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Abstract

FACULTY OF SCIENCE 
CHEMISTRY

Doctor of Philosophy

Preparation and Characterisation of High Oxidation 
State Compounds of the Transition Metals 

by Sandra Elizabeth Dann.

The synthesis of a range of complex oxides containing iron(IV), cobalt(IV) and nickel(III) is 
reported. These materials have been characterised by powder x-ray and neutron diffraction, 
thermogravimetric analysis, Mossbauer spectroscopy and magnetic and electrical measurements.

A new, pure iron(IV) phase, StzPeO^ has been synthesised and studied. This material 
crystallises with the K^NiF^ structure with an unusually regular octahedral coordination around the 
high spin d'* iron. No evidence for structural distortion has been found on cooling to 4.2K. The 
Neel temperature has been determined as 64K. Mossbauer measurements have shown the magnetic 
structure to be based on a spin helix; although the 4.2K neutron diffraction pattern only showed 
evidence of ordering in two-dimensions.

The system Sr^PezO^.y (0<y< 1), which adopts the Ruddlesden-Popper phase intergrowth 
of SrPeOj (perovskite) and SrzFeO^ (K^NiPJ, has been studied. The Neel temperature has been 
determined as 1 lOK and the electronic d" configuration high spin d‘*. A charge disproportionation 
reaction is evidenced by Mossbauer spectroscopy in the pure Fe(IV) material such that Pe'*+ Fe^+ 
+ Pe^. Magnetic ordering has been shown to occur in two-dimensions only with a doubled a 
lattice parameter. For oxygen stoichiometries below seven, one oxygen site in the perovskite block 
becomes partially occupied and is completely empty at y = 1, producing an unusual square 
pyramidal iron(III) coordination.

A new strontium cobaltate, StjCojOy.^ has been prepared. This material possesses a 
structure similar to the Ruddlesden-Popper phase Sr^T^O?, but triples in the b lattice direction as 
z increases above 1.0. Tripling is a result of oxygen ordering where one oxygen site is completely 
and two others partially occupied.

Mixed transition-metal oxide phases have been studied in the system Sr^M^^^N^O^.g M,N 
= Fe, Co and Ni. The cobalt/nickel system adopts the tripled orthorhombic phase at low nickel 
content, resuming the tetragonal Sr^TizO? structure at higher nickel levels. Refinement of neutron 
diffraction data indicates partial oxygen occupancy on two oxygen sites.

Phase behaviour as a function of preparative conditions and oxygen stoichiometry has been 
studied in the system La,.,SrxFeO;^ (0<x< 1,0<6< 0.5). Mossbauer measurements have 
shown when 6 = 0, that charge disproportionation of Pe^^ into Fe^^ and Fe^^ occurs in the 
orthorhombic and rhombohedral regions (0<x<0.7), whereas the Fe'*’^ oxidation state remains 
distinct in the cubic region (0.7<x< 1.0).

The solid solution of the form LaFe,.,.Cu„03 (0<x<0.3) has been prepared. Investigation 
of the iron oxidation state by Mossbauer spectroscopy shows that both transition metals are 
predominantly in the trivalent state.



Nomenclature

i) Description of Metal-Oxide Polyhedra.

Discrete metal-oxide polyhedra are encountered frequently in this thesis and are described 

as MO^. For example, an iron-oxygen tetrahedron would be assigned the terminology 
FeO^, tetrahedral.

ii) Oxidation States

A number of different terms have been used for designation of oxidation state in this work. 

Experimentally derived oxidation states are representated as Arabic Numerals, for example 
Fe**-^. Roman numerals in parenthesis are also used to denote the oxidation state e.g. 

Fe(III). Oxygen is always assumed to be divalent i.e. and so the superscript is not 

used. Intermediate oxidation states, calculated by Bond Valence calculations or from 

derived oxidation states such as Fe^'^+, are not intended to reflect the real charge on the 

atoms concerned, but an average of all the ions over all sites within the structure.

m



CHAPTER 1

Introduction



1.1 Complex Oxide Materials

Complex metal oxides have many industrial applications which utilise the unique chemical 

and physical properties of the materials(l). A variety of characteristics such as electrical 

and magnetic behaviour or changeable oxygen stoichiometry are exploited: examples of 

these applications include solid state devices such as capacitors or magnets, waste disposal 

sygerds, lieating;(;hanientsi and recliargexible badteries. ITie prc^peilies cMfthexx: niaterials are; 
influenced not only by their stoichiometry, but also by preparative conditions which can 

alter crystallite morphology.

A number of solid state devices use the electrical properties of complex metal 

oxides, which can vary from insulating through semiconducting and metallic to 

superconducting, in their operations. For example, two very different types of electrical 

behaviour are employed in thermistors and switching elements. Thermistors are 

semiconductors which exhibit a linear change in resistivity with temperature, in a 

particular temperature range, whereas switching elements display a large and sudden 

change in conductivity at a particular temperature.

Another major use of complex oxide materials is in waste disposal agents. Nuclear 

waste for reprocessing can be inserted in a solid matrix such as B - AJ^Og allowing easy 

transportation, regeneration and storage. In a similar way, the cage structure of zeolites 

can be uxxito n^nove hannful ions from soludon. Ftnverinlcxddism^ agenksuch ^ 

K2Fe04 (2) can be used to break down organic materials in solution.

Complex oxide materials which can support oxygen non-stoichiometry and contain 

elements with more than one possible oxidation state can be used in oxide electrodes. For 

example, the oxygen reduction/generation capacity of Mo,Oy type materials are used in 
fuel cells and metal/air batteries. The rechargeable battery works on a different principle 

using a solid electrolyte which acts as an ion conductor and separator; the Na/S battery 

uses liquid sodium and sulphur together with a carbon felt as the two electrodes and B - 
AI2O3 as the ceramic solid electrolyte. B - AI2O3 acts as an ion separator and an 

electrolyte since it is a sodium ion, but not an electronic, conductor.

Good thermal stability and shock resistance are important characteristics of heating 

elements and materials such as calcium-doped zirconia or LaCr03 are used for this 

purpose. These materials are also required to exhibit high corrosion resistance within the



desired temperature range.

Since oxide materials have numerous applications, research into materials using 

ambient conditions has been both extensive and exhaustive. One possibility to produce 

new materials which have practical applications is to find new preparative methods which 

allow new oxidation states of the elements to be accessed. The interest in the higher 

oxidation states has increased recently due to the discovery of high temperature 

superconductivity in cuprates (3-5). These materials contain the rare trivalent copper ion 

which had previously been very poorly characterised. New methods of producing highly 

oxidised materials have been developed using both high pressure annealing techniques (6) 

and electrochemical oxidation (7). These new techniques can now be used to produce 

novel materials containing unusual oxidation states, with the aim of producing industrially 
valuable materials.

1.2 Oxidation States Across the Transition Series

tmn^ifion ekmenk can be (^a^ifkd as mekds ^ufiy fi^^d d sh(^^.
Characteristically they have high melting points, alloy forming capability and, with very 

few exceptions, variable valence. The maximum attainable oxidation state is, however, 

dependant cm the ]X)afion of the dema^ hi the banskkm senes. Tlhslughestoxidadon 

state of the elements in the first transition series first rises and then falls as the series is 
transversed. (Figure 1.1)

This pattern is the result of the changing screening power of the extra nuclear 

electrons. Although in hydrogen the subshells of each principal shell are equienergetic, 

in the more complex atoms the s, p, d, f, and g subshells split apart and drop to lower 

energies. This descent in energy occurs because the degree to which an electron in a 

particular orbital is shielded from the nuclear charge by other electrons decreases with 

atomic number. The effective nuclear charge therefore rises with atomic number for a 
particular oxidation state within a subshell.

The rise in the third ionisation potential after iron in the first transition series 

reflects the fall off in the screening power of the extra nuclear electrons, and results in a 

greater number of compounds containing trivalent iron than trivalent nickel. The rapid fall 

off in the oxidation state after manganese is another indication of the drop in screening



rare oxidation state □ normal oxidation state

Figure 1.1 Oxidation States of the First Transition Series

power of the electrons realising a maximum oxidation state of six for iron. The highest 

level of oxidation continues to drop until for copper the only common oxidation states are 
Cu(I) and Cu(II)

1.3 Oxidation States of Iron

Iron is the first element, on traversing the 3d transition series, where removal of all d 

electrons to form is not yet possible. The maximum attainable oxidation state is in 

fact 6^ but this is very rare and has been observed only in some oxo-species synthesised 

in hypochlorite solution (2). No compound of iron(VI) has been prepared by solid state 
methods.

Ilie colter cntidailicm states cMfiron intrude: (TO), (III), (I)/) arui ()/) winch caua all be



prepared by solid state reaction. However, ambient conditions usually afford materials 
consisting mainly of tripositive iron. Mildly reducing conditions are required to generate 

pure iron(II) materials and highly oxidising for materials containing iron(IV) or iron(V).

1.3.1 Chemistry of Iron (ID

The divalent state is the second most common oxidation state for iron. Iron(II) forms salts 

\vith ruearly idl (x)nnrn()n anhons (ISM);' iszm Kccefnion; iron(II) is (xxidisxxl to irc»i(Iir) anci 

nitrous oxide is produced). These are normally prepared in solution and are typically 

green in coloration e.g. [Fe(H20)J^+. Iron(II) salts can be easily oxidised to their iron(III) 

counterparts and compounds such as FeCO^, which is formed in carbon dioxide rich waters 
(8), is oxidised to Fe^O; in air. The stability of iron(II) salts to oxidation is significantly 

increased in acid solutions and is also affected by the nature of the ligands. Fe(II) 

compounds which are most stable tend to be nitrogen containing; FeCNHa)^^^ is known 

v/heare the iimihogtie is ruot. I)ivai(:it hron cofTq)(Mrn<is with ()x:/gem ck)rK)r ligands 

such as oxalate are rare with the Fe(III) analogue being much more stable. The 

coordination number of Fe(II) compounds is typically six with a few other 

stereocheniistries known. IFcrrexajnqple, == (Zl-, Ehr and Taure tetraliednU and 21

number of unusual geometries such as square pyramidal occur in biochemical systems e.g. 

haernog]d,l]in (9). Ik)th hij;h S]iui arid lo\v Sjpin compihexe^; :ire Imcrwm, th()ug;h the former 

IS rn()re cxmnnon. ILriw spin c^ornfilexea occur with ligtmds howaicls the liigli enii of die 

spectrochemical series such as CN and are stabilised by the low spin d* arrangement.

Stoichiometric iron(11) oxide is very difficult to synthesise: iron oxalate is heated 

to produce the iron deficient phase Fej.^O, 0.05<x<0.16 (10), whereupon further heat 

treatment in the presence of extra iron at 1050K and 50Kbar of nitrogen pressure produces 
the stoichiometric phase (11).

"Veary fenvsohd state reacificwts of ir(Mi(ir)oxi(le aretlocirmented. TThe^se are strictly 

lirnited to the allcafi irietal femiues wlikih ane pnepaned tisinjg hig;hly ineducirijg ccmcliticms 
(12).

ZlAASgO + [1]



1.3.2 Chemistry of Irondlfi

Iron(III) is the most stable oxidation state of iron under atmospheric conditions. Fe(III) 

compounds exhibit a wide range of ligand stereochemistries and coordination geometries 

although most common are four-, five- and six-fold, the last being most typical. 

Complexes of iron (HI) can be both low and high spin, but only ligands very high in the 

spectrochemical series, such as bipyridal, are capable of inducing spin pairing.

The most commonly used iron(III) oxide in solid state reactions is a-FezOg which 

can be produced from heating FeO(OH) (13) at 200°C. This is a well known mineral, 
haematite, and has the corundum structure, the oxide ions forming a hexagonally close 

packed array, with the Fe(in) ions occupying octahedral interstices. By careful oxidation 

heat heabnent of I^^}^]FQ,lepklcKmDche,T/-Fe^D3 (14) is formed which may 
be regarded as a close packed array of oxide ions with Fe(in) ions randomly distributed 

over octahedral and tetrahedral interstices. A third, rare form of iron (III) oxide is 

B-FeaOj which has a cubic structure of cell parameter 9.40A and is similar to the mineral 

liLxylbihe and B-]V[n2()3. 1^ ^vas fust S)mth(%;i;x)d die Ir/drolysis cMflFeClg.HzC) (Ifi); die 

structure consists of a body centred cubic lattice with two different iron sites which are 

both in a distorted octahedral environment.

of-FejOj is the form used most frequently in solid state reactions. Pure iron(III) 

compounds in the solid state are normally generated by heat treatment of the constituent 

()xi(les e.;;. I^aJPeOg is prtidtioetl liy lieatinjg haieniatite and landianum (ixicls at 1215(1°(: fc^ 

styvend dajys (1(5). /ilhsmafivisly, scmie irofi([[0 (Dxicles an: prcxiiiced b)r redhictioii of tlw: 
mixed valence iron(III) and iron(IV) phase in hydrogen or in vacuo e.g. Sr^Fe^O^ is 

produced by reducmg the conqxnn^ fw vacMO (T^h (:hanK^ensdc of dl

preparations of iron(III) materials in the solid state are very high temperatures and long 

sintering tinies. ITu^y are geaierally high spiintP rnaiteiials v/hicheudhibit!untif:rrorna{;netic 

ordering behaviour e.g LaFeOj is antiferromagnetically ordered at room temperature.

A wide range of iron(III) containing metal ferrites exist which can be synthesised 

by solid state methods. Associated with iron(III) chemistry in the solid state are many 

complex structures which have iron (III) in four, five and six coordination. A structure 

which occurs frequently is the brownmillerite structure (18). Brownmillerite, Ca^FeAlO^, 

has a structure consisting of alternating layers of comer-sharing octahedra and tetrahedra.



All the alkali earth metal ferrates such as Sr^Fe^Oj (19), Ba^Fe^Og (20) and Ca^Fe^O; (21) 

(Figure 1.2) form this structure which features very distorted iron tetrahedra and 

octahedra. For example, in SrgFegO; the tetrahedral bond distances of 1.92A, 1.98A and 

1.82A and octahedral bonding distances of 1.87A, 2.09A and 2.18A are exhibited.

Fe O

Figure 1.2 Projection Along the 110 Plane in Ca^Fe^O;.

Lanthanide ferrites (Ln = Sm, Gd, La, etc) all have an orthorhombically distorted 

perovskite structure (Figure 1.3) which is now accepted as a structural type after the first 

recognised, the " GdFeOj" structure (22).

0
0 ino 0 in

e Gd
o Fe



In the GdFeO] structure the Gd atom is twelve coordinate with eight different bonding 

distances. The transition metal ion has three different bond distances producing a distorted 

octahedral environment.

Another common structure in the solid state chemistry of Fe(ni) is the K^NiF^ 

structure in which NaCl like layers of NiF are interleaved with perovskite, KNiP^, blocks 

e.g. LaSrFeO^ (23). There are a few other simple structures in solid state iron(III) 

chemistry such as the iron (III) spinels e.g. ZnFe^O^ (24). More complex and unusual 

structures also exist such as barium hexaferrate BaFeizO,, (25) and cubic BaaFegOg (26) 
which has an ISA unit cell.

1.3.3 Chemistry of Iron (TV)

The incidence of pure iron(IV) materials in both solid state and aqueous chemistry is rare 

although there is a significant number of mixed valence compounds containing trivalent 

and tetravalent iron.

In solution, chemical and electrochemical oxidation have been used to generate 

ir()n(I3/) mait<;n!ils6x)m theiroii(I[r)!inaI()guies e.g. [Fe(biii)y))]^+ (2:7). Fe(r\()is gene^nalty 

six coordinate in these materials; four coordination is also known e.g. [Fe(S2CNR2)]^+. 

These materials have been shown to be invariably low spin.

Pure iron(IV) materials in the solid state are limited to the ternary alkali and alkali 

earth metal oxides and are usually produced using high oxygen pressure. The coordination 

of the iron is normally six, the spin state, however, is a matter of dispute. SrFeO^ was 

first piispauned iri 19(55 using; laevetnal himdined :diTK)si)h(y\:s oftix^/gem pmessttre (2lg) an(j is, 

perhaps, the most-studied iron(IV) material. Recently, an ambient method of synthesising

kw b«m usmgid«±mcb^m^^ meaM ain^Mhc
conductor with an antiferromagnetic ordering temperature of 134K. It forms a perfect 

perovskite cube with a cell parameter of 3.850A even though the magnetic moment is 

indicative of a high spin d* material which would be expected to be Jahn-Teller (30) 

chskuted. Tluslugh ehxtncalcxHKha^ivhy uKhcah^ fhe<^'(ntuhd ^broadened uho an 

itinerant electronic conduction band. Mossbauer measurements further support this 

hypothesis since the room temperature spectrum consists of a single resonance which 

SKparah^ ink)asingkh)qxTfu^sexkA atlowtenqx^atune (Ingure An insuhdor

8



which had high spin d" configuration should produce a quadrupole split doublet at room 

temperature due to the asymmetry of the electronic configuration leading to an electric 

field gradient.

Low temperature neutron diffraction measurements on SrFeOj have shown the 

magnetic reflections to belong to an unusual type of magnetic ordering behaviour based 

on an a-spin helix (31,32). No evidence to suggest a Jahn-Teller distorted ion was found 

in high resolution neutron diffraction measurements even at 4.2K.

-2 0

Velocity (mms ')

Figure 1.4 Mdssbauer Spectrum of SrFeOa at 298K

CaFeO) is another well characterised iron(IV) material (33). The conditions 

required to produce pure CaFeOj are more oxidising than for the strontium material, 

typically 20Kbar and 1273K. CaFeOg has a tetragonally distorted perovskite structure with 

a = 5.325A and c = 1.519k. Semiconducting behaviour is exhibited and magnetic 

measurements suggest the presence of four unpaired electrons. However, the major 

difference between this material and SrFeOg is the low temperature Mdssbauer behaviour. 

At temperatures exceeding 300K the spectrum consists of a singlet. On cooling the signal 

separates initially into two singlets of equal intensity and then, below the antiferromagnetic 

ordering temperature of 115K, into two hyperfme split sextets of equal intensity. The two



signals are not characteristic of iron(IV), but of iron(HI) and iron(V) (Figure 1.5).

-4 -9 0

Velocity (mms ‘)

Figure 1.5 Mossbauer Spectrum of CaFeOg at 4.2K

1.3.3.1 Charge Disproportionation in Compounds of Iron(IV)

The low temperature behaviour of CaFeOj is a result of a charge disproportionation 

reaction. The effect observed in the Mossbauer spectrum as the temperature was lowered 

was first separation into two paramagnetic signals of equal intensity followed by separation 

into two magnetically ordered sextets. The chemical shift of the room temperature 

spectrum was also unusually low for an iron(IV) material at O.OTmms"'. The two signals 

were identified by Takano (33) as belonging to iron (III) and iron(V) and a charge 

disproportionation reaction was proposed:

2Fe 4 + Fe 3 + + Fe: [2]

10



Evidence to support this mechanism has also been highlighted by Mossbauer 

spectroscopy of other iron(IV) systems, both by Takeda et al in the Lai ^Sr^FeOg and 

Cai.^Sr^FeO) systems (33) and by Battle et al in the Sr^LaFe^Ogy system (34), which is 

equivalent to x = 0.66 using the Takano formulation.

Takeda proposed that the disproportionation effect was a short range ordering 

effect, since there was no evidence by neutron, x-ray or electron diffraction to suggest a 

structural consequence of this reaction. Attempts by Battle, using low temperature neutron 

diffraction with moderate resolution (35), also showed no distortion in Sr^LaFe^Og+y from 

which he concluded that there was cationic disordering in the system.

1.3.4 Chemistry of Iron(V)

Iron(V) chemistry is very poorly documented in both solution and solid state chemistry. 

Solution chemistry is limited to reactions using the highly oxidising K^FeO^ (36) to 

produce alkali metal ferrates such as K^FeO^ (37). These materials have not been isolated 

as pure materials although there are some vibrational spectra reported for the anions (38). 

In both cases the iron(V) atom is thought to be four or six coordinate.

In 1990 the first iron(V) material was produced by solid state methods by heating 

potassium peroxide and KFeO; at 470°C in a gold tube for 18 days (39). These conditions 

produced the material K^FeO^ as black, needle-like crystals. (Figure 1.6) A molten salt 

method of producing Na^FeO^ (40) was reported in 1973.

1.3.5 Chemistry of Iron(VD

Iron(VI) chemistry is much better documented than that of iron(IV) and iron(V). K^FeO^ 

was discovered in 1932 and can be used as an oxidant to remove organic materials from 

solution (2,33). This material has been used to generate a wide range of alkali and alkali 

earth metal iron(IV) compounds including BaFeO^ (41) and Na^FeO^ (42). Synthesis has 

only been achieved in solution by oxidation of iron (III) nitrate in a super-saturated alkaline 

solution using hypochlorite (43). This compound can be isolated as purple/red crystals 

although purification is difficult due to the oxidising capability of the ion.
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Figure 1.6 The Orthorhombic Structure of K^FeO^

1.3.6 Mixed Valence Compounds of Iron

There are many compounds of iron which contain more than one oxidation state. Most 

commonly are mixed valence iron(II) and iron(III) compounds such as Fe^O^ or Prussian 

Blue (44) although there are also numerous mixed valence iron(in) and iron(IV) 

compounds. Prussian Blue which can be used as a pigment has the formula 

Fe4™[Fe"(CN). xH^. The structure is based on a three dimensional cubic framework 

with metal atoms at the comers of a cube with M'^ - C - N - M® links. There can be 

empty metal and CN sites depending on the stoichiometry (on the valence of and M®). 

Water molecules can also be bound to Fe™ in Prussian Blue.

Iron sulphur complexes have been extensively studied because of their relationship 

to nonheme iron sulphur proteins. They contain iron in both dipositive and tripositive and 

mixed valence states and have formulae [Fe(SR)J' (45) (Figure 1.7).

A prime feature of many of these systems and others with both iron and molybdenum are 

reversible electron transfer reactions and these give a clue to the importance of such 

polynuclear species in nature.

Mixed valence iron(III) and iron(IV) systems occur frequently in the ferrate
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Figure 1.7 Cubane Structure of [Fe(SR)J'

materials. Iron(IV) systems, such as SrgPe^O?, can support a wide range of oxygen non­

stoichiometry leading to interesting coordination geometries (46). For example, systematic 

removal of oxygen from the 110 plane in SrPeO^^ gives a compound Sr^Pe^O,, which was 

first recognised by Greaves et al (47). Removal of all oxygen from this plane gives the 

pure iron(III) material Sr2Fe20; (19). Other mixed valence ferrates include CaPeOg y (48), 

BaPeOg^y (49) and Sr^PeO^^y (50) which can all be produced using ambient conditions of 

temperature and pressure.

1.4 Oxidation States of Cobalt

The reduction in stability of the very high oxidation states which was apparent with iron, 

continues with, and is accentuated in, cobalt. In solution, the relative stability of the 

divalent to trivalent state is further increased and the incidence of oxidation state (IV) or 

greater is very rare. The tripositive state is unstable in simple compounds, but the low 

spin complexes are exceedingly numerous and stable, especially where the donor atoms 

produce a significant ligand field. In contrast to iron, there are some important 

monovalent complexes of cobalt, an oxidation state which is almost unknown for any other 
first row transition element except copper (51).

Solid state compounds are abundant for the tripositive state although cobalt(II), (IV) 

and (V) are also known. The higher oxidation states require severe oxidative conditions 

and the compounds produced are very sensitive to atmospheric moisture.

13



1.4.1 Chemistry of CobaltdCD

In contrast to iron(II), divalent cobalt is not easily oxidised to Co(III) in aqueous solutions 

containing no complexing agents. However, in basic conditions or in the presence of 

complexing agents high in the spectrochemical series, the stability of Co(III) is greatly 
improved.

The complexes formed by cobalt(II) are mostly either tetrahedral or octahedral, but 

five coordinate and square planar species are also known. There are more tetrahedral 

complexes of cobalt(II) than for any other transition metal. This is a result of the d’ 

configuration which has the least disfavour for the tetrahedral configuration over the 

octahedral one, for any d”. This small stability difference between these configurations 

can result in their simultaneous presence in solution e.g. thiocyanates in methanol (52). 

A wide range of both low and high spin complexes are known. The low spin octahedral 

complexes, however, are rare with a tendency to become four or five coordinate with the 

loss of ligands. Tetrahedral complexes are generally formed with monodentate anionic 

ligands such as Cl', Br or SCN although some bidentate cases are known with very bulky 

ligands e.g. N - alkylsalicylaldiminato, 6 - diketonate anions. Both forms of five 

coordinate species, trigonal bipyramidal and square pyramidal, occur in both low and high 

spin configurations. A distinguishing characteristic between the most common 

coordination geometries is colour. Octahedral complexes tend to be pink or red, and 

tetrahedral blue, due to the two different transitions in the electronic spectrum.

Solid state chemistry of cobalt(II) is very rare since the cobalt(II) materials can be 

easily oxidised to cobalt(III) in air. This is exemplified by considering the oxide materials. 

Cobalt(n) oxide is produced by heating cobalt(II) nitrate or carbonate (53). This material 

is not stable to atmosphere oxidation and tends to oxidise to the other higher oxides, 

C03O4, C02O3. Despite these materials being susceptible to moisture, they are all widely 

used as a starting materials for the synthesis of cobalt materials in the solid state. A rare 

exanq^e ofapanre dr^Uentcx^adtrnakrkd uithe abbd ^aheislLa^CoC^ \vhk^is 

paepafDdtqrreacdon()fCkK):UKlI^qC^, at 2000rC under (%uton dkxxkk: or argon. Tlus 
material has an orthorhombic structure based on distortion of the K^NiF^ tetragonal system 

and is isostructural with La^CuO^.
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1.4.2 Chemistry of CobaltdlD

The instability of the tripositive state is evidenced by the rarity of simple salts and binary 

compounds whereas cobalt(II) forms them in abundance, e.g. uncomplexed cobalt (III) can

be]^pW^nxbc^by\v^erC^^. CobMt(nO m

solution using oxygen or hydrogen peroxide and a surface active catalyst in the presence 
of ligands (56).

4Ca%2 + + 2Ay? [3]

Compounds containing trivalent cobalt in the solid state are quite numerous. Both the pure 

cobalt(III) materials such as Sr^Co^O; (57) and mixed valence materials such as SrCoOg., 

(58) exist. It is important to note however, that there are considerably fewer cobalt(III) 

materials than iron (III) compounds and the former tend to be more susceptible to 
atmospheric conditions.

Although the incidence of mixed valence cobalt compounds in the solid state is 

frequent, pure cobalt(III) materials are quite rare. Cobalt(in) materials generally require 

more oxidising conditions and more careful handling than their Fe(III) counterparts. For 

example, LaFeOj can be synthesised in air at 1350°C, whereas LaCoO, requires 12(X)°C

arid a pure cncygen atmosqpheHM: for reactiori C)9). Flowen/er, colxalhQ]]) materials cIo foirn 

similar stnictures to die ijx)n(lir) s)rsk;ms is.jg. ISr^CozC); anti exliibit the
brownmillerite structure.

1.4.3 Chemistry of CobalttlV)

There are very few examples of cobalt(IV) in solution. An authentic example is alkyltetra 

(1-norbomyl) cobalt (60) which is low spin d^ and paramagnetic. This compound is 

reasonably stable to both heat and air and can be electrochemically oxidised to the Co(V) 
ion, [Co(nor)J+.

Pure cobalt(IV) compounds are more prevalent in the solid state than in solution. 

A selection of cobalt(IV) materials has been synthesised using autoclaves since the early
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1970s. These materials generally contain alkali metal or alkali-earth metal ions such as 

sodium or strontium. A variety of complex structures are present, cobalt generally being 

present in six coordination e.g. K^Co^O? (61) or LigCoOA (62). The difficulty in preparing 

the pure cobalt(IV) materials is extreme in comparison to iron(IV). For example, 

SrFeO; 00 (25) is synthesised at 450°C using gOObar of pressure, in contrast SrCoOg.oo (63) 
can only be made using a diamond anvil device at 1000°C and a pressure of 65Kbar in the 
presence of KCIO3.

1.4.4 Chemistry of Cobalt fV)

The known chemistry of cobalt(V) is very limited. The only widely accepted example in 

solution being CofnorJ,"^ (nor = 1-norbomyl) (60). Similarly, solid state syntheses to 

produce cobalt(V) materials are also uncommon; K3C0O4 is a proven example (64) and 

was produced by reaction in a oxygen at 460°C for several days.

1.4.5 Mixed Valence Compounds of Cobalt.

Mixed valence compounds of cobalt are significantly less common than the corresponding 

iron analogues. In fact, cobalt (II)/(HI) compounds are exceptional; very few have been 
produced by electrochemical oxidation (65).

«Aak^Mcmddnmg moK

iiunieious e.g;. :Sr(:o(:h^; (66), Ijai.^Sr^CloO, ((iT). TThexae nia1eji!Lls(:xlul)it2iTAd(le range ()f 

oxygen non-stoichiometry and a variety of structures analogous to the SrFeO,^ system. A 

material with a doubled ’cubic’ unit cell in which a = 7.70A (68) is thought to be related 

to Sr^Fe^Oii. One phase which is not present in the iron system is SrCoO^ ^ which has 
a hexagonal structure (69).

1.5 Oxidation States of Nickel

Highest oxidation state stability decreases further with nickel such that only divalent nickel 

occurs in the ordinary chemistry of the element. The low oxidation states have

consid,eral)le iniportanoe in (catalysis (IM)). TThfme is also a weadtli of Icrw/ o)d(iatiori state
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chemistry applicable in organometallic chemistry. In solution, the occurrence of nickel(ni) 

and nickel(IV) species is rare and in many of these it is not clear whether it is actually the 
metal atom rather than the ligand that is oxidised.

1.5.1 Chemistry of NickeKIfi

Nickel(II) compounds exhibit a wide range of ligand stereochemistries and coordination 

geometries. Three, four, five and six coordination is known with a variety of geometries;

tngonal pkmtm, tebahednU, square pkmaf, square pyramidal tr^;ontd bipyritnkkU,
octahedral and trigonal prismatic.

There are numerous binary compounds of nickel(II) which can be made in solution 

or in the solid state. Precipitation from solution can be used to produce a variety of salts 

inducing dheruckelhaikk% (except the AuorkkO rnade

directly from reaction of the elements. Other nickel compounds can also be obtained by 

direct reaction of nickel with non-metals such as P, As, Sb, C and B although not all are 

stoicliiorneabic;. hdkqgnedc^alhy, ruclcelClT) rnaterials l^a\fe relaitivx:h/ sirnjile bieharvioiir an<i 
octahedral complexes invariably show two unpaired electrons.

Octahedral complexes are common e.g. [Ni(H20)g]^+ and five coordinate species 

with both square pyramidal and trigonal bipyrimidal exist in both high and low spin states. 

