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Abstract

The vibrational properties of (Ba,K)Bi0 3  are studied in the semi-conducting, metallic 
and superconducting regimes by Raman and inelastic neutron scattering techniques. 
Mode assignment is achieved with the aid of interatomic potential calculations. The 
oxygen phonon modes are found to be sensitive to changes in composition, oxidation 
state of the Bi ions, as well as temperature, which are ascribed to strong electron- 
phonon coupling and discussed within the context of the BCS theory. Novel behaviour 
in the LG oxygen bending mode as a function of K doping is proposed to arise from the 
occurrence of structural phase transitions in this system.

Rietveld refinement of powder neutron diffraction data has confirmed the Fd 3 m 
spinel structure throughout the range of lithium doping in Lii+xTi2-xÛ4 . Inelastic 
neutron scattering and interatomic potential calculations are employed in the 
investigation of the vibrational properties. Although no temperature effects were 
observed, strong changes are seen when comparing LiTi204  with insulating Li4Ti5 0 i2, 
giving evidence for the existence of electron-phonon coupling and a BCS-like phonon 
mediated mechanism for superconductivity.

The structure and vibrational properties of Ba(Sn,Sb)0 3  system, analogous to 
superconducting Ba(Pb,Bi)0 3 , is studied by neutron elastic and inelastic scattering. 
Structural phase transitions or strong changes in the phonon spectra, found for LiTi204 

and (Ba,K)Bi0 3 , are not observed, giving insight for the existence of metallic but not 
superconducting properties.

The structure of various layered and three dimensional members of the 
Ruddlesdon-Popper homologous series, (Ba,Sr)n+iSnn03n+i are solved by Rietveld 
refinement of powder neutron diffraction data.

Powder neutron diffraction and SQUID measurements are employed in the 
study of the spin-Peierls system, GeCu0 3 . Rietveld refinement was performed with 
anisotropic broadening of the [hOl] reflections for all three temperature data sets; 300 K, 
20 K and 4.2 K. Relaxation of the strain parameters is seen through Tgp.
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Chapter 1

1.1 Introduction

Superconductivity is the phenomenon where at a critical temperature, Tg, a metal 

undergoes an electronic phase transition to a state where the electrical resistance drops 

to zero. Although superconductivity was first observed in mercury (Hg) in 1911,^ it 

has only been in the last twenty years that the possibility of superconductivity in oxides 

has been realised. Materials which superconduct can be classed into four types: (i) 

conventional superconductors which consist of elements and alloys, such as Nb, ZrN 

and VgGa, which have a maximum Tc of 23.2 K for NbgGe; (ii) organic charge 

transfer salts, consisting of an organic donor and an inorganic anion, the most 

im portant and well characterised of the form er being BEDT-TTF 

(Bis(ethylenedithiolo)tetrathia-fulvalene);^ (iii) heavy Fermion systems, such as CeAlg 

and CeCu2Si2, whose lattices contain disordered f-electron magnetic moments (e.g. U 

or Ce) and conduction electrons. High correlation between these two types of electrons 

exists at low temperature yielding high effective masses for the conduction electrons. 

Superconducting transition temperatures are relatively low in these systems, for 

example Tc ~ 1.5 K for URu2Si2; (iv) high Tg materials composed of Cu0 2  layers, of 

which La2-xBaxCu0 4  was the first example.^ The huge amount of subsequent research 

in these systems has revealed complicated crystal chemistry and many examples of 

superconducting phases, for which the highest Tc is currently above 140 K. Oxide 

superconductors which do not contain copper such as (Ba,K)BiÜ3, Ba(Pb,Bi)0 3  and 

LiTi204  show intermediate properties characteristic of both the conventional and high- 

Tc materials. Their classification, as indeed is the case with intercalated fullerenes, 

AxC^o, (A = alkali or alkali earth metal) which superconduct at temperatures greater 

than 30 K, is unknown and warrants further investigation. Many general reviews on
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superconducting materials have been pub lished .^ 'T h is  chapter consists of a brief 

description of the properties of superconducting oxides which do not contain Cu.

1.2 NbOandTiO

NbO and TiO are the only binary oxides to superconduct, having transition 

temperatures of 1.4 to 1.6 and 0.7 to 1.1 K respectively.^"^ Their structures are related 

to the rock salt structure, although the lattices are highly defective with both cation and 

anion vacancies. In the case of TiO the defects are highly disordered and materials with 

Ti to O ratios of between 0.8 and 1.3 can be synthesised. In NbO, a more limited Nb to 

O ratio is possible (~ 0.96 and 1.02), and the defects are ordered giving a square planar 

arrangement. In both compounds the conduction band originates largely from direct 

metal-metal interaction, as the metal-metal distance is under 3

1.3 SrTiOs

SrTiOg has an ideal cubic perovskite structure at room temperature.^^’ It undergoes a 

phase transition to a tetragonal structure at 108 and becomes ferroelectric at 45 

Oxygen deficient samples can be synthesised with the general formula, SrTiOs-x, 

either by heating in a vacuum or H2, which show either semi-conducting or metallic 

properties depending on composition.^® No evidence is observed for ordering of the 

oxygen vacancies over a wide range of compositions from single crystal X-ray 

diffraction.^^ In 1964, Schooley et al reported superconductivity with a maximum Tc of 

0.7 K, the first example of superconductivity in a ternary o x i d e . T h e  stoichiometry 

can be estimated from the carrier density by assuming that each vacancy introduces 

two carriers. For example, SrTiOg.x (Tc ~ 0.3 K) has a carrier density of 9 x 10^  ̂cm'^ 

and therefore the estimated x is 0.011.^^ In contrast to the structure of TiO and NbO the 

metal-metal distance is around 4 Â and the conduction band is formed by strong
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covalent bonding between titanium and oxygen. The structure of SrTiOg.^ is shown in 

figure 1 . 1 .

Figure 1.1 Structure of SrTiO^.^ in the Pm3 m space group. Large lightly shaded 

circles represent Sr, large dark circles represent Ti and small dark circles represent O.

1.4 Oxide bronzes, AxMOs (M = Mo, Re or W)

Oxide Bronzes, a term originally coined by Wohler,^'* applies to a variety of transition 

metal oxides with coloured, metallic lustre having the general formula AxMyO^. They 

have been the subject of extensive r e v i e w s . T u n g s t e n  bronzes with the general 

formula, AxWOg, (A is an alkali or alkali earth metal) adopt a perovskite-like structure 

with corner sharing WO^ octahedral units making up a three dimensional framework. 

Figure 1.2 shows the structure of LixReOg. W O 3 itself is cubic and insulating. On 

doping the perovskite A site, tetragonal and hexagonal structures are formed. It is only 

these distorted perovskite structures which display superconductivity, with a maximum 

Tc of 6  K.^*’ In these materials the Tc decreases with x and increased density of 

states at the Fermi energy, opposite to the effect predicted by the BCS+ theory.^

33
A theory derived by Bardeen, Cooper and Schrieffer ' which is discussed in detail in chapter 2
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Figure 1.2 Structure of LixReOg, a distorted perovskite in Im3 space group. Large 

circles represent Re, small light circles represent Li and small dark circles represent O.

M olybdenum  bronzes with the general form ula, A xM oO ], form ed by 

electrocrystalisation from borate fluxes, consist of layers of edge sharing MoO^ 

octahedra. Although some metallic properties are reported, these low dimensional 

m aterials do not show superconductivity.^^ However, alkali metal m olybdenum  

bronzes which are isostruetural with the tungsten bronzes can be prepared by a high 

pressure reaction of alkali metal, M0 O3 and Mo^"  ̂or alkali metal azide and MoOg.^^ 

Tetragonal examples display superconductivity with a maximum Tc of 4.2 As 

w ith the analogous m olybdenum  m aterials, none o f the cubic phases are 

superconducting. ReO] is an ideal cubic perovskite which is highly conducting but not 

superconducting . H exagonal K g jR e O g  formed by high pressure reaction is 

superconducting with a maximum Tc of ~ 3.6 None of these systems display 

superconductivity while the transition metal exists in a cubic environment.
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Compound T c(K ) Reference
Nao.gWOg (t) 0.5 37
Nao.2W0 3  (t) 3.0 38
Cao.iW03 (h) 3.4 39
Sro.osW0 3  (h) 4.0 39
Bao.i4W03 (h) 2 .2 39
Ino.iiW0 3  (h) 2.8 39
TI0.3WO3 (h) 2.1 39
K0.3WO3 (h) 5.7 31, 32
Rbo.3W0 3  (h) 6.6 31, 32
CS0.3WO3 (h) 4.8 31, 32
Lio.3W03 (h) 2.2 40
NaxW0 3  (h) 5.4 40

(NH4)o.33W03 3.2 40
KxMo03  (t) 4.2 36
KxRe0 3  (h) 3.6 36
Lio.çMoôOiv ~2 41

Table 1.1 Superconducting bronzes phases, (t) and (h) indicates a tetragonal or 

hexagonal symmetry respectively.

1.5 AxNb02

Superconductivity in layered doped Nb0 2  was first reported in 1990 for Lio.45Nb0 2  

with a Tc ~ 5.5 K, Tc reducing to 5 K on increased Li intercalation to Lio.5Nb0 2 .^^ 

Superconductivity, though with lower Tc, was also observed in the analogous Na 

doped systems.^^’ Very recently, superconductivity at temperatures greater than 20 

K have been reported for a multiphase sample of BaxNb0 2 .̂ ^

1.6 AgvOgX (X = NÜ3-, HFr, CIO4- and BFr)

Ag-yOgX, where X = NO3-, Hp2", CIO4- and BF4-, are of great interest, despite their 

relatively low Tc (~ 1.4 due to their relevance to cuprate superconductors, since
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Ag lies immediately below Cu in the periodic table and displays mixed valence. The 

structure shown in figure 1.3 is made up from clusters of four fold, square planar Ag-O 

units, similar to the CUO4  found in cuprate superconductors. They are arranged in 

clusters to form an overall cubic structure. No complex silver oxide with a perovskite- 

like structure has been reported.^

Figure 1.3 Structure of AgyOgNOg- in Fm 3m  space group. Large light circles 

represent Ag, small light circles represent N and small dark circles represent O. The 

NO 3- units are disorder.

1.7 LÎTÎ204

Superconductivity in the solid solution of Lii+xTi2-x0 4 , with a relatively constant Tc of 

around 13K up to x ~ 0.1, was discovered in 1973. It is unusual in that it is the only 

oxide with the spinel structure to be superconducting. This system is discussed in detail 

in chapter 6 .
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1.8 Ba(Pb,Bi)Os and (Ba,K)Bi0 3

In 1975, superconductivity was discovered in BaPbi-xBixOs, with a maximum Tc of 

13K when x ~ 0.25."^  ̂Since then this system has been the subject of extensive studies, 

especially with respect to its superconductivity,^^"^^ crystallography,^^’ 

transport,^ specific heat,^^’ optical properties,^^"^^ electron-tunnelling,^^’

6 7 ,7 4 -7 6  X-ray photoemission,^^"^^ EXAFS,^^"^^ inelastic neutron scattering^^"^^ and 

Mossbauer spectroscopy.^^ The Tc in this system is exceptionally high,^^ considering 

the low density of states at the Fermi e n e r g y B a P b O g  itself is metallic, despite 

Pb^+ having a 6s^ configuration, probably due to overlap between O (2p) and Pb (6s) 

orbitals. In contrast to BaSnOg where the Sn (5s) are above the O (2p), thus yielding 

insulating properties,^^ the Pb (6s) orbitals are pushed below the O (2p) ones. This 

lowering in energy compared to Sn (5s) has been ascribed to relativistic effects.^® On 

the other hand, BaBiOg is expected to be metallic with a partially filled Bi (6s) band as 

Bi^+ has a 6 ŝ  configuration. In fact, it is semiconducting due to disproportionation 

into Bi^+ (6s^) and Bî """ (6s^). The electronic structures of BaBiOg and BaPbOg are 

shown schematically in figure 1.4. The properties of BaBiOg are discussed in detail in 

chapter 4.

BaPbOg has a distorted perovskite structure at room temperature, but the 

symmetry has been the subject of much controversy.^^ Superconductivity is found at 

low bismuth concentrations up to around x ~ 0.35, shown schematically in figure 1.5. 

Using X-ray and neutron diffraction Cox and Sleight^^ showed that BaPbOg has 

orthorhombic symmetry at room temperature, and undergoes a phase transition to 

tetragonal symmetry at around x -  0.1. Further doping induces a second transition at 

around x -  0.65 to a second orthorhombic structure (space group Ibmm) which exists 

up to around x ~ 0.9 where a monoclinic symmetry (space group I2/m) is observed. 

BaBiOg itself displays monoclinic s ymmet r ywi t h  two distinguishable Bi sites due to 

the charge disproportionation. The charge disproportionation in BaBiOg can be
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described in terms of a charge density wave and is the subject of chapter 4. Khan et al"̂  ̂

proposed that the lattice has orthorhombic symmetry (Cmm2) throughout the solid 

solution, while other reports^^'^^ have indicated the possibility of two phases, 

orthorhombic (Ibmm) or tetragonal (I4/mcm), around the superconducting 

composition, depending on synthetic conditions. Recently, from neutron diffraction 

Marx et al have reported a more complex room temperature phase diagram in which 

BaPbi-xBixOa is monoclinic (I2/m) with one Bi site in the region 0 < x < 0.2, which 

transforms to a mixture of tetragonal (I4/mcm) and orthorhombic (Ibmm) between

0.2<x<0.3. In the latter regime, the tetragonal phase was identified as the 

superconducting one. From 0.3 < x < 0.65 only the orthorhombic phase (Ibmm) is 

present, transforming to monoclinic (I2/m) between 0.65 < x <1. At high temperatures 

(T > 600 K) all compositions are reported to undergo a transition to a cubic structure.^ ̂  

Synthetic conditions are important in producing a homogeneous distribution of Bi and 

Pb ions,^^ with the best samples produced by high temperature quenching. Local 

structure around Bi and Pb has been investigated by EX APS measurements, which 

demonstrated the existence of two distinct Bi sites throughout the solid solution, 

associated with local charge f l uc t u a t i o n s . I n t e r e s t  in superconductors based on 

BaPbOg and BaBiOg parent materials was extended by the discovery of 

superconductivity at 3.5 K in Ba(Pb, Sb)Og^^ and 32K in (Ba,K)BiOg.^"^’ The 

structure and properties of (Ba,K)BiOg are discussed in detail in chapter 4.
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Figure 1.4 Electronic structure of BaPbO^ and BaBiOg.
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Chapter 2 

Theory

2.1 Introduction

Normal metals have a resistance to the flow of electrons, predominantly caused by 

scattering from other electrons and elementary excitations in the system, such as lattice 

vibrations. The overall resistance is the sum of this intrinsic resistance and resistance 

caused by defects, such that

P(T) = Pi +Pd

The defect resistance, Pd , is temperature independent whereas the intrinsic resistance is 

very sensitive to temperature. For example, at low temperature the electron-phonon 

interaction leads to a temperature dependence of the form

P l-T ^

A superconductor is characterised by a discontinuous drop in the resistance to an 

immeasurably small value at a critical temperature, Tc.^ Meissner and Ochsenfeld^ 

discovered that this state is associated with the presence of perfect diamagnetism up to a 

critical field. He, implying currents are developed on the surface that exactly cancel the 

external field. By analogy with the two-fluid model applied to superfluid He, Gorter and 

Casimer^ derived thermodynamical relations based on a model with mixtures of 

superconducting and non-superconducting electrons. This was used by London^ to 

derive an expression for the penetration of a external magnetic field into the bulk to a 

depth

Xl  =
* 2 m c

47tnge^

where n  ̂is the density of "superconducting electrons"
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The density of superconducting, n§, and non-superconducting, n^, electrons 

varies with temperature in this model such that

_
n

i5

y

4

where n = Ug + Un. Pippard introduced the idea of a coherence length, which is 

dependent on the electron mean free path, to explain anomalies observed in the London 

penetration depth measurements. In 1950, Ginzburg and Landau proposed a theory in 

which the free energy is described in terms of an order parameter.^ It is particularly 

successful in describing superconductors in a magnetic field and readily distinguishes 

between type I superconductors, where the magnetic flux penetrates the bulk through a 

single region, and type II, where n regions of a single quantum of flux, O q, are 

symmetrically spaced. It was not until 1957, however, that a comprehensive theory of 

superconductivity was proposed.^

2.2 BCS Theory of Superconductivity

Cooper discovered that the ground state for a pair of electrons, in an electron gas with 

a net attractive electron-electron interaction, is a bound pair, irrespective of the strength 

of the potential. The attractive interaction is created as follows. Consider an electron 

within a lattice, which creates a lattice deformation due to its presence; a second electron 

is influenced and can reduce its energy by moving through the deformation. The 

electron-electron interaction potential can be approximated as^

47ie^
1+ 2 2 

CO - C O q

where cOq is the phonon frequency at wavevector, q. The first term is the repulsive 

interaction between two electrons described by Coulomb's law, and screened by the
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rest of the electrons by a characteristic screening length of 1/k. The second term is a 

consequence of the electron-phonon interaction. The potential, V(q,co), is attractive if co

< C£)q.

The BCS ground state can be described as two spin-orbital states with zero total 

momentum and spin

|k ,î)a n d

that are simultaneously empty or occupied by two electrons. The appearance of a gap in 

the electronic excitation spectrum, which is equivalent to the breaking of the bound 

pair, E = 2A, (shown in figure 2.1) is a fundamental feature of the superconducting 

state. For a superconductor at zero K, the gap is centred at the Fermi energy and 

displaces energy states above and below the gap, leaving the total number of states 

unaltered.

B
o

§
Û

A 2A-2A -A 0
Energy Relative to Fermi Energy

Figure 2.1 Energy gap in the electronic density of states in an ideal superconducting 

system at absolute zero.

The calculations by Cooper only apply to a single pair of electrons. Bardeen, 

Cooper and Schrieffer^ extended these ideas by assuming an attractive weakly coupled

34



pairing via electron-phonon interaction and devised a comprehensive microscopic 

theory to predict universal, material-independent characteristics of the superconducting 

state. The BCS model is developed from a Hamiltonian which describes a pairwise 

interaction, scattering Cooper pairs from k to k'

-kî 
kk'

where c j  and Cĵ  are phonon creation and annihilation operators, respectively. From

this, an effective Hamiltonian is formed by replacing the phonon components with a 

potential which describes an attractive phonon-induced electron-electron interaction of 

the form^^

(^k“ £k') ~(^®k-k') 

where M^k' is the electron phonon matrix element. is the phonon energy,

which has to be greater than the electron energy difference, 6 )̂  for the overall 

interaction to be attractive. This equation is replaced by more sophisticated relations in 

many later formulations of the theory. The binding energy of a pair can then be 

determined by minimising the total free energy and gives

= Y  v(k,k )—— tank 
f  \ / 2Ek ZkgT

Solutions only occur below the superconducting transition temperature. When A=0, the 

BCS expression for T  ̂is given as

Tg = 1. 14^C0d exp 1
N(Ef)V

where cod is the Debye temperature. This exponential reduction of the Debye 

temperature gives close agreement to experiment and was a major development over the 

earlier theories, which estimated Tc = Debye temperature.^^ Furthermore, an 

expression for the energy gap at absolute zero can be derived as
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A(0) = 2/2COd
1

N(Ef)V

N(Ef)V is an important term in the BCS theory, defined as the electron-phonon 

coupling constant, X. These two equations can be combined to give

2A(0) _= 3.52

which can be experimentally derived in many ways and is a good indication of BCS 

behaviour. At finite temperatures, the magnitude of the superconducting energy gap can 

be estimated as

A(T) = 3 .0 6 T eJl-  —

which is very close to the experimentally determined dependence for many conventional 

superconductors, and is shown diagramatically in figure 2 .2 .

A(T)
A(0)

1

0.8

0.6

0 .4

0.2

0
0.6 0.80 0.2 0 .4 1

T/T,

Figure 2.2 BCS prediction for the dependence of the superconducting energy gap 

on temperature.
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The phonon involvement in superconductivity can be directly measured by the 

isotope effect, which is predicted by BCS theory, and suggested much earlier by 

Frohlich,^^ to be dependent on mass as

Tc oc

This is in excellent agreement with experiments on conventional superconductors and 

was one of the major successes of the BCS theory.

For a normal metal, the specific heat, assuming contribution from phonons (at 

low temperature = T^) is negligible, is given by^^

Ce=yr^gyN(Ef)k|x

Figure 2.3 shows the dependence of the specific heat on both the superconducting. Ces, 

and normal, Cen, states. The exponential increase in Ces is due to thermal excitation 

across the energy gap and is mathematically defined as

Ces ~ 1*34YT(
A (0)f/^ f-A(O) exp -

V

Furthermore, the BCS model predicts a discontinuous jump in the specific heat at Tg. 

The degree of which is dependent on the superconducting transition temperature, such 

that

^ ^ = 1 .4 3
TTc

and has been experimentally observed for many conventional superconductors. For 

example, Al, Ga, Cd give values of 1.45, 1.44 and 1.40 respectively.^^
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Figure 2.3 Discontinuous jump in specific heat at the superconducting transition 

temperature, predicted by BCS theory.

2.3 Modification to BCS Theory

Although the BCS theory has proved to predict the basic properties of conventional 

superconductors quite accurately, it is based on some crude assumptions, which have 

been extensively modified since the original formulation. Refinement of the 

assumptions underlying the BCS model has come about in three ways. Firstly, a 

Coulomb interaction term was added to account for repulsion between paired electrons, 

omitted in original BCS expressions. Secondly, correction was made for the variation 

in the electronic density of states near the Fermi energy, which BCS assumed to be 

isotropic and constant. Finally, the weak coupling limit, that the binding energy, 2A, is 

much less than the Debye temperature, was found to be inconsistent with many 

conventional superconductors, and strong coupling (X > 1) effects need to be 

considered. These are particularly important when analysing high Tc materials.
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A refined expression for the superconducting transition temperature that 

includes an effective Coulomb interaction was derived by Bogolyubov, Tolmachev and 

Shirkov^^

Tg = 1.14^œ J) exp
1

A< — jj.

where A = N (E jV  and includes an effective Coulomb pseudopotential term, \i*, 

where

* —__ VçN(Ef)

l + V(.N(Ef)/n;

Vc describes the Coulomb potential electron interaction at the Fermi surface, and is 

dependent on the mean free distance between electrons. The value of | L i *  can be 

estimated from isotope effect experiments, by the expression

ax
-  =  - a

0M
M

where

1
a  =  -  

2
1 -

V

2 \

For an ideal BCS superconductor, a  = 0.5.

The variation of N(E) at the Fermi energy, within the weak coupling model, can 

be accounted for by describing the electronic density of states around the Fermi energy 

by a Lorentzian peak of relative strength, g.^^ This has been most effective in NbgM 

(M = Sn, Ge, Ga and Al) com pounds,w here  the differing Tc are thought to be 

related to the variation of N(Ef±C0o ). This correction manifests itself in an

exponential renormalisation of the BCS equations for the energy gap and Tc

Tc=T^exp
v4Tcy

and

A = Aexpi —  
l 2 A
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Therefore, the gap ratio becomes

g(l/x-0 .25)
-3 .5 2  exp

kfiTc

2.3A Eliashberg Theory

Predicted Tc for some of the conventional superconductors still differ somewhat from 

the experimentally observed values, particularly for Pb and Hg. In this case, the ratio of 

Tc/cod is much greater than in other metals and alloys, and correspondingly gives 

anomalously large values for X. These strong coupling effects were considered by 

E l i a s h b e r g ^ u s i n g  higher orders of the perturbation theory with frequency 

dependent electron-phonon matrix elements. A frequency dependent electron-phonon 

coupling constant is defined:

X(co) = 2
J o  CO

where F(co) is the phonon density of states, a^(co) is the electron-phonon interaction 

matrix element (not to be confused with the isotope exponent). The value of A,(0) is 

equivalent to the X ( = N(Ef)V) in simple BCS theory. Calculation of Tc for Pb using 

the Eliashberg model gives values within a few percent of the experimental value. 

However, knowledge is required on both the phonon spectrum and electron-phonon 

interaction at the Fermi surface to perform these calculations.

2.3.2 McMillan Equation

McMillan extended these ideas and, using the phonon density of states determined for 

Nb, numerically solved the Eliashberg function and derived the Tc equation
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T .=
_ c o j )  — 1 . 0 4 ( 1  +  X )

*(1 + 0.62^)

This is diagramatically shown in figure 2.4.

70
Debye Temperature 
^ 6 0 0 K
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400 K40

300 K30
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100 K10

0
0 .5 1.5 2.5

Figure 2.4 The dependence of Tc on X for various values of the Debye temperature 

and p* =0.15, as defined by the McMillan approximation of the Eliashberg function. 

For a typical 5 K conventional superconductor, with a Debye Temperature of 200 K, a 

value of around X = 0.6  is calculated.

Allen and Dynes^^ argued that replacement of (1)0 /1.45 with (co)/1.2 gives 

better agreement with experiment, where (co) is the logarithmic mean phonon 

frequency. Tunnelling measurements show that the McMillan equation and derivatives 

systematically underestimates Tc for values of, ^  above 1.5. As the equation was 

developed for Tc < 10 K superconductors, it is not known whether it can be applied to 

high temperature oxide superconductors.
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Figure 2.5 Modification of the McMillan expression, by Allan and Dynes.

2.4 Interatomic Potentials

Calculation of the phonon dispersion and density of states in this work has been 

undertaken using interatomic potentials and the shell model. Atom-atom interactions are 

simulated using two forces. Firstly, the long range Coulomb interaction between pairs 

of ions i and j separated by a distance, rÿ, such

E = M i
coulomb

Secondly, a short range two-body force using the Buckingham potential which is 

characterised by a exponential repulsion term supplemented by an attractive term. That 

is

^ij(rij) = Aexp Ĉ

V y
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The shell model was introduced by Dick and O verhauser.^’ It consists of a 

polai'isable mass-less valence electron shell connected to the core by a harmonic spring, 

with a spring constant, K, shown in figure 2.6. The overall net charge is the sum of the 

individual core and shell charges. Polarisation is due to the distortion of the valence 

electron cloud by the electric field. Since short range repulsion is due to overlap of 

valence shell orbitals on different atoms, in a real crystal these two factors are coupled. 

