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By Marianne Alice Louise Field

Transition metal oxides and oxide halides of the composition Ln;BaMn,Cu,Oq; 1,
Sr,CuyyCo,0.X; (X = CI, Br), SrsFez,C0,0sX, (y = 0, 1, 2, X = Cl, Br) and NdSrZnO,,(COs), 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 LnsBa,Mn,Cu,O4,54 (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 CuO,; sheets is likely to preclude the observation of superconductivity in
these materials. The partial cross-linking of Cu(Mn)Os 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 Sr,Cuy.,Co,0,Cl, and Sr,Cuy.,C0,0,Bry (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 ¢ parameter. This trend reflects the replacement of a Jahn Teller ion (copper (i1)) by
an ion that is not subject to this effect (high spin cobalt (1)),

The crystal and magnetic structures (where appropriate) of the Ruddlesden-Popper related
iron oxyhalides, SrsFe;.,Co,0sX; (v = 0, 1, 2, X = Cl, 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 SrsFe,05Br,, SrsFeCoQsCl, and Sr;Co,05Cl, whilst the thermal dependence
of both the nuclear structure and the long range magnetic order of Sry3Fe,OsCl, in the range 17 K< T
< 625 K has been studied, allowing the materials Tyee = 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 u = 4.40(4) ug, 1 = 4.07(6) ug, and x = 2.11(4) pp for
SraFey0sCly, SraFe,OsBry, and SrFeCoOsCl, respectively, indicating the presence of high spin iron
(1) in all compounds.

The orthorhombic and tetragonal forms of the compound NdSrZnQO.,(COs), 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 phiiospher once said ‘it is necessary for the very existence of science that the same
conditions always produce the same resuits’ well, they do not.”

Richard Feynman
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Some commonly used abbreviations in this work:

PXD Powder X-ray Diffraction

PND Powder Neutron Diffraction

TOF Time of Flight

TGA Thermogravimetric Analysis

DTA Differential Thermal Analysis

IR infra-red

EXAFS Experimental X-ray Absorption Fine Structure
FWHM Full Width at Half Maximum

JCPDS Joint Committee on Powder Diffraction Standards
GSAS General Structure Analysis System

esd Estimated Standard Deviation

CMR Colossal Magnetoresistance

RT Room Temperature

Te Transition Temperature

Tc Curie Temperature

Tn Néel temperature

HS High Spin

1S Intermediate Spin

LS Low Spin
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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 polyhedra 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

1 2

, high-temperature superconducting
4, 5 6

applications ' including semi-conductors

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 high-temperature superconductors and materials demonstrating
other key properties, such as Colossal Magnetoresistance (CMR).

1.2.1 The Perovskite Structure

Many materials of stoichiometry ABO; 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, CaTiO3; 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 ABXs, the large electropositive A cation (e.g. Ba*
or Sr**) 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).

Figure 1.2.1a The Perovskite structure showing the AO;, and BOs coordination

geometry.

The extended structure of a perovskite material can be regarded as a
framework of corner-sharing BOs octahedra containing 12-coordinate A cations
(see Fig 1.2.1b).



Figure 1.2.1b The 3D framework of BOs 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 r, +ro should equal V2(rg+ro), where r is the ionic radius, and from this

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

ry+1o :t«/E(rB +r,)
Equation 1.2.1a
which showed the ideal cubic perovskite structure to be stable for 0.8 <t<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. KNbO; '), AZ*B*" (e.g.
SrTiOs '?) or A*B* (e.g. LaFeO; '), or even non-integral compositions, e.g.
La*(Ru*,sMg®05)Os (which has a random distribution of ruthenium and
magnesium over the B sites) '* and BaysSrosSnOs '°. The number of possible
stoichiometries is further increased by the occurrence of both A cation and oxide
non-stoichiometries, such as the tungsten bronzes Na,WO3 6 and the ferrates
SrFeOs, .

Anions other than oxide can also be incorporated into perovskites, these
include fluorides, KMgF; ' chlorides, CsGeCl; ', bromides, CsHgBrs ',
sulphides, BaZrS; % hydrides, LiEuH; 2', 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 CuO, 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'Og, 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. BaLaFeMoOg ?°) or orthorhombic unit cell (e.g.
SrLaCuRuOg ?*). An orthorhombic cell is observed when the A-O bond length is
less than V2 x B—O 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 BOg 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.
Sr,CuWOQg %) or monoclinic unit cell (e.g. Sr,LuRuOg ° and Nd,MgTiOg %'). A
monoclinic cell is often observed when the tolerance factor is considerably less

than 1.0 and once again results from tilting of the BOg 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 hOl reflections
(where h+l=2n+1) and the absence of the [111] reflection. Such materials usually
have monoclinic unit cells (e.g. La,CuSnOgs %) however the oxygen deficient

double perovskite Ba,InCuQ4.s 2 crystallises with tetragonal symmetry.
1.2.3 Ordering of Transition Metals in Double Perovskites

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

A'A"B'B"Og) 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. CuO,
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 Ln,CuTiOg series 31 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 = Tbh - 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 nhumbers for the two B cations, as in

oxygen deficient perovskites.

1.2.4 The K;NiF, Structure

The KyNiF, structure is a tetragonal structure closely related to the
perovskite structure and adopts a general formula AO(ABQO3),. 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 K;NiF, showing the NiFgs coordination and the infinite

sheets of octahedra

This structure can be constructed from one B-centred ABOj; perovskite
unit cell with two perovskite A-centred unit cells each with a BX; layer removed,
one on top of the B-unit and one below. This creates a tetragonal unit cell with
the ¢ 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 A,BX, 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 A%,B* (e.g. Sr;TiO, ¥), A*A*B* (e.g. LaSrFeO, 3%) or A*,B* (e.g.
La,NiO4.*). The range of B cations for which K;NiF, 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 SrFeO; *¢, SrCoOs,, * and SrNiOs.
% all form perovskites but the K,NiF, analogues are unknown for either cobalt or
nickel (i.e. Sr,CoO, and Sr,NiO, do not exist).



As is clear from the structure’s name, anions other than oxide can be
incorporated into materials of KyNiF, structure. Fluorides A*,B%'F, are known for
A" = K, Rb or Cs and B* = Mg *, Mn %, Fe *°, Co ¢, Ni “°, cu*' and Zn*2. A
smaller number of chlorides adopt the KyNiF, structure, Rb,B?*Cl, (B* = Mg®,
Cr*, Mn*°, Cu), as well as bromides, Rb,MnBr,*, and sulphides, Ba,B*'S, (B*
= Zr, H*®). Mixed anion structures also exist, in the form of mixed oxide nitrides
(e.g. Nd,AIO;N and Sr,TaOsN *°) and mixed oxide halides (e.g. SroFeOsF *° with
fluoride ions taking the apical position). A more recent advance in oxide halide
materials is the synthesis of the superconducting material Sr,CuO,F;.s (T, = 46
K) °!, formed by fluorine doping of the oxide material Sr,CuQs.

As with perovskites, the KoNiF, structure can readily distort from the ideal
tetragonal | 4/mmm to more complex orthorhombic structures. The structure can
also undergo an elongation in the ¢ 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 Miiller ** chose to
investigate these copper oxides for superconductivity, indeed the high-
temperature superconductor Lay g5Srp.15CuQy 8 crystallises with this structure. In
this compound the lanthanum and barium atoms are similar in size and are
randomiy 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 SrsTi»O7 ** in 1957. These
phases have general composition AO(ABO;3), where n > 2 and are composed of
n ABO; perovskite blocks separated by AO layers (n = 1 is equivalent to a KyNiF4
structure type), see Figure 1.2.5a. These layers are of ‘rocksalt’ structure for
most crystal structures reported although LasNisOs *° and Nd4NizOs *° 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 ¢ direction; for n > 4 there are no reports of any crystal structures.
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Figure 1.2.5a The structures of Sr,TiO4, Sr3Ti,O; and Sr,TizO4, showing the TiOg
octahedra only.

These phases are often described by their composition such that a K,NiF,
structure is known as 2 1 4, Sr;Ti,O7 as 3 2 7 structure and Sr,;TizO40 as 4 3 10,
see the above figure.

Once again the structures can support a number of different cation
combinations, including for n = 2 A*3;B*, (e.g. Sr:Ti,0; **), AZA*,B*, (e.g.
SrGd,Co,0; °" and A*;B%°*, LasNi;O; ®. A large degree of oxygen non-
stoichiometry can be accommodated in these systems within the ABOj;
perovskite layers. Such vacancies are normally ordered to produce BOs square
pyramids (e.g. SrsFe,Os *°) but may be in the form of BO, square planes (e.g.
Nd4NisOs °).

Anions other than oxide ions are rarely incorporated into Ruddlesden -
Popper phases. For n = 2, there are a few fluorides KsB,F, (B=Mn %, Fe ®°, Co
% Ni ®, Cu %, Zn ), chlorides AsMn,Cl, (A=K %, Rb %), an analogous bromide
RbsMn,Br; % and a sulphide BasZr,S; “®. (N.B. the size of the anion increases



with the size of its alkaline earth counterpart). The oxide halides SrzFe,0sX;
%7 Sr3C0,0sCl; % and Basln,0sX, ® "° (X=ClI, Br), CasCu,0,X, 7' 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 Sr,C03;075Cl; 72
and Sr;Mns;075Cl; °.  Other mixed anion systems related to Ruddlesden —
Popper phases include SrsFe;,MQOsCOs (M = Sc, Ni, Co) 7, Baylny,Oe.
25dCO3)1x "%, BaylngsCus6062(COs)0s °, Sra(FerxMne)1+yOgi1sy)COs01ay & 7,
(SrO)(SrNbO2.N), (n = 1, 2) "® and Ln,Ti,0sS; (Ln = Nd, Pr, Sm, Y) 7 &,

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 layers. However, the B cations of oxygen
deficient phases can reside in six %, five %, four ® or two 2 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 AOs., 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 Ca,Mn,0s % 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 Ca,Mn,0s (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 YBa,CusO7., %.

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 AsB;Og. Copper fills the octahedral corners BOg, whilst the larger
Ba-Y-Ba atoms are positioned in the A sites. Removal of oxygen from the

(0,0,%2) and (¥2,0,0) sites yields the YBa,Cu3O; structure.
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Figure 1.2.6b Derivation of the YBa,Cus0- structure from a simple 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 - CuO, -Y - CuO, - 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 CuQO,
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 Cag gsSro.1sCuQ, ¥, 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 (lI) and copper (l11), and mixed valence

compounds are discussed further in the remainder of this section.

1.3.1 Structural Chemistry of Copper (i)

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 d? — y2 and
d,? orbitals. A tetragonal distortion lowers the energy of the d, orbital and
causes a pair of electrons to occupy the d,? orbital and only one electron is
present in the higher energy d,? — /2 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 d* (high spin) ions, e.g.
Cr¥*, 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. CuCl,, 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 d,? -, orbital and only one electron is present in
the d,? 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 (I) 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 Cu** forming
four coplanar bonds, the geometry seen in the majority of cuprates in the solid
state. The Ogq—Cu—~O¢q bond angles are 2 x 84.5 ° and 2 x 95.5 ° with Cu-O bond
lengths of 1.95 A. The CuQ, square planes are connected throughout the structure
(by edge or corner sharing) to form infinite chains or sheets. This feature is also
present in SrCu0, *, where edge sharing CuQy groups are sandwiched between
double layers of SrO. Similar structures are observed in Sr,CuOj; °' and Li,CuO, *
as well. The Cu—-O bonds present in the CuQ, 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 CuQ4 planes are less common than the infinite interconnected

sheets, but may be found in cuprates such as La;Ba,Cu,01o .
1.3.1.2 Copper (Il) 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 (with 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 CuO;

stoichiometry, e.g. in YBa,Cu3O7. %.

Further distortion may occasionally occur, such that one of the two
ideal 180 ° O¢—Cu-O. 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. lons 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 Og—Cu—
Oq 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-O 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
CuO;s trigonal bipyramids exist in hexagonal compounds such as MCulnO, (M =
Al, Ga, Fe) * where layers of (Cu/M)Os trigonal bipyramids are corner-sharing to

layers of InOg octahedra.

1.3.1.3 Copper (Il) in Six-Coordinate Geometry

The structural geometry of six-coordinate divalent copper is dominated by
distorted octahedral geometry as copper (Il) 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 Pb,Cuy(SeOs)s %, 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 K,CuFs; %. 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 (Ill)

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 (lll) 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 (lll) oxides MCuO, (M = Na, K, Rb, Cs) ¥. These materials contain
square planar Cu-O bonds approx. 0.1 A shorter than the bonds in the
corresponding Cu?* ternary oxides. Conversely, the structure of SrLaCuQ, % is
reported to contain a distorted CuOg 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
MCuO, materials, and many univalent copper (lll) compounds require similariy
severe reaction conditions. However, since the discovery of high T.
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 (lll) 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 (ll), mixed copper
(ll)/copper (lll) compounds are iess widespread, whilst copper (lll)/copper (IV)
compounds are extremely rare.

Copper (ll)/copper (IIl) 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, Cu? and Cu*" 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 {o clarify the structure, e.g.