As a natural consequence of the d* configuration the planar geometry is preferred in the 

four coordinate species. The planar set of d orbitals give d^z.yZ a uniquely high energy and 

the eight electrons occupy the other four d orbitals. The occupation of the antibonding 

len/el is tinatvcnciable in tlie tetralieclml ctxordinatiori. I^or P(!° and Pt° l^iis fa(:k)r is swo 

important that no tetrahedral complexes are formed. The planar complexes are frequently 

red/brown or yellow in coloration e.g. yellow NifCN)^^". Tetrahedral complexes are 

generally only formed where bulky ligands make planarity sterically impossible.

1.5.2 Chemistry of NickelITTB

The evidence for trivalent nickel compounds in solution is limited. Ni(III) fluoride has 

been prepared as an impure, black, non-crystalline solid, marginally stable at 25°C (71) 

There are several well proven crystalline forms of NiO(OH). The more common form
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6 - NiO(OH) (72), can be formed by oxidation of nickel(II) nitrate with bromine in 
aqueous potassium hydroxide below 25°C.

Macrocyclic nitrogen compounds containing nickel(II) can be electrochemically 

oxidised to the nickel (III) and, more rarely, nickel (IV) analogues (68). Tertiary phosphine 

complexes of this type were the first Ni(III) species to be made by halogen oxidation of 

NiX2(PR3)2 (73). A similar organometallic derivative is shown below (Figure 1.8)

Figure 1.8 Macrocyclic Compound Containing Ni(III)

NaNi02 has been formed using molten salt chemistry (74). Oxygen gas is bubbled 

through molten alkali hydroxides contained in nickel vessels at 800°C.

Solid state preparations have been used to produce many compounds of nickel(III), 

tnauily of th<: alkali rnetal or zllcaH eardt rnetals siKth aa ISrzNizC); (T'fi). Pitqxarafiori of 
Ni(III) oxides in the solid state usually requires long sintering times e.g. Na^NiO^ (76) is 

FMKqparexI by itxtcdrm for 7 (lays in a gokl hibe at

1.5.3 Chemistry of NickelflV)

The chemistry of Ni(IV) is poorly documented in solution and in the solid state. In 

solution a few Ni(IV) compounds have been generated using electrochemical oxidation. 

Examples of this are some well established octahedral complexes with phosphine or arsine

ligands which are produced by oxidation of Ni(n) e.g. [diphos2NiCl2]^+ (77). Alkali metal

salts such as the red purple, M2NiFg, (78) can be made by fluorination.
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nicloelabes in thesxylki state are e:xtnemely iiare v/idr IlafiiCDg (79) and SrISMC);
(75) the only well characterised examples although there is still some doubt about the 
oxygen stoichiometry of the compounds.

1.5,4 Mixed Valence Compounds of Nickel

Unlike cobalt and iron, nickel has another well known type of mixed valence material 

containing divalent and tetravalent nickel. These materials are based structurally on the 

partially oxidised tetracyanoplatinates which have alternating square planar and octahedral 

platinum atoms linked by halogens. However, the nickel compounds are more difficult to 

prepare due to the incidence of Ni(III). This unusual system is due to the stability of 

bli(n[) sqiiare planar auid how iqoin <1^ h4i(r\f) ions. lire stadbiUlh^ of this tirranjgerruant 
increases significantly in the Pt/Pd analogues where the high spin configurations are 
energetically disfavoured.

Mixed valence Ni(II)/Ni(III) compounds are also rare but an authentic example is 

NiaOzfOH)^ (80) which is formed by aging hot solutions of 6 - NiO(OH).

1.6 Mixed Transition Metal Oxides

There is (81-83) an enormous number of compounds which contain more than one 

transition metal ion. In some cases the individual oxidation states are difficult to ascertain, 

espxacially v/heii tliere is i/ery srnail piojportiori ()f ()ne ioii. TThis is tt firotihsm 

encountered in doping studies of the high temperature superconductors (84) due to the very 

low levels of dopant. Generally, however, the relative ionisation potentials of the ions 

give a good indication to the probable oxidation state of the ion. For example, in 

Sr^FeTiOj; the titanium ion is in the tetravalent state and the iron in the trivalent state 

which could be predicted by the ionisation potentials of Fe = 56.8eV and Ti = 43.2eV 
(85) (M^+ > M'*+). Mixed valence compounds containing iron can be characterised 

using Mossbauer spectroscopy by correlation with standard Mossbauer parameters.
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1.7 Oxide Materials - Simple Building Blocks

There are many different complex structures in transition metal oxide chemistry generated 

by a variety of combinations of some basic building blocks. These structures consist of 

^E&regates of ions with positive ions of various kinds and the number of oxygen ions 

surrounding a given ion being determined in a general way by the ratio of the radii of the 

ions and the ()^ icMi. TThene are few first row tnmsition nretal icwis whueh (%in liavie 

coordination numbers greater than six. Larger ions, typically with relatively low oxidation 

states and with an ionic radius around lA, have coordination numbers as high as 12 e.g. 
Sr (1.13A), Y (0.89A) or K (1.33A). Few have ionic radii which are similar in size to 

the oxide ion (1.40A).

Generally many complex oxides are assemblies of ions in close packing (in 

which each has 12 nearest neighbours) with the smaller positive ions occupying the 

interstices between them. When the oxide ion and the A cation are of comparable sizes 

they form a close packed arrangement, with smaller positive ions occupying spaces 

between four or six oxide ions (giving tetrahedral or octahedral geometry). The oxide ions 

form a close packed rigid lattice and the structure will not collapse even if the small ions 

are absent (provided the structure is electrically neutral). Changes in valency maintain 

electrical neutrality and allow variation in the stoichiometry. When there are fewer small 

ions in the structure than available sites the atoms are often distributed statistically e.g. 

-y-FezO). In addition to cationic vacancies, this type of structure can support varying 

degrees of oxide ion vacancy, leading to many non-stoichiometric and mixed valence 
materials.

The simplest type of complex oxide structure is the solid solution of one oxide in 

another i.e. ions of more than one kind randomly occupy the cation positions in a simple 
oxide structure M,tOy. e.g. CeO^ (fluorite structure) with UOz to give uranium cerium blue 

Ce,_xU,.Oz. An element with two possible oxidation states can exist in a structure 

characteristic of more complex oxides e.g. Ti^Oj forms the pseudobrookite structure (86) 
Fe^TiOj i.e. [TF^zTi'^^0;]. If elements in a solid solution replace ions in an orderly way 

a superstructure of the simple structure is formed e.g. LiNiOz, NaCl superstructure.
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The structures basically exist as two main types

i) close packed oxide layers

all tetrahedral holes occupied 

all octahedral holes occupied

Vi " " "

Be^SiO^

XYOz e.g. LiNiOz 

XYO3 e g. FeTiOa 

XYO4 e g. MgWO^ 

XY^Og e.g. Niobite

ii) close packed X + 30 layers

all octahedral holes occupied ABO3 perovskite 

A^B B Og cryolite

During the course of this work the latter type of oxide structure is encountered most 

frequently. These structures include ABO3, K^NiF^ and general intergrowths of the two 
which are discussed further below.

1.7.1 The Perovskite Structure

Since the discovery of ferroelectric properties in BaTiOj (87) in 1945, ABO3 compounds 

with the perovskite structure have been comprehensively studied. These studies resulted 

in a wealth of materials v/hhltnnnoelectric arid piez(x;Lecbnic]profNerde:s. Ily 1(155 ramiercais 

combinations of A and B had been tested and Galasso (88) had produced a variety of 

perovskite materials with more than one element in the B position. Today there are an 

enormous number of perovskite based compounds with more than one element in both A 
and B positions.

Most compounds with the general formula ABO3 have the perovskite structure. 

The atomic arrangement of atoms in this structure was first determined for the mineral 

perovskite CaTiO^. At this time the structure of CaTiOj was thought to be represented by 

Ca ions at the comers of a cube with Ti at the body centre and oxide ions on the centre
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of the faces. (Figure 1.9) The space group of this material being Pm3m. Although 

CaTiO; was later found to be orthorhombic (89) the name perovskite was continued to be 

used to describe this cubic array of ions. In fact, few compounds have the perfect 

perovskite structure at room temperature, but do assume it at high temperatures. In the 

structure the A cation is coordinated with twelve oxide ions and the B cation by six.

\
Sr

O

Ti

Figure 1.9 The Perovskite Structure.

Consequently, A is normally somewhat larger than B. Ideally, for contact between the
A,B, and O ions, the radii R should satisfy the equation [4].

yz ( Rg + R. ) [4]

Goldschmit (90) has shown that the cubic perovskite structure is only stable when a 

tolerance factor, t, defined by the equation [5].

(7/2 ( R. + R. ) [5]

lies between 0.8 and 0.9. This factor can have a larger range when the perovskite
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structure is distorted.

For electrical neutrality in this perovskite structure the sum of the positive charges 

should be six. This can clearly be made up in a number of ways e.g. A can be 1 + , 2 + , 

and 3 +, whilst B is 5 +, 4 + and 3 +. Oxygen vacancy results in one ion having dual 

valence. Therefore, compounds which can exist in a variety of oxidation states, such as 

the transition metals, have been extensively studied in oxygen deficient perovskites.

The most common perovskites are formed with trivalent and tetravalent B cations. 

However, these two systems (A^+B'^+O^, A^^B^+O;) have very different structural 

formations as a function of the ionic radii or tolerance factors. For A^+B'^+O^ the vast 
majority of compounds are cubic or pseudo-cubic with very small structural distortions 

(Fig 1.10). However, for A^^B^^Og (Fig 1.11) the largest number of compounds are 

found with the orthorhombic structure first determined for GdFeO^ by Geller and Wood 

(22). A common structure observed in both of these systems is the rhombohedral cell 

fcmiied tr/ IjiChiC); (91) arid BaTK); (9:1) Ibelcnv

Ternary oxides can be both A-cation or anion deficient. The tungsten bronzes 

provide a good example of cation deficiency e.g. Na^WOj (0.3 <x<0.95) (93). Oxygen 

deficiency in the perovskite structure and its effect depend on the elements involved; 

SrBOgx B = Ti, V have a wide range of oxygen stoichiometry e.g. 0<x<0.5. The 

titanium system retains the perfect perovskite cube over this range. SrFeOg., (94), 

CaMnO^ x (95) and SrCoO^.* (96) are all capable of supporting a wide range of oxygen 

non-stoichiometry. However, the cubic perovskite structure is not retained and many new 

structures are formed e.g. Sr^Co^O; (56) brownmillerite, Ca^Mn^Og (97) orthorhombic and 

SrFe02 84 (98) tetragonal.

1.7.2 The K.NiF. Structure

The KzNiF^ structure (99) is a tetragonal structure closely related to the perovskite 

structure, ABX3. In the simplest case the perovskite blocks are now interspaced with AX 

layers giving a new formula AXABX3 i.e. A2BX4 generating a tetragonal structure. The 

B atoms have the same six fold coordination, but the A atoms become nine coordinate.

This structure is similar to the perovskite and can also be discussed in terms of 

tolerance factors. Tolerance factors for typical K^NiF^ materials lie between 0.85 and
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0.985 as suggested by Ruddlesden and Popper (100). When tolerance factors are low the 

K^NiP^ structure does not form suggesting that, contrary to the perovskite structure, the 

radius of the A cation cannot be reduced much below the geometrical conditions for 

touching spheres i.e. t = 1.

1.7.3 Ruddlesden-Popper Phases.

These materials were first characterised in 1957 (101,102). The K^NiF^ structure forms 

part of this group where n perovskite layers are interleaved with AX layers. This 

terminology generates the K^NiF^ when n = 1. The structure was first determined for the 

strontium titanates and is known in this system up to n = 3. The difficulty in producing 

these materials increases as the periodic table is transversed and the value of n increases. 

For example, there is no nickel analogue of the strontium titanate Sr^TiO^. The structure 

of the three well known titanate phases is shown in Figure 1.12.

1.8 Bond Valence Theory

The method of assignment of single, double or triple bonds which is applicable to organic 

chemistry cannot be used in crystalline, non-molecular inorganic chemistry. In the past, 

due to this unsuitability of the classical valence bond model to inorganic structures, 

materials have been described mostly by purely geometric means. The most widely used 

descriptive techniques in structural inorganic chemistry are close packing of spheres and 

the linking of coordination polyhedra. However, these methods are purely descriptive and 

do not give any direct information regarding bond strengths and respective site valences.

The determination of the exact valence of elements in a structure is often 

impossible since these geometric techniques do not allow the strength of bonds to be 

quantified. Since the discovery of high temperature superconducting oxides containing 

mixed valence copper (3-5) the ability to assign different oxidation states to 

crystallographically distinct sites has become important. To overcome the limitations of 

the geometric methods, an empirical approach has been designed to describe bonds in 

non-molecular inorganic solids. A number of workers have developed this technique but 

two authors, Zachariasen and Brown, are primarily responsible for the theory.
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Figure 1.12 Ruddlesden-Popper Phases A„+]B„03„+i, n = 1, 2 and 3.
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Detailed accounts of the theory have been published and a review of the work including 

many references to earlier publications has been published by Brown (103).

In a similar way to valence bond theory this empirical model attempts to assign 

valences or strengths to individual bonds. The major difference between the two 

approaches is that unlike the classical method this model allows non-integral values for the 

bond valence of a site. Individual bond values are summed in the empirical model around 

a particular atom to evaluate an atom site valence which is analogous to that performed 

in classical theory. The new model is designed, not to replace the descriptive techniques, 

but to be used in addition to it and allow a more complete structural and chemical 

characterisation of inorganic solids to be achieved.

The terminology for the empirical method is somewhat confusing and is known 

under a variety of different titles. These various names for the technique have precisely 

the same meaning and are consequently interchangeable. In this work the theory will be 

termed "Bond Valence Theory" although other terminologies may be encountered 
elsewhere.

In Bond Valence Theory, bonds are assigned with individual bond valences which 

represent the strength of the particular bond. These bond valences (or bond strengths) are 

related to the actual bond lengths and are derived from them. Notionally the longer a 

bond length is, the weaker the interaction between the two ions. The actual theory is then 

constructed by the development of a mathematical expression that can relate the observed 
bond lengths to the associated bond valences which are summed to give the site valence. 

The valence of an atom Vj, is defined as a sum of the individual bond valences [6]:-

V,. =ij [6]

The individual bond valences Sy- are similarly related to the actual bond lengths Rj,.

The relationship between the observed bond length and the associated bond strength 

can be described by a number of mathematical expressions. However, only two of these 

are regularly used and recently one of these appears to have gained in popularity to the 

detriment of the other. These expressions are both described using constants which are 

element specific. The constants are determined by the examination of the bond lengths of

27



as many well characterised compounds as possible of a particular element in a known 

oxidation state. These parameters are completely empirical and are not derived from 

theory. Tables of parameters for a large number of cation to oxygen and cation to fluoride 
interactions (104) has been collated by Brown.

The expression that has recently proven to be more widely used is derived from 

Pauling’s studies into describing electrostatic bond strength (1947). Rearrangement of 

Pauling’s expression gives the actual equation used [7].

= exp R. - [7]

The other, less commonly used expression is [8]:-

’ij
R.
Rij

N
[8]

Rjj is the observed bond length and is the bond length derived for unit bond valence 

(i.e. the length of a bond classically described as a single bond). The constants B and N, 

which are specific to each element, describe the slope of the curve that describes the bond 

length - bond strength relation.

(Druse constants requuMxl for the (;x(MM%;si()ns lurve been (ibtained fforn guscutately
characterised compounds of known cation valence, the expressions are complete and can 

be used predictively in more complex systems i.e. observed bond lengths from complicated 

rnateiials cam b<;iirilisedl)y a;,]plusatk)n crfcNquadcnis [7] and [8] ancl die re&uhbmt valences 

around a cation site summed to give an effective valence for that site. Brown has 

performed many such calculations and has ascertained that the calculated effective valence 

should be within 0.1 of the actual valence which although, within an acceptable degree of 
reliability, does suggest effective valence calculations cannot be applied definitively.

One limitation of these calculations is they assume the system is in a relaxed state 

(105). This is not always the case. Systems under compression will demonstrate 

shortened bond lengths which lead to increased bond valences and effective site valences. 

This particular effect has been named "overbonding" and can lead to misleadingly high 

effective site valences. Similarly, a structure which has been expanded and is 

overstretched can contain sites which are "underbonded" giving deceptively low valences.

28



The errors in these calculations which were observed by Brown are therefore likely to be 
a result of the effects of strain.

There are an enormous number of complex structures and coordination geometries 
reported for the first row transition metal elements. Changes in structure as a result of 
changing oxygen stoichiometry is sometimes difficult to appreciate without knowledge of 

local environment of the atoms. Bond valence theory allows the local changes in bond 

length around an atom to be converted into a site valence. The magnitude of the site 

valence can then be utilised in understanding structural changes and the validity of a 

particular structural model to another when undertaking structural refinements.

1.9 The Scope of This Work

The aim of this work is to investigate the solid state chemistry of novel, and previously 

fXDCHiir^chtiracleanbwad, conip<)urids containirig late bnansition nietals in hig;h cotidaficm states. 

Particular attention is paid to the detailed structural chemistry of these materials including 

the local geometry and coordination of the highly oxidised ions.

The largest part of this work is involved with the study of iron(IV) materials many 

of which had been poorly studied and in which compounds with similar structures have 

vasdy contrasting physical properties. Mixed valence systems are also studied in detail 

to investigate the effect of oxygen stoichiometry on structure and local ion coordination. 

I)<)pin;g studicxs usinjg chlleanent tramsUioii metal icwis art; perikrrmed to tytarnine tht; effect 
on charge disproportionation.

A new strontium cobaltate is studied which has a tripled Ruddlesden-Popper 

structime and dopirtg otperiments are (tarried out cm this srystem to inv(%;tig:ate the effect 
on both structure and ion coordination.
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2.1 PREPARATION

2.1.1 Preparation of Materials in the Solid State

A wide range of preparative methods are available for the synthesis of high oxidation state 

transition metal oxides. The two main methods are reaction in solution with a strong 

oxidising agent such as chlorine (1) and high temperature sintering followed by oxygen 

annealing (2). Novel methods of synthesis such as recently developed electrochemical 

methods (3) are less common. During the course of this work only direct solid state 

reaction followed by oxygen annealing was employed.

The solid state reaction technique simply involves the combination of the powdered 

reactants, usually being the relevant component metal oxides. A carbonate or some other 

oxo-salt which decomposes to the oxide on heating is commonly used if the oxide is 
hygroscopic. The homogeneity of the sample and the particle size within that sample are 

major factors in the time scale of the experiment and the final purity of the product. 

Experiments in the solid state tend to be long since diffusion in and between solid particles 

is slow. Reaction times are also increased by large particle sizes which reduce interfacial 
contact.

Combination of the reactants is usually achieved by one of two methods. The 

simplest method requires homogeneous grinding of the powdered reactants in a pestle and 

mortar and sintering them at high temperature. Generally this method does not affect 

mixing on an atomic scale and results in long sintering times and large particle sizes. 

Reaction times can be reduced by maximising the sintering temperature to increase atom 

rnrfbilh]/, licrwxever cxare must 1)6 takx:n to a\:oid irwcoi^grment melting, l^article size c^m tx: 

reduced by frequent regrinding and interfacial contact increased by pressing the samples 

into pellets. The other commonly used method involves the coprecipitation of samples 

from solution using a precipitant. The problems of mixing on an atomic scale, and thus 

the need for high sintering temperatures, are largely overcome in this method, however, 

the precipitant must be carefully chosen so that one component is not preferentially 

precipitated from solution.

This work uses the former method of solid state preparation and individual reaction 

conditions using ambient conditions are described where appropriate. Samples requiring
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strong oxidising conditions were oxygen annealed using the high pressure annealing 
apparatus (4) shown in Fig 2.1

High Pressure 
Inert Gas Supply

Furnace

Inert Gas

Pressure Vessel

O; gas

High Pressure 
Oxygen Gas Supply

Figure 2.1 Diagram of the High Pressure Annealing Apparatus

The reaction mixture is kept within an alumina, or gold, crucible encased in a reaction 

tulxe coinkiuiingliot]pressiiruwBd o:(yg;<en. Finicture cMFthustube is pre\rentexll)y (xmtaimment 

in inert gas at an equivalent pressure. The reaction tube is mounted vertically with a small 

furnace around its upper end so that while the sample is at furnace temperature, the seal 

is loept at rcxam ternpxarature. Ihiilially tht: whole srystem is fiUexl wiUi ine«t g;as ffoin a 

ctuTipressxxi gassiqpply: Clxyjgen isikien fed into the sam]pie(:harnl)er ancltitralancang vaJhAs 
is used to equilibrate between the oxygen and inert gas pressure. This valve ensures that 

the walls of the crucible never experience a differential pressure of more than a few 

atmospheres. Maximum operating temperature and pressure are 1200°C and 700 Atm of 

oxygen respectively and individual experimental conditions are described where appropriate.
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2.2 ANALYTICAL TECHNIQUES

2.2.1 Powder X-rav Diffraction (PXD)

X-ray diffraction is one of the principal techniques available to the solid state chemist. 

PXD can be employed in a variety of applications including crystal structure 

determination, measurement of particle size, detection of crystal defects and disorder and 

determination of phase transitions. The main application of PXD in this work was phase 

identification of samples in powder form and determination of cell parameters. There are 

also some examples of x-ray data being used for preliminary Rietveld (5) analysis

2.2.1.1 Theory of X-rav Diffraction

A crystal may be divided into layers by sets of planes passing through lattice points. Each 

of the planes are described by h,k,l (the Miller Indices) which describe a full set of planes 

running through a crystal structure separated by a perpendicular distance called the d 

spacing described by d^y. The d-spacing, d^y, can be related to both the diffraction angle 

and wavelength in a diffraction experiment using Braggs law. In the simplest analogy, a 

crystal should display diffraction data from each lattice plane which gives rise to an 

observed 16 value on the diffraction pattern.

However, since reflection conditions and systematic absences resulting from the 

symmetry of the system can cause interference effects, intensity is not always observed for 

all planes. In addition to absences arising from a non-primitive lattice type, a number of 

space symmetry elements can lead to systematic absences. These include glide planes and 

screw axes which apply to two dimensional and one dimensional sets of reflections 

respectively. These absences can be useful when attempting to designate a space group 

for a new material.

2.2.1.2 The Diffraction Experiment

Powder x-ray diffraction (PXD) has been used generally throughout the course of this 

work to assess sample purity. PXD data have been used to calculate refined unit cell
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parameters for systems which were shown to be single phase. The powder x-ray diffraction 
data were collected on a Siemens 6-26 D5000 diffractometer.

An x-ray tube fitted with primary monochromator provides copper K„, radiation 

which is collimated through an aperture diaphragm onto the sample. The sample is 

mounted in a recessed flat aluminium or plastic holder. This sample can them be rotated 

:it\Aeh)cid(%;up to 12X)rpm to o^4:nDorneth(;(d«ex^cd'FMn;hannBd orierthdicMt. TThetUffradexl 

radiation then passes through another diaphragm before noise is absorbed by a 1.2mm 

nickel filter. The x-rays are then detected by a standard scintillation counter. The sample 

rotates with a constant angular velocity such that the angle of incidence of the primary 

beam changes, whilst the detector rotates at double the angular velocity around the sample. 

This results in the diffraction angle being twice the glancing angle. Collection times for 

diffraction patterns gathered to ascertain sample purity were in the order of 20-40mins. 

Accurate lattice parameters were then determined by employing longer collection times. 

Diffraction patterns for Rietveld analysis were collected typically over a period of 15hrs. 

The data are transferred continuously to a microvax computer where a real time display 

of the data can be viewed. Once data collection has been completed, the diffraction data 

can be managed using the SIEMENS DIFFRAC 500 version 2.0 software package. This 

software package also allows access to the JCPDS Powder Diffraction Files enabling any 

diffraction pattern to be very easily checked for possible impurity phases. Periodically the 

diffractometer is recalibrated. A diagram of the diffractometer is shown in Fig 2.2.

Lattice parameters are calculated using the CELL program on the IBM 3090 

mainframe computer at Southampton. This program minimises the expression

M = (0, (simAEf'' - [1]

using an iterative least squares, procedure where W; is a weighting factor proportional to 
tang

The diffractometer can operate in two different scanning modes. The general 

operating mode is a continuous scan which moves between points without pausing. A
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second rnodeim/olve^asteqipccl scaui ni v/hich theswzan is discontinued be^hveen points

X-ray tube Aperture drajAragm Detector diajAragm

SO

Figure 2.2 Schematic Diagram of the D5000 Diffractometer

that a broken line is produced and is preferred when dealing with very small cell

chstordons tdlcrwdnjg d()corivoludoii of (dosely sqpaccxl reflecdons wtuoh would l)e pMocwdyr 

rescd\^ed try the continu()us scaun niethod. TTluefipenunes are caunsfully cliosen to otrtain the
right balance between removal of noise, associated with x-ray fluorescence and intensity.

2.2.2 Powder Neutron Diffrartinn tPIvrt)

2.2.2.1 Introduction

Powder neutron diffraction (PND) is a very powerful technique for the study of complex 

oxide materials. PND can allow the accurate determination of light atoms in the presence

of heavy ones and, since it is not affected by a form factor, has signiAcant advantages over

the analogous x-ray method.

The applicability of neutrons to the diffraction technique is a result of a number of 

IprojDerties, including zi \vzu/elenj;di (aornpKtrable to latomic sepzmadion and an intrinsic 

magnetic moment. The intrinsic spin of the neutron can interact with an ordered spin
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arrangement and give rise to magnetic scattering, in addition to scattered intensity from
the nuclear unit cell. This allows neutron diffraction to probe local magnetic order in 

matter, but since the effect is based on the interaction between the intrinsic moment of the

neubmn vddithe qnn onenb^ekxtrons, itisadfeded, m a Mnnl^w^^to x^mys, by a
form factor.

2.2.2.2 Instrumentation

During the course of this work a number of different instruments have been used to collect

I^bn[)(iata. Tfhtijixexl v/avelen]gth diffnactometer DDl at die InstibitlLane Ljnigen/ui(lLJL), 

Grenoble and three "time of flight" diffractometers at the spallation neutron source ISIS 

at tht, flutherfcmd I;iborat(n-y. Tfhe latter wore the high resolutiori (xiv/der
diffractometer, HRPD, the medium resolution instrument POLARIS and the Liquid and 

/umcMq)h(ius (liffmctoirieter, I./1D, whicli v/as mwad fbrswometif die rn^^gn(ed(:,ex]perirne:iits.

(IFig :Z.3) is zi hig;h resolution instrunient (Zui/d == x ICI^ zd iZg == 12()^) 
\vliich i&'as dissigried t() enzUble structure iisfuiement of (:oirq)oun(ls with tmit ceil t/olumes 
lip to ICNXhAJ^ It has sei/eral special features inchidinjg a larg;e rntmcxzhiiomator take off 

arigle to pircndde gcod rescilutkm at liijgh aiijgles, iiapid seletzdon of zi ivide choi(>e ()f 

v/a\/elenjgth ()i= 5/7 -1.2/4.) zuid a 60r bzuik()f^l3e:(x)imtsrs whieli mzu^ biisw^spt througli 
0<:2g<:: 160^ in steqps ()f(3.C^)°. (Zoimtingtdzdistics art; iirqircryed liy sumrnir^g sczms and 

typmzal sczui tinies zure fi-ghrs. ISarnjples are nioiintecl hi cyhridrical i/artadiimi cauis (front
which no appreciable scattering takes place) and the wavelength chosen for the experiments 
was 1.909A.

The three instraments at the Rutherford Appleton Laboratory use proton spallation 

on a uranium target to generate pulses of white neutrons which are detected after scattering 
froni a sanqile cr/er a small fuzed ranjge hr/ drn(;()f Rigiit kxzhnhqutx:. (lis field constarit 

zuid lA^aveiengdi dtiiamiinexl by rmaasuiing thr; tune talzen for the mautroiis to bmvei die 

known (lisdmcx; to the detectcirs. TTie \vzu/elenjgth is them olitained using the De IBrojghe; 

ireladon (X==lVniv). Saniples were mouiited in c^diridrical vzuiaelium cans v/hhdi could be 

s<%iled with incliimi wire t()]previent sanif)h:(lec(,nip()sitionifthe szunplea wens air sensitive.

HRPD (fig 2.4) was designed to handle cell volumes up to 2500A^ with 400 

structural piararnediers. ftesoludon is qiioted as Zid/el == /f x 10^ zuid die neutron pulses
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have a wavelength of typically 0.5-0.8A allowing collection to = 0.25A in

backscattering. Data are mostly collected at high 26 as the resolution has been shown to 
be of the form

(y) core A 8
Vi

[2]

where t is the time of flight to the detector, 26 is the scattering angle and AO the 

uncertainty in the measured angle 6 and / and A/ are the path length and the uncertainty 
in the path length respectively.

Therefore, long path lengths and corresponding long times of flight give the best 

resolution; the path length in HRPD is 95m. The high d-spacing range provided by HRPD 

makes this a superb instrument for the determination of oxygen distribution and occupancy 

factors due to the great amount of high angle data. The best range of data for a reactor

based instrument is approximately d.,;. = X/2 = 0.6A.

POLARIS (Fig 2.5) is a medium resolution instrument which has time focused %e 
detectors placed at + 150 and at low angle. Originally, this instrument was designed to 

investigate polarised neutron spectroscopy, but, with the polarising filters removed can be 

itsed as a pKOwder diffiachDmeter frrrinslathvely simjple strudnres. IlothlxacIcscaLtteiirig and 

low angle bank detectors were used in studies on magnetic behaviour used in conjunction 

with a cryostat ranging in temperature from room temperature to 4.2K.

LAD (Fig 2.6) is a total scattering instrument which has been optimised for the 

study of liquid and amorphous materials. It can also be used as a moderate resolution 

powder diffractometer. In contrast to POLARIS there are two different sorts of detectors 

cm L,AJ[>. TTIiere ajre^Tle(letectorsait5°, 1()°, arid IfiCT anctsxdntfllaitorlrarLks at 2()°, 31)°, 
58° arid 90°. Intfu: folkywingeuqperirmmts L.,AdD\vfLsirsexl2LSti]p(nvxler diffrarrkimefeTwith 

medium flux to study magnetic ordering behaviour.

The vanadium sample containers used in all these experiments are run as a blank 

on each instrument and subtracted from each experimental diffraction pattern. Background 

samples are also run in conjunction with the cryostat for low temperature experiments and 
subtracted before analysis.
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Monochromating Ge Crystal

Figure 2.3 Schematic Diagram of the DIA Spectrometer, ILL

Low Angie Im Sample
Monitor

Figure 2.4 Schematic Diagram of the HRPD Spectrometer, RAL
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Incid^t Beam Sample Transmitted Beam

]Pigpiii::Z.5 ISchieniatic I)iagi;ini of the]P()I,/iR[S I)ifffactonieter, R/IL,

Figure 2.6 Diagram of the LAD Diffractometer, RAL
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2.2.3 Data Handling - The Rietveld Method

The single crystal method of structure determination is not always applicable to 

solid state chemistry. The very nature of the high temperature experiment and frequent 

regrinding leads to a very small crystal size. Single crystal x-ray experiments typically 

require 0.2mm^ crystals and larger crystals of typically Icm^ are required for neutron 

experiments which have significantly lower flux.

