGs
Changet al. recently reported the synthesis of artificially orderedRBFeQ@ adopting
rocksalt orderingvia pulsed laser depositidA Unlike Sr(RwsFeys)Os prepared via
conventional methods, which exhibits spin glassaedur with a freezing temperature Df-

60 K.’ this material possesses an ordering temperatufe-&90 K.

The calculations performed above suggest that, should the reductios piase be possible,
SrnRuFeQ would contain ferromagnetic sheets aligned antiferromagnetic@lireful
synthesis of ordered Sr(RiFeys)Os would therefore enable the preparation of phases

displaying radically different magnetic behaviour from dieved Sr(RglsF& .5)O-.
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4.4.5 Synthesis of Sr(Ru.xFe)O3x > 0.5
Singlephase products of the feh phases Sr(RuFe )O3 and Sr(Ry25e75)O3 could not
be successfully synthesisddrming instead a mixture of Sr(R¢Fe 5)Os and SrFe@y. This
suggests that thermation of Sr(Rw sFey5)Os is particularly favourable due to the presence
of RW*/Fe™* charge ordering® Segregation into two phases is understandahisidering
that, in order to form Sr(RuxFe sx)0s3, some of the iron would have to be in the +4
oxidation state. While the formation of Fétself is not impossible under these conditions
(we are forming SrFefy and not SrFeg)), it appears that theeparation into two phases is

more favourable than the formation of a single phase owing to the particular stability of

Sr(Rw sFeys)0s.

4.5 Conclusion
The topochemical reduction 8F(Rw sFe) 5)O3 with CaH, was carried out to produce a phase
with composition Sr(RgkFey 5)O2, the first extended oxide phase containing*Riihe robust
Sii Fei O framework impedes the normally facile reduction off'RiMagnetisation data
supported by calculations indicate that squaemar RG" centres adopt an internliate-spin
S = 1 state, compared to an S = 2 spin state for tHecEatres. This is consistent with the
greater radial extent of 4d orbitals compared to 3d, and their consequently stronger
interactions with the surrounding ligand$ie use of a robust @e framework to stabilise an
unusual oxidation state of a 4d transition metal paves the way for the synthesis of a wide
range of phases with other 4d transition n&talunusual oxidation states and coordination
environments. The influence of disorder the magnetic properties of the resulting phase is

discussed.

Details of the reduction of Sr(RRsFey 5)Os has been the subject of a recent publication.
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The synthesiand reduction of other phases with composit®(Ru.-«Fe)Os (x = 0, 0.25,

0.4, 0.6, and 0.75)as attemptedSingle phase samples could not be prepared for the iron
rich (x = 0.6 and 0.75) compositions. The reduction of the ruthemicimsamplesX = O,

0.25, and 0.4) proceeded directly to SrO, elemental ruthenium, and elemental iron, indicating
that the presence of a significant amount of iron is required to stabilidevthexidation

states of ruthenium.
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Chapter 5 Reduction of Skb(Rug sFey5)O4and Sry(Rug sFey 5),07

5.1 Introduction
While binary metal hydrides have been successfully used to prepare a number of
topochemically reduced complex oxide$tBansition metald*'® analogous chemistry ord4

transition metal based oxides has not been widely explored.

As described above, the topochemical reduction of SHR5)Os to Sr(Ruw sF&y 5)O, with

Catb resulted in the first reported example of’Rin an extended transition metal oxiten

this material, the presence of iron is necgsgapreventcompletereduction of the ruthenium

to the elemental metal by coupling this reduction to the destruction of an especially stable

iron-oxide lattice.

Analogous chemistry on layered materials adopting RuddleBdpper structures all®mws

to probe the reduction behaviour of ruthenium in extended transition metal oxides. -The all
iron SkFeQ; and SgFe,0Os materials can be prepared via topochemical reduction with, CaH
to form phases adopting structures containing extended networks pE&e@e fanes %

These networks could also stabilise low oxidation states of ruthenium, and therefore doping

these materials with Ru would enable the probing of the reduction behavialitrahditior

metal oxides in different environments.
5.2 Experimental

5.2.1 Synthesis of S§(Rug sFey5)04and Srs(Rug.sFep 5)207
Samples of S(Rw sFey 504 and Sg(Rup sk 5).0; were synthesised via the route previously

described by Battleet al®

Citrate gels (see SectioR.3) were prepared from suitable
stoichiometric quantities of SrG@Alfa Aesar 99.99%), Fenetal (Alfa Aesar 99.99%) and

