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Transition metal oxides and oxide halides of the composition Ln3Ba2Mn2Cu20i2.i, 

Sr2Cui.yCOy02X2 (X = CI, Br), Sr3Fe2.yCOy05X2 (y == 0, 1, 2, X = 01, Br) and NdSrZn04.x(C03)y have 

been synthesised and the structures of these materials characterised using Rietveld analysis of 

powder X-ray and powder neutron diffraction data, thermogravimetric analysis, differential thermal 

analysis and infra-red spectroscopy. 

The structures of Ln3Ba2Mn2Cu20i2.i (Ln = Eu, Sm) have been determined through structure 

refinement using neutron diffraction data, and the disorder in the anion, and manganese and copper 

sub-lattices within the layered compounds noted. The displacement of approximately 15 - 20 % of 

manganese ions into the CUO2 sheets is likely to preclude the observation of superconductivity in 

these materials. The partial cross-linking of Cu(Mn)05 square-pyramids that occurs in the structure, 

through the addition of excess oxygen, would also be expected to have an inhibiting effect. 

Solid solutions of Sr2Cui.yCOy02Cl2 and Sr2Cui.yCOy02Br2 (y = 0.2, 0.4, 0.5, 0.6, 0.8) have 

been synthesised and their structures characterised by powder X-ray diffraction. The cell parameters 

change as the copper ion is replaced by cobalt, with a steady increase in the a parameter and gradual 

decrease in the c parameter. This trend reflects the replacement of a Jahn Teller ion (copper (II)) by 

an ion that is not subject to this effect (high spin cobalt (II)). 

The crystal and magnetic structures (where appropriate) of the Ruddlesden-Popper related 

iron oxyhalides, Sr3Fe2_yCOy05X2 (y = 0, 1, 2, X = CI, Br) have been studied using powder neutron 

powder diffraction. The materials consist of double layers of Fe/CoOs square pyramids separated 

along the c direction by SrX 'rocksalt' layers. Powder neutron diffraction data were collected at room 

temperature and 2 K for Sr3Fe205Br2, Sr3FeCo05Cl2 and Sr3C02O5Cl2 whilst the thermal dependence 

of both the nuclear structure and the long range magnetic order of Sr3Fe205Cl2 in the range 17 K < T 

< 625 K has been studied, allowing the materials TN^ei = 590 K to be determined. All three phases 

adopt G-type antiferromagnetic spin structures, with the moments confined within the xy plane. The 

materials possess low temperature moments // = 4.40(4) //g, // = 4.07(6) //g, and // = 2.11(4) //g for 

Sr3Fe205Cl2, Sr3Fe205Br2 and Sr3FeCo05Cl2 respectively, indicating the presence of high spin iron 

(III) in all compounds. 

The orthorhombic and tetragonal forms of the compound NdSrZn04.x(C03)y have been 

synthesised and studied by powder neutron diffraction. The orthorhombic to tetragonal phase 

transition was confirmed as occurring when oxygen that is distributed between two partially occupied 

sites in the orthorhombic phase is restricted to only one site within the tetragonal phase, however, the 

small proportions of carbonate within the two structures proved impossible to model. 



"A philospher once said 'it is necessary for the very existence of science that the same 
conditions always produce the same results' well, they do not." 

Richard Feynman 
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Chapter One 

Introduction 



1.1 Complex Oxide and Oxide-Halide Materials 

The varied chemistry of complex metal oxides confers upon them 

interesting physical properties and thus over the last fifty years this has been an 

area of intense study. The extended layers of metal-oxygen poiyhedra enable 

the diverse structural units within the overall structure to co-operate electronically, 

creating a range of macroscopic physical properties. Such properties have 

resulted in the development of materials suitable for various industrial 

applications ^ including semi-conductors high-temperature superconducting 

cables giant magnetoresistant hard-drives rechargeable batteries ® and 

capacitors 

As a result of the interest created by the discovery of high-temperature 

superconductivity much work has been directed at layered cuprates, which were 

thought to be the only structures capable of high temperature superconductivity. 

The development of new techniques to synthesise and characterise these 

cuprate phases has also led to a greater understanding of the structural 

requirements of layered materials in general. In applying the ideas developed for 

superconductor chemistry to transition metals other than copper (and their 

oxides) a wealth of new materials, and an awareness of their properties, should 

result. 

Having synthesised these novel phases, structural characterisation is 

paramount in the understanding of their chemistry and physical properties. Many 

different experimental techniques exist for the characterisation of oxides, giving 

information on both the local and long-range structure of the material. These 

techniques allow the structure/property relationship of a new material to be 

investigated and possibly optimised for a specific application. 

1.2 Perovskite-Based Structures: Simple Building Blocks 

There are a large number of mixed metal oxides most of which can be 

constructed from combining simpler building blocks, such as 'rocksalt', fluorite 

and perovskite. Perovskites have been the focus of a lot of attention, particularly 

since the discovery of high-temperature superconductivity, as they are the key 



structural unit in liigh-temperature superconductors and materials demonstrating 

other key properties, such as Colossal Magnetoresistance (CMR). 

1.2.1 The Perovskite Structure 

Many materials of stoichiometry ABO3 take on this structure and it is 

considered the most common of the ternary phases. The Russian mineralogist L. 

A. Perovski first determined the structure for the mineral Perovskite, CaTiOs, and 

even though the mineral has since been discovered to be orthorhombic not 

cubic (as more commonly associated with the perovskite name) the mineral 

retains the perovskite name. 

For a simple perovskite ABX3, the large electropositive A cation (e.g. Ba "̂" 

or Sr̂ "") is found in 12-coordinate geometry, whilst the smaller B ion, commonly a 

small transition metal or main group ion (e.g. Cu^", Fe^^ or Co^""), is in an 

octahedral environment. The X ion is generally oxygen, O^", although other 

anions are known (see later). 

a 

Figure 1.2.1a The Perovskite structure showing the AO12 and BOe coordination 

geometry. 

The extended structure of a perovskite material can be regarded as a 

framework of corner-sharing BOe octahedra containing 12-coordinate A cations 

(see Fig 1.2.1b). 



Figure 1.2.1b The 3D framework of BOe octahedra containing 12 coordination A 

cations. 

The A, B and O ions need to have suitable ionic radii such that they can 

make contact and form a bonded structure. These geometric considerations are 

such that Va +ro should equal V2(rB+ro), where r is the ionic radius, and from this 

Goldschmidt ® developed a tolerance factor t that be defined by the expression 

r^+ro =tyf2(rs+rj 

Equation 1.2.1a 

which showed the ideal cubic perovskite structure to be stable for 0.8 < f < 0.9. A 

variety of distorted perovskite structures are stable over a greater range 

The wide range of perovskites that exists is a direct result of two 

properties of the structure. Firstly, the range of cation sizes that can be 

accommodated by the structure is great, although this often leads to distortions 

away from the cubic symmetry (see above). Secondly, the sum of the charges 

on the A and B ions (+6) may be satisfied by A^B^^ (e.g. KNbOs " ) , A '̂̂ B'*"' (e.g. 

SrTiOs or A '̂̂ B "̂' (e.g. LaFeOs or even non-integral compositions, e.g. 

La^'^(Ru\5l\/lg^''o5)03 (which has a random distribution of ruthenium and 

magnesium over the B sites) and Bao.sSro.sSnOs The number of possible 

stoichiometries is further increased by the occurrence of both A cation and oxide 

non-stoichiometries, such as the tungsten bronzes NaxWOs and the ferrates 

SrFeOs-x 

Anions other than oxide can also be incorporated into perovskites, these 

include fluorides, KMgFa ''®, chlorides, CsGeCIs bromides, CsHgBrs 

sulphides, BaZrSs ^ hydrides, LiEuHg carbides, GaCosC ^ and nitrides. 



AgMnsN The nitrides and carbides have anions in what would be the B cation 

position for an oxide perovskite, therefore they are known as antiperovskites. 

The interesting physical properties that many perovskite materials 

possess arise as a result of various factors. Structural distortions that cause the 

unit cell to no longer be centrosymmetric can result in ferroelectric properties, due 

to the net dipoles that result from the distortions in the cells. Equally cooperative 

effects can arise from the two- and three-dimensional linking of the transition 

metal ions through the anions present in the lattice. The high degree of overlap 

between oxide 2p and 3d transition metal orbitals enables the expression of 

various properties including magnetic effects. Other physical characteristics arise 

from particular structural features, such as high-temperature superconductivity 

and the infinite CUO2 sheets that are a common structural feature of these 

materials. 

1.2.2 Double Perovskites 

Studies on perovskite materials have often taken the form of an exploration 

of the structure/property relationship of a compound through the systematic change 

of the size, valence and coordination geometry of the constituent ions. A lot of this 

work has centred on double perovskites, i.e. AA'BB'Oe, and the distribution of the 

metals within these systems. Three particular B-cation arrangements appear in 

double perovskites (see Fig. 1.2.2a): random, 'rocksalt' and layered. Which 

particular structure forms depends on the charge, size and coordination geometry 

of the B cations, and the A/B size ratio. As the difference between the charges 

and/or sizes of the B cations increases, the systems tend towards more ordered 

structures. 

random rocksalt layered 

Figure 1.2.2a Possible 'B' cation arrangements in double perovskites. 



1.2.2.1 Random Structure Perovskites 

Compounds with a random structure show no evidence of B cation order 

and generally have a cubic (e.g. BaLaFeMoOe or orthorhombic unit cell (e.g. 

SrLaCuRuOe An orthorhombic cell is observed when the A - 0 bond length is 

less than V2 x B - 0 bond length, i.e. when the Goldschmidt tolerance factor, t, is 

less than 1.0 (see section 1.1.1). The orthorhombic cell results from correlated 

tilting of the BOe octahedra, which reduces internal bond strain within the 

structure. 

1.2.2.2 'Rocksalt' Structure Perovskites 

Compounds with a 'rocksalt' structure show evidence of B cation order, 

which is indicated by a doubling of the lattice parameters, with respect to those 

for a random distribution of cations, and the presence of the [111] reflection. This 

structure type is named after the structure of 'rocksalt' itself because the 

arrangement of the B and B' cations resembles the arrangement of the anions 

and cations found in 'rocksalt'. Generally, such materials have a cubic (e.g. 

SrsCuWOe or monoclinic unit cell (e.g. S^^uRuOe and Nd2MgTi06 A 

monoclinic cell is often observed when the tolerance factor is considerably less 

than 1.0 and once again results from tilting of the BOe octahedra. 

1.2.2.3 Layered Structure Perovskites 

Compounds with a layered structure also show evidence of B-cation 

order, which is again indicated by a doubling of the lattice parameters, with 

respect to those for a random distribution of cations. The layered arrangement is 

distinguished from the 'rocksalt' unit cell by the presence of the hOI reflections 

(where h+l=2n+1) and the absence of the [111] reflection. Such materials usually 

have monoclinic unit cells (e.g. La2CuSn06 however the oxygen deficient 

double perovskite Ba2lnCu04+g crystallises with tetragonal symmetry. 

1.2.3 Ordering of Transition Metals in Double Perovski tes 

The ordering of the B cations in double perovskites (general formula 

A'A"B'B"06) is of great interest as it is these ions that generally control the 



properties of a material. The layered sublattice is of particular interest because of 

its rarity and its potential importance in two-dimensional materials (e.g. CuOg 

planes are needed in high-temperature superconductors). 

The four factors that control the B cation arrangement are the differences 

in cation charge, size and coordination environment and the A cation/B cation 

size ratio The most important of these is the charge difference and it can be 

seen that the random structure is prevalent when the charge difference is less 

than two, whereas when the charge difference is greater than two the 'rocksalt' 

structure is usually adopted (although the layered structure may form instead). 

The difference in the sizes (S) of the B cations is also highly significant, 

the random arrangement is generally observed when the S < 0.01 A, whilst, the 

'rocksalt' arrangement is observed when 0.01 < S < 0.08 A, and finally, the 

layered arrangement is observed when 0.08 A < S < 0.12 A. Cation size is 

intimately related to tolerance factors (see Equation 1.2.1a) and A cation/B cation 

size ratio, as can be seen by studying the Ln2CuTi06 series As the size of the 

lanthanide decreases, t decreases, which in turn reduces the probability of stable 

perovskite phase formation. As the B cation size difference (S) increases, t 

increases, reflecting the coupling of the increasing two-dimensional B'/B" 

mismatch with the three-dimensional A/B size mismatch. This results in a 

perovskite-type compound forming for Ln = La - Gd whereas, a non-perovskite 

phase is formed when Ln = Tb - Lu. 

Another factor that strongly influences the formation of a layered structure 

is the presence of B cations with different preferred coordination geometries, for 

example; when B' is a Jahn-Teller ion (which can result in distorted octahedra). 

The reason for the increased layered phase stability in these circumstances is 

that the different geometry preferences provide distinct sites for the two B cations 

within the oxide lattice. Another potential means to encourage layered phase 

formation is to have different coordination numbers for the two B cations, as in 

oxygen deficient perovskites. 

1.2.4 The K2NiF4 Structure 

The K2NiF4 structure is a tetragonal structure closely related to the 

perovskite structure and adopts a general formula A0(AB03)n. When n=1, a 

'layered' perovskite structure is formed, (see Fig. 2.1.2b) which is the structure 

type of the first member of the Ruddlesden-Popper series discussed in the next 

section. 



Figure 1.2.4a The structure of K2NiF4 showing the NIFe coordination and the infinite 

sheets of octahedra 

This structure can be constructed from one B-centred ABO3 perovskite 

unit cell with two perovskite A-centred unit cells each with a BX3 layer removed, 

one on top of the B-unit and one below. This creates a tetragonal unit cell with 

the c parameter approximately 3 times the length of the a parameter The B 

atoms are in the same environment as in the perovskite structure, but the A 

atoms have only nine X ions around them, not 12. 

This structure is common for ternary oxides of stoichiometry A2BX4 where 

the A cation is much larger than the B cation. As with simple perovskites, the 

sum of the charges on the A and B ions (+8) may be satisfied in a range of ways, 

i.e. by (e.g. Sr2Ti04 ^ ) , A^W'B" " (e.g. LaSrFeO^ or (e.g. 

La2Ni04.^®). The range of B cations for which K2NiF4 type structures are known, 

for particular cations, is smaller than those for which traditional perovskite phases 

are formed. This can be seen by the fact that SrFeOa SrCoOa-x ^ and SrNi03.x 

all form perovskites but the K2NiF4 analogues are unknown for either cobalt or 

nickel (i.e. S^Co04 and Sr2Ni04 do not exist). 



As is clear from the structure's name, anions other than oxide can be 

incorporated into materials of K2NiF4 structure. Fluorides are known for 

A" = K, Rb or Cs and = Mg IVIn Fe Co Ni Cu'"' and A 

smaller number of chlorides adopt the K2NiF4 structure, Rb2B^*Cl4 (B^^ = Mg'̂ ,̂ 

Cr̂ '̂ , Cu"®), as well as bromides, Rb2MnBr4''̂ , and sulphides, Ba2B'̂ "'S4 (B'̂ ^ 

= Zr, Hf̂ ®). Mixed anion structures also exist, in the form of mixed oxide nitrides 

(e.g. NdgAIOsN and Sr2Ta03N and mixed oxide halides (e.g. Sr2Fe03F with 

fluoride ions taking the apical position). A more recent advance in oxide halide 

materials is the synthesis of the superconducting material Sr2Cu02F2+s (Tc = 46 

K) formed by fluorine doping of the oxide material S^CuOg. 

As with perovskites, the K2NiF4 structure can readily distort from the ideal 

tetragonal I 4/mmm to more complex orthorhombic structures. The structure can 

also undergo an elongation in the c direction with the copper atoms co-ordinated 

by an elongated octahedron of six oxygens. This elongation results from the 

Jahn-Teller effect and is one of the reasons that Bednorz and Muller chose to 

investigate these copper oxides for superconductivity, indeed the high-

temperature superconductor Lai,85Sro.i5Cu04 crystallises with this structure. In 

this compound the lanthanum and barium atoms are similar in size and are 

randomly distributed over the 'A' cation positions in the structure. The smaller 

copper atom occupies the 'B' positions. 

1.2.5 The Ruddlesden - Popper Phases 

These phases were named after Ruddlesden and Popper as they first 

described this structure type for strontium titanate SraTiaO/ in 1957. These 

phases have general composition A0(AB03)n where n > 2 and are composed of 

n ABO3 perovskite blocks separated by AO layers (n = 1 is equivalent to a K2NiF4 

structure type), see Figure 1.2.5a. These layers are of Yocksalt' structure for 

most crystal structures reported although La^NisOg and Nd4Ni308 have 

fluorite layers. As n increases the number of examples of this structure type 

decreases dramatically, this is due to the increasing incidence of stacking faults 

in the c direction; for n > 4 there are no reports of any crystal structures. 



n 
» 

Figure 1.2.5a The structures of Sr2Ti04, SrsTigOy and Sr4Ti30io showing the TiOe 

octahedra only. 

These phases are often described by their composition such that a K2NiF4 

structure is known as 2 1 4, SrsTi^Oy as 3 2 7 structure and Sr^TisOio as 4 3 10, 

see the above figure. 

Once again the structures can support a number of different cation 

combinations, including for n = 2 (e.g. SrsTigO? ^ ) , A '̂̂ A '̂̂ 2B^̂ 2 (e.g. 

SrGd2Co207 and A%B^®''2 La3Ni207 A large degree of oxygen non-

stoichiometry can be accommodated in these systems within the ABO3 

perovskite layers. Such vacancies are normally ordered to produce BO5 square 

pyramids (e.g. Sr3Fe206 but may be in the form of BO4 square planes (e.g. 

Nd^NiaOg 56). 

Anions other than oxide ions are rarely incorporated into Ruddlesden -

Popper phases. For n = 2, there are a few fluorides K3B2F7 (B=Mn ®°, Fe ®°, Co 

Ni Cu Zn G2), chlorides A3Mn2Cl7 (A=K Rb ^ ) , an analogous bromide 

Rb3Mn2Br7 ^ and a sulphide Ba3Zr2S7 (N.B. the size of the anion increases 

10 



with the size of its alkaline earth counterpart). The oxide halides Sr3Fe205X2 

SraCogOsClz and BaslngOsXz (X=CI, Br), Ca3Cu204X2 are known 

mixed oxide halide systems for n = 2 Ruddlesden - Popper phases (the last 

example possessing oxygen vacancies), whereas, in the case of n = 3 the only 

well characterised oxide halide systems are the oxide chlorides Sr4Co307,5Cl2 

and Sr4Mn307.5Cl2 Other mixed anion systems related to Ruddlesden -

Popper phases include Sr4Fe2-xMx06C03 (M = Sc, Ni, Co) Ba4ln2-x06-

2.5x(C03)I+X Ba4lno.8CUi,606.2(C03)o,6 Sr4(Fe2-xMnx)l+y06(l+y)C03(i.3y) 

(Sr0)(SrNb02.xN)n (n = 1, 2) and LngTigOsSz (Ln = Nd, Pr, Sm, Y) 

1.2.6 Oxygen Deficient Perovskites 

The ideal perovskite structure discussed above only occurs when all 

atomic sites are fully occupied. Due to the flexibility of the perovskite structure 

and its ability to accept cations with variable oxidation states, oxygen deficient 

perovskites are very common All oxygen deficient phases can be considered 

as being derived from stacked AO3-X layers. However, the B cations of oxygen 

deficient phases can reside in six five four ^ or two coordinate interstices 

that result from a combination of oxygen atoms and vacancies from the layer 

above and/or below. 

The arrangement of vacancies around each B cation in an oxygen 

deficient perovskite is influenced in a similar way to that of B cation arrangements 

generally (see section 1.2.3). Differences in size, electronic configuration and 

coordination preferences of the B cations, and the size and coordination 

preferences of the A cations affect the vacancy arrangement and control the 

manner in which the AO3.X layers stack. 

Hence the wide range of vacancy patterns observed in various materials 

is due to the physical and chemical differences in the A and B cations. 

Comparing the structures of Ca2Mn205 and YBaCuFeOs ^ serves as a good 

example of this relationship (see Fig. 1.2.6a) 

The former compound has just one cation, calcium (1.34 A), whilst the 

latter contains both yttrium (1.19 A) and barium (1.61 A), which differ substantially 

in size but are of an average ionic radius close to that of calcium ( 1.4 A). 

Although both possess B cations which are exclusively five coordinate there is a 

fundamental difference in the two structures in that each compound has a distinct 

stacking sequence. This can be explained by the fact that the coordination 

requirements of the A sites differ (10, 10 in the calcium manganate phase versus 
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8, 12 in YBaCuFeOs) and thus the layers must be stacked differently to 

accommodate this. 

Figure 1.2.6a The structures of Ca2Mn205 (left) and YBaCuFeOs (right), showing the 

MnOs and Cu/FeOs square-based bipyramids, and the unit cells. 

A good example of a well-known structure that adopts an oxygen deficient 

structure is the high-temperature superconductor YBaaCusO/.x This non-

stoichiometric system is derived from three perovskite ABO3 unit cells stacked 

together directly on top of each other (see Fig. 1.2.6b), to form a material of 

stoichiometry A3B3O9. Copper fills the octahedral corners BOe, whilst the larger 

Ba-Y-Ba atoms are positioned in the A sites. Removal of oxygen from the 

(0,0,34) and (>2,0,0) sites yields the YBa2Cu307 structure. 
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Figure 1.2.6b Derivation of the YBa2Cu307 structure from a s imple perovskite block 

The selective removal of oxygen from the sites in the basal plane causes the 

lattice parameters a and b to differ resulting in an orthorhombic unit cell (a=3.82 

A, b=3.88 A, c=11.4 A). The stacking sequence can be described as; 

BaO - CuOg — Y - CuOg ~ BaO 

where yttrium is coordinated to 8 oxygens in a distorted cube and barium to 10 

oxygens. Copper is in two different coordination environments; square planar 

and square pyramidal. 

1.2.7 Infinite Layer Compounds 

Another class of materials based on an oxygen deficient perovskite 

framework is the infinite layer compounds. The oxygen deficiency within these 

materials is such that it creates layers of square planes made up from CUO4 

units, separated only by alkaline earth cations. These compounds are of 

particular importance in the understanding of superconductivity in layered 

cuprates as they form the basis of most known high temperature 

superconductors. 

Unfortunately, the preparation of most of these materials requires 

extremely high pressures ( -6 GPa) so only a comparatively small number of 

phases are known to adopt this structure. One non-superconducting material 

that can be synthesised under atmospheric conditions is Cao.85Sro.i5Cu02 the 

ease of synthesis of this compound might be because the particular A cation 
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stoichiometry present is the optimum for phase stability for this class of 

compounds. 

1.3 Structural Chemistry of Copper 

Copper is known to exist in five different oxidation states: 0, +1, +2, +3 

and +4 (the most common being +1 and +2), such ions most commonly adopt 

tetrahedral, square planar or octahedral coordination environments. 

The capability of copper to assume numerous different oxidation states 

results in a varied chemistry and many different coordination geometries. As a 

variety of coordination geometries may be required of an ion within different 

sections of a layered compound, layered cuprates are thus quite common and of 

particular significance to this study. The geometries adopted in the two valencies 

of most relevance to this work, copper (II) and copper (III), and mixed valence 

compounds are discussed further in the remainder of this section. 

1.3.1 Structural Chemistry of Copper (II) 

Due to the structural flexibility of the most common oxidation state, Cu "̂", a 

wide range of compounds exist with such ions in varied coordination 

environments, though they are often distorted due to the Jahn Teller effect. 

The Jahn Teller Effect occurs if the ground state electronic configuration 

of a non-linear molecule is degenerate, this results in molecules adopting a 

geometry to remove the degeneracy in the valence level orbitals and become 

more stable. This often results in tetragonal distortions (see Fig 1.3.1a). 

The Jahn Teller Effect occurs with Cu^^ (d®) ions because although 

theoretically degenerate, the lone electron can occupy either of the dx̂  - and 

dẑ  orbitals. A tetragonal distortion lowers the energy of the dz^ orbital and 

causes a pair of electrons to occupy the dẑ  orbital and only one electron is 

present in the higher energy dx̂  - orbital. The degeneracy of the system is 

removed and lowers the energy of the complex. 

This effect is also relevant to d^ (low spin) and (high spin) ions, e.g. 

Cr̂ "", Mn "̂", Fe Ni*, and Ag^*, as they too possess an orbitally degenerate 

ground state. 
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Figure 1.3.1a The Jahn Teller Effect showing the tetragonal distortions in the an 

octahedral d® complex 

The distortion produced by the Jahn Teller Effect means that an 

octahedron with a copper at its centre never has six equal bond lengths, instead 

it is likely to have four equal bonds in a square planar geometry and two 

elongated (weaker) apical bonds, e.g. CuClg, 4 x 2.30A and 2 x 2.95A as in 

the orbital diagram above. The opposite arrangement is also possible, and occurs 

when two electrons occupy the dx̂  - orbital and only one electron is present in 

the dẑ  orbital (see section 1.3.1.3). However, knowing that a structure is subject 

to the Jahn-Teller effect does not enable a prediction as to which distortion will be 

produced. 

The single unpaired electron that results from the Jahn Teller effect allows 

for unusual interactions within layered cuprates. The electron configuration found 
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within high-temperature superconductors (and other layered cuprates) would 

suggest that the lone electron should enable these materials to conduct and yet 

they are insulators. This suggests that the lone electron present on each copper 

ion is interacting with others like it within the solid structure as a whole This 

interaction has led theoretical physicists towards an explanation for the 

phenomenon of high-temperature superconductivity, although it is still not fully 

understood (see section 1.8.1.3). 

1.3.1.1 Copper (II) in Four-Coordinate Geometry 

Due to the Jahn-Teller effect, divalent copper is rarely found in a regular 

tetrahedral geometry. For four-coordinate copper, square planar geometries are 

more commonly encountered and only a few distorted tetrahedral geometries are 

known. When it occurs, the tetrahedral geometry distortion takes the form of 

"flattening" (increasing two bond angles away from the ideal 109.5 °) to produce a 

shape more closely resembling a square planar arrangement. 

The structure of crystalline CuO provides a simple example of forming 

four coplanar bonds, the geometry seen in the majority of cuprates in the solid 

state. The Oeq-Cu-Oeq bond angles are 2 x 84.5 ° and 2 x 95.5 ° with Cu-0 bond 

lengths of 1.95 A. The CuO* square planes are connected throughout the structure 

(by edge or corner sharing) to form infinite chains or sheets. This feature is also 

present in SrCuOg where edge sharing CuO* groups are sandwiched between 

double layers of SrO. Similar structures are observed in Sr2Cu03 and Li2Cu02 

as well. The Cu-0 bonds present in the CuO* planes vary in length from 1.9 - 2.0 

A, generally -1.95 A. This type of geometry is regularly seen in many 

superconducting materials (see section 1.8.1.4). 

Discrete CuO* planes are less common than the infinite interconnected 

sheets, but may be found in cuprates such as La4Ba2Cu20io 

1.3.1.2 Copper (II) in Five-Coordinate Geometry 

Divalent copper can often be found in five coordinate geometries, such 

as trigonal bipyramidal and distorted square pyramidal. 

The elongated square pyramidal coordination results from the Jahn-

Teller effect, as described previously, and is generally encountered in cupric 

oxides. Materials that adopt this structure have four relatively strong planar 
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interactions (witli slightly longer bond lengths than those in purely square planar 

materials) and a fifth weaker interaction forming the apex of the square based 

pyramid. As with purely square planar structures, the linking of square pyramids 

by either edge or corner-sharing can result in infinite chains or planes of CuOg 

stoichiometry, e.g. in YBagCusOy-x 

Further distortion may occasionally occur, such that one of the two 

ideal 180 ° Oeq-Cu-Oax bond angles decreases whilst the others remain 

essentially unchanged. This causes the square pyramid geometry to tend 

towards that of a trigonal bipyramid and usually occurs in materials with a 

relatively short apical interaction (approx. less than 2.3 A). 

Trigonal bipyramidal species are less common than their square planar 

counterparts but, nonetheless, well studied. Ions in a trigonal bipyramidal 

environment usually adopt a significantly distorted structure with the three 

equatorial bond lengths longer than the two axial ones. A significant distortion in 

the equatorial plane (away from the ideal 120 ° angle) results in varied Ogq-Cu-

Ogq bond angles with one of these angles being much greater than 120 °. The 

two axial bonds are approximately the same length as the basal Cu-0 bond 

lengths of the square pyramids, whilst the equatorial bond lengths are also similar 

in size to the apical Cu-0 square pyramidal distance. Two dimensional layers of 

CuOs trigonal bipyramids exist in hexagonal compounds such as MCuln04 (M = 

Al, Ga, Fe) ^ where layers of (Cu/M)05 trigonal bipyramids are corner-sharing to 

layers of InOg octahedra. 