H. M. Rietveld (5) has devised a technique which allows structure determination 

using a method of profile refinement.

The Rietveld technique is based upon the comparison of a calculated profile and the 

observed profile from the diffraction experiment. The calculated profile is postulated from 

a trial structure using the relevant structural and instrumental parameters. Once a 

calculated profile has been obtained an iterative least squares procedure can be utilised to 

minimise the difference between the calculated and observed data by subtle modification 

of the parameters used to generate the profile. The final refined and structural and 

instrument parameters can be collected when the minimisation procedure has been 
completed.

Several different versions of the Rietveld method have been used to refine x-ray,
single wavelength neutron and time of flight neutron diffraction data

2.2.3.1 Theoretical Considerations

It may be shown that for any regular array of stationary atoms, the structure factor F, is

the sum of the contributions of the scattering amplitudes, b, and the phases, (^, of each 

atom [4], leading to the following expression.

N
E Gxp [ i ]
7=1

[31
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In a unit cell, the total phase shift of an atom, at a point (xj, yj, Zj) from the origin is the 

sum of the phase shifts in each direction when the phase shift is evaluated; the structure 
factor for the unit cell becomes

N
6^ exp [ 

7=1
^ + k,) ] [4]

where h, k and 1 are the Miller Indices that define the plane from which the reflection 

takes place. For very small crystals, it may be shown that the intensity of the scattered 

beam is proportional to the square of the structure factor

^hJd [5]

where k is a scaling constant and L the lorentz factor, a geometric function of the method 

of data collection and as a result of the particular instrument used. In real crystals, the 

scattered intensity is modified by imperfections in the lattice structure. Defects and 

substitutional disorder cause local structural irregularities, particularly in non- 

stoichiometric materials. In addition, thermal motion causes a reduction in scattered 

intensity as a result of time independent vibrations of the atoms about their mean positions 

;the atoms in a plane are displaced randomly from their ideal in plane positions, disrupting 

the in-phase behaviour of their combined scattering. The correction to a structure factor 
reflected by a plane hkl is of the form [4]

exp [ - Bm [6]

SO that for a unit cell, the structure factor becomes:-

N
Ucl

sin^0bj n. exp [ - B. —— ] exp [ Isii ( hx. + ky. + Zy ) ] 
7=1 ^

[7]
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where rij is the occupation factor of the jth atom, equal to one in the structure free defects. 

However, this assumes that the thermal displacements are isotropic, a situation that is only 

rarely encountered on highly symmetric special sites of cubic space groups. A more 
general analysis [4,5] describes the anisotropy of the thermal motion in the form of an 
ellipsoid replacing [6] with

= GXp [-V4 ( Bjj a*'^ + g k'^

2 ^12 ^ + 2 ^23 t Z 6* c' + 2 B., A Z a* c* ) ]
[8]

A number of expressions can be used to simulate the thermal motion, but the form given 

above has been used throughout this work.

2.2.3.2 X-rav Diffraction Data

ItietvxsLd aunal^nsis of :x-ra)z difffaxzbkm clata ftrecexiing Juite 199:2 vvtis ax:hie\/ed usir^; the 

A/ersioit of die Ftiefveikl iisfuietnent jprojgrarn (f/lPROJF) inumiing; (in the (^(DlSrVTEX: at 
Daresbury. This program is further described in section 2.2.3.3.

After June 1992 this was replaced by the DBWS - 9006PC (6) Rietveld program 

running locally on personal computers. This program is designed for single wavelength 

data using a variety of peak shape functions and a refmable background

TThe observed inteiisib^ y/*', at eauzh pKiint 26t, ori the]iroiile aune coirqiarexi to th(i 

caictihited irikmsity aiui die piararnehsr diat defines the latter ate refined kr/ aniterzidi/e 

lexist sqiiar(%; procedure ki sulitty arl|ust y/"^: sucdi that IVl in tine fcdlcrwhig <ex]iressioii is 
minimised.

N
(y,

z=l
obs [9]

where w; is a weighting factor denoted by l/y; and c is a scale factor. The calculated
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intensity are determined by summing the contributions from neighbouring Bragg 

reflections (k) plus the background bj

calc E 4 141' *( 2 6, - 2 8, ) f, + [10]

where Lj. contains Lorentz polarisation and multiplicity factors, is the structure factor 

and Pk the preferred orientation factor as defined by

= ( G. + ( 1 - G.) exp ( G.a") ) [11]

where G, and Gj are refmable parameters, is the angle between the presumed 

cylindrical symmetry axis and the preferred orientation axis direction.

The background is refined from the expression

yu E 4 28, [12]

where BKPOS is the background position specified in the input file.

Since a comparison of intensities is performed at every point, it is essential for 

construction of the calculated profile to accurately describe the shape of the Bragg 

reflections. Peak shape is generally dictated by the instrument; for the Siemens D5000 the 

peak shape is pseudo voigt and thus described by the equation

Til + (1 - p ) G [13]

where L and G are the Lorentzian and Gaussian contributions to the peak shape and r] is 

the mixing parameter. The mixing parameter is defined by the equation
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N. + N_(2e) [14]

where the parameters and Ng are refmable parameters allowing the background to be 

refined as a function of IB.

The contribution of a pseudo voigt peak of integrated intensity to the observed 

profile Yi is given by

y, h h + ( 1 - n ) G ] [15]

where

4 la2
[16]

and

^4 %
[17]

where is the structure factor, t is the counter step width, is the multiplicity of the 

reflection and is the Lorentz factor.

The Gaussian and Lorentzian contributions to the peak shape, G and L respectively, 

are described by the equations

/Z l/[ 3 ( 28. - 2 8,)^]
[18]

26^ is the calculated position for the Bragg peak corrected for the counter zeropoint and
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(4 W)%
exp -4 W

( 2 6, 2 8^ [19]

Hk is the full width at half maximum (FWHM) of the peak.

The FWHM has been shown to be a function of the scattering angle 29^, [10] and 

is described by

[20]

U,V,W are dependant on the instrument being used but may also account for peak 

broadening effects resulting from particle size. As a result of the finite sizes of the beam 

and sample, at low 20^ the peak shape shows marked asymmetry with the peak maximum 

shifting to slightly lower angle while the integrated intensity remains unaffected. The 

asymmetry is corrected by multiplication of the equation [17]) by

1 - - 2(^)^
tanB,

[21]

where P is the defined asymmetry parameter and S = 1, 0 or -1 when 29-, - 29^, is 

negative, zero or positive.

The refinable parameters for any least squares refinement are of two kinds. Firstly 

there are the structural parameters which describe the contents of the unit cell and include 

the overall isotropic temperature factor, positions, occupancies and temperature factors of 

each atom in the asymmetric unit. Secondly, there are the profile parameters which define 

the position, shape and FWHM of each peak. These are scale factor, cell parameters, 

U,V,W, zeropoint, asymmetry and preferred orientation correction. The agreement is 

measured in terms of reliability factors Rwcigbw pronk, Rmkn,i,y and Rexpecw The last is 
calculated from the statistics of the refinement. The R-factors are given by :
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D̂
weighted profile 100

E
? », [ y"'’ f

%

[22]

jR.intensity 100
E r obs rcalc

[23]

Rexpected 100 (N - f + C)
^ ", [ y‘-f [24]

R.weighted profile

R
[25]

where N is the number of observations, P the number of parameters and C the number of 

constraints.

Data sets for x-ray Rietveld analysis were collected typically over the region 20 to 

120 degrees with a step size of 0.02° for 15hrs.

2.2.3.3 Neutron Diffraction Data

The refinement of neutron diffraction data has significant advantages over the x-ray 

method. As previously described, the scattering length of a particular atom is related to 

the size of the nucleus and not the number of electrons it possesses. Neutron diffraction 

experiments are not affected by a form factor and, therefore, allow a much larger data set 

to be collected. Refinement is then possible over a much greater number of reflections. 

Preferred orientation effects are also much reduced in the neutron diffraction experiment. 

Single wavelength neutron data were refined in a similar way to that described for
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x-ray data in section 2.2.3.2 using the program MPROF (7). There are, however, two 

significant differences which are involved with determination of background and peak 

shape parameterisation.

Firstly, the background is not refined in the same manner but the intensity due to 
the background is estimated and subtracted from the observed profile. Secondly, the DIA 

instrument dictates an almost perfectly Gaussian peak shape for DIA data. The intensity 

equation previously described in [17] now becomes

7, exp [ -6, ( 2 8, -2 6,):] [26]

where

4 ZM2

77 f IT
[27]

all other factors remain the same except the structure factor where = F^^ + where 

is the contribution due to the magnetic reflections. Magnetic reflections are affected 

by a form factor in a similar way to x-rays and are generally significantly weaker than the 

nuclear reflections meaning 4^ is only appreciable above 2.2A.

The time of flight data from POLARIS or HRPD were refined using a similar 

Rietveld method running as part of the Cambridge Crystallographic Subroutine Library 

package on the VAX system at the Rutherford Appleton Laboratory (8). Time of flight 

data are readily converted to d spacings using the expression

2dm_lsmQ [28]

where m„ is the mass of a neutron, 1 is the total neutron flight path, 26 the scattering angle 

and h is Plancks constant.

In using this method, however, a dependant absorption correction needs to be 

applied because of the range of incident neutron energies. Peak shape is more complex
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than single wavelength data and peaks are fitted in terms of Gaussian, Lorentzian and 

exponential expressions. Background is fitted using a simple polynomial expression 

typically described by five terms.

2.2.4 Thermogravimetric Analysis TGA

Studies of thermal stability and absolute determination of oxygen content in oxide materials 

have been carried out using a Stanton Redcroft TGIOOO series thermogravimetric analyser

Figure 2.7 shows a schematic diagram.

A direct plot of weight versus temperature for any sample over the temperature
range room temperature to 1000°C can be produced. The electronic microbalance has a 

quoted reproducibility of + 0.5/ig with a maximum load of lOOmg. The sample is 

contained within a 5mm diameter, 2mm deep platinum crucible which can be heated in 

various static or flowing gas atmospheres.

Typically 20mg were used and, where applicable, with a 5% H^/N^ flow rate of 

90ml/min. Experiments were repeated in duplicate to give concordant results.

Furnace Winding

Gas in

ELECTRONIC

MICROBALANCE

Counter Pan

Sample Crucible

Thermocouple

FURNACE

Water in Gas out Water out

Figure 2.7 Schematic Diagram of the Thermogravimetric Analyser
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2.2.5 Mossbauer Spectroscopy

The Mossbauer effect (9) was discovered by Rudolph Mossbauer in 1957-8 and involves 

the phenomenon of the emission or absorption of a 7-ray photon, without the loss of 

energy due to recoil of the nucleus, and without thermal broadening. The principle feature 

is the production of monochromatic electromagnetic radiation with a very narrowly defined 

energy spread which can be used to resolve minute energy differences. This allows 

detection of slight variations in the energy of interaction between the nucleus and the extra 

nuclear electrons.

2.2.5.1 Theory of the Mdssbauer Effect

Consider an isolated atom in the gas phase with an excited state E^, ground state E„ and 

the difference between the two levels E. If the nucleus (mass M) emits a photon 

(assuming that recoil and emission of the 7-ray photon occur in the same dimension and 

there is no motion in the other two directions) with initial velocity in the chosen 

direction x, the total energy of the atom above the ground state while at rest would be 

given by

E + 1/! M X: [29]

After emission the 7-ray has an energy E^ and the nucleus a new velocity (V„ + v) due 

to recoil. Using the conservation of momentum

E + M K; = Ey + M ( [^ + V [30]

The energy difference between the energy of the nuclear transition (E) and the energy of 

the emitted 7-ray photon E^ is given by E - E

5E = E-E^ =
[31]

6 E 1/2 M M V E
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where '/&Mv^ is the recoil energy (Er) and MvV^ is the Doppler effect energy (Ed).

Ideally, for an atom to absorb the gamma ray produced by the excited atom, the 

energy of the r-ray would need to be equal to the separation between the two levels, E. 

However the energy available from the 7-ray for reexcitation is less than E due to the 

energy removed by recoil. Now considering the quantities Er and Eg as a function of the 

7-ray energy. Since V,, and v are both much smaller than the speed of light it is possible 

to use non-relativistic mechanics. The mean kinetic energy per translational degree of 

freedom of a free atom in a gas with random thermal motion is given by:

M PC 16 % T [32]

The mean broadening due to the Doppler effect can then be described by

M V ( pf M V
2 & TA

[33]

The energy of recoil and the doppler effect energy can be expressed in terms of the 7-ray 

photon using the conservation of momentum

2 M
Er = E..

2
M

[34]

The Mossbauer experiment therefore utilises the solid matrix of a crystal lattice effectively 

(making M very large) in both source and absorber. This results in the recoil momentum 

being taken up by the crystal as a whole since the free atom recoil energy is insufficient 

to eject an atom from the lattice site thus precluding momentum transfer to linear motion 

of the nucleus or lattice vibrations. Since the mass of the lattice is large and the lattice 

vibrations are quantised, for a fraction of events the energy will be entirely transferred to 

the 7-ray photon (ie E — E.^).
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2.2.5.2 The Mossbauer Experiment

The principal technique of Mossbauer Spectroscopy (Fig 2.8) is tuning the 7-ray energy, 

using the Doppler effect and oscillating the source relative to the detector, to the energy 

difference between the excited and ground state in the absorber. The suitability of a 

particular isotope for Mossbauer spectroscopy depends on several factors. The radioactive 

source in the excited state must produce a 7-ray with energy lO-lOOKeV, the excited state 

must be short lived with a half life of 1-100ns, to avoid thermal broadening, and have a 

high probability of producing a 7-ray. The source must also have a long lived precursor 

which can be obtained in high activity and therefore used for a long period with minimum 

handling. The 7-ray energy must have a small spread and the ground state population in 

the source must be small. The solid matrix should also contain elements which do not 

give non-resonant scattering and have a high melting point. A high natural abundance of 

the chosen isotope is clearly helpful when detecting the isotope in the test material. 

Although Mossbauer spectroscopy is applicable to forty-two different elements the most 
abundant and widely used application is in the study of iron. Due to the low natural 

abundance of ^’Fe (c.a. 2%) samples for Mdssbauer analysis are often synthesised using 

^^Fe enriched material.

Source
Detector

// / //// / / / 7 / // / / / //y

Figure 2,8 Schematic Diagram of the Mossbauer Experiment
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If this energy difference between ground and excited state in the absorber is 

matched with the effective 7-ray energy at a certain Doppler velocity, absorbtion will be 

at a maximum and count rate at a minimum. At slightly higher or lower applied velocity 

the absorption will be weaker until it is effectively zero giving a well defined resonance.

The shift in velocity required to produce a resonance maximum is called the 

chemical shift and is quoted with reference to a particular source. For ^’Fe the reference 
material is normally a-iron.

The chemical shift is a displacement in the absorption due to the chemistry of the 

system. The major influence on the shift is the electrostatic interaction between the s- 

electron wavefunction and the nucleus. The magnitude of the chemical shift is therefore 

dependant on the number of s-electrons, the quantity of shielding which the p,d and f 

electrons produce, and the electronegativity of the surrounding ions.

The chemical shift is described by the equation

6 E = E [ ,|f (0) [35]

whemliwthetuKugy ofinhu^^fku^ )kO))isthes ekctnmckmahy attheiuKdeusamdR
is the radius of the nucleus.

The size of the radius of the atom is dependant on whether the nucleus lies 

in the ground or excited state. The different wavefunctions of source and absorber must, 

therfore, be taken into account. The chemical shift equation [35] becomes

Chemical Shift = K ( - R^) ((Ir" (0)^ - i]d (0)^) [36]

where and Rg are considered to be independent of chemical environment. 

Approximating gives
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Chemical Shift = 2 K
R

[if" (0)" [37]

where c is the source characteristic and 5R the difference in radius between ground and 
excited states.

There are two other factors which affect the appearance of a Mossbauer spectrum. 

The first is quadrupole splitting which is associated with the symmetry of the nucleus. If 

the nuclear spin quantum number, I, is greater than or equal to one then the nucleus is no 

longer spherical, but elliptical, and a non-symmetric field is produced which gives rise to 

an electric field gradient (E.F.G.)

QUADRUPOLE SPLITTING

Figure 2.9 Diagrammatic Representation of Quadrupole and Hyperfine Splitting
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^xM^^nuckms maporbkaO

R ^------------- ^
-----------^

o o

Potential at the nucleus V, + V; 

Electric Field 5V/dZ = 0 

Electric Field Gradient g^V/dZ? = -ve (maximum at origin)

Nu^^^iud^ = -e^^ = ^V2P^Z

6^VVd2^ = -2e/Z^-2k:/(2R-Z^^ = -4e^^

[38]

[39]
[40]

[41]
[42]

[43]

Tlierelirre, theekxztric fw;ld gnidient is finite at the rmrcleus. If all the oiihihih; v/ere filled

there would be zero EFG since the overall field would be symmetric, d and f electrons 

can also contribute to the electric field gradient but on a smaller scale and spherically 

symmetric distributions such as high spin d^ give no EFG.

IVIagiietic (mdeiir^g ejRhxzts, ejdkannal ()r internal, cause thie micleai spin (guamturn 

leryels t() spht iiik) thiehr cxxmpcmeiiu;. (I?^; :2.9) Tfhe six tnmsitions \vill be ecpially 

separated unless quadrupole splitting occurs simultaneously with intensity ratios typically 

3.2.1.1.2.3. A diagram of the expected spectra for the different kinds of spectrum are 

shown in Fig 2.10 which shows typical Mossbauer spectra expected for a) symmetric field,
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b) non-symmetric field (E.F.G.), c) magnetically ordered and d) magnetically hyperfine 

split with a non-symmetric field. Multiple sets of lines are viewed for more than one type 

of nucleus in a structure, e.g. different oxidation states or different coordinations.

Figure 2.10 Examples of Mossbauer Spectra

2.2.6 Magnetic and Electrical Measurements

During the course of this work the magnetic ordering behaviour and electrical resistance 

of some samples were studied using vibrating sample magnetometry and a four-probe rig 

respectively. Described below is a brief summary of the function of these instruments.

2.2.6.1 Vibrating Sample Magnetometrv

Experiments were performed on many of the samples to discover the antiferromagnetic 

ordering temperature and number of unpaired electrons in the sample. The vibrating
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sample magnetometer, using Faraday’s law, vibrates the sample perpendicularly in a 

magnetic field. The current produced, which is proportional to the number of unpaired 

electrons, is then measured as a function of the temperature.

/ieff is then calculated using the spin only formula (first row transition metals only) of the 

following equation:

Xeff
7 ( J + 1) 

3 ( r - 8 )
[44]

where is Avagadros number, Xeff the molar susceptibility, g^J(J +1) = pg the Bohr 

magneton. Kg the Boltzmann constant, T, the temperature in Kelvin and 6 the Neel 
temperature in Kelvin.

Then Peff can be calculated by plotting a graph of the reciprocal of the molar susceptibility 
against the temperature.

3.75 X gradient

%
[45]

2.2.8.2 Electrical Measurements

Resistivity measurements were made on a few samples using the four probe rig depicted 

in Fig 2.11. Four wires were attached to a sample pellet using silver paint. The four 

terminal resistance was determined using a 1- 10mA DC current source and the potential 

difference was measured using a 7075 Solartron digital voltameter (resolution 100 nV). 

Applying a current, I, through a bar of cross sectional area (w x h) and measuring the 

potential difference, V, across a length, L, of the sample allows determination of the 

resistivity p, by combining

p = [4q

with Ohms Law

V = 1^1 [4^

61



giving

L I
[48]

The large internal resistance of the voltameter ensured minimal current being drawn into 

the measuring loop which is in parallel with R, and so the contact resistances, Rcv+ and 
Rev" were assured to have no effect on the measurement of R,

Rr

Figure 2.11 Diagrammatic Representation of the Four Probe Rig

The most difficult measurement was in the determination of L and the estimated error +

0.5mm which gives rise to 10% error in the final resistivity measurement. The use of the 

four probe method eliminates the problems of the contact resistances, R^,^ and Ref as the 

potential difference is not measured across them. Experiments were performed in a 

continuous flow cryostat between 77 and 300K. The temperature was measured with 

calibrated silicon diode sensor maintained in close thermal contact with the sample. Due
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to a non-linear response, the accuracy of the sensor diode varies with temperature such 

that there is an error of ± 0. IK between 4 and 24K, ± 0.2 between 24 and lOOK and ± 

0.5 for temperatures exceeding lOOK.

Significant thermal EMFS were generated, especially when investigating 

semiconducting materials. This was taken into account in calculating resistivity and the 

rate of change of temperature of the sample was closely monitored. Thermal effects 

produce a temperature gradient AT across A-B creating a thermocouple voltage V, which 

can be detected by a voltameter in addition to the potential difference caused by R.. 

Obviously as T -* 0 then 0, but when 0 the thermocouple voltage Yj is

significant and the potential difference should be amended. The measurement of the 

potential difference, V+Vj, may be corrected by switching off I at intervals, measuring 

V, and subtracting it from the total potential difference measured when the current is 
switched back on.
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CHAPTER 3

The Preparation and Characterisation

of SrgFeO^
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3.1 Introduction

The strontium ferrate SrFeOj (1-3) has been prepared by a number of authors and 

whhapeda^(^AKpemv^d% a = 3TM0A.
complex materials containing strontium, iron(IV) and oxygen had been poorly 

ckna^oiKd. dK hAmdud^mofSrO kiyem b^vwenf^SrFdDgbkK^^ ar^w 

structure would be generated similar to that of K^NiF^. Tolerance factors developed by 

Goldschimdt (4) are often used to the predict the stability of a hypothetical structure 

(wtKTei\ + Po b ^Jwherei\, rBarKl^)aretheionicradhtuMforfhef^^4d^
structure 0.85 < t, tolerance factor < 0.985). For Sr^FeO^ this gives a value for t of 
0.96 which implies the structure should be stable (Figure 3.1).

KjNiF^ Tolerance Factor

* SrFeOj □ SrNiOj x SrCoOj

Figure 3.1 Stability Diagram of K^NiF^ and Perovskite.

Prmdous aden^Xs ^ the of Si^FeC^ (5,(^ rqpoded uithe hduahim

iuisu(x>essful, geaierally widitanly fxuUal CDoklation erf thK: iron forrniryrjSrzE^eCl^giandlidle 

structunU (diaratdeiisaition. ISchuolder ef a/ (5) attempteeildie prejparationtrflSrzF^C^ lusiiig
the thermal oxidation of some strontium/iron hydroxy-salts under atmospheric oxygen 

pressure, whereas MacChesney, using a similar method to that described herein but at a 

higher temperature, produced a sample of composition Sr^FeO] ?.

This section reports the preparation of Sr^FeO^ under high oxygen pressure and its
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structural characterisation using powder x-ray and neutron diffraction. The low 

temperature structure and magnetic ordering behaviour were also studied using powder 

neutron diffraction. Mossbauer spectroscopy was used to investigate changes in magnetic 

behaviour and structure at different temperatures. Electrical and magnetic properties were 
studied using vibrating sample magnetometry and four probe resistivity.

3.2 Experimental

SrCOg and FegOg, in a 4:1 molar ratio were intimately ground and fired at 1100°C for 

24hrs. The product was then reground and heated for a further 24hrs at 1300°C. 

Examination of the sample by powder x-ray diffraction revealed the presence of Sr3Fe207.g 

and SrO. Further heat treatment, including annealing in latm of flowing oxygen, 

produced no change in sample composition beyond a small increase in the oxygen content. 

The final conversion to Sr^FeO^ was achieved through annealing at 750°C under 200atm 

of flowing Oj gas for 24hrs. Initial x-ray data collected on the Siemens diffractometer 

showed complete conversion to a K^NiF^ phase.

Primary Rietveld analysis was performed using powder x-ray diffraction data 

collected in the range 13.5-93.5° over a period of 9hrs. Monochromatic CuK„, radiation 

was employed with a step size of 0.02°. The MPROF profile refinement program running 

on the convex at the Daresbury Laboratory was used for the refinement. Initial stages of 

the refinement used the typical coordinates of the K^NiF^ structure; for example, those 

given by Soubeyroux et al (1981) for LaSrFeO^ (8). Final stages of the refinement 

included all atomic coordinates and isotropic temperature factors for all atoms. Attempted 

refinement of the two oxygen sites resulted in only small deviations from unity that were 

within the e.s.d.s; the occupancies were consequently fixed at that value.

Thermogravimetric analysis using platinum crucibles and flowing 5%H2/N2 gave 

an oxygen content of 4.00 ± 0.05; powder x-ray diffraction data of the t.g.a. product on 

a silicon wafer revealed unequivocally a mixture of Sr3Fe20g and SrO.

3.3 Powder Neutron Diffraction

The structure refinements for Sr^FeO^ at 4K and lOOK were carried out using the
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backscattering data from POLARIS. Due to the relatively small unit cell volume (less than 

200A^) structure refinement was possible using the POLARIS data. The model used for 

the refinement was that determined at room temperature for this compound using x-ray 

diffraction data (7) in the space group I4/mmm; no evidence was found for structural 

distortion below the Neel temperature though the moderate resolution for the POLARIS 

instrument would preclude the observation of a very small structural change. The 

refinement converged smoothly and final cycles of the refinement included all instrumental 

and positional parameters including anisotropic temperature factors.

An investigation of the magnetic ordering behaviour of Sr^FeO^ was carried out 

using the data collected in the high d-spacing range (A bank) of the POLARIS instrument. 

Below the Neel temperature, at 4.2K, the data were closely examined for additional 

reflections which could belong to a magnetic unit cell.

3.4 Mossbauer Spectroscopy

Mdssbauer spectra of Sr^FeO^ were collected at room temperature and at intervals to 4.2K 

using a conventional transmission spectrometer with a double ramp waveform to give a flat 

background. Sources of up to lOOmCi of ^’Co in Rh were used and the spectrometers 

calibrated using a-iron at room temperature. The powdered sample was weighed and 

ground with boron nitride to randomise the orientations of the microcrystals (9).

3.5 Susceptibility Measurements

Magnetic ordering behaviour was studied using vibrating sample magnetometry with and 

without an external field. Electronic behaviour was studied using the four probe method.

3.6 Results and Discussion

X-ray Structure Refinement

Final reliability factors achieved for the refinement of the x-ray diffraction data were R, 

= 3.70, R^p = 8.01 and R^,.p = 5.86 and the profile fit is shown in Figure 3.2. Refined
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atomic coordinates are summarised in Table 3.1 and derived interatomic distances in Table 

3.2. The observed and calculated intensities are compared in Table 3.3. The refinement 

of x-ray diffraction data confirms that SrzFeO^ crystallises with the KzNiP^ structure but 
is unusual in that the coordination of the iron is almost perfectly octahedral. This is 

similar behaviour to that seen for the cubic perovskite SrFeOj, where no Jahn-Teller 

distortion has been observed. Bond valence calculations using the method devised by 

Brown (10) calculated a derived iron valence of 3.7 using the parameters for an Fe^+ ion.

ITinal refinexl ccwordinah^; for Si^d^eC)^ (4K and 1()01() are: given in TTable: 3.4 and 

auns in g;o<xl a^preerneiirt v/idi thosie refined frorn fxowder x-ra^/ dabi. I3on(l lenjgths arid 

angles of interest are summarised in Table 3.5. The final fit to the 4.2K POLARIS data 

is shown in Figure 3.3. The final fit factors obtained to the 4K and lOOK data sets were 

in both cases excellent with values of 1.10 and 1.64 respectively. Bond lengths are in 

excellent agreement with those calculated from refinement of the x-ray data. The iron 

environment consisting of an almost regular octahedron with the apical Fe-0 bond being 

only 0.93% longer than the four in-plane interactions. Variations in lattice parameters and 

derived bond lengths as a function of temperature were very small and comparable to the 

e.s.d.'s. This evidence leads to the conclusion that this material does not undergo a 
structural distortion below the Neel temperature.

The data collected in the POLARIS A bank 3-8A from Sr^FeO^ is shown in Figure 

3.4. The m^or peaks are readily identified as the crystallographic 002 and 101 

reflections; the only additional feature is a very weak, broad peak at ~ 5.9A. The lack 

of magnetic reflections indicates that SrgFeO^ orders antiferromagnetically only in two 

dimensions at 60K and the structure has not ordered in three dimensions even at 4K. 

Since there is only one peak which is possibly magnetic, little can be said about the two- 

dimensional magnetic structure.

A likely reason for the weak magnetic ordering in Sr^FeO^ is that the structure is 

two-dimensional with respect to the iron atoms. The nearest neighbour iron-iron 

interaction in the a b plane is much shorter than in the a c plane. The coupling between 

planes in pseudo two-dimensional structures such as Sr^FeO^ cannot proceed via a

superexchange mechanism and is, therefore, considerably weaker than the in-plane 

interactions. Assessments of the various magnitudes of in-plane (J) and interplane (F) 

coupling constants in K2NiF4 type structures are of the order of lO"^ (11). This quantity
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Table 3.1 Refined Atomic Coordinates

Atom Site

Symmetry

X y z

Sr 4e 0 0 0.3570(1) 0.05(5)

Fe 2a 0 0 0 0.39(9)

01 4c 0 '/2 0 0.58(24)

02 4e 0 0 0.1573(8) 0.33(20)

Table 3.2 Derived Atomic Distances (A)

Atom - Atom Distances (A)

Sr- 02 1 X 2.475(9)

Sr-01 4 X 2.623(1)

Sr-C^ 4 X 2.738(1)

Fe-01 4 X 1.932(1)

Fe - 02 2 X 1.950(9)
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Table 3.3 Comparison of Observed and Calculated Intensities

h k 1 2^ ^calc ^obs h kl 2g ^caic ^obs

1 0 1 24.07 432 471 220 68.61 796 764

0 0 4 2&75 548 597 1 1 8 69.67 361 322

1 0 3 3L64 6840 6721 2 2 2 7^50 12 13

1 1 0 32.71 5145 5211 1 09 72.81 88 115

1 1 2 35.85 143 143 3 0 1 73.88 39 22

1 0 5 43.29 867 866 2 2 4 76.04 169 238

006 43.75 1063 1103 0 0 10 76.80 46 112

1 1 4 44.12 1981 1985 2 1 7 77.01 364 375

2 0 0 46.96 2854 2868 3 03 7T54 511 467

2 02 49.33 60 28 3 1 0 78J^ 744 734

2 1 1 53.46 156 128 2 0 8 79J^ 445 452

1 1 6 55.70 1062 1053 3 1 2 79.92 17 5

2 04 56.01 378 354 3 05 84.71 98 129

1 0 7 5%14 384 395 2 2 6 85.02 474 482

2 1 3 57J5 2448 2587 3 1 4 85.28 520 489

0 0 8 59.58 279 282 1 1 10 86.02 276 260

2 1 5 65.79 431 418 1 0 11 90.76 427 411

2 0 6 66T3 1035 1029 2 1 9 9L28 101 106
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figure 3.3 Refinement Profile of 4.2K POLARIS Data

The dotted line is the observed data and the solid line the calculated 

pattern. The lower solid line represents the difference; (obs - calc)/e.s.d
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Table 3.5 Derived Bond Lengths at 4.2 and lOOK (A)

Atoml - Atom 2 RT lOOK 4.2K

Sr-01 2.623(1) X 4 2.622(1) X 4 2.620(1) X 4

Sr-02 2.475(9) X 1 2.484(3) X 1 2.481(2) X 1

Sr- 02 2.738(1) X 4 2.737(1) X 4 2.736(1) X 4

Fe - 01 1.932(1) X 4 1.931(1) X 4 1.931(1) X 4

Fe - 02 1.950(9) X 2 1.943(3) X 2 1.948(1) X 2

Figure 3.4 Sr^FeO^ data from POLARIS A bank.
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is dependant on several factors including interplanar separation and dipolar coupling 

constants.