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

1.4 Structural Chemistry of Manganese

Manganese 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 (ll) is the most common and most stable oxidation
state, however the geometries adopted by manganese (lll) and manganese (1V),
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 (lll)

Unlike copper (1) with its structural flexibility, manganese (lll) 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* which in high spin
configuration is susceptible to the Jahn Teller effect.

a-Mn,Oj 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-O bonds. This structure is worthy of note as the only distorted
example of all the M* oxides '%2. The structure of MnF; is also made up of
distorted manganese (lll) 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. [MnCls]** which is square pyramidal.
1.4.2 Structural Chemistry of Manganese(IV)

The simplest example of a manganese (IV) compound is MnO,. The
structure of this compound is complex as a range of polymorphs exists although
only one of these is stoichiometric, B-MnO..

Manganese (IV) complexes include KoMnXg (X = F ' ¢l 1 CN '),
whilst there are only a few manganese (IV) complex oxides, e.g. A;Mn3;O7 (A = Li,

Na) 106
1.4.3 Mixed Valence Manganese Systems

A simple example of a mixed manganese (ll)/manganese (lll) compound is
Mn3O4, which is a standard spinel of the form Mn?**Mn**,0,, with Mn?* and Mn**
ions occupying the tetrahedral and octahedral sites respectively. The
manganese (IlI) environment is more accurately described as being tetragonally
distorted due, once again, to the Jahn Teller effect.

Mixed manganese (lll))manganese (V) compounds are of most relevance
to this work, as mentioned above, and have been studied in some depth.
Examples include La ., AMnO; (A = Sr, Ca, x =0 —0.5) ' and A,A'MnOz.s (A
=La, Nd, Pr, Sm, Y, A’ = Ca, Sr) 1%,

As with Cu®* 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 Co**
and Co*, although Co* and Co** 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 Co304 upon sintering in
air.

Typically cobalt (ll) and cobalt (lll) 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 (lI)

Cobalt (Il) 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. [CoX,*
tetrahedral complexes are usually formed with unidentate ligands, e.g. the
halides Cl, Br and I. Octahedral Co(ll) complexes, such as [Co(H:O)s*",
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 syhthesise, e.g.
La,CoO, ""? is prepared by the reaction of CoO and La,O; at 2000 °C under
carbon dioxide or argon. It has an orthorhombic structure (4 x 1.944 A equatorial
bonds and 2 x 2.034 A axial bonds) based on a distorted KyNiF4 tetragonal

system and is isostructural with La,CuQOs.
1.5.2 Structural Chemistry of Cobalt (llI)

Almost all cobalt (Ill) 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 NHz in the series
[Co(NH3)e.nXs] with X = Cl, Br, NO; "%, 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 Sr,Co,0s ®%.  Interesting examples of cobalt (Il
compounds include lithium based cathode materials such as LiCoO, ' (which
contains layers of octahedral Co and Li) and the YBa,Cu;0; based material

Y (Ba.44Ko.56)C0307.9 ",
1.5.3 Mixed Valence Cobalt Systems

Co304 is a simple example of a mixed cobalt (Il)/cobalt (Ill) compound.

This material can be more accurately described as Co%*Co°*,0, 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 Sr;Co,0;,5 (0.94 <8<

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-O bond distances in the range ~ 1.87-2.0 A.

116

Cobalt (Ill)/cobalt (IV) compounds also form, e.g. SrCoOs; and

La;,SrCo0; "7, 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 92 |ron favours the trivalent state in the solid state, as
is shown by the natural abundance of the mineral haematite (a-Fe;0Os3).

The structure of iron (lll) 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).
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1.6.1 Structural Chemistry of Iron (lll)

Octahedral environments are generally favoured for iron (lll) compounds
which, as with manganese (lll) 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 (1) compounds include KsFe,Os "%, which adopts a structure
formed from pairs of edge-sharing tetrahedra. Whilst the coordination chemistry
of iron (Ill) is varied, with the ion forming complexes with all the common anions
(bar those that have reducing properties, e.g. I"), almost all such complexes are
octahedral.

The YBa,Cu30; based materials LnBa,FesOg (Ln = Dy, Er, Y) ', and
compounds related to the mineral PbsFesOgCl (e.g. PbsFe;0sBr ') are good

examples of layered iron (lil) 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 (ll)

Due to its full d shell Zn®** 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 ‘rocksalt’
structure with cadmium ions in octahedral coordination) and ZnGa,O4 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 (T,), 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 Miiller ®* made an unexpected breakthrough with the
discovery of a high-temperature superconductor, La,.,Ba,CuO, (T, of 35 K for
x ~ 0.5). This led to intense exploration of ceramic materials as possible
superconductors, readily yielding a T, of 40 K for the La,,Sr,CuQO,4 system. The
introduction of strontium was thought to further strain the Cu-O layers so
lanthanum was replaced by smaller lanthanides to counteract this effect. This led
to the discovery of YBa,CusO7. (5 ~ 0.1) %, with a T, (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
HgBa,Ca,Cu;04g .

Advances in the field of superconductivity have included many more
diverse compounds. Organic compounds were first discovered to be capable of
superconductivity with (TMTSF),PFs 2° in 1980, but only with an extremely low T
(0.9 K). Exploration of this class of materials raised the transition temperature to
13 K (for kappa-(ET),Cu(N(CN),)Cl "#") by 1990 but this field has not experienced
the almost exponential increase in transition temperature that was seen in
cuprate chemistry. The phenomenon has also been shown to exist in fullerenes
such as Cg %%, and the T, of such materials was raised by forming intercalation

compounds, called fullerides, of general type M3;Cg, where M = K, Rb or CsRb;, with
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T. up to 33 K . More recently the simple compound MgB, was found to
superconduct at the surprisingly high temperature of 39 K " (or 40 K with "'B ")
and recent studies are now investigating the intercalation chemistry of this
material.

Applications of high T, cuprates have centred on YBa,CusO; and
Bi,Sr,CaCu,0s. 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 "2,

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
field.

When a magnetic field is applied across a superconductor at
temperatures less than its T, 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 | and Type Il. Type |
superconductors are pure elements, e.g. mercury, have low T.s and behave as
perfect diamagnets excluding a magnetic field completely until the critical field H¢
is reached, when they suffer a vertical drop in magnetisation. Type I
superconductors are generally alloys and complex oxides, have higher T,s and
are imperfect diamagnets showing a gradual magnetic field penetration above a
lower critical field Hqq followed by a gradual loss of superconductivity until an
upper critical field He, 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 Il 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 cuprate superconductors:
infinite sheets of CuO, planes, with mixed copper valencies of an average
oxidation state greater than 2+ (except for in the material Nd,,Ce,CuQy4, x = 0.05
— 0.3 ™), and insulating layers. The CuO, layers are separated by insulating
‘charge reservoir’ layers (except for in the infinite layer compounds), e.g. CuO
chains and Ba,O; ‘rocksalt’ layers in YBa,Cu30;. Superconductivity is thought to
take place in the CuO; 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 CuQ, Planes

The presence of CuO; 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 CuQ, square planes (present in all these structural elements) forms CuO,

layers. With these layers conduction bands are formed by the overlap of the
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d,2.,® orbital of copper and the p, and p, 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 dxz.yz/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®/Cu®) compositions between
antiferromagnetic (see section 1.8.2) semiconducting and normal metallic
behaviour. This mixed valence ensures the correct charge carrier concentration
on the CuQ; 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®*/Cu®*
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.

CuO, layers
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Figure 1.8.1.4a Schematic representation of the structural features of high temperature

superconducting cuprates



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 CuQ, planes, e.g.
CuO chains in YBa,Cu;O-.5, double fluorite layers in NbSra(Nd/Ce),Cu,0q.5 *** or

35 Structural variations in these metal

T1,0, ‘rocksalt’ layers in Tl;Ba,CaCu,Og
and/or metal-oxygen layers that separate the CuO, 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 CuO. 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 (Tc) in the case of
ferromagnetic materials.

The magnetic susceptibility (y) 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
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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
Néel temperature (Ty), their magnetic susceptibility gradually decreases. A

representation of these effects is displayed below:

Paramagnetic Ferromagnetic Antiferromagnetic
7 y 7 Tu
i T
T - T a

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.
La,CuO, " and LaMnO; ™).

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 (CMR)
has arisen principally from initial work carried out on perovskites derived from
LnMnOs (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 Mn®* (d*) undergoes Jahn-
Teller distortions which cause ferromagnetic ordering from the e4 orbitals and %2
filled tg orbitals. Alkaline earth metal (e.g. calcium) doping of such materials
introduces some Mn** to create a metallic ferromagnet.

If a sample of Lag;CapsMnQO; 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 CMR.
The temperature at which this effect occurs, for any given material, will be almost
the same as the T, 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 Mn**
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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 Mn** 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. La;,Sr,MnO; is very
different from Pr,CaMnO; *'.  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) "2 Additionally, the lower the T 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 T, 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
LnsBa,Mn,CuyOqz:5 (Ln = Eu and Sm). These materials were of interest as they
appeared to have the common characteristics of both high T, 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 Sr,Cu4.,C0,0,X; (X = Cl 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 NdSrZnO,. 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 N glove box to avoid
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moisture being absorbed by hygroscopic reactants such as SrCl,. 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.



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, ~ 1A, 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=2dsin @
Equation 2.3.1i
where n=1,23,...
L = wavelength of incident x-rays.
d = separation of planes (‘d-spacing’)

0 = incident angle of the x-rays.

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 Ko radiation (A = 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 D85
diffractometer in reflection mode (CuKa,) 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 Aperture diaphragm Detector diaphragm

monochromator L
Scattered radiation

diaplnfagm
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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 20 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 (TOF). 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 °:

Equation 2.3.2a

where A = 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 X; in a TOF experiment this is
changed so that A and d are variables at fixed 0.
If a primary flight path (moderator to sample) is a distance L4, a secondary

flight path (sample to detector) is L, and the corresponding times of flight are t;
and tp, then;

—h—[t—@—t—&J = 2dsinf

m, |L +L,

Equation 2.3.2b

Therefore with a total neutron flight path L (L, + L, = L) and total time of flight t (1

+t, = 1), then:

f = 2dL(m”
h

Jsine

stoad
Equation 2.3.2¢c

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

be detected in a backscattering bank at a TOF of ~5000 ps.

2.3.2.2 Instrumentation

TOF PND data were collected on the POLARIS, HRPD and GEM
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 pus) of neutrons from
the proton spallation of a uranium or tantalum target, with 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.

Long d-spacing
detectors

l" o Transmitted

’>) beam monitor

S

Low angle
detectors

Incident beam
monitor

8.5 m collimator

Figure 2.3.2ai Schematic of the POLARIS Diffractometer e

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.

28-32°
90 ° detector Ar filled detector
/

Backscattering
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= |
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Guide tube | ’ Beam stop

Il 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° to170°. 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.

49



Sample Tank

To Beam
Stop

15-21°

Ssiivg®
VLIRS -
SIS
SO STRTRA)
“\m;‘ ‘\"g‘&‘@ A
SRASRSEIR

R AL
ARSIV A " L & .
RRSIEINSAS T & IR 24 - 457
0y A 2
> - . e

ARG
Q “‘V//?((}(

80 - 110°
Bank 5

Incident
Beam

Bank 6

Figure 2.3.2aiii Schematic of the GEM diffractometer °.

GEM has multiple ZnS scintillator detectors giving a resolution of Ad/d = 2
— 3 x 107 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 10 — 20 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 7 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
(Y#) for each point (20,) on the profile of the model structure. The parameters

of Y, are adjusted to minimise the function:

M = Z W [ ylpbs _ Yfalc }2
Equation 2.3.3a

where W, = weighting factor = (YiODS)'1

For PXD data, the calculated intensities Y are determined from the structural
model by summing the calculated contributions from neighbouring Bragg

reflections (k) plus the background (b;):

y/'calc = SZLK’Fk’z(p<29i "29k)PkA+.Vbi
K

Equation 2.3.3b

where s = scale factor
Lk contains Lorentz polarisation and multiplicity factors
¢ = reflection profile function
Fx = structure factor for the kth Bragg reflection
Py = preferred orientation function
A = an absorption factor

Yui = 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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P. =16, +(1-G,)exp(-G,a})|
Equation 2.3.3c
where Gy and G, = refinable parameters
ox = angle between the presumed cylindrical symmetry axis and the

preferred orientation axis direction

The background intensity at 26; (y) can be obtained from a specified, refineable

background function, such as a fifth-order polynomial '*:

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:

nL+(1-nG
Equation 2.3.3e

where L =the Lorentzian
G = the Gaussian contributions to the peak shape

1 = the mixing parameter
n has been shown to vary as a linear function of 26 and can be modelled as:

n=~N,+N,(20)
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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Equation 2.3.3h
where 26 = the calculated position for the kth Bragg peak corrected for the

counter zeropoint
Hy = the FWHM of the kth Bragg reflection

In the case of constant wavelength neutron diffraction, the Hy of a peak has been

shown to vary with the scattering angle 20, ' and is modelled as:

H? = Utan®0 + Vtan6 + W
Equation 2.3.3i
where U, V and W = the refinable parameters (both instrument and sample

dependent).