The shell model successfully models the modification of the electric field set up by 

displacements of ions during the course of lattice vibrations. Variable parameters are A, 

p and C for the Buckingham potential model and the charge, Y and spring constant, K, 

for the shell parameters. These have been derived by empirical fitting to structural data. 

This technique has been effective in simulating the structural and vibrational properties 

of a large number of oxide materials.^^

Core charge, X
Core charge, X 2

Shell Charge, Y ;
Shell Charge, Y2

Figure 2.6 Systematic representation of the core-shell model.
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Chapter 3 

Experimental Techniques

3.1 Introduction

A monochromatic beam can be described as a plane wave and, assuming the 

propagation direction is in the z direction, an explicit expression for the amplitude at a 

given time, t, can be written,

Xÿ _  gi(kz-cot)

where k is the wavevector related to the wavelength by X=2n/k, and co is the cyclic 

frequency equal to 27tv, where v is the wave frequency. The plane wave is infinite in 

extent in the (x,y) plane, perpendicular to the propagation vector. The energy of such a 

wave is related to the angular frequency by,

E = h(û

h is Planck's constant divided by 2n.

Three basic processes can occur when a monochromatic beam interacts with a 

sample: absorption, scattering and refraction. Scattering from a sample can be either 

inelastic or elastic, that is with or without a change of energy of the incident radiation.

3.2 Diffraction : Elastic Scattering of Waves

A crystal structure is constructed by the infinite repeat of its basis. The basis or motif is 

defined as the smallest repeating unit of atoms which shows the full symmetry of the 

crystal structure. There are fourteen distinct lattice types called Bravais lattices, derived 

from the basic seven crystal systems. From the general triclinic lattice; monoclinic, 

orthorhombic, tetragonal, cubic, trigonal and hexagonal all have special conditions on
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the symmetry of the repeat unit. The repetition is defined by a lattice translational 

vector, T,

T = Ma + vb +wc

u,v and w are integers and a, b and c are basis vectors such that any two points r' 

and r have identical atomic arrangements

r'= r+  Ma + vb + wc

The condition relating the wavevector, k, to the reciprocal lattice vector, G, is given

by,
G-k = G-(k + Ma +vb + wc)

and is satisfied when G = /ia +Ab +/c  where a , b and c are the basis vectors 

of the reciprocal lattice, only if a a = b b = c c = l and a b = a -c =..= 0 . 

These imply the following relationship between the reciprocal and the associated crystal 

lattice.
bx c r* cx a  ax  ba = -------------  b = - c = -------
Vc Vc Vc

where is the volume of the unit cell such that,

Vc = a-(bxc)

The reciprocal lattice vector has the property of being perpendicular to the direct space 

lattice planes with miller indices (hkl), and its modulus is the reciprocal of the distance 

between successive (hkl) lattice planes

G 1

^hkl

Hence reciprocal lattice points are related to the direct space lattice planes. The condition 

of coherent elastic scattering can be expressed geometrically in Ewald's construction. 

(Figure 3.1) Here O is the origin where the incident wave, ko, terminates. C is the point 

defining wavevector kg which is parallel to the incident direction and has a magnitude 

of 1/À. The condition for a Bragg reflection is achieved only if one or more points, 

such as P, lie anywhere on a circle centre C of radius 1/A,, and happen to coincide with 

a reciprocal lattice point, making a particular angle called the Bragg angle, Gy, such that 

ZOCP = 26y. From figure 3.1,
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5m(0b) =
IjX 

Therefore,

X = 2d^xsin{%)

Hence the position of the reciprocal lattice points is only defined by the symmetry and 

size of the unit cell; no information is gained on its content. The intensity of each 

reflection is a result of interference of radiation scattered from the constituent atoms, 

information can be subsequently gained about the atomic arrangement within the unit 

cell. If a vector q , can be used to define the position of each atom, i, in the unit cell as 

a fraction of the basis vectors, such that

f j  =  Xja +  y i b  +  ZiC

Expressions can be derived for the structure factor in diffraction from both neutron and 

X-ray radiation,

Fhkl= , [Neutron]
unit cell

Fhkl= [X-rays]
unit cell

Ni is the site occupancy for the ith atom. A temperature factor models the reduction of

intensity due to atomic displacement around its equilibrium position. It is directly 

related to its mean square displacement, (u^ ,̂

W i = 8n ^ ^ , ( u ^ )
A."

The scattering factor is further related to a scattering length, bi, in the neutron 

case, and a form factor, fi , in the X-ray case. In both forms of radiation the actual 

observed intensity for a Bragg reflection is proportional to the moduli squared of the
I i2Structure factor, |Fhki| . This relation has been derived under the kinematical 

approximation. One of the key assumptions is that the magnitude of the incident wave 

amplitude is the same at all points in the crystal. It ignores all effects from absorption, 

disregards the law of conservation of energy, and neglects the actual diffracted 

amplitude. These assumptions become less valid with large, high quality crystals.
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Direction of
 ►----

Incident Beam

Figure 3.1 Ewald's construction, in reciprocal space, as condition of constant 

wavelength diffraction.

3.2.1 Powder X-Ray Diffraction

Powder X-ray diffraction was performed in stepwise scans on a Siemens D500 

diffractometer, employing Cu Kai radiation with a wavelength of 1.54056 Â, in Bragg 

reflection geometry. Samples were mounted on a ceramic or amorphous silicon plate.

3.2.2 Powder Neutron Diffraction

Neutron powder diffraction is commonly performed in two ways, depending on the 

source of the neutrons. Spallation sources, such as the Rutherford Appleton Lab., 

U.K., generate pulses of neutrons and best resolution is gained using time-of-flight
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techniques. Reactor sources, such as NIST, U.S.A. are best employed using the 

constant wavelength diffraction technique. Figure 3.2 shows a schematic diagram of a 

constant wavelength neutron diffractometer, often called a 2-axis diffractometer.

1st collimator

Source
Monochromator

2nd collimator

Sample

3rd collimator

Detector

Figure 3.2 Constant wavelength diffractometer.

Generally, three collimators, comprising of closely aligned stretched Mylar 

sheets impregnated with neutron absorbing Gd203 , are used. The first is between the 

source of thermal neutrons and the monochromator. The second and third collimator 

guide the beam before and after the sample. The resolution of the instrument is 

dominated by the quality and mosaic spread of the monochromator and the angular 

divergence of the beam defined by the collimators.
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3.2.3 BT1 Powder Diffractometer

Powder Neutron diffraction was performed on BTl at the reactor source of the National 

Institute of Standards and Technology, Gaithersburg. U.S.A. BTl (figure 3.3) is a 

constant wavelength powder diffractometer, with a choice of three monochromators at 

different take-off angles, summarised in table 3.1. It has 32 detectors each able to cover 

up to 12° in two-theta, so patterns can be collected over the range, 0° to 167°. Detector 

slits are 125 mm high. It is known^ "̂ that a finite detector slit leads to a Bragg peak 

being shifted, broadened and the peak shape becoming asymmetric. At low angle the 

detectors are partially masked to minimise these distortions, which are caused by the 

curvature of the Debye-Scherrer cone. The asymmetry is modelled by a single 

parameter in Rietveld refinement, (see section 3.2.4) The masking height of each 

detector and the consequential asymmetry parameter are tabulated in appendix 2.

Monochromator Take-off angle Wavelength (A) Relative Intensity

Cu 220 75° 1.5547 100

Cu311 90P 1.5398 63

Si 531 120° 1.5899 30

Table 3.1 Details of monochromators available on BTl diffractometer and relative

intensity for the 14' collimation configuration.

Figure 3.4 shows the dependence of the beta integral as a function of diffracting 

angle for the Cu (220) monochromator at 7  and 14' and the Cu (311) monochromator 

at 14'. The beta integral is defined as the width of a rectangle, which has the same 

height and integrated intensity as a given Bragg reflection. It is similar to full width at 

half maximum (FWHM), but gives a more realistic value for pseudo-Voigt peaks, 

which can have much of its integrated intensity below half the height. All
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monochromators show similar resolution up to 90°. The Cu (220) 14’ shows a rapid 

increase in the beta integral and the data above 135° were excluded in the Rietveld 

refinement where the beta integral is nearly 2°. The Cu (220) 7' and Cu (311) 14' show 

similar resolution, but the Cu (311) monochromator gives greater intensity. The Cu 

(311) monochromator and 14' divergence of the collimator between the source and the 

monochromator, were used in the collection of most data sets in this work, as they 

provides a good compromise between resolution and intensity. Some data sets were 

collected using the Cu 220 crystal when the Cu 311 was unavailable.

Samples were loaded into either vanadium or aluminium cylindrical cans and 

cooling performed by a closed cycle refrigerator to temperatures of lOK. Temperatures 

down to 4.2K were achieved in a liquid helium cryostat. Appendix 3 lists the calculated 

positions of reflections due to aluminium coming from components of the cryostats and 

the sample holder. Two peaks are often visible, caused by diffraction from both sides 

of the cryostat tail. Masking with cadmium strips was used to reduce impurity 

reflections. However, diffraction from the copper block, which the samples were 

mounted on, was still detected in certain patterns. Calculated copper reflections are 

tabulated in Appendix 3. Aluminium and copper reflections were excluded from 

Rietveld refinements.

3.2.4 Comparison of Neutron and X-ray Diffraction

General advantages of neutron over X-ray diffraction are gained due to differences in 

the scattering mechanism. Neutrons are scattered as interaction with the nucleus, and 

although highly dependant on particular isotopes, scattering amplitudes show only 

relatively small changes with increasing atomic number. In contrast. X-ray radiation is 

scattered by interaction with the electrons and shows a steady increase in scattering 

amplitude with atomic number, making the scattering from light atoms difficult to detect 

in the presence of heavy ones. A further consequence of scattering from electrons is a
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large scattering area across the atom, causing a significant decrease on the form factor 

with increasing Bragg angle. This work has made particular use of the precision gained 

by neutron diffraction in locating oxygen atom positions, extracting information about 

subtle distortions not easily detectable in the X-ray data due to the presence of heavy 

metal atoms.

Cu 220 Cu3 Si 531

Neutron
Beam
StopBeam

Rotating shutter 
and collimator

Cryostat and 
Sample holder

32 collimators 
and detectors

Figure 3.3 BTl constant wavelength powder diffractometer at NIST, with 32 

detectors and a choice of three monochromators.
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Two-Theta (Degrees)

Figure 3.4 Experimentally determined beta integral, as a function of two-theta for 

the Cu (220) at 14’ and 7’ collimation and the Cu (311) monochromators at 14’ 

collimation.

3.2.5 Rietveld Refinement

In a powder sample formed by randomly oriented crystallites, information is only 

gained about the lattice spacing. Consequently, one of the main problems is the 

extraction of accurate structure factors for each reflection, due to either degeneracy or 

insufficient resolution. In 1967 Rietveld^’  ̂ introduced a procedure for fitting whole 

profile, based on a least squares minimisation of the residual, Sy, between the observed 

and calculated intensity for each individual step, i, in the profile, where,

S y = X " i ( y i - y c i f
i

yi = observed intensity for the ith step and yd = calculated intensity in the ith step 

The weighting of the observables is calculated as.
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1
W i  = - - - - - - - - - - -

' yi(obs)

It differs from other methods of powder diffraction analysis in that there is no advanced 

attempt to allocate observed intensity to particular Bragg reflections. Consequently, a 

reasonable knowledge of the starting parameters is required. Calculated intensity for 

each hkl is estimated as follows:

y ci -2 0 k )P h k iT  +  y|5i
hkl

s is the scale factor

Lk is a contribution from the Lorentz, polarisation and multiplicity factors 

<]) is the peak shape function

Phki is the preferred orientation function, T is due to absorption 

l^hkil is the stmcture factor for the particular hkl reflection

yt,i is the background contribution at the ith step 

Ai is the asymmetry parameter

Model parameters refined during a typical fit originate from both the sample and 

instrument. Cell parameters, atomic co-ordinates and overall temperature factors, 

isotropic or anisotropic if a non-cubic structure is found to have directional effects, aU 

contribute directly to the structure factor. The background contribution originates from 

both the instrument and incoherent scattering from the sample. Reactor sources for 

neutron diffraction generally give low, featureless backgrounds compared with pulsed 

sources and are well described by a simple 5th order polynomial function originating 

from a user defined value, BKPOS, such that

Ybi = m
i BKPOS

m

A distortion to the peak shape is caused by the cutting of the curved surface (except at 

90°) of the Debye-Scherrer cone, by a finite detector sht height. This is modelled by a 

single parameter, P, where
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A ^ ^ l-P s (2 e ,-2 9 ,)

where s is the sign of (20 j - 20 î ) and 0  ̂ is the defined angle below which this 

asymmetry is applied. A good description of the peak shape is essential in modelling 

any diffraction data. Traditionally, Bragg reflections from neutron diffraction have been 

modelled by a Gaussian peak shape whose breadth, H, has the following theta 

dependence,^

H = um«^ 0 + vm«0 +w 

where u, v and w are refined parameters.

It has been successful in modelling low to medium resolution data, where 

instrumental broadening swamps complicated aberrations in the peak profile, caused by 

defects such as microstrain and small crystallite size. Throughout this work, profiles 

collected on the high resolution diffractometer, BTl, at the National Institute of 

Standards and Technology have required the convolution of Gaussian and Lorentzian 

components in a pseudo-Voigt function, to fully describe the peak shape. The mixing 

of the Gaussian, G, and Lorentzian, L, components is defined by a parameter T |,

pseudo -  Voigt('pV') = T|L -i- (1 -  T|)G 

The mixing parameters, t|, varies linearly with two-theta, through two refined 

parameters, T)o and X.

ri=riQ+X.26

Where extraction of specific information about particle size and microstrain strain is 

required a modified Thompson-Cox-Hasting pseudo-Voigt (TCHZ) function has been 

employed. The theta dependence of the full width at half maximum (FWHM) is 

described as follows,

FWHM^(Gaussian) = u tarî  6 + vtan6 + 'w +
cos 0

FWHM(Lorentzian) = xtanQ-\----
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In this function u and z describe the isotropic broadening to the Gaussian 

function caused by strain and size, respectively, x and y represent the strain and size 

contribution to the Lorentzian component. This differs from other pseudo-Voigt 

functions in that p, is not a refined parameter, but dependent on theta.

T1 = 136603q -  0.44719q^ + 0.1116q^

where.

r  = (rà  + + BF^F^+CF^F^ + DFqF̂ , +

A=2.69269 B=2.242843 C=4.47163 D=0.0784

The convergence of the residual to a minimum is not a satisfactory criterion for 

a good fit, since either a false 'local' minimum could have been achieved or the starting 

structural model might have been incorrect. A number of agreement factors are defined 

to determine the validity of the fit. Two are based on the observed and calculated 

intensity for each Bragg reflection, hkl, the Bragg factor being statistically the closest to 

the conventional single crystal R-factor. In regions of peak overlap, the contribution to 

the observed integrated intensity is taken to be proportional to the calculated 

contribution for the same points.

„ _ SlVlhkl(obs) - VihklMc)
Rf - SVlhkl(obs)

Structural Factor

Rb = Z |lhk;^bs)yhk,(calc)| Factor
2 .Ihkl(obs)

The pattern and weighted pattern R-factors are related to the intensity of each step, i, 

rather than the overall calculated intensity for the Bragg reflections.
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Rp =
^|yi(obs)-yj(calc)|

Zyi(obs)
Pattern Factor

^wp -
2^Wi(yi(obs)-yi(calc))‘

]£wi(yi(obs))'
Weighted Pattern Factor

A 'goodness of fit' factor, %, is defined as,
R wp

R.

where Re is the expected R-factor,

Re -
N -P-hC

^WiYi (obs)

N is the number of data points, P is the number of refined parameters, C is the number 

of constraints giving a value for N-P+C, which defines the number of degrees of 

freedom. Two sets of R-factors are given in this work. The conventional R-factors are 

corrected for background intensity, the ones in the second set are not.

3.3 Vibrational Spectroscopy

3.3.1 Introduction

The thermal energy of a solid causes the appearance of thermal motion. Movement of an 

individual atom within a solid induces movement in its neighbours, due to their close 

proximity and strong interatomic forces, resulting in collective vibrations of the whole 

lattice. This thermal vibration can then be thought of as a wave travelling through the 

crystal, (see figure 3.5) Considering only nearest neighbour interactions, a plane. Us, in 

a crystal with one atom per unit cell, will have a restoring force of the form of Hooke's
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law. That is, the total force is proportional to the difference in the displacements between 

planes Us-i and Us+i with Us,

F = C(U3+ i-U s) + C(U3_ ,-U ,)

C is the force constant. This gives an equation of motion for plane s, such that.

M ^  =  C ( U 3 + 1 + U 3 _ 1 - 2 U 3 )

M is the atom mass. Applying periodic boundary conditions, we find.

I  A C  ■

Cù = J — 5m(l/2ka)
V M ' ^

where k is the wavevector, a is the lattice parameter and Cù is the cyclical frequency. The 

first Brillouin zone occurs between k = -7t/a and 7i/a. A wavevector outside this range is 

identical to a lattice mode inside the first Brillouin zone. Its equivalent can be found by 

translating by a multiple of 27t/a. Lattice vibrations have quantized energy. A quantum of 

vibrational energy is known as a phonon, by analogy with photon as a quantum of 

electromagnetic waves, and is of magnitude, hco. Extending this treatment to crystals 

with more than one atom per unit cell, we find lattice vibrations can take two forms. 

Longitudinal modes, where movement of atoms is along the direction of the propagating 

wave and transverse modes, where the atoms move perpendicular to the direction of the 

propagating wave, (see figure 3.5) For a crystal with n atoms per unit cell, there are 3n 

phonon modes. Three are acoustic and 3n-3 are optical, of which n-1 are longitudinal 

and 2n-2 are transverse modes.
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Figure 3.5 Phonon vibrations in a (a) Longitudinal and (b) Transverse wave.
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3.3.2 Inelastic Neutron Scattering

In a neutron scattering experiment, shown in figure 3.6, a neutron of wavevector, kin, 

is scattered to a resultant wavevector kout- The momentum transfer is HQ, where

Q -  ^in ~ ^out

and the energy transfer is h(ù,

h(ù =  Bin -  Bout =  “  kout)

in

'out’out’ ^out out
Q

Reciprocal SpaceReal Space

Figure 3.6 Neutron momentum transfer in real and reciprocal space.

Bxpressing the momentum and energy change diagrammatically, the familiar 

Bwald construction can be derived for the inelastic case and shown in figure 3.6. In the 

figure, kin and kout are the incident and scattered wave vectors respectively, and in 

contrast to the elastic case are no longer of the same magnitude. The energy transfer, 

H(û, and the momentum transfer, tiQ, are defined as above, but it can be seen that two 

processes are possible. Firstly, a transfer of energy from the incident neutron to the 

crystal lattice, in this case q=qi or secondly, a lattice vibration is annihilated and the 

scattered neutron energy is greater than the incident neutron energy, where q=q2-

Q — kiu — kgut — + q
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out

in

Figure 3.7 Principal of inelastic neutron scattering.

The scattering per atom is given by the double differential cross section in a 

solid angle 3Q and energy range, ,

_ Gg|k.
47t/t|kdQdE

S(Q,m)

Gs is the scattering cross section. S(Q,co) is the scattering law dependent on both 

momentum and energy transfer and contains the information about the structure and 

dynamics of the sample.

Conservation of energy and momentum is only valid for coherent scattering. In 

the case of incoherent scattering there is no phase relation between neighbouring nuclei, 

and, therefore, no interference terms, with scattering always occurring for a range of Q 

values. It can be shown that for a one-phonon process, with appropriate averaging over 

all orientations, the generalised density of states g(co) can be approximated as.
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This has been applied to completely incoherent scatterers, such as vanadium, 

where it is not possible to measure phonon dispersion relations with neutron inelastic 

scattering. Moreover, a similar treatment can be applied under the incoherent 

approximation, to give a more general method of measurement of the generalised 

density of states. In this approximation, the average coherent cross section is assumed 

to be equivalent to the incoherent cross section. Two factors are essential in the 

averaging process, firstly, that enough values of Q are measured and cover the whole 

of the Brillouin zone, and secondly, that all crystallographic orientations are sampled, 

which can be achieved with sufficiently fine powder. In this manner we can obtain an 

expression of the scattering law, S(Q,co),^

i 1

where Ci is the concentration, Oi is the total coherent scattering cross section, mi is the 

mass, ei is the phonon unit-polarisation vector, Wi(Q) is the Debye-Waller factor and 

Fi(co) is the density of states, for the ith atom, Q is the momentum transfer and n(co) is

the Bose thermal occupation factor. The angular brackets (..... ) reflect the averaging

over all Q for all orientations in a polycrystalline sample. For small fixed final energy 

instruments, the ratio (Q /̂co) in the above equation is essentially constant and the 

measured scattering law is directly proportional to the generalised phonon density of 

states, g(co):

where the Q indicates the averaging over Q space.

In a neutron experiment, the above equation shows that the phonon density of 

states, Fj(cù), as calculated with interatomic potentials in this work, is weighted by a 

factor, Gi/mj, and the measured spectra, g((o), are best referred to as the neutron
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weighted density of states. Table 3.2 lists the ai/mi ratios for various elements. The 

density of states measurements in this work are, therefore, dominated by scattering 

from oxygen, in the case of Ba(Sn,Sb)03  and (Ba,K)Bi0 3 , and lithium and oxygen in 

the Li-Mg-Ti-0 system.

Atom Neutron Weighting 

ration, a/mt

Ba 0.044

K 0.056

Bi 0.024

0 0.265

Li 0.202

Mg 0.151

Ti 0.085

Sn 0.041

Sb 0.034

Table 3.2 Neutron weighting a/m ratio for various elements measured in this

work, t a  values obtained from Lovesey^

3.3.3 BT4 Triple Axis Spectrometer

The BT4 spectrometer at the National Institute of Standards and Technology was 

operated with a beryllium filter a n a l y s e r , a s  shown in figure 3.8. The initial 

neutron energy is determined by a copper (220) monochromator, which is rotated 

around an angle of 29, to scan a range of neutron wavelengths, in accordance with the 

Bragg equation,

X = 2d sinQ
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and reflected onto the sample. The scattered beam passes through a beryllium powder 

which only transmits neutrons with a wavelength greater than twice the largest 

interplanar spacing, in this case 3.96Â. The energy transfer, and thus a density of states 

spectrum, can be calculated by subtracting the fixed final energy from the initial neutron 

energy. Three collimators, a i, «2 and ag are situated as in figure 3.8 to determine the 

resolution. The 60' - 40' - 40' configuration was used in all experiments in this work as 

it was thought to give the most appropriate intensity/resolution ratio. The resolution of 

this configuration is 4.3 meV at E=93 meV.

Monochromator
Neutron
Source

Sample  ̂
and cryostat Filter

Analyser

Figure 3.8 Geometry of the BT4 spectrometer with energy analysis performed by a 

monochromator and Be filter analyser.
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3.3.4 Time Focused Crystal Analyser Spectrometer

The Time Focused Crystal Analyser (TFXA)^^ spectrometer is an inverted geometry 

time of flight inelastic scattering spectrometer, based on the geometry of Ikeda et al.^^’ 

In the time focused arrangement, the sample and detectors are in the same plane, 

with the analyser crystal in a plane set parallel to it, shown in figure 3.9. All detected 

neutrons have roughly the same flight time after scattering. Therefore, all possess 

similar final energies (~4 meV), as the angle between the sample and crystal analyser 

from the plane of the detector is fixed at 43°. This is achieved by diffraction from the 

<002> Bragg reflection of a pyrolytic graphite crystal analyser, (see figure 10) 

However, because of the finite width of the detector, sample and analyser crystal, each 

detector has a slightly different final energy. Energy focussing involves converting each 

individual spectrum (detector), taking account of this energy difference, to an energy 

transfer scale before adding them together. Suppression of higher order reflections 

from the graphite analyser is performed by a 150mm Beryllium filter, cooled to 60K, 

and situated between analyser and detector, (see figure 3.10)

TFXA has an incident flight path, Li, of 12 m from the water moderator and a 

secondary flight path, L2, of 0.7 m. (see figure 3.9) It is fitted with 32 Li^ scintillation 

detectors, which are much thinner than the 2.54 cm BF3 gas detectors previously used. 

This has a significant effect on the resolution, (see figure 3.11) The energy of detected 

neutrons is small compared with the incident energy. The scattering vector is practically 

independent of scattering angle and so Q /̂co is essentially constant. In other word, 

EocQ2 (see § 3.3.2) At high energy transfers (E > 30 meV), the Q averaging gives a 

good approximation to the phonon density of states. This becomes less valid with 

lower energy transfers, due to Q values being selectively sampled.
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Moderator

Sample Detector

Crystal Analyser

Figure 3.9 Design of the Time Focused Crystal Analyser (TFXA).

The resolution is dominated, particularly at energy transfers less than lOOmeV, 

by the accuracy of the analyser energy, E2, with a small contribution from the flight 

path ratio, L2/Li.^^ As L2 is limited due to cryostat and sample mounts etc. The ratio 

can only be made smaller by an increase in the primary flight path, Li. The energy 

resolution is given by,

AE2 = 2E2 cot 0 A A0 a  

where E2 = analysing energy and 0 a  = analysing Bragg angle. But for ID position 

sensitive detector, the Marx principle can be applied, such that

AEo =
2b 2 h2

h = distance from sample and detector planes, x = position along detector and B = 

constant and

Axj. = ^^Ax^ + As^j

which is a convolution of sample. As, and detector. Ax widths. TFXA has a resolution 

AE/E, of 1 - 2% over a wide range of energy transfers, (shown in figure 3.11)
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Figure 3.10 Schematic diagram of Time Focused Crystal Analyser (TFXA).
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Figure 3.11 Resolution curves for TFXA.

For General Reviews:

1. C. Kittel, Introduction to Solid State Physics (Wiley, 1986)

2. J. R. Christman, Fundamentals of Solid State Physics (Wiley, 1988)

3. Solid State Chemistry Techniques, edited A. K. Cheetham and Peter Day 

(Oxford University Press, 1987)

Neutron Scattering:

1. S. W. Lovesey, Theory of Neutron Scattering from Condensed Matter (Oxford 

University Press, 1987), vol. 1.