Mossbauer Spectroscopy

The spectra of Sr^FeO^ taken at 300K and 4.2K are shown in Figure 3.5 and 3.6 

respectively. The parameters of the fits are listed in Table 3.6 with those of SrFeOj (2) 

for comparison. It is seen that the 300K spectrum is well fitted by a single component 

corresponding to a unique set of site conditions for the Fe ions. The isomer shift value 

8 = -O.Olmms'^ corresponds to iron in a high charge state which can be assigned as Fe‘*+ 

from consistency with the measured composition. The quadrupole splitting, q=0.44mms'* 

indicates the presence of an electric field gradient at the nucleus. The direction of V^, the 

principal axis of this electric field gradient will lie along the axis of maximum symmetry, 

parallel to the crystal c axis. The elongation of the nearest neighbour octahedron along 

the direction of this axis gives rise to the electric field gradient.

At 4.2K the spectrum shows a complex magnetic structure. At least four 

components are required to give a reasonable fit to the experimental spectrum and further 

components give minor improvement to the fit. All four components used in the fit shown 

in Figure 3.6 had the same value of the isomer shift 8 = -O.OTmms ' corresponding to an 

Fe'*’^ charge state. The difference in isomer shift between the 300K and the 4.2K spectra 

is due to second order Doppler shift. The challenge in explaining the 4.2K spectrum is 

to understand how Fe"*^ ions in a unique site can exhibit at least four different values of 

the hyperfme field B^f.

The first step in the explanation lies in the different values of the quadrupole 

interaction listed in Table 3.6 for the different components. Such different values can 

arise at a unique site if in each component the hyperfine field makes a different angle with 

V^, the principal axis of the electric field gradient. As is always expected to lie 

parallel to the c axis, the suggestion is that different components represent different 

orientations of the hyperfme field (and the magnetic moment of the Fe^^ ions.) The 

second step in the explanation is the recognition that in an Fe'*+ ion the hyperfine field can 

have anisotropic contributions.
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Figure 3.5 Mossbauer Spectrum of Sr2Fe04 at 300K
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Figure 3.6 Mossbauer Spectrum of Sr^FeO^ at 4.2K
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Bhf Bfjicontact) + Bf^piipolar) + BfJ^orbitat)

In contrast to where B^Xcontact) dominates significant contributions to 

the hyperfine field can arise from Bj,f (dipolar) and B^f (orbital) in Fe'*+ ions. The dipolar 

contribution can be written as B(3cos^0-l)/2 where B is a constant and 6 is the angle 

between B^f and V^. This anisotropy is the same as that of the effective quadrupole 

interaction q = qo(3cos^0-l)/2 thus the dipolar contribution to the hyperfine field can be 

represented as

{dipolar)

The orbital contribution to the hyperfine field can be written as B^Xorbital) = 

K < s > (g-2) where K is a constant and < s > the mean value of the ionic spin. For ions 

in which the orbital angular momentum is quenched, g-2, and the orbital contribution 

vanishes. For ions in which (g-2) is finite, but g is isotropic, the orbital contribution to 

the hyperfine field is isotropic and can be added to the isotropic contact term. Only if g 

is anisotropic will the orbital contribution to the hyperfine field be anisotropic. In the 

absence of knowledge of g values parallel and normal to the crystal c axis for the Fe'*'^ ion 

in Sr^FeO^ we assume that any orbital contribution is isotropic. In such a case the total 

hyperfine field can be written

Bhf

where A represents the isotropic contributions and B the magnitude of the dipolar 

contribution. Using the measured values of B^f and q listed in Table 3.6 to fix best fit 

vales of A = 284kG and B = -117kG, the relation above gives predicted values of B^r = 

323kG, 308kG, 277kG and 242kG which are reasonable agreement with the experimental 

values of Table 3.6. Differences between these predicted values and those measured
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experimentally may be due to an anisotropic orbital contribution.

Assuming that the value of q = -0.33mms'' is the minimum possible value of 

quadrupole interaction, corresponding to B^f normal to V^, the angles of the hyperfme 

fields to the axis for the other components are 69°, 51° and 34° respectively. Such 

an evaluation supposes that the maximum value of q = 0.66mms'f This modest increase 

on the value of q = 0.44mms'' observed at 300K is not surprising for an Fe'*+ ion. These 

results suggest the possibility that the magnetic state seen by Mossbauer spectroscopy has 

a spiral spin structure.

Susceptibility Data

Figure 3.7 represents the magnetic susceptibility data for Sr^FeO^ and Figure 3.8 the 

derived variation of 1/x with temperature. The Neel temperature of SrgFeO^ is 60K and 

the derived magnetic moment 5.6BM. Fitting the data above 200K to a Curie-Weiss law, 

X = C/(T-6), gives a value of 6 of 0. This suggests that the iron(IV) in this material is 

high spin cf; the high value of pL^ff and 6 = 0 may indicate some ferromagnetic 

interactions. However, comparison of data with, and without, an external field shows little 

difference indicating almost true antiferromagnetic ordering behaviour.

Four probe resistivity measurements showed Sr^FeO^ to be a semiconductor with 

a low room temperature resistance of a few ohms.

The properties of Sr^FeO^ can be compared with that of the other first row 

transition metal, Sr^MO^, materials where M = Ti, V, Cr, and Mn. All of these materials 

except Sr^CrO^ (12), which forms the B-K2SO4 structure containing discrete CrO^ and CrO« 

units, form the K^NiP^ structure. Selected aspects of the structural and behaviourial 

attributes of these materials are summarised in Table 3.7.

Initially both the a and c cell parameters fall as the series is crossed but at Sr^FeO^, 

the a parameter increases unexpectedly. The magnitude of the cell parameter, a, is 

controlled by the M - 01 - M distance. Since the positions of the atoms remain constant, 

within the unit cell, changes in a are solely related to the ionic size of M. The increase 

in the ionic radius for Fe"*"^ after Mn'*+ (13) is presumably a result of the high spin d"* 

configuration since the other members of the series can have only one such conformation 

(e.g. Mn'*^ = d\ t;.^, e°). This information further supports the conclusion that Sr^FeO^
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Figure 3.8 Variation of 1/% with Temperature.
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Figure 3.9 STRUPLO Plot (14) of the Structure of Sr^FeO^
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Table 3.7 Comparison of First Row Transition Metal Sr^MO^ Compounds

Sr^TiO^ (15) Sr^VO^ (16) Sr^MnO^ (17) Sr^FeO^

CeU

Parameters

a = 3.884A

c = 12.600A
a = 3.834A

c = 12.587A
a = 3.787A

c = 12.496A
a = 3.862A

c = 12.397A

Sr Position

OOz
z =Ch355 z = 0.344 z = 0.356 z = 0.357

02 Position

OOz

z =Chl52 z = 0.158 z = 0.158 z = 0.157

N6el

Temperature

- lOK 170K 60K

M - 0

Bond

Distance

4xL94

2xL92

4x L93

2x L99

4x L89

2x L98

4xL93

2xL95

(13)

Ionic Radius

0.61A 0.58A 0.53A 0.59A

is a high spin (f material.

Sr^VO^ (16) is an insulator with a Neel temperature of lOK. This compound was 

very difficult to prepare and the authors report a problem in obtaining reproducible results 

e.g. sometimes the Neel temperature varied up to lOOK. A of 0.6BM per vanadium 

was calculated and no magnetic reflections were seen in the powder neutron diffraction 

pattern. Despite the small magnetic moment of the vanadium ions, two-dimensional 

magnetic ordering behaviour similar to that seen in Sr^FeO^ was reported.

In contrast, Sr^MnO^ (17) is a semiconductor which exhibits both two- and three- 

dimensional ordering behaviour. Commonly, there are two types of three-dimensional 

magnetic ordering behaviour observed in layered K^NiP^ materials. They are depicted in 

Figure 3.10.
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In the first type, as seen Fig 3.10i, the magnetic unit cell is related to the crystallographic 

unit cell by \/2a x'\/2a x c and this is exhibited by K2NiF4. Sr^MnO^ (17) and Ca^MnO^ 

(18), have a different magnetic structure where the ions are also antiferromagnetically 

ordered in c with a repeat distance now of 2c, as depicted in Figure 3.10ii.

SrgFeO^ has a unique magnetically ordered spin lattice which is completely 

unrelated to these aforementioned magnetically ordered systems. No evidence for three- 

dimensional magnetic ordering has been obtained, although the low temperature Mossbauer 

spectrum may suggest a spiral spin structure. This is the case for SrFeOj, but this 

material has a three-fold axis, whereas the symmetry axes for Sr^FeO^ are all 2n-fold 

where n is an integer. The single weak magnetic reflection observed in the low 

temperature neutron diffraction pattern does not allow assignment of a magnetic structure 

but the saw-toothed appearance is perhaps indicative of two-dimensional ordering 

behaviour. It should be noted that other materials with large magnetic moments, such as 

RbgMngF? (19), also do not order magnetically in three-dimensions as a result of 

ferromagnetic interactions.

3.7 Conclusions

Fully oxygenated Sr^FeO^ has been prepared by high pressure methods. Sr2Fe04 

crystallises with the K^NiF^ structure (Figure 3.9) with an unusually perfect octahedron 

for the iron coordination. As the temperature is lowered, there is no obvious change in 

the structure with atomic parameters and bond lengths differing to only a very small 

degree.

Magnetic measurements have shown Sr^FeO^ to be an antiferromagnetic 

semiconductor with a Neel temperature of 60K. However, only a single weak magnetic 

reflection was seen by neutron diffraction suggesting that the magnetic ordering behaviour 

was in two dimensions only. Assignment of a magnetic unit cell was not possible on the 

basis of a single reflection.

Mossbauer measurements have shown that Sr^FeO^ has a complex low temperature 

magnetic structure. Although the room temperature structure can be fitted by a single 

quadrupole split doublet, characteristic of a electronically asymmetric arrangement such 

as high spin d'*, the low temperature spectrum is much more complex based on at least
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four and maybe more components. The variation of the inclination angle of the hyperfme 

field axis to the principal axis may suggest a spiral spin structure.

Magnetic measurements suggest that the iron(IV) is a high spin d'* ion in this 
material. Antiferromagnetic ordering behaviour is exhibited with a Neel temperature of 

60K although significant ferromagnetic interactions maybe be present giving a high value 

of of 5.6BM.
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CHAPTER 4

The Effect of Oxygen Stoichiometry in 

the System Sr3Fe207_y (0 < y < 1)
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4.1 Introduction

The system Sr^FezO^y was first investigated by MacChesney et al {!). No structural 

characterisation of the phases was performed in this study although cell parameters, based 

on the Ruddlesden-Popper phase (2), were derived. A structural study on this

system was performed by Lucchini et al (3) on a compound with stoichiometry Sr^Fe^O^jg. 

Lucchini (3) derived atomic coordinates and structural parameters for a unit cell with a c 

parameter double that of using x-ray data.

Magnetic effects observed in the system (1) were not definitively understood; 

Sr^Fe^Og is antiferromagnetically ordered at 298K; increasing the oxygen content, and 

therefore the Fe'^^ concentration, results in a rapid decrease in the Neel temperature 

approaching OK at Sr^FczOg g. As the oxygen content is further increased, the Neel 

temperature begins to rise to a value of 130K for Sr^Fe^Og g,. This unusual magnetic 

behaviour was explained in terms of a weak Fe'*+ - CP - Fe'^+ ferromagnetic exchange 

interaction together with a strong Fe^+ - - Fe^+ interaction. No account was taken of

the effect of changing oxygen stoichiometry or alterations in the iron positions on coupling 

between the iron centres.

Mossbauer measurements were indicative of a mixed valence phase although 

application of a Fe^'^/Fe^'^ model to estimate oxygen stoichiometries gave poor agreement 

with analytically determined oxygen contents. Mossbauer parameters, assumed to belong 

to Fe'*^ (6 = -0.01), were unusually low for typical tetravalent iron (4).

This study presents the determination of the structure of SraFezO^.y using powder 

diffraction techniques for four different values of y covering the full oxygen stoichiometry 

range. Accurate determination of atomic positions and temperature factors was performed 

using powder neutron diffraction data from HRPD and DIA. A low temperature study 

was performed using variable temperature neutron diffraction, on POLARIS, to investigate 

changes in structure and magnetic ordering behaviour. Oxygen content was determined 

by both thermogravimetric analysis and by the refinement of oxygen occupancies using 

neutron diffraction data. Magnetic and electrical behaviour was monitored using vibrating 

sample magnetometry and four probe resistivity. Mossbauer measurements were 

performed from room temperature down to 4.2K. The oxidation state of the iron ions 

were derived by comparison with other Mossbauer studies on iron(IV) materials. Oxygen
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stoichiometries were calculated from the derived Mossbauer parameters and compared with 

the analytically determined values.

4.2 Experimental

A sample of Sr^Fe^O^.y was synthesised by direct reaction of SrC03(99.5%) and 

Fe203(99.99%) mixed thoroughly together in the correct molar proportions and heated at 

1100°C in air for 16h and after regrinding, for a further 16h at 1300°C. Samples of this 

compound were then treated further to control the oxygen stoichiometry as shown in Table
4.1

Table 4.1 Annealing Treatment

Annealing
Treatment

Oxygen
Stoichiometry

Lattice Parameters

a/A c/A

700°C/5%H2/N2 
for 24 hrs

Slow cooled 20°/min

6.00±0.05 3.892(1) 20.030(4)

Air Annealed at 482 °C 
for 3 days 
Quenched

6.58 ±0.05 3.874(1) 20.171(6)

0; Annealed at 482 °C
for 3 days

Slow cooled 20°/min

6.75 ±0.05 3.868(1) 20.164(4)

SOOatm Oz/ 500°C
for 24hrs

7.00±0.05 3.853(1) 20.151(4)

Powder x-ray diffraction showed all products to be single phase. Oxygen contents were 

determined using thermogravimetric analysis under 5 in platinum crucibles to

750°C. These analytically determined stoichiometries are used to describe the compounds 

hereafter.
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Compounds prepared at high temperature (c.a.l300°C) and quenched to room 

temperature were found to be extremely sensitive to atmospheric moisture. Decomposition 

could be observed in the powder x-ray diffraction pattern by the emergence of a peak at 

2.19°, 20, corresponding to a c parameter approximately double that of SraFe^O^.y phases 

and also by rapid efflorescence. No sign of a doubled unit cell, as used by Lucchini (3) 

in their x-ray data analysis, was found except in samples which had decomposed.

4.3 Powder Neutron Diffraction

Powder neutron diffraction data for structure refinement were collected using HRPD and 

DIA. Data from the parent material synthesised in air was collected on D1A at the (ILL) 

whilst data from the other three stoichiometries were obtained on HRPD at the Rutherford 

Appleton Laboratories (RAL). Data collection times ranged from 10-20hrs and final 

profiles were of excellent quality. Full profile refinements were carried out using the 

Rietveld technique (5). Data were collected in each case at room temperature for structure 

refinement. Sr^Fe^Og is below its Neel temperature at 298K and so some contribution to 

the scattered intensity from the magnetic structure may be expected. However the 

maximum d-spacing data used from HRPD for structure refinement was 2.2A where 

magnetic scattering is weak and, in general, can be neglected.

The magnetic structures of these materials were studied using POLARIS for x = 

0.0 and 1.0 and LAD for x = 0.42 and 0.25. For Sr^FezO? data were collected, below 

the Neel temperature of 1 lOK, at 90K on POLARIS and at 6K on HRPD. The POLARIS 

data were collected solely for the purpose of scrutinising the high d-spacing data. High 

d-spacing data were collected on Sr^Fe^Og at 120K on POLARIS which is below the Neel 

temperature of 550K. LAD data were collected for the intermediate valence materials at 

several temperamres between room temperature and 4.2K. Differences in the lattice 

parameters at room temperature, below the Neel temperature and at near liquid helium 

temperature, are summarised in Table 4.2.

4.4 Mossbauer Spectroscopy

The Mossbauer spectra were obtained with a conventional transmission spectrometer using
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a double ramp waveform to give a flat background. Absorbers were prepared of finely 

Table 4.2 Changes in Lattice Parameters with Temperature (A)

SraFe^O?

T^ = IlOK

SrsFcgOg

T^ = 60K T^ = 20K

OQ

Tf, = 550K

300K 3.8526(1)

20.1490(1)

3.8642(1)

20.1569(1)

3.8704(1)

20.1763(3)

3.8940(1)

20.0396(1)

Below Tn 3.8523(1)

20.1651(1)

3.8599(2)

20.1430(2)

3.8614(2)

20.1420(3)

He(l) Temp 3.8424(1)
20.1148(2)

3.8540(2)
20.1229(3)

3.8604(1)
20.1417(2)

ground iron samples weighed to give optimum signal to noise (4) and mixed with boron 

nitride to randomise the orientations of the microcrystals. Sources of up to lOOmCi of 

^’Co in Rh were used and the spectrometers were calibrated using a-iron at 300K. 

Mossbauer spectra were recorded above and below the Neel temperature which required 

heating in the case of Sr^Fe^O^. Permanent changes in the spectra caused by cooling and 

returning to room temperature were noted for the intermediate valence materials.

4.5 Magnetic and Electrical Measurements

The V.S.M. was used to measure the Neel temperature of the pure Fe'*'^ material 

and for the determination of the number of unpaired electrons. Magnetic ordering 

behaviour was studied by cooling with, and without, the magnetic field of 0.05T. 

Electronic behaviour was investigated using the four probe method.
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4.6 Results and Discussion

Structure Refinements

Careful scrutiny of all the sets of data in the high d-spacing range showed no evidence of 

the doubled unit cell described by Lucchini (3), and all peaks could be indexed in the 

space group I4/mmm using the cells given in Table 4.1. In each case the structural 

parameters of Sr^Ti^O? were used as a starting model. Initial stages of the refinement 

included profile parameters such as scale factor, cell parameter, background and peak 

shape functions. Atomic positions were then refined. In the case of the materials with 

oxygen stoichiometry below seven refinement of oxygen site occupancies rapidly located 

the vacancies on the 03 site (2a;0,0,0) and showed that all other oxide ion sites were fully 

occupied. Full occupancy of the other sites was maintained throughout the rest of the 

refinement; in the analysis of the Sr^Fe^O^ data the 03 site was removed from the 

refinement. Final stages of the refinement included isotropic temperature factors for 

Sr^Fe^Og ^g and Sr^Fe^O^,?; but anisotropic temperature proved refinable for Sr^Fe^Og and 

Sr^Fe^O?. A typical final fit to the data from HRPD is shown in Figure 4.1. Tables 4.3a- 

d contain refined parameters for all four compounds, with their e.s.d.s given in 

parentheses, and final profile fit factors. For compounds where anisotropic temperature 

factors were refined B^quivaiem (6) values are given in the tables. Calculated bond distances 

are summarised in Table 4.4. In the mixed valence materials Sr^Fe^Og sg and Sr^Fe^Og ?;, 

the refined oxygen stoichiometries were in close agreement to the chemically analysed 

values of 6.64(3) and 6.74(2) respectively.

Figure 4.2 shows the variation of the lattice parameters in this system as a function 

of oxygen stoichiometry. The very accurate values from the neutron work were in 

excellent agreement with those from the powder x-ray results. The a parameter shows a 

linear decrease with diminishing y in Sr^Fe^O^.y as would be expected from the higher level 

of the smaller Fe""^ ion in these compounds. The a parameter is simply controlled by the 

Fe - O - Fe distance between the corner sharing octahedra. The c parameter behaviour 

is more complex. As the oxygen content rises above six a rapid increase in the c 

parameter occurs and a maximum is found with y ~ 0.5, beyond this value the c lattice 

parameter contracts, though more slowly, as a function of the oxygen stoichiometry.
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Figure 4.1 Profile fit to the HPRD data set for Sr^Fe^O?
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Table 4.3a Refined Atomic Parameters for Sr^Fe^Og 00

Atom Site X y z Bcq Occupancy

:Sr(l) 2b 0 0 0.11(5) 1.00

SoP) 4e 0 0 0.3193(1) 0.27(3) 1.00

Fe 4e 0 0 0.1022(1) 0.01(2) 1.00

0(1) 8g 0 >/2 0.0843(1) 0.32(3) 1.00

0(2) 4e 0 0 0.1963(1) 0.44(4) 1.00

0(3) - - - - - -

a = 3.8940(1) 

ILp = 6.99

c = 20.0396(1) 

Kxp = 6.15 = 1.29

Table 4.3b Refined Atomic Parameters for Sr^Fe^Og 58

Atom Site X y z Occupancy

Sr(l) 2b 0 0 '/2 0.81(5) 1.00

Sr^) 4e 0 0 0.3176(1) L22G^ 1.00

Fe 4e 0 0 0.0972(1) 0.75(3) 1.00

CKl) % 0 '/2 0.0911(1) 1.24(4) 1.00

0(2) 4e 0 0 0.1950(1) 1.35(5) 1.00

0(3) 2a 0 0 0 0.98(4) 0.64(3)

a = 3.8704(1)

R,Wp 8.48
c = 20.1763(3) 

Rpxp = 4.51 X
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Table 4.3c Refined Atomic Parameters for Sr^Pe^O^ ,75

Atom Site X y z Be, Occupancy

!Sr(l) 2b 0 0 % 0.41(2) 1.00

Sr^) 4e 0 0 0.3175(1) 0.14(1) 1.00

Fe 4e 0 0 0.0984(1) 0.00(1) 1.00

0(1) 8g 0 'A 0.0922(1) 0.51(1) 1.00

0(2) 4e 0 0 0.1942(1) 0.43(2) 1.00

0(3) 2a 0 0 0 0.15(6) 0.74(2)

a = 3.8642(1)

Rwp = 6.56

c = 20.1569(1) 

Rexp = 3.61 ^ = 3.30

Table 4.3d Refined Atomic Parameters for Sr^FegO? 00

Atom Site X y z Occupancy

:Sr(l) 2b 0 0 0.47(5) 1.00

Sr(2) 4e 0 0 0.3170(1) 0.31(4) 1.00

Fe 4e 0 0 0.0972(1) 0.22(3) 1.00

CKl) 8g 0 0.0945(1) 0.55(3) 1.00

0(2) 4e 0 0 0.1933(1) 0.63(5) 1.00

0(3) 2a 0 0 0 0.61(7) 1.00

a = 3.8526(1)

R-wp — 5.41

c = 20.1490(1)

Rexp — 5.22
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Table 4.4 Important Bond Lengths for Sr^Fe^O^.y (A)

SrsFe^Ogj; Sr^Fe^Oy

Sr(l)-0(1) 2.578(1) X 8 2.669(1) X 8 2.681(1) X 8 2.709(2) X 8

Sr(l)-0(3) - 2.737(-) X 4' 2.732(-) X 4' 2.724(-) X 4

Sr(2)-0(1) 2.743(3) X 4 2.672(2) X 4 2.655(2) X 4 2.625(3) X 4

Sr(2)-0(2) 2.464(4) X 1 2.473(3) X 1 2.485(4) X 1 2.493(3) X 1

Sr(2)-0(2) 2.771(1) X 4 2.748(1) X 4 2.743(1) X 4 2.732(1) X 4

Fe-O(l) 1.980(1) X 4 1.942(1) X 4 1.936(1) X 4 1.927(1) X 4

Fe-0(2) 1.886(4) X 1 1.933(2) X 1 1.932(4) X 1 1.936(4) X 1

Fe-0(3) - 2.002(2) X 1' 1.983(2) X 1' 1.958(2) X 1

Partially filled site.
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Figure 4.2 Change in Lattice Parameters with Oxygen Content (298K)

Figure 4.3 STRUPLO (7) plot of SrgPezO?
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The variation of c with oxygen content is similar to that observed by MacChesney (8) 

although the values reported here are slightly higher. This behaviour can be explained in 

terms of the site occupied by the oxygen 03 (0,0,0). Figure 4.3 represents a STRUPLO 

(7) plot of Sr^Fe^O? showing the FeOg octahedra. In Sr^Fe^Og the oxygen linking the pairs 

of octahedra 03 in the c direction is absent. This gives rise in Sr^Fe^Og to a square 

pyramidal iron coordination geometry where the distance between the faces of the square 

pyramids is 3.38A which is considerably less than twice a typical Fe^^ - O (1.95A) or 
Fe'*+ - O (1.90A) distance. Addition of oxygen to the 03 site, between the two pyramids, 

therefore requires a considerable expansion along c, together with displacements of the 

relative iron and 03 positions, to form a more regular geometry around the metal atom.

The changes in the iron coordination geometry as the oxygen level increases is 

quite marked. In Sr^FcgOg the trivalent iron atom has a square based pyramidal 

coordination which is rather rare for this ion in oxides, though is reasonably common for 

iron coordination complexes (9). The Fe - O distances for the four basal plane oxygens 

are typical for Fe^^ whilst the apical iron oxygen distance is very short. Bond valence 

calculations (10) on this site using the parameters for Fe^^ gave a reasonable calculated 

iron valence of 2.91. Introduction of oxygen on the 03 site obviously occurs randomly 

throughout the structure and, therefore, the refined coordinates in the mixed valence 

materials represent an average over the bulk. For iron this probably means an average of 

Fe^+ coordinated to five oxygens and Fe'^+ coordinated to six oxygens is observed. This 

is reflected in a gradual increase in the iron to apical oxygen distance as the proportion of 

higher coordinate iron rises. On reaching Sr^Fe^O?, the iron coordination geometry 

becomes an almost regular octahedron, with a slight axial distortion similar to that found 

in Sr^FeO^ (11).

The structural behaviour of this system as a function of oxygen content shows 

similar aspects to that seen in La^SrCu^Og+y system, but extends over a much larger 

stoichiometry range. In the Sr^Fe^O^y system as the level of oxygen increases the 

coordination geometry of Sr(l) increases from 8 to 12; the average Sr(l) - O distances 

naturally increases. This shows that with strontium (or indeed the similar sized La^^) on 

an inter - (MO);^ - layer site incorporation of oxygen between these planes with oxidation 

is facile. This is the likely reason why compounds which contain moderately large ions 

between Cu - O planes are not superconducting or show degraded superconducting
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behaviour e.g. La^SrCuO^, NdBa^Cu^Og or LaBa^Cu^O?.

Low Temperature Neutron Diffraction Study

The final fit factors obtained for the refinement of the Sr^Fe^O? data set at 6K were 

excellent giving a value of of 1.10. This strongly supports the conclusion that this 

material does not undergo a structural distortion on cooling below the Neel Temperature 

of llOK. The refinement profile is shown in Figure 4.4. Bond lengths were in excellent 

agreement with those derived from the room temperature refinement and are compared in 

Table 4.5. A comparison of the refinement parameters at room temperature, 90K and 6K 

is summarised in Table 4.6. Variations in the atomic coordinates and cell parameters as 

a function of temperature were very small. At low temperature the refined temperature 

factors for the in-plane oxygen 01 (0,'A,z) showed some anisotropy with B,, and B^g 

temperature factors of similar magnitude and B33 considerably larger.

Data collected at 90K from SrgFezO? in the POLARIS A bank could be indexed 

totally on the crystallographic unit cell except for a weak feature at 4.6A. This pattern 

(Figure 4.5) can be contrasted with that collected from SrgFe^O^ during the same 

experimental period. High d-spacing data collected at 120K on POLARIS is shown in 

Figure 4.6. Magnetic reflections which were indexed as (101), (102), (103) and (104) on 

a magnetic supercell of dimensions V2a x V2a x c are indicated and are characteristic of 

three-dimensional magnetic ordering behaviour. Similar reflections are not present in the 

Sr^FegO?, which suggests that this compound is not magnetically ordered in three- 

dimensions at 90K. The observed Neel temperature, therefore, must be indicative of 

another type of magnetic ordering behaviour. This is confirmed by the appearance of the 

saw-toothed reflection at 4.6A which is characteristic of two-dimensional magnetic 

ordering behaviour. As previously noted for Sr^FeO^, coupling between planes in pseudo- 

two-dimensional structures such as Sr3Fe207 cannot proceed via a superexchange 

mechanism and is, therefore, considerably weaker than the in-plane interactions (12). This 

quantity depends upon a number of factors such as the interplane separation and dipolar 

coupling constants. The antiferromagnetic coupling which is present in Sr3Fe206 (Fe^^) 

occurs despite an almost identical structure and, hence, separation between FeO; layers.
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Figure 4.4 Refinement Profile of Sr^Fe^O? at 6K on HRPD
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Table 4.6 Derived Bond Lengths for Sr^Fe^O? (A)

Atoml - Atoni2 RT 90K 4.2K

Sri - 01 2.709(2) 2.712(2) 2.709(3)

Sri - 03 2.724(4) 2.724(3) 2.717(3)

Sr2 - 01 2.625(3) 2.624(3) 2.617(5)

Sr2 - 02 2.493(3) 2.496(2) 2.481(5)

Sr2 - 02 2.732(1) 2.731(1) 2.725(1)

Fe - 01 1.927(1) 1.927(1) 1.922(1)

Fe - 02 1.93600 1.933(5) 1.940(5)

Fe - 03 1.958(2) 1.960(2) 1.952(3)

103



Figure 4.5 POLARIS A Bank Data for SrgFe^O?
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Mossbauer Measurements

Mossbauer spectra of Sr^Fe^O? taken at 300K and 4.2K are shown in Figures 4.7 and 4.8 

respectively. The parameters of the fits are listed in Table 4.7 with those of CaFeOj (12) 

for comparison. It is seen that the 300K spectrum requires two components for a good fit. 

The fit shown corresponds to one of several hypotheses that give equally good 

representations of the spectrum. This particular hypothesis is chosen as the components 

can be identified as two distinct charge states whose parameters are consistent with 

assignments of Fe^^ and Fe^^ and where the equal intensities of these components agree 

with the chemically determined oxygen content. The averaged values of the isomer shift 

of these two components 5 = 0.07 is equal to that measured at 300K for CaFeOg, a 

compound that shows Fe^+ZFe^"^ disproportionation at lower temperatures (12).

The spectrum at 4.2K can be well fitted with two magnetic sextet components of 

equal intensity whose parameters are consistent with the assignments of Fe^+ and Fe^+. 