Therefore, this formula can account for peak broadening effects resulting from
particle size. However, it must be noted that when refining TOF 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. R, is a parameter that

measures agreement with the profile:
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Z yobs yca/c
i I
Rprof//e = Rp =100 — Zyobs
i
Equation 2.3.3j
R. is of purely statistical significance:
ve
(N-P+C)
Rexpected = Rexp = 100 Zw (yobs
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:

Zw [ obs ca/c }2 V2

R, =100~ o

Equation 2.3.3I

x? is a natural measure of good fit, it is normally minimised during the refinement

process:

1
X2 [N P+C:j ijyobs ycalc
- [ Rup T
Re

A good fit should result in the weighted R-factor approaching the statistically

Equation 2.3.3m

determined R-factor, i.e. x* 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% H, in N, 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:

/\ Exothermic
\/ Endothermic

Temperature

Delta T

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:
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Figure 2.3.4b Schematic representation of PL STA 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:

Equation 2.3.6a

where S; = valence of a bond between atoms i and j
Vl -\
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:

Sy = exp{R—Oéﬁ’l}
Equation 2.3.6b
where R; = length of a bond around the ion
Ry = 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

Lns;Ba,Mn,Cu;01, Phases (Ln = Eu and Sm)



3.1 Introduction

The oxide chemistries of copper and manganese have recently
commanded considerabie 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 Il and Mn lll which are Jahn-Teller ions (d° and
d* respectively). In terms of copper Il 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 CuO, .
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
Gd,Ba,Ti,Cu,04, 2 With respect to Mn (Ill) chemistry the aim has been the

" materials demonstrating

formation of mixed valency Mn */Mn
magnetoresistance such as Ln,,Ca,MnO, ® and LaSr,Mn,0, *. 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 Ln;Ba,Mn,Cu,01,
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 K,NiF,
layers of the composition Ln,MnO, alternating with layers of the formal

composition LnBa,Cu,MnOQOs.



Figure 3.1a Structure of LnzBa,Mn,Cu,045

An overall oxygen stoichiometry of y = 0 in the formula
LnsBaMn,Cu,0+2., 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.
xCay)Ba;Mn,,Sc,Cu,0;, with the aim of oxidising copper into the
superconducting range around Cu®®*, but all such phases were found to be

semi-conducting ®.
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All  the structural analyses carried out on members of the
LnsBa;Mn,Cu,012: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 LnsBa,Mn,Cu,0+,.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 Ln;Ba;Mn,Cu,0+,., 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, **Sm and "**Eu. This work reports the
structural study of *Sm3Ba;Mn,CusO1py and "EuzBasMnyCusOqasy, 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 LnsBa,Mn,Cu,0,, phase, i.e. gadolinium, samarium and
europium. Thus a mixture of lanthanide starting materials was used within the
syntheses in an attempt to form NdDy,Ba,Mn,Cu,04;, PrHo,Ba;Mn,Cu,0+, and
SmGdDyBa,Mn,Cu,01, following the method of Matsubara et al. & "%,

Samples were prepared by intimately grinding together high purity
stoichiometric mixtures of Nd,O3, Dy,03, BaCO3, Mn,03; and CuO, PrgO41, H02O3,
BaCOs;, Mn,03 and CuO or Sm,0s;, Gd,03, Dy,03, BaCOjz, Mn,O3 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).
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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 Sm,0; / Gd,03 / Eu,03, BaCO3, Mn,O3 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 Gds;Baz(MnssRups)Cu,04, and
EuzBaySrkMn,Cu,04, (x = 0, 1, 2) was also attempted, using the same reaction
conditions as above, from reaction mixtures containing stoichiometric amounts of
Gd,03, BaCOj3, Mn,03, RuO, and CuO (all 99.9% or better, for results, see Table
3.3.1c) and Gd,03;, BaCOj, SrCO;, Mn,0Oz and CuO (all 99.9% or better, for
results, see Table 3.3.1d). 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 Sm,05, BaCOs3,
Mn,O3 and CuO (all 99.9% or better) reaction mixture. Firstly, a higher thermal
treatment (for results, see Table 3.3.1f), secondly, the use of MnO, instead of
Mn.O3; 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 3.3.1h).
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 EuzBa,Mn,Cu,04, was the
original example of this phase, whilst samarium was thought to be more useful for
exploring the boundaries of phase formation. The phases "*Eu3Ba,Mn,Cu,012
and "**Sm3Ba,Mn,Cu,O,; were synthesised in platinum crucibles from reaction
mixtures using "**Eu,03 and ™*Sm,0s (purchased from Trace Isotope at a level
of >98.7 % purity) in place of the normal Eu,O3; and Sm,O3; (for results, see Table
3.3.1i and Table 3.3.1j).

After PND data had been collected for the phase '**EusBa,Mn,Cu,01z,
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
3.3.11), and further PND data collected.

PXD data were used to confirm the purity of the phases formed, however
full structural refinements of the '**EusBa,Mn,Cu,0+, and "**SmsBa,Mn,Cu,012

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 "PEusBa,Mn,Cu;O:, sample and 298 K only for the
1% Sm;sBa,Mn,Cu,04, and oxygen annealed '**EusBa,Mn,Cu,0;, 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
(SmGdDyBa,Mn,Cu,045), it proved impaossible 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
50% of
DyBa,Cu306.96, 25%
1000 °C, 4h Dy,03, 20%

Nd1,1Ba1_gCu307, and

Nd,O3, Dy,0s, 5% BaMnOQOs

NdszBazMn2CU2012 BaC03, Mn203 50% of

DyBa,Cu30¢.96, 25%
1100 °C, 4h Dy,03, 20%
Nd; 1Ba9Cus07, and
5% MnO
40% of
Ho,Ba,Cu30s.95, 20%
1000 °C, 4h BaMnOj3;, 20%
Pry001g, 15% H0,03
and 5% Ho,Cu,0s5
40% of HoBa,Cu309,
30% Ho,03, 10%
1100 °C, 4h PriO1s, 10%
Bap.g2Cu1.0602.14 and
10% BasMn,HozO-4
35% of Dy,03, 25%
Smy 3Bay 7CuzOrg,
1000 °C, 4h 25% GdBayCus gz1
O6.74, 10% BaMngOys
and 5% DyMn,0s

1100 °C, 4h Target phase
Mixed lanthanide analogues of LnzBa,Mn,Cu,O42

and CuO

PrsO14, H0203,
PrHozBazanCu2012 BaCO3, Mn203

and CuO

Sm,03, Gd;03,
SmGdDyBagMnQCuzOm Dy203, 8803,

Mn,O5 and CuO

Table 3.3.1a

The conventional solid state method used to form the single lanthanide

phases (Gds:Ba;Mn,Cu;04,, Sm;3Ba,Mn,Cu,O4,, EuszBa,Mn,Cu,042) produced
pure samples after repeated thermal treatments:
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Target Phase

Reagents

Heat Treatment

Products

GdsBa:Mn,Cu,045

Gd203, BaO3, Mn203
and CuO

1000 °C, 4h

40% GdBa,Cu30g gq,
20% BaMnO,.gs, 15%
BaCuO,4, 10%
GdBay,Cus0g.84, 10%
CuGd,0,4 and 5%
Mn3Q;.

1100 °C, 4h

100% of target phase

Sm3BazMn2CuzO12

Sm203, BaCOg,,
Mn,0Os and CuO

1000 °C, 4h

30% SmyCuOy4, 25%
Mn,Os, 25%
SmBa,yCus Og.11, 10%
BaCuQy4 and 10%
Sm; 4Bay¢Cus07

1100 °C, 4h

95% of target phase
and 5% unidentified

phase

1100 °C, 4h

100% of target phase

EU3882MHQCU2012

EUQOg, 8803, Mn203
and CuO

1000 °C, 4h

30% EuBa,Cu304 13,
30% EuqoBa;sCusOy,
20% Mn;03, 10%
CuEu,0, and 10%
BaMnQOa,.

1100 °C, 4h,

100% of target phase

Table 3.3.1b
EU3BagMn2CU2012

Conventional synthesis of GdiBa,Mn,Cuy,045, SmsBa,Mn,Cu,04, and

Unfortunately the target phase Gd;Bay(Mn;sRug5)Cu,04, did not form, a

mixture of complex and simple oxides being obtained instead:
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Target Phase

Reagents

Heat Treatment Products

GdsBax(Mn45RuUg 5)Cu2012

CuO

30% of
Gd2BayCuz 5210674,
30% GdsCuOs s,
1000 °C. 40 | 10% BaMnOs, 10%
BasGdRu20g, 10%

Gd,0s, BaCOs, BaO and 10% Mn;O,

Mn,03, RuO, and 30% of

Gd2BayCuz 210674,
30% GdoCuO3.gs,
1100 °C, 4h 20% Ba3;GdRu,0g, ,
10% Mn304 10%
BaMnO; and 5% BaO

Table 3.3.1c  Attempted synthesis of Gd;Bas(Mn4sRuUg5)Cu,O1,

Once again

the desired barium/strontium solid solution phases

(EusBaz,SryMn,Cuz04,) did not form, a small amount of Eu;BaMn,Cu,Oq;

formed when barium was present alongside Eu,.Ba,CusO7., and a few simple

oxides, whilst only binary oxides formed from the attempted synthesis of

EusSraMn,Cuy045:

Target Phase

Reagents

Heat Treatment Products

EU3BGZMHQCUQO12

EUQOg, BaC03,
Mn,O5 and CuO

30% EuBa;Cu30¢ 13,
30% Euy,BaqsCus0y,
1000 °C, 4h 20% Mn,03, 10%
CuEu,0,4 and 10%
BaMnOs.

70% of target phase,

1100 °C, 4h 15% Euq2Ba; gCuz0se7,

10% Mn,03 and 5%
BaOs.
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Eu;BaSrMn,Cus0q,

EUQOg, BaCOg,
SrCOs, Mn,0O5 and

1000 °C, 4h

25% Eu4,Ba;gCus0;,
25% SrMnOg 69, 20%
SrMnQOg, 20%
Ba;CugEusO14.4 and
10% Cu,0.

CuO

1100 °C, 4h

60% EU3BazMn2CU2012,
30% BaSrEuCuOg.y,
5% BaO and 5% SrO,.

EU3SI‘2MH2CUQO12

1000 °C, 4h

50% Eu,CuQy, 30%
SrMnQO;, and 20%
SrMnOzeg.

EUzOs, SFCO3,
Mn,Oz; and CuO

1100 °C, 4h

25% SrzsMn,07, 25%
EuMnOs;, 15% SrMnQOz.y,
15% Mno03, 10%
Sr,Cuz05 and 10%
SroMn,0Os.

Table 3.3.1d

Attempted synthesis of EusBay(SryMn,Cu,04, (x =0, 1, 2)

The oxygen annealed EuzBa,Mn,Cu,0+, product showed a small increase

in the ¢ lattice parameter in comparison with the sample prepared in air:

Target Phase Reagents Heat Products
Treatment
30% EuBayCu3z0¢ 13,
20% Eu,;Baq gCus07,
1000 °C, 4h 20% Mn,03, 15%
EusBaMnyCu,O42 Eu,03, BaOs, Mny,0O4 CuEu,0,4 and 15%
and CuO BaMnOQOs.
1100 °C, 4h, | 100% target phase (but
under a flow of | with slightly altered cell
oxygen parameters)
Table 3.3.1e  Attempted synthesis of Eu;Ba;Mn,Cu,04, under a flow of oxygen

Unfortunately, the high temperature synthesis of SmzBa,Mn,Cu,01, led to

deterioration of the sample:
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Target Phase

Reagents

Heat Treatment

Products

SmgBazMHQCUQOQ

Sm203, BaO3, Mn203
and CuO

1000 °C, 4h

35% SmyCuOq4, 25%
SmBa,Cusz Og.11, 20%
Mn,0O3, 10% BaCuOQ,
and 10%
Smy 4Ba; 6Cus0y

1100 °C, 4h

95% target phase
and 5% Sm,CuQ,

1120 °C, 4h

30% BaO, 30%
(Smg g25Bag.o75)CUO,y,
20% SmMnQO3, 10%
SmBa,Cuz;07 and 10%
Sm;, 4Bay sCuz07

Table 3.3.1f

Attempted synthesis of Sm;Ba,Mn,Cu,04, at high temperature

The use of MnO; in place of Mn;0O; caused no significant change in the

products produced, or their purity:

Target Phase

Reagents

Heat Treatment

Products

Sm3Ba2Mn2CugO12

Sm203, Bao:3, MHOQ
and CuO

40% Sm,Cu0y4, 25%
SmBagCug 06,11, 20%

1000 °C, 4h MnO,, 10% BaCuO,
and 5%
Smy.4Bay sCus0;
95% target phase
1100 °C, 4h and 5% SmyCuQy4

Table 3.3.1g

Pelletising the reactants after the first heating stage

improvement in the purity of the target phase:
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Target Phase

Reagents

Heat Treatment

Products

SmgBazanCu2012

Sm203, 8303, MnOg
and CuO

1000 °C, 4h

35% SmyCuQy, 20%
SmBa,Cus Og 11, 20%
MnO,, 15% BaCuO,
and 10%
Smy4BasCusO;

pelletised, then
1100 °C, 4h

100% target phase

Table 3.3.1h

Synthesis of SmzBa,Mn,Cu,04, by pelletising

The synthesis of "™ EusBa,Mn,Cu,0q, 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% Eu,CuQa.
pelletised then 85% target phase
1100 °C, 4h and 15% Eu,CuOs.