2. G. E. Bacon, Neutron Diffraction (Oxford University Press, 1975)

3. Neutron and Synchrotron Radiation for Condensed Matter Studies, Volume 1 ;

Theory, Instruments and Methods, edited by J. Baruchel, J. L. Hodeau, M. S. 

Lehmann, J. R. Regnard and C. Schlenker (Springer-Verlag, 1993)

69



References

1. M. J. Cooper and J. P. Sayer, J. AppL Cryst. 8 , 615 (1975).

2. E. Prince, J. Appl. Cryst. 16, 508 (1983).

3. C. J. Howard, J. Appl. Cryst. 15, 615 (1982).

4. M. W. Thomas, J. Appl. Cryst. 10, 12 (1977).

5. H. M. Rietveld, Acta Crystallography 22, 151 (1967).

6 . H. M. Rietveld, J. Appl. Crystallography 2 (1969).

7. G. Caglioti, A. Paoletti, and F. P. Ricci, Nucl. Instrum. Methods 35 (1958).

8 . P. F. Miceli, S. E. Youngquist, D. A. Neumann, and H. Zabel, Phys. Rev. B.

34, 8977 (1986).

9. S. W. Lovesey, Theory of Neutron Scattering from Condensed Matter (Oxford 

University Press, 1987), vol. 1.

10. H. H. Stiller and H. R. Danner, in Inelastic scattering of neutrons in solids and 

liquids, edited by (IAEA, Vienna, 1961) p. 363.

11. A. D. Woods, B. N. Brockhouse, M. Sakamoto, and R. N. Sinclair, in 

Inelastic scattering of neutrons in solids and liquids, edited by (IAEA, Vienna, 1961) p. 

487.

12. J. Penfold and J. Tomkinson, Rutherford Appleton Laboratory, The ISIS Time 

Focused Crystal Analyser Spectrometer, TFXA. (1986).

13. S. Ikeda, N. Watanabe, and K. Kai, Physica B 120, 131 (1983).

14. S. Ikeda, Watanabe, and K. Kai, Nucl. Inst. & Meth. 221, 571 (1984).

70



Chapter 4 

Vibrational Studies of (Ba,K)Bi03.

4.1 Introduction

The question of the mechanism responsible for superconductivity in the high Tg 

materials is still actively pursued. While in conventional alloy and elemental 

superconductors, phonon-mediated pair binding is well established (see § 2 ), the 

situation in the cuprates is much more subtle. For example, measurements of the 

neutron-weighted phonon density of states (PDOS) show little difference between 

superconducting (La,Sr)2Cu0 4  and its parent La2Cu0 4 ,̂  or above and below the 

superconducting transition temperature in Bi2Sr2CaCu2 0 g (Tc -  80 K).^ Recently, 

frequency shifts induced by the appearance of the superconducting energy gap have 

been measured in large homogeneous single crystals of Bi2Sr2CaC u2 0 g and 

YBa2Cu3 0 7  away from the Brillouin zone centre,^’  ̂ supporting some phonon 

involvement in the pairing mechanism.

Bai_xKxBi0 3  is an important system in studying the bridge between 

conventional superconductors and the recently discovered cuprates, particularly with 

respect to the pairing mechanism. The material crystallises in a simple three dimensional 

perovskite structure, in contrast to the layered nature of the cuprates. It displays a high 

transition temperature of 32K,^’  ̂despite a relatively low density of states at the Fermi 

energy, £f. Furthermore, the electron pairing is not complicated by possible magnetic 

interactions, as no long range magnetic order has been observed.^ Hall effect 

measurements^ have identified the carriers to be electrons with a small effective mass, 

in contrast to cuprates that are characterised by hole conduction, except for the 

Re2-xCexCu0 4  (Re = Pr,Nd) system, with large effective masses of the carriers. 

Unlike many of the Cu-0 materials, the superconducting energy gap in (Ba,K)Bi0 3  is
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isotropic. Infrared reflectivity measurements have estimated the superconducting energy 

gap (2A) to be 70 cm .̂  ̂This gives the ratio 2A/kTc = 3.5 ± 0.5 in good agreement 

with the predicted BCS value. This is used to calculate an upper limit on the electron- 

phonon coupling constant under the Eliashberg theory to yield a value of ^ ~ 1. 

Tunnelling measurements yield a value for the 2A/kTc ratio as 3.7+0.5,^^ in good 

agreement with the optically derived value. Band structure calculations, using the linear 

augmented-plane-wave (LAPW) technique, predict the conduction band to be a 

hybridisation of Bi (6s) and O (2p) levels, which is minimally affected by K 

substitution on the perovskite A site.^^ For the x = 0 mixed valent compound, (see § 

4.2) only of small charge disproportionation of 0.1 eV is calculated. This is in 

agreement with photoemission s t u d i e s , a n d  leads to the conclusion that the material 

has substantial covalent character and may be best represented as B a2B i^+% .

There is substantial evidence for the involvement of phonons in the 

superconducting mechanism in Ba^.xKxBiOg. The observation of a large isotope effect 

on substituting for confirms unambiguously that oxygen phonon modes are, to 

some part, involved in the mechanism of superconductivity in Bai.xKxBiOg. Loong et 

al measured an isotope effect exponent of 0.42 ±0.05 by inelastic neutron scattering, 

in good agreement with the value by Hinks et al^^ of 0.41 ±0.03 and Kondoh et al of 

0.35±0.05,^ derived from the change in Tg. Batlogg et al reported a lower value of 

0.21 ±0.03,^^ though this might be due to anomalous isotopic fraction e f f e c t s . I t  is 

concluded that phonons are involved in the mechanism and that strong coupling effects 

are small, as the measured values of the exponent do not deviate greatly from the value 

of 0.5 predicted in the weak coupling BCS model, (see § 2) Similar measurements 

show that the isotope effect is small in the cuprates, though this is not necessarily an 

indication that phonon involvement is absent, and small isotope effects have been 

observed in conventional superconductors. Tunnelling data, which measures the 

electron-phonon spectral function, a^F(co), where F(od) is the phonon density of states, 

can be directly related to the neutron weighted density of states, G(co), after correcting
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for the term (ai/mi) where ai is the nuclear scattering cross section and mi is the mass 

of the ith atom. The electron-phonon matrix element a^(co) can then be derived. 

Tunnelling measurements^^'^^ and the subsequent extraction of the a(co) function, 

from molecular dynamic calculations, clearly point to the need to understand the 

involvement of phonons, particularly the high energy oxygen modes, in the 

superconductivity in these systems. Zasadzinski et al revealed well resolved structure in 

the high energy range in good agreement with inelastic neutron scattering 

measurements, and reported the strongest coupling involved phonons around 30 and 60 

meV. An estimate that ^ ~ 1 was extracted from the data.^^ Huang et al also estimated X 

~ 1 and derived the gap ratio, 2A/kTc = 3.8±0.1.^^ Magnetic field measurements 

confirm X ~ 0.9-1.1.^^ Previous studies using inelastic neutron scattering on 

polycrystalline material,^^"^^ have revealed softening of around 5 meV for certain 

oxygen modes between the x = 0 and x = 0.4 compositions. This effect is indicative of 

electron-phonon coupling, and further agree with the premise of normal BCS behaviour 

in superconducting Bao.6Ko.4Bi0 3  with weak coupling to high energy oxygen modes.

In this chapter, high resolution neutron inelastic scattering data on Bai-xKxBiOs 

are presented for a range of x and temperature embracing semiconducting, metallic and 

superconducting behaviour. Mode assignments are made on the basis of phonon 

calculations using interatomic potentials. The vibrational spectra, with particular 

emphasis on modes associated with oxygens, are discussed in terms of the composition 

and oxidation state of the Bi ions and consequently the structure of the Bi-O octahedral.

4.2 Structure of (Ba,K)BiOs.

The crystal structure determines the vibrational spectra, it is worthwhile to review the 

phase transitions in Bai_xKxBiO] on K doping. Neutron diffraction experiments show 

BaBiOg distorts from the ideal Pm3m cubic perovskite structure below BOOK, first to a 

rhombohedral ( R3 ) and then to a body-centred monoclinic, (I2/m), structure.^^’ The
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monoclinic structure can be thought of as containing two types of stmctural distortions: 

First, the BiO^ octahedral are tilted (along the [110] axis) and second, alternating 

comer-sharing BiO^ units are formed by a breathing mode distortion containing short 

(2.12Â) and long (2.28Â) Bi-0 bonds. This creates two separate Bi sites and a 

V2ap X V2ap x 2ap super stmcture. It was proposed that this superstmcture comes from 

two separate Bi valences, so that the compound is better represented as 

BaBio.5^Bio.5^ 0 3 , and contains a charge density wave (CDW) commensurate with the 

lattice. This is consistent with conductivity results, as BaBiOg is a semi-conductor and 

band stmcture calculations without mixed-valence predict metallic character from a half

filled conduction band.^^

Powder neutron diffraction studies on the potassium doped compounds, 

Bai.xKxBiOs, identify two phase transitions as a function of x. The first, near x=0.1, 

is associated with the destmction of the breathing (b) mode distortion rendering all Bi-O 

bonds identical, and described in the orthorhombic Ibmm spacegroup. Secondly, at 

around x=0.375 doping, the octahedral tilt (t) disappears to form an ideal cubic 

perovskite. However, the b-type distortion cannot explain the continued semi

conducting properties in the orthorhombic stmcture. Electron diffraction shows the 

existence of an additional incommensurate CDW along [110],^^ although single crystal 

x-ray diffraction failed to confirm such modulations,^^ which seem be due to electron 

beam induced e f f e c t s . E l e c t r o n  diffraction data are the only evidence of an 

incommensurate modulation.

X-ray absorption spectroscopy which probes the local stmcture of the system, 

has identified two separate bond lengths across the whole of the semi-conducting 

regime (0 < x < 0.375)^^’ and even in the related superconducting Ba(Pb,Bi)0 3  

material. Salem-Sugui et al^  ̂suggested that the ordered breathing-mode type distortion 

in BaBi0 3 , which exist until the metal-insulator transition, becomes disordered with K 

doping. Optical reflectivity measurements of Ba(Pb,Bi)0 3  identify the CDW gap of 

around 2 eV, which is reported to exist throughout the composition range.^^
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Figure 4.1 Temperature and composition phase diagram for Bai-xKxBiOs.
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(a)

(b)

Figure 4.2 Low temperature structure of BaBiOs, described by I2/m monoclinic and 

(b) cubic Bai-xKxBiOs, where x > 0.37. Large lightly shaded circles represent Ba, large 

dark circles represent Bi and O is represent by small dark circles.

76



4.3 Synthesis of Bai-xKxBiOs.

4.3.1 Powder Samples.

Powder samples of BaBiO] were made by mixing Ba(N0 3 )2  and Bi2Û 3 in 

stoichiometric quantities, and heating to 850°C for 2 days in air, followed by a second 

firing at 450°C for 4 hours in O2, with intermittent regrinding. For the synthesis of 

Bai_xKxBi0 3 , BaBi0 3 , KO2 and Bi2Û3 are mixed in stoichiometric quantities and 

placed in an alumina boat. The mixture is transferred to a quartz reaction tube and 

following a two-step procedure described by Hinks et al.^^ is heated to 725°C for 12 

hours under N2 and then annealed for 6 hours at 450°C under O2. This was repeated 

several times to give single phase and homogeneous materials. All sample handling and 

loading was done in a dry box under inert atmosphere. A quartz reaction tube was 

designed with an inner tube running down the inside of an outer one and connected to a 

teflon tap, thus enabling the N2 and O2 gases to pass over the sample, as well as to 

allow transfer between the dry box and furnace, without exposure to the atmosphere.

4 .3.2  Flux Growth of Single Crystals.

Synthesis of single crystals of (Ba,K)Bi0 3  and related phases was performed by anodic 

electrocrystalisation of Bi2Û3 and Ba(0 H)2.8H2 0  dissolved in a molten flux of KOH. 

Details of the cell geometry are shown in figure 4.3. In a typical experiment, around 40g 

of KOH were heated in a nickel crucible to around 170-280°C in a flowing atmosphere 

of N2 or O2. Best results were achieved when this flux was left for one to two days at 

this temperature to enable evaporation of its water of crystallisation, before other starting 

materials are added. A melt composition of around 2g of Ba(0 H)2.8H2 0  and 3g of 

Bi2Û3 was found to yield the best conditions for the crystallisation of high K dopant 

levels, but different compositions were used to grow different phases and lower dopant
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levels. The flux is left for a further 12-24 hours so that all the material is fully dissolved, 

before a constant current of around 0.2 mA is applied across two platinum electrodes.

Pt electrodes

Nickel
Crucible

Gas In Gas Out

Furnace

Starting materials dissolved 
in a molten flux of KOH

Figure 4.3 Electrochemical cell for electrociystalisation in molten KOH tlux.

4.4 Phonon Calculations

The phonon density of states (PDOS) and the phonon dispersion relations throughout 

the Brillouin zone were calculated for (Ba,K)Bi0 3  with the program GULP.^^ Double 

Buckingham interatomic potentials derived before from structural information for these 

systems were employed.^^ Core-shell spring constants and charges for O^- and Ba^+ 

ions were used as derived for related perovskite oxides'^® (Table 4.1).

Three systems were investigated: a cubic (Pm3m) perovskite in which the 

masses of the A-site ions were set equal to mA= 0.6mBa+0-4mK, corresponding to the 

stoichiometry Bao ^Ko^BiOg and shown in figure 4.8. A monoclinic (I2/m) perovskite 

of stoichiometry BaBiOg shown in figure 4.10, and the intermediate composition 

shown in figure 4.9 and described in the Ibmm spacegroup. Figure 4.4 and Table 4.1 

show the Brillouin zone and irreducible representations corresponding to cubic
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perovskite structure with a Pm3m spacegroup respectively. At the zone centre there are 

five triply degenerate modes, 3Tiu + T2u, which are therefore all Raman inactive.

Ion Type Charge Spring Constant

Oxygen 2- Core 0.386 18.41

Shell -2.386

Barium 2+ Core 0.152 29.1

Shell 1.848

Bismuth Core 34 11000

Shell -30

Table 4.1 Charge and spring constants used in the calculation of vibrational 

spectra of cubic (Ba,K)Bi03  and monoclinic BaBiOg.

Figure 4.5 shows the calculated phonon dispersion curves for the cubic system 

along some high symmetry directions in the Brillouin zone (from F to M to X to R and 

back to F). The PDOS in all systems investigated can be divided roughly into four 

regions. At low energies, the acoustic modes extend between 0 and 15 meV, with a 

large peak at -1 2  meV caused by the small dispersion of the external optical mode 

(Figure 4.9 graphically represents all five vibrational modes predicted at the zone 

centre), which is almost completely associated with Ba vibrations. The density of states 

in the 25-32 meV range is principally due to optically inactive phonons; one branch 

around 32 meV shows very little dispersion, while the other extends down to 12meV. 

Both the bending and stretching modes show very little dispersion and are located at 

40-45 meV and 60-70 meV, respectively with a larger than 10 meV gap between them. 

They are characterised by large LO/TO splitting, in good agreement with the 

experimental infrared data of Uchida et al.^^
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Label Point Symmetry

Irreducible Representation 

Optical Acoustic

r ( 0.0  0.0  0.0  ) m 3 m 3T 1u+T2u Tlu

A ( 0.0  a  0.0  ) 4m m 3( A1+E)+B1+E Ai+E

X ( 0.0 0.5 0.0) 4/mm m 3(A2u + Eu)+B2u+Eu A2u+E

z ( a  0.5 0.0 ) m m 2 3(Ai+B2+Bi )+Ai +Bi+B2 A1+B1+B2

M ( 0.5 0.5 0.0) 4/m mm 3(A2u+Eu)+B2u+Eu A2u+E

T ( 0.5 0.5 a  ) m 3 m 3(A%+E)+B%+E Ai+E

R ( 0.5 0.5 0.5 ) 3m 3Tiu + T2u Tlu

A ( a  a  a  ) m 3 m 3 (A i +E)+A2+E Tlu

Table 4.2 Irreducible representations for a cubic perovskite structure.

Figure 4.4 Brillouin zone for a cubic perovskite structure.
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Figure 4.5 Phonon dispersion curves for cubic (Ba,K)Bi0 3 .
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Figure 4.6 Calculated phonon density of states for cubic (Ba,K)Bi0 3 .
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Figure 4.7 Calculated PDOS for Bai.xKxBiOg where 0.1 < x < 0.375, semi

conducting composition described in the Ibmm spacegroup.
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Figure 4.8 Calculated phonon density of states for monoclinic Ba2BiinBi^0 3 .
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Figure 4.9 Five vibrational modes for a cubic perovskite at the zone centre.
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4.5 Vibrational Spectroscopy

The neutron weighted PDOS in Bai-xK^BiOg was measured by the time-of-flight 

technique on TFXA in both the semiconducting (x=0.25, x=0.3 and x=0.35) and the 

metallic and superconductor composition (x=0.4) at 22 K. A further measurement was 

performed on the x=0.4 compound at 45 K, above the superconducting transition 

temperature. Additional high resolution inelastic neutron scattering measurements were 

performed on the triple axis spectrometer, BT4, over the energy range of 28 to 60 meV 

at 10 K. Compositions with x = 0.0, x = 0.25, x = 0.3 and x = 0.4, were investigated, 

with a further measurement at 45 K for Baq ^Ko ^BiOg. Raman scattering data were 

also collected in the Clarendon Laboratory, Oxford on these samples for comparison 

and to aid mode assignment.

4.5.1 Mode Assignment

Mode assignments were made on the basis of comparisons between calculated phonon 

frequency and dispersion relations and the neutron weighted phonon density of states 

measurements. Structure in the spectra is resolvable up to 75 meV and shows similar 

characteristic features throughout the range of composition. The peaks at 11.1, 13.2 

and 16.1 meV should correspond to the complicated splitting in the TO external mode, 

and together with the possibility of some acoustic mode contribution, this makes 

definite mode assignment difficult; however, the eigenvectors are mostly of Ba 

character. The broad peak centred around 14.9meV is mostly of acoustic mode 

character, containing contributions from both Ba and Bi atoms. The relatively sharp 

peak at 22.2 meV can be tentatively assigned to the LO external mode, as it is quite 

distinct from the group of modes below in energy and remains unchanged throughout 

the range of compositions. The TO and LO branches of the optically inactive phonon 

are calculated to be very close in energy, and consequently indistinguishable with
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powder samples, giving rise to the peak at 25.7 meV. The scattering between 25 and 

35meV is best accounted for by a very broad single peak at 31.1 meV, that arises from 

both the optically inactive phonon and the TO branch of the bending mode, while the 

feature at 42.3 meV is due to the LO splitting of the bending mode. Two small features 

at 49.0 and 52.4 meV are present in the 45 - 60 meV range; their origin is not 

immediately apparent since no scattering is predicted by the calculations in this region. 

As both peaks are strongly sample dependent, we assign them to defect modes. Finally, 

the broad peak at 61.0 meV and a sharper feature at 73.7 meV are assigned to the TO 

and LO components of the breathing mode, respectively. Both the octahedral bending 

and breathing modes, which constitute most of the spectrum above 25 meV, are 

dominated by oxygen atom vibrations.

4.5.2 Inelastic Neutron Scattering

Figures 4.10 and 4.11 show the spectra at 22 K for x=0.25 and x=0.4, respectively. 

Table 4.2 shows the results of the Gaussian fit, derived using the program, GAUS 

[Rutherford Appleton Laboratory] to each of the peaks for superconducting, 

Bao.6Ko.4Bi0 3 , and semi-conducting, BaojgKo ^sBiO]. The data below 10 meV were 

excluded from the analysis due to poor instrumental resolution, as the energy transfer 

approaches the fixed final energy of ~4 meV. Only minor changes in the spectra are 

seen on increasing the doping from x=0.25 to x=0.4. The peak at 25.7 meV increases 

in intensity, confirming its origin as mostly from potassium atoms doped on the 

perovskite A site. A further consequence of the higher proportion of K is the softening 

of the modes arising from both the A and B sites of the perovskite, as a result of 

substituting a singly charged ion for a doubly charged one. A softening of the high 

energy oxygen modes, particularly to the TO oxygen breathing vibration, is consistent 

with other inelastic neutron scattering experiments, and is indicative of strong electron- 

phonon coupling.^^
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The most notable change is the almost complete loss of intensity of the 42 meV 

mode in the x=0.4 sample compared to x=0.25. The origin of this mode has been 

extensively debated.^^’ In a single crystal study of Ba(Pb,Bi)0 3 , Reichardt et al 

found that the phonon mode expected in this region was not experimentally observed; 

only scattering, without dispersion in Q, was found, that was assigned to a defect 

mode, arising from a static distortion of the octahedral units.^^ Raman scattering 

measurements^^ showed this peak developed a 'Fano' lineshape at low temperature, 

indicative of electron-phonon coupling, with important implications for the 

superconductivity in this system. It was proposed that this peak arises from BiOn units 

with n<6 . In addition, the intensity and width of this spectral feature is strongly sample

dependent and varies with the nature of the dopant ion and its concentration.27

Bao.75Ko.25Bi^3

0 6010 20 30 40 50 70

Energy Transfer (meV)

Figure 4.10 Neutron weighted phonon density-of-states of Bao.vsKo.isBiOs.
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Figure 4.11 Neutron weighted phonon density-of-states of Bao/yKo ^BiO].
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Figure 4.12 Neutron weighted phonon density-of-states of Bag ^Ko ̂ BiOg.
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Phonon mode 
assignment

Bao.6Ko.4Bi03 
Frequency (meV)

FWHM Bao.75Ko.25Bi03 
Frequency (meV)

FWHM

External TO / Acoustic 8.1(3) 3(1) 11.1(2) 5(4)
External TO / Acoustic 12.8(2) 4.5(5) 13.2(2) 2(1)
External TO / Acoustic 16(1) 13P) 14.9(8) 15(1)
External TO / Acoustic 15.8(4) 0.4(7) 16.1(1) 0.8(2)

External LO 21.9(2) 22.2(2) 3.6(9)
Optically Inactive 25.51(6) 4.6(3) 25.7(3) 2.7(6)

Bending TO 33.1(3) 13(1) 32.1(3) 15.1(9)
Bending LO 42.2(4) 3.8(9) 42.2(1) 2.3(2)

Defect 48.2(5) 7(3) 49(1) 6(2)
Defect 52.6(3) 3.0(9) 52.4(3) 3(1)

Breathing TO 62.0(2) 15.0(7) 61.0(5) 15.0(6)
Breathing LO 73.7(5) 6(2)

Table 4.3 Phonon 

Bao.75Ko.25Bi03 at 22K,

frequencies and FWHM 

measured on TFXA at 22K.

for Bao.6K o.4B i0 3  and

Phonon mode Bao.7Ko.3Bi03 FWHM
assignment Frequency (meV)

External TO / Acoustic 8.2(4) 2(1)
External TO / Acoustic 12.7(1) 3.8(3)
External TO / Acoustic 16.4(2) 1500
External TO / Acoustic 15.9(4) 1.2(2)

External LO 23(1) 2(1)
Optically Inactive 26.7(2) 3.2(2)

Bending TO 34.1(2) 15(2)
Bending LO 41.8(4) 5.2(3)

Defect ■ - -
Defect 53.1(4) 3.7(2)

Breathing TO 62.1(1) 14.6(7)
Breathing LO 74.3 5.6(3)

Table 4.4 Phonon frequencies and FWHM for Bao.7Ko.3B i0 3  measured on 

TFXA at 22K.
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To elucidate the composition dependence of the vibrational features of 

Bai.xKxBiOs in the 38-60 meV region, INS spectra were measured on BT4 at NIST 

with the results shown in figure 4.13. After normalising the spectra for sample size and 

beam exposure, it is clear that the mode at 42 meV distinctly varies with x. It sharpens 

with increasing x from x=0 to x=0.3, but in the metallic phase at x=0.4, it broadens 

again with loss of intensity. The phonon calculations in Section 4.3 clearly identifies 

this feature as the LO component of the octahedral bending mode. As shown in Figure 

4.8 for BaBiOg, the lowered symmetry due to the combination of a tilt and a breathing 

distortion, which doubles the unit cell and the number of phonon modes, leads to the 

prediction of a more intense, less dispersed mode. However, the reason behind the 

progressive narrowing in phonon linewidth from x=0 to 0.3 is not clear. Electron 

diffraction indicates that there may be an additional incommensurate CDW along 

[110],^^ for compositions between 0.1 < x < 0.375, although single crystal x-ray 

diffraction failed to confirm the existence of such modulations,^^ which seem to be due 

to electron beam induced effects.^^’

It is plausible that the narrowing of the 42 meV mode reflects the progressive 

localisation of the breathing mode distortion into domains on a length scale -D, which 

becomes smaller with increasing x. Dispersion of this defect vibrational mode only 

occurs for wavevectors, Q larger than the inverse coherence length of the distortion, 

~1/D and as a result, it could lead to a progressive narrowing as the domains shrink in 

size. Total energy calculations at the local density approximation^^ predict that neither 

breathing nor tilting distortions are stable alone in Ba^.xKxBiOg. So, breathing mode 

distortions, such as those in BaBiOg, are associated with a charge disproportionation, 

but in this case occur only within these local domains. Local regions of CDW were 

predicted to be stable in the Ba(Pb,Bi)0 3  system and can readily explain the 

semiconducting properties in these m a te ria ls .T h e  local CDW model would also 

explain the conflicting results from electron^ and X-ray diffraction data,^^ as

the wavelength of the incommensurate modulations varies smoothly with increasing K
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doping and the charge fluctuations are 'pinned' by defects caused by the electron beam. 

These fluctuations would lie outside the neutron or X-ray diffraction timescales, as 

these techniques probe only an average oxygen position, but would be manifested in 

unusual thermal parameters in a Rietveld profile refinement. Large thermal parameters 

have been reported for this compound in this region of the phase diagram.^^ Similar 

effects have been previously reported for Tl2Ba2CaCuOg, and have been shown to 

arise from random static displacements of atoms.