These parameters are almost identical with those observed at 4.2K for CaFeOj (12). It 

is thus shown that in Sr3Fe207 charge disproportionation exists above the antiferromagnetic 

ordering temperature. For the samples with y = 0.42 and 0.25, Mossbauer spectra were 

collected using similar conditions. However, unlike Sr^FezO? and SraFegOg, the spectra 

on cooling to 4.2K and heating back to 300K were not consistent. The permanent change 

observed in the Mossbauer spectra is thought to be due to decomposition of the samples 

in the timescale of the experiment. The Mossbauer spectra of Sr^FegOg at room 

temperature and above its Neel temperature of 550K are shown in Figure 4.9 and 4.10 

respectively. The low temperature spectrum consists of a single antiferromagnetically split 

sextet whilst the high temperature spectrum is a quadrupole split doublet. The latter is 

consistant with the electronically asymmetric environment produced by a square pyramidal 
field.

Susceptibility Data

Figure 4.11 reproduces the susceptibility data from Sr^FegOy with, and without a magnetic 

field of 0.05T. The derived variation 1/% as a function of temperature is shown in Figure 

4.12. The spectra show antiferromagnetic ordering behaviour with a Neel temperature of
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Figure 4.9 Mossbauer Data For Sr^Fe^Og at 300K

Figure 4.10 Mossbauer Spectrum of Sr^Fe^O^ at 550K

108



109



11 OK. The value obtained from Sr^Fe^O? is similar to that obtained by MacChesney (1) 

from the compound he described as Sr^Fe^Ogg. This suggests the phase studied by 

MacChesney was probably not oxygen deficient. The derived magnetic moment was 

5.3BM supporting the description of Sr3Fe207 as a high spin d"* material. The data above 

Tn can be fitted using a Curie Weiss law % = CIT-d and fitting of the 1/% data above 

200K gives a value of 6 value of -15 suggesting a typical antiferromagnet. The high value 

of /Ueff and the differing behaviour with, and without an external field, may indicate 

possible ferromagnetic interactions in the FeO; planes.

4.7 Conclusions

The electronic and magnetic behaviour of iron(IV) is clearly very complex, the four 

ternary phases SrFeOj, Sr^FeO^, Sr^FezO? and CaFeOj each showing different behaviour. 

The charge disproportionation reaction shown by both CaFeOg and Sr^Fe^O? in the 

Mossbauer spectra appears to have no structural repercussion in the case of Sr^Fe^O? with 

almost statistically perfect fits to the diffraction data with a single type of iron site. The 

ionic radii of Fe^^ and Fe^+ are markedly different although both ions, in the high spin 

state, would adopt perfect octahedral site geometry in contrast to Fe'*+ which may, as a 

Jahn-Teller ion, be expected to show marked octahedral distortion. Powder x-ray 

diffraction measurements have, however, not shown any structural distortion in CaFeOj 

(13). In formally bismuth (IV) compounds e.g. BaBiOj (14) the coexistence of BF+ and 

BF+ manifests itself structurally as small differences in the coordination environments of 

two bismuth sites. Battle (15) has explained co-existence of Fe^+ and Fe^+ in Sr^LaFe^Og g^ 

on crystallographically indistinguishable sites in terms of the coexistence of a spin density 

wave (SDW) and a charged density wave (CDW). These should manifest themselves in 

a structural distortion, but the absence of this for Sr^LaFe^Og g^ was explained as a result 

of disorder in the strontium/lanthanum lattice. In Sr^Fe^O? no such metal disordering can 

occur. The apparent difference between the Mossbauer spectra and crystallographic results 

must lie in the timescale of the experiments. The Mossbauer timescale for ^^Fe is about 

10 ®s and an electron pairing mechanism which forms Fe^+and Fe^+ must occur slower than 

this in order to be resolved in the Mossbauer spectrum. Whilst the timescale for neutron 

diffraction is much shorter 10‘’*s the experiment averages the scattering distribution over
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the experimental period. Even a slow electron exchange mechanism producing Fe^+ and 

would show an averaged site single Fe''+ site. The only evidence to support this 

process might come from the refined anisotropic temperature factors. The values of Bn, 

B22 and B33 for the FeOj in plane oxygen 01 on (0,'/2,z) are respectively 0.31, 0.39 and 

0.61A\ As this oxygen bridges two iron atoms the values of Bj, and B33 would be 

expected to be markedly larger than B22 with the oxygen atom more freely vibrating 

perpendicular to the Fe-O-Fe direction. Indeed refined values from SrgFegOg for this site 

were 0.27, 0.08 and 0.60 respectively. The comparably high value of B22 in Sr3Fe207 

would support the idea of some positional disordering of the oxygen along the Fe-O-Fe 

direction that would be associated with the two arrangements FeP+-0-Fe^+and Fe^+-0- 

This view is further strengthened by a similar analysis of the anisotropic 

temperature factors of 03 and 02; these atoms lie along the z direction and vibrations 

would be expected to lead to higher values for B,, and B22 than for B33. Again, however, 

all three anisotropic temperature factors are similar possibly indicating an attempt to model 

apical Fe-O distances around both Fe^"^ and Fe^^.

The magnetic ordering behaviour below the antiferromagnetic ordering temperature 

of SrgFe^O? is rather complex. Presumably the spins in the double layers are aligned 

antiparallel, as shown schematically in Figure 4.13, as found for the double layer fluorite 

RbjMnjOv (16). The coupling between the layers is obviously weak and no three- 

dimensional ordering is seen 20K below the Neel temperature. The transformation from 

a two-dimensional antiferromagnet to a three-dimensional one generally occurs at a lower 

temperature. For example, in layer structures of the KgNiF^ type e.g. two-dimensional 

ordering occurs at 200K for CagMnO^ whilst full 3D ordering in a perfect single crystal 

is not complete until 91. IK (17), between these temperatures no magnetic reflections are 

observed in the neutron diffraction profile. In other two-dimensional materials e.g. 

Ba2Cu304Cl2 (18) no magnetic reflections are observed in the diffraction pattern between 

2K and the Neel temperature, 80K, again indicative of very weak coupling between layers.

Further neutron diffraction experiments would be necessary on Sr3Fe207 at 

temperatures below 90K in an attempt to observe a transition to three-dimensional 

ordering. Dipolar couplings between the layers are stronger in Sr3Fe20g leading to three 

dimensional ordering at room temperature, presumably as a consequence of the higher 

magnetic moment of Fe^.
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Figure 4.13 Ferromagnetic Ordering in Double Layers
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CHAPTER 5

Structure and Oxygen Stoichiometry

in the

System Sr3Co207_^ (0.94<z< 1.22)
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5.1 Introduction

In chapter 1 consideration of the energetics of transition metal oxidation demonstrated that 

strongly oxidising conditions are required to produce stoichiometric cobalt(IV) materials. 

SrCoOj was first synthesised as a stoichiometric cubic phase in 1985 by reaction of CoO 

and SrCO; using an anvil device and a pressure of 65Kbar with KCIO3 as the oxygen 

source (1). This can be contrasted to SrPeOg (2) which requires a much lower pressure 

for synthesis c.a. SOObar. Few other cobalt(IV) compounds are reported in the literature. 

Mixed valence compounds containing both cobalt(III) and cobalt(IV) are more common; 

these can be generated, formally from cobalt(IV) compounds, either by doping in trivalent 

cations e.g. La^^Sr^CoOg (3) or by using low pressure routes to introduce oxygen 

vacancies e.g. SrCoO^ ? (4). All these compounds have formulae and structure based on 

the perovskite SrCoOg.

Whilst cobalt (IV) compounds are rare, more complex structures containing a 

tetravalent transition, metal ion, strontium and oxygen (5,6) have been shown to form for 

iron: for example those crystallising with the K^NiP^ (StgPeO^) (7) and the Sr^Ti^O? 

(Sr^Pe^O?) (8) structures and have been discussed in the previous chapters. The oxidation 

state of the transition metal cation in these structures can be reduced below four; for 

example in the Ruddlesden-Popper phase Sr^Pe^O? (Figure 5.1) systematic removal of 

oxygen from the 03 (0,0,0) site, produces a novel square pyramidal coordination of the 

trivalent ion when the stoichiometry reaches six, although the symmetry is retained. 

Higher levels of deficiency can be introduced into the system. For example,

Nguyen et al (9) showed that the compounds, La^-xSti+xCugO^+y (Ln212), to have a 

structure derived from Sr^Ti^O? by powder x-ray diffraction studies . When y = 0, the 

copper atoms in the system have a square pyramidal coordination with four short basal Cu- 

O bonds and one long apical Cu-0 distance with the 03 site vacant. Further oxygen 

deficiencies in the perovskite layers, (y<0), result in two-dimensional CuO; planes with 

removal of oxygen from the 02 (0,0,z) site.

Nguyen extended this work by considering Ln2.,,Sri+,.Cu206_y (Ln636) where Ln = 

Sm, Gd, 0.7<x<0.9 and Eu, 0.6<x<0.9 (10) which resulted in semiconducting 

materials with a threefold superstructure along the b-axis, caused by both cation and 

oxygen ordering. The other notable attribute was that the oxygen stoichiometry was now
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Figure 5.1 The Structure of SrjFcjOy
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much reduced below six i.e. 0.45 <y <0.3. A structural model (Figure5.2) was proposed 

from x-ray data although considering the complexity of the structure and the limited 

amount of data available, a high level of uncertainty in the oxygen positions and occupancy 

factors resulted. A neutron diffraction study of these systems was not performed by 

Nguyen due to the high level of absorbtion of neutrons by all of these lanthanide nuclei. 

Grasmeder et al (11) prepared and then studied compounds in the system Nd, ^Sr, gCu^O^+y 

by powder x-ray and neutron diffraction. The structural model, proposed by Nguyen for 

the tripled structure, was confirmed for this compound although the ordering of cations 

and anionic vacancies was quite different with the lanthanide exclusively favouring the low 

coordination sites. An oxygen vacancy had previously been suggested by the x-ray 

diffraction study and was thought to give alternating A,Cu(2)03 and A2Cu(l)02 blocks. 

However, neutron refinement in the Nd, ^Sr, gCuzO^+y system showed the ordering to be 

more complex: absence of oxygen on the 03 ('A,0,z) site produced discontinuities in the 

CUO2 planes in the b-direction. Vertex-linked CuO; square pyramids, which form six- 

membered rings by corner sharing, constructed rectangular tunnels running parallel to the 

a-direction. These tunnels being partially empty due to oxygen absences on the 07 site. 

Occupation of the 07 site results in a Cul - 07 - Cul link which bridges the tunnel with 

a very short Cul - 07 contact distance.

This chapter reports an attempt to generate a S^CoO^ phase using stoichiometric 

starting materials and high oxygen pressure. A new phase Sr^Co^O^.g was generated in the 

system using ambient conditions of temperature and pressure. This previously unknown 

phase, Sr^CogO?.; (0.94<z< 1.22), was identified by comparison with other materials with 

structures based on the Sr^TigO? structure (8) and characterised using powder diffraction 

methods. Accurate structure determination was carried out using powder neutron 

diffraction on the high resolution powder diffractometer, HRPD at the Rutherford Appleton 

Laboratory. The oxygen content was determined by thermogravimetric analysis and the 

refinement of oxygen occupancies from powder neutron diffraction data.
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Figure 5.2 The Structure of the Ln^.^Sri+xCu^O^^y (Ln = Sm, 0.7<x <0.9)
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5.2 Experimental

5.2.1 Attempted Preparation of SnCoO^

SrCOj and CoO in a 2:1 molar ratio were intimately ground and heated to 1000°C in air 

for 16hrs. After regrinding the mixture was returned to the box furnace and heated at 

1200°C for a further 24hrs. On quenching to room temperature the material proved to be 

sensitive to atmospheric conditions and was thereafter transferred to a glove box whilst still

h()t. Tlhe swinaple v/as rn()unt(xl in the x-raj/ sarnpih: hcfkler in tlie glcrve |]03( v/hidi v/as 
!x;aled using; niylar Aim. /in <%xami)h: of thus x-rayf gtathem erf an air (Quenched saurqple is
shown in Figure 5.3.

700

36 44

:2 0 (\iejgre<3s)
52 60

Figure 5.3 X-ray Diffraction Pattern of the Air Quenched Sample.

Tlte (IffAikcdun jpatfem shotvexl a niixture of ISrC) tuid a sxxzorid, zit this stag;e
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unidentified, phase. This mixture was then heated at 800°C at 200atm of oxygen pressure 

for 24hrs. On cooling to room temperature the sample coloration had changed from brown 

to black. This material was identified as a mixture of hexagonal SrCoO^ ? (4) and SrO. 

The diffraction pattern of this product is shown in Figure 5.4. Further attempts to 

generate Sr^CoO^ using the maximum temperatures and pressures possible for the high 

pressure annealing apparatus were also unsuccessful generating the hexagonal phase and 

either SrO or SrO;. A diffraction pattern, characteristic of the K^NiF^ structure, was never 

obtained.

Close scrutiny of the air quenched sample revealed a mixture of an orthorhombic 

phase, with approximate cell parameters 3.8A, 11.4A and 20.3A, and SrO. The emphasis 

now focused on generating the pure orthorhombic phase. Comparison with iron materials 

suggested that the new phase was similar to Sr^Fe^O? (6). A comparison of the two 

diffraction patterns is shown in Figure 5.5.

1000

800

600i

f
400

200

0
20 28 36 44

26 (degrees)
52 60

Figure 5.4 X-ray Diffraction Pattern of the High Pressure Annealed Sample

5.2.2 Preparation of SrXo^Qrr ^

A sample of Sr3Co207_, was synthesised by direct solid state reaction of SrCO; (99.9%)
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Figure 5.5 Comparison of Sr^Fe^O? with the Orthorhombic Phase
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and CoO (99.99%), in a molar ratio, of 3:2 heated at 1000°C in a box furnace for 24hrs. 

After air quenching and regrinding, samples of this compound were then treated further 

to control the oxygen stoichiometry, as shown in Table 5.1.

Powder x-ray diffraction data were collected, on the products of the annealing 

experiments, and showed the samples to be single phase (Figure 5.6). Oxygen content was 

determined by thermogravimetric analysis under 5%H2/N2 in platinum crucibles heating 

to 1000°C. Powder x-ray diffraction analysis of the t.g.a. product showed a mixture of 

SrO and an amorphous phase, with metallic behaviour, which was assumed to be cobalt 

metal. The analytically determined oxygen content will be used hereafter to describe the 

samples.

Table 5.1 Annealing Conditions

Treatment a/b (A) cOA) 3a/b 7-z

Air/1200°C
for 3 days 
Quenched

a = 3.864(1) 
b = 11.435(4)

20.233(9) 1.014 5.78(5)

02/1000°C
for 3 days

Slow cool/440°C 
Quenched

a = 3.838(1) 
b = 11.492(3)

20.099(10) F002 5.94(5)

Oz/lOOO^C 
for 3 days

Slow cool/200°

a = 3.830(3) 
b = 3.830(3)

20.075(11) 1.000 6.06(5)

Annealing of samples at temperatures lower than 480 °C caused deterioration of the sample 

crystallinity and formation of impurity phases.

Close scrutiny of the x-ray diffraction patterns of the samples, 7-z = 5.78, 5.94 

and 6.06, revealed a change in structure as the oxygen content increased above six (Figure

54^L

On this basis, it was decided to collect powder x-ray diffraction data over an 

extended period, for structure refinement on samples from the two structural regions.
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Figure 5.6 X-ray Patterns of the System Sr^CogO7-z
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Powder x-ray diffraction data were collected on the samples 7-z = 5.78 and 6.06 sealed 

in aluminium sample holders under mylar. A stepsize of 0.02° in the 2^ range 30-120° 

was employed to collect data over a period of 15hrs. The final profiles were of good 

quality although the low angle reflections, in the range 10 - 30° were obscured by the 

absorption of the amorphous mylar film.

In the case of the tetragonal sample, StjCojO^oe, there were no additional 

reflections in the diffraction pattern to suggest orthorhombic symmetry, but there was 

evidence of line broadening in the hOO reflections.

Refinements were undertaken using the DBW-9006pc program running locally on 

personal computers using the Rietveld method (12)

5.3 Powder Neutron Diffraction

In order to fully investigate the orthorhombic structure, particularly the oxygen positions, 
powder neutron diffraction data were collected using the high resolution diffractometer 

HRPD on samples 7-z =5.78 and 5.94. Due to the low flux of HRPD, (which receives 

only one in five neutron pulses from the source), large samples c.a 5g were synthesised. 

These sample were transferred hot to a glove box where they were separated into two 

specimens, one of which (0.5g) was analysed using powder x-ray diffraction and 

thermogravimetric analysis to ensure sample purity and measure the oxygen content, and 

the other, (4-5g), was transferred to a vanadium can and sealed with indium wire. The 

scatteringlengfh ofcnl]altis small 0) == 0.2:5 x ICf'^lFrn^) arKi(X)ruM)qtKmtly krngcxthexefitm 

times (> 12hrs) were used to obtain the high quality data appropriate for the structure 

refuiemeiit <]f this ccurqilex strut^une. /V v/ide rtuige, ().i6 - 2.2LA, (]f chenutxaUy useful 
data was collected and the data profile was of good quality.

5.4 Results and Discussion

X-ray Structure Refinement

The structure of the air quenched sample, Sr^Co^Os ?;, was refined in the space group 

Immm using the atomic coordinates of Nd; ^Sr, gCu^Og^g (11) as a starting model.
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Refinement of the heavy atom positions and instrumental parameters proceeded steadily 

in the space group Immm. However, the oxygen positions were very difficult to refine 

and would not give a steady refinement when varied simultaneously. Evidence for low 

angle reflections to confirm the assignment of a tripled structure in the b-direction was 

obscured by the amorphous scattering of the mylar film. However, indexing of all 

reflections was not possible without this assignment. Initially all eight oxygen sites were 

allowed to be fully occupied, corresponding to seven oxygens per formula unit. The 

oxygen occupancies refined rapidly although this was not possible without fixing isotropic 

temperature factors. This process suggested total vacancy on the 03 site with possible 

vacancies on sites 07 and 08.

Oxygen occupancies could also be refined, if the temperature factors were held constant, 

and indicated vacancies on the 03, 07 and 08 sites. Refined heavy atom positions are
tabulated in Table 5.2. The refinement profile is shown in Figure 5.7.

The tetragonal sample, SrgCozOg og, was refined in the space group I4/mmm using 

the parameters of Sr^Fe^O^ (6) as a starting model. All positional parameters and isotropic 

temperature factors could be refined simultaneously. The occupancies of all the oxygen 

atoms were varied. Both the 01 and 02 site showed only a small deviation from unity and 

were subsequently fixed. The 03 site, refined to a partial occupancy of 0.13, which was 

in good agreement with the analytically determined value of 6.06(5). Essentially this 

suggests most cobalt atoms in this structure are in five-fold coordination with 10% in six­

fold coordination (03 site filled). This material seems to have a similar structure to that 

of SrjFejOft (6) containing square-pyramidal sheets of C0O5 units. Refined parameters and 

calculated bond lengths are given in Tables 5.3 and 5.4 respectively.

Powder Neutron Diffraction

Examination of the patterns after data collection showed both phases, SrgCozO;?; and 

Sr^Co^Og g^, to be orthorhombic and refinement proceeded in the space group Immm. The 

refined atomic positions from the x-ray refinement were used as the starting point for the 

neutron refinement. Refinement of the strontium and cobalt positions was achieved 

quickly although the latter had relatively large e.s.d’s, probably associated with the small 

scattering length of cobalt. Oxygen positions and isotropic temperature factors refined
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Figure 5.7 Refinement Profile for SrjCojOs vg

Table 5.2 Heavy Atom Positions for Sr^CogO5.78

Atom X y z

Sri 0 0 0

Sr2 0 0.3418(22) 0

Sr3 0 0 0.1904(10)

Sr4 0 0.3346(26) 0.1768(11)

Col 0 0 0.6088(15)

Co2 0 0.3246(32) 'A

a = 3.8615(1^1 b = 11.3894(3) A c = 20.2793(3) A
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Table 5.3 Refined Atomic Parameters for SnCo?0,

Atom X y z Beq Occupancy

Sri 0 0 'A 0.67(3) 1.00

Sr2 0 0 0.3183(3) 0.43(6) 1.00

Co 0 0 0.0999(6) 0.66(5) 1.00

01 0 0.0888(4) 00300 1.00

02 0 0 0.1986(8) 0.75(8) 1.00

03 0 0 0 5.39(8) 0O300

a = 3.8321(1)A

Rc%p — 2.86

c = 20.0826(1)A

Rwp = 6.04 Rp = 4.37

Table 5.4 Derived Bond Distances for Oxygen Annealed SrjCOjO^ oe (A)

Atom - Atom Distance (A)

Srl-Ol 2.618(1) X 8

Sri- 03 2.710(1) X 4

Sr2 - 01 2.674(6) X 4

Sr2 - 02 2.404(17) X 1

Sr2 - 02 2.731(17) X 4

Co - 01 1.929(2) X 4

Co - 02 1.982(18) X 1

Co (33 2.006(12) X r

denotes partially occupied site.
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easily although they could not be refined simultaneously with occupancy factors. Oxygen 

vacancies were implied by very high temperature factors on the 03, 07 and 08 sites. The 

first, 03, was eventually fixed at zero having refined the occupancy to almost zero and the 

temperature factors remaining high. The 07 and 08 occupancies refined to constant 

values where they were fixed, after several cycles of refining the temperature factor and 

occupancy separately. Final stages of the refinement included tying the temperature 

factors of like atoms on similar sites.

The refinement of peak parameters for the oxygen annealed sample, Sr^CozOg g^, 

was quite complex. Fitting of the reflections at short d-spacing was initially difficult due 

to the extensive number of closely-spaced reflections. Therefore, the peak shape was 

initially fitted by refining the high d-spacing data, where there are more unique reflections 

and then, in the latter stages of refinement, including the low d-spacing data.

The 07 and 08 sites occupancies refined to partial occupancy at 39% and 77% occupancy 

respectively. The refinement parameters are tabulated in Table 5.5. Calculated bond 

distances are tabulated in Table 5.6a and 5.6b for strontium and cobalt respectively. 

Important bond angles around the cobalt centre are given in Table 5.6c.

Refinement of the air quenched sample was more difficult due to broadening of the 

001 reflections. This is likely to be a result of stacking faults in the long axis direction 

(13) which can be observed in many materials with one crystallographic axis much longer 

than the others. For example, the repeat in A3B2O7 is K^NiF^ : perovskite ; K^NiF^ : 

perovskite. A stacking fault may involve, K^NiF^ : perovskite : perovskite : K^NiF^ i.e. 

a portion of A4B3O10 structure. For this reason, the oxygen annealed sample was initially 

refined and used as a basis for the refinement of the air quenched sample. The occupancy 

of the 07 and 08 sites refined to give 42% and 52% occupancy respectively. Final 

refined atomic parameters are summarised in Table 5.7 and calculated bond distances for 

strontium and cobalt 5.6a and 5.6b. Derived bond angles around the cobalt are given in 

Table 5.6c. The profile fit is shown in Figure 5.8 and a diagram of the structure in Figure 

5.9.

Attempts to refine the samples in a smaller crystallographic cell, without tripling 

the unit cell in the b-direction, and in other space groups was unsuccessful with much 

poorer fit parameters and many of the high d-spacing reflections excluded from the profile 

refinement.
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Table 5.5 Refined Atomic Parameters for Sr,Co,0

X y z Bcq Site

Sri 0 0 0 1.14(5) 1.00

Sr2 0 0.3365(8) 0 1.14(5) 1.00

Sr3 0 0 0.1819(5) 1.14(5) 1.00

Sr4 0 0.3299(5) 0.1806(2) 1.14(5) 1.00

Col 0 0 0.5929(9) 0.39(7) 1.00

Co2 0 0.3249(5) 0.6007(5) 0.39(7) 1.00

01 0 0.1672(6) 0.4081(3) 0.32(2) 1.00

02 0 0.1644(7) 0.0912(4) 0.32(2) 1.00

03 >/2 0 z - -

04 'A 0 0.4081(3) 0.32(2) 1.00

05 0 0 0.6910(5) 0.32(2) 1.00

06 0 0.3267(6) 0.6940(2) 0.32(2) 1.00

07 0 0 y^ 0.32(2) 0.39(4)

08 0 0.3389(10) 'A 0.32(2) 0.77(2)
.....................

a = 3.8379(1^1 

Rwp = 8.71

Oxygen content = 5.97(8)

b = 11.4898(5)A

Kxp = 4.97

c = 20.0812(9)A

= 3.06
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Table 5.6a Calculated Strontium Bond Distances (A)

StgCo^Og 94 Sr^CogOg jg

Sri -02 2.631(8) X 4 2.708(5) X 4

Sri-08 2.666(4) X 4* 2.730(8) X 4'

Sr2 - 01 2.663(4) X 4 2.615(1) X 4

Sr2 - 02 2.695(14) X 2 2.701(13) X 2

Sr2 - 04 2.633(8) X 2 2.592(8) X 2

Sr2 - 07 2.685(6) X 2' 2.717(6) X 2'

Sr2 - 08 2.783(11) X 2' 2.761(10) X 2*

Sr3 - 02 2.624(6) X 2 2.601(6) X 2

Sr3 - 05 2.552(14) X 1 2.497(7) X 1

Sr3 - 06 2.768(5) X 4 2.727(4) X 4

Sr4 - 01 2.618(5) X 2 2.726(3) X 2

Sr4 - 02 2.615(9) X 1 2.603(7) X 1

Sr4 - 04 2.664(7) X 1 2.713(8) X 1

Sr4 - 05 2.747(4) X 2 2.723(5) X 2

Sr4 - 06 2.652(6) X 2 2.729(6) X 2

Sr4 - 06 2.501(6) X 1 2.518(6) X 1

denotes partially occupied site
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Table 5.6b Calculated Cobalt Bond Distances (A)

SDC02O; Sr3C0205 7g

Col - 01 1.911(7) X 2 1.917(6) X 2

Col - 04 1.919(1) X 2 1.947(2) X 2

Col - 05 1.970(21) X 1 1.958(19) X 1

Col - 07 1.866(18) X r 1.995(18) X 1*

Co2 - 01 L831(9)xl 1.954(15) X 1

Co2 - 02 1.932(1) X 2 1.934(1) X 2

Co2 - 06 1.874(11) X 1 1.924(11) X 1

Co2 - 08 2.029(10) X r 2.024(10) X r

denotes partially occupied site.
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Table 5.7 Calculated Bond Angles Around Cobalt (°)

Atom - Atom - Atom Sr^Co^O; 94 Sr3C0205 7g

01 - Col - 01 178.8 165.2

01 - Col - 04 90.0 89.0

01 - Col - 05 90.6 97.4

01 - Col - 07 89.4 82.6

04 - Col - 05 9L6 9&1

04 - Col - 07 88.4 8L9

05 - Col - 07 180.0 180.0

01 - Co2 - 02 93.0 88^

01 - Co2 - 06 96.4 96.4

01 - Co2 - 08 89.0 84.2

02 - Co2 - 06 95.7 92.6

02 - Co2 - 08 84.0 87.4

06 - Co2 - 08 174.6 179.5
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Table 5.7 Refinement Parameters for Sr^Co^O

X y z Site

Sri 0 0 0 1.52(3) 1.00

Sr2 0 0.3330(8) 0 1.52(3) 1.00

Sr3 0 0 0.1818(3) 1.52(3) 1.00

Sr4 0 0.3339(6) 0.1819(2) 1.52(3) 1.00

Col 0 0 0.5984(9) 1020^ 1.00

Co2 0 0.3356(12) 0.5998(5) 1020^ 1.00

01 0 0.1663(5) 0.4130(1) 1.01^^ 1.00

02 0 0.1669((5) 0.0947(2) 1.01^0 1.00

03 ‘/2 0 z - 0

04 Vi 0 0.4136(3) 1.01^0 1.00

05 0 0 0.6950(2) 1.01(2) 1.00

06 0 0.3330(5) 0.6947(2) 1.02(2) 1.00

07 0 0 % 1.02(2) 0.42(2)

08 0 0.3314(10) '/2 1.02(2) 0.52(1)
..........................................

a = 3.8631(1)A

R^p = 8.87

b = 11.4319(^^1

Kxp = 2.74

c = 20.2265(1)A 

x" = 10.49

Oxygen content = 5.82(2)
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Figure 5.8 Refinement Profile of SraCozO^ ?;
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Figure 5.9 Diagram of the Refined Tripled Structure
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Discussion

The attempt to prepare a K2NiF4 structure containing strontium, cobalt and oxygen was 

unsuccessful. The calculations, used to predict the stability of the structure at the 
beginning of chapter 3 are based on ionic radii, and are purely empirical, taking no 

account of conditions required to achieve the structure. Considering the preparative 

conditions required to produce the perovskite structure (65Kbar, 1273K) using these 

elements, then it is probably not unreasonable to assume that the conditions required to 

produce the K^NiF^ structure with these elements is well beyond the capability of the 

apparatus (SOObar). It is worth noting that exceptional pressures, such as 65Kbar, favour 

structures with high density, whereas high oxygen pressures favour the high oxidation 

states.

Refinement of the tetragonal SrjCojOg 06 sample was successfully achieved in the 

space group I4/mmm using powder x-ray data. Comparison of this sample with the 

trivalent iron analogue Sr^Fe^O^ shows some notable differences. The iron system has a 

completely vacant 03 site and the apical Fe - 02 distance is very short (1.886A) with 

four Fe - 01 equatorial bonds of 1.980A. In the cobalt sample there are four short 

equatorial bonds at 1.929A with two long apical distances of Co - 01 (1.980A) and Co - 

02 (2.006A). The comparatively long distances in the c-axis direction is a good 

indication that there is indeed oxygen on the 03 site: in the iron system there is a large 

expansion in the c-axis direction as soon as oxygen is placed on the 03 site and the Fe - 

01, Fe - 02 distances become more similar. For example in SrjFejO^.sg the Fe - 02 

distance becomes 1.933A with four Fe - 01 bonds at 1.942A. If the 03 site was totally 

vacant the Co - 02 distance would be expected to be considerably shorter. Bond valence 

calculations on the cobalt and strontium sites using the parameters for the divalent ions 

give 2.12 Sri and 2.11 for Sr2 and 2.62 for Co. This suggests the valence of the cobalt 

site is greater than two since the divalent ion would be extremely overbonded on this site. 

This implies that the cobalt ions are in the trivalent state; calculated bond valence 

parameters for ions in an n + 1 oxidation state using the A"+ bond valence parameter 

generally give values of n4-0.6/7. Both calculated valences for the strontium sites are in 

good agreement with the theoretical oxidation state of strontium of two. Refinement of 

the oxygen occupancy suggested a small amount of oxygen (occupancy = 0.13) on the 03
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site which gave excellent agreement with the analytically determined oxygen stoichiometry 

of 6.06(5). However, it should be noted that the e.s.d on this occupancy is large, giving 

a value which lies within three e.s.d.’s of zero and may indicate a very low occupancy.

Refinement of the tripled structures using the refinement of x-ray data was not ideal 

due to the complexity of the structure; the paucity of the data. However, characterisation 

of the heavy atom sites was possible, but, in general, gave poor agreement with that of the 

neutron diffraction results. The x-ray refinement is unfavourably affected by both the 

form factor and also by x-ray fluorescence resulting from the use of copper radiation. 