153El,lgBHle’lzCUzO-]2

153EU203, BaC03,
Mn203 and CuO

pelletised then

90% target phase

1100 °C, 4h and 10% Eu,CuOs,.
pelletised then 95% target phase
1100 °C, 4h and 5% Eu,CuOs.

pelletised then
1100 °C, 4h

100% target phase.

pelletised then
1050 °C, ~18h
under a flow of

oxygen

100% of target
phase, with increased

c lattice parameter

Table 3.3.1i

Synthesis of ’Eu;Ba,Mn,Cu,01,

The synthesis of ™*Sm;Ba,Mn,Cu,0, 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:
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Target Phase Reagents Heat Treatment Products
1000 °C, 4h, 40% target phase,
pelletised then 35% Sm,CuO,4 and
1100 °C, 4h 25% SmyBaCuMnO;.
70% target phase
pelletised then and 30%
1100 °C, 4h Sm,BaCuMnOx.
194Sm,0s, 80% target phase
1% 8m;Ba,Mn,Cu,01; BaCOs;, Mn,04 pelletised then and 20%
and CuO 1100 °C, 4h Sm,BaCuMnO;.
pelletised then
1100 °C, 4h as above
pelletised then
1100 °C, 4h as above
pelletised then
1100 °C, 4h as above

Table 3.3.1]  Synthesis of **SmzBa,Mn,Cu,01,

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 "**EusBa;Mn,Cu,01, 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 | 4/m m m) could
account for all the reflections in the diffraction profile of the europium based
phase; for "**Sm3Ba,Mn,Cu,0+, few moderate intensity reflections demanded the
incorporation of Smy,BaCuMnO; 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
'SEu, 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 U, > 8 AZ indicating that for
both sites the scattering was of a lower magnitude. The displacement
parameters for O(4) (near (0, 0, 0.22) and forming an apex to the MnOs
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 O(4) demonstrated the origin of
the high Uis, 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 (Y2,)%,%) 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 (12,12.%%2) 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 "*EusBa,Mn,Cu,01z 1.

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 "’EusBa,Mn,Cu,042 1 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 "**EuzBa,Mn,Cu,0;2; phase could be assigned to a perovskite-like impurity
and a reasonable fit could be achieved using an orthorhombic GdFeO; type

2. Such a structure type was

structure as, for example, adopted by Gd;MnCoOg
introduced into the refinement as disordered (Eu,Ba)(Mn,Cu)O; 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 153Eu3Bazl\/lngCuzomyand in each case convergence was reached.

For "™*Sm3Ba;Mn,Cu,042.y @ similar refinement methodology was used
but with the incorporation of Sm,BaCuMnOy; 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 Sm,BaCuMnO; was taken
from the well known Ruddlesden—Popper phase Sr3Ti;O; ™ with fully disordered
A and B 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 % '*°Sm (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

193Eu3BayMn,Cuy0424y 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 "*EuzBa,Mn,CuO4z., 150 K data and
154Sm3BasMn,Cu,0124y 290 K data respectively.
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Table 3.3.2 Refined atomic co-ordinates, lattice parameters and profile fit factors. Space
group 4/mmm Eu/Sm(1) on (0,0,%), Eu/Sm(2) on (0,0,Zeusm), Ba on (0,0,zz,), Cu(Mn)
on (0,0,z¢c,) with Cu site occupancy residual is N, (1- Ney), MN(Cu) on (0,0,zu,) with Mn
site occupancy ny,, O(1) on (Y2, 0,zo)), O(2) on (0,0,z0(2)), O(3) on (¥2,0,z0(3)), O(4) on
(Xo@y,0,Zow)) With ¥4 occupancy, O(5) on (¥2,%,%) with site occupancy ngs. Thermal

displacement parameters (all x 100, A%) for each atom sites are also given, values for Cu

and Mn were constrained to be equal.

Sm as prepared

Compound Eu as prepared Eu as prepared Eu as prepared Eu Oz annealed

Temperature 2K 150K 298K 298K 298K

Uso EU/SM(1) -0.06(6) 0.06 (7) 0.69(7) 0.82(5) -0.84(9)
ZEwsm(z) 0.71209(5) 0.71206(6) 0.71211(6) 0.71212(4) 0.71225(6)
Uiso EU/SM(2) 0.75(5) 0.87(6) 1.58(6) 1.70(4) 0.10(7)

Zpa 0.60459(8) 0.60472(10) 0.60516(10) 0.60560(7) 0.60462(12)
Uiss Ba 0.78(5) 0.96(6) 1.12(7) 1.27(5) 3.38(12)
Zcy 0.04790(7) 0.04790(8) 0.04799(8) 0.04798(6) 0.04837(11)
Ney 0.836(3) 0.830(4) 0.837(4) 0.818(2) 0.807(4)
Uise Cu/Mn 0.21(6) 0.27(7) 0.50(8) 0.64(5) 2.56(11)
Zin 0.1649(2) 0.1646(3) 0.1645(3) 0.1649(2) 0.1654(4)
Zo 0.04250(5) 0.04240(6) 0.04227(6) 0.04225(4) 0.04306(6)
Uiso O(1) 1.21(4) 1.38(5) 1.52(5) 1.57(5) 3.21(7)

Zogw) 0.11305(8) 0.11309(9) 0.11302(9) 0.11312(6) 0.11337(11)
Uiso O(2) 1.72(7) 1.84(8) 1.99(8) 1.98(4) 3.93(11)
Zog) 0.17124(5) 0.17124(6) 0.17116(6) 0.17090(4) 0.16976(8)
Uiso O(3) 1.87(4) 1.97(5) 2.19(5) 2.30(3) 4.11(7)

Xo) 0.0899(11) 0.0868(13) 0.0806(17) 0.0736(15) 0.0877(14)
Zowy 0.22348(9) 0.22354(10) 0.22385(11) 0.22375(7) 0.22270(12)
Uiso O(4) 0.36(13) 0.57(16) 1.13(18) 2.18(14) 3.52(8)

No) 0.108(10) 0.091(11) 0.091(12) 0.122(7) 0.145(12)
Uise O(5) 1.3(1.0) 1.4(1.2) 1.7(1.4) 2.0(8) 3.5(1.0)
alA 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

Rup 4.24 4.26 4.75 11.9 8.07

X2 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.

Compound Eu as prepared Eu as prepared Eu as prepared Eu Oz annealed Sm as prepared
Temperature 2K 150K 298K 298K 298K
Bond
Eu1-01x8 2.450(1) 2.449(1) 2.449(1) 2.449(1) 2.471(1)
Eut~ 05 x4* 2.7442(1) 2.7448(1) 2.7471(1) 2.7445(1) 2.7461(1)
Eu2-03x4 2.415(2) 2.415(2) 2.421(2) 2.427(1) 2.458(2)
Eu2 — Od4a 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 - 0O4bx 1* 2.293(4) 2.293(5) 2.282(5) 2.285(3) 2.334(5)
Ba-01x4 2.922(3) 2.930(3) 2.950(4) 2.964(2) 2.923(4)
Ba-02x4 2.7602(4) 2.7606(5) 2.7611(5) 2.7574(1) 2.7637(6)
Ba-03x4 3.044(3) 3.042(3) 3.033(4) 3.016(2) 3.019(4)
Cu(Mn)-01x4 1.9497(3) 1.9505(3) 1.9530(4) 1.9512(3) 1.9509(4)
Cu(Mn)-02x1 2.292(4) 2.296(4) 2.295(4) 2.303(3) 2.307(5)
Cu(Mn) — O5* 1.685(2) 1.687(3) 1.694(3) 1.696(2) 1.717(4)
Mn(Cu) — O2x 1 1.825(9) 1.815(10) 1.817(10) 1.830(7) 1.848(15)
Mn(Cu)-03x4 1.9531(9) 1.9548(12) 1.9566(12) 1.9523(8) 1.9479(11)
Mn(Cu) — O4b 2.089(8) 2.103(9) 2.118(9) 2.100(7) 2.060(14)
X4* X Va
Oct tilt 9.62(12) 9.23(15) 8.5(2) 7.82(15) 9.5(2)
Cu-01-Cu 168.8(2) 168.6(2) 168.1(1) 168.1(2) 168.9(2)
Mn-03-Mn 166.9(5) 166.3(6) 166.2(8) 167.5(4) 171.0(9)

* Indicates partially occupied site

79




Table 3.3.4. Bond valence sums for EuzBa,Mn,Cu,0;, at 298K (the number of each bond

is given in Table 3.3.3).

Atom Eu(1) Eu(2) Eu(2) Ba Cull Culll Mn 1l Mn IV Oxygen
4x0(4) 2 x (4a) valence
2x(4a’)
O(1) 0.3630 - - 0.1657 0.4769 0.5608 - - 2.01
Cull
02) - - - 0.2762 0.1892 0.2225 0.8572 0.8412 215
Cull
O(3) - 0.3915 0.3915 0.1324 - - 0.5878 0.5768 2.22
Mn i
O(4a) - 0.1512«  0.2624* - - - - - 1.58*
0.0808" Mn 11l
1.64*
Mn Il
O(4b) - 0.5968* 0.5700" - - - 0.3800 0.3729
0O(5) 0.1622 - - - n/a n/a - - -
Cation 297 2.78 2.82 2.30 210 2.47 3.59 3.52 -
valence

The values marked as * and ” differentiate the two europium-oxygen bonding models based on O(4) on special

site (*) and displaced on to (x,0,z) {*) leading to different bond valence sums.
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3.4 Discussion

The idealised LnsBa,Mn,Cu,O4; structure, shown in Figure 3.1a, consists
of a Ln,MnQ; structure block separated by LnBa,Cu,MnQOg blocks. Alternatively
the structure can be considered as an oxygen deficient quadruple perovskite
block with the layer sequence MnQOg-CuOs-CuOs-MnOg separated by ‘rocksalt’
layers based on EuO; full oxygen occupancy of the perovskite layers would give
a stoichiometry of the type AsB;O43, which is the n = 4 member of the
Ruddlesden-Popper series Ap+1BaOzp1.

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 EusBa,Mn,Cu,04, ¢ there is a significant mixing between the formally
copper and manganese sites. In each sample studied this mixing was refined
independently at 0.83(x0.05)/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)O; 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 EuzBa,Mn,Cu,0+, s and its observation may be related
to the presence of intergrowths phases as observed by Hervieu °.

For double perovskites of the type AA'BB’O, 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®*/Mn* and Cu?** as present in
EuszBa,Mn,Cu,01,. 1 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 Mn®* 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 La,SnCuQOg 5. So while Mn** 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 EusBa,Mn,Cu,01, 1 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 Cu**
producing a bond valence sum of 2.1 and both Mn** and Mn*' values giving
manganese bond valence sums close to 3.5.

In EusBa;Mn,Cu,Os,; the Eu®* and Ba* cations are fully ordered,
presumably due to their significant differences in ion size (r (Eu®*)=1.07 Aand 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 Ln,Ba,Ti;Cu,O:, '®. Local and long range
displacements of the oxygen atoms may also help better serve the coordination
preferences of A type cations. In EusBa,Mn,Cu,O4,4 these oxygen
displacements are associated with O(4), the terminal oxygen of the MnOg
octahedra in the Eu,0O; 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-O distances would be 4 x 2.421
+4 x 2773 + 1 x2.265 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 EuzBa,Mn,Cu,04, structure showing how the local oxygen

displacements are associated with the terminal oxygen of the MnOg octahedra.

The final feature of interest in the EuszBa,Mn,Cu,O4,4 structure is the
partial occupancy of the (’2,'2,2) 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 OsCu.. ..CuOs, where represents the vacant (V2,',2) position by
OsMn..0..MnOsin 10 % of the site pairs, (see Fig. 3.4b).
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Figure 3.4b Section of the EusBa,Mn,Cu,0+, structure showing the partially occupied
O(5) (%2,%.%2) 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 MnO, 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-O(1) distance,
Cu....Cu is 3.388A at 298K for Ln = Eu in LnsBa,Mn,Cu,0,, 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 Ln;Ba,Mn,Cu,012
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-O distances. This means
that incorporation of oxygen on to the (}%4,%,%) 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 Sm,BaMnCuO;, 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 K;NiF,4 structure for Ln,CuQ,4 only occurring for
Ln=La ', and in a distorted form for Ln,CuO4 Ln = Nd — Gd"®

The effect of oxygen annealing LnzBa:Mn,Cu,O4, 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 O(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)Os 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 ¢ parameter.