1.3.1.3 Copper (II) in Six-Coordinate Geometry 

The structural geometry of six-coordinate divalent copper is dominated by 

distorted octahedral geometry as copper (II) is never seen in an ideal octahedral 

geometry. Generally a closely bonded equatorial square plane with two weaker 

orthogonal bonds is seen, with axial bond distances as high as 2.6 A. At such 

extremes it is difficult to conclude whether these interactions actually represent 

bonding. 

In some cases, the octahedra distort to form a geometry containing axial 

bonds that are longer than the corresponding equatorial ones but, which 

individually, have significantly different bond lengths. Such a distortion can be 

seen in Pb2Cu2(Se03)3 which has four equatorial bond lengths between 1.9 A 

and 2.0 A, with additional orthogonal interactions of 2.32 A and 2.59 A. 
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A variation upon the tetragonal distortion in which the equatorial bonds 

elongate, instead of the axial, is equally possible based on theoretical 

considerations. However, this is rarely encountered or observed, although it has 

been reported for materials such as K2CUF4 This material contains two 

relatively short interactions of 1.94 A and four longer bonds of 2.07 A. 

1.3.2 Structural Chemistry of Copper (III) 

The trivalent state is considerably less stable than the divalent, requiring 

extreme reaction conditions to prepare purely Cu "̂" materials as the ions readily 

reduce to Cu^^. Hence, copper (III) compounds tend to contain copper in 

combination with highly electronegative elements such as oxygen and fluorine to 

stabilise the higher oxidation state. As Cu^ is a d^ ion it is not subject to Jahn 

Teller distortions and normally exists in a square planar coordination, as seen in 

the copper (III) oxides MCuOa (M = Na, K, Rb, Cs) These materials contain 

square planar Cu -0 bonds approx. 0.1 A shorter than the bonds in the 

corresponding Cu^^ ternary oxides. Conversely, the structure of SrLaCu04 is 

reported to contain a distorted CuOe octahedron, with four equatorial bond lengths 

of ~1.88 A and two longer axial bonds of -2.3 A, similar to the Jahn-Teller distorted 

octahedral environments. 

High oxygen pressures (> 1 bar) are usually required to prepare the 

MCuOa materials, and many univalent copper (III) compounds require similariy 

severe reaction conditions. However, since the discovery of high Tc 

superconductivity in cuprates much work has been done to develop synthetic 

methods designed to stabilise unusual oxidation states (e.g. high pressure 

techniques). Thus the number of known copper (III) compounds is increasing. 

1.3.3 Mixed Valence Copper Systems 

Transition metal elements have the ability to exist in different oxidation 

states and consequently a large number of transition metal compounds exhibit 

mixed valence chemistry Mixed valence systems can be explained in terms of 

the Robin and Day classification, which differentiates between systems with a 

complete ordering (group 1), partial disordering (group 2) or complete disordering 

(group 3) of the mixed valence metal within the system. 

The structural flexibility and range of oxidation states known for copper 

mean that mixed valence copper compounds are quite common. The resulting 
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materials adopt similar geometries to those found in single valence copper 

compounds. The most common mixed valence compounds are those containing 

the two most stable oxidation states copper (I) and copper (II), mixed copper 

(ll)/copper (III) compounds are less widespread, whilst copper (lll)/copper (IV) 

compounds are extremely rare. 

Copper (ll)/copper (III) compounds are of most relevance to this work due 

to their application in high temperature superconductivity (see section 1.8.1.4), 

and most commonly occur in materials with an excess oxygen non-stoichiometry. 

Oxygenation of fundamentally divalent materials to fill existing or "created" (by 

doping) oxygen vacancies can be used to increase the copper oxidation state of 

a compound. Oxygen-deficient perovskite type structures form the basis of a 

wide variety of superconducting mixed valence cuprates (see section 1.8.1.4). 

Structurally, and CiP* are able to assume similar geometries and often 

the degree of Jahn-Teller distortion is not sufficient to determine the valence of the 

copper species. Consequently, Cu^^ and Cu^* cannot be easily differentiated 

within a structure, but as the ordering of copper distributions may be highly 

important (e.g. in superconducting cuprates) alternative methods of differentiating 

between the two different valence states may be used to clarify the structure, e.g. 

bond valence calculations (see Chapter two, section 2.3.6). 

1.4 Structural Chemistry of Manganese 

IVIanganese can exist in all of the oxidation states theoretically possible 

according to an incremental loss of its 3d and 4s electrons, i.e. 0, +1, +2, +3, +4, 

+5, +6 and +7. Manganese (II) is the most common and most stable oxidation 

state, however the geometries adopted by manganese (III) and manganese (IV), 

and mixed valence compounds, are the focus of the remainder of this section as 

these are the two valencies of most relevance to CMR materials (see section 

1.8.3). 

1.4.1 Structural Chemistry of Manganese (III) 

Unlike copper (II) with its structural flexibility, manganese (III) ions are 

almost always found in six-coordinate environments. But, as with Cu^ ions, the 
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coordination environments are usually distorted as Mn "̂" is d'* whicli in high spin 

configuration is susceptible to the Jahn Teller effect. 

a-IVIngOs is a good example of a Jahn Teller distorted structure, Mn^ is in 

a distorted tetragonal environment with two longer axial and four shorter 

equatorial Mn-0 bonds. This structure is worthy of note as the only distorted 

example of all the oxides The structure of MnFs is also made up of 

distorted manganese (III) octahedra. 

Low spin Mn^' ions are not subject to the Jahn Teller effect and can be 

found in different geometries to the distorted octahedron of its high spin 

equivalent, e.g. [IVInCIs]̂ ^ which is square pyramidal. 

1.4.2 Structural Chemistry of IVIanganese(IV) 

The simplest example of a manganese (IV) compound is Mn02. The 

structure of this compound is complex as a range of polymorphs exists although 

only one of these is stoichiometric, p-Mn02. 

Manganese (IV) complexes include K2MnX6 (X = F CI CN ''°®), 

whilst there are only a few manganese (IV) complex oxides, e.g. AzMnaO/ (A = Li, 

Na) 

1.4.3 Mixed Valence Manganese Systems 

A simple example of a mixed manganese (ll)/manganese (III) compound is 

Mn304, which is a standard spinel of the form Mn^"'Mn^"'204, with Mn "̂" and Mn^ 

ions occupying the tetrahedral and octahedral sites respectively. The 

manganese (III) environment is more accurately described as being tetragonally 

distorted due, once again, to the Jahn Teller effect. 

Mixed manganese (lll)/manganese (IV) compounds are of most relevance 

to this work, as mentioned above, and have been studied in some depth. 

Examples include Lai.xAxMnOs (A = Sr, Ca, x = 0 - 0.5) and Ai.xA'xMnOs+s (A 

= La, Nd, Pr, Sm, Y, A' = Ca, Sr) 

As with and Cu^^, problems can occur when trying to differentiate 

between Mn^ and Mn^̂ ' within a structure. Bond valence calculations (see 

Chapter two, section 2.3.6) can, as mentioned previously, be used as a method of 

differentiating between the two different valence states and to clarify the structure. 
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1.5 Structural Chemistry of Cobalt 

The most common oxidation states present in cobalt compounds are Cô "" 

and Co^*, although Co* and compounds can be synthesised using extreme 

conditions (e.g. 1000 °C using a diamond anvil device to provide a pressure of 

65 Kbar to form SrCoOs In the solid state the trivalent state of cobalt is 

partially favoured, as shown by the oxidation of CoO to C 0 3 O 4 upon sintering in 

air. 

Typically cobalt (II) and cobalt (ill) exist in tetrahedral or octahedral 

coordination environments, their geometries are discussed in greater detail in the 

remainder of this section. 

1.5.1 Structural Chemistry of Cobalt (II) 

Cobalt (II) complexes are normally tetrahedral or octahedral, although a 

few examples of five coordinate and square planar species do exist. There are 

more tetrahedral compounds of Co^* than for any other transition metal. This 

results from the d^ electron configuration, which has the least disfavour for 

tetrahedral geometry compared to octahedral, for any d" metal. [CoX4]^' 

tetrahedral complexes are usually formed with unidentate ligands, e.g. the 

halides CI, Br and I. Octahedral Co(ll) complexes, such as [Co(H20)6]^'', 

generally prefer to adopt a high spin configuration, with the low spin octahedral 

complexes tending to lose ligands to become five or four-fold coordinated. Purely 

divalent cobalt materials are rare and may be difficult to synthesise, e.g. 

La2Co04 is prepared by the reaction of CoO and La203 at 2000 °C under 

carbon dioxide or argon. It has an orthorhombic structure (4x 1.944 A equatorial 

bonds and 2 x 2.034 A axial bonds) based on a distorted K2NiF4 tetragonal 

system and is isostructural with La2Cu04. 

1.5.2 Structural Chemistry of Cobalt (III) 

Almost all cobalt (III) compounds are octahedrally coordinated, due to the 

enhanced stability of the octahedral low spin d® configuration. Cobalt amine 

complexes have been extensively studied and provide numerous examples of 

octahedral Co^*, e.g. the successive replacement of NH3 in the series 

[Co(NH3)6-nXn] with X = CI, Br, NO3 The low spin arrangement causes the 
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materials to be diamagnetic and their magnetic properties are therefore of little 

interest. Compounds containing trivalent cobalt in the solid state are quite 

abundant, but once more purely trivalent cobalt materials are quite rare, e.g. the 

brownmillerite phase Sr2Co205 Interesting examples of cobalt (III) 

compounds include lithium based cathode materials such as LiCo02 (which 

contains layers of octahedral Co and Li) and the YBa2Cu307 based material 

Y(Bai.44Ko.56)C0307,9 

1.5.3 Mixed Valence Cobalt Systems 

C 0 3 O 4 is a simple example of a mixed cobalt (ll)/cobalt (III) compound. 

This material can be more accurately described as Co^^Co^*204 and has the 

standard spinel structure, with Co^^ ions in tetrahedral sites and Co^^ in 

octahedral sites within the oxide lattice. 

Oxygen deficient Ruddlesen-Popper type phases Sr3Co20y_8 (0.94 < 5 < 

1.22) have also been reported with the partial occupancy of the oxide sites 

within the structure resulting in both octahedral and square pyramidal cobalt 

coordination environments with Co-0 bond distances in the range ~ 1.87-2.0 A. 

Cobalt (lll)/cobalt (IV) compounds also form, e.g. SrCoOs-g and 

Lai-xSrxCoOs Such materials exhibit a wide range of oxygen non-

stoichiometry and adopt varied perovskite related structures. 

1.6 Structural Chemistry of Iron 

The most common oxidation states present in iron compounds are Fe^^ and 

Fe '̂", although all the oxidation states from 0 to 7 are known in various 

coordination compounds Iron favours the trivalent state in the solid state, as 

is shown by the natural abundance of the mineral haematite (a-Fe203). 

The structure of iron (III) compounds forms the focus for the remainder of 

this section, as this is the valence of most relevance to magnetic effects (as 

explored in chapter 6). 

22 



1.6.1 Structural Chemistry of Iron (III) 

Octahedral environments are generally favoured for iron (III) compounds 

which, as with manganese (III) can be of either high spin or low spin 

configuration. High-spin complexes are more common for the six-coordinate 

complexes whereas the spin configuration for five-coordinate complexes is 

almost entirely dependent on the ligands present in the complex. 

Simple iron (III) compounds include K6Fe206 which adopts a structure 

formed from pairs of edge-sharing tetrahedra. Whilst the coordination chemistry 

of iron (III) is varied, with the ion forming complexes with all the common anions 

(bar those that have reducing properties, e.g. T), almost all such complexes are 

octahedral. 

The YBagCusOy based materials LnBsW^esiDg (Ln = Dy, Er, Y) and 

compounds related to the mineral Pb4Fe308CI (e.g. Pb4Fe308Br ^̂ °) are good 

examples of layered iron (III) materials. 

1.7 Structural Chemistry of Zinc 

This metal is very rarely found in any oxidation state other than +2, when 

it loses both of its 4s electrons, thus it forms compounds with full d shells and is 

not generally regarded as a transition metal. It does share some properties with 

d elements, however, as a small degree of dn bonding may occur between metal 

and ligand in some complexes 

1.7.1 Structural Chemistry of Zinc (II) 

Due to its full d shell doesn't have a ligand field stabilisation effect, 

and the stereochemistry of the ion is determined entirely according to ionic size, 

electrostatic forces and covalent bonding forces. Although small in size the Zn^* 

ions are often found in an octahedrally coordinated structure, four-coordinate zinc 

is also common. Four-coordinate zinc ions are usually found in a tetrahedral 

environment, as seen in ZnO (which crystallises in a lattice with each zinc ion 

surrounded by four oxygens, as opposed to CdO, which adopts the Yocksalt' 

structure with cadmium ions in octahedral coordination) and ZnGa204 with Zn^* 

ions in the tetrahedral sites and Ga^ ions in the octahedral sites A 
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coordination number of five is the most rare coordination environment for zinc, 

although both trigonal bipyramidal and square pyramidal geometries have been 

observed. 

1.8 Cooperative Phenomena Arising from Extended Metal-

Oxide Pathways 

1.8.1 Superconductivity 

1.8.1.1 A Brief History of Superconductivity 

In 1911 Onnes discovered superconductivity when he cooled mercury 

to 4.2 K, its transition temperature (Tc), at which point it seemingly displayed zero 

electrical resistance. Further research showed that many other metals and alloys 

also possessed this unusual property and progress in transition temperatures 

was made at a rate of approximately 3 K per decade up to 23 K after 75 years 

Then, in 1986 Bednorz and Muller made an unexpected breakthrough with the 

discovery of a high-temperature superconductor, La2-xBaxCu04 (Tc of 35 K for 

X ~ 0.5). This led to intense exploration of ceramic materials as possible 

superconductors, readily yielding a Tc of 40 K for the La2-xSrxCu04 system. The 

introduction of strontium was thought to further strain the Cu-0 layers so 

lanthanum was replaced by smaller lanthanides to counteract this effect. This led 

to the discovery of YBagCusO?^ (5 » 0.1) with a tc (92 K) high enough to use 

with liquid nitrogen, making superconductors suited to conventional cryogenic 

technology for the first time. Research into ceramic superconductors has 

continued and the highest transition temperature to date is 135K for 

HgBa2Ca2Cu30io 

Advances in the field of superconductivity have included many more 

diverse compounds. Organic compounds were first discovered to be capable of 

superconductivity with (TMTSF)2PF6 in 1980, but only with an extremely low Tc 

(0.9 K). Exploration of this class of materials raised the transition temperature to 

13 K (for kappa-(ET)2Cu(N(CN)2)CI ™) by 1990 but this field has not experienced 

the almost exponential increase in transition temperature that was seen in 

cup rate chemistry. The phenomenon has also been shown to exist in fullerenes 

such as Ceo and the Tc of such materials was raised by forming intercalation 

compounds, called fullerides, of general type MsCeo where M = K, Rb or CsRb2 with 
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Tc up to 33 K 129. More recently the simple compound MgBg was found to 

superconduct at the surprisingly high temperature of 39 K ''^°.(or 40 K with 

and recent studies are now investigating the intercalation chemistry of this 

material. 

Applications of high Tc cuprates have centred on YBazCusO? and 

Bi2Sr2CaCu208. These materials have been made into thick films, thin films, 

large grains and wires, which in turn can be used in microwave devices, SQUID 

magnetometers, levitation devices, electrical conducting wires, etc 

Although all types of superconductor are of interest to the materials 

chemist, the high-temperature superconductors are of particular relevance to this 

study. Thus the common structural features of such materials will be discussed 

in greater detail in a later section. 

1.8.1.2 Properties of Superconductors 

Although the zero electrical resistance of superconductors is the principal 

reason for the attention shown to such compounds, another property of interest 

that they possess is the Meissner effect, which is the exclusion of a magnetic 

meW. 

When a magnetic field is applied across a superconductor at 

temperatures less than its Tc, the electrons or holes present within the material 

generate surface currents that create a magnetic field of equal and opposite 

magnitude (this can be demonstrated by the levitation of permanent magnets). 

However if the applied magnetic field exceeds a critical value, He, it cannot be 

expelled and superconductivity ceases to be exhibited by the material. 

There are two classes of superconductors, Type I and Type II. Type I 

superconductors are pure elements, e.g. mercury, have low TcS and behave as 

perfect diamagnets excluding a magnetic field completely until the critical field He 

is reached, when they suffer a vertical drop in magnetisation. Type II 

superconductors are generally alloys and complex oxides, have higher TcS and 

are imperfect diamagnets showing a gradual magnetic field penetration above a 

lower critical field Hd followed by a gradual loss of superconductivity until an 

upper critical field Hc2 at which it is completely lost. Because of their ability to 

withstand higher magnetic fields superconducting magnets for industrial 

applications, e.g. NMR, are often made from Type II materials such as Nb/Ti 

alloy 
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1.8.1.3 Theories of Superconductivity 

Low-temperature superconduction is commonly explained by the 

existence of a Cooper pair, which is a pair of electrons that is scattered less than 

a lone electron as it travels through the solid. This is due to the distortion caused 

by one electron attracting the other electron, preventing it from being significantly 

scattered from its path in the event of a collision. In effect there is a virtual 

attraction between the two electrons because the local distortion in positive 

charge makes it favourable for the second electron to join the first. Due to its 

stability against scattering the Cooper pair can carry charge readily through the 

solid, giving rise to superconduction. 

The local distortion in the lattice is easily disrupted by thermal motion of 

the ions within the solid, thus this effect only occurs at very low temperatures and 

for materials with low transition temperatures. There is no firm explanation for 

the occurrence of high-temperature superconductivity, but it is thought the 

intrinsic concept of Cooper pairs, i.e. a virtual attraction enabling synchronous 

movement of energy within a lattice, is important within the mechanism of high-

temperature materials as well as for conventional superconductors. 

1.8.1.4 Common Features in High-Temperature Superconductors 

Two features recur in the structures of complex cup rate superconductors: 

infinite sheets of CUO2 planes, with mixed copper valencies of an average 

oxidation state greater than 2+ (except for in the material Nd2-xCexCu04, x = 0.05 

- 0.3 and insulating layers. The CuOg layers are separated by insulating 

'charge reservoir' layers (except for in the infinite layer compounds), e.g. CuO 

chains and 68202 'rocksalt' layers in YBa2Cu307. Superconductivity is thought to 

take place in the CUO2 planes and the charge reservoir layers ensure the correct 

charge or electron concentration is supplied to these planes (see Fig. 1.8.1.4a). 

The CuOz Planes 

The presence of CuOg planes in high-temperature superconductors is 

made possible by the various coordination geometries and oxidation states that 

copper can adopt. Copper can be in six-fold (octahedral), five-fold (square 

pyramidal), and four-fold (square planar) coordinations within the planes; linking of 

these CuO* square planes (present in all these structural elements) forms CUO2 

layers. With these layers conduction bands are formed by the overlap of the 
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dx -y orbital of copper and the Px and py orbitals of oxygen, with Cu - O distances 

characteristically 1.9 - 1.95a in length. As a result of the Jahn-Teller distortion 

that occurs (see section 1.3) the hybrid dx% /̂pxPy band is a high energy anti-

bonding orbital. This band, being half filled, should cause the material to behave 

as a metal, but instead semiconducting properties are observed. Such behaviour 

results from the strong electron correlations within the band, which induce 

antiferromagnetic semiconducting behaviour. Superconductivity is only observed 

for a narrow range of mixed valence (Cu^VCu^"") compositions between 

antiferromagnetic (see section 1.8.2) semiconducting and normal metallic 

behaviour. This mixed valence ensures the correct charge carrier concentration 

on the CUO2 planes, which in turn depends on whether the carriers are positive 

holes (p-type superconductors) or electrons (n-type superconductors). 

The great majority of high-temperature superconductors are p-type and 

the optimum copper oxidation state is approximately 2.2+. The ratio of Cu^VCu "̂" 

ions, and thus the average value of the oxidation state, may be controlled by 

donor intercalation, metal substitution, halogen substitution and addition/removal 

of oxygen. 

Charge reservoir 

electrons 
CuOg layers 

Figure 1.8.1.4a Schematic representation of the structural features of high temperature 

superconducting cu prates 
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Role of the Separating Layer 

With the exception of the infinite layer compounds (see section 1.2.6), all 

superconducting cuprates have separating layers between the CuOg planes, e.g. 

CuO chains in YBa2Cu307.6, double fluorite layers in NbSr2(Nd/Ce)2Cu20g_g or 

TI2O2 'rocksalt' layers in Tl2Ba2CaCu208 Structural variations in these metal 

and/or metal-oxygen layers that separate the CuOg planes result in changes in 

the electronic properties of the material as a whole. By controlling the copper 

oxidation state, and thus the charge carrier (positive holes or electrons) 

concentration within the CUO2 planes, these separating layers (or charge 

reservoirs) help create the conditions required for superconductivity. 

1.8.2 Magnetism 

Electrons have spin as well as charge and the orientation of unpaired 

electrons determines a material's magnetic behaviour. A random orientation of 

electron spins is known as paramagnetism, when unpaired electrons align 

themselves parallel to each other this is ferromagnetism, whereas 

antiferromagnetism occurs when spins align anti-parallel (with a net magnetic 

moment of zero). Another type of magnetic behaviour is ferrimagnetism, which 

results from ions with different spins aligning antiferromagnetically, but unequally, 

to give a net moment. 

Magnetic interactions are generally quite weak and will be readily 

overcome by the constant thermal movement that occurs at relatively high 

temperatures, causing a sample to exhibit paramagnetic behaviour. Below a 

transition temperature, the value of which varies from one magnetic material to 

another, the magnetic energies surpass the thermal energies and the spins align. 

This ordering temperature is known as the Curie temperature (To) in the case of 

ferromagnetic materials. 

The magnetic susceptibility {%) of a material is a measure of its 

magnetisation when in an external magnetic field. The spins within a 

paramagnetic material will partially align themselves with the field, although 

thermal effects will counteract this ordering such that the higher the temperature 

the lower the magnetic susceptibility. In ferromagnetic materials the spins align 

increasingly strongly (causing concurrent increases in the magnetic susceptibility) 

once the thermal energy barrier to ordering is overcome at Tc. Antiferromagnetic 

28 



materials will align their spins half parallel and half anti-parallel to the external 

field, such that once the thermal energy barrier to ordering is overcome, at the 

Neel temperature (TN), their magnetic susceptibility gradually decreases. A 

representation of these effects is displayed below: 

P a r a m a g n e t i c F e r r o m a g n e t i c An t i f e r r omagne t i c 

Figure 1.8.2a Temperature Dependence of Magnetic Susceptibility of Paramagnetic, 

Ferromagnetic and Antiferromagnetic materials 

For the alignment of magnetic spins to occur spontaneously it follows that 

there must be an energetic interaction between neighbouring spins. The 

coupling of spins to give rise to antiferromagnetism is thought to occur in many 

materials by a process known as superexchange, in which the orbitals of metal 

ions lie in the same direction as the orbitals of the oxygen ion between them. 

Thus a chain coupling can occur through the oxygen, such that the spins of the 

two metal ions lie antiparallel to each other. Due to the fact that the parent 

compounds of high temperature superconductors (and materials exhibiting 

colossal magnetoresistance, see section 1.8.3) are antiferromagnetic, and that 

subtle changes (e.g. doping) can produce such interesting properties, a lot of 

research has been done to increase understanding of these compounds (e.g. 

La2Cu04 and LaMnOs ^^ )̂. 

Neutron diffraction can be useful in determining the magnetic structure of 

a material as neutrons interact with the unpaired electrons present in a material, 

due to them possessing a magnetic dipole moment. The additional scattering 

effect of the interaction between the neutrons and unpaired electrons can cause 

additional peaks to appear in the diffraction profile, which are indicative of the 

magnetic superstructure present in the material. It is possible to determine if a 

material is ferromagnetic or antiferromagnetic by studying these peaks. 
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1.8.3 Colossal Magnetoresistance 

The current level of understanding of colossal magnetoresistance (CIVIR) 

has arisen principally from initial work carried out on perovskites derived from 

LnMnOa (Ln = lanthanide) These materials became the focus of this area of 

research approx. 10 years ago, when it was shown that certain manganese 

oxides showed a large change in resistance when a magnetic field was 

applied These are anti-ferromagnetic because (d") undergoes Jahn-

Teller distortions which cause ferromagnetic ordering from the eg orbitais and % 

filled t2g orbitais. Alkaline earth metal (e.g. calcium) doping of such materials 

introduces some to create a metallic ferromagnet. 

If a sample of Lao./Cao.sMnOs is cooled its resistance increases slowly 

until approx. 250 K at which point the electrical resistance of the material 

suddenly drops by a factor of approx. 10,000 times, this effect is known CIVIR. 

The temperature at which this effect occurs, for any given material, will be almost 

the same as the Tc for that material, i.e. when it suffers a substantial drop in 

resistance it also becomes magnetic as the spins of its outer electrons align. 

A great deal of interest is being shown in CMR as a medium for data 

storage and one of the areas of research growth related to this is layered 

transition metal oxides, which are thought to hold the key to even greater 

magnetoresistance. 

1.8.3.1 Theories of Colossal Magnetoresistance 

The CMR effect is thought to be linked to the fact that although both 

lanthanum and calcium donate electrons to the lattice, the calcium atoms, 

because they donate fewer electrons, cause a shortfall in the sea of donated 

electrons. This creates electron mobility and these "free" electrons interact with 

other "fixed" electrons that are attached to the manganese sites. The "fixed" 

electrons give these sites their spins, past which the free electrons must move. 

When ferromagnetism occurs the spins of the "fixed" electrons line up and 

as the spins of the "free" and "fixed" electrons interact this helps a "free" electron 

move through the aligned spins of the material. This explanation of why the high 

^ low resistance and non-magnetic magnetic transitions occur near the same 

temperature is known as the double exchange model. However, this simple 

model is imperfect and does not take account for the mixture of Mn"*"" and 
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ions needed for CMR to be observed. This mixture of valences is key to the 

model, especially when you consider the change in ion symmetry that occurs 

when an electron alters the oxidation state of a particular ion. When an ion alters 

from bln^^ to Mn^ the ion increases in size and becomes less symmetrical. Thus 

an electron moving from one ion to another must cause distortions along its path, 

this requires a lot of energy, which in turn causes great resistance to its 

movement The de-localisation of electrons that occurs when their spins align 

prevents differentiation between individual ions and removes the distortion 

energy barrier. This model offers a fuller, but not entirely comprehensive 

explanation of CMR. 

Phase diagrams have shown that the electrical properties of CMR 

materials are dependent upon chemical composition, i.e. Lai-xSrxMnOs is very 

different from Pri.xCaxMnOs This complicates the explanation of this 

behaviour even further. 

1.8.3.2 Common Features in CMR materials 

As with superconductivity there appear to be common factors amongst 

CMR perovskites. These include a Mn^ content (relative to total manganese 

content) of approximately 33 %, linked metal oxygen pathways and a particular 

average size of interpolated cation (A, Ln) Additionally, the lower the Tc of the 

material the greater the level of magnetoresistance. 

1.9 The Scope of this Work 

Although copper oxides have been studied extensively due to the interest 

in high Tc superconductivity there is still much that remains to be done within this 

field of research. The work carried out thus far, although comprehensive, has not 

exhausted the possibilities within the chemistry of cuprates. Whilst the search for 

new layered oxide materials exhibiting interesting and useful properties continues 

expansion of research into oxide halides, other metal oxides and mixed metal 

systems has proved fruitful. This exploration of layered oxide chemistry has 

helped develop an understanding of the relationship between structure and 

property that is of fundamental interest to materials chemistry. 
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The focus of this work has been to explore the relationship between 

structure and property in layered oxides and oxide chlorides, by synthesising and 

characterising a range of materials. More specifically, chapter three presents the 

results of a powder neutron diffraction study of the layered mangano-cuprates 

Ln3Ba2Mn2Cu20i2±5 (Ln = Eu and Sm). These materials were of interest as they 

appeared to have the common characteristics of both high Tc superconductors 

and colossal magnetoresistance materials. Chapter four concentrates on the 

development of the Jahn Teller effect in a solid solution, by examining powder X-

ray diffraction data for the phases Sr2Cui-yCOy02X2 (X = CI and Br, y = 0.2, 0.4, 

0.5, 0.6, 0.8). Chapter five explores the structural effects of halide and cobalt 

substitution upon a known iron oxide chloride, investigating the changes to crystal 

structure and sublattice magnetisation that occur using powder neutron 

diffraction. The material NdSrZn04.x is examined in chapter six in an effort to 

investigate its unusual structural transition from a tetragonal to an orthorhombic 

material. 

Some of the compounds studied have been previously reported, but not 

fully characterised, and the work in this thesis has enabled their chemical and 

physical properties to be more fully explored. 
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Chapter Two 

Experimental Techniques 



2.1 Introduction 

This work has used a range of synthetic and analytical techniques to 

produce and characterise a variety of inorganic solid state compounds. 

During the course of this research a variety of synthetic methods have 

been used, both traditional solid state methods and "sealed tube" techniques 

have predominated, but high-pressure and sol-gel techniques were employed as 

well. 