Neutron weighted PDOS over the range of 35 to 60 meV were measured on the 

triple axis spectrometer at NIST for the superconducting composition x=0.4 above and 

below Tc at 45 and 10 K (Figure 4.15). Neither frequency nor width of any of the 

features in the region varies within the error of the experiment. Extending these 

measurements on TFXA over a wider energy range, see figure 4.16 (a) and (b), reveals 

energy shifts and broadenings of both the TO oxygen breathing and bending modes on 

cooling through the transition temperature at 32 K. Figure 4.17 (a) and (b) shows 

Gaussian fits to the TO oxygen breathing mode at 45 and 22 K in superconducting 

Bao.6Ko.4Bi0 3 . Cooling below Tc is accompanied by an increase in the full width at 

half maximum, F, of the breathing mode from 8 .6(6) to 15.0(7) meV and the bending 

mode from 6(1) to 13(1) meV. The phonon broadening is associated with complicated 

energy shifts, with the TO bending mode showing a softening from 34.5(2) to 33.1(3) 

meV and the breathing mode a hardening from 61.1(3) to 62.0(2) meV.
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Figure 4.14 Variation of the FWHM and Integrated Intensity of the 42 meV phonon 

mode with x for Bai.xKxBiOg.
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Figure 4.15 Temperature dependence of the phonon spectra of Bao.6Ko.4Bi0 3  from 

35 to 60meV. Measurement performed on the triple axis spectrometer at NIST.
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The change in phonon frequency and width is dependent on its energy relative to the 

superconducting energy gap, 2A.^^ Phonon modes below 2A should show a softening, 

which decreases with increasing energy above the gap. Phonon modes above 2A 

should harden, but calculations predict that impurities will have the opposite effect, and 

possibly cause a slight softening of modes.^^ Zayher and Zwicknagl^^ calculated the 

phonon energy shifts for YBa2Cu3 0 7 , assuming 2A = 41 meV, Tc = 92 K, p,* = 0.25 

and X = 2.9. Softening of modes by 6.2 meV, 3.8 meV, 1.74 meV and 0.6 meV for 

phonon mode at co/(2A) = 1.08, 0.99, 0.99 and 0.49 and hardening by 1.36 meV of a 

phonon at oV(2A) =1.81 were predicted.

The softening of the TO bending mode in Bao ^f^o ^BiOg from 34.5(2) to 

33.1(3), a shift of around 1.4 meV, can be explained by the predicted hardening being 

counter balanced by impurity effects. The hardening of the TO oxygen breathing mode 

is typical of phonon shifts being induced by the appearance of a superconducting 

energy gap. A shift from 61.1(3) to 62.0(2), around 0.9 meV, is just within the 

resolution of the instrument. The frequency of these modes are at co/(2A) = 4.0 and 7.0. 

For YBa2Cu3 0 v, Zayher and Zwicknagl"^^ predicted superconductivity induced effects 

to be small so far from the superconducting energy gap. It is not clear why such large 

effects are found in the present system. Temperature dependent shifts have also been 

ascribed to small atomic displacements near Tq. However, there is no evidence for such 

changes in Bai.xKxBiOg. These shifts are, therefore, related to the onset of 

superconductivity and the appearance of the superconducting energy gap. Furthermore, 

it is clear that the two TO modes at -34 and -61 meV are more coupled with the 

electronic system. In agreement with the tunnelling measurements,^^ these two modes 

are predicted to have the largest contribution to the electron-phonon coupling constant.
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Figure 4.16 S(Q ,co) of Bao.6Ko.4BiO3 measured on TFXA in (a) the 

superconducting (22K) regime and (b) the metallic (45 K) regime.
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Figure 4.17 Temperature dependence of the phonon density of states in Bao ^Ko ̂ BiO] 

at (a) 22 K and (b) 45 K.
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4.5.3 Raman Scattering

Raman Scattering spectra of Bai.xKxBiOs, where x = 0.25, 0.3, 0.35 and 0.4, at 4.2 

K, are shown in figure 4.18. The spectra are in good agreement with those previously 

r e p o r t e d . F r o m  group theory, (see table 4.2) an ideal cubic perovskite, having 

Pm3m symmetry, has no Raman allowed vibrations. The effect of a structural 

distortion, to both the orthorhombic, Ibmm, and the monoclinic, I2/m, symmetries, 

would cause certain modes to become allowed. All compositions were found to have 

peaks at ~ 70 meV and ~ 40 meV. These are assigned to the LO branches of the oxygen 

breathing and bending modes respectively. The large intensity of the 70 meV mode 

results through resonance with the electronic excitation across the charge density wave 

gap.^^ Furthermore, Tajima et al,^^ in a Raman study of thin films, reported that this 

mode disappeared on increasing the amount of K doping through the metal-insulator 

transition. No evidence is found in this work of a change in either intensity or width 

throughout the whole composition range, in agreement with McCarty et al.^^ The 

feature at ~ 40 meV, is substantially softer than the frequency found in the neutron 

scattering study, which is a reflection of its relatively large dispersion within the 

Brillouin zone. No substantial change is seen on doping the system through the metal- 

insulator transition, in contrast with the sharp changes occurring in the neutron data. 

This arises because the Raman scattering technique only samples a small range of 

reciprocal space near the zone centre.

Temperature dependent Raman scattering measurements reveal no measurable 

difference for the superconducting composition ( Bao.6Ko.4Bi0 3  ) above and below the 

superconducting transition temperature for either the phonon at -40 meV or at 70 meV. 

The Raman spectra of Bao.6Ko.4Bi0 3  in the superconducting (4.2 K) regime and the 

non-superconducting metallic state at 45 K is shown in figure 4.19. This is consistent 

with the neutron scattering data. The improved resolution for these modes, showing no 

shift induced by the onset of superconductivity, clearly shows the shifts occurring in
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the TO oxygen modes, ( § 4.5.2) are unique. Understanding why the TO modes have a 

significantly larger contribution to the coupling mechanism should be important in 

understanding the electron phonon coupling in this system.

X = 0.4I
!
t
I x=0.35S

I
X = 0.3

X = 0.25

20 30 6040 50 70 80
Frequency (meV)

Figure 4.18 Raman scattering spectra of Bai-xK^BiOg, where x=0.25, x=0.3, 

x=0.35 and x=0.4 at 4.2 K.
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Figure 4.19 Raman scattering of Bag ^Ko ^BiO] above (T = 45 K) and below 

(T = 4.2 K) the its superconducting transition temperature.
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4.6 Conclusions

Te can be calculated for Bai.xKxBiOs as described in §2. Jin et al modelled the 

superconductivity in Bai-xKxBiOs using the Eliashberg theory, with the phonon 

density of states calculated by molecular dynamics techniques and assuming a coupling 

constant, X, of around 1. The electron-phonon matrix element, a^(co) was divided into 

bands, 0-23 meV, 27-43 meV, 47-52 meV, 56-63 meV and 67-80 meV and allocated 

ratios of 1.0, 2.0, 2.5, 4.5 and 2.5 respectively by comparison with tunnelling data.^^ 

There is a strong dependence of p* on Tc, however, assuming a value of p* = 0.1, a Tc 

of 31 K is calculated. Shirai et al^^ solved the spectral function, d^{Cù), using the 

Eliashberg theory, and found strong coupling associated with the LO stretching mode. 

This gives strong evidence that Bai.xKxBiOg can be understood within the framework 

of phonon mediated pairing.

Using the experimentally obtained Debye temperature of 280 K, the McMillan 

equation ,
—1.04(l À.)

X, — p * (l 4- 0.62X)

can be used to calculate the dependence of the superconducting transition temperature 

with X, as shown in figure 4.20. The experimentally obtained value for Tc around 32 K 

can only be obtained with a coupling constant greater than 1.5, assuming values a value 

of p* between 0.1 and 0.15. Assuming the TO oxygen bending (34.5 meV) and TO 

oxygen breathing mode (61.1 meV) are equally responsible for superconductivity in 

this system with no contribution from other phonons, the average logarithmic phonon 

frequency, which is defined as,̂ ®

0(co) = exp

dû)
CO

7 a^F(co) 
i  CO

dco
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would then lie between these two values. This value can be used to obtain an estimate 

of Tc, using the Allen and Dynes expression,^®

-1.04(1 + X)
A/ —  | L i  * (l + 0.62 A<)

40

30

II =0.15

20

10

0
0 0 .5 2 2 .51 1.5 3

Figure 4.20 Dependence of Tc with coupling constant derived using the McMillan 

equation.

Figure 4.21 shows the variation of Tc with the coupling constant, X, assuming 

various values for (co) and |i*. Figure 4.22 shows the dependence of the Tc and (œ), 

for fixed values of X and |i*. Assuming a value for |i* between 0.1 and 0.15, then we 

can easily estimate the maximum experimental Tc around 32 K, by choosing values of 

(co) around 45-50 meV and values of X around 1.0. This work has proved phonons 

above 40 meV are involved in the phonon mediated pairing and values of X around 1.0 

have been experimentally obtained by various methods, (see § 4.1) Clearly, the pairing 

mechanism in Bai.xKxBiOg can be understood in the same context as conventional
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superconductors, with moderate coupling (k ~ 1.0 ) to high energy oxygen phonons 

(E > 40 meV).

Local structural fluctuations have been also shown to exist for compositions in 

the phase diagram between those displaying a commensurate charge density wave and 

metallic character. The local structural fluctuations are thought to involve local charge 

disproportionation and oxygen octahedral tilting over small size domains. There is 

evidence that such local domains exist in Ba(Pb,Bi)0 3  throughout the whole phase 

diagram, including the superconducting regime. Persistence of such a local CDW 

would reduce the density of states at the Fermi energy, and its complete disappearance 

in Bai-xKxBi0 3  could explain why its superconducting transition temperature is much 

greater.

TO breathing and TO bending modes have been found to shift and broaden on 

cooling through the superconducting transition temperature. This has been assigned to 

interaction with the superconducting energy gap, and shows that these two modes are 

strongly coupled with the electronic system. Calculations predict these modes to be of 

oxygen character, with significant amount of bismuth character, particularly the phonon 

around 30 meV. Electronic structure calculations^^ have demonstrated that the 

conduction band involves hybridisation of Bi (6s) and 0(2p) orbitals. A phonon mode 

which modulates the mixing of these two components would be expected to be strongly 

coupled to the electronic system. However, it is not clear why TO modes seem to have 

a much larger effect than LO modes or why such strong interaction with the 

superconducting energy gap should occur at such a large phonon energies much greater 

than 2A.
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Figure 4.21 Dependence of Tc on X, with fixed values of (co) and ji*.
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Figure 4.22 Dependence of Tc on (co), with fixed values of Aand p*.

103



References

1. M. J. Rosseinsky, K. Prassides, P. Day, and A. J. Dianoux, Phys. Rev. B

37, 2231 (1988).

2. B. Ranker, F. Gompf, E. Gering, D. Bwert, H. Rietschel, and A. J. Dianoux, 

Z. Phys. B 73, 309 (1988).

3. H. A. Mock, B. C. Chakoumakos, M. Mostoller, A. T. Boothroyd, and D. M.

Paul, Phys. Rev. Lett. 69, 2272 (1992).

4. N. Pyka, W. Reichardt, L. Pintschovinus, G. Engel, J. Rossat-Mignod, and J.

Y. Henry, Phys. Rev. Lett. 70, 1457 (1993).

5. L. F. Mattheiss, E. M. Gyorgy, and D. W. Johnson, Phys. Rev. B 37, 3745

(1988).

6 . R. J. Cava, B. Batlogg, J. J. Krajewski, R. Farrow, L. W. Rupp, A. E.

White, S. K., W. F. Peck, and T. Kometani, Nature 332, 814 (1988).

7. Y. Uemura, B. J. Sternlieb, D. E. Cox, J. H. Brewer, R. Kadono, J. R. 

Kempton, R. F. Keifl, S. R. Kreitzman, G. M. Luke, P. Mulhern, T. Riseman, D. L. 

Williams, W. J. Kossler, X. H. Yu, C. E. Stronach, M. A. Subramanian, J. 

Gopalakrishnan, and A. W. Sleight, Nature 335, 151 (1988).

8 . S. Kondoh, M. Sera, and Y. Sato, Physica C 157, 469 (1989).

9. Z. Schlesinger, R. T. Collins, J. A. Calise, D. G. Hinks, A. W. Mitchell, Y. 

Zheng, B. Dabrowski, N. E. Bickers, and D. J. Scalapino, Phys. Rev. B. 40, 6862

(1989).

10. H. Sato, T. Ido, S. Tajima, M. Yosida, K. Tanabe, and S. Uchida, Physica C 

185, 1343 (1991).

11. L. F. Mattheiss and D. R. Hamann, Phys. Rev. B 28, 4227 (1983).

12. M. S. Hedge, P. Barboux, C. C. Chang, J. M. Tarascon, T. Venkatesan, X. 

D. Wu, and A. Inam, Phys. Rev. B 39, 4752 (1989).

104



13. Y. Jeon, G. Liang, J. Chen, M. Croft, M. W. Ruckman, D. Dimarzio, and M.

S. Hegde, Phys. Rev. B 41, 4066 (1990).

14. Z. X. Shen, P. A. P. Lindberg, B. O. Wells, D. S. Dessau, A. Borg, I. 

Lindau, W. E. Spicer, W. P. Ellis, G. H. Kwei, K. C. Ott, J. S. Kang, and J. W. 

Allen, Phys. Rev. B 40, 6912 (1989).

15. J. B. Boy ce, F. G. Bridges, T. Claeson, T. H. Geballe, and J. M. Remeika,

Phys. Rev. B 41, 6306 (1990).

16. C. Loong, D. G. Hinks, P. Vashishta, W. Jin, R. K. Kalia, M. H. Degani, D. 

L. Price, J. D. Jorgensen, B. Dabrowski, A. W. Mitchell, D. R. Richards, and Y. 

Zheng, Phys. Rev. Lett. 66, 3217 (1991).

17. D. G. Hinks, D. R. Richards, B. Dabrowski, D. T. Marx, and A. W. Mitchell, 

Nature 335, 419 (1988).

18. B. Batlogg, R. J. Cava, L. W. Rupp, A. M. Mujsce, J. J. Krajewski, J. P. 

Remeika, W. F. Peck, A. S. Cooper, and G. P. Espinosa, Phys. Rev. Lett. 61, 1670 

(1988).

19. E. S. Hellman, Physica C 211, 486 (1993).

20. Q. Huang, J. F. Zasadzinski, N. Tralshawala, K. E. Gray, D. G. Hinks, J. L. 

Peng, and R. L. Greene, Nature 347, 369 (1990).

21. J. F. Zasadzinski, N. Tralshawala, D. G. Hinks, B. Dabrowski, A. W. 

Mitchell, and D. R. Richards, Physica C 158, 519 (1989).

22. J. F. Zasadzinski, N. Tralshawala, P. Romano, Q. Huang, J. Chen, and K. E. 

Gray, J. Phys. Chem. Solids 53, 1635 (1992).

23. R. Zasadzinski, K. G. Vandervoort, D. G. Hinks, and G. W. Crabtree, J. 

App. Phys. 76, 407 (1994).

24. W. Jin, M. H. Degani, R. K. Kalia, and P. Vashishta, Phys. Rev. B 45, 5535 

(1992).

25. W. K. Kwok, U. Welp, G. W. Crabtree, K. G. Vandervoot, R. Hulscher, Y. 

Zheng, B. Dabrowski, and D. G. Hinks, Phys. Rev. B 40, 9400 (1989).

105



26. K. Prassides, M. J. Rosseinsky, A. J. Dianoux, and P. Day, Physica B 180, 

393 (1992).

27. K. Prassides, M. J. Rosseinsky, A. J. Dianoux, and P. Day, J. Phys. c: Cond. 

Matt. 4, 965 (1992).

28. A. V. Belushkin, A. V. Vagov, M. G. Zemlyanov, and P. P. Parshin, Physica 

C 199, 103 (1992).

29. C. Loong, P. Vashishta, R. K. Kalia, M. H. Degani, D. L. Price, J. D. 

Jorgensen, D. G. Hinks, B. Dabrowski, A. W. Mitchell, D. R. Richards, and Y. 

Zheng, Phys. Rev. Lett. 62, 2628 (1989).

30. D. E. Cox and A. W. Sleight, Acta Cryst. B 35, 1 (1979).

31. S. Pei, N. J. Zaluzec, J. D. Jorgensen, B. Dabrowski, D. G. Hinks, A. W.

Mitchell, and D. R. Richards, Phys. Rev. B 39, 811 (1989).

32. P. Wochner, Q. J. Wang, S. C. Moss, S. K. Sinha, G. Grubel, H. Chou, L. 

B. Berman, J. D. Axe, C. K. Loong, J. Z. Liu, W. D. Mosley, P. Klavins, and R. N. 

Shelton, Phys. Rev. B 47, 9120 (1993).

33. E. A. Hewat, C. Chaillout, M. Godinho, M. F. Gorius, and M. Marezio, 

Physica C 157, 228 (1989).

34. M. Verwerft, G. Vantendeloo, D. G. Hinks, B. Dabrowski, D. R. Richards, 

A. W. Mitchell, D. T. Marx, S. Y. Pei, and J. D. Jorgensen, Phys. Rev. B 44, 9547 

(1991).

35. S. Salemsugui, E. E. Alp, S. M. Mini, M. Ramanathan, J. C. Campuzano, G. 

Jennings, M. Faiz, S. Pei, B. Dabrowski, Y. Zheng, D. R. Richards, and D. G. 

Hinks, Phys. Rev. B 43, 5511 (1991).

36. S. Tajima, M. Yoshida, N. Koshizuka, H. Sato, and S. Uchida, Phys. Rev. B

46, 1232 (1992).

37. D. G. Hinks, B. Dabrowski, J. D. Jorgensen, A. W. Mitchell, D. R. Richards,

S. Pei, and D. Shi, Nature 333, 836 (1988).

106



38. J. D. Gale, Royal Institution of Great Briatain and Imperial College (1992- 

1994),

39. X. Zhang and C. R. A. Catlow, Physica C 173, 25 (1991).

40. Lewis and C. R. A. Catlow, J. Phys. Chem Solids 47, 89 (1986).

41. S. Uchida, S. Tajima, A. Masaki, S. Sugai, K. Kitazawa, and S. Tanaka, J.

Phys. Soc. Jpn. 54, 4395 (1985).

42. C. K. Loong, P. Vashishta, R. K. Kalia, W. Jin, M. H. Degani, D. G. Hinks, 

D. L. Price, J. D. Jorgensen, B. Dabrowski, A. W. Mitchell, D. R. Richards, and Y. 

Zheng, Phys. Rev. B 45, 8052 (1992).

43. W. Reichardt and W. Weber, Jpn. J. App. Phys. 26, 1121 (1987).

44. K. F. McCarty, H. B. Radousky, D. G. Hinks, Y. Zheng, A. W. Mitchell, T.

J. Folkerts, and R. N. Shelton, Phys. Rev. B. 40, 2662 (1989).

45. A. I. Liechtenstein, 1.1. Mazin, C. O. Rodriguez, O. Jepsen, O. K. Andersen, 

and M. Methfessel, Phys. Rev. B 44, 5388 (1991).

46. E. Jurczek and T. M. Rice, Europhys. Lett. 225, 1 (1986).

47. P. B. Allen, in Dynamical Properties o f Solids, edited by G. K. Horton, A. A.

Maradudin (North-Holland, Amsterdam., 1980), vol. 3,.

48. R. Zeyher and G. Zwicknagl, Z. Phys. B. 78, 175 (1990).

49. M. Shirai, N. Suzuki, and K. Motizuki, Ferroelectrics 96, 99 (1989).

50. P. B. Allen and R. C. Dynes, Phys. Rev. B 12, 905 (1975).

107



Chapter 5 

Structure and Vibrational Properties o f  
Ba(Sn,Sb)03.

5.1 Introduction

The metal-oxygen bonding in the family of cubic perovskite superconductors, that 

includes Ba(Pb,Bi)0 3  (Tc ~ 13K), Ba(Pb,Sb)0 3  (Tc ~ 3.5K) and (Ba,K)Bi0 3  (Tc ~ 

32K), is due to overlap between the metal 6s (Pb,Bi) or Sb(5s) and the O (2p) levels. 

Hybridisation of these energy levels occurs and its consequential modulation by 

phonons, affects the electron-phonon coupling and superconductivity in these systems 

(see §4). In this chapter, we investigate the 5s orbital analogue of Ba(Pb,Bi)0 3 , namely 

Ba(Sn,Sb)0 3 , to further understand the bonding in these systems. Furthermore, there 

are reports of mixed valence in both tin and antimony oxides,^ a promising property in 

the search for new superconductors.

BaSni-xSbx0 3  exists as a single phase solid solution over a relatively small 

range of Sb doping, 0 < x < 0.2 and although it becomes conducting, it does not 

become superconducting at temperatures as low as 0.05K.^ BaSn0 3  is an insulator 

with a band gap of 3.4 eV.^ The resistivity of BaSni_xSbx0 3  is strongly dependent on 

both Sb content and post annealing conditions. Annealing in at 950°C after high 

temperature firing in air, implying production of oxygen vacancies, produces the most 

conducting samples. The conductivity increases with the amount of antimony doping, 

(with the highest conductivity reported for the x=0.15 sample) up to the x=0.2 

compound, where there is a sudden drop, such that BaSno.8Sbo.2O3 has twenty times 

higher resistance than BaSno.85Sbo.15O 3 . The origin of this sudden change in 

conductivity is unknown. Powder X-ray diffraction reveals no structural changes 

associated with Sb doping. The existence of highly resistive material at the grain
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boundary could cause such differences.^ Samples with Sb doping up to x = 0.15 show 

temperature independent resistivity from 300 to 5 K and only the x = 0.2 compound 

displays semi-conductor-like behaviour. This leads to the speculation that there are 

midgap states associated with Sb atoms, possibly due to charge disproportionation of 

either Sn or Sb.

Cava et al proposed that the absence of superconductivity was a consequence of 

the difference between the (Sn,Sb) 5s - O (2p) and the (Pb,Bi) 6s - O (2p) bonding.^ 

The electronic structure calculations predict significant differences between BaSnOg and 

BaPbO].^'^ Mattheis and Hamann^ estimated the Pb (6s) orbital in BaPbO] to be below 

the O (2p) orbital in energy, due to relativistic effects, forming a hybridised partially 

filled conduction band. Calculations of BaSnOg predict Sn (5s) orbitals to be above the 

fully occupied O (2p) levels^ causing it to be an insulator. Furthermore, Singh et al^ 

using extended general-potential linearized augmented-plane-wave (LAPW) methods, 

reported that the calculated electronic density of states of the hypothetical BaSbOg and 

BaSnOg are similar, suggesting that the major change in the electronic structure occurs 

with the substitution of Sn (5s) for Pb (6s). The Pb-0 bond is only 0.07 Â longer than 

Sn-O, whereas the ionic radii differ by 0.19Â.^ Therefore, the Ba-O cage is 

compressing the Pb-O octahedra.^ Moreover, the electronic structure calculated for 

BaSnOg with the lattice parameter of BaPbOg, places the Sn (5s) orbital below the O 

(2p) manifold, predicting metallic behaviour. Conversely, when the BaPbOg structure 

is compressed to have the lattice parameter observed for BaSnOg, the Pb(6s) bands 

increase in energy, though still overlapping with O (2p) levels. Therefore, the 

differences in the electronic properties of BaSnOg and BaPbOg are a combination of a 

relativistic effect in BaPbOg and ion size considerations.

Mdssbauer measurements^’ have revealed that charge disproportionation into 

SnP and Sn^^ or SŴ  ̂ and Sb^, as seen in other oxide systems,^ is not present in 

BaSni_xSbxOg within a time scale x < 10‘  ̂ sec, down to 1.2K. A large change in the 

isomer shift, compared to other Sb^O^ systems, confirms the high covalence
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corresponding to 5s and 5p hybridisation.^’ ’  ̂ Smith et al report the transfer of 

electrons from Sb to Sn, attributed to the presence of Sb^+ and Sn^-S ions. 

Measurement of the Seebeck coefficient in BaSno.85Sbo.15O 3 confirms n-type 

conduction from itinerant electrons in a partially filled band. The energy gap of 3.4 eV 

in BaSnO] does not shift with antimony doping.^ Figure 5.1 shows a schematic 

diagram for the calculated electronic density of states of BaSnO g,and a proposed 

model by Smith et al of Ba(Sn,Sb)0 3 . T h e  latter argue that local oxygen 

displacements and polarisation from Sn^'^ to Sb^+ neighbours raise the Sb (5s) energy 

levels above the Ef forming a state hybridised with the Sn (5s) band. Consequently, the 

bottom of the Sn (5s) band drops below Ef, which is close in energy to the bottom of 

the undoped BaSnOg conduction band. Moreover, these electrons are in localised states 

and not the impurity bands as proposed by Cava et al.,^ leading to temperature- 

independent conductivity. However, there is no experimental evidence on the 

Ba(Sn,Sb)Og system to support such a model. This chapter describes a high resolution 

powder neutron diffraction study of Ba(Sn,Sb)Og throughout the range of Sb 

concentrations at different temperatures in a search for symmetry lowering or charge 

density of states effects.

Energy

N(E)

Energy

Sb (5s)

N(E)

(a) (b)

Figure 5.1 Electronic density of states, N(E) near the Fermi energy in (a) BaSnOg 

and (b) Ba(Sn,Sb)Og.
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5.2 Synthesis

BaSnOg was synthesised by mixing and pelletising stoichiometric amounts of Sn02 

and Ba(NOg)2, which were placed in an alumina boat heated in air at 700°C for one 

day. The sample was then ground and pelletised and further heated in air at 1400°C for 

one day. This was repeated twice to produce single phase material. A further annealing 

stage in O2 at 450°C was performed to compensate for oxygen loss during high 

temperature heating. The doped materials BaSni.xSbxOg, were synthesised by mixing 

and pelletised stoichiometric amounts of Sn02, Sb2 0 g and Ba(NOg)2, which were 

heated to 700°C in an alumina boat for one day. The samples were further ground and 

pelletising, followed by heating in air at 1200°C for one day. Compounds with high 

antimony content were found to contain an impurity phase of BaSb206. Further 

annealing in O2 at 550°C for one day was required to produce single phase material.

5.3 Neutron Diffraction

High resolution neutron diffraction was performed on the BTl diffractometer at NIST. 