Refinement of Sr^COzO?.^ samples using powder neutron diffraction from HRPD, however, 

gave much better results due to the high quality and quantity of data. The structure was 

successfully refined in the space group Immm and shows evidence of a complex oxygen 

ordering mechanism. Comparison of the typical Ruddlesden-Popper cell and the tripled 

cell coordinates derived from this unit cell are shown in Table 5.8. Cation positions in 

the tripled unit cell are displaced only very slightly from the positions created by stacking 

three tetragonal unit cells together. This suggests that the tripled structure is a result of 

oxygen ordering. This is in contrast with the tripled structure of Ln636 cuprates, where 

b(]fh cthion ajid cotyj)en()rde:iTiig aun: clearly evickant. /is pnevioiisly iioted hi die IjnuH2 

systems (14), the tripled structure only occurs when there is a large amount of strontium 

present. Strontium is unusual in that it can sustain a variety of coordination numbers, i.e. 

6,7,8,9,1() arid 1:1 fblcl art: all Icnov/n. In the /ll arwl y\.3, low

cocirdinarioii, sites art: fidetl the necidyriihim tvith fir (m tht: l:l-fold jAdl site arid a 

rnixhire of lire tv/o ions on the .A/1 site. TThe hiv/est ctiordination nurnber iii die tripled 

Ln212 structure is seven; strontium can exist in this coordination environment and, indeed, 

ariy otlter<:o<)rdrrtiti()n eiivirctinieiitiireserit hi 636. IBkindt/aleriee (H5)(:alcidaidons oii die 

strontium and cobalt sites are summarised in Table 5.9.

It can be seen that Sr is underbonded on the A1 and A3 sites which are the low 

coordinate 8- and 7-fold sites. A better situation is achieved on the A2 and A4 sites. The 

site valence for Sri, Sr2 and Sr4 is more acceptable in the oxygen annealed sample, and 

this may be a result of oxygen ordering where the air quenched sample will be affected 

by disorder. However, bond valence parameters are calculated for each atom in many 

different structures and as a result will be most appropriate for the most common 

coordination numbers i.e. for strontium this is twelve. The low values obtained for the

137



Table 5.8 Positional Coordinates

Ruddlesden-Popper Tripled Cell 5^^

Sri 0 0 0 Sri’ 0 0 0

Sr2’ 0 %+» 0 * = 0.0032 ♦ = -0.0003

Sr2 0 0 z Sr3' 0 0 z'

Sr4’ 0 %+* z= » = -0.034 * = 0.0006

B 0 0 2? Bl’ 0 0 z’

B2’ 0 %+* z* * = 41084 * = 0.0024

01 0 'h z“ or 0 1/6 + * z' * = 0.0006 » = -0.0003

02’ 0 1/6 + * * = 4).022 * = 0.0003

03’ '/2 0 z'

04’ % 0 z'

02 0 0 z“ 05’ 0 0 z’

06’ 0 % + * z" '=0^%6 * = 0.0003

03 0 0 % 07’ 0 0 'h

08’ 0 % + * 'h * = 0.0056 * = 0.0019

* indicates different increments
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Table 5.9 Calculated Site Valences

Atom Sr^Co^O^ Sr^Co^Og

Sri T40 L70

Sr2 2.40 2.08

Sr3 L68 1.51

Sr4 2.35 2.20

Col 2.65 3.00

Co2 21.38 2.65

seven and eight coordination sites must therefore be treated with caution. In both cases 

the calculated valence of the cobalt sites is significantly elevated above two suggesting the 

sites are very overbonded for a divalent cobalt ion. The high values for the cobalt valence 

irnjplLes th(;se sites ai-e accxomrruidadrig a lari;e pnaporthan ()f cc^)alt(III). In kioth (xases tlie 

six fold site (Col) has a higher calculated valence than the five fold (Co2) site. In the 

oxygen annealed sample, where oxygen ordering has time to occur this situation is 

accentuated.

Another property of the tripled cuprate structures which is emphasised in this 

system is the behaviour towards oxygen. For example in the Sm, ^Sr, jCu^O^+y (11) system 

very marginal oxygen uptake occurs on annealing and the lattice parameters remain the 

same within the limits of experimental error. The ability to pick up extra oxygen increases 

with lanthanides greater in size than strontium, but has not yet been possible above six in 

these cuprates. However, in the normal Ruddlesden-Popper phase, a oxygen level of six 

is readily obtained. The small degree of oxidation in the Sm, ^Sr, yCu^O^+y causes a 

contraction of both a and b axes with the former being more prominent. This process is 

consistent with oxygen being placed on the 03 or 07 site. Different behaviour is noted 

in the cobalt system: the largest contraction is in c with a small decrease in a and increase 

in b. Considering the two samples prepared under different conditions it can be seen that 

although the occupancy of the 07 site remains constant within the limits of experimental

139



error there is a large change in the occupancy of the 08 site which, in conjunction with 

07, has the largest affect on the c-axis. However, during this process the average Co2 - 

08 - Co2 distance changes very little, where a shortening would be indicative of filling 

the 08 site. The other apical distance, Co2 - 06, shrinks by 0.05A during the oxidation 

which is consistent with an increase in the valence of the Co2 ion. An explanation for this 

change in the coordination environment of the 02 ion lies in the other atoms coordinated 

to the 08 atoms. The part of the structure containing the Co2 - 08 distance is already 

under compression: further shortening of the bond is disfavoured due to the associated 

increase in the already overbonded Sr2 bond valence. This process increases the Sr2 - 08 

distance and gives Sr2 a more acceptable coordination. At the same time the Col -07- 

Col distance decreases by 0.26A indicating a contraction into the perovskite blocks. The 

strontium atoms in the NaCl type layers (Sr3, Sr4) experience a drop in the calculated 

bond valence. In both oxygen annealed and air quenched sample there is overwhelming 

evidence that the 03 site is vacant.

It should be taken into consideration that these refinements are highly affected by 

the initial model. The model includes partially vacant sites and the refinement produces 

an averaged structure over all the crystallites. The end result of this is an averaged 

structure which does not take into account the individual case. For example, the Co2 has 

an averaged coordination of five. Close examination of the effect of oxygen annealing on 

the site in more detail shows that the Co atom moves into the 01-02-01 plane on oxygen 

annealing. This may indicate, in the air quenched sample, an attempt to model a different 

situation. The partial occupancy of the 08 site is indicative of a site which is filled 50% 

of the time. When the site is empty the coordination approximates to tetrahedral which 

may be modelled by the Co2 atom moving above the plane (Figure 5.10). Calculation of 

the bond valence of this tetrahedral site gives 2.06 which suggests divalency. This value 

increases to 2.46 when the site is completely filled i.e. tending towards trivalency. In 

order to obtain a good representation of the structure a technique such as EXAFS, which 

studies the local coordination of atoms would need to be utilised.

Low temperature annealing of the sample has caused a phase change to the 

tetragonal system when the oxygen content rises above six as seen in the analogous copper 

system. However, at large levels of oxygen intercalation the structure falls apart
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Figure 5.10 Coordination around the Co2 centre

completely to give a mixture of the hexagonal cobalt phase and SrO. This is probably the 

result of a too large contraction in the AlCo(l)03-6 and A4Co(2)03-5 blocks. On 

annealing all the bonding distances around the Sr3 atom increase leading to a drop in the 

bond valence of the site. Assuming this situation would continue to worsen on increasing 

the oxygen level then eventually the structure would no longer be stable and fall apart.

All these phases have shown sensitivity to atmospheric conditions. This is similar 

to the iron system, where the phases SraFCzO^gg and Sr^Fe^Og?;, are both extremely 

sensitive to atmospheric moisture. This phenomenon is clearly not just due to the 

instability of the tetravalent ion, since the pure iron(IV) sample has a much extended 

lifetime under the same conditions. Considering all the samples, the common 

characteristic of all the samples of both cobalt and iron showing poor resistance to 

atmospheric conditions is a long c-axis. The long c-axis is a feature of compounds with 

partial oxygen vacancy on the sites controlling the interplanar B - B distance. This 

suggests a tendency to pick up atoms from the atmosphere to fill the deficient coordination 

sphere which is most facile when the interplanar distance is large.
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5.5 Conclusions.

Preparation of a sample containing only tetravalent cobalt, strontium and oxygen is not 

possible using oxygen pressure up to 700atm. This means that the Goldschimdt method 

of usir^g tolerzmce j^uztors to pMM)dict die stability of stru(:bire& biased on (^hDse^-fiaclced units 
is purely empirical, where the final tolerance factor is unrelated to the difficulty of 

synthesis. This is, generally, a treatment based on the requirement of a structure and takes 

no account of the thermodynamics of the system.

A new phase with the Ruddlesden-Popper, Sr^TigO?, structure has been shown to 

exist for cobalt. The Sr^CozO^ z system hosts a wide range of oxygen stoichiometry with 

0.941.22. At high values of z, the system crystallises orthorhombic in the space 

group Immm with a threefold tripling of the Ruddlesden-Popper phase along b. This 

property is also exhibited by the some semiconducting cuprate phases, Ln2+xSr,+xCu206.y, 

Ln = Gd, Sm and Eu where the tripling is a direct result of cationic ordering and the 

ordering of oxygen vacancies. In contrast, the cobalt system is tripled due to oxygen 

vacancy ordering only. The 03 site is completely vacant with partial occupancy on the 

07 and 08 sites. This generates both octahedral and square-pyramidal cobalt sites. 

Increasing the oxygen content, lowering z, can be achieved by oxygen annealing at 

temperatures in excess of 1000°C and causes a phase change to tetragonal. The normal 

Ruddlesden-Popper phase is now restored and the cobalt sites are mostly square pyramidal 

(90%) with the remainder (10%) having octahedral coordination. Increasing the oxygen 

content further by oxygen annealing at temperatures below 500°C causes the crystallinity 

of the samples to deteriorate and the appearance of impurity phases.

Refinements to determine the crystal structure of these materials was achieved using 

the Rietveld method. This gives an averaged picture of the whole structure therefore to 

fully characterise the local structure, a technique such as EXAFS which studies the local 

coordination of ions, would be required.
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CHAPTER 6

Preparation of Sr3M2_xN^07_g Phases 

M, N - Fe, Co, and Ni
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6.1 Introduction

Whilst the phase SrgMO^ is stable for the early transition metals, decreasing the size of the 

ions on crossing the first row, destabilises the K^NiF^ structure. This can be seen 

from Figure 3.1, tetravalent Ni and Sr in the KgNiF^ structure with oxygen is disfavoured 

on grounds of the incompatible relative sizes of the ionic radii. No information exists in 

the literature for either SrgNiO^ or Sr^NizO?., type materials and attempts to make 

An+iBgOgn+i type materials with strontium, nickel and oxygen have also been unsuccessful 

(1) and vide infra. Instability of such Ruddlesden-Popper (2) phases is not unexpected, 

as they contain portions of the K^NiF^ structure. However, given the stability of the 

Sr^FCgO^.y and Sr^Co^O?.; systems, it was conjectured that nickel could be doped into the 

Sr^M^O?.^ (M = Fe, Co) systems with the intention of obtaining more information about 

the phase formation of p compounds.

In chapter 4, Sr^Fe^O? has been shown clearly to exhibit unusual charge 

disproportionation behaviour, Fe'^^ —> Fe^^ and Fe^^ (3). If this process could be 

slowed down or modified in some way, for example by exchanging some of the iron atoms 

for other ions, then this behaviour could be characterised in more detail. Substitution of 

iron atoms by elements of similar and variable valence, such as other transition metals, is 

a natural choice.

This section reports the preparation of mixed transition metal Fe, Co and Ni 

Ruddlesden-Popper type phases. Phase purity and crystallographic changes were first 

investigated using powder x-ray diffraction. Full structure determination was then 

performed using the high resolution neutron diffractometer, HRPD, at the Rutherford 

Appleton Laboratory. Oxygen content was measured by thermogravimetric analysis and 

refinement of oxygen occupancies using powder neutron diffraction data. The effect of 

doping on iron disproportionation behaviour was monitored by Mdssbauer spectroscopy.

6.2 Experimental.

6.2.1 Preparation of SnFCi ,Ni,0^ „

NiO, Fe^Oj and SrCOj in the correct molar proportions, covering the range 0 < x < 1.2,
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were intimately ground and heated at 1100°C for 24hrs. After quenching and regrinding 

the samples were returned to the box furnace and heated for a further 24hrs at 1300°C.

X-ray diffraction analysis of the samples showed them to be single phase up to and 

including x = 0.8. Oxygen content was determined by thermogravimetric analysis in 5% 

H2/N2, which showed two weight losses; one at 540°C characteristic of Fe'^+ reducing to 

Fe^+, and a second at 650°C . At higher values of x, additional reflections, corresponding 

to NiO, appeared in the diffraction pattern.

Oxygen annealed samples were then prepared by heating the air quenched samples 

at 480°C for 24hrs and slow cooling to room temperature. Reduced samples were 

prepared by heating the air quenched samples in a mbe furnace at 850°C in 5% hydrogen 

in nitrogen overnight and slow cooling to room temperature. Changes in lattice parameters 

with X are summarised in Tables 6.1, 6.2 and 6.3. The x = 0, Sr3Fe207.,., samples are 

included for comparison.

Table 6.1 Lattice Parameters for Sr3Fe2_xNi,(07_„, Air Quenched Samples (A)

X a(A) cCA) ()xygen
Content

0 3.874(1) 20.171(6) 6.58 ± 0.05

0.2 3.864(1) 20.149(10) 6/^i ± 0^5

0.4 3.855(1) 20.142(7) 6.38 ± 0.05

0.6 3.851(1) 20.138(6) 6.37 ± 0.05

0.8 3.842(1) 20.135(6) 6.35 ± 0.05

6.2.2 Preparation of Sr Je, „

CoO, SrCOj and Fe203 in the correct molar proportions, covering the range 0 < x < 0.4 

were intimately ground and heated at 1100°C in a box furnace. After air quenching and 

regrinding the samples were returned to the box furnace and heated for a further 24hrs at
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Table 6.2 Lattice Parameters for SraFe^.^Ni^O?^, Oxygen Annealed Samples (A)

a(A) cCA) Oxygen

Content

0 3.868(1) 20.164(2) 6.75 ± 0.05

0.2 3.861(1) 20.142(7) 6.66 ± 0.05

0.4 3.853(1) 20.101(9) 6.71 ± 0.05

0.6 3.846(2) 20.076(11) 6.71 + 0.05

0.8 3.839(2) 20.024(8) 6.72 ± 0.05

Table 6.3 Lattice Parameters for Sr^Fe^.^NixO?^, Reduced Samples (A)

a(A) c(A) Oxygen
Content

0 3.890(1) 20.040(1) 6.00 ± 0.05

0.2 3.887(1) 20.104(4) 5.90 + 0.05

0.4 3.875(1) 20.184(7) 5.80 ± 0.05

0.6 3.855(2) 20.314(6) 5.70 + 0.05

0.8 3.835(2) 20.465(15) 5.60 + 0.05

1200°C. On quenching to room temperature, these samples proved to be sensitive to 

atmospheric conditions and were thereafter transferred to a glove box whilst still hot. The 

samples were mounted in the x-ray sample holder in the glove box which was sealed using 

mylar film. Derivation of cell parameters for x = 0.2 gave a = 3.837(3)A and c = 

20.439(10)A for the majority phase although there were additional reflections in the 

diffraction pattern. Many attempts were made to produce single phase samples in this 

system but they were unsuccessful, usually yielding a second phase of poor crystallinity.
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6.2.3 Preparation of SnCo^ ..Nl.O. ^

CoO, NiO and SrCOg in the correct molar proportions, covering the range 0 < x < 1.2, 

were heated at 1200°C in a box furnace and air quenched. Progressive increases in the 

nickel content showed that the solution limit was 1.0; further increase in the nickel content

resulted in additional reflections belonging to NiO appearing in the diffraction pattern. 

(Jbcygen confer^ tvais niea^aired try the^iiiogiuavimetric artab/sis. )C-ray (iiffnactbon analysis 

of thie ]pro(iuc^ afnsr hetdiryg at o\^;miglit sjiowexi a plhase cbamge lixxm

orthorhombic to tetragonal at x = 0.4. The changes in lattice parameters are summarised 

in Table 6.4. The lattice parameters of the pure cobalt compound is also included in Table
6.4 for comparison.

Attempts to increase the oxygen content by prolonged annealing in air and oxygen 

were unsuccessful, generally producing a mixture of phases of poor crystallinity which 
were very sensitive to atmospheric conditions.

Table 6.4 Lattice Parameters for Sr^Coz.^Ni^O?.* (A)

X a(A) cfVl) Oxygen

Content

0 a = 3.863(1)

b == 11.43:2(4)
20.227(10) 5.78 d: 03)5

0.2 a == 3.860(1)

1) == 11.44:2(3)

20.271(9) 5/71 + 0.C15

0.4 a == 3.83()(1) 20.301(10) 5.68 ±0.05

0.6 a == 3c835(l) 20.289(8) 5.66 ± 0.05

0.8 a =: 3383:2(1) 20.277(7) 5.62 + 0.05

1.0 a = 3.828(1) 20.268(5) 5.60 ± 0.05
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6.3 Powder Neutron Diffraction

6.3.1

Powder diffraction data were collected on both oxygen annealed and air sintered samples 

for X = 0.2, 0.4, 0.6 and 0.8 using the high resolution diffractometer, HRPD. Large 

samples were synthesised, c.a. 5g, for the neutron experiments. Collection times varied 

from 4-6hrs giving excellent quality data; all atoms have large scattering lengths.

6.3.2

Powder diffraction data were collected on samples x = 0.2, 0.6 and 1.0 using the high 

resolution diffractometer, HRPD. Large samples, c.a. 5g, were synthesised for the 

neutron experiments. These samples were transferred hot to a glove box where they were 

separated into two specimens, one of which (0.5g) was analysed using powder x-ray 

diffraction and thermogravimetric analysis to ensure sample purity and measure the oxygen 

content, and the other, (4,-5g) was transferred to a vanadium can and sealed with indium 

wire. Long collection times were employed (>12hrs) to obtain high quality data for 

structure refinement and overcome the small scattering length of cobalt (b = 0.25 x 10" 

'^Fm^).

6.4 Mossbauer Spectroscopy.

Mossbauer spectra were collected on the SLFe^.xNi^^O';.^, air quenched, samples between 

room temperature and 4.2K. Absorbers were prepared of finely ground samples together 

with boron nitride to randomise the orientations of the microcrystals. The samples were 

weighed to give optimum signal to noise (4) Sources of up to lOOmCi in Rh were used 

and the spectrometers calibrated using a iron at room temperature.
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6.5 Results and Discussion

Structure Refinements

6.5.1 SnFe.^:,0 ■7-Qr

Full profile refinements were carried out in the space group I4/mmm using the starting 

models of Sr^Fe^O^ and Sr^FegO^,?; (3) respectively for the air sintered and oxygen 

annealed samples.

Initial stages of the refinement included profile parameters such as scale factor, cell 

parameters and peak shape functions. Atomic parameters were then refined. Refinement 

of oxygen occupancy located the vacancies on the 03 site (Figure 6.1) and indicated all 

other oxygen sites were filled with an occupancy factor barely varying from unity and 

always within the e.s.d. Full occupancy was therefore maintained on the 01 and 02 sites 

for the rest of the refinement. No additional peak was present in the diffraction pattern 

suggesting that the formation of solid solution was successful and the samples were above 

any magnetic ordering temperature. Final stages of the refinement included isotropic 

temperature factors. Table 6.5a-d and 6.6a-d contain refined parameters for all four 

compounds under air sintered and oxygen annealed conditions. Bond lengths are given in 

Table 6.7 and 6.8, compared with those of the pure iron sample prepared under similar 

conditions. An example of the profile fit is shown in Figure 6.2.

Full profile refinements were carried out in the space groups Immm for x = 0.2, and 

I4/mmm for x = 0.6 and 1.0, using the starting models of Sr^CogO^ (5) and Sr^Fe^O^ 

(3) respectively for the air sintered and oxygen annealed samples.

In the case of the orthorhombic sample, x = 0.2, simultaneous refinement of 

isotropic temperature factors and atomic positional parameters gave rise to unstable 

parameters which were varying outside their e.s.d. Having fixed the positional parameters 

refinement of temperature factors proceeded smoothly. High temperature factors indicated 

possible partial occupancy on the 03, 07 and 08 sites (as defined in Figure 6.3).
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Figure 6.1 Diagram of the Structure of AjBzOT-q
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Table 6.5a Refined Atomic Parameters for Sr^Fe, gNi^ zO,6.45

Atom Site X y z Beq Occupancy

Sri 2b 0 0 % 0.81(5) 1.00

Sr2 4e 0 0 0.3180(1) 1.00(3) 1.00

Fe/Ni 4e 0 0 0.1004(1) 0.70(2) 0.9/0.1

01 8g 0 '/2 0.0888(1) 1.02(2) 1.00

02 4e 0 0 0.1956(1) 1.01(3) 1.00

03 2a 0 0 0 0.98(17) 0.44(1)

a = 3.8653(1)A, c = 20.1560(1)A. = 11.35, R,» = 7.05, = 2.59

Table 6.5b Refined Atomic Parameters for SrgFe, gNio^Og gg

Atom Site X y z Beq Occupancy

Sri 2b 0 0 1/2 1.06(4) 1.00

Sr2 4e 0 0 0.3184(1) 0.86(3) 1.00

Fe/Ni 4e 0 0 0.1004(1) 0.70(2) 0.8/0.2

01 8g 0 '/2 0.0883(1) 1.09(3) 1.00

02 4e 0 0 0.1956(1) 1.04(3) 1.00

03 2a 0 0 0 1.14(2) 0.36(2)

a = 3.8586(1)A, c = 20.1541(1)A. R^p = 11.63, R,,p = 5.51, / = 4.45

152



Table 6.5c Refined Atomic Parameters for Sr^Fe, ^Ni^ gO,6^0

Atom Site X y z Be, Occupancy

Sri 2b 0 0 y^ 1.05(5) 1.00

Sr2 4e 0 0 0.3186(1) 0.97(4) 1.00

Fe/Ni 4e 0 0 0.1004(1) 0.75(3) 0.7/0.3

01 8g 0 0.0876(1) 1.20(3) 1.00

02 4e 0 0 0.1956(1) 1.04(3) 1.00

03 2a 0 0 0 1.14(25) 0.35(9)

a = 3.8505(1)A, c = 20.1490(1)A. = 12.67, R^,p = 8.85, = 2.05

Table 6.5d Refined Atomic Parameters for Sr^Fe, ^Nig gOg ^g

Atom Site X y z Be, Occupancy

Sri 2b 0 0 >A 0.97(4) 1.00

Sr2 4e 0 0 0.3186(1) 0.68(3) 1.00

Fe/Ni 4e 0 0 0.1004(1) 0.59(3) 0.6/0.4

01 8g 0 'A 0.0877(1) 0.59(2) 1.00

02 4e 0 0 0.1958(1) 1.07(4) 1.00

03 2a 0 0 0 0.92(24) 0.40(9)

3.8430(1)A, 20.1440(1)A. R^p = 15.56, R^,. = 5.31, = 8.59
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Table 6.6a Refined Atomic Parameters for Sr^Fe, gNio ^O,6.66

Atom Site X y z Be, Occupancy

Sri 2b 0 0 % 0.88(3) 1.00

Sr2 4e 0 0 0.3173(1) 0.73(2) 1.00

Fe/Ni 4e 0 0 0.0983(1) 0.51(2) 0.9/0.1

01 8g 0 % 0.0925(1) 0.87(2) 1.00

02 4e 0 0 0.1940(1) 0.90(2) 1.00

03 2a 0 0 0 0.92(9) 0.75(1)

a = 3.8575(1)A, c = 20.1089(1)A. = 10.65, = 6.92, = 2.37

Table 6.6b Refined Atomic Parameters for Sr^Fe, gNio ^Og ?,

Atom Site X y z Be, Occupancy

Sri 2b 0 0 ‘72 0.56(4) 1.00

Sr2 4e 0 0 0.3177(1) 0.51(4) 1.00

Fe/Ni 4e 0 0 0.0983(1) 0.32(2) 0.8/0.2

01 8g 0 >/2 0.0920(1) 0.66(3) 1.00

02 4e 0 0 0.1940(1) 0.63(4) 1.00

03 2a 0 0 0 0.23(6) 0.66(2)

a = 3.8523(1)A, c = 20.0900(1)A. R^, = 11.94, R,,^ = 8.91, / = 1.80
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Table 6.6c Refined Atomic Parameters for Sr^Fe^ ^Niq ^Og 7!

Atom Site X y z Occupancy

Sri 2b 0 0 '/2 0.55(2) 1.00

Sr2 4e 0 0 0.3175(1) 0.35(2) 1.00

Fe/Ni 4e 0 0 0.0982(1) 0.17(1) 0.7/0.3

01 8g 0 'A 0.0924(1) 0.53(2) 1.00

02 4e 0 0 0.1936(1) 0.55(2) FOO

03 2a 0 0 0 0.54(8) 0.70(9)

a = 3.8466(1)A, c = 20.0565(1)A. = 8.39, = 4.23 = 3.89

Table 6.6d Refined Atomic Parameters for Sr^Fe, ^Nio gO^ 72

Atom Site X y z Beq Occupancy

Sri 2b 0 0 1/2 0.79(3) 1.00

Sr2 4e 0 0 0.3175(1) 0.49(2) 1.00

Fe/Ni 4e 0 0 0.0982(1) 0.35(2) 0.6/0.4

01 8g 0 1/2 0.0924(1) 0.65(2) 1.00

02 4e 0 0 0.1939(1) 0.71(2) 1.00

03 2a 0 0 0 0.88(1) 0.71(1)

a = 3.8431(1)A, c = 20.0315(1)A. R,,^ = 8.76, R,,p = 4.45, = 3.88
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Figure 6.2 Profile Fit for the x = 0.4 Oxygen Annealed Sample.
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Figure 6.3 Diagram of the Tripled Orthorhombic Structure
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Refinement of oxygen occupancy on these sites led to complete exclusion of the 03 site 

from the refinement and partial occupancy on the 07 and 08 sites. In fact, attempts to 

place oxygen on the 03 site, with subsequent refinement resulted in unstable temperature 

factor, z-coordinate and occupancy which oscillated about zero. Simultaneous refinement 

of temperature factors and occupancies was not possible and several cycles of fixing one 

and varying the other were performed to give steady values.

Final refined parameters are shown in Table 6.11. Calculated strontium and cobalt 
bond lengths are give in Tables 6.12a and 6.12b respectively. Bond angles around the 

transition metal centres are given in Table 6.12c.

Refinement of x = 0.6 and 1.0 proceeded smoothly in the space group I4/mmm. 

Atomic parameters could be refined simultaneously with oxygen occupancies and 

temperature factors. Refinement of oxygen occupancies suggested partial vacancies on 01 

and 03 sites with full occupancy on the 02 site. The latter was subsequently fixed and 

partial occupancy refined on the 01 and 03 site. Final stages of the refinement included 

simultaneous refinement of all isotropic temperature factors and occupancies. Final refined 

parameters are shown in Table 6.9a and 6.9b and calculated bond distance in Table 6.10. 

Figures 6.4 and 6.5 show an example of the profile fit for the tetragonal and orthorhombic 

region respectively.

Mossbauer Spectroscopy.

The Mossbauer parameters for the nickel doped Sr^Fe^O^.^ system at room temperature and 

4.2K are given in Table 6.13 and 6.14. Examples of the spectra at room temperature and 

at 4.2K are given in Figures 6.6 and 6.7. In comparison to the spectrum from the iron 

system (Figures 4.7 and 4.8) these are much more complex. Generally these spectra can 

only be fitted successfully by using three different iron signals with different shifts. Two 

of these are very similar to that of the pure iron system and the third has intermediate 

parameters. The last is assumed to be iron(IV). The approximate iron oxidation state 

calculated from the relative proportions of the iron signals in the Mossbauer spectrum are 

given in Tables 6.13 and 6.14 with the nickel valence calculated from the oxygen 

stoichiometry. This implies the nickel oxidation state in all these materials is greater than 

two although when dealing with such low values of x the errors are likely to be large.
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Table 6.9a Refined Atomic Parameters for Sr^Co, ,66

Atom Site X y z Beq Occupancy

Sri 2b 0 0 A L7iq0 1.00

Sr2 4e 0 0 0.3175(1) 1.03(2) 1.00

Fe/Ni 4e 0 0 0.0988(1) 0.80(1) 0.7/0.3

01 8g 0 'A 0.0891(1) 1.14(3) 0.82(1)

02 4e 0 0 0.1953(1) 1.06(2) 1.00

03 2a 0 0 0 0.26(12) 0.37(1)

3.8352(1)A, c = 20.2894(1)A. = 6.48, R,,,, = 4.11 = 2.49

Table 6.9b Refined Atomic Parameters for Sr^CoNiOj.60

Atom Site X y z Occupancy

Sri 2b 0 0 A 1.88^0 1.00

Sr2 4e 0 0 0.3176(1) L12C^ 1.00

Fe/Ni 4e 0 0 0.0986(1) 0.91(3) 0.5/0.5

01 8g 0 y^ 0.0894(1) 1.28(5) 0.81(1)

02 4e 0 0 0.1949(1) 1.13(3) 1.00

03 2a 0 0 0 1.16(16) 0.38(1)

a = 3.8281(l)A, c = 20.2684(l)A. R_ = 9.02, R« =4.16 x^ = 4.70
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Table 6.10 Calculated bond lengths for SrgCo^.xNixOy.* x = 0.6 and 1.0 (A).

Atom - Atom Sr^Coi^NiggOj 66 Sr3CoNi06,6o

ISrl - ()1 2.774(2) X 8' 2.767(2) X 8'

Sri- 03 2.712(1) X 4' 2.707(1) X 4'

Sr2- 01 2.562(2) X 4' 2.559(2) X 4'

Sr2 - 02 2.479(3) X 1 2.487(3) X 1

Sr2 - 02 2.724(1) X 4 2.719(1) X 4

Co/Ni - 01 1.928(1) X 4' 1.923(1) X 4*

Co/Ni - 02 1.958(3) X 1 1.952(3) X 1

Co/Ni - 03 2.005(2) X r 1.999(2) X r

denotes partially filled site.
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Table 6.11 Refined Parameters for Orthorhombic Sr^Cog.^Ni^O?.* (A).

X y z Beq Site

Sri 0 0 0 1.98(28) 1.00

Sr2 0 0.3327(10) 0 2.06(14)) 1.00

Sr3 0 0 0.1818(5) 2.29(20) 1.00

Sr4 0 0.3310(6) 0.1828(2) 1.62(9) 1.00

Col 0 0 0.5974(8) 1.76(27) 1.00

Nil 0 0 0.5974(8) 1.76(27) 1.00

Co2 0 0.3336(10) 0.5985(4) 0.90(13) 1.00

Ni2 0 0.3336(10) 0.5985(4) 0.90(13)

01 0 0.1657(5) 0.4109(2) 0.46(5) 1.00

02 0 0.1650(7) 0.0915(3) 2.60(2) 1.00

03 A 0 z - 0

04 % 0 0.4125(7) 2.78(2) 1.00

05 0 0 0.6950(5) 1.65(18) 1.00

06 0 0.3318(7) 0.6955(2) 1.66^0 1.00

07 0 0 '/2 1.44(5) 0.36(2)

08 0 0.3408(14) ’/2 1.09(3) 0.39(1)

a = 3.8628(1)A
ILp = 9.77

b = 11.4420(1)A 

Rcxp = 3.19

c = 20.2706(1)A

X 9.36

Oxygen content = 5.71(3)
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Table 6.12a Calculated Strontium Bond Lengths for Sr^Co, (A).