The most commonly used technique for analysis was Powder X-ray 

Diffraction (PXD), but although complete structures can be derived from data 

collected using this technique it is often necessary to gain complementary 

information. Such additional data has been acquired from Powder Neutron 

Diffraction (PND), Thermogravimetric Analysis (TGA), Differential Thermal 

Analysis (DTA) and Infrared Spectroscopy (IR), and used to help fully determine 

physical structure, magnetic structure and phase behaviour. 

2.2 Synthetic Techniques 

2.2.1 Traditional Solid State Method 

Dry reagents, commonly metal salts, oxides and carbonates, are ground 

together in an agate pestle and mortar. Acetone can be used as an inert solvent 

to create a slurry which aids particle dispersion and thus mixing of reagents. 

When the acetone has evaporated the mixed powder can be transferred to a 

high-temperature stable alumina crucible then placed in a furnace to be 

annealed. Multiple heat treatments of increasing temperature are often used. 

Regrinding and/or pelletising the reactants between each treatment helps 

increase contact between the reactant species and thus help the reaction 

progress. 

2.2.2 "Sealed Tube" Solid State Method 

This technique begins in the same way as the traditional solid state 

method with the appropriate starting materials being ground together in a pestle 

and mortar; however this stage is usually carried out in a N2 glove box to avoid 
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moisture being absorbed by hygroscopic reactants such as SrCl2. The dry 

reactant mixture is transferred to a silica tube using a funnel with a long stem, 

and the tube sealed using a blowtorch after being thoroughly evacuated on a 

vacuum line. The sealed tube is then placed within a section of alumina furnace 

tubing and heated from room temperature to the desired reaction temperature. 

After a set period of time the furnace is turned off and the tube allowed to cool 

back to room temperature. (This careful heating/cooling regime is designed to 

prevent the tube from breaking, whilst an alumina jacket is used as a 

precautionary measure to minimise damage should the tube break). As the 

reactants are heated under vacuum no redox reactions can take place, and thus 

using this technique allows metal oxidation states to be stabilised that would 

otherwise alter on being heated in air. 

Often a crucible will be used to contain the starting materials within the 

tube; this is done to prevent them from reacting with the silica tube itself. It is 

also worth noting that the reactants used with this technique must be of a form 

that does not decompose at high temperature (e.g. oxides not carbonates). Any 

reactant that gave off gas at raised temperatures could cause the tube to 

explode, which would be both dangerous and prevent the reaction from 

proceeding as planned. 

2.2.3 Sol-Gel Based Methods 

The sol-gel technique involves the production of ceramic materials by the 

preparation of a sol, gelation of the sol, then removal of the solvent (see Figure 

2.2.3a). 

Inorganic or organic precursors (e.g. nitrates or alkoxides) of metals are 

dissolved in a solvent to form a suspension in which gravitational forces are 

negligible and molecular species can exist in isolation. A gel forms when the sol 

is heated slowly to form macroscopic species as the solvent evaporates. The 

transformation from amorphous gel to crystalline solid occurs upon firing (as with 

the ceramic method above). 
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Figure 2.2.3a Schematic Representation of Sol-Gel Synthesis ^ 

Sol-gel based processes can aid the production of homogenous, pure 

materials at low temperatures and, sometimes, the formation of new materials 

that cannot otherwise be made. This is due to several factors; as the starting 

materials are dissolved in solvents atomic level mixing occurs, this in turn means 

that lower reaction temperatures may be used which can result in the stabilisation 

of low-temperature phases and often results in smaller particle sizes as well. 

However, sol-gel syntheses can be long and costly processes and at times retain 

by-products and/or precursors thus polluting the final product. 
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2.3 Analytical Techniques 

2.3.1 Powder X-ray Diffraction (PXD) 

2.3.1.1 Introduction and Theory 

This non-destructive technique has become the primary analytical 

technique of the solid state chemist. PXD readily allows crystalline materials to 

be characterised and sample purity to be ascertained, whilst a more detailed 

study allows for the observation of phase transitions, measurement of particle 

size, refinement of structures and identification of crystal defects and disorder 

This research study has relied heavily upon using this method of analysis 

to enable identification of synthetic products and determination of the purity of the 

products formed. Initial analysis of PXD data involves comparing the diffraction 

pattern collected to those stored on the JCPDS Powder Diffraction File This 

database of thousands of patterns is searched for a match to the profile collected; 

specifying which elements should be present in the compound refines this 

search. Once a good quality sample of a compound is made PXD can be used to 

accurately determine lattice parameters and fully resolve the structure using the 

Rietveld Method as explained in section 2.3.3. 

When X-rays encounter matter they interact with the electrons present 

within it and are scattered by them as a result. A crystalline solid has atoms 

arranged in regular repeating lattices with interatomic distances comparable to 

the wavelength of X-rays, ~ lA, which in effect means a three dimensional 

diffraction grating is formed from the regular array of scattering centres. As a 

consequence an interference pattern distinctive to a structure is created when the 

X-rays encountering it are scattered in a particular way by the specific 

arrangement of atoms. 

The diffraction of X-rays is commonly modelled using Bragg's Law in 

which parallel planes of atoms within a crystal, separated by distance d, scatter 

the parallel X-ray beams that hit them with an incidence angle, 6. A simplified 

representation of this can be seen in Figure 2.3.1a. 
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Figure 2.3.1a Schematic representation of parallel planes of atoms within a crystal 

interacting with X-ray radiation. 

Constructive interference between the beams only results when the 

pathlength difference between them is equivalent to an integral number of 

wavelengths. This relationship forms the Bragg Equation: 

nA = 2d sin 

where n = 1,2,3,... 

X = wavelength of incident x-rays, 

d = separation of planes ('d-spacing') 

9 = incident angle of the x-rays. 

Equation 2.3.11 

The intensity of a particular reflection varies depending upon a range of 

factors. The scattering power of the atoms within a plane is the greatest factor 

controlling the intensity of diffraction maxima. The scattering power of an atom is 

proportional to the atom's atomic number (i.e. the number of electrons, as this is 

what interacts with the X-rays) and the higher the number the greater the atom's 

scattering power. Other factors to affect observed intensities include temperature 

factors, absorption factors, multiplicities (the number of reflections contributing to 

an observed maxima) and preferred orientation. 

It is worth noting that not all planes within a crystalline substance will 

result in an observed intensity in the diffraction pattern. Reflection conditions and 

systematic absences caused by symmetry elements inherent to a structure may 

prevent diffraction maxima from being observed. 
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2.3.1.2 Instrumentation 

PXD data were collected on a Siemens D5000 or Bruker D85 

diffractometer using a copper source and single crystal monochromator to 

produce Cu ka i radiation {X = 1.5406 a). The sample to be analysed is mounted 

flush in a recessed sample holder made of aluminium or plastic, which is in turn 

mounted in the sample stage of the diffractometer. The sample rotates during 

the measurement at a constant angular velocity and the scintillation detector is 

rotated at twice the angular velocity. 

To counteract the preferred orientation of crystallites within certain 

samples such samples are spun horizontally within their mounting to create an 

average view of the sample, thus reducing the effect of individual crystallites. 

Another problem that can be encountered when analysing samples using PXD is 

that certain compounds fluoresce when exposed to X-rays due to the metals 

contained within them. This leads to unclear diffraction patterns with high 

backgrounds. Fluorescence can be completely removed by operating the 085 

diffractometer in reflection mode (CuKai) employing a Si/Li solid-state detector 

(SOL-X, Baltic Scientific Instruments). 

A schematic of the Siemens D5000 and Bruker D85 diffractometers is 

shown in Figure 2.3.1b: 

Single crystal 
monochromator 

Aperture diaphragm Detector diaphragm 

Scattered radiation 
diaphragm 

/ 
/ 

\ 
\ 

A 28 

\ 
Detector 

X-ray tube Sample 

Figure 2.3.1b A Schematic of the D5000 and D85 Diffractometers 

A computer controls each instrument, runs different collection programs 

and compiles the data for analysis and storage. 
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2.3.2 Powder Neutron Diffraction (PND) 

2.3.2.1 Introduction and Theory 

Powder neutron diffraction (PND) is another technique used in solid state 

chemistry that is very useful for analysing the structure of crystalline materials. 

The data collected using this technique is used in much the same way as with 

PXD but unlike X-rays, which are scattered by the electron cloud of an atom, 

neutrons are scattered by its nucleus. Thus the scattering power of elements 

towards neutrons can be quite different from those towards X-rays (as the values 

vary erratically), particularly as the scattering power of a nucleus is dependent on 

both potential scattering and resonant scattering. 

The suitability of neutrons to the diffraction technique results from several 

properties including a wavelength comparable to atomic separation and an 

intrinsic magnetic moment, which allows both crystal and magnetic structures to 

be investigated. 

PND is advantageous over PXD in a variety of ways and overcomes many of 

the problems intrinsic to X-ray diffraction. One problem commonly experienced 

with PXD is that light elements with low electron densities are difficult to detect 

due to the proportional relationship of scattering power with atomic number. In 

the case of neutrons, however, the atomic nuclei are responsible for the 

scattering and there is no simple dependence of neutron scattering power over 

atomic number making it easier to accurately determine light atoms' atomic 

parameters. This is of particular significance to this work as PND permits the 

accurate determination of oxygen positions in the presence of heavy elements 

such as lanthanides. 

As the scattering power of a nucleus towards neutrons varies irregularly 

across the periodic table, at times adjacent elements can have vastly different 

scattering factors. This confers upon PND the ability to distinguish between 

neighbouring elements in the periodic table, which is not possible with PXD (as 

with a similar number of electrons the two elements would have almost identical 

scattering power). This advantage has been made use of in this study to 

differentiate between copper and manganese (see Chapter 3). 

Another advantage of carrying out structural analysis using neutrons is that 

as neutrons point scatter due to their small size, that even at large diffraction 
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angles destructive interference is negligible. This eliminates the decrease in 

scattering power at high 26 values as seen with PXD, allowing an accurate 

measurement of peak intensity across all 29 values. 

The high penetrating power of neutrons allows the sample to be heated or 

cooled during data collection as the material from which a furnace or cryostat is 

made will not prevent the neutrons passage. This permits in-situ study of phase 

transitions, low temperature structures, and often using low temperature data 

reduces thermal motion within a structure which facilitates more accurate 

structural determination. 

Finally, neutron diffraction may also be used to study the magnetic structure 

of materials, as neutrons possess a magnetic dipole moment of their own. The 

unpaired electrons present in magnetic materials interact with the neutrons, 

giving rise to an additional scattering effect producing extra peaks in the 

observed pattern. These extra peaks represent the super structure formed by the 

positions of the magnetic atoms within the overall structure. 

For these reasons, and despite the high cost and potential safety hazard 

inherent in a powerful ionising radiation source, neutron diffraction proves to be 

an invaluable tool in the detailed study of many materials. 

There are two principal sources of neutron radiation suitable for diffraction 

techniques: constant wavelength and time of flight (TOP). The latter was the 

technique used for this research and thus the theory behind this technique is 

explained below. 

Neutrons, due to their wave-particle duality, may be used for diffraction 

experiments in a similar way to X-rays. The wavelength of a given neutron is 

governed by the de Broglie equation 

mv 

Equation 2.3.2a 

where X = wavelength 

h = Planck's constant 

m = mass of a neutron 

V = velocity of a neutron 
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A synchrotron spallation source provides pulses of neutron radiation across a 

range of wavelengths. The diffracted neutrons are separated according to their 

time of flight by fixed angle detectors, and therefore, over a fixed distance, they 

are separated by their wavelength. Usually in a diffraction experiment the 

variables of the Bragg equation are d and 6 at fixed A,; in a TOP experiment this is 

changed so that A, and d are variables at fixed 9. 

If a primary flight path (moderator to sample) is a distance Li, a secondary 

flight path (sample to detector) is Lg and the corresponding times of flight are t-, 

and tz, then; 

L j + Lg 
= 2dsinQ 

Equation 2.3.2b 

Therefore with a total neutron flight path L (Li + L2 = L) and total time of flight t (ti 

+12= t), then: 

f = 2 d L 
V h J 

sin 6 

Equation 2.3.2c 

Consequently, for a 12 m instrument like POLARIS, a 1 A d-spacing reflection will 

be detected in a backscattering bank at a TOP of -5000 ps. 

2.3.2.2 Instrumentation 

TOP PND data were collected on the POLARIS, HRPD and GEIVI 

instruments at the ISIS facility (a synchrotron spallation source) at the Rutherford 

Appleton Laboratory (R.A.L.), Oxfordshire. 
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The POLARIS instrument receives short pulses (<90 ps) of neutrons from 

the proton spallation of a uranium or tantalum target, mVn neutrons of 

wavelengths down to 0.2 A suitable for diffraction. The initial burst of neutrons is 

slowed in a gadolinium poisoned water monochromator at 295 K to give the 

required tight neutron pulse over a wide range of wavelengths. A schematic 

representation of POLARIS is given in Figure 2.3.2ai. 

L o w a n g l e 
detectors 

Long d-spacing 
detectors 

90 d e g r e e s detectors 

Transmitted 
^ beam monitor 

B a c k s c a t t e r i n g detectors 

Incident b e a m 
m o n i t o r 

11 .5 m c o l l i m a t o r 

1.5 m co l l ima to r 

Figure 2.3.2ai Schematic of the POLARIS Diffractometer . 

The samples were loaded in vanadium cans of 6 - 12 mm overall 

diameter, and placed within an evacuated sample chamber. On POLARIS 

backscattered neutrons are detected by 38 ®He detectors giving a resolution of 

Ad/d ~ 5 X 10^ and a d-spacing range of 0.2 - 3.2 A. Typical data collection 

periods on POLARIS for samples of 1 - 2 g were 2 - 4 hours depending on the 

sample. 

HRPD, the High Resolution Powder Diffractometer, is situated approx. 

100 m from the ISIS target at the end of a neutron guide and uses a liquid 

methane moderator to provide an incident flux out to a maximum wavelength of 

10 - 12 A. The highest resolution backscattering data may be recorded out to d-

spacings of approx. 5 A whilst complementary detectors at 90°, and low angles. 
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extend the measurable d-spacing range, albeit at lower resolution, to beyond 20 

A. A schematic representation of HRPD is given in Figure 2.3.2aii. 

90 ° detector 
28-32 ° 

Ar filled detector 

e 
Backscattering 

detector \ 

Guide tube Beam stop 

1 m sample 2 m sample 
position position 

Figure 2.3.2aii Schematic of the HRPD diffractometer ®. 

The samples were loaded in square vanadium slab cans measuring 2 x 

13 X 23 mm, and placed within an evacuated sample chamber. On HRPD 

backscattered neutrons are detected by ZnS scintillator detectors giving a 

resolution of Ad/d ~ 4 x 10"^ over a wide d-spacing range. Due to the low flux 

intensity available at HRPD typical data collection periods are lengthy, and 

samples of approx. 1 g were measured for 12 hours. 

GEM can be used to perform high flux intensity, high resolution 

experiments with a low background count; highly useful for the study of crystalline 

materials. The instrument comprises a primary flight path of 17 m and has seven 

detector banks, which give an overall detector area of approx. 10 m^ covering a 

wide range in scattering angle from below 5° to 170°. GEM has disc choppers for 

restricting the wavelength range and thus preventing frame overlap, and a 

nimonic chopper for reducing the contribution to the background from high energy 

neutrons. A schematic representation of GEM is given in Figure 2.3.2aiii. 
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Figure 2.3.2aiii Schematic of the GEIVl diffractometer . 

GEIVi has multiple ZnS scintillator detectors giving a resolution of Ad/d = 2 

- 3 x 10^ in backscattering and Ad/d = 5 x 10"̂  at a scattering angle of 90° at all 

d-spacings. The combination of a high count rate and good resolution enables 

data to be collected in very short times and on small samples, thus typical data 

collection periods on GEM for samples of 0.5 - 1 g were 1 0 - 2 0 minutes 

depending on the sample. 

2.3.3 The Rietveld Method 

The previous two sections (2.3.1 and 2.3.2) dealt with the collection of 

PXD and T.O.F. PND data. The Rietveld refinement method ^ has been used to 

analyse the data collected and extract structural information from it, as will be 

described below. 

Single crystal data is analysed using a least squares refinement of 

structure factors (or | F | values) in relation to intensities obtained from the three-

dimensional diffraction pattern. As powder diffraction data is displayed in two 
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dimensions it is not suited to refinement by the same methods used for single 

crystals. Much of the information needed to determine structure factors, and thus 

refine a structure, can be contained within overlapping peaks and as a result be 

too complex to distinguish. 

H. M. Rietveld ® was the first to propose that analysing the whole 

diffraction pattern at once could allow a structure to be determined using a 

method of profile refinement. This lead him to develop The Rietveld Method ® 

which is based upon minimising the difference between the experimental data (in 

the form of an observed diffraction pattern) and a theoretical model by refining 

certain parameters. This minimisation is achieved through carrying out 

simultaneous least-squares refinements on the two groups of refineable 

parameters, the structural and profile parameters. 

The structural parameters describe the contents of the unit cell and 

include the thermal displacement parameters (temperature factors), coordinates 

and occupancies of each atom. The profile parameters define the position, 

shape and full-width-at-half-maximum (FWHM) of each peak, the profile scale 

factor, lattice parameters, background coefficients, zero point error, phase 

fractions and preferred orientation correction. 

Within this study the General Structural Analysis System (GSAS) 

software package has been used to perform Rietveld refinements on data 

collected on both single wavelength powder X-ray diffractometers and time of 

flight neutron instruments. A typical refinement process would be carried out as 

follows. 

An approximate structural model (often a closely related crystal structure) 

is entered into the program, including cell parameters, space group and atom 

positions. First of all scale and background parameters are refined, then lattice 

parameters and zero point error, in order to accurately position diffraction 

maxima. Preliminary refinement of peak shape parameters can then be 

performed. Next atom positions are located within the structure by allowing them 

to vary, which in turn alters the peak intensities and improves the peak shape. 

Thermal motion at the atom positions is then included in the refinement by 

allowing the isotropic temperature factors to vary. Anisotropic temperature 

factors can also be included in the refinement to improve the fit, however, their 

use is often only applicable to neutron diffraction data. Other additional 

parameters may also be included in the refinement if appropriate. These include 

the occupancy at atom sites (to allow for partial occupancies), phase fractions (in 
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the case of multiple phase samples) and the preferred orientation correction 

(useful when a noticeable alteration from expected peak heights is observed as 

can result from samples containing crystallites with either-plate or rod-like 

morphologies). 

The progress of the refinement can be followed visually using the powplot 

function within the GSAS program. This function simultaneously displays the 

experimental data, the calculated profile and a difference plot. A perfect fit would 

result in a flat difference plot, but this is very rarely achieved. 

The observed counts (Y"''®) are compared with the calculated counts 

(Yi'̂ "=) for each point (29n) on the profile of the model structure. The parameters 

of are adjusted to minimise the function: 

M, = z 14̂ , [ y r - y r " 7 

Equation 2.3.3a 

where W, = weighting factor = (Y""®)"̂  

For PXD data, the calculated intensities are determined from the structural 

model by summing the calculated contributions from neighbouring Bragg 

reflections (k) plus the background (bj): 

yr=sY,L,\F,ff{2e,-29,)P,A + y,, 

k 

Equation 2.3.3b 

where s = scale factor 

Lk contains Lorentz polarisation and multiplicity factors 

(|) = reflection profile function 

Fk = structure factor for the kth Bragg reflection 

Pk = preferred orientation function 

A = an absorption factor 

Ybi = background intensity at ith step 

Preferred orientation arises when there is a strong tendency for the crystallites to 

be ordered in a particular way. It is defined by: 
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= [Cg + (Y - GgjexpC - j ] 

Equation 2.3.3c 

where Gi and Gg = refinable parameters 

ttk = angle between the presumed cylindrical symmetry axis and the 

preferred orientation axis direction 

The background intensity at 28, (yw) can be obtained from a specified, refineable 

background function, such as a fifth-order polynomial 

m=0 

20^ y 

BKPOS 

Equation 2.3.3d 

where BKPOS = a user specified background position 

Since the refinement method is based upon comparing intensities at every point it 

is fundamental, to the construction of the calculated profile, that the shape of the 

Bragg reflections, i.e. peak shape, is accurately described. The peak shape used 

in this work is the pseudo-Voigt function, a linear approximation to the 

convolution of the Gaussian and Lorentzian components of the peaks; 

# + ( 1 - 77)G 

Equation 2.3.3e 

where L = the Lorentzian 

G = the Gaussian contributions to the peak shape 

T| = the mixing parameter 

r| has been shown to vary as a linear function of 29 and can be modelled as: 

Equation 2.3.3f 

where Na and Ng = refinable parameters 

The Gaussian (G) and Lorentzian (L) contributions to the peak shape are 

represented by the equations; 
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G - exp(- 4/n2(26, - 2 6 , / H 

Equation 2.3.3g 

and 

L = 
TTH, 

f + 4 
( 2 9 , - 2 9 , / 

HI 

Equation 2.3.3h 

where 26k = the calculated position for the kth Bragg peak corrected for the 

counter zeropoint 

Hk = the FWHM of the kth Bragg reflection 

In the case of constant wavelength neutron diffraction, the Hk. of a peak has been 

shown to vary with the scattering angle 29k and is modelled as; 

where U, V and W 

dependent). 

- Utan^O + VtanQ + W 

Equation 2.3.3i 

the refinable parameters (both instrument and sample 

Therefore, this formula can account for peak broadening effects resulting from 

particle size. However, it must be noted that when refining TOP PND and PXD 

data a more complex expression is used 

When a quanitative assessment of the goodness of fit is required (not just 

the qualitative pictorial representation offered by the histogram) the GSAS 

program can output a number of reliability indices. Rp is a parameter that 

measures agreement with the profile: 
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E,.0t)s calc 
\y i Yi 

^profile - - 1 0 0 

Re is of purely statistical significance: 

^expected ~ ^exp - 1 0 0 

obs 

Equation 2.3.3j 

( " / v - p + c ; 
/ 2 

Equation 2.3.3k 

where N = number of observables 

P = number of refinable parameters 

C = number of constraints 

Rwp is the most mathematically meaningful R factor, as the numerator is being 

minimised: 

R , = 100 

Equation 2.3.31 

is a natural measure of good fit, it is normally minimised during the refinement 

process; 

1 

/ V - P + C 
y- obs _ y-ca/c 

R 

Re 

Equat ion 2.3.3m 

A good fit should result in the weighted R-factor approaching the statistically 

determined R-factor, i.e. should approach unity. 
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A visual measure of goodness of fit is also of value, simply examining the 

difference line of a profile fit allows for an estimation to be made as to how good 

the structural model is. 

Whatever the outcome of a refinement it is important to remember that the 

final model must make chemical sense. Bond lengths and angles extracted at 

the end of a refinement should be within reasonable limits; otherwise the model is 

of little value no matter how good the reliability indices may suggest it to be. 

2.3.4 Thermal Analysis 

2.3.4.1 Introduction and Theory 

Thermal analysis involves the measurement of physical or chemical 

changes that occur as a result of temperature change. With respect to solid state 

chemistry research the properties examined are usually mass and 

thermodynamic events. These changes are measured by thermogravimetric 

analysis (TGA) and differential thermal analysis (DTA). 

TGA records the weight change that occurs when a sample is heated 

under controlled conditions. The compound being tested is heated in a flow of 

gas (commonly air, 5% H2 in Ng or Ar) and any weight loss that results from 

decomposition, or loss of an adsorbed compound such as water, are measured. 

DTA records the difference in temperature between the sample and an 

inert reference material. As the reference will not decompose or change phase 

over the temperature range of the equipment it enables comparison with such 

events occurring in the compound being tested. Whether the sample 

temperature is greater or less than the reference material allows the identification 

of exothermic and endothermic events, see Figure 2.3.4a: 

H 
CD 

Q) O 

Exothermic 

Endothermic 

T e m p e r a t u r e 

Figure 2.3.4a Example of DTA trace showing exothermic and endothermic events. 
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Collecting both TGA and DTA data at the same time enables the 

identification of thermal events that are associated with weight loss. Also, by 

studying the cooling, as well as the heating stage, a thermal change can be seen 

to be either reversible or irreversible. If an opposite thermal change results upon 

cooling this is a reversible change, if no change occurs then this is an irreversible 

change. 

2.3.4.2 Instrumentation 

Thermal analysis data were collected on a Polymer Laboratories STA 

1500. This instrument can simultaneously record the TGA and DTA responses 

for a sample, over a temperature range of room temperature (RT) to 1500 °C, 

and with a gas flowing over the compound. For a schematic representation see 

Figure 2.3.4b; 

Elec t ron ic M i c r o b a l a n c e 

Counter Pan 

Furnace 

i 

Water Gas 

Furnace Windings 

Sample/Reference 
Crucibles 

Furnace Tl iermocouple 

F i g u r e 2 .3 .4b Schemat i c representat ion of PL S T A 1500. 
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A computer controls the instrument and enables different programs to be 

run. A typical run involved heating approx. 15mg of sample from RT to 1000 °C 

at a rate of 10 °C per minute, holding that temperature for 10 minutes, then 

cooling to RT at 10 °C per minute. Every 3 seconds a data set is recorded, and 

at the end of a run the complete data set can be exported to be manipulated by 

other software programs at other computer terminals. 

2.3.5 Infrared Spectroscopy (IR) 

2.3.5.1 Introduction and Theory 

The absorption of IR radiation at particular frequencies by bonded atoms 

within a solid can excite vibrational modes. Infra-red spectra are plots of the 

intensity of such absorptions as a function of the frequency of the incident 

radiation, which is usually collected from 4000 cm"^ to 400 cm"^ but can be varied 

over a greater range. Each vibration within an infra-red spectrum is characteristic 

to a particular molecular or lattice vibration and can thus be assigned to a part of 

the structure of the compound being studied. However a varied collection of 

absorptions may result from the overlapping of different vibrations and be difficult 

to interpret. 

2.3.5.2 Instrumentation 

IR Spectra were recorded using a Perkin Elmer Spectrum One system 

with a resolution of 1 cm"\ The samples were diluted with pre-dried KBr 

(approximately 5 mg sample in 200 mg KBr), and placed in the specialised 

powder sample holder. Spectra were then recorded in reflectance mode. 

2.3.6 Bond Valence Calculations 

This is not an experimental technique but an analytical method by which 

an indication of the strength of a bond within a crystalline solid can be calculated. 

Bond valence calculations are used to assess the chemical viability of a structure 

ascertained from diffraction data, and to estimate the valence of an ion in a 

particular coordination environment. 
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Valence bond theory is used to describe bonding in organic and 

coordination compounds in the form of single, double or triple bonds. However, 

this cannot be used to explain the bonding in crystalline non-molecular inorganic 

materials when most structures have too few electrons to assign a pair to each 

bond. Thus Zachariasen and Brown developed an empirical approach, bond 

valence theory, which evaluates individual bond valences, and consequently 

sums them to produce a site valence. This is shown below in the form of the 

valence sum rule: 

!/ 

J 

Equation 2.3.6a 

where Sy = valence of a bond between atoms i and j 

This method is based on bond strength being inversely proportional to 

bond length, with longer bonds implying a weaker interaction. Bond valence 

theory determines a valence for a particular atom from the observed bond lengths 

associated with its site. Therefore, in an inorganic material bond strength can be 

calculated from experimentally measured bond lengths. A correlation between 

bond lengths and valence has been established after examining a range of 

inorganic crystalline systems. This inverse relationship can be described by the 

expression: 

B 

Equat ion 2.3.6b 

where Ry = length of a bond around the ion 

Ro = variable empirically determined parameter, actual values used are 

those derived by Altermatt and Brown 

B = constant empirically determined parameter 

A limitation of this method of analysis is that it assumes that the crystalline 

system is relaxed and not a rigid lattice. A large amount of structural strain 

compresses bond lengths leading to larger, "over bonded", valences. 

Conversely, stretched structures lead to longer bond lengths and 'under bonded' 
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sites. However in most cases the actual valence is within 0.2 of the calculated 

valence and thus gives a good indication of the bonding environment. 
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Chapter Three 

Synthesis and Structural Characterisation of 

Ln3Ba2lVln2Cu20i2 Phases (Ln = Eu and Sm) 



3.1 Introduction 

The oxide chemistries of copper and manganese have recently 

commanded considerable attention due to the unusual electronic and magnetic 

properties exhibited by such materials. Much of this attention has been directed 

at two specific oxidation states Cu II and Mn III which are Jahn-Teller ions (d® and 

d"* respectively). In terms of copper II chemistry the main thrust has been the 

synthesis of new high temperature superconducting compounds constructed from 

layers of corner sharing CuO, square planes of the formal stoichiometry CUO2 \ 

The structures of these materials are all formally derived from the perovskite 

structure with various other layers interposed. These inter-cuprate sheets may 

be of other structure types, such as fluorite or 'rocksalt', but may also be 

perovskite based themselves as for example materials of the type 

Gd2Ba2Ti2Cu20i2 With respect to Mn (III) chemistry the aim has been the 

formation of mixed valency Mn ^VMn materials demonstrating 

magnetoresistance such as Lni.xCaxMnOs ^ and LaSr2Mn207 Again these 

structures are based on perovskites although, unlike superconductor chemistry, a 

three dimensional component to the structure seems to be required for the 

observation of the property of interest. 