The Cu (311) monochromator (^=1.5398 Â) with a 14' collimator was employed for 

the following BaSni.xSbxOg samples: x=0 at 10 K, 150 K, 225 K and 300K, x=0.15 

at 10 K and 300 K and x=0.2 at 10 K, 150 K. Measurements on BaSnOg and 

B aS no .8Sbo.2O 3 at 225 K and 300K were performed with the Cu (220) 

monochromator (X=1.5547 Â) at 14' collimation, as the Cu (311) monochromator was 

unavailable. Data were collected over an angular range of 7°, with a step size of 0.05°, 

for each of the 32 detectors. Each detector has a 1° overlap with the neighbouring 

detectors. Individual patterns were adjusted for zero point errors and detector efficiency 

and merged into a single profile extending between 4 and 165°. Samples were mounted 

in aluminium containers and cooled in a closed-cycle helium refrigerator to 10 K.
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Impurity peaks from the aluminium sample holder and cryostat and from the copper 

cooling block were both excluded in the Rietveld refinements.

The structure of BaSni-xSbxOs is best refined in the Pm3m (number 221) 

space group for all compositions and temperatures. Rietveld refinement was performed 

with the program FULLPROF. The background was fitted with a 5th order 

polynomial. Peak shape was determined by a pseudo-Voigt function, employing a 

single mixing parameter, T|, as described in chapter 3. There is no evidence for any 

structural transition on Sb doping. Moreover, there is no evidence from either 

superlattice reflections or unusual thermal parameters to support the proposal by Smith 

et al of local structural fluctuations around the Sb^+ ion, though this may be out of the 

time scale of the neutron diffraction experiment. Final refinement was performed with a 

model where the sum of the occupancies of the B site was fixed to one, allowing for 

incomplete doping of the Sb. This led to a significant improvement to the fit, 

particularly evident in the reduction of the Bragg R-factors. For example, for 

BaSno.9Sbo.1O3 at 12 K a reduction of R^p from 9.73% to 9.69% and Rfiragg from 

3.53% to 3.43%. For BaSno.g5Sbo.15O3 at 10 K, a reduction of Rwp from 9.46% to 

9.28% and Rfiragg from 4.3% to 3.54%. For BaSno.gSbo.2O3 at 10 K a reduction of 

Rwp from 8.48% to 8.45% and Rfiragg from 3.81% to 3.66% occurred. The incomplete 

Sb doping was particularly evident for the x = 0.2 compound. The diffraction pattern 

for this material contained peaks indexed as BaSb2 0 6  which were excluded in the 

refinement. The amount of this impurity is estimated at around 4% from peak intensity 

calculations. Further data at 225 K and 260 K were collected on BaSno.gSbo.2O3 after 

annealing at 550° C in O2, using the Cu (220) monochromator at 14' collimation. The 

impurity peaks were dramatically reduced. The lattice parameter increased on anneahng, 

for example at 260 K a = 4.12331(5) Â, reflecting the insertion of Sb onto the 

perovskite B site. The dependence on lattice parameter with temperature for all fits is 

shown in figure 5.2.
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A further slight improvement in the fit was achieved by including site 

occupancy of oxygen in the refinement. For BaSno.9Sbo.1O3 a value of 0.95 (1) 

resulted in a reduction of Rwp to 9.63% and Rfiragg to 3.40%. For BaSno.85Sbo.15O3 a 

value of 0.97 (1) resulted in a reduction of Rwp to 9.24% and a slight increase in Rsragg 

to 3.55%. For BaSno.gSbo.2O3 a value of 0.97 (1) resulted in a reduction of Rwp to 

8.4% and Rfiragg to 3.63%. Thus compounds have formal refined compositions 

BaSno.93Sbo.07O2.86. BaSno.8gSbo.12O2.9 i and BaSno.82Sbo.1gO2 .9 i- The final 

refinements are shown in figures 5.3 to 5.8, with the refined parameter listed in table 

5.1 to 5.6. Refinement of the site occupancy of Ba gave values corresponding to fully 

occupied sites and was not included in the final fits, t  indicates a parameter not refined. 

The room temperature data was not refined for site occupancy as the scan time was 

short in all cases and refinement only led to unphysical thermal factors, so values obtain 

in the refinement of the low temperature datasets were used.

4 .1 2 4

x=0.2 Unannealed 
X =0.2 Annealed 
x=0.1  
x=0.15

4 .1 2 2

1 4 .1 2

4 .1 1 8
8

^  4 .1 1 6

4 .1 1 4

4 .1 1 2
0 50 100 250 300 350150 200

Temperature (K)

Figure 5.2 Variation of lattice parameter with temperature for BaSni_xSbx0 3 .
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Atom Wyckoff Letter Occupancyt B(Â 2)

Ba b 1.0 0.43 (3)

S n /S b a 0.93 / 0.07 0.16 (3)

0 d 0.97 0.61 (2)

Lattice Parameter, a = 4.11982 (3)Â

Conventional Rp : 16.4 R\vp • 17.5 Rexp ' 16.56

with background Ro : 7.89 Rwp : 10.9 Rexp • 10.27

1.12 l̂ Bragg ’ 4.79

Table 5.1 Refined parameters for BaSno.9Sbo.1O3 at ambient temperatures.

2000 -

1500 -

500  -

«j i
II 111 I II IS a  I I0 -

100 120 14040 60 8020
2-Theta (in degrees)

Figure 5.3 Rietveld refinement of BaSno.9 Sbo.1O3 at ambient temperature.
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Atom Wyckoff Letter Occupancy B(Â2)

Ba b i.o t 0.09 (4)

S n /S b a 0.93 (1)/0 .07(1) 0.14 (3)

0 d 0.97 (1) 0.33 (2)

Lattice Parameter, a = 4.11254 (3) A

Conventional Rp : 13.5 Rwp • 14.5 Rexp • 13.01

with background Ro : 7.05 Rwp : 9.63 Rexp • 8.63

f  : L25 ^Bragg • 3.40

Table 5.2 Refined parameters for BaSno.9Sbo.1O3 at 10 K.

2500  -

2000 -

1500 -

g 1000 -

500  -

0 -

-500  -

100 12040 6020 80

2-Theta (in degrees)

Figure 5.4 Rietveld refinement of BaSno.9 Sbo.1O3 at 10 K.
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Atom Wyckoff Letter Occupancyt B(Â2)

Ba b 1.0 0.45 (2)

S n /S b a 0 .8 8 / 0.12 0.18 (2)

0 d 0.97 0.59 (2)

Lattice Parameter, a = 4.11979 (2) A

Conventional Rp : 10.3 Rwp • 12.1 Rexp • 9.44

with background Rp : 6.36 Rwp • 8.83 Rexp • 6.89

: 1.64 ï^Bragg • 4.24

Table 5.3 Refined parameters for BaSno.8 5Sbo.15O3 at ambient temperature.

5000  -

4000  -

3000 -

V  2000 -

1000 -

0 -

-1000 -

60 100 120 14020 40 80

2-Theta (in degrees)

Figure 5.5 Rietveld refinement of BaSno.85Sbo.15O3 at ambient temperature.
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Atom Wyckoff Letter Occupancy B(A2)

Ba b i.ot 0.05 (2)

S n /S b a 0.88(1)/0.12(1) 0.03 (2)

0 d 0.97 (1) 0.37 (1)

Lattice Parameter, a = 4.11367 (3) Â

Conventional Rp : 9.39 Rwp • 11.7 Rexp • 9.03

with background Rp : 6.50 Rwp • 9.24 Rexp . 7.14

: 1.68 l^Bragg • 3.55

Table 5.4 Refined parameters for BaSno.85Sbo.15O3 at 10 K.

5000  -

4000  -

3000  -

2000 -

1000 -

0 -

20 40 60 80 100 120
2-Theta (in degrees)

Figure 5.6 Rietveld refinement of BaSno.85Sbo.15O3 at 10 K.
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Atom Wyckoff Letter Occupancyt B(A2)

Ba b 1.0 0.62 (3)

S n /S b a 0.86 7 0.14 0.10 (3)

0 d 0.97 0.69 (2)

Lattice Parameter, a = 4.11929 (2) A

Conventional R p : 10.1 Rwp : 11.9 Rexp * 8.87

with background Ro : 6.22 Rwp : 8.56 Rexp • 6.40

y} : 1.79 K-Bragg * 4.75

Table 5.5 Refined parameters for BaSno.8Sbo.2O3 at ambient temperature before 

annealing.

40 0 0  —

3000  -

«  2000 -

1000 -

60 100 120 14020 40 80
2-Theta (in degrees)

Figure 5.7 Rietveld refinement of BaSno.gSbo.2O3 at ambient temperature.
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Atom Wyckoff Letter Occupancy B(Â2)

Ba b I.ot 0.17 (3)

S n /S b a 0.86(1) 7 0.14(1) 0.09 (3)

0 d 0.97 (1) 0.34 (2)

Lattice Parameter, a = 4.11239 (3)Â

Conventional Rp:8.31 Rwp • 10.4 Rexp • 8.43

with background Rd : 6.09 Rwp ' 8.40 Rexp ' 6.81

y} : 1.52 l^Bragg ' 3.63

Table 5.6 Refined parameters for BaSno.8Sbo.2O3 at 10 K before annealing.

3000  -

2000 -

1
1000 -

0 -

60 10020 40 80 120
2-Theta (in degrees)

Figure 5.8 Rietveld refinement of BaSno.8Sbo.2O3 at 10 K.
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5.4 Phonon Calculations

The phonon density of states (PDOS) and the phonon dispersion relations throughout 

the Brillouin zone were calculated for BaSnOg with the program GULP.^^ Tin and 

oxygen Buckingham interatomic potentials were derived from structural information 

from other tin oxides. Barium Buckingham interatomic potentials were derived from 

other perovskite systems. Core-shell spring constants and Buckingham potential 

parameters are listed in Table 5.7. Figure 5.10 shows the calculated phonon dispersion 

curves for the BaSnOg along some high symmetry directions in the Brillouin zone 

(from F to M to X to R and back to F). Figure 5.9 shows the calculated PDOS 

(together with the contributions from each individual atom) for BaSnOg. An ideal cubic 

perovskite has five triply degenerate modes at the zone centre; acoustic, optically 

inactive, external, octahedral bending and stretching. The five modes are shown 

diagramatically in figure 4.9. Figure 4.4 shows the Brillouin zone and table 4.2 the 

irreducible representations for an ideal cubic perovskite.

In BaSnOg, the acoustic modes extend up to about 22 meV, overlapping with 

the external modes. They give rise to the large peak at 10 meV which is almost 

completely associated with Ba vibrations. The TO branch of the external mode 

produces a sharp peak in the PDOS, mainly of Sn with admixture of O character, at 17 

meV, whereas the LO component extends to beyond 20 meV. The optically inactive 

branch has a zone centre frequency of 31 meV, and is clearly distinguishable in the 

PDOS as involving mostly O vibrations. Dispersion renormalises the frequency down 

to around 25 meV. The O bending mode has a very large TO/LO splitting of around 15 

meV. The TO branch contributes to the features in the PDOS at 27 and 32 meV, whilst 

the LO component, with a significant amount of Sn character, is separate at around 45 

meV. The O breathing vibration displays a TO/LO splitting of 10 meV. The TO branch 

is highly dispersed and leads to two separate peaks, one at 48 and one at 52 meV, in the 

PDOS. The LO branch produces a single peak at around 66 meV. Both branches of the
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breathing mode are mostly O character, although the LO branches are predicted to be 

very similar for both (Ba,K)Bi0 3  (see §4) and BaSnOg. There is a striking difference 

between the phonon dispersion and DOS for the TO components. The TO bending 

mode is calculated below the optically inactive mode, some 10 meV below that 

calculated for (Ba,K)BiOg, but with similar dispersion of around 4 meV. However, the 

TO breathing mode in (Ba,K)Bi0 3  is predicted to have only 5 meV dispersion, whereas 

for BaSnOg it is calculated to be over 10 meV.

Atom 1 Atom 2 Potential Buckingham termt 
A B

O shell O shell Buckingham 15123.6 0.223
O shell Ba shell Buckingham 905.7 0.3976
O shell Sn shell Buckingham 1056.8 0.3683

Ba core Ba shell Harmonic 29.1
Sn core Sn shell Harmonic 1018.9
Ocore 0  shell Harmonic 18.41

Table 5.7 Buckingham interatomic potentials and core-shell spring constants used 

to calculate properties of phonons in BaSnOg.

 Total
  Barium
 Tin
 Oxygen%

"o

10 20 30 40 50 60 70

Energy (meV)

Figure 5.9 Calculated phonon density of states for BaSnOg.

t  S ee Chapter 2 for definition
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Figure 5.10 Calculated phonon dispersion curves of BaSnOg.
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5.5 Inelastic Neutron Scattering

Samples of around 20 g of BaSni.xSbxOg were synthesised and determined to be 

single phase by powder X-ray and neutron diffraction. Conductivity measurements 

down to 4.2 K for the x=0.1 and x=0.2 compounds, performed at the Japan Advanced 

Institute of Science and Technology (J.A.I.S.T.), Kanazawa, Japan, gave similar 

temperature dependence to those reported by Cava et al.^ Inelastic neutron scattering 

measurements on BaSni-xSbxOg were performed on TFXA, at ISIS, R. A. L. for x=0,

0.1, 0.15 and 0.2 compounds. All samples were mounted in aluminium foil and cooled 

in a closed-cycle helium cryostat to a base temperature of 32 K. Each sample was 

measured for around 20 hours. A further background run performed with only 

aluminium foil loaded into the cryostat, was smoothed, normalised and extracted from 

each of the sample measurements.

Figures 5.12-5.15 show the measured background-subtracted scattering law, 

S(Q,co) for the x = 0, 0.1, 0.15 and 0.2 compositions, respectively. Excellent 

agreement is found between the experimental and calculated phonon density of states 

(PDOS) (shown in figure 5.9). Clear features are observed in the observed PDOS up to 

around 80 meV, to which the results of fits to Gaussian functions are listed in table 5.8. 

The scattering around 12 meV is assigned to acoustic mode vibrations, dominated by 

Ba atoms. The two distinct features predicted in the calculations for the external mode 

give rise to a single asymmetric feature, best fitted by two peaks at 17.7 and 20.9 meV. 

The former can be assigned to the TO external mode and the latter to the LO external 

mode. The scattering between 25 and 30 meV, fitted to two sharp features at 24.5 and 

27.7 meV arises from complicated overlap of the optically inactive and external 

vibrations. Two peaks at 32.8 and 34.8 meV combine to give rise to the largest peak in 

the spectra, corresponding to the optically inactive and TO bending vibrations, 

dominated by oxygen vibrations. The LO bending mode is possibly located at 39.4 

meV. The TO breathing mode is energetically well separated from other vibrations and
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positioned at 50.4 meV. The scattering between 60 and 80 meV is assigned to the LO 

breathing mode which, due to dispersion, is best fitted by three separate peaks at 63.8, 

68.6 and 74.3 meV. The spectra for the doped samples show a remarkable similarity 

and little variation is seen on either phonon frequency or FWHM. However, close 

inspection of the Gaussian fits reveals a progressive broadening of the TO breathing 

mode as a function of Sb substitution, (see figure 5.11) The origin of this anomaly 

could be related to differing spring constants between oxygen and the Sn^"^ and Sb^^ 

ions. This effect is most evident for this phonon mode, as it is energetically separated 

from all other modes; however, a generally broadening is seen for all modes.

Frequency (meV) FWHM (meV) Frequency (meV) FWHM (meV)

12.8 1.7 43.4 1.0
15.4 3.4 50.4 4.1
17.7 2.6 51.8 1.8
20.9 3.6 57.3 1.3
24.5 0.9 63.8 8.1
27.7 6.0 68.6 4.3
32.8 3.3 74.3 12.6
39.4 7.2

Table 5.8 Gaussian fit of phonon spectra for BaSnOg.

I X = 0.2

Îc X = 0.15

2
3

s

X = 0.1

x = 0

58 605644 46 48 50 52 54

Energy Transfer (meV)

Figure 5.11 S(Q,co) of oxygen bending mode at 52 meV for BaSni-xSbxOg for x=0, 

0.1, 0.15 and 0.2.
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Figure 5.12 S(Q,co) for BaSnOg at 32 K.
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Figure 5.13 S(Q,co) for BaSno.9Sbo.1O3 at 32 K.
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Figure 5.14 S(Q,co) for BaSno.8 5 Sbo.15O3 at 32 K.
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Figure 5.15 S(Q,co) for BaSno.8Sbo.2 O3 at 32 K.
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5.6 Conclusion

Neutron inelastic scattering has been performed on the 5s analogue of superconducting 

Ba(Pb,Bi)0 3 , namely Ba(Sn,Sb)0 3 . Phonon anomalies seen in both superconducting 

LiTi204  and (Ba,K)Bi0 3  are not detected in this system. Disorder thought to originate 

from a change in the spring constants from the Sn^-d-O to Sb^+-0 metal-oxygen bonds, 

has the effect of broadening the phonon spectra. More specifically, the FWHM of an 

energetically well separated phonon, (the TO bending mode around 50 meV) is seen to 

increase on doping. Rietveld refinement of powder neutron diffraction data is best 

performed in the ideal perovskite structure for all materials, confirming that there is no 

phase transition on Sb substitution.

The limited range of x in BaSni_xSbx0 3  prevents a full examination of the 

change in electronic structure on Sb doping. Increased levels of Sb substitution may 

well provide more favourable circumstances for superconductivity. However, phonon 

anomalies indicative of electron-phonon coupling is not evident in this system. In 

contrast to the pronounced changes seen even on low levels of K doping in BaBi0 3  

(see §4).
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Chapter 6 

Structure and Vibrational Properties of 
(Li,Mg) i+xTi2-x04

6.1 Introduction

Extending previous work on reduced titanates, such as the Mni+xTi2-x0 4  system,^ 

Lii+xTi2-x0 4  was first synthesised in 1971^ and found to be stable for compositions 

between LiTi204  (x=0) and Li4TigOi2 (otherwise expressed as Li1.33Ti1.67O4 i.e. x = 

1/3). The average Ti oxidation state is assumed to vary between 3.5 in the x = 0 dark 

blue metallic compound, to 4 in the x = 1/3 insulating white compound. It was not until 

two years later that superconductivity was observed with transition temperatures around 

13 K. This material is unusual in displaying little variation of Tc with composition up to 

around x ~ 0 .1, where there is a dramatic fall of Tc and the occurrence of a metal- 

insulator transition.^’  ̂ Further studies show there is a linear dependence of the 

apparent superconducting volume fraction with composition, such that it drops from 

100 % (for X = 0) to zero at x ~ 0.15.^’  ̂The system crystallises with a spinel structure 

over the entire range. Of the four known spinel superconductors, viz., LiTi2 0 4 , 

CuRh2S4, CUV2S4 and CuRh2Se4,^’ LiTi204  is of particular interest as it is the 

only superconducting oxide spinel, despite the large number of known transition-metal 

ternary spinel compounds, of which the majority are oxides. Furthermore, its 

superconducting transition temperature, Tc, is substantially higher than those of other 

superconducting spinel systems ( 13 K compared to 3.5-4.8K).

Electronic structure calculations within the local-density approximation using 

the linear-muffin-tin-orbital method and all-electron full-potential linearized 

augmented-plane-waves^^ are in good agreement with ultra-violet and X-ray 

photoelectron spectroscopy measurements.^^ Figure 6.1 summarises the results and
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shows the Fermi energy, £f, to lie in mostly t2g Ti 3d bands with the Ti 3d eg levels 

being ~ 1 eV higher and non-overlapping due to the strong octahedral crystal field 

splitting. Further splitting of the t2g into Cg + aig is small, compared with its 

dispersion. The O 2p bands occur around 3 eV lower in energy with a wide (5.0 eV) 

dispersion. It is interesting to note the conduction band is almost exclusively composed 

of Ti states, in contrast to both cuprate and bismuthate superconductors, where the 

conduction band consists of hybridised metal (Cu, Bi) and oxygen levels.

Much interest in this system has been directed towards the origin of the metal- 

insulator transition. Normal state magnetic susceptibility measurements showed a Curie 

contribution to the paramagnetism. No increase is observed through the metal-insulator 

transition, indicating that there is no discrete localisation of 3d  ̂electrons.^ The normal 

state susceptibilities are temperature independent in both the superconducting (x = 0) 

and insulating ( x > 0.1) regimes, analysis yielding an effective mass of 9.4mo.^ 

Harrison et al found the preparative conditions to have a large effect on the properties. 

Samples were prepared by different routes. The first, involving with vacuum heating 

gave a linear dependence of the lattice parameter with composition, whereas samples 

heated in a sealed tube showed a deviation from Vegard's law, that was maximum 

around x ~ 0.1. It was proposed that this was due to chemical inhomogeneity between 

the surface and bulk, not detectable by X-ray diffraction.^ Furthermore, it was claimed 

that disproportionation into lithium poor and lithium rich regions at the grain boundaries 

is the cause of the metal-insulator transition. This can readily explain why only a small 

variation in Tc with increasing x is seen, while a sharp fall in superconducting fraction 

occurs. There is no direct experimental evidence for such a disproportionation.

The density of states (DOS) values at the Fermi energy have prove to be 

sensitive to the technique employed. Band structure calculations predict 3.2^^ and 3.3^^ 

states/eV per formula unit compared to values of 2.5,^^ 3.5^^ and 9.2^^ obtained from 

photoemission, magnetic susceptibility and normal state heat capacity measurements, 

respectively. The Debye temperature, 0 d , obtained from specific heat measurements.
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can be used to derive the electron-phonon coupling constant by application of the 

McMillan formula to give values of X ~ 0 . 6 and -0.7*^ (authors assume values of 

p* =0 . 1  and 0.13 respectively). This implies that LiTi2 0 4  could possibly be 

understood within the framework of BCS weak coupling theory.*^’ However, 

electron-phonon interactions are well known to enhance electronic specific heat without 

renormalisation of spin susceptibility,^^ and, assuming enhancement is due to electron- 

phonon coupling only, a value of ^ = 1.8 is obtained.’  ̂The origin of this anomaly is 

unknown and the question of pairing in LiTi204  remains open. No Li isotope effect 

was o b s e r v e d , i m p l y i n g  Li has only a negligible effect if electron-phonon 

coupling is occurring.

Energy

Ti 3d

0  2p

N(E)

Figure 6.1 Electronic structure of LiTi204  determined by photoemission studies 

and local density calculations.

In the light of the known results on the Li|+xTi2_x04 system, two projects were 

undertaken. Firstly, to employ high resolution neutron diffraction in the search of either 

satellite reflections or splitting of Bragg reflections. This would indicate either a 

lowering of symmetry or an incommensurate modulation within the structure. 

Secondly, to measure the neutron weighted phonon density of states to characterise the
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vibrational structure of the system and identify phonon shifts as a function of both 

temperature and composition. This has proven successful in identifying phonons 

involved in coupling with electrons for both cuprate and non-cuprate superconductors. 

Moreover, pronounced changes in the phonon density of states have been reported,^^ 

on Li doping from superconducting LiTi204  to insulating Li1.33Ti1.67O4.

6.2 Synthesis

Powder samples of Lii+xTi2-x0 4  (x = 0, 0.15, 1/3) as well as Mg doped compounds 

used in this work were prepared by Dr. M. Dalton. The preparative technique has been 

well described elsewhere.^^ Mixtures of starting materials, with formal stoichiometries 

Lii.78Ti02.89, TiOi.56 and Ti0 2 , were mixed in the following proportions:

a Lii.78Ti02.89 + b TiOi.56 + c Ti0 2  Lii+xTi2-x04 

where a = 0.562(l+x) ; b = 1.136 (l-3x) ; c = 0.302 + 1.847x

All compositions were wrapped in a Cu foil and heated to 860° C for 16 hours 

in an atmosphere of flowing 5 % H2 in Ar to reduce loss of Li from the surface and 

prevent formation of other titanium oxide phases. Powder XRD and SQUID 

magnetometry techniques were used to determine phase purity. Samples of around 5-10 

grams were used for both neutron elastic and inelastic scattering.

6.3 Neutron Diffraction

High resolution powder neutron diffraction was performed on the BTl diffractometer at 

the NIST, on the x=0 and x=l/3 compositions for two reasons. Firstly, to use Rietveld 

analysis to accurately measure Ti and Li occupancies and the Ti oxidation state in 

Lii+xTi2-x0 4  samples to confirm complete doping has occurred. Li content is
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particularly sensitive to preparative conditions'^ and will have a large effect on 

measured INS spectra. Secondly, to take advantage of the improved resolution to 

search for subtle splitting of Bragg reflections or satellite peaks. The Cu (311) 

monochromator with 14' collimation was employed giving a wavelength, X = 1.539 Â 

over an angular range of 4° to 165°. The step size was 0.05°. The samples were cooled 

in a continuous flow He cryostat. The resulting data were analysed with the Rietveld 

technique for constant wavelength diffraction using the program FULLPROF. Samples 

were mounted in A1 containers and the consequent peaks are excluded in the 

refinement. Neutron diffraction studies on the Lii+xT2-x04 system are particularly 

advantageous as the neutron scattering lengths for all atoms are large (b(Li), b(0) and 

b(Ti) = -2.03, 0.581 and -0.344 x 10^^ m respectively) and reliable structural 

information can be extracted for all atoms. This is in contrast to x-ray scattering, where 

the Li scattering is around one tenth and oxygen scattering around a half that of 

titanium.

Individual reflections were first fitted with a pseudo-Voigt function to extract 

accurate two-theta values and beta integrals. A plot of the beta integral as a function of 

diffraction angle is shown in figure 6.2 for LiTi2 0 4  at 14 K. It shows a simple 

dependence and smooth increase of width with angle, which is typical of peak 

broadening due to instrumental effects. The angular dependence is well described by 

the function refined by the Rietveld technique (shown as full line) and there is no 

indication of anisotropic broadening due to sample size or strain effects. There is also 

no indication of peak broadening or splitting, within the resolution of the instrument, as 

a result of a lowering of symmetry from a cubic space group. Full profile refinement 

using the Rietveld technique was found to give the best fit performed under the space 

group, F 4^/d 3 2/m or Fd 3m ( number 227 ), corresponding to a face centred cell 

with eight formula units per cell. Table 6.1 defines the atomic co-ordinates of all atoms 

in the unit cell.
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Figure 6.2 Plot of Beta Integral against two-theta for LiTi204  at 14 K showing a 

simple dependence with diffraction angle. Dots are experimental values from fit of 

individual reflections and line is the pseudo-Voigt function refined in Rietveld analysis.