3.5 Conclusions

The LnzBaMn,Cu,0,; 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 *°, Tiand Cu?, Ru and Cu ', and In and Cu in
Ba,InCuOs.5 2°. More normally the B cations are fully disordered or form ordered
three dimensional arrays. However for the Ln;Ba,Mn,Cu,0O4, compounds the B

cation ordering has been shown to be imperfect and the displacement of
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approximately 15 — 20 % of Mn ions into the CuO, sheets is likely to destroy any
chance of superconductivity. Additionally, the partial cross-linking of Cu(Mn)Os
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 CuOs 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 EusBa;Mn,Cu,04,4. Similar studies have been undertaken on the
quadruple and quintuple titanocuprate perovksites with the formation of materials
such as NdDyBa,Cu,Ti,O; and NdDyCaBa5SrysCu,,Ti» 5014 2'. However, our
attempts to synthesise materials such as DyNd;Ba,Cu,Mn,O;, have been
unsuccessful resulting in the preferred formation of competing phases such as
Ln,BaMnCuO; and Ln,CuO,4. 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 MnO, polyhedra in the ¢ 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 (%2,%,%2) 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 Sr,Cu.,C0,0,X, (X=Cl 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;,NiO; ' 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 YBa,Cus0-5 2 > 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. LaCo.
LCuOs 4 La,Coi4CuOuiy °), phosphates (e.g. Cos,Cu(PO4), ) 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%*,CuO,X, (A = Ca or Sr, X= Cl and Br) contain fully
segregated oxide and halide anions ® with halides adopting the apical positions
within the metal octahedra of a K,NiF, 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 CuQ,4 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 Sr,CuO,Cl, ¥ '® and Sr,Co0,Cl, " 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 Co®* 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 Sr,CuO,Cl, with square CuQO, planes

and the Structure of Sr,CoO,Cl, with CoO,Cl, octahedra

4.2 Experimental Procedure

Samples of Sr,Cu;.,Co,0.Cl, (y = 0.2, 0.4, 0.5, 0.6, 0.8) were prepared by
intimately grinding together high purity stoichiometric mixtures of SrO (from
SrCO; heated at 1050 °C for 4 days), SrCl,, 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 O,/H,0O) 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 radiation; the patterns were consistent with phase pure product
material.

Samples of Sr,Cu,.,Co,0.Br; (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 SrCO; heated at 1050
°C for 4 days), SrBr,, 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 Sr,CugsC0,,0.Br; and Sr,Cug,Co s0,Br, 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 4.3.1d). 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 Sr,Cu,,C0,0,Br>
(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 O,/H,0) and phase purity for each phase was checked by PXD using a
Siemens D5000 diffractometer operating with Cu K., radiation, over the data
range of 10 — 110° 28. The patterns were consistent with phase pure product
material with the exception of a small trace of CoO in Sr,Cu;.,Co0,0.Br; (y = 0.5,
0.6, 0.8), estimated to be at a level of < 2 % from the ratio of the most intense

Sr,Cus.,Co,0O,Br, and impurity reflections (I:lp).
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4.3 Results, including Structural Refinement

4.31

The sealed tube syntheses produced pure samples

«Cu,0.Cly (x=0.2, 0.4, 0.5, 0.6, 0.8) phases:

Synthetic Results

of the Sr,Co,.

Target Phase

Reagents

Heat Treatment

Products

SrQCOO_ZCUO'BOQCIQ

SryC00.4CUg 0,Cl;

Sr2C00,50U0A502C|2

SI‘ZCOO‘GCUMOgC[g

SrZCOOBCUO‘gOzClg

SrCl,, SrO, CoO and
CuO

~18h at 850 °C

95% target phase
and 5% CoO

~18h at 850 °C

100% target phase

~18h at 850 °C

90% target phase
and 5% CoO

~18h at 850 °C

100% target phase

~18h at 850 °C

95% target phase
and 5% CoO

~18h at 850 °C

100% target phase

~18h at 850 °C

95% target phase
and 5% CoO

~18h at 850 °C

100% target phase

~18h at 850 °C

95% target phase
and 10% CoO

~18h at 850 °C

100% target phase

Table 4.3.1a

Synthetic

conditions and

Sr,C014Cu,0,Cl; (x = 0.2, 0.4, 0.5, 0.6, 0.8)

results in

sealed

tube

synthesis of

Unfortunately, the lower temperature synthesis did not form pure samples

of the bromide analogue with significant by-products being formed:




Target Phase

Reagents

Heat Treatment

Products

SFQCOOQCUOBOQBQ

SrBry, SrO, CoO and
CuO

~18h at 650 °C

95% target phase
and 5% CoO

~18h at 650 °C

>95% target phase
and <5% Sr(H,0)sBr,

~18h at 650 °C

90% target phase
and 10% CoO

55% target phase,

SryC005CU20,Br, 20% SrBr(OH)4H,0,
~18h at 650 °C | 15% Sr(H,0)¢Br; and

10% CoO

Table 4.3.1b  Synthetic conditions and results in first sealed tube synthesis of

Sr;Co4,Cu,0,Br, (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

SrC00,CuUg s02Br, >05% target phase
SrBr,, SrO, CoO and | ~18h at 750 °C | and <5% Sr(H,0)sBr»
CuO 90% target phase
~18h at 750 °C and 10% CoO
SrCo4 5CuUy 20,Br> 85% target phase,
~18h at 750 °C | 10% Sr(H,0)sBr, and
5% CoO
Table 4.3.1c  Synthetic conditions and results in second sealed tube synthesis of

Sr2C01.xCuszBr2 (X =0.2, 08)

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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Target Phase

Reagents

Heat Treatment

Products

SrzCOngCuoBOgBl’g

Sr;_COO.gCUoQOQBrQ

SrBr,, SrO, CoO and
CuO

~18h at 850 °C

90% target phase,
5% Sr(H,0)sBr, and
5% CoO

~18h at 850 °C

85% target phase,
10% SrCuO, and <5%
Sr(H;0)6Brs, <5%
CoO

~18h at 850 °C

85% target phase,
10% ST(HQO)GBrz and
5% CoO

~18h at 850 °C

80% target phase,
10% SrCuO, and
<10% Sr(H,0)Br,,
<10% CoO

Table 4.3.1d

Synthetic conditions and results

Sr;Coy,CuO:Br; (x =0.2, 0.8)

in third sealed tube synthesis of

An intermediate temperature led to the production of phase pure samples:

Target Phase

Reagents

Heat Treatment

Products

SI’QCOOAQCUO,SOQBI’Q

S r2C00,4CU0,5028r2

Sr2C00y5CU0>5OQBr2

SQCOQ@CUOAOQBI’Q

SrQCOQ.BCUOQOQBrQ

SrBr,, SrO, CoO and
CuO

~18h at 850 °C

95% target phase and
5% CoO

~18h at 850 °C

100% target phase

~18h at 850 °C

90% target phase and
5% CoO

~18h at 850 °C

100% target phase

~18h at 850 °C

95% target phase and
5% CoO

~18h at 850 °C

100% target phase

~18h at 850 °C

95% target phase and
5% CoO

~18h at 850 °C

100% target phase

~18h at 850 °C

95% target phase and
10% CoO

~18h at 850 °C

100% target phase

Table 4.3.1e

Synthetic conditions and

SrpC04.,Cu OB, (x =02, 0.4, 05,086, 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 Sr,CuO,Cl,. Initially the Sr,CugsCo0s0,Cl, 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 (x 0.22) A in the case of the oxide bromides, space
group | 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 Sr,Cu,,C0,0,Cl, 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° 2.
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
Sr,Cuy,C0,0,Cl, and Sr,Cu;.,Co,0,Br, are summarised in Tables 4.1 and 4.2
respectively. Tables 4.3 and 4.4 summarise the derived bond lengths of
importance for Sr,Cuy.,C0,0,Cl; and Sr,Cuy.,C0,0,Br,.

The final agreement achieved to the SrCuysCogs0,Cl; and

SryCug sCog 504Br, 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 Sr,Cu,.,C0,0,Cl,. Space group 14/mmm Sr on (0,0,zs,), Cu/Co on (0,0,0),

O on (0,%,0) and Cl on (0,0,z¢;). 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.

Com pOUﬂd SI'ZCU().gCOo_zOzCIz Sr2CU0‘6C00,4OQCIZ Sr2CU0‘5COo,5OQC|2 Sr2CU0'4COQ,602C|2 SrchQ'QCOO‘BOZCb
Zs, 0.39258(26) 0.39271(30) 0.39275(30) 0.39201(33) 0.3930(4)
Useo S 2.06(11) 1.56(12) 1.74(14) 2.23(17) 2.22(18)
Ui CU/Co 1.98(21) 1.62(24) 1.97(26) 2.04(32) 2.1(4)

Uieo O 2.0(6) 1.7(6) 3.0(7) 1.2(7) 0.3(7)

g 0.1831(5) 0.1823(6) 0.1809(6) 0.1806(7) 0.1807(7)
Uigo CI 2.44(25) 2.32(31) 3.00(34) 2.6(4) 3.1(5)

alA 3.98499(11) 4.00148(12) 4.01503(17) 4.02194(19) 4.03819(19)
clA 15.5034(5) 15.4194(5) 15.3534(8) 15.3239(8) 15.2203(8)
R, 1.968 0.933 1.872 1.876 0.772

Rwp 2.776 1.185 2418 2.456 0.983

X 2 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 Sr,Cu,.,Co,0,Br,. Space group 14/mmm Sr on (0,0,zs;), Cu/Co on (0,0,0),

O on (0,%,0) and Br on (0,0,zs,). 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.

Com pOUnd Sr2CUQA3C00_QOZBr2 szCUo‘BCOQAOzBrg ST20U0_5C00'502BTZ STQCU()ACO()_GOzBrz SrchOAQCOQ.BOZBrz
Zs, 0.40024(25) 0.40031(26) 0.40039(19) 0.40061(22) 0.39972(30)
Ui ST 1.75(15) 1.05(15) 2.48(14) 181(12) 2.01(17)
Uiss CU/Co 0.23(29) 0.76(32) 0.74(25) 0.54(24) 0.7(4)
U, O 2 6(9) -1.6(5) 2.3(7) 4.1(8) 4.0(13)
Zpr 0.17825(19) 0.17738(25) 0.17713(18) 0.17781(20) 0.17886(26)
Ui, B 1.38(18) 2.47(21) 2.89(17) 2 33(15) 2.08(26)
alh 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
Rup 1863 1,609 1.154 1.044 0.996

2 3.003 2.645 1.647 1479 1.417
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Table 4.3. Derived bond lengths of note for Sr,Cuy.,Co,0,Cl,, esd’s are given in parentheses.

Compound szCUo»gCOOQOzC‘Q Sr2CUO.6600‘402C‘2 SFQCUQsCOOVstCIZ Sr2CU0'4COQ_6O2C‘2 SFQCUQ'QCOQ ngC‘z
Bond

Sr—-0Ox4 2.5968(26) 2.5961(30) 2.5965(29) 2.6043(33) 2.5940(40)
Sr—Clx4 3.0524(30) 3.0567(30) 3.0557(33) 3.0538(34) 3.0670(40)
Sr—-Clx1 3.247(11) 3.245(11) 3.253(12) 3.240(13) 3.231(14)
Cu/Co-0Ox4 1.99250(5) 2.00074(6) 2.00751(9) 2.01097(9) 2.01909(9)
Cu/Co~Clx2 2.839(8) 2.811(9) 2.777(9) 2.767(10) 2.750(11)

Table 4.4 Derived bond lengths of note for Sr,Cu,.,Co,0,Br,, esd’s are given in parentheses.

Compound SrCuosC0020:Br Srz2C U0 6C00402Br Sr;Cu5C0050,Br; S12Cu0.4C0060,Br, Sr,Cug,C0050;Br,
Bond

Sr—0x4 2.6256(28) 2.6240(29) 2.6203(20) 2.6172(23) 2.6251(31)
Sr-Brx4 3.1318(26) 3.1342(30) 3.1357(21) 3.1471(24) 3.1543(32)
Sr-Brx1 3.778(5) 3.765(5) 3.748(4) 3.720(4) 3.662(5)
Cu/Co~-0Ox4 2.00303(8) 2.01269(7) 2.01727(7) 2.02361(5) 2.03119(8)
Cu/Co~Brx?2 3.0332(33) 2.9960(40) 2.9738(30) 2.9690(33) 2.966(4)
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Sr2Co0.5Cu0.502C12, 20-100 2 theta only
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Figure 4.3.2a Profile fit as obtained to Sr,Cu5C0050,Cl, data.
Sr2Co0.5CuQ.502Br2, 2% o/n in sealed tube at 800C Hist 1
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Figure 4.3.2b Profile fit as obtained to Sr,Cug sC0,50,Br, data.
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4.4 Discussion

Complete solid solutions of Sr,Cu,.,Co,0.Cl, and Sr,Cu;.,Co,0.Br; (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 (lll), 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 Sr,Cu,.,Co,0,Cl, and Sr,Cu;,Co,0O,Br, (y = 0.2, 0.4, 0.5,
0.6, 0.8) phases all adopt the structure of the end member phases, Sr,CuO,X;
and Sr,Co0.X;, (see Fig. 4.1a), the K;NiF, 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/CoQg 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.
Ba,InOsX (X = F, Cl, Br), BaSrlnO;Cl and Ba4In,SnOsCl;, '3, Sra,AAIOF ™

o 1 =
J“‘/—A‘)
» 2
s "
Qo

Figure 4.4a Representations of the Cu/Co04X; 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 ¢ parameter as the proportion of cobalt within the
structure increases. Due to the increased size of cobalt in comparison to copper
(Co (Il) HS 0.745 A, Cu (I1) 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 ¢ parameter because the Jahn Teller effect causes
a more significant change than the ionic radii of the metal ions. Copper (ll) is
subject to Jahn-Teller distortions and thus tends to have long axial bonds within
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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 ¢

axis.