The combination of manganese and copper in complex perovskite based 

structures has been achieved by Hervieu et al. ® and studied in detail by 

Matsubara and co-workers Materials of the composition Ln3Ba2Mn2Cu20i2 

exist only for Ln = Sm, Eu, Gd and adopt the so-called intergrowth structure with 

perovskite and 'rocksalt' units. The structure, shown in Figure 3.1a, has K2NiF4 

layers of the composition Ln2Mn04 alternating with layers of the formal 

composition LnBazCuzMnOs. 
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Figure 3.1a Structure of Ln3Ba2Mn2Cu20i2 

An overall oxygen stoichiometry of y = 0 in the formula 

Ln3Ba2Mn2Cu20i2±y produces a mixed Mn ^""/Mn material with a manganese 

oxidation state typical of that observed in CMR materials. Cation substitutions 

have also been performed on this system forming, for example, (Eus. 

xCax)Ba2Mn2-ySCyCu20i2 with the aim of oxidising copper into the 

superconducting range around but all such phases were found to be 

semi-conducting 
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All the structural analyses carried out on members of the 

Ln3Ba2Mn2Cu20i2±y systems until now have used powder X-ray diffraction 

methods or electron microscopy. Such techniques are relatively insensitive to 

oxygen distributions due to the presence of the heavier, strongly scattering 

elements. In addition the similarity of manganese and copper, and of lanthanide 

and barium ions, in terms of the scattering of X-rays makes distinguishing these 

elements extremely difficult. In order to rationalise the properties of the members 

of the Ln3Ba2Mn2Cu20i2±y system determinations of the distributions and levels of 

oxygen and the cations on their respective sub-lattices are obviously crucial. The 

technique of choice for such a study is powder neutron diffraction where oxygen 

is a strong neutron scatterer and significant scattering contrasts can exist 

between near-neighbour elements; e.g. Mn b = -3.7fm, Cu b = 7.7fm. However, 

the small range of lanthanides for which the Ln3Ba2Mn2Cu20i2±y phase forms 

normally precludes the use of neutron diffraction methods as naturally occurring 

isotopic composition Gd, Sm and Eu are all strong neutron absorbers. This 

problem may be overcome through the use of specific lanthanide isotopes that 

are only weakly absorbing such as ^®°Gd, and This work reports the 

structural study of ^^Sm3Ba2lVln2Cu20i2±y and ^®^Eu3Ba2Mn2Cu20i2±y, in as 

prepared and oxygen annealed forms, by high-resolution neutron diffraction. 

3.2 Experimental Procedure 

At first it was hoped that the problem of having to use neutron absorbing 

lanthanides within this compound type could be avoided by choosing atoms 

whose combined ionic radii would create an average radius close to that of those 

ions known to form the Ln3Ba2Mn2Cu20i2 phase, i.e. gadolinium, samarium and 

europium. Thus a mixture of lanthanide starting materials was used within the 

syntheses in an attempt to form NdDy2Ba2Mn2Cu20i2, PrHo2Ba2Mn2Cu20i2 and 

SmGdDyBa2Mn2Cu20i2 following the method of Matsubara et al. 

Samples were prepared by intimately grinding together high purity 

stoichiometric mixtures of Nd203, DygOs, BaCOs, Mn203 and CuO, PreOn, H02O3, 

BaCOs, Mn203 and CuO or Sm203, Gd203, Dy203, BaCOa, Mn203 and CuO (all 

99.9% or better) and heating the reactants to 1000 °C for 4 hours, regrinding the 

intermediates and heating again to 1100 °C for a further 4 hours (for results, see 

Table 3.3.1a). 

65 



Synthetic work then concentrated on optimising the reaction conditions for 

the formation of pure phases of the single lanthanide phases. 

Initially a conventional solid state synthetic method was tried with 

stoichiometric mixtures of Sm203 / Gd203 I EugOs, BaCOs, Mn203 and CuO (all 

99.9% or better), these were intimately ground together then heated at 1000 °C 

for 4 hours, reground and heated again to 1100 °C for a further 4 hours, and the 

final heating repeated until pure phase samples of each target phase were 

produced (for results, see Table 3.3.1b). 

The synthesis of the related phases Gd3Ba2(Mni.5Ruo.5)Cu20i2 and 

Eu3Ba2-xSrxMn2Cu20i2 (x = 0, 1,2) was also attempted, using the same reaction 

conditions as above, from reaction mixtures containing stoichiometric amounts of 

GdgOs, BaCOs, IVIngOs, RUO2 and CuO (all 99.9% or better, for results, see Table 

3.3.1c) and GdgOs, BaCOs, SrCOs, Mn203, and CuO (all 99.9% or better, for 

results, see Table 3.3.Id). These phases were attempted as it was thought that 

modifying the cations within the structure could cause interesting structural 

changes. The substitution of ruthenium for manganese was tried as such 

reactions have recently received attention within the literature whilst the 

barium/strontium solid solution was tried as similar materials have been 

successfully made previously 

The effect of annealing under oxygen was observed repeating the 

syntheses with second thermal treatment occurring under a flow of oxygen (for 

results, see Table 3.3.1e). 

In an effort to eradicate by-products without needing multiple thermal 

treatments at 1100 °C, two different methods were tried with the SmgOs, BaCOs, 

MnzOs and CuO (all 99.9% or better) reaction mixture. Firstly, a higher thermal 

treatment (for results, see Table 3.3.If), secondly, the use of Mn02 instead of 

Mn203 as the source of manganese (for results, see Table 3.3.1g) and thirdly, 

pelletising the reactants under 10 tonnes/cm^ (for results, see Table 3.3.1 h). 

Finally, the optimised method of pelletising and multiple thermal 

treatments with intermediate careful grinding was used in the production of the 

valuable isotope containing phases. The europium and samarium phases were 
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the phases selected for study by PND, because the Eu3Ba2Mn2Cu20i2 was the 

original example of this phase, whilst samarium was thought to be more useful for 

exploring the boundaries of phase formation. The phases ^®^Eu3Ba2Mn2Cu20i2 

and ^^Sm3Ba2lVln2Cu20i2 were synthesised In platinum crucibles from reaction 

mixtures using ^®^Eu203 and ^^Sm203 (purchased from Trace Isotope at a level 

of >98.7 % purity) in place of the normal EU2O3 and Sm203 (for results, see Table 

3.3.1 land Table 3.3.1j). 

After PND data had been collected for the phase ^®^Eu3Ba2Mn2Cu20i2, 

the sample was annealed at 1050 °C for approximately 18 hours under a flow of 

oxygen, with slow cooling in oxygen to room temperature (for results, see Table 

3.3.1i), and further PND data collected. 

PXD data were used to confirm the purity of the phases formed, however 

full structural refinements of the '®^Eu3Ba2Mn2Cu20i2 and '̂ ^Sm3Ba2lVln2Cu20i2 

phases were carried out using the PND data. 

Powder neutron diffraction data were collected from 500mg-1g samples 

on the diffractometer HRPD at Rutherford Appleton Laboratories at 298 K, 150 K 

and 2 K for the ^®^Eu3Ba2lVIn2Cu20i2 sample and 298 K only for the 

^^Sm3Ba2h/ln2Cu20i2 and oxygen annealed ^^^Eu3Ba2Mn2Cu20i2 samples. Data 

collection times were 16 hours and data reduction was carried out using the 

standard methods; both back scattering and 90° data banks were included in the 

structure refinement, which employed the GSAS package Raw data from the 

europium containing samples were corrected for the effects of absorption due to 

the residual ®̂̂ Eu In the sample. For the samarium based material such data 

correction proved more difficult, due to the presence of the secondary phase, and 

the absorption correction was handled as far as possible in the data refinement. 

3.3 Results, including Structural Refinement 

3.3.1 Synthetic Results 

Except in the case of the phase containing neutron adsorbing isotopes 

(SmGdDyBa2Mn2Cu20i2). it proved impossible to form the desired target phases 

with a mixture of complex oxides forming instead the phases detailed in table 

3.3.1a. 
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Target Phase Reagents Heat Treatment Products 

Nd2DyBa2Mn2Cu20i2 

Nd203, Dy203, 

BaCOs, Mn203 

and CuO 

1000 "C, 4h 

50% of 

DyBa2Cu306,96i 25% 

DyzOs, 20% 

Ndi.iBai.gCusO?, and 

5% BalVlnOa 

Nd2DyBa2Mn2Cu20i2 

Nd203, Dy203, 

BaCOs, Mn203 

and CuO 

1100 "C, 4h 

50% of 

DyBa2Cu30g,g6, 25% 

DyzOs, 20% 

Ndi.iBai gCusOy, and 

5% IVInO 

PrHo2Ba2Mn2Cu20i2 

PreOn, H02O3, 

BaCOs, l\/ln203 

and CuO 

1000 "C, 4h 

40% of 

Ho2Ba4Cu306,95, 20% 

BalVlnOs, 20% 

Pr-ioOia, 15% HO2O3 

and 5% H02CU2O5 

PrHo2Ba2Mn2Cu20i2 

PreOn, H02O3, 

BaCOs, l\/ln203 

and CuO 

1100 °C. 4h 

40% of HoBa2Cu307, 

30% H02O3, 10% 

PfloOiB, 10% 

Bao.92Cui,o602.i4 and 

10% Ba5Mn4Ho802i 

SmGdDyBa2Mn2Cu20i2 

Sm203, Gd203, 

DyzOs, BaOs, 

Mn203 and CuO 

1000 °C, 4h 

35% of DyzOs, 25% 

SmisBauCusOr.e, 

25% GdBa2Cu2.82i 

06.74, 10% BaMngOie 

and 5% DyMn205 

SmGdDyBa2Mn2Cu20i2 

1100 °C, 4h Target phase 

Table 3.3.1a Mixed lanthanide analogues of Ln3Ba2Mn2Cu20 12 

The conventional solid state method used to form the single lanthanide 

phases (Gd3Ba2Mn2Cu20i2, Sm3Ba2Mn2Cu20i2, Eu3Ba2Mn2Cu20i2) produced 

pure samples after repeated thermal treatments: 



Target Phase Reagents Heat Treatment Products 

Gd3Ba2Mn2Cu20i2 Gd203, BaOs, I\/In203 

and CuO 

1000 °C, 4h 

40% GdBaaCusOe.gg, 

20% BalVln02.98, 15% 

BaCu02.4, 10% 

GdBa2Cu306,84. 10% 

CuGd204 and 5% 

Mn304. 

Gd3Ba2Mn2Cu20i2 Gd203, BaOs, I\/In203 

and CuO 

1100 "C. 4h 100% of target phase 

Sm3Ba2Mn2Cu20i2 Sm203, BaC03, 

Mn203 and CuO 

1000 °C, 4h 

30% Sm2Cu04, 25% 

IVInzOs, 25% 

SmBa2Cu3 Os.n, 10% 

BaCu04 and 10% 

Smi ^Ba-i 6CU3O7 Sm3Ba2Mn2Cu20i2 Sm203, BaC03, 

Mn203 and CuO 

1100 "C, 4h 

95% of target phase 

and 5% unidentified 

phase 

Sm3Ba2Mn2Cu20i2 Sm203, BaC03, 

Mn203 and CuO 

1100 °C, 4h 100% of target phase 

Eu3Ba2Mn2Cu20-]2 EU2O3, Ba03, Mn203 

and CuO 

1000 °C. 4h 

30% EuBa2Cu306,i3, 

30% Eui zBai BCusOy, 

20% IX/lngOs, 10% 

CUEU2O4 and 10% 

BaMn03. 

Eu3Ba2Mn2Cu20-]2 

1100 °C, 4h, 100% of target phase 

Table 3.3.1b Conventional synthesis of Gd3Ba2Mn2Cu20i2, Sm3Ba2Mn2Cu20i2 and 

Eu3Ba2Mn2Cu20i2 

Unfortunately the target phase Gd3Ba2(Mni,5Ruo.5)Cu20i2 did not form, a 

mixture of complex and simple oxides being obtained instead; 
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Target Phase Reagents Heat Treatment Products 

30% of 

Gd2Ba4CU2.82106.74, 

30% Gd2Cu03.98, 

1000 °C, 4h 10% BalVlnOs, 10% 

Ba3GdRu20g, 10% 

Gd3Ba2(IVIni 5Ruo.5)CU20I2 GdzOs, BaCOs, BaO and 10% IVInsO^ 

IVIngOa, RUO2 and 30% of 

CuO Gd2Ba4Cu2.821O6.74, 

30% Gd2Cu03 98, 

1100 °C, 4h 20% BasGdRuzOg,. 

10% IVInsOA 10% 

BaMnOs and 5% BaO 

Table 3.3.1c Attempted synthesis of Gd3Ba2(Mni.5Ruo.5)Cu20i2 

Once again the desired barium/strontium solid solution phases 

(Eu3Ba2-xSrxMn2Cu20i2) did not form, a small amount of Eu3Ba2Mn2Cu20i2 

formed when barium was present alongside Eug-xBayCusOy-y and a few simple 

oxides, whilst only binary oxides formed from the attempted synthesis of 

Eu3Sr2Mn2Cu20i2' 

Target Phase Reagents Heat Treatment Products 

Eu3Ba2Mn2Cu20i2 EU2O3, BaCOs, 

Mn203 and CuO 

1000 °C, 4h 

30% EuBazCusOe is, 

30% Eui,2Bai gCusOy, 

20% IVInzOs, 10% 

CUEU2O4 and 10% 

BaMn03. 

Eu3Ba2Mn2Cu20i2 EU2O3, BaCOs, 

Mn203 and CuO 

1100 "0,411 

70% of target phase, 

15% Eu1.2Ba1.8Cu3O6.67. 

10% Mn203 and 5% 

Ba02. 
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Eu3BaSrMn2Cu20i2 

EU2O3, BaCOs, 

SrCOs, I\/In203 and 

1000 "C, 4h 

25% Eui.2Bai.8Cu307, 

25% SrlVlnOz M, 20% 

SrIVInOs, 20% 

BasCueEusO^.i and 

10% CU2O. 

CuO 

1100 °C, 4h 

60% Eu3Ba2Mn2Cu20i2, 

30% BaSrEuCuOg+x, 

5% BaO and 5% Sr02. 

1000 °C, 4h 

50% EU2CUO4, 30% 

SrMnOs, and 20% 

SrMn02,69-

Eu3Sr2l\/ln2Cu20i2 EU2O3, SrCOs, 

Mn203 and CuO 

1100 °C, 4h 

25% SrslVlnzOy, 25% 

EulVlnOa, 15% SrlVlnOs-x, 

15% MnzOs, 10% 

Sr2Cu205 and 10% 

Sr2Mn205. 

Table 3.3.1d Attempted synthesis of Eu3Ba2-xSrxMn2Cu20i2 (x = 0,1,2) 

The oxygen annealed Eu3Ba2lVtn2Cu20i2 product showed a small increase 

in the c lattice parameter in comparison with the sample prepared in air; 

Target Phase Reagents Heat 

Treatment 

Products 

Eu3Ba2Mn2Cu20i2 EU2O3, BaOs, Mn203 

and CuO 

1000 °C, 4h 

30% EuBa2Cu306.i3i 

20% Eui 2Bai gCusOy, 

20% IVInzOs, 15% 

CUEU2O4 and 15% 

BalVlnOs. 

1100 "C, 4h, 

under a flow of 

oxygen 

100% target phase (but 

with slightly altered cell 

parameters) 

Table 3.3.1e Attempted synthesis of Eu3Ba2Mn2Cu20i2 under a flow of oxygen 

Unfortunately, the high temperature synthesis of Sm3Ba2Mn2Cu20i2 led to 

deterioration of the sample: 
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Target Phase Reagents Heat Treatment Products 

35% Sm2Cu04. 25% 

SmBagCus Oe n, 20% 

1000°C, 4h IVInzOa, 10% BaCu04 

Sm3Ba2Mn2Cu20i2 Sm203, Ba03, Mn203 and 10% 

and CuO Smi 4Bai gCusOy 

95% target phase 

1100°C, 4h and 5% Sm2Cu04 

30% BaO, 30% 

(Smo,925Bao.075)Cu04-x, 

1120°C, 4h 20% SmIVInOs, 10% 

SmBa2Cu307 and 10% 

1 
Smi.4Bai.6Cu307 

Table 3.3.1f Attempted synthesis of Sm3Ba2Mn2Cu20i2 at high temperature 

The use of MriOg in place of Mn203 caused no significant change in the 

products produced, or their purity: 

Target Phase Reagents Heat Treatment Products 

Sm3Ba2Mn2Cu20i2 Sm203, BaOs, IVInOg 

and CuO 

1000 "C. 4h 

40% Sm2Cu04, 25% 

SmBa2Cu3 Ogn, 20% 

IVInOz, 10% BaCu04 

and 5% 

Smi 4Bai gCusO/ 

Sm3Ba2Mn2Cu20i2 Sm203, BaOs, IVInOg 

and CuO 

1100 °C, 4h 

95% target phase 

and 5% Sm2Cu04 

Table 3.3.1g Synthesis of Sm3Ba2Mn2Cu20i2 using Mn02 

Pelletising the reactants after the first heating stage led to a slight 

improvement in the purity of the target phase: 
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Target Phase Reagents Heat Treatment Products 

Sm3Ba2Mn2Cu20i2 Sm203, BaOs, IVInOg 

and CuO 

1000 °C, 4h 

35% Sm2Cu04, 20% 

SmBa2Cu3 Oe.n, 20% 

l\/1n02, 15% BaCu04 

and 10% 

Smi.4Bai.6Cu307 

Sm3Ba2Mn2Cu20i2 Sm203, BaOs, IVInOg 

and CuO 

pelletised, then 

1100°C, 4h 100% kwget phase 

Table 3.3.1 h Synthesis of Sm3Ba2Mn2Cu20i2 by peiletising 

The synthesis of ''®^Eu3Ba2Mn2Cu20i2 proved more difficult than the 

synthesis of the non-isotope specific phase, requiring additional heat treatments 

to achieve phase pure product; 

Target Phase Reagents Heat Treatment Products 

1000 "C, 4h, 

pelletised then 75% target phase 

1100 °C, 4h and 25% EU2CUO4. 

pelletised then 85% target phase 

'""EU2O3, BaCOs, 

Mn203 and CuO 

1100 °C, 4h and 15% EU2CUO4. 

'""EU2O3, BaCOs, 

Mn203 and CuO 

pelletised then 

1100 °C, 4h 

90% target phase 

and 10% EU2CUO4. 

pelletised then 95% target phase 

1100 "C, 4h and 5% EU2CUO4. 

pelletised then 

1100 "C, 4h 100% target phase. 

pelletised then 100% of target 

1050 °C, -18h phase, with increased 

under a flow of c lattice parameter 

oxygen 

Table 3.3.1 i Synthesis of ^Eu3Ba2l\/ln2Cu20 12 

The synthesis of ^^Sm3Ba2l\/ln2Cu20i2 also proved more difficult than the 

synthesis of the non-isotope specific phase, and additional heat treatments were 

required to produce a phase pure sample: 

73 



Target Phase Reagents Heat Treatment Products 

1000 "C, 4h, 40% target phase, 

pelletised then 35% Sm2Cu04 and 

1100 °C, 4h 25% Sm2BaCuMn07. 

70% target phase 

pelletised then and 30% 

'""Sm203, 

1100 °C, 4h SmgBaCulVlnOz. 

'""Sm203, 80% target phase 

^^^Sm3Ba2lVln2Cu20i2 BaCOs, Mn203 pelletised then and 20% 

and CuO 1100 "C, 4h Sm2BaCuMn07. 

pelletised then 

1100 °C, 4h as above 

pelletised then 

1100 "C, 4h as above 

pelletised then 

1100 "C, 4h as above 

Table 3.3.1j Synthesis of ̂ Sm3Ba2lV1n2Cu20 12 

3.3.2 Structural Investigation 

The model used as the basis for the refinements was that given by 

Hervieu Initially the room temperature data set from ^®^Eu3Ba2Mn2Cu20i2 was 

analysed: identical methodology was subsequently employed for the data 

collected at the lower temperatures and for the oxygen-annealed and samarium 

samples. The tetragonal unit cell, 3.88 x 35.2 A (space group I 4/m m m) could 

account for all the reflections in the diffraction profile of the europium based 

phase; for ^^Sm3Ba2lVln2Cu20i2 few moderate intensity reflections demanded the 

incorporation of Sm2BaCuMn07 as a second phase in the refinement. For this 

data set an absorption co-efficient was refined but residual problems in modelling 

this behaviour lead to a small negative thermal displacement parameter for the 

absorbing atom due to strong correlations in these parameters. Scattering 

lengths were taken as default values within GSAS except for ^^Sm, 9.30 fm, and 

^^^Eu, 8.22fm. 

In the initial stages of the refinement the manganese was placed solely on 

the (0,0,0.16) position and copper on the (0,0,0.04) site, oxygen atoms were 

confined to the special sites as given by Hervieu The refinement proceeded 
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satisfactorily with incorporation of instrument parameters, atomic positions and 

atomic displacement parameters. Inspection of the refined atomic displacement 

parameters showed a number of anomalies. The values for the manganese and 

copper sites became unrealistically large, 100 x Uiso > 8 A^; indicating that for 

both sites the scattering was of a lower magnitude. The displacement 

parameters for 0(4) (near (0, 0, 0.22) and forming an apex to the MnOe 

octahedron) were significantly higher than those for the other oxygen sites within 

the material. The structural model was therefore modified by allowing copper and 

manganese to distribute over the two (0,0,z) sites. Initially the site occupancies 

were allowed to vary freely but the 1:1 overall Cu;Mn ratio was retained within 

e.s.d.s so this composition was fixed over the two sites for the remainder of the 

refinement. In order to maintain stability in the refinement the thermal 

displacement parameters of the two sites and each of the two atoms occupying 

them were constrained to be equal though this value was allowed to vary. Such 

a constraint can be crucial as partially replacing manganese (b = -3.73fm) by 

copper (b = 7.718fm) can lead to a small effective scattering from a site making 

determination of its thermal displacement parameter impossible. Refinement of 

anisotropic thermal displacement parameters for 0(4) demonstrated the origin of 

the high Uiso for this site with large components found in the xy plane. This is a 

manifestation of disorder in the oxygen position in this plane as has been 

observed in other layered perovskites where there is mismatch between the 

various A and B cation types and their co-ordination to oxygen. Therefore this 

oxygen was displaced on to an (x,0,z) site with x ~ 0.1 and z « 0.22 with % 

occupancy and both positional parameters and the isotropic thermal 

displacement parameter varied; the refinement converged smoothly on this basis. 

Inspection of the barium and lanthanide atom displacement parameters showed 

these values to be reasonable and attempts to disorder these ions reverted to the 

perfect segregation proposed by Hervieu ® which was, therefore, maintained in 

the final stages of the refinement. 

One further aspect of the oxygen distribution was probed in the final 

stages of the refinement. The (%,%,%) site, which lies between the CuOs square 

pyramids, is formally vacant in the basic structural model. However, given the 

partial displacement of manganese onto this site, refined here, it is possible that 

partial occupancy of this "inter-cuprate" layer sites occurs. Therefore oxygen was 

allowed to occupy the (14,36.34) site and its occupancy factor was refined leading 

to a small, but statistically significant determined site occupation. Refinement of 

both the small occupation factor and thermal displacement parameter for this site 
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proved problematical so they were refined in alternate cycles. The final refined 

stoichiometry was equivalent to ^^^Eu3Ba2Mn2Cu20i2.i. 

The overall profile fit to the back scattering data was excellent but close 

inspection of the 90° bank data at longer d-spacings showed a few weak 

additional reflections not fitted by the ''^^Eu3Ba2Mn2Cu20i2.i unit cell. A number of 

these could be assigned to the cryostat and aluminium but three further 

reflections could not be allocated to such instrumental origins. The d-spacings of 

these reflections lying to slightly larger d-spacings than the main reflections from 

the ''®^Eu3Ba2Mn2Cu20i2.i phase could be assigned to a perovskite-like impurity 

and a reasonable fit could be achieved using an orthorhombic GdFeOs type 

structure as, for example, adopted by Gd2MnCo06 Such a structure type was 

introduced into the refinement as disordered (Eu,Ba)(Mn,Cu)03 refinement of 

lattice parameters and phase fraction alone produced a slight improvement to the 

profile fit. However given the paucity of data, three weak reflections, full 

refinement of this additional phase was not attempted; the refinement of the 

phase fraction indicated a weight fraction within the sample of <5 %. 

A similar refinement process was followed for each of the other three data 

sets from ^®^Eu3Ba2Mn2Cu20i2+yand in each case convergence was reached. 

For ^^Sm3Ba2lVln2Cu20i2+y a similar refinement methodology was used 

but with the incorporation of Sm2BaCuMn07 as a second phase in the refinement 

process and the use of excluded regions to remove peaks deriving from 

instrumental factors. A co-ordinate description for SmgBaCulVlnOy was taken 

from the well known Ruddlesden-Popper phase Sr3Ti207 with fully disordered 

A and 6 cation sites, and only the basic instrumental and structural parameters 

refined in order to fit the contribution of this phase to the profile. For sites 

occupied by samarium, the thermal displacement factors refined to significant 

negative values; this is an artefact of the sample absorption, not corrected for in 

this sample but significant for the presence of 1 % (absorption cross 

section 42,0820 b). 

Refined atomic co-ordinates, lattice parameters, profile fit factors and 

derived bond lengths and angles are summarised in Table 3.3.2. Table 3.3.3 

summarises the derived bond lengths and angles of importance and bond 

valence calculations following the method of Brown for the cation sites in 

^^^Eu3Ba2Mn2Cu20i2+y at 298K are summarised in Table 3.3.4. 
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Figures 3.3a and 3.3b show typical profile fits (for the backscattering and 

90° banks in turn) as obtained for ^®^Eu3Ba2Mn2Cu20i2+y, 150 K data and 

^^Sm3Ba2lVln2Cu20i2+y 290 K data respectively. 
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Table 3.3.2 Refined atomic co-ordinates, lattice parameters and profile fit factors. Space 

group 14/mmm Eu/Sm(1) on (0,0,>2), Eu/Sm(2) on (0,0,ZEu/sm(2)), Ba on (0,0,Zsa), Cu(Mn) 

on (0,0,zcu) with Cu site occupancy residual is n^n (1- ncu), Mn(Cu) on (0,0,z^n) with Mn 

site occupancy nwn, 0(1) on (%, 0,Zo(i)), 0(2) on (0,0,Zo(2)), 0 ( 3 ) on (%,0,Zo(3)), 0(4) on 

(xo(4),0,Zo(4)) with % occupancy, 0(5) on (%,%,%) with site occupancy no(5). Thermal 

displacement parameters (all x 100, A^) for each atom sites are also given, values for Cu 

and Mn were constrained to be equal. 

C o m p o u n d E u as p r e p a r e d E u as p r e p a r e d E u a s p r e p a r e d E u O2 a n n e a l e d S m as p repared 

T e m p e r a t u r e 2K 150K 298K 298K 298K 

Uiso E u / S m ( 1 ) -0.06(6) 0.06 (7) 0.69(7) 0.82(5) -0.84(9) 

ZEu/Sm{2) 0.71209(5) 0.71206(6) 0.71211(6) 0.71212(4) 0.71225(6) 

Uk« Eu/Sm(2) 0.75(5) 0.87(6) 1.58(6) 1.70(4) 0.10(7) 

Zsa 0.60459(8) 0.60472(10) 0.60516(10) 0.60560(7) 0.60462(12) 

Uiso B a 0.78(5) 0.96(6) 1 .12 (7 ) 1.27(5) 3.38(12) 

Zcu 0.04790(7) 0.04790(8) 0.04799(8) 0.04798(6) 0.04837(11) 

Dcu 0.836(3) 0.830(4) 0.837(4) 0.818(2) 0.807(4) 

Uiso C u / M n 0.21(6) 0.27(7) 0.50(8) 0.64(5) 2.56(11) 

0.1649(2) 0.1646(3) 0.1645(3) 0.1649(2) 0.1654(4) 

Zo(1) 0.04250(5) 0.04240(6) 0.04227(6) 0.04225(4) 0.04306(6) 

Uk. 0(1) 1.21(4) 1.38(5) 1.52(5) 1.57(5) 3.21(7) 

Zo(2) 0.11305(8) 0.11309(9) 0.11302(9) 0.11312(6) 0.11337(11) 

Uko 0(2) 1.72(7) 1.84(8) 1.99(8) 1.98(4) 3.93(11) 

Zo{3) 0.17124(5) 0.17124(6) 0.17116(6) 0.17090(4) 0.16976(8) 

0(3) 1.87(4) 1.97(5) 2.19(5) 2.30(3) 4.11(7) 

XoM) 0.0899(11) 0.0868(13) 0.0806(17) 0.0736(15) 0.0877(14) 

Zo(4) 0.22348(9) 0 . 2 2 3 5 4 ( 1 0 ) 0.22385(11) 0.22375(7) 0.22270(12) 

Ukc 0(4) 0.36(13) 0.57(16) 1.13(18) 2.18(14) 3.52(8) 

no(5) 0.108(10) 0.091(11) 0.091(12) 0.122(7) 0.145(12) 

Ubo 0(5) 1.3(1.0) 1.4(1.2) 1.7(1.4) 2.0(8) 3.5(1.0) 

a / A 3.88081(2) 3.88176(2) 3.88500(2) 3.88136(2) 3.88362(3) 

c / A 35.1795(3) 35.2197(4) 35.2949(4) 35.3507(3) 35.4928(5) 

Rp 2.44 2.48 2.71 9 .53 6.57 

FLp 4.24 4.26 4.75 11.9 8.07 

x ' 3.01 1.86 2.48 3 .43 6.75 
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Table 3.3.3. Derived bond lengths and angles of note. 