RuQ; (from RuQ hydrate (Alfa Aesar 99.99%) dried at 800 °C). The resulting powders were
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placed in alumina crucibles and heatedlatC min™ to 900 °Cin air to decompose the
carbonates. The powders were then reground and pressed into 13 mm diameter pellets.
Samples ofSn(Ruw sFe) 504 were heated at 1200 °C or for two periods of two days in air
with one intermediate grinding. Samples of(Bry sF&) 5207 were heated at 1400 °C for two

periods of two days in air with one intermediate grinding.

The resulting powders werobserved to be phapare by laboratory ay powder
diffraction, with lattice parametees= 3.91(1) A andc = 12.591) A (Sr(Rw sFey5)04) anda
=3.921) A andc = 20.40q1) A (Sr(Ru sFe.5)205), in good agreement with reported values
(a=3.91(1) A, andc = 12.631) A for Su(Rw sFey5)04 anda = 3.92(1) A, andt = 20.41(1)

A for Sr(Rw sFey 5),07).%°

5.2.2 Synthesis of SsRuO4 and SrsRu,0-
Samples of SRuQ, were synthesised using standard ceramic methods as described by
Mdiller-BuschbaumandWilkens® Initial samples wererepared from suitable stoichitric
quantities of SrC@(Alfa Aesar 99.99%) and Rudfrom RuQ hydrate (Alfa Aesar 99.99%)
dried at 800 °C). The powders wergimately mixed using an agate mortar and pestle and
subsequently placed in alumina crucibles and heated at 1 “Eti@00 °C to decompose the
carbonate. The powders were then reground and pressed into 13 mm diameter pellets. These were
then heated &350 °C for two periods of two days with one intermediate grinding. The powders
were observed to be phagere by laboratory Xay powder diffraction data with lattice
parameters = 3.872(1)A andc = 12.746(1)A, in good agreement with reported valuas=(

3.871(1)A andc = 12.702(4)4).%°

Samples of SRwO; were prepared using the method previously described by &aald*
Suitable stoichiometric amounts of Rpy@nd SrCQ were ground together using an agate

mortar and pestle. The resulting powders were calcined at 1000 °C for 24 hours before being
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pressed into pellets and heated to 1300 °C for two periods of two days. A$ stdmathe
samples were quenched from high temperature into liquid nitrogen to prevent partial
decomposition into SrRuCand SsRu0,.** The resulting powders were observed to be phase
pure by laboratory Xay powde diffraction, with lattice parametees= 3.88(1) Aandc =

20.661) A, in good agreement with reported values 8.89(1) Aandc = 20.551) A).*°

5.2.3 Reduction with Metal Hydrides
Reduction ofthe SrO(Sr(RgisMo.5)O3)n (M = Ru, Fe) phasewsas attempted using Calds a
solid-state reducing agents. In order to assess the reactivity of these materials, small samples
(~ 200 mg) were ground together witlRmmolar excess of CaHn an argon filled glovebox
using an agate mortar and pestle. These mixtures were then sealed in Pyrex (or silica for
reactions to be performed at temperatures above 400 °C) ampadiéeated at a series of
temperatures in thenge2 8 0 O B50 for pdriGds @f two days. Large samples suitable
for neutron diffraction were prepared using two mole equivalents of, Gald pressure
venting apparatus (secti@4.2 for two periods of two days with an intermediate grinding.

Reaction progress was monitored usingay powder diffraction.

Once a reaction was judged to be complete, the products were washed with 4 x 100 ml of a
0.1 M NH,CI solution in methanolfollowed by 4 x 100 ml of clean methanol in order to
remove unreacted metal hydrides and reactiomprbgucts. The samples were then dried

under vacuum and returned to the glovebox.
5.3 Results

5.3.1 Reactivity
X-ray powder diffraction data were collected from thashed products of reaction between
Sn(RwsFe 504 or Sk(RwsFes)20; and CaH. Reactions performed at temperatures

between375 °C and 430 °C resulted in a splitting of the 103 {@RugsFens)Os) or 105
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(S(Rw sFey5)207) peaks, consistent with ahange from tetragonal to orthorhombic
symmetry. Reactions performed above 430 °C led to decomposition of the samples to SrO,

Fe and Ru.