Proportion of Cobalt in 8r,Cu,Co, ,0,Cl, vs Lattice Parameters
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Figure 4.4a Graph showing the variation of lattice parameters with the proportion of

cobalt in Sr,Cuq,Co,0,Cl,.
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Figure 4.4b Graph showing the variation of lattice parameters with the proportion of
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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 (CI") = 1.81 A '°) with the larger bromide ions (r (Br) =
1.96 A °). The increases seen in Sr,Cuy,C0,0,X; 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 ¢ direction, as shown by the phases
Sr,Co0,Cl, and Sr,CoO,Br,. This effect can be demonstrated by comparing the
Cu/Co-0O and Cu/Co-X bond lengths for Sr,Cug5C00502X,: as the X = Cl = 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 ¢ direction) increase from 2.777 A to
2.974 A,

The considerably greater increase along the ¢ axis occurs because the
length of the axial Cu/Co-X (X = Cl. Br) bonds are the bonds most affected by
the change in halide ion (and as mentioned above, these bonds lie along the ¢
direction). Another significant factor causing the ¢ 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—O bonds. The increase in ionic radius from CI” 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-O
bond remains almost unchanged with an increase of only 0.0238 A.

As all of the four possible end member phases are known, Sr,CuO.Cl, °,
Sr,CuO,Br; ", Sr,Co0,Cl, ' and Sr,CoO.Br, ', 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 Sr,CoO,Br3).

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 Sr,Cu,.,Co,0,X; 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 8r,Co,Cu, O,Cl, vs apical M-Cl bond lengt
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Figure 4.4c Graph showing the variation of M=Cl bond length with the proportion of
cobalt in Sr,Cuy,Co,0,Cl,.

Proportion of Cobalt in Sr,Co,Cu, O,Cl, vs equatorial M-O bond lengt
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Figure 4.4d Graph showing the variation of M=O bond length with the proportion of
cobalt in Sr,Cuy.,Co,0.Cls.
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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 STQCU1,YCO\/02BI’2.
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Figure 4.4f Graph showing the variation of M—O bond length with the proportion of
cobalt in Sr,Cuy.,Co,0,Br,.
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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 Cos,Cu,(PO,), °, but not with the sudden structural change seen in the
YBa,Cu;.,C0,07.5 ° 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. Sr,CoO5Cl ' (e.g. Sr—ClI
= 3266 A and 2.969 A in Sr,CoO;Cl, and 3.231 A and 3.0670 A in
Sr,Cup2C0050,Cly). However, the copper/cobalt bond lengths are considerably
different in these two phases (e.g. Co—Cl = 3.12 A in Sr,CoQO;Cl and Cu/Co-Cl =
2.750 A in Sr,Cug,Co,50,Cly). 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 Sr,Cu4.,C0,0,X; structure, or
this could result from the different oxidation states of the cobalt ions present in
the two phases (Co?" in SrCuyyCoyO2 X5, Co®" in Sr,CoO,Cl).
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Figure 4.4g Representations of the structures of Sr,Cu;,C0,0,X; and Sr.CoO3Cl
(unit cells highlighted)

4.5 Conclusions

Solid solutions of Sr,Cu;.,Co,0,Cl, and Sr,Cu;,Co,O.Br, (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 ¢ parameter.
This trend reflects the fact that copper (Il) is a Jahn Teller ion whereas high spin
cobalt (Il) 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 Sr,CoO5Cl and
Sr,Cuy.,,C0,0,X, are comparable, whereas the copper/cobalt octahedron being
more distorted in Sr,CoO;Cl has quite different bond lengths to those in Sr,Cuy.
,C0,0,Cl>.

The phase Sr,CoO,Cl, orders antiferromagnetically at approx. 220 K %,
whereas Sr,CuO,Cl, orders antiferromagnetically at approx. 270 K '°. As the
structural transitions that result from replacing copper with cobalt in the phases
Sr,Cuy,C0,0,X, (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 Néel temperature of the material lowering steadily.
This gradual change in antiferromagnetic behaviour has also been observed in
other copper/cobalt solid solutions, such as LaCo4,Cu,O3 4

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 Magnetic Structure Determination of
SrzFe,,Co,05X,; (X=Cland 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 " 2 and
manganese phases ® that adopt structures closely related to the technologically
important high T, 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 (MCl)LaNb,O;, e.g. M = Cu 4
and Cr, Mn, Fe, Co ° through low temperature topotactic reactions. The newly
synthesised Ruddlesden — Popper oxide halides include the cobalt (Ill) materials,
Sr,Co03Cl and Sr,Co,0sCly, reported by Cava and co-workers ' and the cobalt
(Il) phases Sr,Co0.X, (X = Cl 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.
Sr,MnO;Cl 3, or both, e.g. Sr3Co,0sCl; ' of the terminal apical oxygen positions of

the repeat perovskite block have been replaced by a halide ion.

Leib and Mduller-Buschbaum reported the first Ruddlesden — Popper
alkaline earth iron oxide chloride, SrsFe,05Cl,, 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; CazFe,0OsCl; and Sr;Fe,OsBr») 7 whilst the cobalt analogue
of the parent phase, Sr;C0,05Cl,, was synthesised by Cava ®.

The results of Mdssbauer measurements ' performed on the single
crystals of Sr3Fe,0sX; (X = Cl 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, KoNiF,-type, oxide fluoride Sr,FeOsF ° whilst Parthé and Hu have re-
determined the crystal structures of two phases synthesised by Ackerman

CaFeO,Cl and Ca,FeO;ClI ™.

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 Mn*" 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 Las.Sri+2xMn07
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 Sr;Mn,0O; '?. Studies of the magnetic properties and
spin structures of other related multi-layer perovskites, such as the iron
containing YBa,CusO7; analogue YBa,Fe;Os., '° have also been valuable in
increasing the understanding of the unique role copper has in high T.

superconductivity.

Figure 5.1a Representation of the SrsFe;.,Co,0sX; structure with Fe/CoOs square

based pyramids
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Using the parent structure Sri3Fe,OsCly, 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 SrzFe,O5Cl,, SrsFe,0OsBr,, Sr;Co,05Cl, and the previously
unreported phase Sr;FeCoOsCl,.

5.2 Experimental Procedure

Polycrystalline samples of Sr;3Fe,OsCl, and SrsFe,OsBr, were prepared by
intimately grinding together a 2:1:1 mixture of high purity SrO (from SrCO; at
1050 °C, 4 days), SrX,, X = Cl and Br and Fe;O3 (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 0O,/H,0) due to the
hygroscopic nature of some of the starting materials. Phase purity of the
products (both Sr;Fe,0sCl, and Sri3Fe,OsBr, were rusty red in colour) was
checked by PXD using a Siemens D5000 diffractometer operating with Cu K4
radiation. The Sri;Fe,OsCl, pattern was consistent with phase pure product
material, whereas the SrzFe,OsBr, sample was found to contain an impurity at a
level of < 5 % (lI:lo) (for results, see Table 5.3.1a).

The SrsFe,0sBr, 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 SrsFeCoOsCl; and Sr;Co,05Cl, required a slightly more
complex approach, to ensure the final product contained cobalt (lll). Thus the
precursor Sr,Co,05 " was reacted with SrO, Fe,O; and SrCl, 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 0./H,0) and
phase purity for the phases (SrsFeCoOsCl, was dark grey/black in colour, whilst
Sr;C0,0sCl, was black) was checked by PXD using a Siemens D5000
diffractometer operating with Cu K4 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 SrsFe,OsCl, phase were attempted
including the oxide fluoride equivalent SrsFe,OsF,. The reactants SrCOs, Fe,03
and SrF;.6H;0 (all 99.9% or better) were prepared by intimately grinding together
and heating to 800 °C for 2 % 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, CasFe;0sCl, and CasFe,OsBr,, but using
Ca0, CaCl, and CaBr; (Aldrich 99.99 %) in place of SrCOj3;, SrCl, and SrBr, (for
results, see Table 5.3.1d).

The synthesis of one final analogue related to the parent phase, the solid
solution Sr3Fe;5C00505Cl,, 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 Sr,C0,0s *°, SrO, Fe,05 and SrCl, (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 SriFe,0OsCl, 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 SrsFe,OsBr,, SrsFeCoOsCl, and SrsCo,05Cl,, 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 Sr;Co0,05Cl, 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 ® 7. 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 SrsFe;0sCl,,
Sr3Fe-,0sBry; and SraFeCoOsCl,.
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5.3 Results, including Structural Refinement

5.3.1 Synthetic Results

The known phases SrsFe,OsCl, and SriFe,OsBr,, both formed as

planned:

Target Phase Reagents Heat Treatment Products

90% Sr3Fe,05Cly
Sr3Fe,0O5Cl, SrO, Fe,Os and ~18h at 850 °C and 10%
SrCl, SrFeO3Cl
~18h at 850 °C 100%
Sr3Fe,05Cl,

60%
SrsFe,05Brs SrO, Fe,05 and ~18h at 850 °C Sr3Fe,0sBr, and
SrBr, 40% SrFeOsBr
~18h at 850 °C > 95%
Sr3Fe,0sBr, and
< 5% SrFeO,.g

Table 5.3.1a  Sealed tube synthesis of SrsFe,0sX; (X = Cl, Br)

The cobalt analogues of the parent phase, Sr;FeCoOsCl; and

Sr3Co,05Cl; were both made as phase pure products:

Target Phase Reagents Heat Treatment Products

90% Sr3Fez05Cl;
SrsFeCo0OsCl, Sr,Co,0s5, SrO, ~18h at 850 °C and 10%
Fe,O5 and SrCl, SryFeO5Cl
~18h at 850 °C 100%
Sr3Fe,0sCly

60%
Sr3Co,05Cl, SrCo,0s, SrO, ~18h at 850 °C SrsFe,0OsBroand
Fe,O5; and SrBr, 40% Sr,FeOsBr
~18h at 850 °C > 95%
SrsFe,0OsBr; and
< 5% SrFeO,46

Table 5.3.1b  Sealed tube synthesis of SrsFe,,C0,0:X; (X = 1, 2)
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Unfortunately the oxide fluoride analogue, SrsFe,OsF, did not form, the
single layer compound SrFeO3F formed instead:

Target Phase Reagents Heat Treatment Products
2Yzh at 800 °C, 80% SryFeOsF
reground, ~18h and 20% SrF;
SraFesOsF, SrCO3, Fe, 03 at 850 °C
and SrF,.6H,0 85% Sr.FeOsF
~18h at 850 °C and 15% SrF;

Table 5.3.1c  Oxide fluoride analogue of Sr3Fe,05Cl,

Once again the desired calcium analogues of the parent phases,

CasFe,0OsCly; and CasFe,0sBr; did not form, a mixture of CayFe,Os and simple

oxides and oxide halides formed instead:

Target Phase Reagents Heat Treatment Products
65% CasFes0O5
CazFe;0sCly Ca0, Fe;Oz;and | ~18h at 850 °C and 35% CaCl,

CaCly ~18h at 850 °C as above

~18h at 850 °C amorphous

CazFe-,05Brs Ca0, Fe,035 and 45% Fe,Ca0..
Cabr: ~18h at 850 °C | 35% Ca,Fe,0s
and 20% CaBr»

Table 5.3.1d  Attempted sealed tube synthesis of calcium analogues of Sr3Fe,OsCly

and SryFe,0OsBrs

Unfortunately the related solid solution compound, SrzFe; 5C0505Cl; also
did not form, a mixture of the single layer compound SrFeO3;Cl and simple
oxides formed instead:

Target Phase Reagents Heat Treatment Products
55% Sl’gFeOgCI,

~18h at 850 °C | 30% Sr3Fe;0sCl

SrsFe; 5C00505Cly SrCO;, Fe, 03 and 15% CoO
and SrF,.6H,0 45% SrFeOsCl,
~18h at 850 °C 45% Fe;0O4 and
10% SrO

Table 5.3.1e  Attempted sealed tube synthesis SrzFe; 5C00505Cl2
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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 Sr;Fe,OsCl, 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 O(1) oxygen located on the
(0,0,%2) site (Uigo = 1.18 x 100 A3), 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 (Ui, = 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 (Uis, =
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 (x,x,%2)
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 Sr3Fe,OsCl, data sets
and those of Sr3Fe,OsBr,, SrsFeCoOsCl, and SrsCo,0OsCl, followed a similar
method. For the bromide analogue the small level of impurity (identified as
SrFeO; g6) detected in the PXD scan was also apparent in the PND patterns. For
the SrsFeCoO;Cl, 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 O(1) sites
was only found to be necessary for the pure cobalt analogue, not for either the