C o m p o u n d E u a s p r e p a r e d E u as p r e p a r e d E u a s p r e p a r e d E u O2 a n n e a l e d S m as p repa red 

T e m p e r a t u r e 2K 150K 298K 298K 298K 

B o n d 

E u 1 - 0 1 x 8 2.450(1) 2.449(1) 2.449(1) 2.449(1) 2.471(1) 

E u 1 - 0 5 x 4 ' 2.7442(1) 2.7448(1) 2.7471(1) 2.7445(1) 2.7461(1) 

Eu2 - 03 X 4 2.415(2) 2.415(2) 2.421(2) 2.427(1) 2.458(2) 

E u 2 - 0 4 a X 4 * 3.027(3) 3.020(4) 3.005(5) 2.982(4) 3.020(4) 

2.541(3) 2.550(3) 2.569(4) 2.583(4) 2.544(4) 

Eu2-04bx r 2.293(4) 2.293(5) 2.282(5) 2.285(3) 2.334(5) 

B a - 0 1 X 4 2.922(3) 2.930(3) 2.950(4) 2.964(2) 2.923(4) 

B a - 0 2 X 4 2.7602(4) 2.7606(5) :2J611(5) 2.7574(1) 2.7637(6) 

Ba - 0 3 X 4 3.044(3) 3.042(3) 3.033(4) 3.016(2) 3.019(4) 

C u ( M n ) - 0 1 x 4 1.9497(3) 1.9505(3) 1.9530(4) 1.9512(3) 1.9509(4) 

Cu(Mn) - 02 X 1 2.292(4) 2.296(4) 2.295(4) 2.303(3) 2.307(5) 

C u ( M n ) - 0 5 * 1.685(2) 1.687(3) 1.694(3) 1.696(2) 1.717^^ 

M n ( C u ) - 0 2 x 1 1.825(9) 1.815(10) 1.817(10) 1.830(7) 1.848(15) 

M n ( C u ) - 0 3 x 4 1.9531(9) 1.9548(12) 1.9566(12) 1.9523(8) 1.9479(11) 

M n ( C u ) - 0 4 b 2.089(8) 2.103(9) 2.118(9) 2.100(7) 2.060(14) 

* r x % 

O c t t i l t 9.62(12) 9.23(15) 8.5(2) 7.82(15) 9.5(2) 

C u - 0 1 - C u 168.8(2) 168.6(2) 16&1(1) 168.1(2) 168.9(2) 

M n - 0 3 - I V l n 166.9(5) 166.3(6) 166.2(6) 167.5(4) 171.0(9) 

* I nd i ca tes par t ia l l y o c c u p i e d s i te 
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Table 3.3.4. Bond valence sums for Eu3Ba2Mn2Cu20i2 at 298K ( the number of each bond 

is given in Table 3.3.3). 

A t o m Eu(1) Eu(2) 

4xOM) 2x(4a) 

2 X (4a ) 

Ba CuM Cu HI M n III Mn IV O x y g e n 

va lence 

c i ( i ) 0.3630 0.1657 0.4769 0.5608 
' 

2IM 

Cull 

0(2) - - - 0.2762 Ck1892 0.2225 0.8572 0.8412 2^5 

Cu M 

CK3) - 0.3915 (X3915 0.1324 - - 0.5878 0.5768 2 22 

M n III 

0(4a) 0.1512* 0.2624' 

0.0808' 

1.58* 

M n III 

1.64' 

M n III 

0(4b) - 0.5968* 0.5700' - - - 0.3800 0.3729 

0(5) 0.1622 - - - n/a n/a - - -

C a t i o n 297 2.78 2.82 230 2M0 247 3.59 352 -

v a l e n c e 

T h e v a l u e s m a r k e d as * a n d d i f f e ren t i a te t h e t w o e u r o p i u m - o x y g e n b o n d i n g m o d e l s b a s e d o n 0 ( 4 ) o n spec ia l 

s i te ( ' ) a n d d i s p l a c e d o n to (x ,0 ,z ) (*) l e a d i n g to d i f f e ren t b o n d v a l e n c e s u m s . 



153^Eu3B<32Mn2Cu2012 HRPD dato 150K v2 Hist 1 
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Figure 3.3a Profile fit as obtained to ^̂ ®Eu3Ba2Mn2Cu20i2+y 150 K data sets 
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154^Sm3Ba2Mn2Cu2012 Hist 2 
Bank 2, 2-Theta 89,6, L - S cycle 656 Obsd. and Diff. Profiles 
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Figure 3.3b Profile fit as obtained to ^̂ ''SmsBaaMnaCuaOia+y 298 K data sets 
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3.4 Discussion 

The idealised Ln3Ba2Mn2Cu20i2 structure, shown in Figure 3.1a, consists 

of a Ln2Mn04 structure block separated by LnBa2Cu2Mn08 blocks. Alternatively 

the structure can be considered as an oxygen deficient quadruple perovskite 

block with the layer sequence MnOe-CuOs-CuOs-MnOe separated by Yocksalt' 

layers based on EuO; full oxygen occupancy of the perovskite layers would give 

a stoichiometry of the type A5B4O13, which is the n = 4 member of the 

Ruddlesden-Popper series An+iBnOsn+i. 

However, as with many mixed A and B cation perovskite superstructures 

the true structure is more complex as each of the cation types has specific 

structural and coordinative requirements that cannot all necessarily be satisfied. 

In addition there exists, for systems containing more than one A or B cation type, 

the potential for ordered, partially ordered or fully disordered distribution. 

In Eu3Ba2Mn2Cu20i2.i there is a significant mixing between the formally 

copper and manganese sites. In each sample studied this mixing was refined 

independently at 0.83(±0.05)/0.17 confirming unequivocally that in this structure 

full segregation of the B cation types does not occur. The presence of a small 

level of impurity (approx. 3 %) of the type (Eu,Ba)(Mn,Cu)03 in the product has 

little influence on the stoichiometry of the main phase; the presence of this 

material, also with a perovskite based structure and similar unit cell parameters, 

only becomes apparent under very high resolution neutron diffraction. 

Presumably this phase represents a greater degree of manganese and copper 

disordering than is seen in Eu3Ba2Mn2Cu20i2.i and its observation may be related 

to the presence of intergrowths phases as observed by Hervieu 

For double perovskites of the type AA'BB'On Poeppelmeier and Anderson 

have defined rules controlling whether two B cations will separate into ordered 

structures, either layered or three dimensional. These rules include the 

requirement for large charge differences on B and B' (the charge on B' to be two 

higher than that on B), ionic size differences (B' larger than B) and additional 

structure directing parameters, such as the Jahn-Teller effect, to promote layering 

of the two ions. Consideration of Mn^7Mn'^"' and C u ^ as present in 

Eu3Ba2Mn2Cu20i2.i indicates that there is a driving force for segregation of these 

ion types but it is equivocal. The formal charge difference is close to two at 1.5+, 

the ionic radii are similar at r (Mn^"") = 0.58 A, r (Mn"̂ "") = 0.53 A and r (Cu^^) = 

0.60 A (as modified and used in reference and both Mrr^ and Cu "̂" are 
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subject to Jahn-Teller distortions. This data may be compared with that of tin 

(IV), r (Sn"̂ "") = 0.69 A, which layers with Cu^^ in La2SnCu06 ''®. So while and 

Cu^^ would be expected to have tendencies towards ordering the same would not 

be expected of Mn^' and Cu "̂". Hence the observed incomplete separation of 

manganese and copper in Eu3Ba2Mn2Cu20i2.i is consistent with these arguments 

such that manganese has a tendency, presumably as Mn^"", to disorder onto the 

copper site. Bond valence calculations for manganese and copper support the 

refined co-ordination geometries. Table 3.3, with calculations based on Cû "" 

producing a bond valence sum of 2.1 and both Mn "̂" and values giving 

manganese bond valence sums close to 3.5. 

In Eu3Ba2Mn2Cu20i2.i the Eu^* and Ba "̂" cations are fully ordered, 

presumably due to their significant differences in ion size (r (Eu^*) = 1.07 A and r 

(Ba '̂") = 1.42 A, in 8-fold co-ordination) and co-ordination preferences. Europium 

adopts the lower 8 and 9 co-ordination sites to oxygen while barium is 12 co-

ordinated (r (Ba^^) = 1.61 A in 12-fold co-ordination). 

A further consequence of layering B type cations in perovskite type 

structures is mismatch in the sheet dimensions leading to buckling of layers and 

rotation of polyhedra as seen in Ln2Ba2Ti2Cu20i2 Local and long range 

displacements of the oxygen atoms may also help better serve the coordination 

preferences of A type cations. In Eu3Ba2Mn2Cu20i2.i these oxygen 

displacements are associated with 0(4), the terminal oxygen of the IVlnOe 

octahedra in the EU2O2 layers (see Fig. 3.4a), and are probably a result of the co-

ordination preferences of Eu and the otherwise weak interaction of this oxygen 

with the cations. Without displacements the Eu-0 distances would be 4 x 2.421 

+ 4 X 2.773 + 1 X 2.265 A, but as a result of local displacements the latter four 

become, on average, 2 x 2.569 + 2 x 3.005 A. In terms of bond valence 

calculations this has the effect of increasing the Eu bond valence to 2.82 from 

2.77, see Table 3.3.4. For the oxygen itself bond valence calculations give 

values well below two which are increased slightly through the local displacement 

towards europium. 
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Figure 3.4a Section of the Eu3Ba2Mn2Cu20i2 structure showing how the local oxygen 

displacements are associated with the terminal oxygen of the MnOe octahedra. 

The final feature of interest in the Eu3Ba2Mn2Cu20i2.i structure is the 

partial occupancy of the (34,36,14) site by oxygen. The small but significant 

refined value of 0.10(1) was refined Independently for each data set. It is likely 

that occupation of this site is associated with the partial occupation of the 

neighbouring (0, 0, 0.05) site by manganese. Intriguingly the refined occupancy 

for this site, which bridges two square based CuOs pyramids, is almost exactly 

half the level of manganese substitution on this square pyramidal site. This 

would seem to suggest that the manganese locally orders within the structure 

replacing OgCu.. ..CuOs, where represents the vacant (14,34,34) position by 

05Mn..0..Mn05in 10 % of the site pairs, (see Fig. 3.4b). 
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mm 
Figure 3.4b Section of the Eu3Ba2Mn2Cu20i2 structure showing the partially occupied 

0(5) site bridging two square based CuOs pyramids, whilst also being 

coordinated to the europium ion. 

For the samarium derivative the main differences are those that would be 

expected from replacing europium ions (r (Eu "̂") = 1.07 A) with larger samarium 

ions (r (Sm®"") = 1.08 A). The presence of a higher level of impurity within this 

product means that caution should be applied in interpreting the results in terms 

of the cation composition, although the values of extracted distances and angles 

have equal validity. Both the a and c lattice parameters increase, as do the 

average bond lengths around the lanthanide site resulting in a reduced buckling 

of the MnOa layers (Mn-O-Mn increasing from 167° to 171°); the local 

environments of the barium and Mn/Cu are largely unaffected. More important 

are the differences in some of the associated structural features. Firstly, there is 

a small increase in the distortion around the lanthanide site and, secondly, the 

oxygen level on the partially occupied site adjacent to the lanthanide is 

significantly higher for samarium. This latter factor would seem to principally 

result from the change in size of the lanthanide ion, rather than a significant 

increase in the level of manganese on the copper site, which is only marginally 

higher at 0.19 (cf 0.17 for Eu). Clearly placing the samarium between the cuprate 

layers increases their separation, as a result of the increased Ln-0(1) distance, 

Cu....Cu is 3.388A at 298K for Ln = Eu in LnsBaaMnaCuaOia but 3.434A for Ln = 

Sm and thus oxygen can more easily occupy this inter-cuprate site. 
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The limits in terms of lanthanide size that exist for the Ln3Ba2Mn2Cu20i2 

series can be rationalised in terms of the structure presented here. Lanthanides 

larger than Sm experience difficulties in forming this phase, the origin of this 

behaviour being the Ln(1) site, which is formally co-ordinated to 8 oxygen atoms 

in the idealised structure. Larger lanthanides would prefer to increase their co-

ordination within oxides to more than 8 with longer Ln-0 distances. This means 

that incorporation of oxygen on to the (36,34,%) site, with concomitant 

displacement of manganese (presumably as Mn"") on to the neighbouring 

position, becomes more facile. Therefore increasing lanthanide size causes the 

structure to move towards a more disordered arrangement in terms of B cation 

and oxide ion distributions. The end result is the formation of disordered 

structures like the impurity phase SmgBalVlnCuOy, where manganese and copper 

share a site, rather than the desired product. In the case of smaller lanthanides, 

incorporation into the 'rocksalt' layers presumably becomes unfavourable as is 

illustrated by the existence of the K2NiF4 structure for Ln2Cu04 only occurring for 

Ln = La and in a distorted form for Ln2Cu04 Ln = Nd - Gd^^. 

The effect of oxygen annealing Ln3Ba2Mn2Cu20i2 is small in term of 

changes to the structure. A small increase in the manganese occupancy of the 

copper site occurs (0.182(2) v 0.165(4)) with an associated increase in the 

occupancy of the partially filled oxygen site 0(5) (0.12(1) from 0.10 (1)). These 

slight changes in cation and oxygen distribution result in small changes in the 

geometry of the Cu(Mn)05 square based pyramid with a lengthening of the apical 

bond and shortening of the in-plane bonds. This is reflected in the observed 

decrease in a parameter and increase in c parameter. 

3.5 Conclusions 

The Ln3Ba2Mn2Cu20i2 structure is one of the rare complex oxide types 

that has two B type cations within perovskite structure elements formally ordered 

to form layers. This characteristic is a requirement for forming cuprates that 

might demonstrate superconductivity, and has been noted in quadruple 

perovskites containing Sn and Cu Ti and Cu ^, Ru and Cu and In and Cu in 

Ba2lnCu05+5 More normally the B cations are fully disordered or form ordered 

three dimensional arrays. However for the Ln3Ba2Mn2Cu20i2 compounds the B 

cation ordering has been shown to be imperfect and the displacement of 
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approximately 1 5 - 2 0 % of Mn ions into the CUO2 sheets is likely to destroy any 

chance of superconductivity. Additionally, the partial cross-linking of Cu(Mn)05 

square-pyramids, through the addition of excess oxygen, will also have an 

inhibiting effect. The chances of forming fully segregated copper and 

manganese sites and eliminating the additional oxygen is highest for smaller 

lanthanides which will contract the inter CuOg square pyramid distance and inhibit 

manganese occupation of these sites. However, the smaller lanthanide sizes are 

not compatible with the 9-fold co-ordination required of this ion within the 

'rocksalt' layers. 

Clearly it should be possible to stabilise the structure by the introduction 

of two different cation types and sizes to fit the two types of site occupied by 

europium in Eu3Ba2Mn2Cu20i2.i. Similar studies have been undertaken on the 

quadruple and quintuple titanocuprate perovksites with the formation of materials 

such as NdDyBa2Cu2Ti20ii and NdDyCaBa1.5Sro.5Cu2.2Ti2.8O14 However, our 

attempts to synthesise materials such as DyNd2Ba2Cu2l\/ln20i2 have been 

unsuccessful resulting in the preferred formation of competing phases such as 

Ln2BaMnCu07 and Ln2Cu04. Possibly high-pressure or sealed-tube techniques 

could be used to stabilise the high manganese oxidation state to enable the 

formation of the desired phases, or alternatively sol-gel techniques might 

succeed through closer integration of the reactants. 

The partial displacement of manganese on to the copper sites permits the 

formation of some linked MnOn polyhedra in the c direction as well as the ab 

plane and given the overall manganese oxidation state near 3.5 these materials 

could be expected to demonstrate magnetoresistive effects. However, the partial 

occupancy of the manganese site by copper destroys such a possibility. 

Finally, it is worth noting that the potential for ordering on the mixed 

Cu/Mn sites, as suggested by the partial occupancy of the (^,34,36) site by 

oxygen being almost exactly half the level of manganese substitution on the 

associated square pyramidal site, could well prove interesting. Further 

exploration, and structural determination, of this factor could be achieved using a 

technique sensitive to localised structure, e.g. EXAFS. 
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Chapter Four 

Synthesis and Structural Analysis of the Solid 

Solutions Sr2Cui.yCOy02X2 (X = CI and Br, y = 0.2, 

0.4, 0.5, 0.6, 0.8) 



4.1 Introduction 

Solid solutions can be synthesised for a range of materials and are 

essentially crystalline phases that adopt a single structure but with a variable 

composition. The properties of such materials, e.g. conductivity and 

ferromagnetism, can often be adjusted or tuned, by changing the material's 

composition, to produce an effective material with specific properties. For 

example, the metal-insulator transition of Sm^Nd^xNiOs ^ can be readily tuned 

between 200 and 410 K as a function of x, making these materials suitable to use 

in temperature dependant switches. 

Solid solutions of cobalt and copper have been used in the past as a tool 

to explore the nature and mechanism of superconductivity by the substitution of 

cobalt into YBa2Cu307.5 Whilst other studies have concentrated on the 

changes in magnetic properties associated with substituting one metal for 

another. This has included work on traditional solid state oxides (e.g. LaCoi. 

xCUyOs La2Coi.xCUx04+x ^), phosphates (e.g. Co3.xCux(P04)2 and more 

complex framework materials (e.g. metal hexacyano-metalates ^). The majority 

of work carried out on cobalt substitution in the past has involved trivalent cobalt 

ions. 

The cuprates A^^2Cu02X2 (A = Ca or Sr, X= CI and Br) contain fully 

segregated oxide and halide anions ® with halides adopting the apical positions 

within the metal octahedra of a K2NiF4 structure. As with all materials containing 

Cu^* in an octahedral environment these octahedra become distorted, due to the 

Jahn-Teller effect, to produce a tetragonal environment with two lengthened Cu-

X bonds and a CUO4 square plane (see Fig. 4.1a). Thus, it would be logical that 

an analysis of the apical M-X bond distances in a solid solution with copper would 

serve as a good handle by which the strength of the Jahn-Teller distortion could 

be judged. 

As both the phases Sr2Cu02Cl2 and Sr2Co02Cl2 are now known, an 

isovalent solid solution of the two could act as a useful probe of the structural 

differences between the two end-member phases. This should enable an 

exploration of the significance of the Jahn-Teller effect on the structure, although 

it is important to note that this requires the assumption that ions are in a 

high spin state (as d^ low spin ions exhibit the Jahn-Teller effect) as was shown 
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in a recent study Any differences caused by a change in halide ion could also 

be investigated by comparing the chloride and bromide analogues. 

Figure 4.1a Representations of the Structure of SraCuOaCIa with square CUO4 planes 

and the Structure of Sr2Co02Cl2 with C0O4CI2 octahedra 

4.2 Experimental Procedure 

Samples of Sr2Cui.yCOy02Cl2 (y = 0.2, 0.4, 0.5, 0.6, 0.8) were prepared by 

intimately grinding together high purity stoichiometric mixtures of SrO (from 

SrCOs heated at 1050 °C for 4 days), SrCl2, CuO and CoO (all 99.9% or better), 

then placing them in silica ampoules, which were sealed under vacuum. The 

evacuated ampoules were heated at 850 °C for 48 hours with a single 

interruption to regrind the intermediate products (for results, see Table 4.3.1a). 

All sample preparations were carried out inside a glove box (<1 ppm O2/H2O) due 

to the reactive nature of some of the starting materials. Phase purity for each 

phase was checked by PXD using a Siemens D5000 diffractometer operating 
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with Cu K„i radiation; the patterns were consistent with phase pure product 

material. 

Samples of Sr2Cui.yCOy02Br2 (y = 0.2, 0.4, 0.5, 0.6, 0.8) were prepared 

using the same method as for the oxide chlorides, that is by intimately grinding 

together high purity stoichiometric mixtures of SrO (from SrCOs heated at 1050 

°C for 4 days), SrBrg, CuO and CoO (all 99.9% or better). These reaction 

mixtures were placed in silica ampoules and sealed under vacuum. 

Phase pure samples of the bromide analogue proved slightly more difficult 

to prepare and several attempts were carried out using different synthesis 

temperatures (using the Sr2Cuo.8Coo.202Br2 and Sr2Cuo.2Coo.802Br2 phases to test 

the reaction conditions). It was initially thought that a low temperature, 650 °C, 

would prevent bromide volatilisation and thus aid phase formation. However this 

temperature proved too low to allow complete reaction to occur and significant 

quantities of CoO were left alongside the target phases (for results, see Table 

4.3.1b). The higher temperature of 750 °C did lead to samples with a lesser 

amount of CoO present (for results, see Table 4.3.1c), whilst after being treated 

at 850 °C samples had started to degrade to lesser oxides, probably from loss of 

bromide, as mentioned above (for results, see Table 4.3.Id). This led to the 

compromise temperature of 800 °C being tried, which proved to yield essentially 

phase pure samples (for results, see Table 4.3.1e). Thus, the Sr2Cui.yCOy02Br2 

(y = 0.5, 0.6, 0.8) reaction mixtures were heated in the evacuated ampoules at 

800 °C for 48 hours with a single interruption to regrind the intermediate 

products. 

Once more, all sample preparations were carried out inside a glove box 

(<1 ppm O2/H2O) and phase purity for each phase was checked by PXD using a 

Siemens D5000 diffractometer operating with Cu radiation, over the data 

range of 10 - 110° 29. The patterns were consistent with phase pure product 

material with the exception of a small trace of CoO in Sr2Cui.yCOy02Br2 (y = 0.5, 

0.6, 0.8), estimated to be at a level of < 2 % from the ratio of the most intense 

Sr2Cui.yCOy02Br2 and impurity reflections (l:lo). 
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4.3 Results, including Structural Refinement 

4.3.1 Synthetic Results 

The sealed tube syntheses produced pure samples of the Sr2Coi_ 

xCUx02Cl2 (x = 0.2, 0.4, 0.5, 0.6, 0.8) phases: 

Target Phase Reagents Heat Treatment Products 

8r2Coo 2CU0 g02Cl2 -18h at 850 °C 

95% target phase 

and 5% CoO 

- ISh at 850 °C 100% target phase 

Sr2Coo 4CU0 6O2CI2 -18h at 850 "C 

90% target phase 

and 5% CoO 

-18h at 850 °C 100% target phase 

Sr2Coo gCuo 5O2CI2 SrClz, SrO, CoO and -18h at 850 °C 

95% target phase 

and 5% CoO 

CuO -18h at 850 °C 100% target phase 

Sr2Coo,6Cuo 4O2CI2 -18h at 850 °C 

95% target phase 

and 5% CoO 

-18h at 850 °C 100% target phase 

Sr2Coo gCuo 2O2CI2 -18h at 850 °C 

95% target phase 

and 10% CoO 

-18h at 850 °C 100% target phase 

Table 4.3.1a Synthetic conditions and results in sealed tube synthesis of 

SrzCoi.xCUxOzClz (x = 0.2, 0.4, 0.5, 0.6, 0.8) 

Unfortunately, the lower temperature synthesis did not form pure samples 

of the bromide analogue with significant by-products being formed: 
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Target Phase Reagents Heat Treatment Products 

-18h at 650 °C 

95% target phase 

and 5% CoO 

Sr2Coo 2Cuo.802Br2 

SrBrz, SrO, CoO and -18h at 650 "C 

>95% target phase 

and <5% Sr(H20)6Br2 

CuO 

-18h at 650 °C 

90% target phase 

and 10% CoO 

Sr2Coo gCuo 202Br2 

-18h at 650 "C 

55% target phase, 

20% SrBr(0H)4H20, 

15% Sr(H20)6Br2 and 

10% CoO 

Table 4.3.1b Synthetic conditions and results in first sealed tube synthesis of 

Sr2Coi.xCUx02Br2 (x = 0.2, 0.8) 

The slightly higher temperature synthesis produced samples with less 

impurities present, but these still were not phase pure: 

Target Phase Reagents Heat Treatment Products 

-18h at 750 °C 

95% target phase 

and 5% CoO 

Sr2Coo 2CU0 802Br2 

SrBr2, SrO, CoO and -18h at 750 °C 

>95% target phase 

and <5% Sr(H20)6Br2 

CuO 

-18h at 750 °C 

90% target phase 

and 10% CoO 

Sr2Coo gCuo 202Br2 

-18h at 750 °C 

1 

85% target phase, 

10% Sr(H20)6Br2 and 

5% CoO 

Table 4.3.1c Synthetic conditions and results in second sealed tube synthesis of 

SrgCoi.xCuxOzBr; (x = 0.2, 0.8) 

The synthetic temperature was raised still further, but unfortunately this 

led to a degradation of the final product, and loss of target phase: 
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Tl^get Phase Reagents Heat Treatment Products 

' 18ha t850°C 

90% target phase, 

5% Sr(H20)6Br2 and 

5% CoO 

SrgCoo 2CU0 g02Br2 

St"2COo.8CUo 202Br2 

'18ha t850°C 

SrBr2, SrO, CoO and 

CuO 

"18h at 850 "C 

'18h at 850 °C 

85% target phase, 

10% SrCu02 and <5% 

Sr(H20)6Br2, <5% 

CoO 

85% target phase, 

10% Sr(H20)6Br2and 

5% CoO 

80% target phase, 

10% SrCu02 and 

<10%Sr(H2O)6Br2, 

<10% CoO 

Table 4.3.1d Synthetic conditions and results in third sealed tube synthesis of 

Sr2Coi.xCUx02Br2 (x = 0.2, 0.8) 

An intermediate temperature led to the production of phase pure samples: 

Target Phase Reagents Heat Treatment Products 

Sr2Coo 2Cuo.802Br2 

SrBr2, SrO, CoO and 

CuO 

-18h at 850 °C 

95% target phase and 

5% CoO Sr2Coo 2Cuo.802Br2 

SrBr2, SrO, CoO and 

CuO 

-18h at 850 "C 100% target phase 

Sr2Coo 4CU0 602Br2 

SrBr2, SrO, CoO and 

CuO 

-18h at 850 "C 

90% target phase and 

5% CoO Sr2Coo 4CU0 602Br2 

SrBr2, SrO, CoO and 

CuO 

-18h at 850 °C 100% target phase 

Sr2Coo sCuo 502Br2 SrBr2, SrO, CoO and 

CuO 

-18h at 850 "C 

95% target phase and 

5% CoO Sr2Coo sCuo 502Br2 SrBr2, SrO, CoO and 

CuO -18h at 850 °C 100% target phase 

Sr2Coo gCuo 402Br2 

SrBr2, SrO, CoO and 

CuO 

-18h at 850 °C 

95% target phase and 

5% CoO Sr2Coo gCuo 402Br2 

SrBr2, SrO, CoO and 

CuO 

-18h at 850 °C 100% target phase 

8r2Coo gCuo 202Br2 

SrBr2, SrO, CoO and 

CuO 

-18h at 850 °C 

95% target phase and 

10% CoO 8r2Coo gCuo 202Br2 

SrBr2, SrO, CoO and 

CuO 

- ISh at 850 "C 100% target phase 

Table 4.3.1e Synthetic conditions and results in sealed tube synthesis of 

Sr2COi.̂ CUx02Br2 (x = 0.2, 0.4, 0.5, 0.6, 0.8) 
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4.3.2 Structural Investigation 

The model used as the basis for the refinements was that given by Miller 

" for Sr2Cu02Cl2. Initially the Sr2Cuo,5Coo.502Cl2 data set was analysed; an 

identical methodology was subsequently employed for the data collected for the 

phases of other stoichiometries and the bromide analogues. A tetragonal unit 

cell, approx. 4.01 (± 0.03) x 15.35 (± 0.17) A in the case of the oxide chlorides 

and 4.04 (± 0.04) x 16.79 (± 0.22) A in the case of the oxide bromides, space 

group I 4/m m m was used. This model could account for all the reflections in the 

diffraction profile of the oxide chlorides, whilst for the oxide bromides a few low 

intensity reflections were identified as CoO. However, as these additional 

reflections were of such low intensity, it was not necessary to incorporate a 

second phase into the refinement. 