Site

Multiplicity

Wyckoff

site

Site

Symmetry

Co-ordinates 

(0, 0, 0)+ (0, 0.5, 0.5)+ 

(0.5, 0, 0.5)+ (0.5, 0.5, 0)+

32 e .3m

u,u,u; ïï,ïï,ü 

ÏÏ+0.25 ,u+0.5,11+0.75; u+0.5,ü+0.75,ü+0.25

8 a 43m

u+0.75,u+0.25,ïï+0.5; ïï+0.75,ïï+0.25,u+0.5 

u+0.25,ïï+0.5,u+0.75; ïï+0.5,u+0.75,u+0.25 

0.125,0.125,0.125; 0.875,0.375,0.375

16 d .3m 0.5,0.5,0.5; 0.25,0.75,0;

0.75,0,0.25; 0,0.25,0.75

Table 6.1 Atomic co-ordinates of Li (8a), Ti (16d) and O (32e) in Fd3m LiTi204  

spinel.
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Figure 6.3 Structure of spinel LiTi2 0 4 . Small light shaded circles represent Li 

atoms, large circles represent Ti atoms and small dark shaded circles represent oxygen.

For the Fd 3m space group the tetrahedral cations, Li, and the octahedral 

cations, Ti, occupy fixed positions and separation of cations is dependent only on the 

cubic cell parameter, a, only. A single parameters, u, determines the position of the 

oxygen anions. Variation of this value from its ideal, 0.25^, reflects the distortion of 

the structure to accommodate different cation radii. Furthermore, direct relations can be

derived for bond lengths based on the cell parameter, a, and the oxygen parameter, u.24

 ̂ A unit cell with the origin at (1/8 , 1/8 1/8) has been used in this work. An alternate origin at (-1/8, 
23-1 /8 , -1 /8) is possib le where the ideal value for u is then 0.375.
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Table 6.2 shows some of the important relations. Increase of the u parameter has the 

effect of distorting the oxygen away from the nearest tetrahedral cation in the [111] 

direction, thereby expanding the tetrahedron and consequently contracting the 

octahedron. The u parameter can be defined as a function of the ratio between the 

octahedral and tetrahedral bond lengths, R. Thus

u =
R V - 2 / . +

2 R ^ -2

Atom Pair Distance Comment

A A aV3
4

Tet.-Tet. separation

A B aVTT
8

Tet.-Oct. separation

B B aV2
4

Oct.-Oct. separation

A-0 a V 3 (u -0.125) Tet. bond

B-O aVsu^ - 2 u  + 0.375 Oct. bond

Table 6.2 Interatomic distances as a function of cubic cell parameter, a, and the 

oxygen anion position parameter, u, for spinel type structures. A, B and O represent 

tetrahedral ( Li ), octahedral ( Ti ) and oxygen atoms respectively.

In the ideal case, the ratio between the octahedral and the tetrahedral bond is

1.155. When R=1 a value of 0.2625 for u is derived. Figures 6.4 and 6.5 shows the 

results of the refinement at 14 K and ambient temperature, respectively. Impurity peaks 

which could not be attributed to aluminium from the cryostat, starting materials or other 

known titanates were excluded from the fit. These extra peaks could not be indexed on 

the spinel cell or any simple multiple and are not thought to originate from a structural 

distortion of the ideal Fd 3m cell. A fifth order polynomial function was used to
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describe the background. A pseudo-Voigt function where mixing between Lorentzian 

and Gaussian components is described by a single parameter, rj (see Chapter 3), was 

used to describe the peak shape. Refined parameters and goodness-of-fit factors are 

tabulated in table 6.3 for the 14K and table 6.4 for the room temperature data. In 

addition to peak shape variables, atomic co-ordinates and cell parameters, the zero 

point, isotropic thermal parameters for each atom and site occupancy were refined. 

Previous refinements have detected loss of lithium, probably occurring during high 

temperature f i r i n g . N o  evidence was found for any deviation from the ideal 

stoichiometry of lithium or indeed any other atom.

The refined values are in good agreement with those previously reported,^’ 

and are similar to those reported for other spinel oxides, for example MgTi204  

where a = 8.4740 Â and u = 0.2650.^^ Individual peak fitting of the room temperature 

profile of the Li 1.33711.6704 compound gave identical dependence of the beta integral 

on two-theta as the x=0 composition (see figure 6.2), indicating no splitting of Bragg 

reflections or anisotropic broadening were present. There is no indication of 

inhomogeneity in Li 1.33711.6704 within the resolution of the instrument and over 

domains where coherent scattering can occur. Final refinement was performed in a 

model in which substitution of lithium for titanium occurring randomly on the 

octahedral site with no long range ordering (tabulated in Table 6.5). Other models, such 

as lithium doping occurs on the tetrahedral site, did not improve the reliability factors 

and led to unphysical thermal parameters. Site occupancy refinement revealed no 

determinable deviation from the starting Li 1.333711.66704.0 stoichiometry. Table 6.6 

shows some important bond lengths derived using the relations in Table 6.2 and the 

refined u parameter and cubic cell parameters from tables 6.3, 6.4 and 6.5.
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Atom B(Â2)

Li

Ti

O

0.875 

0.5 

0.26270 (5)

0.875 

0.5 

0.26270 (5)

0.875 

0.5 

0.26270 (5)

0.35 (1) 

0.11 (4) 

0 .17(2)

Lattice Parameter, a = 8.39222 (5) Â

Conventional Rp : 12.8 % Rwp : 15.8 % Rexp : 12.46 %

With Background Rp : 7.93 % Rwp • 11.7% Rexo:9.19%

: 1.62 RBragg : 2.99 %

Table 6.3 Refined parameters for LiTi2Û4 at 14 K.

40 0 0  -

3000  -

1000 -

60 100 120 14040 80

2-Theta (in degrees)

Figure 6.4 Rietveld refinement of LiTi2 Û4 at 14K.
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Atom X B(Â2)

U

Ti

O

0.875

0.5

0.26283 (6)

0.875 

0.5 

0.26283 (6)

0.875 

0.5 

0.26283 (6)

0.83 (1) 

0.16(4) 

0.22 ( 3)

Lattice Parameter, a = 8.40963 (7) Â

Rp: 16.3 % Rwp : 17.8 % Rexp : 15.8 %Conventional

With Background Rp : 9.54 % Rwp : 12.7 % Rexp : 11.26 % 

 • 1 -27 RBragg : 6.42 %_______________

Table 6.4 Refined parameters for LiTi2Û4 at room temperature.

3000  - 4

2500  -

2000 -

1500 -

B 1000 -

500  -

-500  -

60 120 14040 80 100
2-Theta (in degrees)

Figure 6.5 Rietveld refinement of LiTi2 0 4  at room temperature.
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Atom B(Â2)

0.875 

0.5 

0.26259 (6)

0.875 

0.5 

0.26259 (6)

0.875 

0.5 

0.26259 (6)

0.96 (2) 

0.80 (5) 

0.71 (3)

Lattice Parameter, a = 8.35714 (6)Â

Conventional Rp : 17.3 % Rwp : 18.7 % Rexp • 18.45 %

With Background Rp : 9.27 % Rwo : 12.7 % Rexp •: 12.46 %

: 1.03 ^Bragg * 5.91 %

Table 6.5 Refinement parameters of Lii.33X11 67O4 at ambient temperature.

2500  -1

2000 -

1500 -

s  1000 -

5 0 0  -

0 -

40 60 80 120 140100
2-Theta (in degrees)

Figure 6 .6  Rietveld refinement of Li 1.33X1 1 .6 7 0 4  at ambient temperature.
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LiTi204 

14 K

LiTi204 

Room Temperature

Li1.33Ti1.67O4 

Room Temperature

Lattice Parameter, a (Â). 8.39222 (5) 8.40963 (7) 8.35714 (6)

u parameter 0.26270 (5) 0.26283 (6) 0.26259 (6)

Tet.-Tet. separation (Â) 3.6339 3.6415 3.6187

Tet.-Oct. separation (Â) 3.4792 3.4864 3.4647

Oct.-Oct. separation (A) 2.9671 2.9733 2.9547

Tet. bond (A) 2.0016 2.0076 1.9916

Oct. bond (Â) 1.9972 2.0003 1.9896

Ratio, R. 0.9978 0.9977 0.9990

Table 6.6 Selected bond distances and structural parameters for L1T2O4 and 

Lil.33Ti1.67O4.

There is little change in the structure on substitution of the Ti site in LiTi204  

with Li to give Li(Ti,Li)2Ü4 . Reduction of the octahedral bond length reduces the 

overall lattice parameter in Lii,33Tii.6704 . Li-0 and Ti-O bond lengths (e.g. 2.0076 Â 

and 2.0003 Â at ambient temperature in LiTi2 0 4  respectively) are similar to other 

reported examples. It is noteworthy that these bond lengths are almost identical, thus 

giving a value of R -  1, reflecting the similar ionic radii, e.g. Ti^+ (octahedral) =

0.75 Â and Li+ (tetrahedral) = 0.73 and explaining the absence of distortion on 

lithium doping. The structure is, however, far from its ideal configuration, with a 

reduction of the ratio of the Ti-O octahedral and Li-O tetrahedral bond lengths of 13 % 

from ideal as a consequence of the small differences in the ionic radii.
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6.4 Phonon Calculations

Interatomic potentials were employed to calculate the phonon density of states and 

phonon dispersion for LiTi2 0 4 , in order to compare them with data obtained from 

neutron inelastic scattering and as an aid in phonon mode assignment. Li-O, Ti-O and 

0 -0  Buckingham potentials (table 6.7) and an 0 -0  spring constant of 18.41 were used 

as derived for other oxide systems. Optimisation of the structure with no symmetry 

conditions leads to a Fd 3m cell with a lattice parameter of 8.6651 Â and a u parameter 

of 0.24922, giving a Li-O bond = 1.86 Â and a Ti-O bond = 2.18 Â. These values are 

somewhat different from the experimentally observed values in section 6.3, but are 

considered sufficiently accurate for phonon mode assignment. There are 8 formula 

units per cell giving a total of 56 atoms. Therefore, there are 168 phonon modes, of 

which 3 are acoustic. The large number of modes makes the dispersion curves 

complicated and it is difficult to identify dispersion of a single mode. Phonon 

dispersion curves for the cubic system along some high symmetry directions in the 

Brillouin zone (from T to M to X to R and back to F) are shown in Figure 6.7. PDOS 

and individual atom projections are shown in figure 6 .8 . The DOS obtained 

experimentally is weighted by o/m, which is 0.202, 0.085 and 0.265 for Li, Ti and O, 

respectively. Therefore, the neutron weighted density of states will be dominated by 

phonon modes which have large contributions from Li and/or O. The calculated PDOS 

is in good agreement with that calculated with a Born-von Karman model^^ and 

obtained by neutron inelastic scattering in both this work and that of Gompf et al.^^

Buckingham Buckingham
________________________________ Parameter, a Parameter, b

O Shell O Shell 9547.96 0.21916
Li Core O Shell 828.01 0.27930
Ti Core O Shell 2549.4 0.29890

Table 6.7 Interatomic potentials used in phonon calculations.
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Figure 6.7 Phonon dispersion of LiTi%04 from F to M to X to R and back to F.
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Figure 6.8 Phonon density of states calculated with core-shell interatomic potentials 

for the LiTi204  spinel compound.

The region 0 to 25 meV contains acoustic modes as well as some low lying 

optical modes which are composed of Ti and O character. A feature exists around 30 

meV with a dispersion of around 5 meV which is a combination of tetrahedral Li-O, 

and octahedral Ti-O bending modes. No scattering in this region was predicted in 

previous calculations,^^ although it is clearly seen in all spectra. The region between 40 

and 95 meV is dominated by oxygen modes, with contributions from Li only around 58 

meV and 63 meV caused by Li-O stretching modes, and Ti, around 55-80 meV 

comprising of Ti-O stretching modes.
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6.5 Inelastic Neutron Scattering

Neutron inelastic scattering was performed on the BT4 spectrometer at NIST on 

superconducting LiTi204  and insulating Li1.33Ti1.67O4. Figure 6.9 shows the neutron 

weighted density of states for these two compounds after background subtraction. Both 

compositions were measured at 16 K to avoid complications arising from the onset of 

superconductivity. A background run was normalised and subtracted from both data 

sets. Multiphonon scattering was extracted from the background-subtracted data in a 

self-consistent manner. A 60'-40' collimation configuration was selected for high flux. 

The monochromator only allows energy transfers between 30 and 95 meV. Good 

agreement is observed between experimental and calculated (Figure 6 .8) spectra. By 

comparison with the calculated spectra, the experimental spectra can be divided up into 

three regions. Firstly, the scattering between 45 and 60 meV is dominated by a single 

broad feature centred around 52 meV for both compositions, with the superconducting 

compound having an additional shoulder around 47 meV. The calculations predict that 

it originates almost entirely from oxygen vibrations. The scattering below 45 meV is 

expected to contain significant contributions from both Li and Ti atoms. However, the 

poor resolution, especially in the x = 1/3 composition, does not allow detailed analysis. 

One of the most striking differences between the two compositions is the reduction of 

scattering intensity between 60 and 66 meV for the insulating Li4Ti5 0 i2 compound, the 

origin of which is unclear. Scattering above 70 meV is similar for both compounds.

Further spectra were recorded at ISIS on TFXA allowing more compositions to 

be investigated over a wider spectres range at an improved resolution. Measurements 

were performed on LiTi204  at 4.2 and 20 K, Li4Ti5 0 i2 at 4.2 K and Mg substituted 

compounds, Lio.9Mgo.iTi204  and Lio.7Mgo.3Ti204  at 4.2 K. The samples were cooled 

in an 'Orange' cryostat to 4.2 K. A background run was normalised, then subtracted 

from each sample run. Figures 6.10 and 6.11 show the neutron weighted density of 

states measured on TFXA for LiTi204  at 4.2 K and 20 K and Li4Ti5 0 i2 at 4.2 K. Two
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plots are shown for each measurements, the first over the entire phonon energy range 

and the second between 15 and 110 meV. The peaks at 13 meV, evident in all 

measurements, originate from acoustic modes. Their peak intensity is significantly 

greater than either other vibrational features or that predicted in the calculations. The 

TFXA instrument has a strong Q dependence at low energy transfers ( < 15 meV) and 

can sometimes lead to anomalous increases in scattering intensity in this energy range, 

due to the breakdown of the incoherent approximation, (see § 3) Such a large intensity 

in the spectra is not observed in measurements by other inelastic neutron scattering 

techniques'^ and is therefore thought to originate from these instrumental effects. Table 

6.8  lists the peak energies and FWHM obtained from Gaussian fits to individual 

features in the spectra for LiTi2 0 4  above (20 K) and below (4.2 K) the 

superconducting transition, as well as the insulating Li4Ti5 0 i2 material, using the 

program, GAUS (R.A.L.). There is no change to either peak energy or width of any of 

the phonon features, within the resolution of the instrument, on cooling LiTi204  from 

20 K through the superconducting transition temperature to 4.2 K. In contrast to the 

pronounced changes occurring for (Ba,K)Bi0 3 . The absence of pronounced changes 

does not rule out a BCS-like mechanism for superconductivity in LiTi2 0 4 . The large 

number (168) of phonons in the spectrum may make changes to certain strongly 

coupled phonons difficult to detect. The overall electron-phonon coupling constant, as 

well as the Tc, is certainly substantially less than that of other superconductors, such as 

(Ba,K)Bi0 3 , therefore changes in the PDOS are not expected to be as prominent. 

Furthermore, the electronic density of states at the Fermi energy is made up of Ti states. 

Therefore, it is expected that Ti modes would be more strongly coupled, as these 

directly affect the electronic density of states at the Fermi energy. The inelastic neutron 

scattering experiment is dominated by Li and O vibrations and is relatively insensitive to 

Ti vibrations in this case. Subtraction of a large background scattering from the 

'orange' cryostat, particularly around 50 meV, also significantly reduces the resolution 

for the experiment.
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Comparison between the superconducting LiTi2 04  and insulating Li4Ti5 0 i2 

compounds reveals some remarkable phonon renormalisation. The peaks around 19, 22 

and 26 meV, which are thought to originate from low lying oxygen modes with a 

substantial amount of lithium character are unchanged. However, the scattering around 

26 meV overlaps with the large dispersion from the mode centred at 31.9. The FWHM 

of this phonon increases from 3.1 in LiTi204  to 7.3 meV in Li4Ti5 0 i2- Calculations 

predict this mode to be a combination of both spinel tetrahedral and octahedral modes 

with significant contributions from Li, Ti and O atoms. The increase in scattering can 

be accounted for by the direct substitution of Li for Ti. As the scattering cross-section is 

considerably larger for Li, the octahedral modes have increased neutron scattering. The 

broadening reflects the introduction of disorder. The two octahedral environments, 

namely Li+O^ and TH+O^, have different individual frequencies causing a less well 

defined overall phonon frequency. The mid-range frequency between 37 and 54 meV 

shows a hardening from 42.8 in Li4Ti5 0 i2 to 44.0 meV in LiTi2Û4, accompanied by a 

decrease in relative intensity, in agreement with previous results.^^ Between 54 and 80 

meV, all three phonon features broaden, but do not shift within the resolution of the 

instrument. An increase in relative scattering intensity is observed at 84 meV, which is 

assigned to the increasing in scattering of the octahedral breathing mode on substitution 

of Li for Ti A softening occurs for the high frequency modes at 90 and 103 meV.
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Figure 6.9 Neutron weighted phonon density of states on (top) LiTi2 0 4  and 

(below) Below Li1.33Ti1.67O4 at 16 K.
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LiTi2O4 2 0 K 
(FWHM) (meV) Frequency(meV)

LiTi204 4.2 K 
(FWHM) (meV) Frequency(meV)

2.1 (2) 12.1 (1) 2.1 (2) 12.4 (1)
1.6 (1) 13.0 (2) 1.4 (3) 13.2 (3)
2.0  (2) 15.2 (2) 1.4 (3) 15.4 (3)
2.5 (2) 19.1 (2) 2.9 (2) 19.1 (2)
5.0 (3) 22.1 (2) 2.1 (3) 22.1 (2)
4.0 (2) 27.0 (1) 5.5 (2) 26.4 (2)
2.4 (1) 33.9 (2) 3.1 (2) 34.1 (1)
12.2 (1) 44.6 (2) 10.2 (2) 44.0 (3)
1.3 (2) 52.1 (2) 1.7(1) 52.3 (2)
7.6 (3) 56.7 (1) 14.2 (1) 56.1 (2)
6.9 (4) 63.2 (1) 4.9 (3) 63.3 (3)
8.5 (4) 72.1 (2) 7.5 (2) 70.8 (2)
15.3 (7) 88.2 (2) 22.5 (2) 89.8 (2)
10.8 (5) 102.8 (3) 8.7 (1) 103.0 (2)

Lii.33Tii.66704 4.2 K 
(FWHM) (meV) Frequency(meV)

3.1 (1) 12.1 (2)
1.6 (2) 13.0(1)
2.0 (3) 15.4 (2)
2.3 (2) 19.3 (4)
3.4 (4) 22.9 (3)
1.9 (2) 26.5 (3)

7.3 (2) 31.9 (2)
3.2 (3) 36.5 (2)
9.3 (2) 42.8 (2)
4.2 (1) 49.9 (2)
8.5 (3) 57.2 (2)
6.5 (2) 73.3 (2)
3.5 (2) 84.0 (4)
7.8 (2) 91.6 (3)
6.4 (3) 103.8 (3)

Table 6.8 

4.2 K.

Result of Gaussian fit to LiTi204  at 20 K and 4.2 K and Li4Ti5 0 i2 at
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Figure 6.10 Neutron weighted phonon density of states of LiTi2 0 4  at 4.2 K at

different angular ranges.
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Figure 6.11 Neutron weighted phonon density of states of Li4 Ti5 0 i2 at 4.2 K over

different angular ranges.
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Figure 6.12 Neutron weighted phonon density of states of LiTi2 0 4  at 20 K over

different angular ranges.
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The substitution of Li for Ti causes an overall 10 % reduction in the mass of the 

octahedral unit. As the average charge of the metal site is assumed to be equal for all 

compositions, the octahedral vibrations will be at a higher frequency in the lithium 

doped compound. This may account for the softening of the high frequency phonons 

above 85 meV in LiTi20 4  compared with Li^TigOi], though this behaviour is also 

indicative of electron-phonon coupling.^^ Previous calculations predicted Li dominated 

modes above 80 meV, whereas the high frequency Li contributions are placed at 55 and 

68 meV by calculations in § 6.4. The reason for the unusually low predicted frequency 

is unclear, but may be a consequence of the Li-0 bond length of the relaxed structure, 

being far different from the experimentally determined one. From the inelastic neutron 

scattering data, it is clear that scattering at 32 and 85 meV is caused by octahedral 

modes in agreement with calculations. The hardening of phonon modes between 37 and 

54 meV in LiTi2Û4 compared with Li4Ti5 0 i2 can not simple be due to substitution of a 

lighter ion. In other high temperature superconductors, this behaviour along with the 

possible softening of the high frequency modes has been previously reported as 

evidence of electron-phonon coupling.^^ In contrast to the anomalies described for 

(Ba,K)Bi0 3  the coupling appears to be occur for a wide range of phonon frequencies. 

This may be a reflection of the nature of the electronic density of states. As the electrons 

near the Fermi energy occupy a band which is almost exclusively comprised of Ti 

states, the Ti vibrations would be expected to be most strongly coupled. Titanium 

vibrations make only a small contribution to the phonon spectra, but over a wide range, 

(see figure 6 .8) Isotropic coupling would also explain the absence of temperature 

effects, as individual phonons would only be modestly affected by changes in the 

electronic density of states.

Figures 6.13 and 6.14 show the neutron weighted density of states for the Mg 

substituted compounds, Lio.9Mgo.iTi204  and Lio.7Mgo.3Ti2 0 4  at 4.2 K. Substituting 

Mg2+ for Li+ reduces the T^ linearly with the lattice parameter.^^ This is surprising as 

substituting a 2+ ion for a 1-f- one increases the number of conduction electrons and
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increases the lattice parameter, reducing the bandwidth, both effects expected to 

increase the density of states at Ef, and therefore, increasing the Tg. However, Lambert 

et al^^ suggest electron-electron and electron-lattice interactions are important, and 

increased localisation actually reduces the density of states at the Fermi energy. Mg 

substitution has only a subtle effect on the phonon spectra. The increase mass of the 

tetrahedral unit explains the shifts in phonons at 34.1 meV and 89.8 meV in LiTi204  to 

33.2 meV and 89.2 meV for Lio,9M go.iTi2 0 4  and 31.7 meV and 86.0 meV in 

Lio.7Mgo.3Ti2 0 4 . It is noteworthy that, compared to Li4Ti5 0 i2, the Mg substituted 

materials still show characteristics attributed to strong electron-phonon coupling, as 

described for LiTi204 , making the reduction of Tc more difficult to understand.

6.6 Conclusions

High resolution powder neutron diffraction has confirmed the Fd3m  spinel 

structure throughout the range of lithium doping in Lii+xTi2-xC>4- Impurity peaks are 

assigned to other titanate phases and could not be indexed with any obvious supercell. 

The addition of lithium does, however, introduce a large amount of disorder into the 

structure, which is revealed in large thermal parameters for the (Ti,Li) and O sites in the 

Rietveld refinement and broadening of a number of phonon branches. This is caused by 

the existence of discrete Ti^+ and Li+ ions, giving a range of bond lengths between 

oxygen and the (Ti,Li) sites. Inelastic neutron scattering was performed throughout the 

range of temperature and composition of the phase diagram in both the metallic, 

superconducting and insulating regimes. In LiTi2Û4 no difference in any vibrational 

features could be measured between the superconducting (4.2 K) and the non

superconducting state (20 K). However, pronounced changes are described throughout 

the spectra when comparing LiTi2Û4 with insulating Li4Ti5 0 i2, which are assigned to 

the existence of strong electron-phonon coupling. This gives strong evidence for a 

BCS-like phonon mediated mechanism.
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Furthermore, it is proposed that the coupling occurs throughout the energy 

range, in contrast to the strong individual contributions obtained for (Ba,K)Bi0 3 . 

Titanium states constitute most of the conduction band, therefore phonons involving 

titanium would be more strongly coupled to the electronic system. As titanium atoms 

have a modest eigenvector component throughout the phonon range, this manifests into 

weak coupling but over a large range of phonon energies, making a considerable 

overall coupling constant. The mechanism for superconductivity although possible 

phonon mediated, is somewhat different to that described for elements and alloys, as 

the phonons involved are far from the superconducting energy gap. Specific heat 

measurements on LiTi204  lead to an estimate of 685 K for the Debye temperature, 0D 

If we apply the McMillan strong coupling expression.

—1.04(1 + À-)
À, — |i (1 + 0 .62À,)

we can estimate a coupling constant of around 0.65 assuming a value of 0.125 for |X* 

from figure 6.15; in good agreement with other reported v a l u e s . T h e  success of 

the McMillan equation in this case, in contrast to the poor results obtained for 

(Ba,K)Bi0 3 , is further evidence for isotropic coupling throughout the energy range. It 

uses the Debye temperature essentially an average phonon frequency, rather than 

individual frequency of interacting phonons, implemented in the (Ba,K)Bi0 3  case.
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Figure 6.13 Neutron weighted phonon density of states of Lio.9 Mgo.iTi2 0 4  over

different angular ranges.
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Figure 6.14 Neutron weighted phonon density of states of Lio.9 Mgo.iTi2 0 4  over

different angular ranges.
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Figure 6.15 Dependence of Tc with X assuming a Debye temperature of 685 K for 

chosen values of |X* within the McMillan equation.
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Chapter 7 

The (Ba,Sr)n+iSnn03n+i H om ologous  
Series

7.1 Introduction

The structures of non-cuprate oxide superconductors including (Ba,K)Bi0 3 , 

Ba(Pb,Bi)0 3 , LiTi2 0 4  and SrTi03_x are primarily based on a framework of three 

dimensionally connected metal-oxygen octahedra, in contrast to the layered arrangement 

observed in most cuprate superconductors, (see § 1) Various members of the layered 

Ruddlesdon-Popper homologous series/ An+iBn0 3 n+i, where A = Ba or Sr and B = 

Pb or Bi are known.^’  ̂ These layered analogues of the cubic non-cuprate 

superconductors, Ba(Pb,Bi)03  and (Ba,K)Bi0 3  constitute an interesting structural link 

to the high Tc cuprates. However, although metallic properties have been observed, it is 

only the cubic end members which become superconducting. Recently, Licheron and 

Gervais have recently studied the family of layered oxides, Ba2-xKxPbi_yBiy0 4 _ô and 

reported superconductivity up to 14 K in a small region of the phase diagram. Though 

this has not been repeated and maybe due to small admixtures of the cubic phases, 

leaving the possibility of superconductivity in layered bismuthates or plumbates an 

open question.