Sr3Fe,05Br; or SraFeCo0OsCl, 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 SrsFe;OsCl, and

Sr;FeCo,05Cl, 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 SrzFe,O5Cl, 295 K C-bank data
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Figure 5.3.2.1b Profile fit as obtained to SrzFeC0,05Cl, 295 K C-bank data.
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Table 5.1 Refined atomic co-ordinates, lattice parameters and profile fit factors for SrsFe,.,Co,0sX, (y =0, 1, 2, X = Cl, Br). Space group l4/mmm Sr(1) on
(0,0,0), Sr(2) on (0,0,zs¢z), Fe/Co on (0,0,2), O(1) on (x,x,%%), O(2) on (%,0,2) and X on (0, 0,z¢). 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 SraFe;0sCl, Sr3Fe;0s5Br, Sr3FeCoQsCl, Sr3Co20s5Cl2
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 S1(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)
ZFelCo 0.42101(2) 0.42134(3) 0.42606(4) 0.42647(6) 0.42148(6) 0.42151(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)
Xo1) 0.0143(3) 0.0265(8) - - - - 0.0205(28) 0.0286(19)
Uiso O(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)
Uiso O(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)

Zx 0.29498(2) 0.29532(3) 0.29935(5) 0.29987(8) 0.29471(5) 0.29511(5) 0.29428(7) 0.29443(8)
Uiso X 0.29(1) 0.81(1) 0.40(2) 1.00(3) 0.45(2) 0.94(2) 0.50(4) 0.99(5)
alA 3.93848(4) 3.94684(2) 3.94538(6) 3.95465(4) 3.91932(5) 3.92946(4) 3.90022(9) 3.91451(10)
clA 23.6902(3) 23.7971(2) 25.2833(5) 25.4146(5) 23.7782(5) 23.8766(4) 23.9054(8) 24.0184(7)
Rp 4.03 3.53 2.92 6.58 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 2 2.77 2.30 7.00 2.74 5.45 13.57 4.68 10.26
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Table 5.2 Derived interatomic distances (A) and bond angles (°) for Sr3Fe,05Cly, SraFey0sBry, SraFeCoOsCl, and SryCo,0:Cly, esd’'s are given in

parentheses.

Compound SraFex0sCly SraFex0sBrs SraFeCo0sCl, Sr3C0205Cle -
Temperature 17K 295K 2K 298K 2K 298K 2K 298K

Sr(1)-0(1)* x 4 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) x 8 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-O(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-O(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)
O(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,%) site for O(1) in the SrzFe,05Cl; and SryCo,05Cl; analyses
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5.3.2.2 Magnetic structure determination

Inspection of the room temperature A-bank data for the Sr3Fe;OsCly,
Sr3Fe;05Bry and Sr;FeCoOsCl, phases revealed the presence of several moderately
intense peaks in the d-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 Sr3Fe;0OsBry, analysis revealed an additional weak
peak at 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
8mag = Dmag = \/25:nuc and Cmag = Cnue, CONsistent with a magnetic propagation vector
k=", Y, 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 v ~ 45 from the z-axis for the Sr3Fe,OsCl, analyses
for the first model and an angle 6 ~ 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 Mdssbauer measurements, which indicates that the Fe spins lie within the
xy-plane 7, was used to discount the z-component model. The final agreement
achieved to the low temperature Sr;Fe,OsCl, 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 SrsFe,0O5Cl, 295 K C-bank data

Table 5.3 Refined magnetic parameters obtained from the A-bank of POLARIS. Magnetic

space group B712/m; magnetic cell @mag = bmag = V2anue, Cmag = Cnuc» B = 90°; Fe(/Co) on (Y4,
Y4, z) 8] site. Constraint p, = 0.

Compound Sr3Fe0sCly SrsFez0sBr; SrsFeCoOsCl2
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)
Tig 2.50(4) 2.36(5) 2.61(6) 2.20(4) 1.43(5) 1.20(3)
0(°) 34.8(5) 39.1(7) 39.9(6) 45.5(9) 42.0(10) 43.0(10)
Il (s) 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 Sr;Co,0OsCl, 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 SrsFe,CoyOsX; oxide halides as shown in Figure 5.1a
consists of layers of opposing FeOs square pyramids, each pair linked 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 MOsX octahedra if the extended metal to halide interaction is taken into

account (see Fig. 5.4.1a).

Figure 5.4.1a Representation of the SrzFe;,CoyOsX; structure with Fe/CoOsX 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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O(1) site of SrsFe;OsCl, and SrzCo,0sCl,. This site links the layers of Fe/CoOs
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). lIts effect on the
Fe/Co-O(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 SrsFe;,Co,OsCl, structure with distorted oxygens
linking the Fe/CoOs 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 (lIl), 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 SrzFe.OsX, phases show the
expected expansion when the chloride ion (r.« = 1.81 A) is replaced with the larger
bromide ion (ro = 1.96 A) . The slight change in a ~ 0.002 % is minimal compared
with the much larger 6.5 % elongation of the ¢ parameter. The distance across the
Fe-O(1)-Fe double perovskite layer within the materials remains constant within the
constraints of experimental uncertainty, i.e. 3.744(3) A for SrsFe,OsCl, and
3.737(4) A for SriFe,OsBr,. The expansion in ¢ 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 = Cl 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 SrzFe,OsCl, has a significant effect, with the a parameter of the mixed Fe/Co
material showing a small decrease ~ 0.02 A and ¢ 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 ¢ by an additional
0.014 A. The reduction in a is consistent with the presence of the smaller Co®* ionic
radii (high spin rss = 0.61 A, low spin rer = 0.545 A) compared to Fe®* (high spin rer =
0.645 A). In contrast, the increase in the size of the ¢ parameter with cobalt
substitution does not follow the expected trend and runs contrary to the behaviour
observed for the closely related Ruddlesden-Popper SrsFe;Co,07. series ° and the
YBay(Fe1,C0o,):0g8:x With 0.0 < z < 0.5 series ?°. This elongation of the unit cell
occurs principally through the average M-Cl 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 Co®" ions are present in
the ty ey intermediate spin (IS) state within the oxide halides. This results in a
partially filled d z* orbital, which as it points along the apical axis causes the lattice
parameter ¢ 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 TISr,CoOs?". See below for a diagram depicting spin states for

a d®ion.
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LS 1S 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
Sr3FeCoOsCl; indicates a slight cobalt deficiency, suggesting the true stoichiometry

of the sample to be Sr3F31jz(z)COo,gg(g)OsClg.

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
SrsFe;0sCl, (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 ¢ 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 Sr3Fe,0sCl;, is shown in Figure 5.4.2a. The apical Fe-O(1) and Fe-Cl
interactions show the expected expansion on heating, as does the in-plane Fe-O(2)
distance (see Fig. 5.4.2b). The basal O(2)-Fe-O(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
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Figure 5.4.2b  Graph showing the change in the Fe-O(1) and Fe-Cl bond distances, and the
basal Fe-O(2) bond and O(2)-Fe-0O(2) bond angle, with temperature in SrzFe,0sCl,
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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 SrsFe;O5Cly,, SrsFe,OsBr,, and SrzsFeCoOsCl, arise
from long range antiferromagnetic order of the transition metal spins and are
consistent with Ackerman’s Mossbauer spectrum of SrzFe,OsCl, 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 SrsMn,07, the Mn** parent compound
of the layered CMR manganites . It is also similar to the magnetic structures
adopted by related multi-layer iron perovskites such as PbsFe;0sCl % and
YBa,Fe;0s.« 2 Whose structures result from antiferromagnetic interactions through
the basal Fe d"*.,>-Opy,- d",>. links and across the apical Fe d’,? -O,,- d’,? bonds as

predicted by the Goodenough-Kanamori (GK) superexchange rules ** %,

amag

Figure 5.4.3a Alignment of the Fe moment within the xy-plane for Sr;Fe,OsCl,. Fe spins
are shown at the (¥2,0,z) z ~ 0.42 positions (white spheres) and on the (0,0,z) and (%2,%2,2)
z ~ 0.08 sites (dark spheres).

The previous single crystal Mdssbauer investigation indicates that the Fe
moments lie within the xy-plane and our refinements show that the spins do not point
along the a or 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 6 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 Sr;Fe,OsCl, shown in Figure 5.4.3b

indicates that the spin alignment angle 6 remains constant within + 5° throughout the
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measured temperature range, confirming the absence of spin crossover effects within

the plane.
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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 Sr3Fe,05Cla.
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 lsing system.

The magnitudes of the low temperature refined moments of SrsFe,05Cl, (17
K) and SrsFe,0sBr; (2 K) are 4.40(4) ug and 4.07(6) ug 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 g 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-O distances and the increased interlayer separation within the material.
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The ordered moment u = 2.11(4) ug obtained for SrsFeCoOsCl, at 2 K,
compared with 4.4 45 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 SrsFeCoOsCl, and Sr;C0,05Cl,, as our recent study on
the closely related single layer KoNiF,-type cobalt oxide halide Sr,CoOsCl % revealed
an ordered moment of 2.82(3) ug at 2 K indicative of a HS electron configuration.
However, the absence of any magnetic ordering in Sr3C0,05Cl; and the greater than
expected reduction in the ordered moment of Sr;FeCoOsCl; (assuming HS states for
both ions, approx. 50:50 mix of S = 1 ¥, Fe** and S = 2, Co®" 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 Co** 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 t294eg2, 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 d,” - y2 orbitals of
HS Fe®* and HS Co® and the empty d,? - 2 orbital of IS Co®". Nonetheless, the
complete absence of any magnetic peaks for the phase Sr;C0,05Cl, 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 SrsFe,05Cl»
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 2D Ising system (i.e. critical

exponent 5= 0.125).

M(T) s
—~=C(1-T/T,
M(0) ( /Tv)
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 g = 0.33(6) characteristic of a 3D transition.
The value of g indicates that the growth of long range magnetic order occurs more
gradually than the 2D behaviour observed for planar antiferromagnets such as
KoNiF, 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 Tyeer 0Of 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 Ty is similar

222 and we would expect a

to those typically reported for related Fe perovskites
lower ordering temperature for SrzFe,OsBr, 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 (SrsFe,;0sCl,, SraFe,OsBry,
Sr3C0,05Cl; and SrsFeCoOsCly), 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’ SrX, layers whilst cobalt

substitution produces a reduction in overall cell volume but an unexpected increase

in the ¢ parameter.

The compounds SrzFe;OsCly, SrsFe,0OsBr,, and Sr3FeCoOsCl, adopt an
antiferromagnetic spin arrangement with an expanded L by V2846 by ¢ magnetic
cell with magnetic moments that lie off-axis within the xy-plane. Sr;C0,05Cl, does

not order magnetically.
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Chapter Six

Synthesis and Structural Characterisation of
NdSan04-x(C03)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 " 2, however there
are only a few examples of zinc in this coordination environment within oxide
chemistry. (SrsLa)(ZnRu)Os ® and BalLaZnRuOg * are two examples of zinc in
different octahedral coordination environments. (SrsLa)(ZnRu)Os * possesses
distorted octahedra, with longer apical zinc-oxygen bonds than the equatorial
zinc-oxygen bonds, whilst the zinc-oxygen octahedra BaLaZnRuO; * are regular

in shape.

Figure 6.1a Representation of the Structure of NdSrZnO,. with ZnOg octahedra
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The structure of NdSrZnQO,.« has been reported previously by Grandjean %,
and its orthorhombic to tetragonal distortion already noted (when in its tetragonal
form it adopts the K;NiF, structure). This structural transition appears to be
peculiar to zinc, for the related NdSrCo+.,Cu,O4 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 NdSrZnO,« 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 NdSrZnO,x (x = 0.5) °  using
samarium, gadolinium, dysprosium, cerium and praseodymium. Samples were
prepared by intimately grinding together high purity stoichiometric mixtures of
Nd,O3 / Smy03 / Gdy03 / Dy»03 / PrsOq4 / CeO,, SrCO3 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,, 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

Nd,..SrZnOs5 (x = 0.5, 1.5) (for results, see Table 6.3.1c).

Synthetic attempts were then made towards a final variation upon the

NdSrZnO..« phase, NdSrZnO;Cl, using lower reaction temperatures due to the
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volatility of chloride. This low temperature approach involved heating Nd,Os,
SrCO;, SrCl; 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 NdSrZnO,, synthetic method was
employed, but with SrO taking the place of SrCO; as a reactant (for results, see

Table 6.3.1e).