Sr3Co, gNio 2O5 71

Sri- 02 2.647(7) X 4

Sri-08 2.654(11) X 4'

Sr2 - 01 2.645(14) X 4

Sr2 - 02 2.670(16) X 2

Sr2 - 04 2.609(17) X 2

Sr2 - 06 2.771(11) X 2

Sr2 - 07 2.719(1) X 2'

Sr3 - 02 2.630(10) X 2

Sr3 - 05 2.497(17) X 1

Sr3 - 06 2.740(6) X 4

Sr4 - 01 2.707(4) X 2

Sr4 - 02 2.652(9) X 1

Sr4 - 04 2.732(12) X 1

Sr4 - 05 2.744(5) X 2

Sr4 - 06 2.696(7) X 2

Sr4 - 06 2.468(7) X 1

denotes partially filled site

164



Table 6.12b Calculated Cobalt Bond Lengths for Sr^Co, (A).

Sr^Co, gNio 20g 71

Col - 01 1.903(6) X 2

Col - 04 1.941(2) X 2

Col - 05 1.978(21) X 1

Col - 08 1.974(16) X r

Co2 - 01 1.931(12) X 1

Co2 - 02 1.934(14) X 2

Co2 - 06 1.965(9) X 1

Co2 - 07 1.998(8) X r

Table 6.12c Derived Bond Angles for the Transition Metal Centre (°).

Atom - Col - Atom Angle (°) Atom - Co2 - Atom Angle(°)

01 - Col - 01 170.4 01 - Co2 - 01 89.9

01 - Col - 04 89.5 01 - Co2 - 06 94.9

01 - Col - 05 94.8 01 - Co2 - 08 86.5

01 - Col - 07 85J 02 - Co2 - 05 94.2

04 - Col - 05 95.7 02 - Co2 - 08 85.7

04 - Col - 07 18^0 06 - Co2 - 08 178.6
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Figure 6.4 Refinement Profile for Sr^CoNiOj 60

Figure 6.5 Refinement Profile for Sr^Co, gNio iO^ji
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Figure 6.7 Mossbauer Spectrum for Sr^Pe, gNio gOg ^; at 4.2K
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Table 6.13 Mossbauer Parameters at 300K for the Air Quenched Samples.

X

Chemical

Shift

Quad

Splitting

%

Int

Iron

Valence

Calc Fe

Valence

Calc Ni

Valence

0.2 -0.09mms‘‘ 0.13mms'' 21 Fe^+
0.24mms'‘ 0.94mms' 11 "Pg4+ « 3.53 2.73
0.29mms' 0.38mms'^ 68 Fe^

0.4 -O.OSmms' 0.16mms* 22 Fe^+
0.15mms‘‘ 0.42mms"‘ 22 "Fe‘*+" 3.66 2.31
0.32mms'‘ 0.44mms'* 56 Fe3+

0.6 -0.06mms' 0.16mms'^ 24 Fe^+
0.16mms"’ 0.25mms'' 32 "Fe^+o 3 80 2.25
0.33mms'‘ 0.39mms'^ 44 Fe^
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Table 6.14 Mossbauer Parameters at 4.2K for the Air Quenched Samples

Chemical Quad Hyp. % Iron Calc Fe CalcNi
X Shift Splitting Field. Int Valence Valence Valence

0.2 0.14mms ^ 0.27mms'^ 239kG 27 Fe^+
0.42mms'' 0.26mms'' 462kG 73 Fe"+ 3.54 2.64

0.4 O.llmms'* 0.21mms' 254kG 22 Fe^+
O.SSmms' 0.22mms’* 396kG 22 "Fe'*+" 3.66 2.31
0.40mms'* 0.56mms^ 454kG 56 Fe^^

0.6 0.06mms' -O.OSmms' 290kG 24 Fe^+

0.38mms’ 0.14mms'^ 418kG 34 ,,Fe4+" 3^2 2.25
0.40mms'* -0.02mms’ 457kG 42 Fe^

"Fe'*'^" indicates possibility of averaged state.
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The average iron valence is shown to increase with x. The charge states for the x = 0.2 

sample are reasonably well defined, for higher values of x, the nominally Fe'*+, becomes 

less well defined and the clarity worsens as x increases. Therefore, at x = 0.8 the 

assignment of the 4.2K spectra is almost impossible with any certainty. This parameter 

for "iron(IV)" maybe in fact due to an averaged iron(III)/iron(V) signal where the electron 

hopping is too fast for Mossbauer spectroscopy to discern.

Discussion

Figure 6.8 shows the variation in the cell parameters with varying nickel content for air 

sintered (+), oxygen annealed (•) and reduced (*) samples of the Sr3Fe2_xNi,,07.„ series. 

The a-parameter is simply controlled by the 01 - M - 01 distance and a drop in the 

magnitude of this distance will be a result of the larger Fe^+ (0.645A (4)) being replaced 

by a smaller ion e.g. NF+ (0.56A (4)) if the 01 site remains fully occupied. In all cases 

the a parameter reduces linearly with increasing nickel content. For the air sintered 

samples and oxygen annealed samples the oxygen content stays approximately constant 

over the range of x with the 01 site remaining fully occupied. In the case of the reduced 

sample, the Fe^+ ion is, presumably, now substituted by the larger NF+ (0.690A (4)) ion 

and if the oxygen content was constant across the range of x the lattice parameter, a, 

would be expected to rise. However, the oxygen content has now dropped below six and 

an additional oxygen site will now be partially vacant (i.e assuming the 03 site becomes 

entirely vacant when a = 1.0 as in the pure iron system (1)). Since the size of the a 

parameter continues to fall then the vacancy is likely to be on the 01 site which affects the 

size of the a parameter. This is further confirmed by the c parameter graph which falls 

for the oxygen annealed and air sintered samples with x but rises in the case of the reduced 

sample. Here the larger size of the NF+ cation effects an increase in the c parameter and 

therefore the oxygen vacancies are unlikely to involve c. The length of the c parameter 

is affected by oxygen vacancies on the 02 and 03 sites which lie above and below the 01 

- M - 01 plane. The latter, as seen from the Sr^Fe^O^, is completely vacant when the 

stoichiometry reaches Og. Assuming these samples are similar to the pure iron samples 

then the 02 site is likely to be filled. This is probably only the case when oxygen 

ordering has time to occur and the experimental result would probably be different for an
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Figure 6.8 Change in Lattice Parameters with Nickel Content in Sr^Fe^.^Ni^O?,^
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air quenched sample. A better understanding of this behaviour could be achieved by 

preparing some more materials with the lower oxygen content.

The reduced samples, suggest oxygen vacancies on the 01 site. This result applies 

to the bulk sample and not the individual transition metal ion environments. Therefore, 

local changes in transition metal coordination or local ordering of the transition metal ions 

would not be resolved. In order to study the system more fully, a separate technique 

would be needed, which studies isolated ion configuration, such as EXAFS.

Bond valence calculations (6) have been performed on the metal sites and are 

summarised in Table 6.15a and 6.15b. For the transition metals this was achieved using 

the parameters for Fe^+ and NF+ since no parameters are available for the more oxidised 

ions. This shows there is little change in the calculated bond valence of either metal site 

with changing x. The calculations show a divalent nickel cation would be overbonded in 

this environment and supports the hypothesis that the oxidation state of the doped nickel 

ions is greater than two. The bond lengths around the transition metal centre in the 

oxygen annealed samples all decrease as the nickel level rises. This trend also supports 

the hypothesis that the iron atoms are being replaced with ions of a smaller ionic size; 

where trivalent nickel is smaller than trivalent iron. The absence of a similar trend in the 

air quenched samples is presumably a result of disorder in the system.

Mossbauer analysis also suggests that the nickel valence is greater than two. 

Calculations of overall iron valence, from the derived proportions of Fe^"^, Fe""^ and Fe^+, 

also increases with x. Indeed, if the iron oxidation state is calculated from the determined 

oxygen content by t.g.a. (assuming the nickel to be essentially trivalent) then at x= 0.8 

for the oxygen annealed sample Fe = 4.2(2)+. This would give a good indication why 

solid solution limit is 0.8 i.e. further oxidation of the nickel would mean oxidation of iron 

to the pentavalent state which would be energetically unfavoured at low pressures.

In the Sr^Coz xNi^^O?.* series a phase change occurs around x = 0.4. Figure 6.9 

shows the variation in the cell parameter as a function of x. In all cases the parameters 

are shrinking as the level of nickel increases. This behaviour could be predicted since 

cobalt(III) atoms in the structure are now being replaced by smaller (nickel(III)) or more 

oxidised (cobalt(IV)) ions.

The refined parameters of the tetragonal region gave steady results and showed the 

oxygen vacancies to be on the 01 and 03 sites. These samples however were, air
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Table 6.15a Calculated Bond Valence of Metal Atom Sites for the Air Sintered Samples

Atom 0.0 0.2 0.4 0.6 0.8

Sri 1.24 132 131 138 138

Sr2 2.00 L97 1.96 L96 199

Fe 137 3J3 3.25 3.26 130

Ni - 2.46 144 2.46 2.48

Table 6.15b Calculated Bond Valence of Metal Atom Sites for the Oxygen Annealed 

Samples

Sr3Fe2.%Ni*0^_g; x —

Atom 0.0 0.2 0.4 0.6 0.8

Sri 2.31 2.26 134 134 138

Sr2 2.05 2.09 2.09 112 114

Fe 151 3.56 3.54 3.60 161

Ni - 2.68 2.65 2.71 2.72
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Figure 6,9 Change in Lattice Parameters with Nickel Content in Sr^Cog.xNixO?.*
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quenched, and oxygen ordering would not have had the opportunity to occur. The level 

of oxygen occupancy on the two partially occupied sites therefore, may be, different under 

preparative conditions which promote oxygen ordering e.g. slow cooling. This result does 

support the previous hypothesis that the second site to accommodate oxygen vacancies is 

the 01 sites.

As previously noted in the pure cobalt system the structural refinement represents 

an average over the sample. However, local ordering effects around the cobalt centres are 

now accompanied by possible ordering of the transition metal cations in both orthorhombic 

and tetragonal systems. This maybe the reason for the relatively poor profile fit obtained 

in the orthorhombic, x = 0.2, sample.

Bond valence calculations for the tetragonal and orthorhombic samples are 

summarised in Table 6.16a and 6.16b respectively using the parameters for cobalt(II) and 

nickel(II). In both cases the Sri site is extremely underbonded although in both cases 

these are low coordinate sites. This maybe the reason why the limit to the cobalt 

substitution is 1.0 where the Sr site becomes so underbonded that the structure is no longer 

stable and disassociates to more stable products.

Table 6.16a Calculated Bond Valence Parameters for the Tetragonal Region

Atom Sr3CoNiO;.6o

Sri L40 L43

Sr2 2H5 2H4

Co 2.38 Z39

Ni 2H5 2H6

In the tetragonal system the bond valence of the transition metal site shows a good 

approximation to a divalent nickel atom. However, the cobalt atoms are very overbonded. 

Using the experimentally determined oxygen content to derive a cobalt oxidation state 

(with nickel divalent) gives Co^This suggests that both trivalent and tetravalent cobalt 

atoms are present in the structure. In the x = 0.2 sample the six-fold site is overbonded
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for the divalent atom. The degree of overbonding is much reduced in the five-fold site. 

Again there is evidence for the cobalt(IV) ion.
Unfortunately there is no definite proof of the individual oxidation states of the ions 

in these compounds although they could be predicted from the individual ionisation 

potentials. In order to confirm the assignments a spectroscopic method such as Auger 

spectroscopy could be employed although this technique does depend on comparison with 

known compounds and there are few pure materials with this level of oxidation.

Table 6.16b Calculated Bond Valence Parameters for the Orthorhombic Sample

Atom Valence Atom Valence

Sri 1.30 Col 2.79

Sr2 2.44 Co2 2.20

Sr3 1.61 Nil 2.51

Sr4 2.20 Ni2 199

6.6 Conclusions

Some mixed transition metal Ruddlesden-Popper phases, with the formula SraMz ^N^^O?^ 

M,N = Fe, Co and Ni, have been synthesised using solid state methods.

When M = Fe and N = Ni, the system crystallises in the tetragonal space group 

I4/mmm. The oxygen stoichiometry of the structure can be altered by annealing in a 

variety of gases (air, and O2), and the structure remains tetragonal. When g <

1, the oxygen vacancies are exclusively confined to the 03 site which links the octahedra. 

As g rises above 1.0 additional vacancies are introduced on the equatorial 01 site. 

Mdssbauer analysis suggests the iron oxidation state increases with rising x. This implies 

that Ni is in the trivalent state and iron as Fe^^, Fe'^^ and Fe®+.

When M = Fe and N = Co, a stable Ruddlesden-Popper phase is not formed. 

This may be related to a very long c parameter, and hence large interplanar distance
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between the transition metal octahedra, allowing atmospheric water to occupy the voids 

in the structure.

When M = Co and N = Ni, a series of Ruddlesden-Popper phases are formed. 

At low values of x the system has orthorhombic symmetry and crystallises in the space 

group Immm. As x rises above 0.4 there is a phase change to tetragonal and crystallises 

in the space group I4/mmm. Oxygen vacancies, in the orthorhombic samples, lead to a 

threefold tripling along the b-axis. In the tetragonal samples the oxygen vacancies lie on 

the 03 site, linking the transition metal octahedra and on the equatorial 01 site.

Refinements to determine the crystal structure of these materials was achieved using 

the Rietveld method. This gives an averaged picture of the whole structure, therefore 

individual transition metal ion coordination would need to be investigated further by a 

technique such as EX APS.
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CHAPTER 7

The Effect of Oxygen Stoichiometry 

on Phase Relations and Structure 

in the System La, ^.Sr^FeO^^g
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7.1 Introduction

The perovskite series Laj.^Sr^FeOj.^ was first studied by Waugh (1) who observed complex 

phase changes from orthorhombic at low x through rhombohedral to cubic as the 

stoichiometry approached SrFeOg (6=0). Since the distortions were very small no further 

structural information was obtained by Waugh although the complex magnetic properties 

of these materials were soon after investigated by Kelly (2). Preliminary Mossbauer 

measurements were undertaken by Shimony et al (3); at high values of x characteristic 

iron(IV) lines were observed with an isomer shift with respect to ^’Co in stainless steel of 

0.1 to 0.2 mms'\ Lower values of x, however, gave broad and varying linewidths which 

were attributed to an intermediate Fe^^/Fe"^"^ valence state.

A later study by Takano et al (4,5) on Lai.^Sr^FeOg^ using Mossbauer spectroscopy 

proposed a non-integral oxidation state of iron in these materials following 

disproportionation of the type:-

+ 7^ 4 + 1 (O^A^T) [1]

Lattice constants were defined for x = 0.4, 0.5, 0.7, 0.8 and 0.9 (0<6<0.05), but no 

further structural determination was attempted.

The most recent study to be performed on a compound in the Lai.^Sr^FeO^^ system 

was by Battle et al (6). This series of compounds LaSr2Fe309.y (0<y < 1), equivalent to 

X = 0.66, y = 36, using the Takano notation, was investigated using a variety of 

annealing techniques and characterised by powder x-ray and neutron diffraction.

Ate n%^UonaslAM«xm m
CaFeOj (7). However, the expected reduction in symmetry due to this ordering was not 

observed by either diffraction technique below the transition temperature. Takano had 

already suggested an explanation for this in his previous work on CaFeO^, when he 

proposed the disproportionation reaction was a short range ordering effect.

An example of the magnetic structure for each crystallographic region of the fully 

oxidised, 6=0, samples has been studied previously. Battle et al (8) studied the structure 

of the rhombohedral phase, x = 0.66, by neutron diffraction and indexed the magnetic 

reflections in a space group of lower symmetry than the crystal lattice, although the space

180



group was still trigonal. LaFeOj (9), x — 0, has a G type antiferromagnetically ordered 

spin lattice and SrPeO; (x = 1.0) has a magnetic structure based on an a helix (10). The 

magnetic structure of other compositions in the series has not been reported. The Neel 

temperature of the compounds drop dramatically as the value of x increases i.e. LaFeOg 

= 760K, SrFeOs = 134K.
This study describes the preparation of a range of samples in the Lai.^Sr^FeOg^ 

series (0<x<l), (0<5<0.5) using a variety of annealing techniques and their 

characterisation by powder x-ray diffraction. The major part of this work involves high 

resolution structural studies on the highly oxidised materials using HRPD at the Rutherford 

Appleton Laboratory. Low temperature neutron diffraction measurements were performed 

on POLARIS to glean information on magnetic ordering behaviour with the structural 

changes observed. Oxygen content was measured by thermogravimetric analysis.

7.2 Experimental

Samples in the series Lai ^Sr^FeOg^ (0<x< 1) were prepared by direct solid state reaction 

of SrCOj (99.9%), Fe^O^ (99.995%) and La^O^ (99.99%) mixed in the correct molar 

proportions in a pestle and mortar and initially fired at 1100°C in air. After regrinding, 

the samples were reheated at 1300°C for another 24hrs and compounds were then treated 

further to control the oxygen stoichiometry as defined in Table 7.1.

X-ray powder diffraction data were collected on all samples to assess sample purity. 

A stepped scan using a step size of 0.002° and long collection times were employed in an 

attempt to resolve the small structural distortions observed. Oxygen content was measured 

by thermogravimetric analysis using platinum crucibles under an atmosphere of 5%H2/N2 

operating at 800°C.

7.3 Powder Neutron Diffraction

Powder neutron diffraction data were obtained on HRPD at the Rutherford Appleton 

Laboratory on the high pressure oxygen annealed samples for all values of x. Data 

collection times varied from 3-4hrs. Full profile refinements were carried out using a time
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Table 7.1 Annealing Treatment

Annealing Gas Treatment

A Air Quenched from 1300°C

B 1%02/N2 Annealed 480°C overnight

Slow cooled to RT

C O2 Annealed 480°C overnight

Slow cooled to RT

D Annealed 480°C overnight

Slow cooled to RT

E Ar Annealed 480°C overnight

Slow cooled to RT

F High Pressure O2 Annealed at 900°C / 350atm

flowing O2 / slow cooled

of flight version of the Rietveld method (11). Although the samples x =0.0 to 0.3 were 

below their Neel temperatures at 298K, the maximum d-spacing used for the refinement 

was 1.7A below which magnetic reflections are extremely weak and could be ignored. 

Refinements were carried out in the space group Pbnm, x = 0.0-0.2, R3c for x = 0.4-0.7 

and Pm3m for x = 0.8-1.0, using the starting models of GdFeOg (12), LaCuO^ (13), and 

SrFeOj (14) for the three structures respectively. Refinement included all atomic 

positions, cell parameters, scale factors, background and peak shapes. Oxygen 

stoichiometry was permitted to vary for all samples initially, but was finally fixed for 

samples x = 0.0 to 0.7 as the stoichiometry varied only marginally from three and was 

always within the E.S.D. Final stages of the refinements included anisotropic temperature
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factors.
Magnetic neutron diffraction data were collected on the high pressure annealed 

samples x = 0.1, 0.5 and 0.8 using POLARIS. Diffraction data were collected for a 

period of 2hrs above and below the Neel temperature. At the time of collection there was 

no program for refining the magnetic data reflections and the intensities were therefore 

calculated using the PEAK program running on the Rutherford Vax.

7.4 Mossbauer Spectroscopy

Mossbauer data were collected on the high pressure oxygen annealed samples between 

4.2K and room temperature using a conventional transmission spectrometer using a double 

ramp waveform to give a flat background. Absorbers were prepared of finely ground 

samples, which were weighed to give optimum signal to noise (15), mixed with boron 

nitride to randomise the orientations of the microcrystals.

7.5 Results and Discussion

Annealing Experiments

The annealing experiments revealed complex phase relations in the Lai.^Sr^FeO,^ system. 

As first observed by Waugh (1) the system is composed of three regions of different 

symmetry at low values of 6. However, as demonstrated by Battle (6) in the Sr^LaFe^Og.), 

system, the purity and symmetry of this system shows extreme sensitivity to oxygen 

stoichiometry and sample preparation especially at high values of x. A summary of the 

annealing experiments including refined lattice parameters, oxygen content determined by 

thermogravimetric analysis and space group are included in Table 7.2.

Similar behaviour is also apparent in the SrFeOj.o system where the value of B is 

very sensitive to both sample preparation and annealing conditions. The SrFeO^.g system 

has been studied extensively by many authors (16-18) and many different phases have been 

recognised in the system; MacChesney et al reported the presence of both a cubic (B = 

0) and tetragonal (B = 0.14) phase. At higher values of B several orthorhombic phases

183



184



have been reported; when B = 0.25 Greaves er a/ (19) reported a phase in which every
other oxygen site was vacant in the 110 direction and this is related to the pure 

brownmillerite phase, Sr^Fe^O^ (20) where all these sites are vacant.

Recent studies have further investigated the low symmetry phases and a variety of 

conclusions reached depending on sample preparation method. Takeda et al {21) produced 

a whole range of complex phases from a preparation technique involving quenching from 

high temperature. Lower temperature experiments performed by Yamauchi et al (22) 

produced more ordered samples of higher symmetry. Location of phase boundaries thus 

varied according to preparative conditions.

Described below is the effect of different annealing conditions on the Lai.^Sr^FeO;^

system.

X = 0.0 to 0.2

At these low values of strontium substitution full oxygen stoichiometry is maintained 

within the limits of experimental error except during the reduction experiment. The 

symmetry of the samples remained Pbnm throughout the experiments although the 

orthorhombic distortion decreased slightly on reduction (D). In the high pressure oxygen 

annealed samples the orthorhombic distortion increases from x = 0.0 to 0.2 and this is 

reflected in the changing bond distances around the iron metal centre, vide infra.

0.3

Initial examination of the x = 0.3 sample by x-ray diffraction showed it to be multiphase 

for all annealing experiments except the reduction (D). Close scrutiny of the XRD 

patterns showed a mixture of both rhombohedral and orthorhombic phases. Reduction of 

the 0.3 phase in hydrogen gave a phase which showed sharp reflections and no peak 

splitting or additional reflections to suggest a non cubic unit cell and was hence indexed 

on a primitive cubic unit cell with a cell parameter of 3.9175(4)A.
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X = 0.4 to 0.7

The rhombohedral region shows a much wider range of oxygen non-stoichiometry and 

consequently more complex phase relations. The high pressure annealed samples exhibited 

the clearest distortions which were clearly visible for samples x = 0.4 to 0.6 by x-ray 

diffraction. The x = 0.7 sample at first appeared to be cubic although reflections were 

clearly broadened at high angle. The neutron diffraction experiments showed the sample 

to bi3 rh()mboh(:diaj \vith ve;i;y srnzdl di!4()rd()n C)f l.()0O8. TThe othear antiealinjg 

experiments gave differing results depending on the value of x.

For X = 0.4 the system remained rhombohedral through the entire range of 

annealing experiments except the reduction where a phase change to pseudo cubic 

occurred. 5 remained very small when oxygen was present but increased to 0.08 in the 

argon annealing experiment with a corresponding increase in both cell parameters. The 

reduction produced a similar phase to the reduced x = 0.3 sample which was indexed as 

primitive cubic with a cell parameter of 3.9151(4)A.

In the X = 0.5 sample only high pressure oxygen annealing and 100% oxygen of 

1 atmosphere (C) produced a pure rhombohedral phase. The other experiments, excluding 

the reduction, produced a mixture of orthorhombic and rhombohedral phases. The 

reduction experiment produced a mixture of an orthorhombic (AB)3Fe30g phase, as first 

()b!M:rved hry (jrenier 6^ (^23) zuid ahw) c^tsen/ed l]y ISaittle (:24), arid tlie ciibic pihtuw:.

A similar mixture of phases is observed when x = 0.6 except the multiphase region 

extends to the tube furnace annealed (C) sample. The only pure rhombohedral phase was 

produced by the high pressure experiment.

For X = 0.7 a pure rhombohedral phase was only produced by the high pressure 

experiment. The other three annealing techniques employing oxygen produced a mixture 

of orthorhombic and tetragonal phases as observed for SrFeOj^ (13 = 0.27). However, 

argon annealing produced a pure tetragonal phase similar to that observed by many authors 

in SrFeO2.78_2.g6- The main phase from the reduction experiment (D) was Sr2LaFe308 with 
a small amount of the reduced phase.

186



X = 0.8 - 0.9

The last region produced the most complex systems of all due to the wide range of oxygen 

non-stoichiometry. At x = 0.8 a cubic phase was produced by the high pressure 

experiment with both oxygen annealed (C) and the as sintered sample (A) being a mixture 

of tetragonal and cubic phases. Both the oxygen in nitrogen (B) and the argon annealed 

(E) products were pure tetragonal phases. The hydrogen reduction (D) gave a complex 

mixture of Sr^LaFe^Og and Sr^Fe^Og.

For X = 0.9 very similar properties are observed to those described above except 

the oxygen annealed sample was also tetragonal. Both the reduction (D) and the argon (E) 

experiment gave a mixture of SrjLaFegOg and Sr^Fe^O^. A summary of the phase 

behaviour is shown in Figure 7.1. The data for the x = 1.0 series was taken from the 
results described by Yamauchi (22).

Neutron Diffraction Experiments

The neutron diffraction refinements of the orthorhombic samples proceeded steadily in the 

space group Pbnm. In the case ofx = 0.0 and x = 0.1 some additional, magnetic, 

reflections just below 1.7A had to be removed from the refinement. The final sample (x 

= 0.2) in this group was the most difficult to refine and close examination of the 

diffraction data showed misfitting on the low time of flight tail of some of the reflections. 

This is probably due to the fact that this sample lies on the border of the phase transition 

from orthorhombic to rhombohedrai and that the likely cause of the misfitting is the 

presence of a small amount of the rhombohedrai phase. Despite the impurity, for which 

due to overlap exclusion of peaks was not possible, both atomic positions and cell 

parameters were steady and remained within the E.S.D.’s. Final refinement parameters 

and important bond lengths and angles are listed in Table 7.3.

A multiphase refinement program was not available at the time of data collection 

and so the refinement of the HRPD data for the x = 0.3 sample was not possible. The 

rhombohedrai phases refined rapidly in the space group R3c although the peak shape 

parameters were very difficult to fit in the case ofx = 0.6 and 0.7 due to the small 

rhombohedrai distortions giving rise to very small peak splittings. Final refinement
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parameters and important bond lengths are listed in Table 7.4

The two cubic samples were refined in the space group Pm3m. Although 0.8 

proceeded smoothly the 0.9 sample showed significant peak broadening and was more 

difficult to refine. However, no additional reflections were observed to suggest a lower 

symmetry. Close scrutiny of the neutron diffraction pattern shows a high angle tail which 

could be attributed to a SrFeOj impurity. Final refinement parameters and important bond 

lengths are listed in Table 7.5. An example of the profile fit to the data is shown in 
Figure 7.2

Figures 7.3 and 7.4 show the variation in lattice parameter with varying strontium 

content and a plot of the change in volume with strontium substitution for the high 

pressure oxygen annealed samples. A comparison of the two shows that although the 

overall volume is changing linearly with x the local environment of the ions and, hence, 

individual lattice parameters change significantly. Figure 7.3 shows that the variation in 

lattice parameter falls into three distinct regions corresponding to the different crystal 

systems. Although the change in lattice parameters within these systems is approximately 

linear, there is a discontinuity at the phase boundaries. The most obvious of these is in 

the region between 0.2 and 0.4 and perhaps this gives and indication as to why the 0.3 

sample is multiphase and the 0.2 sample also shows signs of rhombohedral impurity.

A three region graph is also observed in Figure 7.5 and Figure 7.6 which show the 

variation in bond length around La/Sr and Fe with strontium substitution for the high 

pressure oxygen annealed samples. The non-continuity is most obvious between 

orthorhombic and rhombohedral, but it is also present between rhombohedral and cubic. 

If the La/Sr - O distances are extrapolated by a curve to a point where they coincide i.e. 

Edl hvidve A (%dion to oxygen dh^mce^ ane (xpud ^ Ibr a cubic syskm usit^ the 

rhombohedral region of Figure 7.5, a phase change to cubic at x = 0.8 is implied by 

linear extrapolation but the rhombohedral distortion graph. Figure 7.7, suggests a slightly 

lower value between 0.72 and 0.73 i.e. aV'6/c ration would equal one for a cubic phase. 

This would imply a relaxation of the local structure around the La when the structure 

becomes rhombohedral. The most likely explanation of the observed structural changes 
is the effect of the changing iron oxidation state as the series is transversed. Clearly there 

is both a change in ionic size and the oxygen ordering as iron moves from the tripositive 

to the tetrapositive state. The replacement of lanthanum by strontium is likely to have
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Figure 7.6 Variation of Fe - O Bond Lengths with Strontium Content, x.

Figure 7.7 Change in Rhombohedral Distortion with Strontium Content, x.
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very limited structural impact since they are of similar size and prefer similar coordination 

geometries. Considering the first phase change between x = 0.2 and x = 0.4 the iron site 

changes from being very distorted to an almost regular octahedron with equal bond lengths

and only slightly distorted bond angles from the idealised 90°, O - Fe - O, of 89.3° and
90.7°. The former situation is a highly unusual environment for both iron oxidation 
states.

Bond valences calculations on the iron site based on the bond lengths generated 
from the Rietveld analyses are summarised in Table 7.6.

Table 7.6 Comparison of Observed Fe""^ with Calculated Bond Valence

X Oxidation State Calculated Bond Valence

0.0 3.00 3.064

0.1 3H0 3.154

0.2 3.20 3.270

0.4 3.40 3.447

0.5 3.50 3.533

0.6 3.60 3.610

0.7 3.70 3.699

0.8 3.74 3.749

0.9 3.82 3.789

At high values of x the tabulated values show very good agreement. However, at low 

values of x in the orthorhombic region, the site valency gradually deviates to a greater 

extent from the theoretical value as x increases from 0.0 to 0.2. This behaviour suggests 

that the iron atom is being progressively more overbonded. Once the phase change has 

occurred to rhombohedral symmetry, the good agreement between site valency and
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expected iron oxidation state determined by TGA is restored. This suggests that the first 

phaae isixx^xddy ndanxlto die^nefen^d geomehy of the hxma^ average

oxidation state increases. The second phase change from rhombohedral to cubic is more 

difficult to explain since the difference in the two coordination geometries is minimal. 