The refinement proceeded satisfactorily with incorporation of parameters 

in the order of instrument parameters, atomic positions and atomic displacement 

parameters. Preferred orientation parameters were included last in the 

refinement, to take account of the longitudinal stacking that often occurs when 

unit cells possess one lattice parameter significantly longer than the others. 

However, the preferred orientation of the Sr2Cui.yCOy02Cl2 phases proved 

particularly strong generating an artificially intense reflection at approx. 11.5° two 

theta. As a result of this, and because low angle peaks are generally poorly 

resolved due to the spread of the X-ray beam at such angles, the structural 

refinement for the oxide chlorides became skewed or biased. Thus the structural 

refinements for these phases only used the data in the range 20 - 100° 20. 

These refinement strategies, although slightly different, enabled both the oxy-

chloride and oxy-bromide refinements to converge satisfactorily. 

The site occupancies of the cobalt/copper site could not be allowed to 

vary due to the similarity in electron density between the cobalt and copper ions 

making them almost indistinguishable with PXD data. 

Refined atomic co-ordinates, lattice parameters, and profile fit factors for 

Sr2Cui.yCOy02Cl2 and Sr2Cui.yCOy02Br2 are summarised in Tables 4.1 and 4.2 

respectively. Tables 4.3 and 4.4 summarise the derived bond lengths of 

importance for Sr2Cui.yCOy02Cl2 and Sr2Cui.yC0yO2Br2. 

The final agreement achieved to the Sr2Cuo_5Coo.502Cl2 and 

Sr2Cuo.5Coo 502Br2 data is shown in Figures 4.3.2a and 4.3.2b. 
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Table 4.1 Refined atomic co-ordinates, lattice parameters and profile fit factors for Sr2Cui.yCOy02Cl2. Space group 14/mmm Sr on (0,0,zsr), Cu/Co on (0,0,0), 

O on (0,14,0) and CI on (0,0,zq). Thermal displacement parameters (all x 100, k?) for each atom sites are also given, values for Cu and Co were constrained 

to be equal, esd's are given in parentheses. 

Compound Sr2CuogCoo 2O2CI2 SrzCuo gCoo 4O2CI2 Sr2Cuo gCoo 5O2CI2 Sr2Cuo 4CO0.6O2CI2 Sr2CUo.2COo,802Cl2 

Zsr 0.39258(26) 0.39271(30) 0.39275(30) 0.39201(33) 0.3930(4) 

Ujso S r 2.06(11) 1.56(12) 1.74(14) 2.23(17) 2.22(18) 

Uiso Cu/Co 1.98(21) 1.62(24) 1.97(26) 2.04(32) 2.1(4) 

Uiso 0 2.0(6) 1.7(6) 3.0(7) 1.2(7) 0.3(7) 

Zci 0.1831(5) 0.1823(6) 0.1809(6) 0.1806(7) 0.1807(7) 

UlBO CI 2.44(25) 2.32(31) 3.09(34) 2.6(4) 3.1(5) 

a / A 3.98499(11) 4.00148(12) 4.01503(17) 4.02194(19) 4.03819(19) 

elk 15.5034(5) 15.4194(5) 15.3534(8) 15.3239(8) 15.2203(8) 

R p 1.968 0.933 1.872 1.876 0.772 

R w p 2.776 1.185 2.418 2.456 0.983 

x ' 1.329 1.120 1.267 1.440 1.048 
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Table 4.2 Refined atomic co-ordinates, lattice parameters and profile fit factors for Sr2Cui-yCOy02Br2. Space group 14/mmm Sr on (0,0,Zsr), Cu/Co on (0,0,0), 

O on (0,/4,0) and Br on (0,0,ZgJ. Thermal displacement parameters (all x 100, A )̂ for each atom sites are also given, values for Cu and Co were constrained 

to be equal, esd's are given in parentheses. 

Compound Sr2Cuo.8Coo.202Br2 Sr2Cuo eCoo 402Br2 Sr2Cuo gCoo 502Br2 Sr2Cuo,4Coo.602Br2 Sr2Cuo2Coog02Br2 

Zsr 0.40024(25) 0.40031(26) 0.40039(19) 0.40061(22) 0.39972(30) 

Uiso Sr 1.75(15) 1.05(15) 2.48(14) 1.81(12) 2.01(17) 

Ujso Cu/Co 0.23(29) 0.76(32) 0.74(25) 0.54(24) 0.7(4) 

UisoO 2.6(9) -1.6(5) 2.3(7) 4.1(8) 4.0(13) 

ZBr 0.17825(19) 0.17738(25) 0.17713(18) 0.17781(20) 0.17886(26) 

Uiso Br 1.38(18) 2.47(21) 2.89(17) 2.33(15) 2.08(26) 

a/A 4.00606(16) 4.02537(13) 4.03454(14) 4.04721(10) 4.06238(16) 

c/A 17.0167(8) 16.8882(7) 16.7885(7) 16.6975(5) 16.5832(8) 

Rp 1.399 1.123 0.893 0.820 0.771 

Rwp 1.863 1.609 1.154 1.044 0.996 

x' 3.003 2.645 1.647 1.479 1.417 
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Table 4.3. Derived bond lengths of note for Sr2Cui.yC0yO2Cl2, esd's are given in parentheses 

Compound Sr2CuogCoo 2C2CI2 Sr2Cuo sCoo 4O2CI2 Sr2Cuo 5C00 5O2CI2 Sr2Cuo,4Coo 6O2CI2 Sr2CUo.2COog02Cl2 

Bond 

S r - 0 x 4 2.5968(26) 2.5961(30) 2.5965(29) 2.6043(33) 2.5940(40) 

Sr -CI x4 3.0524(30) 3.0567(30) 3.0557(33) 3.0538(34) 3.0670(40) 

S r -C l x 1 3.247(11) 3.245(11) 3.253(12) 3.240(13) 3.231(14) 

Cu/Co - 0 X 4 1.99250(5) 2.00074(6) 2.00751(9) 2.01097(9) 2.01909(9) 

Cu/Co - CI X 2 2.839(8) 2.811(9) 2.777(9) 2.767(10) 2.750(11) 

Table 4.4. Derived bond lengths of note for Sr2Cui .yCOy02Br2, esd's are given in parentheses. 

Compound Sr2CUo gCOo 202Br2 Sr2CuoBCoo.402Br2 Sr2Cuo,5Coo,502Br2 Sr2Cuo,4Coo g02Br2 Sr2Cuo2CooB02Br2 

Bond 

Sr - 0 X 4 2.6256(28) 2.6240(29) 2.6203(20) 2.6172(23) 2.6251(31) 

Sr - Br X 4 3.1318(26) 3.1342(30) 3.1357(21) 3.1471(24) 3.1543(32) 

S r - B r x 1 3.778(5) 3.765(5) 3.748(4) 3.720(4) 3.662(5) 

Cu/Co - 0 X 4 2.00303(8) 2.01269(7) 2.01727(7) 2.02361(5) 2.03119(8) 

Cu/Co - Br X 2 3.0332(33) 2.9960(40) 2.9738(30) 2.9690(33) 2.966(4) 
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Sr2Co0.5Cu0.502CI2, 20 -100 2 theto only Hist 1 
Lambda 1.5405 A, L-S cycle 69 Obsd. ond Diff. Profiles 
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Figure 4.3.2a Profile fit as obtained to Sr2Cuo.5Coo.502Cl2 data. 
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Lambda 1.5405 A, L-S cycle 84 Obsd, ond Diff. Profiles 

ro 

o 
X 

fO 

o . 

o _ 

o -

<5-

( II I I I i 

••4-11»n w*I imiiJ>• 4i 

I I t 11 I I I U II I II M i l l II I II :i III II III t I I UNI MINI I I I It 

_L 
20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0 

2-Theta, deg 

Figure 4.3.2b Profile fit as obtained to Sr2Cuo.5Coo.502Br2 data. 
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4.4 Discussion 

Complete solid solutions of Sr2Cui.yCOy02Cl2 and Sr2Cui.yCoy02Br2 (y = 

0.2, 0.4, 0.5, 0.6, 0.8) have been synthesised by the direct reaction of the alkaline 

earth metal halide and oxide and cobalt and copper oxides in stoichiometric 

quantities. The sealed tube technique was used to prevent cobalt ions from 

oxidising to form cobalt (111), and to prevent loss of halide through sublimation. 

This technique can be very useful in enabling the stabilisation of products that 

would otherwise prove problematic to synthesise. 

As expected the Sr2Cui_yCOy02Cl2 and Sr2Cui.yC0yO2Br2 (y = 0.2, 0.4, 0.5, 

0.6, 0.8) phases all adopt the structure of the end member phases, Sr2Cu02X2 

and Sr2Co02X2, (see Fig. 4.1a), the K2NiF4 structure type. The oxygen and halide 

ions order fully over the fluorine sites with the halide ions preferring to adopt the 

apical position of the Cu/CoOe distorted tetragonal/octahedra coordination (see 

Fig. 4.4a). The ordering of chloride and bromide ions within oxide halides has 

been known to occur in other related oxide halides, including oxide fluorides, e.g. 

Ba2ln03X (X = F, CI, Br), BaSrlnOsCI and Ba4ln2Sn08Cl2 Sr3.xAxAI04F 

J 

Figure 4.4a Representations of the CU/C0O4X2 octahedra, highlighting the ordering of 

the anions (green spheres represent halide ions, pale blue spheres represent oxygen 

ions, dark blue ion represents copper/cobalt ion) 

The refined cell parameters show the expected increase in the a 

parameter and decrease in the c parameter as the proportion of cobalt within the 

structure increases. Due to the increased size of cobalt in comparison to copper 

(Co (II) HS 0.745 A, Cu (II) 0.73 A) a gradual increase in the a parameter occurs 

as the smaller ion is progressively replaced with the larger ion. However, the 

same trend is not seen in the c parameter because the Jahn Teller effect causes 

a more significant change than the ionic radii of the metal ions. Copper (II) is 

subject to Jahn-Teller distortions and thus tends to have long axial bonds within 

104 



its distorted octahedra, hence as the proportion of the metal that causes 

lengthened axial Cu/Co-X bonds (in the c direction) decreases so does the c 

axis. 

Propor t i on of Coba l t in Sr^Cu Co^ vs La t t i ce Parameters 
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Figure 4.4a Graph showing the variation of lattice parameters with the proportion of 

cobalt in Sr2Cui_yCOy02Cl2. 
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Figure 4.4b Graph showing the variation of lattice parameters with the proportion of 

cobalt in Sr2Cui.yCOy02Br2. 

105 



As would be expected the oxide bromide phases consistently have 

greater cell parameters and bond lengths than the oxide chlorides as a result of 

replacing chloride ions (r (CP) = 1.81 A with the larger bromide ions (r (Br) = 

1.96 A The increases seen in Sr2Cui.yCOy02X2 as the halide ion is changed 

from chloride to bromide are consistent with an approx. 0.5% difference in the a 

direction and approx. 9% difference in the c direction, as shown by the phases 

Sr2Co02Cl2 and Sr2Co02Br2. This effect can be demonstrated by comparing the 

Cu/Co-0 and Cu/Co-X bond lengths for Sr2CuosCoo.502X2: as the X = CI Br 

the metal oxygen bonds (in the a direction) increase from 2.00751 A to 2.01727 

A, whereas the metal halide bonds (in the c direction) increase from 2.777 A to 

2.974 A. 

The considerably greater increase along the c axis occurs because the 

length of the axial Cu/Co-X (X = CI. Br) bonds are the bonds most affected by 

the change in halide ion (and as mentioned above, these bonds lie along the c 

direction). Another significant factor causing the c parameter to increase is the 

inter-layer repulsion between the bromide ions. This effect can be seen when 

comparing the change in the length of the single Sr-X bond to the change in 

length of the Sr -0 bonds. The increase in ionic radius from CP to Br" can 

account for a 0.15 A increase in the single Sr-X bond length; however the bond 

increases by a significantly greater amount; 0.495 A. The length of the Sr -0 

bond remains almost unchanged with an increase of only 0.0238 A. 

As all of the four possible end member phases are known, Sr2Cu02Cl2 

Sr2Cu02Br2 °̂, Sr2Co02Cl2 and Sr2Co02Br2 the graphs that follow include 

data points for these phases as well as for the phases synthesised within this 

work. (Please note that error bars are not visible for M - O bond lengths as they 

are too small to be distinguished beneath the data points). The literature data is 

displayed for comparative purposes, but as the experimental conditions are 

different from those under which the solid solutions were synthesised, the values 

used should be treated with a degree of caution (especially as some of the data 

used is from single crystal studies, as is the case for Sr2Co02Br2). 

Please note that the greater electron density of the bromide, in 

comparison with the chloride, means that the bromide ions are easier to locate 

within the Sr2Cui.yCOy02X2 structure, and thus the errors associated with their 

positions are lessened (and therefore their error bars shorter). 
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Proportion of Cobalt in Sr^Co^Cu^ ^O^CÎ  vs apical M-CI bond lengt 
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Figure 4.4c Graph showing the variation of M-CI bond length with the proportion of 

cobalt in Sr2Cui.yCOy02Cl2. 
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Figure 4.4d Graph showing the variation of M -O bond length with the proportion of 

cobalt in Sr2Cui.yCOy02Cl2. 
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Proportion of Cobalt in Sr Co Cu, O.Br, vs apical M-Br bond length 
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Figure 4.4e Graph showing the variation of M-Br bond length with the proportion of 

cobalt in Sr2Cui.yCOy02Br2. 
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Figure 4.4f Graph showing the variation of M - O bond length with the proportion of 

cobalt in Sr2Cui.yCOy02Br2. 
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The errors generated by structural refinement programs are thought to be 

unrealistically low ''®, with this taken into account it is reasonable to conclude that 

the bond lengths do fit the trend lines given. Thus it would appear to be clear 

that there is a smooth change in bond length associated with the replacement of 

copper by cobalt, in obeyance with Vegard's law This gradual change in bond 

lengths is indicative of a gradual decrease in the Jahn Teller effect as the copper 

is replaced with cobalt. Such a trend is consistent with that seen in the solid 

solution of Co3-xCUx(P04)2 ®, but not with the sudden structural change seen in the 

YBa2Cu3.xCox07.5 ^ solid solution as studied by Voronin et al. This might suggest 

that when the metals whose proportions are being altered possess a single 

valency (i.e. are not multivalent) their solid solutions are more likely to adopt a 

smooth structural transition and display gradual structural changes. 

The strontium bond lengths for these phases compare well with those of 

another cobalt oxide halide of similar stoichiometry, i.e. Sr2Co03CI (e.g. Sr-CI 

= 3.266 A and 2.969 A in SrgCoOsCI, and 3.231 A and 3.0670 A in 

Sr2Cuo2Coog02Cl2). However, the copper/cobalt bond lengths are considerably 

different in these two phases (e.g. Co-CI = 3.12 A in Sr2Co03CI and Cu/Co-CI = 

2.750 A in Sr2Cuo,2Coo 8O2CI2). This may reflect the greater degree of distortion 

associated with having a single halide ion forming an octahedron, rather than the 

symmetrical di-halide distortion associated with the Sr2Cui_yC0yO2X2 structure, or 

this could result from the different oxidation states of the cobalt ions present in 

the two phases (Co^* in Sr2Cui.yCOy02X2, Co^ in Sr2Co03Ci). 

109 



I ' 

r < 

Figure 4.4g Representations of the structures of SraCuvyCOyOaXa and Sr2Co03CI 

(unit cells highlighted) 

4.5 Conclusions 

Solid solutions of SraCui-yCOyOaCIs and Sr2Cui.yCoy02Br2 (y = 0.2, 0.4, 

0.5, 0.6, 0.8) have been synthesised and their structures characterised by PXD. 

The oxide bromide phases consistently have greater cell parameters and bond 

lengths than the oxide chlorides. 
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The cell parameters change as the copper ion is replaced by cobalt, with 

a steady increase in the a parameter and gradual decrease in the c parameter. 

This trend reflects the fact that copper (II) is a Jahn Teller ion whereas high spin 

cobalt (II) is not and therefore does not form lengthened axial bonds within its 

octahedra. The even trend in change in bond length that occurs as copper is 

replaced by cobalt, suggests a gradual decrease in the Jahn Teller effect 

The coordination environments of the strontium ions in SraCoOsCI and 

Sr2Cui.yCoy02X2 are comparable, whereas the copper/cobalt octahedron being 

more distorted in Sr2Co03CI has quite different bond lengths to those in Sr2Cui_ 

yCOy02Cl2 

The phase Sr2Co02Cl2 orders antiferromagnetically at approx. 220 K 

whereas Sr2Cu02Cl2 orders antiferromagnetically at approx. 270 K As the 

structural transitions that result from replacing copper with cobalt in the phases 

Sr2Cui_yCOy02X2 (X = CI, Br) would appear to be gradual and smooth it would 

seem sensible to suggest that magnetic ordering would vary as the proportion of 

cobalt increased, with the Nee! temperature of the material lowering steadily. 

This gradual change in antiferromagnetic behaviour has also been observed in 

other copper/cobalt solid solutions, such as LaCoi.xCUxOs 

In order for changes in magnetic behaviour to be accurately determined, 

magnetic susceptibility measurements and powder neutron diffraction studies 

would need to be carried out. 
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Chapter Five 

Synthesis and IVIagnetic Structure Determination of 

Sr3Fe2.yCOy05X2 (X = CI and Br, y = 0,1, 2) 



5.1 Introduction 

The area of first row transition metal oxide halide chemistry has recently 

undergone a rapid expansion with the synthesis of several new cobalt ^ and 

manganese phases ^ that adopt structures closely related to the technologically 

important high Tc and CMR Ruddlesden - Popper materials. Significant 

advances have also been made by Wiley and co-workers who have obtained a 

number of compounds described by the formula (MCI)LaNb207, e.g. IVI = Cu " 

and Cr, Mn, Fe, Co ® through low temperature topotactic reactions. The newly 

synthesised Ruddlesden - Popper oxide halides include the cobalt (III) materials, 

Sr2Co03CI and Sr2Co205Cl2, reported by Cava and co-workers ^ and the cobalt 

(II) phases Sr2Co02X2 (X = CI and Br) reported by Knee and Weller ^ (mixed 

metal solid solutions of which were discussed in chapter four). These materials 

all adopt Ruddlesden - Popper related structures in which either one, e.g. 

Sr2Mn03CI or both, e.g. Sr3Co205Cl2 ^ of the terminal apical oxygen positions of 

the repeat perovskite block have been replaced by a halide ion. 

Leib and Muller-Buschbaum reported the first Ruddlesden - Popper 

alkaline earth iron oxide chloride, Sr3Fe205Cl2, in 1984 Ackerman later isolated 

a variety of alkaline earth iron oxide halide single crystals grown from fluxes of 

the respective alkaline earth halide (including the calcium and bromide analogues 

of the parent phase; Ca3Fe205Cl2 and Sr3Fe205Br2) whilst the cobalt analogue 

of the parent phase, Sr3Co205Cl2, was synthesised by Cava ®. 

The results of Mossbauer measurements ^ performed on the single 

crystals of SrsFezOgXz (X = CI and Br) indicated the presence of magnetic order 

within the materials at 300 K. More recently, powder neutron diffraction studies 

by Hector et al. have revealed the antiferromagnetic spin structure of the single 

layer, K2NiF4-type, oxide fluoride Sr2Fe03F whilst Parthe and Hu have re-

determined the crystal structures of two phases synthesised by Ackerman 

CaFeOzCI and CagFeOsCI 

The Ruddlesden - Popper transition metal oxide halides all contain linked 

metal oxide sheets found in the equivalent oxides, as required for correlated 

electronic behaviour, and this makes them ideal systems in which to study the 

key magnetic interactions that facilitate transport phenomena. For example, a 

significant level of effort has been directed towards understanding the magnetic 
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interactions within the manganese Ruddlesden - Popper magnetoresistance 

materials and the role they play in the CMR effect. The competing ferro- and 

antiferromagnetic exchange coupling that occurs due to the presence of varying 

levels of Mn®"̂  and ions, as well as the increased two-dimensional (2D) 

character of the materials when compared with perovskites, leads to a variety of 

magnetic structures being adopted. In particular, the bi-layer Laa-axSn+axMnaOy 

system exhibits a range of spin structures, including a canted ferromagnetic 

arrangement for x = 0.40-0.45 and a G-type antiferromagnetic spin structure for 

the x = 1, Mn (IV) phase Sr3Mn207 Studies of the magnetic properties and 

spin structures of other related multi-layer perovskites, such as the iron 

containing YBagCusOy-g analogue YBa2Fe308+y have also been valuable in 

increasing the understanding of the unique role copper has in high Tc 

superconductivity. 

Figure 5.1a Representation of the SrsFei-yCOyOsXa structure with Fe/CoOs square 

based pyramids 
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Using the parent structure Sr3Fe205Cl2, this work has explored the 

structural effects of halide and cobalt substitution upon crystal structure and 

sublattice magnetisation, including temperature dependence, through a PND 

study of the phases Sr3Fe205Cl2, Sr3Fe205Br2, SrsCogOsClg and the previously 

unreported phase SrsFeCoOsCb. 

5.2 Experimental Procedure 

Polycrystalline samples of Sr3Fe205Cl2 and Sr3Fe205Br2 were prepared by 

intimately grinding together a 2:1:1 mixture of high purity SrO (from SrCOs at 

1050 °C, 4 days), SrXg, X = CI and Br and Fe203 (all 99.9% or better), sealing the 

reactants in evacuated silica ampoules under vacuum and heating at 850 °C for 

48 hours with a single interruption to regrind the products. All sample 

preparations were performed inside a glove box (< 1 ppm O2/H2O) due to the 

hygroscopic nature of some of the starting materials. Phase purity of the 

products (both Sr3Fe205Cl2 and Sr3Fe205Br2 were rusty red in colour) was 

checked by PXD using a Siemens D5000 diffractometer operating with Cu Kai 

radiation. The Sr3Fe205Cl2 pattern was consistent with phase pure product 

material, whereas the Sr3Fe205Br2 sample was found to contain an impurity at a 

level of < 5 % (l:lo) (for results, see Table 5.3.1a). 

The Sr3Fe205Br2 sample was not exposed to atmospheric conditions at 

any point, as previous experience with handling oxide bromides have shown their 

potential for slow hydrolysis. 

The synthesis of Sr3FeCo05Cl2 and Sr3Co205Cl2 required a slightly more 

complex approach, to ensure the final product contained cobalt (III). Thus the 

precursor Sr2Co205 was reacted with SrO, Fe203 and SrCb in the molar ratio 

1:2:1:2 and 1:0:0:1, to form the mixed metal and pure cobalt phases respectively, 

and a heating regime used identical to that for the pure Fe materials. Once more, 

all sample preparations were carried out inside a glove box (<1 ppm O2/H2O) and 

phase purity for the phases (SrsFeCoOsCb was dark grey/black in colour, whilst 

Sr3Co205Cl2 was black) was checked by PXD using a Siemens D5000 

diffractometer operating with Cu K^i radiation. The patterns were consistent with 

phase pure product material (for results, see Table 5.3.1b). 
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other analogues of the parent SrsFeaOsCb phase were attempted 

including the oxide fluoride equivalent Sr3Fe205F2. The reactants SrCOs, Fe203 

and SrF2.6H20 (all 99.9% or better) were prepared by intimately grinding together 

and heating to 800 °C for 2 16 hours, regrinding the intermediates, and heating 

again to 800 °C for approx. 3 days with a single interruption to regrind the 

products (for results, see Table 5.3.1c). 

The sealed tube technique, as detailed above, was used to try to 

synthesise the calcium analogues, Ca3Fe205Cl2 and Ca3Fe205Br2, but using 

CaO, CaCl2 and CaB% (Aldrich 99.99 %) in place of SrCOs, SrCl2 and SrB% (for 

results, see Table 5.3.1d). 

The synthesis of one final analogue related to the parent phase, the solid 

solution Sr3Fei.5Coo.505Cl2, was also tried. This synthesis also employed the 

sealed tube technique, as detailed above, but using a molar ratio of 1:4:6:3 of the 

reactants Sr2Co205 SrO, Fe203 and SrCb (for results, see Table 5.3.1e). 

Time of flight PND data were collected using the medium resolution 

POLARIS diffractometer at the ISIS facility in the UK. The Sr3Fe205Cl2 sample 

was loaded into an air-tight vanadium can in a helium gas atmosphere and data 

collection performed at room temperature (295 K), 17 K, 150 K, 400 K, 500 K, 

550 K, 600 K and 625 K using a hot-stage / closed cycle refrigerator. Further 

scans were obtained for Sr3Fe205Br2, Sr3FeCo05Cl2 and SrsCozOsClz, at room 

temperature and at 2 K inside a standard ISIS cryostat. A second set of time of 

flight PND data was also collected for the Sr3Co205Cl2 sample using the high 

resolution D2B diffractometer at the ILL facility in France at 2 K inside a standard 

ILL cryostat. 

The diffraction data were analysed using the GSAS software package 

with the structural models from previously reported X-ray analyses employed in 

initial cycles .̂ The higher resolution C-bank data of POLARIS (d-spacing 

range 0.2 - 3.2 A ) was used for the structural refinements for all the phases whilst 

the magnetic structures of the materials were determined from the wider range 

(0.5 - 8.3 A ) lower resolution A-bank patterns, for the phases Sr3Fe205Cl2, 

Sr3Fe205Br2 and Sr3FeCo05Cl2. 
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5.3 Results, including Structural Refinement 

5.3.1 Synthetic Results 

The known phases Sr3Fe20sCl2 and Sr3Fe205Br2, both formed as 

planned: 

Target Phase Reagents Heat Treatment Products 

Sr3Fe205Cl2 SrO, Fe203 and - 1 8 h a t 8 5 0 ° C 

90% SrsFezOsClz 

and 10% 

SrzFeOaCI 

Sr3Fe205Cl2 SrO, Fe203 and 

-18h at 850 °C 100% 

SraFezOsClz 

Sr3Fe20gBr2 SrO, FeaOs and 

SrBr2 

~18hat850°C 

60% 

Sr3Fe205Br2 and 

40% SrzFeOsBr 

Sr3Fe20gBr2 SrO, FeaOs and 

SrBr2 

~18hat850 °C >95% 

Sr3Fe205Br2 and 

< 5% SrFe02,86 

Table 5.3.1a Sealed tube synthesis of Sr3Fe205X2 (X = CI, Br) 

The cobalt analogues of the parent phase, SraFeCoOsCb and 

Sr3Co205Cl2 were both made as phase pure products; 

Target Phase Reagents Heat Treatment Products 

S^FeCoOgC^ Sr2Co205, SrO, 

Fe203 and SrCb 

~18hat850°C 

90% Sr3Fe205Cl2 

and 10% 

Sr2Fe03CI 

S^FeCoOgC^ Sr2Co205, SrO, 

Fe203 and SrCb 

-18h at 850 °C 100% 

Sr3Fe205Cl2 

Sr3Co20sCl2 Sr2Co205, SrO, 

Fe203 and SMB^ 

~18hat850°C 

60% 

Sr3Fe205Br2 and 

40% Sr2Fe03Br 

Sr3Co20sCl2 Sr2Co205, SrO, 

Fe203 and SMB^ 

-18h at 850 °C >95% 

Sr3Fe205Br2 and 

< 5% SrFeOz Be 

Table 5.3.1b Sealed tube synthesis of Sr3Fe2-xCOx05X2 (X = 1, 2) 
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Unfortunately the oxide fluoride analogue, SrsFegOsFg did not form, the 

single layer compound Sr2Fe03F formed instead; 

Target Phase Reagents Heat Treatment Products 

Sr3Fe205F2 SrCOs, FezOs 

and SrFz.GHzO 

2%h at 800 °C, 

reground, ~18h 

c ^ 8 5 0 ° C 

80% SrzFeOsF 

and 20% SrFz 

Sr3Fe205F2 SrCOs, FezOs 

and SrFz.GHzO 

- 1 8 h a t 8 5 0 ° C 

85% SrzFeOaF 

and 15% SrF? 