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 Perkin 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 K,; radiation, over the data
range of 10 — 110° 26. 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 NdSrZnQO,, 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 Synthetic Results
Except in the case of the known phase NdSrZnO..,, it proved impossible

to form the desired target phases with SrL.n,O, forming as the primary alternative

product instead:

Target Phase Reagents Heat Treatment Products
100% (orthorhombic)
Nd,03, SrCO; and 1025 °C, 60h NdSrZnOs.
Zn0O 100% (tetragonal)
1100 °C, 60h NdSrZnO4.«
60% SrSm;04, 20%
1025 °C, 60h SrZn0O; and 20%
Sm,03, SrCO; and Zn0O
ZnQO 45% SrSmy,0s4, 35%
1100 °C, 60h SrZnO, and 20%
Zn0O
50% SrGd;04, 25%
1025 °C, 60h SrGd407, 15% 2Zn0O
Gd,03, SrCO3 and and 10% GdZny,
LnSrZnO,.x ZnO 35% SrGd,04, 25%
1100 °C, 60h SrGds07, 25% ZnO
and 15% SrZn0O,
55% SrDy;04, 35%
Dy,03, SrCO;3 and 1025 °C, 60h SrZn0, and 10%
Zn0O Zn0O
1100 °C, 60h as above
PrsO14, SrCO; and 55% SrPrOs, 30%
Zn0O 1025 °C, 60h Zn and 15% ZnO
1100 °C, 60h as above
60% Sr(Ce0s3), 20%
1025 °C, 60h Zn0O, 15% CeO; and
CeO;, SrC0O3; and 5% SrZnO;,
ZnO 85% Sr(Ce03), 10%
1100 °C, 60h ZnO and 5% CeO,

Table 6.3.1a  Varied lanthanide analogues of NdSrZnQO,.,
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The optimised method readily produced pure samples of both the

orthorhombic and tetragonal phases:

Target Phase Reagents Heat Treatment Products
100% (orthorhombic)
NdSrZnO, Nd,Os, SrC0O;3 and 1025 °C, 24h NdSrZnQO4
Zn0O pelletised then 100% (tetragonal)
1100 °C, 24h NdSrZnQO,.,

Table 6.3.1b  Optimised synthesis of NdSrZnO,.,.

Unfortunately the target phases did not form when the Nd:Sr ratio was

varied from 1:1; instead only a small proportion of NdSrZnQ,, was produced

alongside simple by-products:

Target Phase

Reagents

Heat Treatment

Products

Nd15Sre5Zn04

Ndo5Sry.5Zn04«

Nd203, SFC03 and
Zn0O

1025 °C, 24h

65% (orthorhombic)
NdSrZn0O.., 20%
Nd,O3 and 15% ZnO.

pelletised then
1100 °C, 24h

55% (tetragonal)
NdSrZnO,, 15%
Nd,O3, 15% ZnO and
15% unknown

impurity.

1025 °C, 24h

60% (orthorhombic)
NdSrZnOy., 20%
SrZnOy, 10% Nd;03
and 10% SrO.

pelletised then
1100 °C, 24h

35% Zn0, 25% Nd,03,
15% (tetragonal)
NdSrZnOg., 15%

Zn0,, and 10% SrO.

Table 6.3.1c  Varied stoichiometric analogues of NdSrZnQOg..

In the case of NdSrZnO;Cl, once again the desired analogue did not form,

Sr,OClg and simple oxides formed instead:
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Target Phase

Reagents

Heat Treatment

Products

NdSrZnO;Cl

NdzOg, SrC03,
SrClrand ZnO

800 °C, 24h

60% Nd,0s, 20%
Zn0O and 20%
SI’A,OCIG

Pelletised, then
24h at 950 °C

50% Nd203, 25%
Zn0O, 15% Sr4OClg
and 10% NdO

Pelletised, then
24h at 1050 °C

45% Zn0O, 35%
Nd,Os, 15% Sr,OClg
and 5% NdO

Table 6.3.1d

Oxide chloride analogue of NdSrZnQ,.,

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
100% (orthorhombic)
1025 °C, 24h NdSrZnO,.«
Pelletised, then | 100% (orthorhombic)
NdSrZnO,., Nd,Os, SrO and ZnO | 24h at 1100 °C NdSrZn0O..

Pelletised, then
24h at 1200 °C

50% (tetragonal)
NdSrZnQg, 25%
NdO,, 15% ZnO and
10% SrZnO;

Table 6.3.1e

Carbonate-free synthesis of NdSrZnO,.,

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
95% (orthorhombic)
Orthorhombic Pale green NdSrZn0O.., and 5%
NdSrZnO,. Up to 1150 °C in Nd,03
flowing air
Tetragonal Dirty green 100% (tetragonal)
NdASrZnO,. NdSrZnOs.«

Table 6.3.1f  TGA/DTA of orthorhombic and tetragonal NdSrZnO,., in flowing 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 I/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 | 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 NdSrZnO.x.
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Table 6.1 Refined atomic co-ordinates, latlice parameters and profile fit factors for
orthorhombic NdSrZnO4,. Space group I/mmm Nd/Sr on (0,0,zyys;) site, Zn on (0,0,0),
0O(1) on (0,0,zp), O(2) on (0,%,0) and O(3) on (¥2,0,0). Thermal displacement parameters
(all x 100, Az) 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
NdSrZnOg.,

ZNaise 0.35473(13)

Uiso Nd/Sr 1.53(6)

Uiso Zn 1.13(9)

Zo 0.17191(25)

Uiso O(1) 3.72(9)

Nog) 0.388(9)

Uiso O(2) 0.79(12)

No) 0.694(23)

Uiso O(3) 6.02(36)

X 0.530(16)

alA 3.76029(10)

b/A 3.72166(10)

c/A 13.2939(5)

Ry 4.33

Rup 5.02

y? 9.923
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Table 6.2 Refined atomic co-ordinates, lattice parameters and profile fit factors for
tetragonal NdSrZnO,.,. Space group | 4/mmm Nd/Sr on (0,0,zngs,) site, Zn on (0,0,0),
O(1) on (0,0,z02)) and O(2) on (Xo),”2,0). Thermal displacement parameters (all x 100,
A2) 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
NdSrZnQO,.«

ZNa/sr 0.35368(8)

Uiso Nd/Sr 1.502(26)

Uiso Zn 1.97(5)

Zo 0.17266(15)

Uiso O(1) 3.54(4)

Xo(@) 0.0979(6)

No@) 0.371(3)

Uiso O(2) 2.13(8)

X 0.516(2)

alA 3.73087(4)

c/A 13.31506(26)

R, 4.14

Rup 4.44

v ? 4.686

146



Table 6.3. Derived bond lengths (A) of note for orthorhombic NdSrznO,.,

Compound Orthorhombic
NdSrZnO,.
Bond
Nd/Sr—~ O(1) x 1 2.430(4)
Nd/Sr—0O(1) x 4 2.6689(4)
Nd/Sr—0{2) x 2 2.4479(13)
Nd/Sr — O(3) x 2 2.6819(12)
Zn-0(1)x 2 2.2853(33)
Zn-0(2)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 NdSrZnQ,.,

Compound Tetragonal
NdSrZnOy.,
Bond
Nd/Sr—0O(1) x 1 2.4123(29)
Nd/Sr—0O(1) x 4 2.66104(29)
Nd/Sr—0(2) x 4 2.4584(16)
Zn-0(1)x 2 2.2971(22)
Zn - 0O(2) x 4* 1.9008(4)

* Indicates partially occupied site
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Figure 6.3.2a Profile fit as obtained to orthorhombic NdSrZnQO,_, data
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Figure 6.3.2b  Profile fit as obtained to tetragonal NdSrZnO,, 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 SrCO3;, SrZnO, and Nd,03, 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.
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Figure 6.3.2c Profile fit as obtained to orthorhombic NdSrZnO, data, including SrZnO,

(blue markers) and Nd,O; (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

149



exceeded the temperature at which such a structural group should have exited
the sample, carbonate had been incorporated into the phases.
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Figure 6.3.2d TGA (dark blue) and DTA (pink) data for orthorhombic NdSrZnOg.x
(upper) and tetragonal NdSrZnO,., (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-O bond. When the scans for the two phases were compared to the scan
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for a very similar structure, Nd,gCey,CuQ,, (that had also been made from
carbonates) significant absorption of radiation in the relevant region could be
seen (see Fig. 6.3.2e).

85 |

75 |

70

%R

55
504

45 |

T T T - T T T T "
1900.0 1800 1700 1600 1500 1400 1300 1200 1100 1000 900.0
cm-1

%R

T T T T— T T T T T T T
4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600
cm-1

Figure 6.3.2e Comparative Infrared spectra of orthorhombic NdSrZnO4y (red),
tetragonal NdSrZnQO, (green) and Nd;gCe,.CuO, (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

NdSrZn0,,(COs),.
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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.
NdSrZn044(COs3), » NdSrZnOy4 + yCO,

With such small weight losses such calculations were bound to include a
large degree of e7rror, but tolerably similar values were determined for both the
samples. Orthorhombic NdSrZn0,.,(COs3), led to y = 0.04, whilst the tetragonal

equivalent led to y = 0.09 (see calculations below).

Assumptions:  Mr NdSrZnO, (x = 0.5) = 353.2
Mr CO, = 44
sample at 750 °C is NdSrZnO; 5
sample at 870 °C is NdSrZnO; 5(COs),

Orthorhombic sample calculation:
w _Mn
wr  Mr
12.007 353.2+44y

11.948  353.2
y =0.04

Tetragonal sample calculation:

17.441 353.2+44y

17.249 3532
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

152



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,
Ba,ln,(COs)Os °, (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 NdSrZn0O,.,(COs),.

Figure 6.3.2f Representation of the Structure of Baylny(CO;)Os, with INOs 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

153



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 NdSrZnO,.,(COs),,
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Figure 6.3.2g Profile fit as obtained to tetragonal NdSrZnO4 data, using Baszczuk’s
model to incorporate carbonate as NdSrZnQO,.,(COs),

154



Table 6.5 Unrefined atomic co-ordinates, refined lattice parameters (esd’s are given in

parentheses) and profile fit factors for NdSrZnO,4(COs),

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

O 0 0.5 0.1269 1

O 0 0 0.4513 1

Cc 0 0 0.1269 0.1

O 0.281 0 0.1269 0.025

o) 0.116 0 0.1455 0.0125

0 0 0 0.1469 0.05

Space group = 4/mmm, a = 3.7257(9), ¢ = 26.376(10)
R, = 12.96, Ry, = 18.35, 1, = 163.9

6.4 Discussion

Samples of the orthorhombic and tetragonal forms of NdSrZnQO,.(COs),
(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 K;NiF, structure, whilst a slight disorder in oxygen
positions results in the orthorhombic phase, which remains closely related to the

KoNiF,4 structure type.

The structure of this compound may not be as simple as that of KyNiF,, as
although zinc would be in full octahedral coordination if the stoichiometry of the
structure were NdSrZnO,., 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/SrOg 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 NdSrZnO,. 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 SrLn;O, 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 NdSrZnQO, 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 Nd;.,Sr,ZnO4, (X = 0.5, 1.5)
proved unsuccessful, which could be considered as further demonstrating the
strict ionic radius restrictions needed to create a stable K,NiF, 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 (Nd;sSrosZnQOs75, NdosSry5Zn032s)
being too great to allow for stable phase formation.

The K;NiF, 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 NASrZnO,, in the form NdSrZnO;Cl. This phase was
expected to be particularly favoured as the presence of CI™ in place of O* 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,OCl; is more stable than NdSrZnO;Cl 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 K,NiF, structure,
and indeed zinc is known to exist within the related double perovskite phase
BalLaZnRuOg . However, the zinc ions in the two compounds, BaLaZnRuOg and
NdSrZnO,, 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 NdSrZnO,., structure
are four bonds of approx. 1.89 A and two of 2.29 A, whereas the BaLaZnRuOs
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, O(2) (0, %2, 0) and O(3) on (Y%, 0, 0), but the oxygen
atoms distributed between these two sites are restricted to only one within the
tetragonal phase (0.0979, %2, 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.

Figure 6.4.1a Simplifed representations of the orthorhombic and tetragonal forms of

NdSrZnQO,4.(COs3), (carbonate not shown) ZnOg 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 YBa,Cu3O7.« ° and related phases such as GdBa,Cu;O074 ''. In
fact, the superconducting properties of YBa,CuzO7.« 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
NdSrZnO, 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 Pr;NiO,,, another compound that adopts
the K NiF4 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 O(2) and O(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 fransition

observed for this phase.
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6.4.2 Partially Carbonated Structure

The orthorhombic form incorporates a very small amount of carbonate
within its structure to give the formula NdSrZnO4.4(COs3)0.04 whilst the tetragonal
form contains a larger, but still small, amount of carbonate to give the formula
NdSrZnO4«(COs)o0e. 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 O(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 T, superconducting
cuprates. The structures of the copper oxide carbonates reveal that carbonate
groups may readily replace cuprate groups, enabling strings of carbonate ions to
take the place of copper oxide chains ', or for the formation of alternating CuO,—

CO5—CuQ, chains, as in Sr,CuO,(CO;) .

However, the copper oxide carbonates tend to contain substantial
quantities of carbonate, whereas our NdSrZnQO,.4(COs3), 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
NdSrZnO4(COs), 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 Ba,In,(CO3)O¢ 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).
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6.5 Conclusions

Both orthorhombic and tetragonal phases of NdSrZn0,.,(COs), 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 NdSrZnQ,., 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 NdSrZnO,.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 NdSrZnQO,. were

successful.
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