X-ray powder diffraction data collected from the washed products of reaction between
SrRUO, or SERWO; and CaH revealed that at temperatures belo@ £C, no reaction
occurred, while reactions performed at temperatures ab@¥é€é@ led to decomposition of

the samples into SrO and Ru metal in a manner analogous to the reaction between SrRuO

and CaH (Section4.3.1.3.

5.3.2 X-ray Powder Diffraction
X-ray powder diffraction data collected from the washed products of reaction between
Sr(Ruw sF& 5)04and CaH could be indexed on the basis of an orthorhombic unit cell (space

grouplmmnm) with lattice parameters= 3.697(1) Ab=3.897(1) A anat = 12.877(1) A.

X-ray powder diffraction data collected from the washed products of reaction between
Si3(Ru sF& 5)207 and CaH could be indexed on the basis of an orthorhombic unit cell (space
group Immmn) unit cell with lattice parameters = 3.676(1) A,b = 3.926(1) A andc =

20.798(1) A.

5.3.1 Thermogravimetric Analysis
Thermogravimetric analysis was performed by heating a small amount of the washed product
of reaction between ZRuwsFey5)O, and CaH under flowing oxygen to form
Sn(Ruw sFe5)04 (confirmed via Xray powder diffraction), resulting in a mass change of

+3.38% corresponding to an initial composition of(Bty sFe) 5)O3.35
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A similar analysis carried out on the washed product of reaction betwg@&usFe 5207
and CaH resulted in a mass change of +4.10%, corresponding to a composition of

Sr3(Rup sF&5)205 67.

104
Sry(Fe, sRu, 5)O,

103 +

102 1+
3.38%

Percentage Mass

100

Sty(Fe, sRuy )05 55

T T T

100 150 200 250 300 o 350 400 450
Temperature ( C)

Sry(Fe, sRuy, 5),0,

104 4

—

o]

(U]
1

Percentage Mass
=
(%]

101 1

Sr;(Fe, sRu, 5),05 7

100 200 300 400 500 600
Temperature ( C)

Figure 5.1: Thermogravimetric data collected during the reoxidation of Sp(Rug sF€y 5)O3 35 and Sra(Rug sF€p 5)205 67
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531 Neutron Powder Diffraction

5.3.1.1Sry(Rug sF€p 5) 0335
Neutron powder diffraction data were collected from the washed products of reaction
between SXRuw, sF&)5)04 andCaH, at 298 K using the D2b diffractometer. These data could
be indexed on the basis of a bedhntred orthorhombic unit cell consistent wiXhray
powder diffraction data. A model in space gréopmmwith a partially occupied anion site at
(1/2, 0, Q was refined against these déagure5.2). When the fractional occupancies of the
anion sites were refined, the apical site and the equatorial site at (0, 1/2, 0) remained fully

occupied, while the equatorial site at (1/2, 0, Onexf to ~35% occupancy.

Figure 5.2: The [4/mmmmodel initially refined against neutron powder diffraction data collected from
Sry(Rup sF€y5)04« The large pink sphere represent partially occupied oxide sites.

While the model accounted for all the peaks, some reflections were too broad to be properly
defined(Figure 5.3 (a) andFigure 5.4 (a)). An analysis of peak widths revealed that peaks

with h = 0 were sharp, while peakswitH 0 wer e unTesleba)l |y br oad
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hkl 2d /| A FWHM
006 43.48 0.595
020 48.14 0.519
200 50.97 2.672
026 66.97 0.533
206 69.86 1.139
220 73.05 1.584

Table 5.1: Calculated full widths at half-maximum (FWHM) from neutron powder diffraction data collected from
Sra(RugsF€y.5)04., at 298 K.

Standard anisotropic peak broadening models led to an improvement in the fit to the data, but
still did not fully describe theariation in peak shapegifure 5.3 (b) andFigure 5.4 (b)),

suggesting theample containing more than one phase.
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Figure 5.3: Observed calculated and difference plots from the refinement &) a single phase mode(b) a single
phase model withhkl dependant peak broadening(c) a two phase model against neutron diffraction data collected
from Sr,(Rug gF€y 5)O3.35at room temperature.
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Figure 5.4: Expanded regions of the bserved calculated and difference plots from the refinement &) a single phase
model, (b) a single phase model witthkl dependent peak broadening, (ca two phase model against neutron
diffraction data collected from Sr,(Rug sF€y 5)O3 35 at room temperaure.