Table 5.3.1c Oxide fluoride analogue of Sr3Fe205Cl2 

Once again the desired calcium analogues of the parent phases, 

Ca3Fe205Cl2 and Ca3Fe205Br2 did not form, a mixture of Ca2Fe205 and simple 

oxides and oxide halides formed instead: 

Target Phase Reagents Heat Treatment Products 

Ca3Fe205Cl2 CaO, FegOa and 

C a C b 

- 4 8 h c d 8 5 0 ° C 

65% Ca2Fe205 

and 35% CaClg Ca3Fe205Cl2 CaO, FegOa and 

C a C b - 1 8 h c d 8 5 0 °C as above 

Ca3Fe205Br2 CaO, FezOs and 

CaBr2 

- ^ 8 h E d 8 5 0 °C amorphous 

Ca3Fe205Br2 CaO, FezOs and 

CaBr2 
- 1 8 h a t 8 5 0 ° C 

45% Fe2Ca04, 

35% Ca2Fe205 

and 20% CaB% 

Table 5.3.1d Attempted sealed tube synthesis of calcium analogues of Sr3Fe205Cl2 

and Sr3Fe205Br2 

Unfortunately the related solid solution compound, SrsFeisCoo sOsCb also 

did not form, a mixture of the single layer compound SrzFeOsCI and simple 

oxides formed instead; 

Target Phase Reagents Heat Treatment Products 

S ^ f e i .5C00.5O5CI2 SrC03, Fe203 

and SrFz-GHzO 

- 1 8 h a t 8 5 0 ° C 

5 5 % SrzFeOaCI, 

3 0 % SrsFezOsClz 

and 15% CoO S ^ f e i .5C00.5O5CI2 SrC03, Fe203 

and SrFz-GHzO 

~ 1 8 h a t 8 5 0 ° C 

45% Sr2Fe03CI, 

4 5 % Fe304 and 

10% SrO 

Table 5.3,1e Attempted sealed tube synthesis SrsFei 5C00.5O5CI: 
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5.3.2 Structural Investigation 

5.3.2.1 Crystal Structure 

The initial crystal structure refinement was carried out using the room 

temperature Sr3Fe205Cl2 data. The least squares analysis converged quickly to 

provide a good fit to the diffraction pattern, with the notable exception of a few 

weak magnetic peaks that were subsequently fitted with the model discussed in 

section 5.3.2.2 below. The only anomaly was a rather large isotropic atomic 

thermal displacement parameter for the apical 0(1) oxygen located on the 

(0,0,%) site (Uiso = 1.18 X 100 A^), which indicated that either positional disorder 

or partial occupancy was present. The latter possibility was checked by allowing 

the fractional occupancy of the position to vary however this had only a negligible 

effect on the refinement statistics (Uiso = 1.34 x 100 A^, fractional occupancy = 

1.04) and the site remained at full occupancy. Introduction of a displaced oxygen 

position produced a small but appreciable improvement in the Rietveld fit (Uiso = 

0.032 x 100 A^), this confirms the displacement of oxygen from its formal 

position, and thus confirms the presence of oxygen disorder. A split (/,/,%) 

position was therefore introduced and refined to give x = 0.0265(8). In the final 

stages of the refinement the occupancies of all sites were allowed to vary and no 

significant deviation was observed confirming the phase to be of ideal 

stoichiometry. Analysis of the other variable temperature SrsFegOsClz data sets 

and those of Sr3Fe205Br2, SraFeCoOsCb and Sr3Co205Cl2 followed a similar 

method. For the bromide analogue the small level of impurity (identified as 

SrFe02,86) detected in the PXD scan was also apparent in the PND patterns. For 

the Sr3FeCo05Cl2 analyses the Fe:Co ratio was allowed to vary, to determine if 

the compound were truly stoichiometric, and indicated the presence of a small 

excess of iron. Refinement of an anisotropic oxygen position for the 0(1) sites 

was only found to be necessary for the pure cobalt analogue, not for either the 

Sr3Fe205Br2 or Sr3FeCo05Cl2 refinements. 

Refined atomic co-ordinates, lattice parameters and profile fit factors are 

summarised in Table 5.1. Table 5.2 summarises the derived bond lengths and 

angles of importance. 

The final agreement achieved to the room temperature Sr3Fe205Cl2 and 

Sr3FeCo205Cl2 data is shown in Figures 5.3.2.1a and 5.3.2.1b respectively. 
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Figure 5.3.2.1a Profile fit as obtained to Sr3Fe205Cl2 295 K C-bank data 
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Figure 5.3.2.1b Profile fit as obtained to Sr3FeCo205Cl2 295 K C-bank data. 
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Table 5.1 Refined atomic co-ordinates, lattice parameters and profile fit factors for SraFeg-yCOyOsXz (y = 0, 1, 2, X = CI, Br). Space group 14/mmm Sr(1) on 

(0,0,0), Sr(2) on (0,0,Zsr(2)), Fe/Co on (0,0,z), 0(1) on (x,x,%), 0(2) on (%,0,z) and X on (0, 0,Zx). Thermal displacement parameters (all x 100, A )̂ for each 

atom sites are also given, values for Fe and Co were constrained to be equal, esd's are given in parentheses. 

Compound Sr3Fe205Cl2 Sr3Fe205Br2 SrsFeCoOgCIa Sr3Co205Cl2 
Temperature 17K 295K 2K 298K 2K 298K 2K 298K 

Uiso Sr(1) 0.16(1) 0.82(2) 0.19(2) 0.83(4) 0.43(3) 0.93(3) 0.63(5) 1.13(6) 

Zsr(2) 0.15743(3) 0.15717(4) 0.14664(4) 0.14647(6) 0.15749(6) 0.15709(6) 0.15807(9) 0.15774(9) 

Uiso Sr(2) 0 .017(1) 0.53(1) 0.16(2) 0.45(2) 0.40(2) 0.65(2) 0.67(4) 0.94(4) 

Zp^Co 0/42101(2) 0.42134(3) 0.42606(4) 0.42647(6) 0.42148(6) 0/12151(6) 0.42185(23) 0 .42211(24) 

Uiso Fe/Co 0.12(1) 0.39(1) 0.10(2) 0.33(3) 0.23(3) 0.34(3) 0.17(8) 0.65(9) 

Xo(1) 0.0143(3) 0.0265(8) - - - - 0.0205(28) 0.0286(19) 

U«oO(1) 0.17(4) 0.32(5) 0.41(1) 0.94(4) 0.62(4) 0.99(4) 0.23(14) 0.23(14) 

Z0(2) 0.09010(2) 0.08980(3) 0.08413(4) 0.08382(5) 0.08999(4) 0.08964(4) 0.09003(7) 0.08976(7) 

U«o 0(2) 0.29(1) 0.60(1) 0.25(1) 0.65(2) 0.61(2) 0.93(2) 1.040(34) 1.51(4) 

Z x 0.29498(2) 0.29532(3) 0.29935(5) 0.29987(8) 0.29471(5) 0.29511(5) 0.29428(7) 0.29443(8) 

U ^ X 0.29(1) CL81(1) 0.40(2) 1.00(3) 0.45(2) 0.94(2) 0.50(4) 0.99(5) 

a / A 3.93848(4) 3.94684(2) 3.94538(6) 3.95465(4) 3.91932(5) 3.92946(4) 3.90022(9) 3.91451(10) 

c / A 23.6902(3) 23.7971(2) 25.2833(5) 25.4146(5) 23.7782(5) 23.8766(4) 23.90&K8) 24.0184(7) 

Rp 443 3.53 2.92 658 3.00 7.08 2.44 6.99 

Rwp 2 22 2.02 1.84 5.98 1.70 3.50 1.31 3.49 

x ' 277 2.30 7.00 2J4 5.45 13.57 4 ^ 8 10.26 
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Table 5.2 Derived interatomic distances (A) and bond angles (°) for SrsFezOgClz, Sr3Fe205Br2, Sr3FeCo05Cl2 and Sr3Co205Cl2, esd's are given in 

parentheses. 

Compound SrsFegOsClz Sr3Fe205Br2 Sr3FeCo05Cl2 Sr3Co205Cl2 

Temperature 17K 295K 2K 298K 2K 298K 2K 298K 

S^1^0C1) ' x4 2.705(8)-2.865(8) 2.643(5)-2.939(5) 2.78981(4) 2.79636(3) 2.77137(3) 2.77855(3) 2.645(16)-2.871 (16) 2.610(11)-2.926(11) 

Sr(1)-0(2)x8 2.9041(4) 2.9088(5) 2.9011(6) 2.9066(10) 2.9016(8) 2.9054(8) 2.9044(12) 2.9118(12) 

Sr(2)-0(2) X 4 2.5343(6) 2.5425(6) 2.5277(8) 2.5386(12) 2.5330(10) 2.5404(10) 2.5394(16) 2.5489(16) 

Sr(2)-X X 4 3.0045(3) 3.0112(4) 3.1061(7) 3.1112(10) 2.9954(6) 3.0038(6) 2.9839(9) 2.9969(10) 

Sr(2)-X X 1 3.2584(9) 3.2877(11) 3.861(2) 3.899(3) 3.263(2) 3.296(2) 3.2557(31) 3.2830(32) 

Fe/Co-0(1)*x 1 1.8730(6) 1.8778(7) 1.870(1) 1.869(1) 1.867(2) 1.874(1) 1.872(6) 1.878(6) 

Fe/Co-0(2) X 4 1.9867(1) 1.9911(1) 1.9895(2) 1.9946(2) 1.9786(3) 1.9827(2) 1.9707(8) 1.9779(9) 

Fe/Co-X X 2 2.9857(7) 2.9988(9) 3.204(1) 3.217(2) 3.015(2) 3.018(2) 3.050(6) 3.067(7) 

0(2)-Fe/Co-0(2) 164.78(4) 164.70(5) 165.15(7) 164.93(10) 164.15(11) 164.57(10) 163.43(33) 163.4(4) 

indicates split (x,x,/4) site for 0(1) in the Sr3Fe205Cl2 and Sr3Co205Cl2 analyses 
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5.3.2.2 Magnetic structure determination 

Inspection of the room temperature A-bank data for the Sr3Fe205Cl2, 

Sr3Fe205Br2 and SrsFeCoOsCb phases revealed the presence of several moderately 

intense peaks in the (/-spacing range 3-6 A that could not be accounted for by the 

crystal structure. The high d position of the reflections suggested they were likely to 

be magnetic in origin and this was confirmed by their growth on cooling all samples 

below room temperature. The Sr3Fe205Br2 analysis revealed an additional weak 

peak a t d « 5.0 A, whose relative intensity was invariant with temperature and which 

was therefore assigned to a (non-magnetic) impurity in the sample. 

The most intense magnetic peaks could be indexed as the reflections {10/}, 

with / = 1, 2, 3 and 4 on the basis of a magnetic cell related to the nuclear cell by 

Bmag = b^ag = V28nuc and Cmag = Cnuc, consistent with a magnetic propagation vector 

k_= (%, >2, 0). The magnetic intensity was modelled by introducing a second 

magnetic-only phase, and to allow for canting of the magnetic moments with respect 

to the four-fold rotational axis the spin structure was refined in space group P-1. A 

number of collinear ordering schemes for the Fe spins were investigated using the 

magnetic form factor for Fe^* and it quickly became apparent that the moments 

within these materials are coupled antiferromagnetically along all three 

crystallographic axes. Reasonable quality fits were obtained for models in which the 

moments were aligned parallel to the z-axis or confined to either the x- (or y-) 

direction within the xy-plane, although for both models some discrepancies between 

calculated and observed profiles were still apparent. A level of rotation of the spin 

direction was found to greatly enhance the agreement to the observed data for both 

scenarios; yielding a cant angle y = 45" from the z-axis for the Sr3Fe205Cl2 analyses 

for the first model and an angle 8 = 40 ° with respect to the x-axis for the second 

description and almost identical goodness of fit parameters. With little to differentiate 

the models in terms of agreement to the diffraction data the evidence from the 

previous Mossbauer measurements, which indicates that the Fe spins lie within the 

xy-plane was used to discount the z-component model. The final agreement 

achieved to the low temperature Sr3Fe205Cl2 data is shown in Figures 5.3.2.2a, and 

details of all the refined magnetic moments are given in Table 5.3. 
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Figure 5.3.2.2a Profile fit as obtained to SrsFegOsClz 295 K C-bank data 

Table 5.3 Refined magnetic parameters obtained from the A-bank of POLARIS. Magnetic 

space group B112lm\ magnetic cell a^ag = ^mag = V28nuc, Cmag = Cnuc, P = 90°; Fe(/Co) on (%, 

%, z) 8; site. Constraint nz = 0. 

Compound SrsFezOgClz Sr3Fe206Br2 SraFeCoOsCb 

Temperature 17K 295K 2K 298K 2K 298K 

Hx 3.61(4) 2.90(4) 3.12(6) 2.16(4) 1.55(5) 1.28(3) 

\^y 2.50(4) 2.36(5) 2.61(6) 2.20(4) 1.43(5) 1.20(3) 

8C) 34.8(5) 39.1(7) 39.9(6) 45.5(9) 42.0(10) 43.0(10) 

I N W 4.40(4) 3.74(4) 4.07(6) 3.08(5) 2.11(4) 1.75(5) 

Rp 5.08 5.19 3.12 6.34 2.89 4.48 

Rwp 6.92 6.92 3.61 7.07 3.43 5.28 

x ' 1.24 1.28 1.72 4.20 1.34 2.02 

Surprisingly both sets of data collected for the SrsCoaOgCIa phase showed 

that no additional peaks were present in the d-spacing range 3-6 A , and thus no 

magnetic structure refinement could be carried out for this structure. 
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5.4 Discussion 

5,4.1 Crystal Structure 

The structure of the SrsFei.yCOyOsXa oxide halides as shown in Figure 5.1a 

consists of layers of opposing FeOs square pyramids, each pair linlced through an 

oxygen with puckered double 'rocksalt' (SrX) layers separating their basal planes. 

Alternatively, the metal coordination can be viewed as infinite planes of highly 

distorted MO5X octahedra if the extended metal to halide interaction is taken into 

account (see Fig. 5.4.1a). 

Figure 5.4.1a Representation of the SrsFei-yCoyOsXa structure with Fe/CoOgX octahedra 

Our structural analyses have essentially confirmed the literature models 

determined from X-ray diffraction studies. The increased sensitivity of PND to 

oxygen positions has allowed the detection of a level of site disorder for the apical 
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0(1) site of SfsFeaOsCIa and Sr3Co205Cl2. This site links the layers of Fe/CoOg 

square pyramids and the displacement corresponds to static disorder of the oxygen 

of approximately 0.1 A within the tetragonal plane (see Fig. 5.4.1b). Its effect on the 

Fe/Co-0(1) bond is small, as the bond distance changes from 1.8719(6) A without 

the spilt site to 1.8778(6) A in the case of the analysis of room temperature data for 

the pure iron phase, and from 1.866(6) A to 1.878(6) A for the pure cobalt phase. 

Figure 5.4.1b Representation of the Sr3Fei.yCOy05Cl2 structure with distorted oxygens 

linking the Fe/CoOg polyhedra (red spheres represent strontium ions, pink spheres represent 

chloride ions and translucent blue square based pyramids represent iron/cobalt polyhedra) 

The structural refinements have also confirmed the absence of significant 

anion (oxygen) deficiency within the phases and consequently the average metal 

valence state is confirmed as (III), which is consistent with the rusty red colour of the 

two pure iron phases. 
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5.4.2 Structural Trends 

The room temperature cell constants of the Sr3Fe205X2 phases show the 

expected expansion when the chloride ion (reff = 1.81 A) is replaced with the larger 

bromide ion (reff = 1.96 A) The slight change in a ~ 0.002 % is minimal compared 

with the much larger 6.5 % elongation of the c parameter. The distance across the 

Fe-0(1)-Fe double perovskite layer within the materials remains constant within the 

constraints of experimental uncertainty, i.e. 3.744(3) A for Sr3Fe205Cl2 and 

3.737(4) A for Sr3Fe205Br2. The expansion in c occurs solely as a result of 

expansion within the strontium halide 'rocksalt' layers, with the halide to halide 

separation along z increasing from 2.15 A for X = CI to 2.54 A for X = Br. The 

expansion is also reflected in the large increase in the apical Fe-X distance (Table 

5.2) in line with the increase in ionic radii. 

Introduction of approximately 50 % of Co ions onto the square pyramidal sites 

within Sr3Fe205Cl2 has a significant effect, with the a parameter of the mixed Fe/Co 

material showing a small decrease ~ 0.02 A and c exhibiting a 0.08 A increase. 

Completely replacing the iron ions with cobalt produces a further reduction in the a 

parameter by an additional 0.015 A, and further increase in c by an additional 

0.014 A. The reduction in a is consistent with the presence of the smaller Co^ ionic 

radii (high spin reff = 0.61 A, low spin reff = 0.545 A) compared to Fe "̂" (high spin reff = 

0.645 A). In contrast, the increase in the size of the c parameter with cobalt 

substitution does not follow the expected trend and runs contrary to the behaviour 

observed for the closely related Ruddlesden-Popper Sr3Fe2-xCOx07-6 series and the 

YBa2(Fei.zCoz)308+x with 0.0 < z < 0.5 series This elongation of the unit cell 

occurs principally through the average M-CI interactions which increase by ~ 0.02 A 

for 50 % substitution, and by a further ~ 0.05 A at full substitution. One possible 

reason for this expansion could be that a proportion of the ions are present in 

the t2ĝ eĝ  intermediate spin (IS) state within the oxide halides. This results in a 

partially filled d orbital, which as it points along the apical axis causes the lattice 

parameter c to lengthen. Equally because the d x^-y^ orbital becomes less filled, the 

equatorial bonds shorten leading to a reduction in the a parameter. A similar 

explanation has been suggested to account for the analogous highly elongated 

coordination seen in TISr2Co05^\ See below for a diagram depicting spin states for 

a d® ion. 
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LS IS HS 
Figure 5.4.2a Representation of the possible spin states for a d® ion, low spin (LS), 

intermediate spin (IS) and high spin (HS) 

It is worth noting that the refined fractional occupancy of the metal site of 

SrsFeCoOsCb indicates a slight cobalt deficiency, suggesting the true stoichiometry 

of the sample to be Sr3Fei.i2(2)Coo.88(2)05Cl2. 

A comparison of the interatomic distances obtained from the room 

temperature and low temperature data sets (Table 5.2) reveals the expected 

contraction on cooling for all four materials. The variation in the lattice constants of 

Sr3Fe205Cl2 (Fig. 5.4.2a) over a 600 K temperature range shows a smooth 

monotonic variation and significantly there is no sign of an anomaly as long range 

magnetic order is established at T < 600 K. The percentage changes in the cell 

parameters are ~ 0.6 % for a and 1.0 % for c indicating that the thermal expansion 

within the phase is not appreciably anisotropic; a somewhat surprising result as 

lamellar materials usually exhibit significantly greater expansion in the direction 

perpendicular to the tetragonal plane. The temperature dependence of the Fe 

coordination of Sr3Fe205Cl2 is shown in Figure 5.4.2a. The apical Fe-0(1) and Fe-CI 

interactions show the expected expansion on heating, as does the in-plane Fe-0(2) 

distance (see Fig. 5.4.2b). The basal 0(2)-Fe-0(2) bond angle demonstrates a small 

reduction with increasing temperature that corresponds to a reduction in the level of 

buckling within the plane as a result of increased atomic vibration (as with the 

behaviour of negative thermal expansion materials). Once more there is no 

indication of a structural response in any of these parameters coincident with the 

onset of magnetic order within the phase. 
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Figure 5.4.2a Graph showing the variation of lattice parameters with temperature in 

SrsFê OgClg 
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Figure 5.4.2b Graph showing the change in the Fe-0(1) and Fe-CI bond distances, and the 

basal Fe-0(2) bond and 0(2)-Fe-0(2) bond angle, with temperature in Sr3Fe205Cl2 
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5.4.3 Magnetic structure 

The additional magnetic Bragg reflections in the neutron diffraction patterns 

collected at 295 K and below for Sr3Fe205Cl2, Sr3Fe205Br2, and SrsFeCoOsCb arise 

from long range antiferromagnetic order of the transition metal spins and are 

consistent with Ackerman's Mossbauer spectrum of SrsFsaOsCb single crystals, 

obtained at room temperature The oxide halides adopt a G-type antiferromagnetic 

spin structure shown in Figure 5.4.3a with each iron moment aligned anti-parallel to 

its five nearest neighbours. This type of arrangement is commonly adopted by 

Ruddlesden-Popper phases, see for example Sr3Mn207, the l\/1n^̂  parent compound 

of the layered CMR manganites It is also similar to the magnetic structures 

adopted by related multi-layer iron perovskites such as Pb4Fe308CI ^ and 

YBa2Fe308+x whose structures result from antiferromagnetic interactions through 

the basal Fe d\^.y^-Opx,y- d\^.y^ links and across the apical Fe c/V -Opz- d'̂ z bonds as 

predicted by the Goodenough-Kanamori (GK) superexchange rules 

= 39 

Figure 5.4.3a Alignment of the Fe moment within the xy-plane for SrsFezOgClz. Fe spins 

are shown at the (%,0,z) z « 0.42 positions (white spheres) and on the (0,0,z) and (%,%,z) 

z » 0.08 sites (dark spheres). 

The previous single crystal Mossbauer investigation indicates that the Fe 

moments lie within the xy-plane and our refinements show that the spins do not point 

along the a ox b axes of the magnetic cell. Instead a level of rotation of the Fe spins 

within the xy-plane is favoured with the easy axis lying at an angle 9 close to 40 ° for 

all three phases (see Fig. 5.4.3b). It is also worth noting that the uniform temperature 

dependence of the magnetic reflections of Sr3Fe205Cl2 shown in Figure 5.4.3b 

indicates that the spin alignment angle 9 remains constant within ± 5° throughout the 
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measured temperature range, confirming tlie absence of spin crossover effects witliin 

the plane. 

a (102) m 08 

2CX] 300 400 500 600 

T(K) 

Figure 5.4.3b Graph showing the temperature dependence of the normalised intensity of 

the main magnetic peaks (upper) and normalised magnetic moment (lower) of Sr3Fe205Cl2. 

In the lower plot, the solid line represents the fit to the power law in Equation 5.4.3a and the 

broken line corresponds to the expected behaviour for a 2D Ising system. 

The magnitudes of the low temperature refined moments of Sr3Fe205Ci2 (17 

K) and Sr3Fe205Br2 (2 K) are 4.40(4) //g and 4.07(6) //b respectively. These values 

are both consistent with the presence of high spin Fe(lll), with the reduction from the 

ideal spin only value of 5 attributed to zero point fluctuations in the layered 

structures The lower ordered moment for the bromide phase is compatible with 

the expected weakening of the exchange interactions as a result of the expanded in-

plane Fe-0 distances and the increased interlayer separation within the material. 
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The ordered moment ju = 2.11(4) //g obtained for SrsFeCoOsCb at 2 K, 

compared with 4.4 //e for the un-substituted Fe oxide chloride represents a significant 

reduction in the average moment. We would expect the Co ions to be present in a 

high spin (HS) state within Sr3FeCo05Cl2 and Sr3Co205Cl2, as our recent study on 

the closely related single layer K2NiF4-type cobalt oxide halide Sr2Co03CI revealed 

an ordered moment of 2.82(3) pg at 2 K indicative of a HS electron configuration. 

However, the absence of any magnetic ordering in Sr3Co205Cl2 and the greater than 

expected reduction in the ordered moment of SrsFeCoOsCb (assuming HS states for 

both ions, approx. 50:50 mix of S = 1 14, Fê "" and S = 2, would yield a reduction 

of - 20 %) suggests that the Co^* ions are in a low spin state in these materials. A 

further possible explanation would be that a proportion of the ions are in an 

intermediate spin state. This electron arrangement would produce a lower refined 

moment, as the IS state consist of two unpaired electrons, i.e. S = 1 compared with 

the HS t2g'*eĝ , S = 2. Additionally, the presence of even a small amount of the IS 

state could diminish the (antiferromagnetic) magnetic moment still further due to the 

opposing, weakly ferromagnetic, interaction between the occupied dx̂  - orbitals of 

HS Fe®"" and HS Co^* and the empty dx̂  - orbital of IS Co^*. Nonetheless, the 

complete absence of any magnetic peaks for the phase Sr3Co205Cl2 suggests that 

the Co^* ions are in fact in a low spin state within these oxide halides. 

The thermal dependence of the normalised magnetic moment of Sr3Fe205Cl2 

is shown fitted to the power law given in Equation 5.4.3a below (see Fig. 5.4.3b 

(lower)). Also shown is the expected behaviour of a 20 Ising system (/.e. critical 

exponent /?= 0.125). 

Equation 5.4.3a 

A good quality fit over the whole temperature rage was obtained with C = 1.04(3), 

Tn = 590(22) K and a critical exponent p = 0.33(6) characteristic of a 3D transition. 

The value of p indicates that the growth of long range magnetic order occurs more 

gradually than the 20 behaviour observed for planar antiferromagnets such as 

K2NiF4 itself This probably reflects the increased dimensionality of the double 

layer perovskite block within the material when compared to the single layer, n = 1 

members of the Ruddlesden-Popper series. The fitted T^eei of 590 K, is in good 
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agreement with our observation of the complete disappearance of magnetic intensity 

which occurred on heating the sample between 550 K and 600 K. The Tn is similar 

to those typically reported for related Fe perovskites and we would expect a 

lower ordering temperature for Sr3Fe205Br2 given the expanded Fe to Fe distances 

(particularly the interlayer separations) within the phase. 

5.5 Conclusions 

Powder neutron diffraction has been used to characterise the crystal structure 

of four Ruddlesden-Popper related oxide halide materials (Sr3Fe205Cl2, Sr3Fe205Br2, 

Sr3Co205Cl2 and Sr3FeCo05Cl2), and the magnetic structure of three of these phases 

(those containing iron). 

Structurally the expansion induced by the replacement of the chloride ion by 

the larger bromide ion occurs solely in the 'rocksalt' SrXa layers whilst cobalt 

substitution produces a reduction in overall cell volume but an unexpected increase 

in the c parameter. 

The compounds Sr3Fe205Cl2, Sr3Fe205Br2, and SraFeCoOsCb adopt an 

antiferromagnetic spin arrangement with an expanded V2anuc by V2a„uc by c magnetic 

cell with magnetic moments that lie off-axis within the xy-plane. Sr3Co205Cl2 does 

not order magnetically. 
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Chapter Six 

Synthesis and Structural Characterisation of 

N d S r Z n 0 4 . x ( C 0 3 ) y 



6.1 Introduction 

The structural chemistry of zinc is dominated by octahedral and 

tetrahedral coordination environments, other four-coordinate zinc structures are 

also known, whilst five-coordinate zinc is rarely recorded in the literature. 

The single crystal structures of phosphates and arsenates containing 

octahedrally coordinated zinc have been quite widely reported however there 

are only a few examples of zinc in this coordination environment within oxide 

chemistry. (Sr3La)(ZnRu)08 ^ and BaLaZnRuOe are two examples of zinc in 

different octahedral coordination environments. (Sr3La)(ZnRu)08 ^ possesses 

distorted octahedra, with longer apical zinc-oxygen bonds than the equatorial 

zinc-oxygen bonds, whilst the zinc-oxygen octahedra BaLaZnRuOe are regular 

in shape. 

Q 0 o a 

Q 6 0 9 

Figure 6.1a Representation of the Structure of NdSrZn04.x with ZnOe octahedra 
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The structure of NdSrZn04-x has been reported previously by Grandjean 

and its orthorhombic to tetragonal distortion already noted (when in its tetragonal 

form it adopts the K2NiF4 structure). This structural transition appears to be 

peculiar to zinc, for the related NdSrCoi.yCuy04-x structure is tetragonal for values 

of y from 0 to 0.9 Therefore, it was thought that a more in-depth study of the 

unusual structural transition of NdSrZnOzt.x was warranted, to attempt to gain an 

understanding as to how it occurred. 

Different lanthanide analogues (as seen in Chapter three), solid solutions 

and oxide halide analogues (both seen in Chapter four) were also thought to be 

of potential interest and appropriate syntheses duly attempted. 

6.2 Experimental Procedure 

Initial work within this area was based on trying to synthesise a series of 

lanthanide analogues of the known phase NdSrZn04-x (x = 0.5) using 

samarium, gadolinium, dysprosium, cerium and praseodymium. Samples were 

prepared by intimately grinding together high purity stoichiometric mixtures of 

NdzOs / SmzOa / Gd203 / DygOs / PreOn / Ce02, SrCOa and ZnO (all 99.9% or 

better) and heating the reactants to 1025 °C for 60 hours, regrinding the 

intermediates and heating again to 1100 °C for a further 60 hours (for results, see 

Table 6.3.1a). 

Synthetic work then concentrated on making good quality samples of both 

the orthorhombic and tetragonal forms of NdSrZnO^.x for study by powder 

neutron diffraction. The optimised method involved heating the reactants to 1025 

°C for 24 hours to produce the orthorhombic phase, this product could then be 

pelletised and heated at 1100 °C for 24 hours to form the tetragonal phase (for 

results, see Table 6.3.1b). This optimised synthetic method was used to try and 

explore other structural variations by attempting to synthesise the solid solution 

Ndg-xSrxZnOs.s (x = 0.5, 1.5) (for results, see Table 6.3.1c). 