In the Pb series, Ba2Pb0 4  ̂crystallises in the ideal tetragonal, 14/m m m space 

group.^ High resolution powder neutron diffraction confirms almost ideal octahedron, 

Pb06 down to low temperature.^ Electronic structure calculations for Ba2Pb0 4  predicts 

a band gap of around 1.7 eV.^ Substitution of Pb for Bi forms an isostructural solid 

solution Ba2(Pb,Bi)0 4 , but the conductivity remains low.^® The two layer member of 

the homologous series, Ba3Pb207 , form only under narrowly defined conditions; firing 

in O2 between 910 and 930°C is necessary to produce single phase material. It was

161



found to be a poor conducting metal. A solid solution can be formed for Ba3(Pb,Bi)207 

between x = 0 and 0.5, except for compositions around 0.1, becoming more resistive 

on Bi doping. None of the compounds were found to superconduct down to 1.8 K. 

The three layered member, n = 3, is characterised by temperature independent 

conductivity, the semi-metal behaviour transforming to semiconductor-like behaviour 

on Bi doping.^ In both the two and three layered members weak superlattice reflections 

were observed in the powder x-ray diffraction profile, but a full structure has yet to be 

reported. The reason for an increase in conductivity with increased dimensionality is 

still to be resolved. Cava et al^ has speculated that it is caused either by an increased 

tendency for charge disproportionation or increased disorder effects in the layered 

systems.

Bismuth compounds are more difficult to synthesise in layered structures. 

Growth of (Bai-xKx)3Bi2 0 7  was found to be favourable only by electrochemical 

crystallisation in a KOH flux under specific conditions. Furthermore, only a 

composition of x=0.65 could be synthesised and seems independent of either starting 

material or synthetic conditions. Single crystal diffraction showed the absence of any 

charge disproportionation and ideal 14/m m m structure. Magnetic measurements reveal 

the absence of superconductivity down to 2 K.^ However, electronic structure 

calculations suggest more favourable conditions for metallic behaviour with different 

amounts of K doping.

7 .2  Structure o f (Ba,Sr)n+iSnn03n+i

All powder neutron diffraction described in this chapter was performed on the constant 

wavelength diffractometer, BTl, at NIST. Data were collected over an angular range of 

7°, with a step size of 0.05, for each of the 32 detectors, with one degree overlap with 

the neighbouring detectors. Individual patterns were adjusted for zero point and 

detector efficiency and merged into a single profile between 4 and 165 degrees.
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Impurity peaks from the aluminium sample holder and cryostat and from the copper 

cooling block were all excluded in the Rietveld refinements.

7.2.1 Ba2Sn04 

Experimental

Ba2Sn0 4  was prepared by mixing stoichiometric amounts of Ba(N03)2  and Sn0 2 , 

heating at 700°C for 6 hours to decompose barium nitrate and followed by pelletising 

and firing for one day at 1250°C. This was repeated twice to produce single phase 

material. A further annealing stage in O2 at 550°C was performed in case of oxygen 

loss during high temperature firing. The Cu (220) monochromator, X = 1.5573 Â, was 

employed for the neutron diffraction at NIST, due to the unavailability of the Cu (311) 

monochromator. Samples were mounted in vanadium containers and cooled in a 

closed-cycle helium refrigerator. Impurity peaks from the aluminium cryostat and from 

the copper cooling block were excluded in the Rietveld refinements of the low 

temperature data.

Rietveld refinement

A typical dependence of the beta integral (see chapter 3), obtained by fitting individual 

reflections with a pseudo-Voigt function, as a function of two-theta was found for the 

both room temperature and 10 K datasets. The Rietveld refinement, using the program 

FULLPROF, was best performed in the I 4/m m m space group, with no additional 

peaks to suggest a lower symmetry. A pseudo-Voigt peak shape function was 

employed for the room temperature data. However, the lOK data converged to a 

negative thermal parameter on the barium atom compelling the use of a Gaussian 

function. The results are shown in figure 7.2 and table 7.2 for room temperature and
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figure 7.3 and table 7.3 for the 10 K data. The structure is shown in figure 7.1. The 

Sn-O bond lengths are summarised in table 7.1. It is interesting to note the almost 

equivalent axial and equatorial bond lengths. This is similar to the result found by 

Rosseinsky and Prassides for Ba2Pb0 4 ,̂  but is vastly different to the co-ordination 

found in the cuprates such as La2Cu0 4 .

12 K 300

Sn-O equatorial / A 4 x 2.06527 (2) 4 x 2.07056 (2)

Sn-O axial / Â 2 x 2.0616 (2) 2 x 2.0696 (2)

Table 7.1 Sn-O bond lengths for Ba2Sn0 4  at 12 and 300 K.

Figure 7.1 Structure of Ba2Sn0 4  at room temperature in the I 4/mmm space group. 

Large light shaded circles represent Ba, small light circles represent Sn and O is 

represented by dark small circles.

164



Atom Wyckoff Site x/a y/b z/c B(Â2)

Ba e 0 0 0.3541 (2) 0.47 (3)

Sn a 0 0 0 0.56 (4)

O c 0 0.5 0 0.60 (3)

O e 0 0 0.1558 (1) 0.67 (4)

Lattice Parameter, a = 4.14112(4) Â ,c = 13.2834 (2 )Â

Conventional Rp : 13.7 Rwp I 14.0 B-exp • 10.46

with background Rp : 5.83 Rwp ' 7.57 B-exp  ̂ 5.65

y}  : 1.79 R Bragg :6.23

Table 7.2 Refined parameters for Ba2Sn0 4  at ambient temperatures.
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Figure 7.2 Pseudo-Voigt peak shape Rietveld refinement of Ba2Sn0 4  at room 

temperature.
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Atom Wyckoff Site x/a y/b z/c B(Â2)

Ba e 0 0 0.3541 (2) 0.08 (5)

Sn a 0 0 0 0.26 (7)

0 c 0 0.5 0 0.17 (5)

0 e 0 0 0.1556 (2) 0 .1 2 (6)

Lattice Parameter, a,b = 4.13053 (4) Â, c = 13.2491 (2)Â

Conventional Rp • 11.1 Rwp • 12.1 Bexp • 7.54

with background Rp : 5.84 Rwp ■7.43 B-exD ' 4.62

: 2.58 Î Bragg :4.86

Table 7.3 Refined parameters for Ba2Sn0 4  at 12 K.
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Gaussian peak shape Rietveld refinement of Ba2Sn0 4  at 12K.
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7.2.2 SrSn03  

Experimental

SrSnOg was prepared by mixing stoichiometric amounts of Sr(N03 )2  and Sn0 2 , 

heating at 700°C for 6 hours to decompose the nitrates, followed by pelletising and 

firing for one day at 1300°C. This was repeated three times to produce single phase 

material. A further annealing stage in O2 at 450°C was performed in case of oxygen 

loss during high temperature firing. The Cu (311) monochromator, X = 1.539 Â, was 

employed for the constant wavelength neutron diffraction at NIST. Samples were 

mounted in aluminium containers and cooled in a closed-cycle helium refrigerator. 

Impurity peaks from the aluminium cryostat were excluded in the Rietveld refinements.

Rietveld Refinement

Oxide perovskites with the general formula, ABO3, are well known to distort from the 

ideal. Pm3m space group. Glazer developed a scheme for classification of the 

various types of distortion, which can be divided into three s e c t i o n s : f i r s t l y ,  

displacements of the cations along certain directions, which were found to have 

important implications on their overall physical properties; secondly, tilting of the 

octahedra which can lead to 23 possible structures if we consider only a doubling of the 

unit cell; finally, a combination of cation displacement and octahedra tilting. SrSn0 3  

was first reported as an example of an ideal cubic perovskite,^^ with a space group 

Pm3m. In a single crystal X-ray study, Vegas et al^^ revealed a double unit cell, 

however, the twinning of the crystal prevented accurate extraction of the atomic 

positions.

Systematic absences in the diffraction profile of the Okl : k = 2n+l reflections, 

confirmed the Pbnm space group speculated by Vegas et al. Rietveld refinement in
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Pbnm was successful for both the room and low temperature datasets, with no 

additional peaks from either sample impurities or a lowering of symmetry. Attempts to 

refine the structure in other schemes of tilting defined by Glazer led to either an unstable 

refinement or a poorer overall fit. In the Glazer scheme, tilting of the octahedra is 

considered as three component tilts along the crystallographic directions: [100], [010 ] 

and [001]. A letter and sign are specified for each of these axis such that the letter, abc, 

indicates the magnitude and the sign 0 , +, - denotes whether there is no tilt or the tilt in 

the next octahedra is in-phase or out-of-phase, respectively.^^ SrSnOg, as determined 

in this work, is described as a'b+a‘ under this scheme, corresponding to two out-of- 

phase tilts with the same magnitude along a and c and an in-phase tilt along b of a 

different magnitude.t This is the most common tilting arrangement found in oxide 

perovskites. It has been reported for the family of nickel oxides with the general 

formula, ANiOg (A = Y, Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb and Lu)^^ as well as many 

of the Fe analogues. Figure 7.4 shows schematically the arrangement of one layer 

along the xz plane in this space group.
X

Figure 7.4 a‘b+a' tilt system described under the Pbmn space group. (After

Burns, G and Glazer, A. M.)^®

"t" Often reported in other orientations particually in spacegroup Pmnb when the tilt system is then 
a+b'b'.
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A primary tilt angle, (p, is defined about the a and c axis, with the secondary, \|/, 

about the b axis. For a regular octahedra,
^|2(l + cos(p)

ta n  y /  =  —  --------------------------
2  +  c o s  (p

Within the Pbmn space group, atoms are located as follows:

___________________X____________________y____________________ z______

Sr 4(c) X  y 0.25

Sn 4(b) 0 0.5 0

0 <« 4 , . ,

0 0 ,

Table 7.4 Atomic positions for SrSnOg in the Pbmn space group.

In the case of a regular octahedron, (p can also be determined from the cell 

parameters as
V2c’

COS (p = ---------------

ab

The octahedra is made up of three separate pairs of Sn-O bonds. Although the bonds

are almost equal the octahedra are not perfectly regular. Distances for the nearest Sn-O

bonds are listed in table 7.5.

_________________________________ 300 K___________________ 1 ^ _________

2 X 2.0459 2 x 2.0455

Sn-O (A) 2 X  2.0522 2 x 2.0627

2 X 2.0478 2 x 2.0527

Table 7.5 Nearest neighbour bond distances for SrSnOg at 12 K and ambient 

temperatures.
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The tilt angle, cp, is calculated from the z position on the O (2) atom to be 12.88° 

at room temperature and increases to 13.33° on cooling to 12K. There are two bond 

angles for the Sn-O-Sn bond, calculated for Sn-0(1)-Sn by

and for Sn-0(2)-Sn by

cos 6, =

cos 62 =

2-5cos^ Ç 
2 + cos^ (p

\-Acos~ (p

Values for 8 ] and 82 are 158.8° and 159.0° at room temperature and 158.1° and 158.3° 

for the low temperature structure. These are comparatively small tilting distortions. For

example, a value of (p = 28° is observed in SeCoOg.^' SrSnOg adopts a structure

similar to the CaTiO] one which has a value of (p = 10°.22

Figure 7.5 Crystal structure of SrSnOg at room temperature determined by Rietveld 

refinement of powder neutron data. Large light shaded circles represent Sr, large dark 

circles represent Sn and O is represent by small dark circles.
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Atom Wyckoff Site x/a y/b z/c B(Â2)

Sr c -0.0028 (1) 0.0195 (5) 0.25 0.82 (4)

Sn b 0 0.5 0 0.11 (4)

0 c 0.0600 (1) 0.4898 (7) 0.25 0.69 (7)

0 d 0.7190 (5) 0.2805 (5) 0.0330 (5) 0.63 (5)

Lattice Parameters, a = 5.70892 (3) Â, b = 5.70340 (3) Â, c = 8.06482 (4) Â 

Conventional Rp : 15.5

with background

Rwp • 18.2 Rexp ' 17.7

Rp : 8.21 Rwp " 1 1 2 Rexp • 10-91

y} : 1.05 l^Bragg ' 5.56

Table 7.6 Positional and thermal parameters for SrSnOg at room temperature.

1000 —
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6 0 0  -

c  4 0 0  H(Ù

200 -

0 -

-200

I I  1 1 1  1 1 1  I I  I I I  n i l M i l  I I I !  I H I I I I  I

20 40
n  I I
60 80 100

2-Theta (in degrees)
120 140

Figure 7.6 Rietveld refinement of SrSnOg at room temperature.
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Atom Wyckoff Site x/a y/b z/c B(Â 2)

Sr c -0.0038 (7) 0.0241 (3) 0.25 0.27 (3)

Sn b 0 0.5 0 0.05 (3)

O c 0.0666 (7) 0.4891 (5) 0.25 0.10 (4)

0 d 0.7154 (4) 0.2825 (4) 0.0342 (3) 0.27 (3)

Lattice Parameter, a = 5.69857 (2) Â, b = 5.69744 (2) Â, c = :8.05187 (2)Â

Conventional Rp : 10.9 R\vp • 13.5 R^xp ' 10.0

with background Rp : 6.82 Rwp : 9.39 Rexp • 6.96

%2;L82 Î Bragg • 4.43

Table 7.7 Positional and thermal parameters for SrSnOg at 12 K.

3000

2500

2000 -

G 1500

1000 -
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Figure 7.7 Rietveld refinement of SrSnOg at 12 K.
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7.2.3 SrzSn04 

Experimental

Sr2Sn0 4  was prepared by mixing stoichiometric amounts of Sr(N03 )2  and Sn0 2 , 

heating at 700°C for 6 hours to decompose the nitrates, followed by pelletising and 

firing for one day at 1150°C. This was repeated five times to produce single phase 

material. A further annealing stage in O2 at 450°C was performed in case of oxygen 

loss during high temperature firing. The Cu (311) monochromator, X = 1.539 Â, was 

employed for the constant wavelength neutron diffraction at NIST. Samples were 

mounted in an aluminium containers and cooled in a closed-cycle helium refrigerator. 

Impurity peaks from the aluminium cryostat were excluded in the Rietveld refinements.

Rietveld refinement

Sr2Sn0 4  adopts the K2Nip4 structure. Systematic absences show a lowering of 

symmetry from the ideal I4/m m m space group. The additional reflections could be 

indexed on a V2 x V2 x 2 cell. F m m m, a subgroup of I 4/m m m, contains an 

orthorhombic axes at such a 45° rotation to the tetragonal a and b axes. However, 

atoms have the same site symmetry and it still leads to unindexed reflections. Inspection 

of the systematic absences leads to the possibility of either Cmca, P42/ncm or Pccn 

space groups, all subgroups of I4/mmm. The structural differences in the space groups 

reflect the possible types of rotations of the SnO^ octahedra, shown diagramatically in 

figure 7.8 for Cmca and P42/ncm. I4/mmm is a tetragonal space group allowing no 

octahedral tilting. P42/ncm is also a tetragonal space group, but allows two octahedral 

tilts, which must be of the same order of magnitude, along the [1 1 0 ] and [1 1 0 ] 

axes. The first orthorhombic structure with space group Cmca, allows an octahedral tilt 

along the [1  0 0] axis. The second space group, Pccn, allows tilts of different
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magnitudes along the [ 1 10 ]  and [ 1 1 0 ]  axes. These space groups and associated 

structural distortions have been widely discussed in the context of high temperature 

superconductivity for materials such as La2Cu0 4  and La2Ni0 4 .^^’

Both low and room temperature datasets were refined to convergence in P c c n, 

Cmca and P42/ncm space groups. For the room temperature data a Rwp of 9.76 % and 

a of 1.003 was obtained in the orthorhombic Cmca space group, in contrast to a Rwp 

of 9.88 % and a of 1.028 for the tetragonal P42/ncm. Both refinement employed 

isotropic thermal factors. The incorporation of anisotropic thermal factors led to an 

improvement in the fit for both space groups. Values of Rwp of 9.70 % and y}  of 

0.9975 were obtained for the tetragonal P42/ncm space group and Rwp of 9.55 % and a 

y^  of 0.9667 was obtained in the orthorhombic Cmca space group. The fit for Cmca 

space group is better with values of Rb = 4.59 % and Rb = 3.92 % for P42/n c m and 

Cmca, respectively.

Rietveld refinement of the low temperature data showed a phase transition to the 

tetragonal P42/ncm space group on cooling, with an improvement in the Rwp and y}  

values from 8.94 % and 2.821 (P42/ncm) to 8.44 % and 2.514 (Cmca). Incorporation 

of anisotropic thermal factors in the P42/ncm fit reduced Rwp to 8.08 % and y}  to 

2.319 yielded a Ry of 3.45 %. A fit performed in Pccn did not improve Rwp for either 

low and ambient temperature datasets, but increased the value due to larger number 

of parameters used in the fit.

__________________________________ 1 2 ^ ___________________300 K_________

Sn-O equatorial (A) 2 x 2.02465 (7) 4 x 2.0299 (2)

2 X  2.0423 (5)

Sn-O axial (Â) 2 x 2.055 (2) 2 x 2.055 (2)

Table 7.8 Equatorial and axial Sn-O bond lengths in Sr2Sn0 4  at 12 K in P 42/ncm 

and at 300 K in Cmca.
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C m c a P42/n c m

(a) (b)

Figure 7.8 Oxygen displacements of the SnC^ plane associated with a distortion 

from tetragonal I4/mmm symmetry to (a) Cmca and (b) P42/ncm. Small dark shaded 

circles indicate oxygen atoms displaced out of plane of paper. Small lightly shaded 

circles indicate displacement into plane of paper. Unshaded small circles indicate no 

displacement. Large circle indicates central metal (Sn) atom.

Figure 7.9 Structure of Sr2 Sn0 4  at 300 K (Cmca). Large circles represent Sr, 

Small light circles represent Sn and small dark circles represent O.
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Atom Wyckoff Site x/a y/b z/c
Sr f 0 0.3529 (1) 0.0096 (6)
Sn a 0 0 0

0 (1) e 0.25 0.0115(3) 0.25
0 (2) f 0 0.1624 (2) -0.0325 (8)

b n b22 b33 b23
Sr 0.00603 0.00883 0.01197 -0.00034
Sn 0.00156 0.00194 0.00418 -0.00184

(3(1) 0.00956 0.01641 0.01116 -0.00674
0 (2) 0.01934 0.00604 0.01162 -0.00165

Lattice Parameters, a = 5.7225 (4) Â, b = 12.5828 (5) Â, c = 5.7306 (4) Â
with background Rp : 7.00 Rwp • 9.55 Rexp * 9.71

i }  : 0.9669 l^Braee • 3.93

Table 7.9 Refined parameters for Sr2Sn0 4  at ambient temperatures (Cmca).
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20 40 60 80 100 120
2-Theta (in degrees)

Figure 7.10 Psuedo-Voigt refinement of Sr2Sn0 4  at room temperature (Cmca).
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Atom Wyckoff X y z

Site

Sr i 0.0086 (2) 0.0086 (2) 0.3531 (1)
Sn d 0 0 0

0 (1) e 0.25 0.25 0.0213 (3)
0 (2) i -0.314 (3) -0.314 (3) 0.1627 (2)
0 (3 ) a 0.75 0.25 0

b n b22 b33 b i2 bi3 b23
Sr 0.00114 0.00114 0.00238 -0.00895 0.00085 0.00085
Sn -0.00176 -0.00176 0.00471 0.01346 -0.00130 -0.00130

0 (1) -0.00324 -0.00324 0.01487 -0.00920
(3(2) 0.00570 0.00570 0.00523 0.00696 0.00034 0.00034

(3(3) 0.00957 0.00957 0.00605 -0.01268

Lattice Parameter, a,b == 5.7267 (2) Â, c = 12.5296 (5) Â
with background Rp : 5.79 Rvvp ' 8.08 Rexp, :5.31

: 2.319 l^Brass • 3.45

Table 7.10 Positional and thermal parameters for Sr2Sn0 4  at 10 K.

5000  - [

4 0 0 0  -

30 0 0  -

2000 -

1000 -

0 -

20 40 80 100 12060

2-Theta (in degrees)

Figure 7.11 Pseudo-Voigt refinement of Sr2Sn0 4  at 10 K in P42/ncm space group.
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7.3 Conclusion

The structure of several members of the (Ba,Sr)n+iSnn0 3 n+i homologous series has 

been investigated at both ambient and low temperatures. Neutron powder diffraction 

confirmed that Ba2Sn0 4  has an ideal I4/mmm tetragonal cell at both 12 K and ambient 

temperatures, with little distortion of the SnO^ octahedral unit, in agreement with X-ray 

studies.^^’ BaSnO] is also reported to be an ideal cubic perovskite with space group, 

Pm3m.^^ In contrast, the analogous Sr systems all show tilting of the SnO^ octahedra.

A tolerance factor, t, for perovskites structures with the general formula, ABO3, 

was introduced by Goldschmidt,^^

V2(Rb + R J

where Ra, Rb and Rq are ionic radii of the ions. An orthorhombic cell is observed 

when the tolerance factor, t, is much less than unity i.e. the A-O bond length is less 

than V2 times the B-O bond length. Ionic radii for Ba^+, Sr^+, Sn4+ and 0^‘ (1.35,

1.13, 0.71 and 1.40 Â) yield a tolerance factor, t, of 0.85 for SrSn0 3  and 0.922 for 

BaSn0 3 . Tolerance factor for the K2Nip4 perovskite structures are discussed by 

Ganguly and Rao,^^ who noted that a value of t between 0.85 and 1.02 the layered 

K2N1F4 structure is stable. It was further postulated that values close to or less than

0.85 led to distortions from the ideal tetragonal symmetry. The distortion to the Sr 

systems when compared with the analogous Ba systems can be understood in terms of 

the mismatch between A-O (A = Ba and Sr) and Sn-O bonds.
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Chapter 8

Structure and Magnetic Properties o f
GeCuOs.

8.1 Introduction

Chain compounds of uniformly spaced atoms or molecules, that behave as one 

dimensional metals with a half filled conduction band, are often unstable to a metal- 

insulator transition which splits the conduction band, known as the electronic Peierls 

transition.^ The resulting gap at the Fermi energy leads to a semi-conducting material. 

The spin-Peierls transition is the corresponding phenomenon occurring in an one 

dimensional array of spins. Figure 8.1 shows a one dimensional array of equally 

spaced atoms a distance, a, apart with a single exchange constant, J, forming a uniform 

one dimensional antiferromagnet (AF). In the spin-Peierls transition, below a critical 

temperature, T§p, a transformation to a dimerised diamagnetic chain occurs. It is 

associated with two separate lattice spacings, ai and a2 and consequently two exchange 

constants, Ji and J2. The one dimensional interaction is heavily dependent on the three 

dimensional motion of the lattice which modulates the exchange energy. This spin- 

phonon or magnetoelastic coupling is analogous to the electron-phonon coupling found 

in superconductors and a coupling constant, X, can be defined. Pytte^ found that T§p is 

dependent on the coupling constant.

Therefore, the spin-Peierls transition is a direct consequence of magneto-elastic 

coupling between a one dimensional antiferromagnetic chain of localised spins and a 

three dimensional phonon. In general, magnetic systems show a transition at low 

temperature to a long range ordered phase that is not associated with any structural
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changes. This is because the spin-phonon coupling is so weak that the ordering is 

dominated by the spin-spin interaction. However, in the spin-Peierls systems, the 

lattice plays a dominant role, and strong spin-phonon interaction along the magnetic 

chains causes a dimérisation. Furthermore, the spin-phonon coupling results in a 

temperature dependent lattice dimérisation and therefore in a temperature dependent 

exchange constants ratio, a. The dimérisation is a second order transition leading to a 

singlet ground state at very low temperatures. It creates a magnetic gap, A(T), shown 

diagramatically in figure 8.3 (a) and (b), analogous to the electronic energy gap found 

at the Fermi energy in superconducting materials. Moreover, the temperature 

dependence of the magnetic gap shows a BCS-like behaviour, yielding a gap ratio 

identical to that observed for the electronic superconducting gap in conventional 

superconductors. That is,

^  = 3.52

J
h-----

a

f I f j  f  i  f Io—o—o—o—o—o—o—o
Uniform ID antiferromagnet

h  h
H—4----------- H

ai a2

t i  f I t I t I
-0-0----------- C h O ------------oo-------------0 - 0

spin Peierls state. Dimerised diamagnetic chain.

Figure 8.1 Systematic representation of atom and spin with the onset of the spin- 

Peierls transition.
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0 0

(a) (b)

Figure 8.2 Systematic representation of excitation energies for (a) a uniform AF 

chain and (b) a dimerised spin-Peierls state which introduces a magnetic gap between 

the singlet and triplet states.

Gap ratio values of 3.53, 3.7 and 3.16 have been measured for TTF-CuBDT^, 

TTF-AuBDT^ and MEM-(TCNQ)2  ̂ respectively.t For a uniform chain, the lowest 

magnetic excitation is degenerate with the ground state. For any value of a  < 1 the 

degeneracy is lifted and an excitation gap appears. Consequently, a zero susceptibility 

is obtained for some value above absolute zero. Specific heat anomalies analogous to 

those found in superconductors are also observed for spin-Peierls systems.^ A soft 

mode is associated with the dimérisation, that progressively changes in frequency as a 

function of temperature below T§p.