A much improved fit to the data was achieved by using aptinase model based on the same
orthorhombically distortech = 1 Ruddelsdei?opper structure. The lattice, structural, and
anion occupancy parameters of the two phases were allowed to irefependently, but

within each phase the thermal displacement parameters of the oxide ions were contrained to

be identical to aid refinement stability. This twbase model converged readily to give a
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much i mpr ov éd1.8l7) and visudl fitoche Hatafigure5.3 (c) andFigure5.4
(c)). Full details of the structural parameters are giverainle5.2. Selected bond lengths are

given in Table5.3.

Phase 1

Atom X y z Uiso / A Fraction

Sr(1) 0 0 0.3506(8) 0.004(1) 1
Ru/Fd1) 0 0 0 0.011(1) 0.5/0.5

0O(1) 0 0 0.1580(10) 0.006(2) 1

0(2) 0 1/2 0 0.012(2) 1

0@ 1/2 0 0 0.012(2) 0.25(1)

Sr(Rup sFe 503 2515 Space groupmmma = 3.6459(7) A,
b=3.9028(7) Ac=12.898(2) A.
Weight fraction: 47.9(3) %
Phase 2

Atom X y z Uiso/ A® Frac

Sr(1) 0 0 0.3543(7) 0.004(1) 1
Ru/Fe1) 0 0 0 0.011(1) 0.5/0.5

0(1) 0 0 0.1625(8) 0.004(1) 1

0(2) 0 1/2 0 0.011(3) 1

O(3) 1/2 0 0 0.011(3) 0.44(2)

Sh(Ruo sF& 5)03.44¢25 Space groupmmma = 3.7169(8) A,
b=3.8939(6) Ac=12.856(2) A.
Weight fraction: 52.1(3) %
G"=1.817; wRp = 4.78%; Rp = 3.85%

Table 5.2: Refined structural parameters from the two-phase model of Sj(Rug gF&y 5)O3 35 refined against neutron
powder diffraction data collected at 298 K.

Cation | Anion | Bond Distance (A)| Bond Distance (A)
Phase 1 Phase 2

Sr)) | 0(1) | 1x2.487(17) 1 x 2.454(14)
0() | 4x2673(1) 4 x 2.699(1)
0(2) | 2 x 2.653(8) 2 x 2.647(6)
6 2 x 2.742(7) 2 x 2.710(6)

RuFe| O(1) | 2 x 2.038(13) 2 x 2.089(10)
oQ) 2 x 1.951(1) 2 x1.947(1)
0(3) | 2 x1.823(1) 2 x 1.858(1)

Table 5.3: Selected bond lengths from théwo-phase refinement ofSr,(Rug sFey 5)O3 35 Bond multiplicities assume
complete occupation of the O(3) anion site.

5.3.1.2Sr3(Ruo sF€n 5)205 67
Neutron powder diffraction datllected fromSr(Ruy sF&) 5)205 67 at 298K could be readily
indexed using a bodgentered orthorhombic cell. Close inspection of these data revealed the

same unusual variation in diffraction peak width wikikl index as observed for
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Sni(Ruw sF& 5) 03 35 suggestinghe Sg(Ru sF&y 5)205 67 Sample also contained more than one
phase. Therefore a structural model based on two orthorhombically distorted2
RuddlesderPopper phases was refined against the data, in a manner directly analogous to
that described above for fRu sk 5)O3.35 Once again, a twphase model was found to fit
the data more effecti v ée&E¥O07t forawn phasessdompgrede p
wi t2k 7.298 for one. A comparison of single phasd,dependently broadened atvdo-

phase refinements is given kgure 5.6. Full details 6 the refined twephasel model are

given inTable5.4. Selected bond lengths are giverTiable5.5.

Figure 5.5: The 14/mmmmodel initially refined against neutron powder diffraction data collected from
Sra(Rug gFey 5),07.«. The large pink spheres represent partially occupied oxide sites.
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Figure 5.6: Observed calculated and difference plots from the refinement &) a single phase mode(b) a single
phase model withhkl dependant peak broadening(c) a two phase model against neutron diffraction data collected
from Sr3(Rug sF€y 5).05 67 at room temperature.
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