Synthetic attempts were then made towards a final variation upon the 

NdSrZn04_x phase, NdSrZnOsCI, using lower reaction temperatures due to the 
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volatility of chloride. This low temperature approach involved heating NdaOs, 

SrCOa, SrCb and ZnO at 800 °C for 24 hours, regrinding, pelletising and heating 

again at 950 °C, then regrinding, pelletising and heating one final time at 1050 °C 

(for results, see Table 6.3.1d). 

To determine whether the use of a carbonate starting material affected 

the final product, formed the optimised NdSrZn04-x synthetic method was 

employed, but with SrO taking the place of SrCOs as a reactant (for results, see 

Table 6.3.1 e). 

In order to clarify whether the orthorhombic and tetragonal phases formed 

during synthesis were stable to further heating, thermal analysis data for the 

tetragonal and orthorhombic samples analysed by powder neutron diffraction 

were collected on a Polymer Laboratories STA 1500 in flowing air at 

temperatures up to 1150 °C (for results, see Table 6.3.1f). 

Infrared spectroscopy was carried out using a Parkin Elmer Spectrum 

One system. Data were collected using an average of five scans over the range 

400 to 4000 cm'\ at high resolution. 

All of the syntheses and analyses were monitored by PXD using a 

Siemens D5000 diffractometer operating with Cu Kai radiation, over the data 

range of 10 - 110° 29. The phases identified within the PXD patterns collected 

are listed in the results section. 

Powder neutron diffraction data were collected for 1g samples, of the 

orthorhombic and tetragonal forms of NdSrZn04_x, on the GEM detector array at 

Rutherford Appleton Laboratories at 298K. Data collection times were 3 hours 

and data reduction was carried out using the standard methods; data banks two, 

three and four were included in the structure refinement, which employed the 

GSAS package 
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6.3 Results, including Structural Refinement 

6.3.1 Synthet ic Results 

Except in the case of the known phase NdSrZn04_x, it proved impossible 

to form the desired target phases with SrLn204 forming as the primary alternative 

product instead: 

Target Phase Reagents Heat Treatment Pmduds 

100% (orthorhombic) 

NdgOs, SrCOs and 1025°C, 60h NdSrZnO^x 

ZnO 

1100°C, 60h 

100% (tetragonal) 

NdSrZn04_x 

60% SrSmzOA, 20% 

1025°C, 60h SrZnOz and 20% 

Sm203, SrCOa and ZnO 

ZnO 

1100°C, 60h 

45% SrSm204, 35% 

SrZn02 and 20% 

ZnO 

50% SrGd204, 25% 

1025°C, 60h SrGd407, 15% ZnO 

LnSrZn04_x 

GdzOs, SrCOs and and 10% GdZni2 

LnSrZn04_x ZnO 

1100°C, 60h 

35% SrGd204, 25% 

SrGd407, 25% ZnO 

and 15% SrZn02 

55% SrDy204, 35% 

07263, SrCOa and 1025°C, 60h SrZn02 and 10% 

ZnO ZnO 

1100°C, 60h as above 

PreOn, SrCOa and 55% SrPrOs, 30% 

ZnO 1025°C, 60h Zn and 15% ZnO 

1100°C, 60h as above 

60% Sr(Ce03), 20% 

1025°C, 60h ZnO. 15% CeOz and 

CeOz, SrCOa and 5% SrZnOz 

ZnO 

1100°C, 60h 

85% Sr(Ce03), 10% 

ZnO and 5% Ce02 

Table 6.3.1a Varied lanthanide analogues of NdSrZn04 
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The optimised method readily produced pure samples of both the 

orthorhombic and tetragonal phases: 

Target Phase Reagents Heat Treatment Products 

NdSrZn04.x NdgOs, SrCOs and 1025°C, 24h 

100% (orthorhombic) 

NdSrZn04_x 

ZnO pelletised then 

1100°C, 24h 

100% (tetragonal) 

NdSrZn04.x 

Table 6.3.1 b Optimised synthesis of NdSrZnO 4-X' 

Unfortunately the target phases did not form when the Nd:Sr ratio was 

varied from 1:1; instead only a small proportion of NdSrZn04_x was produced 

alongside simple by-products: 

Target Phase Reagents Heat Treatment Products 

1025 °C. 24h 

65% (orthorhombic) 

NdSrZn04.x, 20% 

NdzOa and 15% ZnO. 

Ndi,5Sro,5Zn04-x 

NdaOs, SrCOa and 

pelletised then 

1100°C, 24h 

55% (tetragonal) 

NdSrZn04.x, 15% 

Nd203,15% ZnO and 

15% unknown 

impurity. 

ZnO 

1025°C, 24h 

60% (orthorhombic) 

NdSrZn04.x, 20% 

SrZnOz, 10% NdgOg 

and 10% SrO. 

Ndo gSri gZnO .̂x 

pelletised then 

1100°C, 24h 

35% ZnO, 25% NdgOs, 

15% (tetragonal) 

NdSrZn04.x, 15% 

Zn02, and 10% SrO. 

Table 6.3.1c Varied stoichiometric analogues of NdSrZn04_x. 

In the case of NdSrZnOsCI, once again the desired analogue did not form, 

Sr40Cl6 and simple oxides formed instead: 
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Target Phase Reagents Heat Treatment Products 

NdSrZnOsCI NdzOs, SrCOs, 

SrCband ZnO 

800°C, 24h 

60% NdzOs, 20% 

ZnOand2&% 

S^OCk 

NdSrZnOsCI NdzOs, SrCOs, 

SrCband ZnO 

Pelletised, then 

2 4 h a t 9 5 0 ° C 

50% NdzOs, 25% 

ZnO, 15% Sr40Cl6 

and10%NdO 

NdSrZnOsCI NdzOs, SrCOs, 

SrCband ZnO 

Pelletised, then 

24ha t1050°C 

45% ZnO, 35% 

NdgOs, 15% Sr40Cl6 

and 5% NdO 

Table 6.3.1d Oxide chloride analogue of NdSrZnO .̂x 

It was thought that the use of a carbonate starting material might be 

affecting the final phases formed and thus an oxide only method was tried in an 

attempt to judge if the phases formed were any different. 

The carbonate-free optimised method successfully synthesised pure 

samples of the orthorhombic phase but did not lead to formation of the tetragonal 

phase, even after repeated thermal treatments. Higher reaction temperatures 

were tried as a means to encourage the tetragonal phase to form, but although 

some tetragonal phase formed, significant phase degradation, to a mixture of 

simple oxides, also occurred: 

Target Phase Reagents Heat Treatment Products 

NdSrZn04.x Nd203, SrO and ZnO 

1025 °C, 24h 

100% (orthorhombic) 

NdSrZn04.x 

NdSrZn04.x Nd203, SrO and ZnO 

Pelletised, then 

24ha t1100°C 

100% (orthorhombic) 

NdSrZn04-x NdSrZn04.x Nd203, SrO and ZnO 

Pelletised, then 

24ha t1200°C 

50%^ekagona^ 

NdSrZn04.x, 25% 

NdOz, 15% ZnO and 

10% SrZn02 

Table 6.3.1 e Carbonate-free synthesis of NdSrZn04_x 

Thermal analysis showed that the orthorhombic phase degraded slightly 

with heating, whilst the tetragonal phase did not alter at all; 
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Original Phase TGA/DTA Conditions Colour Products 

Orthorhombic 

NdSrZn04.x Up to 1150 °C in 

flowing air 

Pale green 

95% (orthorhombic) 

NdSrZn04_x and 5% 

Nd^Os 

Tetragonal 

NdSrZnOj.x 

Up to 1150 °C in 

flowing air 

Dirty green 100%^ehagona^ 

NdSrZn04.x 

Table 6.3.1f TGA/DTA of orthorhombic and tetragonal NdSrZn04.x in lowing air 

PXD data was used to confirm the purity of the phases formed, however 

full structural refinements of the orthorhombic and tetragonal phases were 

attempted using the PND data. 

6.3.2 Structural Investigation 

The models used as the basis for the structural refinements were those 

given by Grandjean ® Initially the orthorhombic data set was analysed using a unit 

cell approx. 3.76 x 3.72 x 13.29 A in space group l/m m m . A similar 

methodology was subsequently employed for the data collected for the tetragonal 

phase using a unit cell approx. 3.73 x 13.31 A in space group I 4/m m m. This 

model could account for the majority of the reflections in the diffraction profile of 

the phases, but significant other peaks were still present (discussed later in this 

section). 

Initially the refinements proceeded readily with incorporation of 

background, zero-point and lattice parameters, but once peak shape was allowed 

to vary the refinements became quite unstable. Careful handling of the 

refinements using damping coefficients allowed atomic positions, atomic 

displacement parameters and site occupancies to be varied, but the peak shape 

coefficients remained large. 

Refined atomic co-ordinates, lattice parameters and profile fit factors for 

the orthorhombic and tetragonal phases are summarised in Tables 6.1 and 6.2 

respectively, whilst the derived bond lengths and angles for these phases are in 

Table 6.3 and 6.4. Figures 6.3.2a and 6.3.2b show profile fits as obtained to 

orthorhombic and tetragonal NdSrZn04-x-
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Table 6.1 Refined atomic co-ordinates, lattice parameters and profile fit factors for 

orthorhombic NdSrZn04.x. Space group l/mmm Nd/Sr on (0,0,ZNd/sr) site, Zn on (0,0,0), 

0(1) on (0,0,Zo), 0(2) on (0,34,0) and 0(3) on (>2,0,0). Thermal displacement parameters 

(all X 100, A )̂ for each atom sites are also given, values for Nd and Sr were constrained 

to be equal, esd's are given in parentheses. 

Compound Orthorhombic 

NdSrZn04_x 

ZNd/Sr 0.35473(13) 

Uiso Nd/Sr 1.53(6) 

Ujso Zn 1.13(9) 

Zo 0.17191(25) 

0(1) 3.72(9) 

no(2) 0.388(9) 

Uiso 0(2) 0.79(12) 

nci(3) 0.694(23) 

lJko(3(3) 6.02(36) 

X 0.530(16) 

a / A 3.76029(10) 

b /A 3.72166(10) 

c / A 13.2939(5) 

Rp 4.33 

Rwp 5.02 

9.923 
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Table 6.2 Refined atomic co-ordinates, lattice parameters and profile fit factors for 

tetragonal NdSrZnO -̂x. Space group I 4/mmm Nd/Sr on (0,0,ZNd/sr) site, Zn on (0,0,0), 

0(1) on (0,0,zo(2)) and 0(2) on (xo(2),]̂ ,0). Thermal displacement parameters (all x 100, 

A )̂ for each atom sites are also given, values for Nd and Sr were constrained to be equal, 

esd's are given in parentheses. 

Compound Tetragonal 

NdSrZn04.x 

ZNd/Sr 0.35368(8) 

Uiso Nd/Sr 1.502(26) 

U U Z n 1.97(5) 

Zo 0.17266(15) 

0(1) 3.54^J 

Xo(2) 0.0979(6) 

no(2) 0.371(3) 

Uiso 0(2) 2.13(8) 

X 0.516(2) 

a / A 373087^^ 

c / A 13.31506(26) 

Rp 4 ^ 4 

Rwp 4.44 

4.686 
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Table 6.3. Derived bond lengths (A) of note for orthorhombic NdSrZnO. 4-x 

Compound Orthorhombic 

NdSrZn04-x 

Bond 

N d / S r - 0 ( 1 ) x 1 2.430(4) 

N d / S r - 0 ( 1 ) x 4 2.6689(4) 

N d / S r - 0 ( 2 ) x 2 2.4479(13) 

N d / S r - 0 ( 3 ) x 2 2.6819(12) 

Z n - 0 ( 1 ) x 2 2.2853(33) 

Z n - 0 C ^ x 2 ' 1.89845(5) 

Zn - 0 (3 ) X 2* 1.88014(5) 

* Indicates partially occupied site 

Table 6.4. Derived bond lengths (A) of note for tetragonal NdSrZn04_x 

Compound Tetragonal 

NdSrZn04.x 

Bond 

N d / S r - 0 ( 1 ) x 1 2.4123(29) 

N d / S r - 0 ( 1 ) x 4 2.66104(29) 

N d / S r - 0 ( 2 ) x 4 2.4584(16) 

Z n - 0 ( 1 ) x 2 2.2971(22) 

Zn - 0 (2 ) X 4* 1.9008(4) 

Indicates partially occupied site 
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Figure 6.3.2a Profile fit as obtained to orthorhombic NdSrZn04_x data 
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Figure 6.3.2b Profile fit as obtained to tetragonal NdSrZn04.x data 
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Several unidentified peaks were present in the profiles that had not been 

noticeable in the PXD refinements, thus it was thought that secondary phases 

must be present in the samples. 

Various combinations of probable by-products and/or unreacted starting 

materials, including SrCOs, SrZn02 and Nd203, were tried in an effort to model 

the additional peaks, but none was successful. Often the peaks resulting from 

incorporation of the additional phase/s were in slightly the wrong position, and/or 

consistently of the wrong intensity, to model the peaks successfully (see Fig. 

6.3.2c). No combination of possible impurities could be found that would 

satisfactorily model all the additional peaks seen, and thus it was concluded that 

impurities were not what were causing the additional peaks to occur. 

NdSrZn03.5 Orth w SrZn02 & Nd203 Hist 3 
Bank 4, 2-Theta 91.3, L-S cycle 123 Obsd. and Diff. Profiles 

1 1 1 1 r 
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3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 

TOF, msec 

Figure 6.3.2c Profile fit as obtained to orthorhombic NdSrZn04.x data, including SrZnOa 

(blue markers) and Nd203 (red markers) as impurities 

At this point in the refinement process thermal analysis was carried out on 

the two phases and a significant weight loss at approx. 850 °C was noted in both 

phases. This temperature is characteristic to the loss of carbonate from materials 

and led to the question whether, although the synthesis of the samples had 
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exceeded the temperature at which such a structural group should have exited 

the sample, carbonate had been incorporated into the phases. 

% 100000 

Temperature (°C) 

400000 

300000 

200000 

100000 

— 5 0 0 600 700 800 900 1000 

Temperature {°C) 

Figure 6.3.2d TGA (dark blue) and DTA (pink) data for orthorhombic NdSrZnO -̂x 

(upper) and tetragonal NdSrZnC^^ (lower) phases heated to 1150 °C in flowing air 

Infrared spectroscopy was used to determine whether carbonate was 

present as carbonate groups result in a characteristic, and easy to recognise, 

absorption of infrared radiation at approx. 1450 cm"^ ® resulting from a stretch of 

the C-0 bond. When the scans for the two phases were compared to the scan 
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for a very similar structure, Ndi,8Ceo.2Cu04, (that had also been made from 

carbonates) significant absorption of radiation in the relevant region could be 

seen (see Fig. 6.3.2e). 

1900.0 

cm-1 

Figure 6.3.2e Comparative Infrared spectra of orthorhombic NdSrZnO -̂x (red), 

tetragonal NdSrZn04.x (green) and Ndi gCeo.2Cu04 (Blue), over the full 400 - 4000 cm"̂  

range (upper) and shorter 1000 - 1900 cm"̂  range (lower). 

This confirmed that carbonate was present in the samples and that the 

phases should be represented by the more accurate stoichiometric formula 

NdSrZn04-x(C03)y. 
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The confirmation of the presence of carbonate meant that TGA data was 

used to try and calculate the proportion of carbonate in the samples. This was 

done by determining the weight loss that occurred during the course of the 

thermal analysis, and attributing this to the loss of carbonate. 

NdSrZn04_x(C03)y -4- NdSrZn04_x + yCOg 

With such small weight losses such calculations were bound to include a 

large degree of eZrror, but tolerably similar values were determined for both the 

samples, Orthorhombic NdSrZn04-x(C03)y led to y = 0.04, whilst the tetragonal 

equivalent led to y = 0.09 (see calculations below). 

Assumptions: Mr NdSrZn04.x (x = 0.5) = 353.2 

Mr CO2 = 44 

sample at 750 °C is NdSrZnOs.s 

sample at 870 °C is NdSrZn03,5(C03)y 

Orthorhombic sample calculation; 

Wi Mn 

Wf Mrf 

12.007 _ 353 .2+ 4 4 y 

11.948 " 353.2 

y = 0.04 

Tetragonal sample calculation: 

17.441 _ 353 .2+ 44y 

1 7 . 2 4 9 " 353.2 

y = 0.09 

Although the amount of carbonate present was certainly very small, 

nonetheless it had a significant effect upon the refinement causing it to be 

unstable and resulting in additional peaks. However the small quantity of 

carbonate was difficult to include within the refinements, especially as carbonate 

groups are particularly hard to model. This is because although the position of 

the carbon can usually be fixed, the oxygens often rotate, creating disorder within 

the sample structure. This problem is not too significant with X-ray data when the 

light oxygen atoms diffract quite weakly, however in the case of neutron 
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diffraction oxygen atoms diffract significantly. When using neutron data to 

examine the change in position of the oxygen atoms associated with the change 

from orthorhombic to tetragonal forms of the structure this inherent difficulty with 

the structural model was unavoidable. 

The crystal structure of a similar material incorporating carbonate, 

Ba4ln2(C03)06 (see Fig. 6.3.2a) was found within the literature and structural 

models based upon this phase were used to attempt the refinement of both the 

orthorhombic and tetragonal forms of NdSrZn04.x(C03)y. 

Figure 6.3.2f Representation of the Structure of 684102(003)06, with InOg square-

based pyramids (the oxygen sites associated with the carbon atoms are partially 

occupied) 

By incorporating carbonate within the refinement, peaks were produced in 

the diffraction plot in positions that accounted for the previously unmodelled 
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peaks (see Fig. 6.3.2g), suggesting that Baszczuk's model was correct. 

However, with such a small proportion of the carbonate atoms present it became 

almost impossible to refine any of the variables beyond the minimal background, 

lattice and zero point characteristics, whenever peak shape or atomic variables 

were altered the refinement became unstable. 

Beyond an indication of the suitability of the model used no more detail 

could be extracted from the refinement as the proportion of carbonate present 

was too small to be refineable. As a result no refined atomic co-ordinates, or 

derived bond lengths are presented here for NdSrZn04.x(C03)y, 

NdSrZn03.5(C03) using Ba4ln207 model Hist 1 
Bank 4, 2-Theta 91.3, L-S cycle 27 Obsd. and Diff. Profiles 
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Figure 6.3.2g Profile fit as obtained to tetragonal NdSrZnO -̂x data, using Baszczuk's 

model to incorporate carbonate as NdSrZn04.x(C03)y 
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Table 6.5 Unrefined atomic co-ordinates, refined lattice parameters (esd's are given in 

parentheses) and profile fit factors for NdSrZnOj.xfCOsjy 

Atom X y z Fractional 

occupancy 

Nd 0 0 0.353 0.5 

Sr 0 0 0.353 0.5 

Zn 0 0 0 1 

0 0 0.5 &1269 1 

0 0 0 0.4513 1 

c 0 0 &1269 0.1 

0 &281 0 0M269 0.025 

0 0M16 0 0.1455 0.0125 

0 0 0 0M469 0,05 

Space group = 14/mmm, a = 3.7257(9), c = 26.376(10) 

Rp = 12.96, Rwp = 18.35. % ^ = 163.9 

6.4 Discussion 

Samples of the orthorhombic and tetragonal forms of NdSrZn04-x(C03)y 

(x = 0.530, y = 0.04and x = 0.516, y = 0.09 respectively) have been successfully 

synthesised by solid state reactions between metal oxides and metal carbonate. 

The tetragonal phase adopts a K2NiF4 structure, whilst a slight disorder in oxygen 

positions results in the orthorhombic phase, which remains closely related to the 

KgNIF^ structure type. 

The structure of this compound may not be as simple as that of K2NiF4, as 

although zinc would be in full octahedral coordination if the stoichiometry of the 

structure were NdSrZn04-x, x = 0, it has been shown that x 0.5 for both of the 

samples studied. The presence of approximately 50 % vacancies on the 

equatorial oxygen site of the Nd/SrOe octahedra means that zinc is in fact in an 

average coordination state of five. However, it seems unlikely that zinc would be 

in its least favourable coordination environment, especially when the structural 

data appears to confirm the presence of zinc octahedra. Overall this would 

suggest that approximately half the zinc present is indeed six-coordinate, whilst 

the other half is four-coordinate. This could take the form of alternating 
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octahedra and distorted tetrahedra; generated by removing two equatorial 

oxygens from the octahedra. 

it would appear that the NdSrZn04,x structure is only stable for a narrow 

range of lanthanide ionic radii as even a small difference in near neighbour ionic 

radii (r (Nd®"") = 1.163 A, r (Sm^"") = 1.132 A) could not be tolerated within the 

structure, with SrLngO^ forming instead of the target phase for every lanthanide 

analogue tried. This may suggest that the structure requires an ionic radius 

average of 1.33 A on the neodymium/strontium site. 

As mentioned above the neodymium and strontium ions share the same 

site within the NdSrZn04_x structure, and no discernible ordering of the two ions is 

detectable by either PXD or PND analysis. Thus it seemed logical that solid 

solutions of the parent compound could be made with varying amounts of either 

of the two ions. Attempts to make the compounds Ndi-xSrxZn04.x (x = 0.5, 1.5) 

proved unsuccessful, which could be considered as further demonstrating the 

strict ionic radius restrictions needed to create a stable KgNIF^ structure from 

these ions (see previous paragraph). Alternatively, the lack of target phase 

formation may be due to the change in oxygen content associated with the 

change in neodymium to strontium ratio (Ndi.sSro.sZnOs.ys, Ndo.5Sr1.5ZnO3.25) 

being too great to allow for stable phase formation. 

The K2NiF4 structure has been shown to incorporate halide ions in place 

of oxygen and thus it was thought that it should be possible to synthesise a 

chloride analogue of NdSrZn04.x in the form NdSrZnOsCl. This phase was 

expected to be particularly favoured as the presence of CP in place of 0^~ would 

balance the structure's charge, removing the need for a non-stoichiometric 

number of oxygen ions, and the inherent associated vacancies within the 

structure. 

However, once again the analogue did not form. It is possible that 

Sr^OCIg is more stable than NdSrZnOaCl at the low synthesis temperatures that 

were needed to prevent halide volatilisation, and that this prevented the target 

phase from forming. Another possibility is that the vacancies associated with the 

non-stoichiometric amount of oxygen present in the parent compound somehow 

stabilise the structure as a whole, and that without their presence the structure 

cannot form. 
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6.4.1 Orthorhombic -> Tetragonal Structural Comparison 

Generally zinc favours octahedral or tetrahedral coordination 

environments, and thus would be expected to be stable within a K2NiF4 structure, 

and indeed zinc is known to exist within the related double perovskite phase 

BaLaZnRuOe However, the zinc ions in the two compounds, BaLaZnRuOe and 

NdSrZn04.x, are in quite different coordination environments. One compound has 

distorted zinc-oxygen octahedra within its structure, with two long apical bonds 

and four shorter equatorial bonds, whilst the other has a more regular 

arrangement of bond lengths. The bond lengths within the NdSrZn04.x structure 

are four bonds of approx. 1.89 A and two of 2.29 A , whereas the BaLaZnRuOe 

structure has four bonds of 2.05 A and two of 2.02 A . 

The zinc octahedra are responsible for the change from the orthorhombic 

to the tetragonal phase. Two partially occupied oxygen sites are present within 

the orthorhombic phase, 0(2) (0, %, 0) and 0(3) on (34, 0, 0), but the oxygen 

atoms distributed between these two sites are restricted to only one within the 

tetragonal phase (0.0979, 14, 0). The two oxygen positions result in different 

lengths for the a and b parameters, thus causing the structure to be 

orthorhombic, whereas the disordered oxygen position results in equal a and b 

parameters (see Fig. 6,4.1a) in the tetragonal form. 

O 

0 

Figure 6.4.1a Simplifed representations of the orthorhombic and tetragonal forms of 

NdSrZn04.x(C03)y (carbonate not shown) ZnOe octahedra 
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This change in the oxygen positions almost certainly results from thermal 

stabilisation effects associated with the different synthesis temperatures used, 

and is not associated with the oxygen stoichiometry of the phases, which remains 

constant (within experimental error) at 3.5. 

Order to disorder / orthorhombic to tetragonal phase transitions have 

been noted in YBagCusOy.x and related phases such as GdBa2Cu307.x In 

fact, the superconducting properties of YBaaCuaOj-x have been shown to strongly 

depend on the overall oxygen stoichiometry and the ordering of oxygen 

vacancies within the structure 

Therefore, one possible explanation for the phase transition observed for 

NdSrZn04-x is that it too undergoes an oxygen vacancy order to disorder 

transition that results in an orthorhombic to tetragonal phase transition. A similar 

phase change has been observed for Pr2Ni04_x, another compound that adopts 

the K2NiF4 structure, making it seem probable that oxygen vacancy ordering is 

indeed responsible. 

If this is correct, then the orthorhombic structure produced at 1025 °C 

results from an uneven distribution of the basal oxygen vacancies associated with 

the 0(2) and 0(3) positions, whereas at 1100 °C the oxygen vacancies are more 

mobile and upon quenching settle into an approximate 50:50 distribution to 

produce a tetragonal diffraction pattern. As PND is an average technique it is 

unsuitable for examining the local bonding environment experienced by individual 

atoms and would not be able to pick out the oxygen vacancy positions accurately. 

To determine the true local bonding environment for the zinc atoms within this 

structure another analytical technique would need to be used, e.g. EXAFS. 

However, if an order to disorder transition were responsible for the 

transition from orthorhombic to tetragonal structure type it would be expected to 

be a reversible phase change, i.e. that the tetragonal phase would only be 

observable at high temperature. The fact that the phase does not revert to an 

orthorhombic structure on cooling suggests that some other effect might be 

responsible. 

One alternative explanation for the orthorhombic to tetragonal phase 

transition could be loss of zinc at elevated temperatures. This could lead to a 

more ordered bonding environment. However, any significant loss of cation 

would be expected to lead to a change in oxygen content, which is not observed. 

Overall, it is unclear what effect is responsible for the phase transition 

observed for this phase. 

158 



6.4.2 Partially Carbonated Structure 

The orthorhombic form incorporates a very small amount of carbonate 

within its structure to give the formula NdSrZn04-x(C03)o.o4 whilst the tetragonal 

form contains a larger, but still small, amount of carbonate to give the formula 

NdSrZn04-x(C03)o.o9- It seems surprising that the tetragonal form of the 

compound contains more carbonate, when you consider that this has been 

heated to a higher temperature, however, one potential explanation for this could 

be that the tetragonal form of this compound is able to incorporate more 

carbonate, as its 0(2) environment may be better able to bond to the disordered 

carbonate ions (see Fig. 6.4.1b). 

Although only simple oxide carbonates are known for the rare earth 

elements (and equally for zinc) copper oxide carbonate chemistry has been 

extensively explored, due to the associated interest of high Tc superconducting 

cuprates. The structures of the copper oxide carbonates reveal that carbonate 

groups may readily replace cup rate groups, enabling strings of carbonate ions to 

take the place of copper oxide chains or for the formation of alternating CUO4-

C O 3 - C U O 4 chains, as in Sr2Cu02(C03) 

However, the copper oxide carbonates tend to contain substantial 

quantities of carbonate, whereas our NdSrZn04.x(C03)y phases contain very little. 

Such small amounts of carbonate ions, as found in our phases, cannot be 

modelled and structural refinements of the tetragonal and orthorhombic 

NdSrZn04_x(C03)y phases have proved too unstable to yield useful information 

about the arrangement of the carbonate ion. 
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Figure 6.4.1b Simplifed representation of the tetragonal Ba4ln2(C03)0g structure, with 

disordered carbonate ions (with partially occupied oxygen sites) present between the 

basal planes of the InOs square-based pyramids (green spheres represent neodymium 

and strontium ions, green square pyramids represent zinc polyhedra, pale blue spheres 

represent oxygen ions, dark blue sphere represents the carbon ion) 

Syntheses using metal oxides as the only starting material did form the 

orthorhombic phase, but were unable to produce a pure phase tetragonal 

product. As a result we are unable to compare the non-carbonated forms of the 

two phases with each other (to fully examine the structural transition from 

orthorhombic to tetragonal), or with the carbonated forms (to determine structural 

changes resulting from carbonate inclusion). 

160 



6.5 Conclusions 

Both orthorhombic and tetragonal phases of NdSrZn04.x(C03)y have been 

synthesised and studied by PND. Unfortunately little structural information has 

been gained from this study due to the difficulty associated with modelling small 

proportions of carbonate within the two structures. 

However, the orthorhombic and tetragonal NdSrZn04_x structures remain 

interesting examples of zinc in a distorted six-coordinate geometry with long 

apical bonds. PND data suggests that the orthorhombic to tetragonal phase 

transition occurs when oxygen that is distributed between two partially occupied 

sites in the orthorhombic phase, is restricted to only one site within the tetragonal 

phase. 

Although non-carbonate routes to the NdSrZn04-x compound were tried, 

these were not able to form the tetragonal phase, and thus were not of use in 

exploring the structural arrangement of carbonate within this compound. 

None of the synthetic attempts to produce analogues of NdSrZn04-x were 

successful. 
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