The spin Peierls state has, until now, been exclusive to a limited number of 

exotic organic molecular quasi-one-dimensional systems such as TTF-MS4C4(CF3)4 

(M = Cu or Au),^’  ̂MEM(TCNQ)2,̂  cation radical salts derived from TMTTF donor 

molecule and a'-(BEDT-TTF)2AgCN2.^’  ̂Recently, this unusual transition has been 

found in an inorganic oxide; GeCuOg at 14 K.^ This chapter reports the magnetic 

susceptibility of GeCuOg in applied fields up to 7 T and temperatures between 1.8 and 

300K, and powder neutron diffraction measurements at 300, 20 and 4.2 K.

t MEM = methylethylmorpholinium; TCNQ = tetracynaoquinodimethanide; TTF is tetrathiafulvalene.
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Spin-Peierls Transition in GeCuOg

GeCuOg has been the focus of much work since Hase et al proposed that it was the first 

example of an inorganic material to show a spin-Peierls transition.^ The broad 

maximum observed in the susceptibility was explained by the existence of AF exchange 

between the Cu^+ ions. A poor fit was found with the Bulaevskii model for temperature 

dependent alternating exchanges, (see § 8.3) at temperatures below Tgp, and this was 

attributed to the possibility of weak interchain coupling. However, various features 

observed in the susceptibility were in general agreement with the occurrence of the 

spin-Peierls transition.^ The possibility of a structural phase transition causing an 

alternation of the exchange constants was ruled out from the dependence of Tgp on the 

applied magnetic fields.

The effect of applied field on Tgp can be seen in figure 8.6 for field of up to 7 T, 

in good agreement with that obtained by Hase et al.^ The magnetic field dependence on 

Tgp can be expressed as follows,^’

sp ksT jO )

where |Ib is the Bohr magneton and kg is the Boltzmann constant, a n  is predicted to be 

0.44^ and 0.38.^^ Hase et al measured a value of 0.46 in good agreement with existing 

theories.^ A value of 3.43 was measured for the gap ratio, which is close to that found 

in the organic spin-Peierls systems and the ideal value of 3.52, as predicted by the BCS 

model. Moreover, measurements by Hase et al for the spin-lattice coupling constant 

h=0.2 and the magnetic gap at absolute zero, 2A = 24 K are all in agreement with the 

expectations for a spin-Peierls material, and are remarkably close to those obtained for 

the organic examples. Kuroe et al also found an anomaly in the heat capacity at around 

14 K, in agreement with the spin-Peierls transition. In a further study. Hase et al
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measured the magnetisation of GeCuOg in applied magnetic fields of up to 25 T, giving 

detailed information on the magnetic phase diagram and further supporting the evidence 

for a spin-Peierls state, and a critical field of 12-13 Zero field |iSr experiments 

shows a slowing down of the spin fluctuations through Tgp and does not reveal the 

presence of frozen magnetic moments, in agreement with the spin-Peierl hypothesis.

Structural evidence for the dimérisation of the Cu-Cu chain has been gathered 

by X-ray and elastic neutron scattering, which reveal a second order structural 

transition towards a dimerised ground state at Tgp = 14 In an electron diffraction 

experiment, superlattice reflections were observed which could be indexed by (h/2 ) k 

(1/2) (h,k,l : odd). This was interpreted as characteristic of a cell with space groups 

Bbcm or Bbmm and cell dimensions, a'=2a, b'=b and c'=2c.^^ In a single crystal 

neutron scattering experiment, Hirota et al^  ̂found superlattice reflections indexable on 

the same cell, but with h,k,l : even as well as odd.t From superlattice reflections, the 

displacements of the copper and oxygen atoms were calculated (shown schematically in 

figure 8.3). It was estimated that Cu is displaced by -0.001 l(l)/c  along z and the 

bridging oxygen, 0(2), (see figure 8.3) is displaces -0.0009(7)/a along x and 

0.00126(8)/b along y. It was noted that the Cu displacements are out of phase by an 

angle equal to n  with each other. Lorenzo et al discovered a renormalisation of the 

longitudinal acoustic phonon branch along the b axis, together which a spontaneous 

strain appearing below Tgp.^^ However, it is not known whether these two 

observations are related or there is a dependence of the strain on the atomic 

displacements. The lattice parameter b increases with field, whereas the a parameter 

increases on passing through the spin-Peierls transition.

t  In both cases, the c axis is defined as the Cu-Cu chain axis and the lattice parameters are o f  the order 
o f  a=4.81, b=8.47 and c=2 .94  Â.
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Figure 8.3 Schematic representation of the low temperature distortion occurring in 

GeCuOg at the onset of the spin-Peierls transition.
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8.2 Experimental

Polycrystalline samples were synthesised by pelletising CuO, previously dried in an 

muffle furnace at 300°C and Ge0 2  in stoichiometric proportions and heating in a Ft 

crucible in O2 at 950°C for 30 hours followed by slow cooling. Single phase material 

was confirmed by powder X-ray diffraction. Powder neutron diffraction profiles were 

recorded on the BTl diffractometer at the National Institute of Standards and 

Technology, Gaithersburg, USA. Data were collected over an angular range of 7°, with 

a step size of 0.05°, for each of the 32 detectors, with one degree overlap with the 

neighbouring detectors. Individual patterns were corrected for zero point errors and 

detector efficiency and merged into a single profile between 4 and 165 degrees for 

refinement by the Rietveld method for constant wavelength data. Measurements were 

performed at 300, 20 and 4.2 K. The profiles at 300 and 20 K used the Cu (220) 

radiation (X, 1.5573 Â) with 14' and T  collimation respectively, while that at 4.2 K 

used Cu (311) radiation (X, 1.539 Â). Cooling was performed with a closed cycled 

helium refrigerator for the 20 and 300 K measurements, and a liquid helium bath 

cryostat for the 4.2 K measurement. The temperature dependence of the magnetic 

moment of the same polycrystalline sample was measured in applied fields from 0.1 to 

7 T between 300 and 1.8 K, using a Quantum Design MPMS SQUID magnetometer.

8.3 Magnetic Susceptibility

At temperatures well above the spin-Peierls transition the magnetic susceptibility is 

expected to fit the Bonner-Fisher mode l ,wh i ch  describes a uniform Heisenberg AF 

chain i.e. where exchange ratio, a  = 1. However, below T§p, the introduction of a gap 

of magnitude 2A(T) in the excitation spectrum, which follows a BCS-like temperature 

dependence, causes the magnetic susceptibility to fall to zero. This occurs for all values 

of 8(T), where ô(T) describes the alternating exchange interaction
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5(T) = -^22  where p  = l + — 
2pJ 7T

Bulaevskii proposed a model within the Hartree-Fock approximation which predicts 

that the dependence of the magnetic susceptibility, %, in a dimerised spin-Peierls state 

on temperature will take the form

where a  is the exchange ratio J2/J1.

a  = 0.95 a  = 0

I
s

Temperature (K)

Figure 8.4 Normalised magnetic susceptibility as a function of temperature for a 

uniform AF chain, a  = 1, a weakly dimerised chain, a  = 0.95 and for isolated AF 

dimers, a  = 0 .
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The susceptibility predicted in the Bulaevskii model is shown in figure 8.4 for 

different values of a . The essential difference between the spin-Peierls state and a 

uniform AF chain is the vanishing susceptibility at temperature approaching absolute 

zero, due to the magnetic gap. a  = 0 is the extreme case of isolated AF dimers. It is 

also noteworthy that the susceptibility above T§p for a  = 0.95 i.e. a weakly dimerised 

chain, is essentially identical to that of a uniform AF chain.

Figure 8.5 show the magnetic susceptibility in an applied field of 10 mT from

4.2 to 300 K. A sharp transition is seen around 14 K. Further measurement were 

performed from 4.2 K to 20 K in applied fields of 1 to 7 T, shown in figure 8.6. 

Dependence of the spin-Peierls transition temperature with applied field was extracted 

by finding the intersection of two lines one either side of Tsp. Good agreement is found 

with previous measurements. A fit to the theoretical dependence given by Cross et al 

and Bulaevskii et al.

kBT.„(0)

leads to an exponent a  = 0.45. This is in excellent agreement with the value of 0.45 

obtained by other magnetic susceptibility measurements and a value of 0.4 obtained by 

analysis of the contraction of the b lattice parameter. A fit of the magnetic susceptibility 

at a field of 50 mT to the Bulaevskii model for an antiferromagnetic chain with a 

temperature dependent alternating exchange ratio is shown in figure 8.8. Parameters 

fitted are the g value, the mean Cu-Cu exchange constant and the ratio between the two 

values of the exchange constant in the alternating chain. The fit between 2 and 14 K, 

after correction for a Curie tail, yields a g value of 2.16, an exchange constant of 88 K 

and a ratio, y, of 0.69.
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Figure 8.5 Magnetic susceptibility of GeCuOg measured in an applied field of 

10 mT.
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Figure 8.6 Magnetic susceptibility of GeCuOg measured in applied fields of 1 to 7 

T.
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Figure 8.7 A fit to the Bulaevskii and Cross et al model of the dependence of Tgp 

on applied field, yielding a value of a  = 0.45.

5 10 15 20r/K

Figure 8.8 Magnetic susceptibility measurement of GeCuOg in 50 mT fitted with 

the Bulaevskii model of the alternating temperature dependent exchanges.
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8.4 Neutron Diffraction

Previous structural characterisation of a single crystal of GeCuO] performed by Ginetti 

et al using X-ray diffraction was interpreted in the spacegroup, Pb2im J^ A later 

powder X-ray diffraction profile was refined in a Pbmm spacegroup, which was 

confirmed by powder neutron diffraction.^® Due to the importance of obtaining accurate 

information about the positional parameters and the lattice distortion in the context of 

the spin Peierls transition, a high resolution powder neutron diffraction study was 

undertaken. Measurements were performed at 300 and 20 K as well as below Tgp at 4.2 

K. The structure of GeCuO] was best refined at all temperatures in Pbmm (or Pmma 

under the standard setting in the International Tables of Crystallography^^). The 

structure is shown in figure 8.9. It consists of chains of corner-sharing Ge0 4  

tetrahedral surrounding the chains of edge-sharing CuOf,. The latter are tetragonally 

elongated in a ferro-distortive fashion, perpendicular to the Cu chain axis.

Figure 8.9 Structure of GeCuO] in the Pmma spacegroup. Large dark circles 

represent Cu, large light circles represent Ge and O is represented by dark small circles.
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Attempts to refine the structure in enlarged cells and allowing for variation of 

the Cu-Cu separation, led to no improvement to the fit at any temperature. Difference 

Fourier maps do not indicate any displacement of the Cu from their mean positions or 

unusually large fluctuations along the Cu-Cu chain. Figure 8.10 shows the variation, 

for each Bragg reflection, of the beta integral (see §3) obtained by fitting each reflection 

to a psuedo-Voigt function. It is clear that there is obvious departure from the expected 

smooth instrumental broadening of peaks. This is particularly evident for (hOl) peaks, 

for example 601, 600, 400 and 401. This anisotropic broadening of peaks was thus 

modelled by refinement of strain parameters along the a and c axes, that is the two 

directions perpendicular to the Cu-Cu chain axis.

1.4

1.2

I
.S 0.8
§

0.6

0 .4

0.2

n I I I I I I I I I I I I I I I I r

401

411

I  400

600

|4 1 0 j  Î I 402

601

303

013
221

I I I I I J  I I I I 1 I I I I L_

020

20 30 40 50

2-theta
60 70 80

Figure 8.10 Dependence of the beta integral on diffraction angle for GeCuOg at 

ambient temperature. The circles represent values obtained from fitting a pseudo-Voigt 

function to individual reflections. The solid line is a typical dependence obtained with 

the Cu (220) monochromator.
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Strain in Rietveld Refinement

Strain was incorporated in the refinement with the general orthorhombic strain routine 

within the FULLPROF program.^^ Generally speaking, broadening due to sample 

effects can arise either from size or microstrain effects.^^’ The size effect occurs due 

to imperfections in the dimensions and morphology of coherently diffracting domains 

and the angular dependence of the full width at half maximum is given by

cos (0)

where c is the refined size parameter.

Microstrain can be caused by many imperfections such as internal stresses, non

stoichiometry, micro-twinning or forms of atomic disorder such as stacking faults or 

dislocations. The angular dependence of the FWFIM is given in this case by

=  etan[e)

where 8 is the refined strain parameter.

Both microstrain and size effects can be either isotropic or anisotropic. For 

extraction of physically significant details of size or microstrain present in a sample, the 

Thomson-Cox-Hastings (TCH) pseudo-Voigt function is preferred. A correct 

convolution of the instrumental and intrinsic sample broadening can then be achieved. 

The incorporation of size and strain effects modifies the dependence of the FWHM 

(chapter 3) defined with the TCH peak shape function

FWHM^(Gaussian) = (u - I - ) tan^ Q + \tanQ + w-\-
cos 6

V  -H FWHM • FWHM(Lorentzian) = xtan6 + ̂ ^
cos^ 0
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The convolution of the Lorentzian and Gaussian components as a function of 

two-theta is explicitly defined in § 3. It is considered that the parameters z and y 

describe the broadening due to strain for the Gaussian and Lorentzian components 

respectively, whereas u and x describe the broadening due to size effects for the 

Gaussian and Lorentzian components respectively. It was initially obvious from 

Rietveld refinement that the intrinsic peak broadening in GeCuOg were of a dependence 

which suggested that their origin lies in strain rather than size. Refinement of the size 

component in any of the datasets was unstable and offered no improvement to the 

reliability factors. Therefore, size effects will not be considered further in this 

discussion. A mathematical description for the calculation of the strain parameters is 

now given.

The application of strain on a sample produces a Gaussian distribution of the 

lattice p aram eter.F o r a Gaussian distribution, the probability of finding a value x is 

given by the normal distribution

where the mean value is a  and the variance is a(a). The full width at half maximum 

(FWHM) of the Gaussian distribution is related to the variance by.

FWHM = 2-\j2ln2G{oc)

In diffraction the relevant variable is 1/dj^ .

Strain in GeCuOg is modelled by two parameters, along the a and c axes, 

respectively. In this case the mean value is given by

dL a ' b ' c '

but the variance is dependent on parameters only along a and c
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cr(l/a^ ,l/c^) = cr(l/

The full width at half maximum due to anisotropic strain is then given by

where P is defined by

Therefore,

FWHM^ = ( 7 ( l /d ^ ) . l^

180V8iïÏ2
P =

1000Æ
tan0

FWHMLn =
cr(l/a^)^h'^ + cr(l/c^)^P

h ' k ' r
a" b" c"

The variance of the Gaussian distribution, along with the lattice parameters, are the 

refined parameters in the fit giving a tan0 dependence on diffraction angle.

The clear improvement in the fit on application of microstrain parameters along 

the a and c axis is shown in figure 8.11. Refinement without anisotropic broadening 

yields to an average peak shape dependence. For example the 601 reflection, shown in 

figure 8.11 (a) is considerably broader than other reflections around the same 

diffracting angle, whereas the 020 reflection, around 63°, (shown as an inset) is much 

narrower. With the inclusion of microstrain the fits, shown in figure 8.11 (b), to both 

the 601 and 020 reflections is considerably improved. The overall R-factors are also 

significantly improved. For example, the Rwp value was reduced from 13 to 8.67% in 

the 300 K data set and from 15.0 to 9.99% in the 4.2 K data set. It is not known 

whether the origin of this strain is from defects in the stacking of the chains or a 

genuine departure from the orthorhombic symmetry not resolvable in the powder data. 

Figure 8.12, 8.13 and 8.14 show the refinement of GeCuOg at 300, 20 and 4.2 K. 

Microstrain, as well as atomic and thermal parameters, background described by a fifth- 

order polynomial, Thomson-Cox-Hasting peak shape parameters and a preferred 

orientation using the March model were refined to convergence. Tables 8.1, 8.2 and

8.3 list the atomic and thermal parameters at each temperature.
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(a) GeCuOg at 4.2 K without microstrain effects included in the refinement.

(b)

2-Theta (in degrees) 

GeCuOg at 4.2 K with microstrain.

1200

1000 -

800 —

600  -  

% 4 0 0  -

^  200 -

0 -

-200 -

-4 0 0  -

78 7976 777573 74

1200

1000 -

800  —

6 0 0  -

2 - T b e t a ( i n  d e g r e e s )
4 0 0  -

200 -

0 -

-200 -

-400  -

76 78 7974 7773 75
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Figure 8.11 Section of Rietveld refinement of GeCuOg at 4.2K showing the 

improvement in peak fitting of the 601 reflection (and inset: 020 reflection) after the 

inclusion of strain effects in the refinement.
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Atom x/a y/b z/c B(Â2)

Cu 0.0 0.0 0.5 0.82 (5)

Ge 0.25 0.5 0.0766 (4) 0.61 (4)

Ol 0.25 0.0 0.8659 (6) 0.69 (6)

02 0.0836 (3) 0.5 0.2848 (4) 0.92 (5)

Table 8.1 Atomic and thermal parameters for GeCuOg at room temperature.

4000  -

3000  -

•■S' 2000 -

1000 -

0 -
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2-Theta (in degrees)

Figure 8.12 Rietveld refinement of GeCuOg at 300 K with the inclusion of 

microstrain parameters along a and c.
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Atom x/a y/b z/c B(Â2)

Cu

Ge

01

02

0.0 

0.25 

0.25 

0.0831 (3)

0.0

0.5

0.0

0.5

0.5 

0.0731 (4) 

0.8641 (6) 

0.2808 (4)

0.49 (5) 

0.28 (5) 

0.53 (6) 

0.34 (5)

Table 8.2 Atomic and thermal parameters for GeCuOg at 20 K.
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Figure 8.13 Rietveld refinement of GeCuOg at 20 K with the inclusion of 

microstrain parameters along a and c.
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Atom x/a y/b z/c B(A2)

Cu 0.0 0.0 0.5 0.48 (4)

Ge 0.25 0.5 0.0741 (4) 0.39 (4)

Ol 0.25 0.0 0.8620 (6) 0.65 (5)

02 0.0827 (2) 0.5 0.2808 (4) 0.45 (4)

Table 8.3 Atomic and thermal parameters for GeCuOg at 4.2 K.
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Figure 8.14 Rietveld refinement of GeCuO] at 4.2 K with the inclusion of 

microstrain parameters along a and c.

200



(a) Lattice parameters

Lattice Room 20 K 4.2 K

Parameter (Â) Temperature

a 8.5124 (5) 8.4668 (3) 8.4526 (3)

b 2.94389 (9) 2.94683 (5) 2.94330 (4)

c 4.7981 (3) 4.7877 (2) 4.7816(1)

Peak shape function

Peak shape Room 20 K 4.2 K

parameter Temperature

u 0.56 (5) 0.42 (5) 0.24 (3)

V -0.4 (1) -0.3 (1) -0.12(9)

w 0.11 (7) 0.11 (7) 0.08 (6)

X -0.123 (7) -0.070 (8) -0.177 (6)

y 0.139 (5) 0.108 (6) 0.127 (5)

Asymmetry 0.04 (1) 0.06 (1) 0.162 (2)

Microstructural parameters

Microstructure Room 20 K 4.2 K

parameter Temperature

Pref. Orien. 0.971 (3) 0.984 (3) 0.987 (3)

Strain along a 0.000140(1) 0.000143 (1) 0.0001383 (5)

Strain along c 0.000235 (7) 0.000289 (5) 0.000256 (5)

Table 8.4 (a) Lattice (b) peak shape and (c) microstructural parameters for

GeCuO] at 300, 20 and 4.2 K.
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There is no indication for a doubling of the unit cell, or any lowering of 

symmetry either by the splitting of Bragg reflections or the appearance of superlattice 

peaks in any of the data sets. However, there is strong evidence for a phase transition 

between 20 and 4.2 K. The temperature dependencies of the lattice parameters are 

shown in figure 8.15 for a and c and figure 8.16 for b. A dramatic drop is seen in the a, 

b and c lattice parameters on cooling through T§p from 20 to 4.2 K. However, the a and 

c parameters show a modest contraction from 300 to 20K, whereas the b axis 

increases. Furthermore, the lattice parameter anomalies are associated with an increase 

in strain along both a and c on cooling from 300 to 20K, which is released with the 

onset of the spin-Peierls transition and further cooling to 4.2K. The sharp fall in the a 

lattice parameter is in agreement with the data of Harris et al, who found the transition 

to occur at T§p and similarly affected by applied field. In a neutron scattering 

experiment, Lorenzo et al found that instead of the expected dimérisation along the c 

axis, a softening of the longitudinal acoustic phonon propagating along b was 

observed. Moreover, Aral et al also found a large lattice anomaly in the plane 

perpendicular to the Cu-Cu chain and concluded that it was mediating the Cu-Cu spin- 

spin interaction. This competition between elastic and spin-spin interaction was evident 

at temperatures much above T§p.^  ̂The CuO^ octahedral co-ordination is similar to that 

observed in high temperature superconductors, with 4 short Cu-O equatorial and 2 long 

Cu-O axial bonds, shown in figure 8.18.t It is interesting to note that unusual changes 

in the CuO^ octahedral with temperature. Although the b Cu-Cu axis sharply decreases 

between 20 and 4.2 K, all the Cu-O bonds increase in the same temperature range. The 

Cu-Oeq bonds also further increase from 300 to 20 K, in contrast with the decrease in 

the axial Cu-O bond lengths. Corresponding changes occur in the Ge02 chain which 

runs parallel to the CuO^ chains. In the Pmma space group, the Ge02 tetrahedral has 2 

4- 2 configuration. The bond lengths for nearest neighbour Cu-O and Ge-O bonds are 

listed in table 8.5.

 ̂The axial oxygens are listed as 01  and the equatorial oxygens as 0 2  in the atomic position tables.
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Figure 8.15 Lattice parameters of a,b and c normalised to their value at 300 K as a 

function of temperature in GeCuOg.
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Figure 8.16 Variation of microstrain along a and c with temperature in GeCuOg.
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Figure 8.17 Equatorial and axial bond lengths in the CuO^ octahedral.

Figure 8.18 Edge sharing CuO^ octahedra forming a Cu-Cu chain. Large dark 

circles indicate copper atoms and small light circles indicate oxygen atoms.
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Bond Lengths (A) 4.2 K 20 K 300 K

2 X Cu-Ol (axial) 2.7421 2.7316 2.7588

4 X Cu-02 (equatorial) 1.9410 1.9373 1.9337

Ge-01 1.7811 1.7873 1.7857

Ge-02 1.7279 1.7253 1.7333

Table 8.5 Cu-O and Ge-O bond lengths in GeCuOg.

8.5 Conclusion

Two factors are revealed by the Rietveld refinement of powder neutron diffraction data 

in the spin-Peierls compound, GeCuOg. Firstly, broadening of [hOl] reflections clearly 

shows the presence of microstrain along a and c. The strain is temperature dependent 

with both the a axis and c axis parameters increasing on cooling until Tgp, where a 

sharp drop is found. This gives evidence for the presence of a phase transition between 

20 and 4.2 K and clearly demonstrates the influence of the interchain interaction in the 

spin-spin exchange. Secondly, it confirms that the driving force behind the spin-Peierls 

transition is evident at temperatures well above the T§p. The complicated structural 

behaviour of GeCuOg requires much further work on single crystals to fully evaluate 

the coupling between the structure and magnetism.
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Appendix 1 

Preparation of Fullerenes including Côo

The discovery of a method for large scale production of the all-carbon closed shell 

m olecules/ known as fullerenes with the general formula, C2n, where n >30,^ has 

opened up new fields of research in the synthesis of novel materials and the 

characterisation of their physical properties. In order to prepare samples for structural 

and spectroscopic experiments,^'^ C^o and other fullerenes were synthesised by means 

of the carbon arc method, whereby a large current is passed between two carbon rods 

shown schematically in figure A 1.1. The carbon rods are held by Cu rods to which a 

DC current is connected. To maintain a constant current the graphite rods are 

continuously fed into the chamber as they were eroded. The chamber is cooled by a 

flow of water around both the copper rods and the outer jacket. An atmosphere of 100 

torr of He has been found to give the best conditions for the formation of fullerenes 

within the soot. About three or four rods are consumed before being brought to normal 

atmospheric conditions and the soot collected.

The soot is first washed with methanol, then the fullerenes are extracted by 

refluxing with toluene. Further amounts of fullerene material are found to be extractable 

by reflux with carbon disulfide. Solvent was evaporated from the fullerene solution 

which was then dried. The fullerene extract is placed on top of a alumina column 

shown schematically in figure A 1.2. A continuous flow of hot hexanes is passed 

through the column and two bands, purple and red, corresponding to C6o and C70 are 

clear distinguishable. Around 500mg of C^o is separated at one time using this method. 

Mass spectroscopy and IR spectroscopy confirmed a purity of > 99.9%. Single crystals 

of C^o and C70 are grown by slow vapour deposition performed in a quartz reaction 

tube under a dynamic vacuum. Temperature of 450° and 550°C are required to sublime 

the C60 and C70 respectively.
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Figure A 1.1 Schem atic representation of apparatus used in the production of 

fullerene containing soot.

neutral.  
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frit

Figure A 1.2 Alumina Column used to separate the C60 and C70 from the fullerene 

containing soot.
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Appendix 2 BTl masking heights

Masking height for each detector on the BTl powder diffractometer, and the 

consequential asymmetry value on the peak shape.

Detector Height Asymmetry!"

1 26 3.536
2 37 5.032
3 45 6.120
4 53 7.208
5 60 8.160
6 67 9.112
7 73 9.928
8 80 10.880
9 88 11.968
10 96 13.056
11 105 14.280
12 115 15.640

13-32 125 17.000

t  Assuming a value of 17 for detector 13-32.
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Appendix 3 Aluminium and Copper impurity 
reflections

Impurity peaks resulting from aluminium (cryostat tails and sample holder) and copper 

(cryostat) with Cu (311) monochromator, 1=1.54.

Aluminium Reflections

Reflections Position 
(two theta)

FWHM 
(two theta)

Lower
limit

Upper
limit

111 38.42 0.173 37.95 38.8
200 44.62 0.165 44.25 45.05
220 64.90 0.174 64.6 65.5
311 78.11 0.211 77.6 78.6
222 82.37 0.220 81.9 82.85
400 98.81 0.277 98.1 99.4
331 111.79 0.344 111.1 112.6
420 116.30 0.399 115.6 117.1
422 137.13 0.635 135.7 138.6

511/333 161.64 1.89 158.0 165.0

Copper Reflections

Reflection Position
(two-theta)

111
200
220
311
222
400
331
420

43.3
50.4
74.1 
89.9
95.1 

116.86
136.4 
144.6
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