However, considering the A cation there is a significant difference in the geometry of the 

twelve fold site. In the cubic case all twelve bond distances are the same whereas the 

rhondx^^xhnU sy^^m has a(hsh)med she. Th^ (UskntKm de^^^^es mthe

HKMnbohedMdieghmunfUtheKK a changeover focubksynnnehy. Thischangwr^^^a 

ah^ renewed ma huge dn^in k3npenhuKfacwrs sagg^isdng conveKhmffoma 

’rattling’ iron in an overly large cavity to a more acceptable coordination.

Low Temperature Neutron Diffraction Experiments

The low temperature neutron diffraction study of the x = 0.1, 0.5 and 0.8 high pressure 

annealed samples showed three crystallographically and magnetically distinct regions. In 

all cases the nuclear reflections could be totally indexed on the room temperature structure 

suggesting no reduction in symmetry below the Neel temperature. However, the resolution 

of POLARIS would preclude the observation of a small structural change. The 0.1 sample 

was run at lOOK, significantly below its Neel temperature of 580K and showed additional 

magnetic reflections which were coincident with the nuclear reflections which were similar 

to those observed fo LaFeOj at room temperature. This leads to the conclusion that there 

is no observable structural change associated with the disproportionation reaction seen in 

the Mdssbauer. For the 0.5 sample the data was collected at 4.2K which is below, both 

the Neel temperature of 240K, and the temperature for disproportionation. Examination 

of the nuclear reflections at low temperature did not suggest a reduction in symmetry as 

a consequence of the disproportionation reaction. The low temperature behaviour and 

magnetic reflections are similar to those observed for SrzLaFe^Ogg^,, however both 

POLARIS and DIA have relatively poor resolution and tiny structural changes would 

probably not be resolved using these diffractometers. The x = 0.8 sample was run at 

160K and exhibits very strong magnetic reflections which correspond to tripled a 

parameter. This is very similar to the SrFeOj magnetic structure which is based on an a- 

spin helix.
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Mossbauer Spectroscopy

Experimentally determined Mossbauer parameters for the high pressure annealed samples 

at 4.2K and room temperature are summarised in Tables 7.7 and 7.8. The calculated 

oxygen content determined from the relative proportions of the integrated iron signals are 

included. An example of the Mossbauer spectra for all three crystallographically distinct 

regions, for high pressure annealed samples, at 4.2K and room temperature are shown in 

Figures 7.8 and 7.9.

The Mossbauer measurements on the high pressure oxygen annealed samples show 

a clear difference between the rhombohedral/orthorhombic and cubic regions. The 

rhombohedral region, which has been previously studied using Mossbauer spectroscopy 

by Takano^'^-^ and more recently by Battle^^ on the sample Sr^LaFe^Og g^, shows parameters 

which are most applicable to Fe^+ and Fe^^ valence states. At room temperature the 

rhombohedral spectrum can be interpreted as a mixed valence iron(in) and iron(IV) state 

which undergoes charge disproportionation at low temperature to give three hyperfine split 

sextets which are relatively sharp. The sharpness of the signal is indicative of an ordered 

spin arrangement and magnetic reflections are indeed observed at low temperature using 

the POLARIS neutron diffractometer at the Rutherford Appleton Laboratory. The 

Mossbauer parameters observed for the rhombohedral and cubic regions are similar to 

those observed for Takano^^-^ although in our case the best fit to the data was achieved 

using three iron signals instead of two which was used by Takano for most of his 

assignments. Averaged Mossbauer parameters in all cases are in very good agreement 

with those observed by Takano.

The disproportionation behaviour, producing Fe^^ and Fe^^, clearly extends to the 

orthorhombic region although these samples are magnetically ordered at room temperature. 

Comparison of the 4.2K spectra with that of the rhombohedral region show obvious 

similarities. In contrast to this, the spectrum from the cubic region is very different with 

Mdssbauer parameters characteristic of iron(III) and iron(IV) both at room temperature and 

4.2K. This is similar to the behaviour noted for the slightly oxygen deficient cubic region 

of SrFeOa^, 5 < 0.05 (22)

Quadrupole splitting, where there is Fe^^/Fe^”^ disproportionation is in all cases
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very small or negligible suggesting the crystallographic site is distorted from octahedral 

o a very small extent. This observation is in good agreement with the neutron diffraction 

data which show only a slightly distorted site with bond lengths typically in the range 1.93 
- 2.03A for the orthorhombic region and bond angles only slightly removed from 90° in 

both rhombohedral and orthorhombic regions.

7.6 Conclusions

The system Lai.^Sr^FeO^^ is very complex and is highly sensitive to preparative conditions. 

The symmetry of the phases produced depends not only on the value of x but also the level 

of oxidation. Generally the phases produced have an analagous phase in the system 
SrFeOgg.

High pressure annealed samples were shown by neutron diffraction to fall into three 

distinct regions, each having different nuclear and magnetic structures. Determination of 

cell parameters and atomic coordinates was only possible on the high resolution instrument 

which allowed data of excellent quality to be collected. This allowed high quality 

refinements to be achieved even though the cell distortions were small. Minor quantities 

of impurity were revealed to be present at the phase boundaries.

The results from the neutron diffraction refinements were in close agreement with 

those first derived by x-ray diffraction. Oxygen content determined by TGA, neutron 

diffraction and those calculated from the relative proportions of iron"+ where n = 3"^, 4+ 

and 5+ determined by Mossbauer analysis were also in very good agreement (± 0.02)

Mossbauer spectroscopy has also shown different behaviour for all three 

crystallgraphic regions of the high pressure oxygen annealed samples. The orthorhombic 

and rhombohedral systems both show charge disproportionation of the iron(IV) ions similar 

to that observed in CaFeO; (4). Above the Neel temperature the rhombohedral samples 

give an averaged Mossbauer signal. The third, cubic, region shows no disproportionation 

and remains a mixture iron(III)/iron(IV) system throughout the examined temperature 
range.

Further work is planned in the system to investigate the low temperature behaviour 

on a higher resolution neutron diffractometer to allow magnetic structure determination.
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CHAPTER 8

Preparation and Characterisation of the 

System LaFei.^CUj,03.g
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8.1 Introduction

Iron doping experiments for copper in the high temperature superconducting cuprates have 

been of interest in the last few years. However, the location and oxidation state of the 

dopant atoms has been of debate (1, 2). Major problems are associated with the very low 

quantities of dopant (typically < 5 molar percent). Techniques which are routinely 

utilised to identify iron oxidation state such as Mossbauer spectroscopy are often 

ineffective at these low levels.

Comparison of iron and copper in perovskite based structures shows the two are 

responsible for different types of anion vacancies. This is largely due to the different sort 

of coordination environment preferred by the two ions. In the case of iron, the octahedral 

or tetrahedral environment is preferred, whereas copper has a tendency towards square 

pyramidal or square planar geometries depending on the oxidation state of the cation.

Raveau et al (3) studied doping of copper into perovskite structures 

containing iron(IV). In the SrFe,.%CUx02 ;.x/2+f system the doping of copper for iron had 
very little effect on the structure increasing the cubic cell parameter by only 0.4%. Using 

chemical analysis and Mossbauer spectroscopy the individual oxidation states of the ions: 

copper was both trivalent and divalent, all tetravalent atoms were iron. Addition of copper 

to a level of 20% caused a large increase in the conductivity resulting from an increase in 

the density of states at the conduction level based on the 3d atomic orbitals of copper. 

Similar behaviour was noted in the Lao jBao 5Fei.,(Cu,,02,75.x/2+« (4) system where high levels 
of both iron (IV) and copper (III) are reported.

LaFeO; has an orthorhombically distorted cubic perovskite cell and is made under 

atmospheric pressure at 1300°C in air (5). Crystallising in the space group Pbnm, it has 

iron in a distorted octahedral environment. In contrast, the copper analogue is 

rhombohedral and is formed by reaction of the constituent oxides with KCIO3 as an 

external source of oxygen at 50Kbar and 1500°C (6). Space group symmetry is R3c and 

the transition metal again has a distorted octahedral configuration. A solid solution 

between the two materials would be interesting on the grounds of the effect of changing 

transition metal on the structure, the electrical conductivity and the oxidation states of the 

ions.

This chapter reports the preparation of some compounds with the formula LaFe,,
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xCUxOg^, 0<x<0.5, prepared using ambient conditions of temperature and pressure. 

Structural characterisation is performed by powder x-ray and neutron diffraction. The 

oxygen content of the materials are determined by thermogravimetric analysis and the iron 

oxidation state by Mossbauer spectroscopy. The copper oxidation state is then calculated 
by difference.

8.2 Experimental

Homogeneous samples of Fe203, CuO and LagOg in the correct molar proportions were 

heated at 1000°C in a box furnace overnight (0 < x < 0.6). After quenching x-ray 

diffraction analysis of the products showed them to be a mixture of LaFeO,, LagCuO^ and 

CuO (Figure 8.1). Oxygen annealing at 1150°C in oxygen and slow cooling to room 

temperature, showed complete conversion to an orthorhombic phase with a structure 

similar to that of LaFeOg (Figure 8.2). The colour of the phases changed from being 

red/brown in the case of LaFeOj, to black on the addition of copper. Increasing the value 

of X showed that the solution limit was x = 0.3. Further increases in the level of copper 

substitution, resulting in irremovable quantities of La^CuO^ in the diffraction pattern. A 

summary of the change in lattice parameters is shown in Table 8.1

Table 8.1 Lattice Parameters of LaFei xCu^Oj^ (A)

X aCA) b(A) c(A)

0.0 5.557(1) 5.565(1) 7.854(1)

0.1 5.555(1) 5.562(1) 7.851(2)

0.2 5.550(1) 5.555(1) 7.849(2)

0.3 5.545(1) 5.550(2) 7.845(2)

Thermogravimetric analysis was performed in platinum crucibles heating to 750°C in 5% 

H2/N2 and gave an oxygen content invariant from three (assuming iron and copper were 

reduced to Fe^"*" and Cu^^ respectively). X-ray diffraction analysis of the t.g.a. product
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Figure 8.1 X-ray diffraction pattern of x= 0.2 air quenched

Figure 8.2 X-ray Pattern of sample x = 0.2 after Oxygen Annealing
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8.3 Powder Neutron Diffraction

Powder neutron diffraction data for refinement were collected on the oxygen annealed 

sample x = 0.1 at the HRPD diffractometer at the Rutherford Appleton Laboratory. The 

substantial scattering lengths of the ions allowed collection of data of suitable quality for 

refinement in 4hrs.

High d-spacing neutron diffraction data for analysis of magnetic reflections were 

collected at 300K on the POLARIS diffractometer at the Rutherford Appleton Laboratory.

8.4 Mossbauer Spectroscopy

The Mossbauer data were obtained with a conventional transmission spectrometer using 

a double ramp waveform to give a flat background. Finely ground samples were 

combined with boron nitride to randomise the orientations of the microcrystals and 

weighed to give optimum signal to noise (7).

8.5 Results and Discussion

Powder X-ray Diffraction

Initial x-ray data were collected on the Siemens D5000 diffractometer and showed 

complete conversion to a phase with an orthorhombic unit cell. Accurate positions of 

narrowly separated groups of reflections were pin-pointed using a continuous scan in the 

range 20 -80° using a step size of 0.02°. Deconvolution of groups of reflections was then 

achieved using a stepped scan, typically using a step size of 0.004°, counting for 10- 

15mins over each range of 2-3°. These reflections were then indexed by comparison with 

the JCPDS pattern of LaFeO^ and cell parameters calculated using the CELL program.

The behaviour of the cell parameters with increasing copper substitution is shown 

in Figure 8.3. There is a reduction in all the cell parameters as the copper content, x, 

increases. As the oxygen content, as determined by t.g.a, remains constant, this

gave an orthorhombic unit cell similar to the parent material but with a shift to lower 26.
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behaviour is indicative of the trivalent iron (0.645A) being replaced by a smaller ion. 

Clearly this substitution of a smaller ion can occur in two ways; either iron(ni) is oxidised 

to iron(IV) and copper enters the structure as copper(II) or copper(III) is simply replacing 

ironCUDD wlikzh isisnialler In size (0.fi4Jl). ia ]niixtujx:()fldie alx)vepMroce;sses

could be occuring

Figure 8.3 Change in the Lattice Parameters with Copper Substitution
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Structure Refinement

Profile refinement of the LaFeo gCuo iOj sample was performed in the space group Pbnm 

using the starting model of LaFeOj (5). Additional magnetic reflections were found in the 

refinement profile which could not be refined at the time of data collection. These 

reflections were, therefore, placed in excluded regions. Careful scrutiny of the diffraction 

pattern showed no further additional reflections and the refinement proceeded smoothly in 

the space group Pbnm. Initial stages of the refinement included lattice parameters and 

instrumental parameters such as background, peak shape functions and scale factor. 

Atomic positions were then refined. Refinement of temperature factors showed all 

oxygens to have similar values. Refinement of oxygen occupancies showed only very tiny 

deviations from unity which were always within the e.s.d. and so the values were fixed 

at full occupancy. Final stages of the refinement included anisotropic temperature factors. 

A summary of the refined parameters is given in Table 8.2 and the refinement profile is 

shown in Figure 8.4. Calculated bond distances and angles compared with the pure iron 

material is given in Tables 8.3a and b.

The latter two tables show there is very little change in bonding coordination 

around the transition metal centre on addition of copper. Copper(II) is a d^ ion and many 

copper(II) materials show signs of Jahn-Teller distortion. For example, in La^CuO^ (8) 

the copper atoms has four short in-plane interactions (1.9A) and two long apical bonds of 

(2.2A). This distortion of the metal ion coordination is usually manifested as a 

deformation of the parent structure; KCuFj (9) has a tetragonally distorted structure based 

on the perovskite (10) structure and LazCuO^ has a orthorhombically distorted version of 

the KgNiF^ structure. In contrast, structures containing either Fe'*^ or Cu^^ do not display 

this kind of distortion. For example, SrFeO^ (11) forms a perfect perovskite cube with 

a = 3.850A although the tetravalent iron is high spin d^ and would be expected to show 

Jahn-Teller distortion. Trivalent copper is a d* ion and as a natural consequence has a 

tendency to be square planar. However, the six-fold octahedral coordination is also known 

e.g. LaCuOj (5) and is not highly distorted. This may indicate that the copper atoms are 

substituting in the trivalent state predominantly since there is no great change in the 

transition metal ion coordination on copper substitution.
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Figure 8.4 Refinement Profile of LaFeg gCuojOg
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Table 8.3a Derived Bond Lengths (A)

Atom - Atom LaFeOg Lap Oq 9C Uq, 103

La - 01 2.581 X 1 2,592 X 1

La - 01 3.059 X 1 3.041 X 1

La - 01 3J58x 1 3.179 X 1

La - 01 2.421 X 1 2.397 X 1

La - 02 2.648 X 2 2.655 X 2

La - 02 2.805 X 2 2.804 X 2

La - 02 3.277 X 2 3.260 X 2

La - 02 2.450 X 2 2.458 X 2

Fe/Cu - 01 2.008 X 2 2.009 X 2

Fe/Cu - 02 2.002 X 2 2.001 X 2

Fe/Cu - 02 2.010 X 2 2.008 X 2

Table 8.3b Bond Angles Around the Transition Metal Centre (°)

Atom - Atom - Atom LaFeOg LsPCq 9CU01O3

01 - Fe/Cu - 01 180.0 180.0

01 - Fe/Cu - 02 89.4 89^

01 - Fe/Cu - 02 89.8 89^

02 - Fe/Cu - 02 9L4 9L3

02 - Fe/Cu - 02 88.6 88.7

02 - Fe/Cu - 02 180.0 180.0
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Although the refined structure represents an average over all the individual transition metal 

centres i.e. copper and iron, there is no evidence to suggest that addition of copper 

produces a large change in the coordination environment.

Low Temperature Neutron Diffraction

The low temperature neutron diffraction pattern of the LaFeo.9Cuo.1O3 from the POLARIS 

A bank is shown in Figure 8.5 with the additional magnetic reflections indicated (*). 

Comparison with LaFeOj (12) reveals a very similar pattern although the magnetic 

reflections are somewhat weaker. This suggests that the copper-doped samples have a 

similar magnetic structure although magnetic interactions have become weaker. This is 

clearly what is expected since high spin Fe^"*" ions are being replaced with atoms with a 

smaller magnetic moment.

Figure 8.5 Low Temperature Neutron Diffraction Pattern
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Mossbauer Spectroscopy

All the Mossbauer spectra in the series consists of a single resonance centred around 

O.Smms"^ shifting to lower isomer shift slightly as the level of copper increases. This can 

be attributed to a high spin trivalent iron atom in an octahedral environment where the 

bonding becomes less ionic on addition of copper. This essentially confirms that the 

copper is substituting as the tripositive cation since there is no evidence of an Fe(IV) signal 

in the Mossbauer spectrum. An example of the Mossbauer spectra at room temperature for 
X = 0.2 is shown in Figure 8.6.

Figure 8.6 Room Temperature Mossbauer Spectrum for LaFe,, gCug 2O3
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8.6 Conclusions

A solid solution can be formed in the system La-Fe-Cu-0. At low levels of dopant, 

synthesised at ambient pressure, this appears to have no great effect on the bonding 

coordination of the transition metal centre. Magnetic interactions weaken on the addition 

of copper and the bonding becomes less ionic. All indications point to the copper being 

in the trivalent state.
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Conclusions
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9.1 Conclusions

Tolerance factors have been used in this work to predict theoretically stable structures, 

based on close-packed arrays of ions. This procedure, clearly provides an indication of 

the stability of the final structure, in terms of the ionic radii, but cannot predict the 

synthetic conditions required. Clearly, this is purely a mathematical (empirical) argument, 

tind does iiot ccmsider thwe full fbermoKlyrtamics of thus sysham. Triw; bMast ap^plicatioii, is 
then, perhaps, as a method of predicting phases which will be unstable. For example, this 

procedure predicted that strontium, nickel and oxygen would not form the K^NiP^ 

structure, where the two cations are incompatible in terms of ionic size. Experimentally 

lias pirovxad to l)e hue, txitb hry ourselves (1), and otlier woiicers (21). v^sexzoiid point, 

highlighted by Sr^CrO^, is the relationship between the formulation of the material and the 

acttral sbnictune. Sr^CZrf)^ (3) tvouldlie theoretically stailble in thwslK^JSlUF^ structure with a 

Ikiieraiice factor (if liut instesKi forms struohire ruide:r<inibieiit(:orulid()ns

(4), (irUyr adof)dng tiue structure tit hig;]k iiressure (5). "Iliereliire, (ivtan tbougrh

tolerance factor largimieiits ]ore(h(:t the stiucture to tie stable for clironutmi,
stronthim ttncl oityg;en, tlie fiill tmerggetics ()f the isysteiii incltidir^g fbomatioii of tlie 
ion, ultimately dictate the actual structure formed.

The use of tolerance factors in this work successfully predicted the stability of the 

pbaise Siyl^eCh. flotverver, this pnicechire pii^dicted tliat ISryCoCl^ ccmld also lie fotrrtxl, 

although synthesis under similar conditions was unsuccessful. The very minimal difference 

in tolerance factors between these two materials gives no easy, conceptual, reason to the 

obvious difference in synthetic conditions.

IFigime 9.1 sumniarises the]vr*+ ior^ wlikih harve btxm shov/n to ackipt the 

structure with Sr and 0. As the first row of the transition metal series is transversed the 

ion becomes progressively more difficult to form as the ionisation potentials increase. 

Therefore, the Co and Ni analogues would be expected to require even stronger oxidising 

conditions than the Fe compound. The high oxidation states of the transition metals 

increase in stability relative to the 3d" elements such that 5d" > 4d" > 3d" (n < 10). 

When n < 10, the higher oxidation states also become more stable in relation to the low 

valence states. This means the Rh'*+ and Ir^+ analogues of the K^NiF^ structure are known 

where the Co'^+ analogue is not. For the d\ d^ and d’ ions, only transition metals from
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the first row have been show to form the KgNiF^ structure. This trend is a result of the 

increased stability of the d"+ ions, where n refers to the number of ground state d 

electrons, which tend to form in preference to the lower oxidation states. For example, 

reducing conditions were required to produce Sr^VO^, which contains the unusual ion. 

For both Nb and Ta the stable oxidation state is 5^ and stringent reducing conditions are 

required for the lower oxidation states.

Figures 9.2 and 9.3 depict the change in lattice parameters with ion for the metals 

which form the K^NiF^ structure in the first row of the transition metal series. In Figure 

9.2, there is a steady fall in the cell parameter, a, until Mn and then a sudden rise at Fe. 

This is further evidence to support the hypothesis that the iron is a high spin d'* ion; the 

a parameter is simply controlled by the Fe - O - Fe distance, up to and including 

manganese the electrons are being placed in the low energy tzg orbitals, a fourth electron, 

as in Fe'*+, must be either placed in the high energy Cg orbital, or be spin paired in the t^. 

orbital. The former case, should produce a significant lengthening of the M - O bond and, 

therefore, cause the lattice parameter, a, to rise. The c-parameter, conversely, continues 

to shorten with Fe. This is not anomalous behaviour, however, since the c-parameter is 
not controlled uniquely by the Fe-0 distance.

Figure 9.4 shows the known compounds which form the Sr3M207 structure. It 

should be noted that the use of tolerance factors in the Ruddlesden-Popper series of oxides 

suggests that the range of tolerance factors decreases, as n increases (22). This would 

suggest that Sr„+,Mn03n+, ,where M is a transition metal and n = 2, 3, etc, would be 

increasingly more difficult to form as the value of n increases. However, there are few 

ions for which the n = 1 phase exists and the n = 2 phase does not. For the first 

row of the transition metal series; when n = 1, transition metals, up to and including M 

= Fe, can be incorporated into the K^NiF^ structure. This stability range is replicated in 

the n = 2 series with fully oxidised ions. However, results from this work, show 

that the n = 2 phase, Sr^CozO?.^, can be synthesised using ambient conditions where 

similar attempts in the n = 1 system failed. The most feasible reason for this anomaly 

is in the initial calculation. The tolerance factors used are those for tetravalent B cations 

in a fully stoichiometric oxygen lattice. In the Sr^CogOy.^ structure, the quantity z never 

falls below 0.94 (23), which implies a large number of oxygen vacancies in the structure. 

Therefore, the tetravalent ion is in very low concentration in this structure, with most
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cobalt ions being trivalent. This level of oxygen vacancy is much more unlikely in the 

SrgMO^ structure where the lowest level of vacancy reported is that of Ca^FeO) g, (24) 

whereas a level of oxygen as low as 5.7 (23,25) is not uncommon in the n = 2 phase. 

Comparatively, this means that a maximum of 12.5% of the total oxygen content can be 

lost from the Sr^MO^ which is much less than 18.5% of the total which can be lost from 

the Sr^M^O? lattice. A likely reason for the difference in ability of the structure to support 

non-stoichiometry is the coordination of the A cations. In the Sr2M04.y structure the 

strontium has nine-fold coordination (Figure 9.5). Relatively little oxygen can be lost 
without the Sr becoming undercoordinated. In the SraM^O? system, there are two 

strontium sites, one twelve-coordinate and one nine-coordinate (Figure 9.6). Results from 

this work in the Sr;Fe20Y_,. system (0<x<l) have shown that oxygen is initially 

exclusively lost from a site forming the twelve-coordination. This preference is maintained 

until all of the oxygen is lost from this site. By solely eliminating ions from the high 

coordination sphere, a significant proportion of oxygen can be eliminated before the 

coordination of the A cation becomes unacceptable.

This argument can be extended to the cobaltate phase, in which the Sr^MzO? 

structure is tripled in the B direction. This phase has been shown to become unstable at 

high levels of oxygen, where the Co(IV) ion is too small to satisfy the coordination 

requirements of the structure. As the level of Co(IV) rises the structure becomes 

significantly destabilised and no phase has been shown to exist where z > 0.94. 

However, as the oxygen content is lowered, the A cations become undercoordinated i.e 

with unusual geometries such as seven-fold coordination, and the structure again becomes 

unstable. This leads to a very small range of oxygen stability in the Sr^CogO? phase.

This trend would suggest that the higher values of n would be able to support even 

higher levels of oxygen deficiency. However, the Sr^M^Oio structure is relatively 

unknown for divalent A. Even the parent titanium structure, Sr^TigOio (17), has not been 

prepared as a pure phase and the theoretical Ruddlesden-Popper phase SrsTi^O]) (17) has 

not been reported. This lower stability is continued across the first row of the transition 

series; by Sr^Mn^Oio, which can also only be produced as a mixed phase (26), the phase 

is very unstable and larger ions tend to be incorporated for the M cation to stabilise the 

structure e.g Pt ions from the reaction vessel. The stability of the higher n increases when 

the A cation is trivalent e.g. La^Ni^Oiq can be prepared using atmospheric conditions
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although long sintering times are required to produce the ordered phase (27). Reduction 

experiments have shown that this phase can lose up to two oxygens and support the 

thermodynamically unstable Ni(I) (28). This phase, therefore, demonstrates that at higher 

values of n in the Ruddlesden-Popper phases, an even greater level of oxygen 

stoichiometry can be supported (20%). These phases are unfortunately difficult to prepare, 

where the purity of the final structure depends on ordering of the K^NiF^ and perovskite 

blocks. As n increases, the structure is more susceptible to stacking faults in the correct 

sequence of building blocks, hence making pure Ruddlesden-Popper phases with n > 2 

rare.

A large portion of this thesis was spent studying mixed transition metal oxides. 

Oxidation states of the transition metal ions were determined using TGA and Mossbauer 

experiments, for samples containing iron. This process revealed some interesting 

properties of these systems. As predicted in Chapter 1 the oxidations states of the 

transition metal ions were largely governed by the relative magnitudes of the ionisation 

potentials of the ions. For example, iron would be expected to be oxidised to Fe(IV) 

before copper is oxidised to copper(IV). This phenomenon has also been noted by other 

workers in their studies of mixed transition metal oxides (29,30). The cobalt-nickel 

systems are much more difficult to characterise, since it is difficult to determine the 

oxidation state of the individual transition metal ions. However, it could be conjectured 

that, these materials would behave in the same way as the iron systems. More information 

could be gleaned from experiments which consider the local coordination of the ions, such 

as EXAFS, where determination of bond lengths and angles may allow the oxidation states 

of the individual ions to be discerned. This could be achieved using Bond Valence 

calculations (31) which have been successfully applied in this work.

Some iron(IV) compounds in this work have been shown to exhibit 

disproportionation behaviour into Fe^+ and Fe^+. This effect has been shown to exist 

previously by other authors using Mossbauer spectroscopy (32,33), although evidence for 

long range order has not been found using techniques such electron diffraction, neutron 

diffraction or x-ray diffraction. The sampling times of both the diffraction technique and 

Mdssbauer spectroscopy is long in comparison to the time taken for the electron jump. 

However, in the case of the Mossbauer experiment, which considers only the iron nuclei!, 

there is always a 50:50 mixmre of Fe^"*" and Fe^^. In contrast, the diffraction experiments,
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all average the structure over the timescale of the experiment. Therefore, for distinct iron 

sites to be observed, discrete iron(in)/iron(IV) sites would have to be maintained 

throughout the experiment. If the electron hopping mechanism resulted in the iron site 

changing from iron(III) to iron(IV) or vice-versa continually during the experimental 

period only an average would be observed.

Further experiments would be required to determine the causes of charge 

disproportionation in compounds of iron(IV). For example, it is still unclear why SrFeOj 

and Sr^FeO^ do not show signs of disproportionation behaviour but CaFeO^ and Sr^Fe^O? 

disproportionate at temperatures close to room temperature. Other techniques, such as 

XANES, which can be used to determine oxidaion states may be applicable, although this 

would acquire model compounds containing Fe^+, which are rare.

231



9.2 References

1 This work, Chapter 6.

2 M. James, J.P. Attfield. J. Sol. Stat. Chem. 105, 287-93. (1993)

3 K.A. Wilhemi. Ark. Kemi. 26, 149-156. (1966)

4 M.T. Robinson. J. Phys. Chem. 62, 925-8. (1958)

5 J. Kafalas. J. Longo. J. Sol. Stat. Chem. 4, 55. (1972)

6 S.N. Ruddlesden. P.Popper. Acta. Cryst. 10, 538-9. (1957)

7 J.C. Bouloux, J.L. Soubeyroux, G. le Flem, P. Hagenmuller. J. Sol. Stat. Chem. 

85, 321-5. (1990)
8 J.C. Bouloux, J.L. Soubeyroux, G. le Flem, P. Hagenmuller. J. Sol. Stat. Chem.

38, 34-9. (1981)
9 S.E. Dann, D.B. Currie, M.T. Weller. J. Sol. Stat. Chem. 92, 237-40. (1991)

10 T. Foex. High. T. High. P. 1, 409. (1969)
11 H.K. Muller-Buschbaum, J. Wilkens. Z. Anorg. Allgem. Chem. 591, 161-6. 

(1990)
12 R. Weiss. R. Faivre. C.R. Acad. Sci. 248, 106. (1959)
13 J. Gooden. Penn. State. Uni. University Park. Pennsylvania. JCPDS Grant in 

Aid Report. (1972).

14 G. Gerasimyuk. Inorg. Mat. 21, 1019. (1985).

15 J.J. Randall, R.J. Ward. J. Chem. Soc. 79, 266. (1957)

16 M. Keester, P.J. White. J. Sol. Stat. Chem. 2, 68. (1970)

17 K. Lucaszewicz. Angew. Chem. 70, 320. (1958)

18 N. Mizutani, A. Kitazawa, N. Onkuma, M. Kato. Kogyo Kogaku Zasshi. 43,

(1970)
19 S.E. Dann, D.B. Currie, M.T. Weller. J. Sol. Stat. Chem. 97, 179-185 (1992)

20 This work. Chapter 6

21 P. Appendino, G. Rambarta. Ann. Chim. 60, 407. (1970)

22 P. Poix. J. Sol. Stat. Chem. 31, 95. (1980)

23 This work. Chapter 5.

24 K. Vidyasagar. Inorg. Chem. 23, 1206. (1984)

25 N. Nguyen, J. Choisnet, B. Raveau. Mat. Res. Bull. 17, 567. (1982)

232



26 J. Fabry, J. Hybler. Z. Jirak, K. Jurek, K. Maly, M. Nevriva, V. Petricek. J.

Sol. Stat. Chem. 73, 520-3. (1988)

27 C. Brisi, M. Vallino, F. Abbattista. J. Less. Comm. Metals. 79, 215-9. (1981)

28 P.H. Lacorre. J. Sol. Stat. Chem. 97, 495-500. (1992)
29 L. Er-Rakho, C. Michel, J. Provost, B. Raveau. J. Sol. Stat. Chem. 37, 151- 

(L(1981)

30 L. Er-Rakho, C. Michel, F. Studer, B. Raveau. J. Phys. Chem. Solids. #, 1101-

6. (1988).

31 I.D. Brown. Chem. Soc. Rev. 7, 359. (1978)

32 M. Takano, J. Kawachi, n. Nakanishi, Y. Takeda. J. Sol. Stat. Chem. 39. 75- 

84. ^981)
33 P.D. Battle, T.C. Gibb, P. Lightfoot. J. Sol. Stat. Chem. 84, 271-9. (1990)

233




